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Introduction

The highly tuneable porous structure of metal organic
frameworks (MOFs) or porous coordination polymers
(PCPs)[1] offers the possibility of performing technologically

relevant processes in an extremely selective way. Examples
of selective adsorptive features,[2] separation processes[3] and
catalysis[4] for this kind of materials can readily be found in
the literature. In this regard, framework flexibility is one of
the most desirable features in order to achieve these pro-
cesses in a highly specific way.[5,6]

With the aim of fine tuning the structural and functional
features of novel PCPs, our group is making use of different-
ly substituted pyrimidines [that is, pyrimidine-4-olate (4-
pymo), 5-X-pyrimidine-2-olate (5-Xpymo; X=H, F, Cl, Br,
I, NO2), pyrimidine-4,6-dicarboxylate (pmdc)] in combina-
tion with first and second row transition metal ions allowing
the isolation of numerous functional, dense[7] as well as
porous,[8] 3D materials. The latter, with unusually high ther-
mal and chemical stabilities, possess flexible porous frame-
works toward probe gases, this aspect favouring their re-
markable storage abilities towards industrially and environ-
mentally relevant gases.[8,9]

Following our previous results, we reacted the potassium
salt of the 4,6-dihydroxy-1,3,5-triazine-2-carboxylic acid

Abstract: The novel coordination poly-
mers [CuACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)]n (1) and
[Cu ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n·1.5 n H2O
(2�H2O) (H3oxonic: 4,6-dihydroxy-
1,3,5-triazine-2-carboxylic acid; bpy:
4,4’-bipyridine) have been isolated and
structurally characterised by ab initio
X-ray powder diffraction. The dense
phase 1 contains 1D zig-zag chains in
which Hoxonic dianions bridge square-
pyramidal copper(II) ions, apically co-
ordinated by water molecules. On the
contrary, 2�H2O, prepared by solution
and solventless methods, is based on
2D layers of octahedral copper(II) ions
bridged by Hoxonic ligands, further pil-
lared by bpy spacers. The resulting pro-

porous 3D network possesses small hy-
drated cavities. The reactivity, thermal,
magnetic and adsorptive properties of
these materials have been investigated.
Notably, the adsorption studies on 2
show that this material possesses un-
usual adsorption behaviour. Indeed,
guest uptake is facilitated by increasing
the thermal energy of both the guest
and the framework. Thus, neither N2 at
77 K nor CO2 at 195 K are incorporat-

ed, and CH4 is only minimally ad-
sorbed at 273 K and high pressures
(0.5 mmol g�1 at 2500 kPa). By contrast,
CO2 is readily incorporated at 273 K
(up to 2.5 mmol g�1 at 2500 kPa). The
selectivity of 2 towards CO2 over CH4

has been investigated by means of vari-
able-temperature zero coverage ad-
sorption experiments and measurement
of breakthrough curves of CO2/CH4

mixtures. The results show the highly
selective incorporation of CO2 in 2,
which can be rationalised on the basis
of the framework flexibility and polar
nature of its voids.

Keywords: carbon dioxide capture ·
gas separation · metal–organic
frameworks · methane purification ·
thermochemistry

[a] Dr. E. Barea, G. Tagliabue, Dr. W.-G. Wang, Dr. M. P�rez-Mendoza,
L. Mendez-LiÇan, Prof. F. J. L�pez-Garzon, Prof. J. A. R. Navarro
Departamento de Qu�mica Inorg�nica
Universidad de Granada, Av. Fuentenueva S/N
18071 Granada (Spain)
Fax: (+34) 958-248526
E-mail : jarn@ugr.es

[b] G. Tagliabue, Dr. S. Galli, Prof. N. Masciocchi
Dipartimento di Scienze Chimiche e Ambientali
Universit� degli Studi dell’Insubria
Via Valleggio 11, 22100 Como (Italy)
Fax: (+39) 031-2386630
E-mail : simona.galli@uninsubria.it

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902346.

Chem. Eur. J. 2010, 16, 931 – 937 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 931

FULL PAPER



(KH2oxonic) with copper(II) salts, obtaining the dense [Cu-ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)]n species (1), based on 1D chains. 1 can be
further reacted with rod like N,N� ligands to yield the 3D
pro-porous framework [Cu ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n·1.5 n H2O
(2�H2O ; bpy: 4,4’-bipyridine) (Scheme 1). Thus, in this con-

tribution, we report on the synthesis, the crystal structure,
the thermal behaviour and the magnetic properties of 1 and
2�H2O. Finally, the adsorptive properties of the activated
system [CuACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n (2) have been studied in
detail, revealing an unusual behaviour, which can be ratio-ACHTUNGTRENNUNGnalACHTUNGTRENNUNGised on the basis of its pro-porous flexible framework.
We also show that the adsorptive properties of this system
are useful for the selective removal of CO2 by adsorption
from CO2/CH4 mixtures.

Results and Discussion

Synthesis : [CuACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)]n (1) was isolated by follow-
ing a straightforward synthetic procedure, reacting, in aque-
ous medium, copper(II) perchlorate with the potassium salt
of the oxonic acid. Its structure determination (see below)
highlighted that it is composed of 1D chains. As such, 1 ap-
peared as a good building block for the construction of mul-
tidimensional architectures, provided that the 1D chains
could be joined together with suitable ligands in order to
obtain pillared networks with large channels.[10] With this
purpose, having the building-block approach in mind, we re-
acted compound 1 with N,N’-rod like ligands of different
length and flexibility (pyrazine, 4,4’-bipyridine, 1,2-bis(4-pyr-
idyl)-ethane, trans-1,2-di-(4-pyridyl)-ethylene and bis-(4-pyr-
idyl)-acetylene): in the case of 4,4’-bipyridine, we successful-
ly isolated a microcrystalline compound formulated as [Cu-ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n·1.5 nH2O (2�H2O) (Scheme 1). We then
explored other, conventional or non conventional, synthetic
strategies. The results show that the formation of the [Cu-ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n·1.5 nH2O system is favoured not only by
a solid-liquid reaction involving solid [Cu ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)]n

and a methanolic solution of bpy, but also: i) by a conven-
tional one-pot solid-liquid reaction involving a copper salt
and the two Hoxonic and bpy ligands as starting materials;
ii) by the reaction of the KH2oxonic salt with different Kita-
gawa�s Cu/bpy coordination polymers[11] through different
reaction paths (see Scheme 1 and the Experimental Sec-
tion).

Thermal behaviour : The thermal behaviour of compounds 1
and 2�H2O was investigated by coupling in situ variable-
temperature X-ray powder diffraction (TXRPD) and simul-
taneous thermal analyses (STA, that is, simultaneous TG
and DSC).

[Cu ACHTUNGTRENNUNG(Hoxonic)ACHTUNGTRENNUNG(H2O)]n (1): The simultaneous thermal analy-
sis performed on compound 1 (Figure S1) showed no mass
loss from 303 K up to 513 K, when the decomposition pro-
cess starts. The residual mass after decomposition comple-
tion at 1073 K accounts for the formation of Cu2O, the
stable copper oxide phase at high temperatures. The
TXRPD experiments carried out in air on 1 (Figure 1 a) fur-
ther substantiated the STA observations (Figure S1): pro-
gressive heating up to decomposition only affected the cell
parameters. Although b and b remain practically constant
over the investigated temperature range, a and c slightly in-
crease, promoting a modest cell volume increment of about
1.4 % (Figure 1 b). As evident from Figure 1 c, showing the
representation of the thermal strain tensor, on the whole
heating brings about a clearly anisotropic structure expan-
sion, the less pronounced changes being observed along the
direction of stacking, .[10–1]

As appreciable from Figure 1 a, no phase changes could
be detected. In this regard, it is noteworthy that the thermal
treatment does not lead to dehydration. The unexpected
lack of dehydration was confirmed by repeated STA and
TXRPD experiments. As a further proof, Rietveld refine-
ments were carried out on the variable-temperature data re-
fining the water oxygen site occupation factor: the presence
of one water molecule per asymmetric unit was invariably
proved at any temperature (Figure S2). The unusual stability
of the hydrated form may be tentatively traced back to the
extensive network of hydrogen bonds almost trapping the
water molecules (see below). A similar behaviour has been
already described, for example, in the case of the ApyH[Cu-ACHTUNGTRENNUNG(N-sac)2ACHTUNGTRENNUNG(O-sac) ACHTUNGTRENNUNG(H2O)2] species (ApyH =2-aminopyridini-
um; sac = saccarinate),[12] showing one of the highest dehy-
dration temperatures (396 K) for coordination compounds
with N,O-pentacoordinated CuII ions.[13]

[Cu ACHTUNGTRENNUNG(Hoxonic)ACHTUNGTRENNUNG(bpy)0.5]n·1.5 nH2O (2�H2O): The simulta-ACHTUNGTRENNUNGneous thermal analysis performed on 2�H2O (Figure S1) re-
vealed that, at 373 K, the compound undergoes an endother-
mic process (DH=68.2 kJ mol�1) interpreted, on the basis of
the observed mass loss in the TG trace, as the complete re-
moval of the clathrated water molecules to give the anhy-
drous form 2. Water molecules loss upon moderate heating
is consistent with the fact that they are not coordinated to

Scheme 1. Different synthetic strategies leading to compound 2�H2O.
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the metal centres, yet weakly interact with the framework
only by means of hydrogen bonds (see below). Compound 2
is stable until 543 K, temperature at which the decomposi-
tion process starts. The TXRPD experiments carried out in
air on 2�H2O further strengthened these evidences
(Figure 2).

The phase change from 2�H2O to 2 is fully reversible and
proceeds without intermediates to the metastable anhydrous
compound 2 in the form of a polycrystalline material of suf-
ficient quality to allow a complete structural determination.
Dehydration preserves the crystal system and the space
group of the parent species, and promotes a moderate cell
volume increase of about 1 %. Further heating of 2 is ac-
companied by a negligible cell volume increase of less than
0.4 %. On the whole, upon dehydration, the crystal structure

experiences a moderate rearrangement of the local structure
(see below).

Crystal structures : The crystal structures of compounds 1,
2�H2O and 2 were retrieved by means of ab initio X-ray
powder diffraction methods (Table 1).

[Cu ACHTUNGTRENNUNG(Hoxonic)ACHTUNGTRENNUNG(H2O)]n (1): Compound 1 crystallises in the
monoclinic P21/a space group. The asymmetric unit is com-
posed by one copper(II) ion, one Hoxonic ligand and one
water molecule, all in general positions. The CuII metal cen-
tres are penta-coordinated and exhibit a slightly distorted
square pyramidal stereochemistry of the CuN2O3 type: the
pyramid base is defined by two nitrogen and two carboxylic
oxygen atoms from two distinct Hoxonic ligands, adopting a
trans disposition; the apical coordination position is occu-
pied by the oxygen atom of one water molecule, protruding,

Figure 1. a) Variable-temperature X-ray diffractograms acquired on com-
pound 1 in the 303–503 K temperature range. Horizontal axis, 2q (8). Ver-
tical axis, T (K). b) Variation of the unit cell parameters of 1 (pT) normal-
ised to the correspondent 303 K values (p303), as a function of the temper-
ature (a ^; b &; c ~; b *; V *). c) Schematic drawing of the 1D chains in
compound 1. The graphical representation of the thermal strain tensor
on passing form 303 to 503 K has been included.

Figure 2. Variable-temperature X-ray diffractograms acquired for com-
pound 2�H2O in the 303–563 K temperature range. Horizontal axis, 2q

(8); vertical axis, T (K). The white band indicates coexistence region of
2�H2O and 2 phases.

Table 1. Crystallographic data and details on the X-ray data collections
and analyses for compounds 1, 2�H2O, and 2.

1 2�H2O 2

empirical formula C4H3CuN3O5 C9H8CuN4O5.5 C9H5CuN4O4

Mr [gmol�1] 236.63 323.73 296.71
crystal system monoclinic monoclinic monoclinic
space group, Z P21/a, 4 C2/c, 8 C2/c, 8
a [	] 9.8506(4) 21.540(1) 22.886(4)
b [	] 10.4359(5) 11.4662(7) 10.177(2)
c [	] 6.3544(3) 9.3679(5) 10.098(1)
b [8] 105.948(2) 110.300(4) 114.43(1)
V [	3] 628.09(5) 2170.0(2) 2141.5(6)
1calcd [gcm�3] 2.48 1.96 1.84
F ACHTUNGTRENNUNG(000) 468 1304 1184
m ACHTUNGTRENNUNG(CuKa) [cm�1] 50.2 31.9 30.6
T [K] 298(2) 298(2) 393(2)
2q range [8] 5–105 5–105 5–105
Ndata 5001 5001 5001
Nobs 728 1258 1237
Rp, Rwp

[a] 0.043, 0.064 0.099, 0.136 0.119, 0.161
RBragg

[a] 0.052 0.045 0.030
V/Z [	3] 157 271 268

[a] Rp =Si jyi,o�yi,c j /Si jyi,o j ; Rwp = [Si wi (yi,o�yi,c)
2/Si wi (yi,o)

2]1/2 ; RBragg =

Sn j In,o�In,c j /Sn In,o ; c2 =Si wi (yi,o�yi,c)
2/(Nobs�Npar), for which yi,o and yi,c

are the observed and calculated profile intensities, respectively, whereas
In,o and In,c are the observed and calculated Bragg intensities. The summa-
tions run over i data points or n independent reflections. Statistical
weights wi are normally taken as 1/yi,o.
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approximately along the [001] direction,[14] alternatively up
and down with respect to the pyramid basal plane, and lift-
ing the metal centre above it by 0.24 	 (Figure 1 c). On the
whole, the Hoxonic ligands adopt a tetradentate bischelate
coordination mode, bridging adjacent metal centres 5.25 	
apart and yielding 1D polymeric chains built upon consecu-
tive [Cu ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)] monomers and running along
[010]. The overall structural stability is enhanced by the for-
mation of an extended net of hydrogen-bond interactions
(in the 2.78-2.89 	 range), involving the water oxygen atoms
and the triazine NH moieties and the oxygen atoms of adja-
cent chains.

[Cu ACHTUNGTRENNUNG(Hoxonic)ACHTUNGTRENNUNG(bpy)0.5]n·1.5 nH2O (2�H2O) and [Cu-ACHTUNGTRENNUNG(Hoxonic)ACHTUNGTRENNUNG(bpy)0.5]n (2): Compound 2�H2O and its anhy-
drous form 2 crystallise in the monoclinic C2/c space group.
The asymmetric unit is composed by one metal centre and
one Hoxonic ligand in general positions, one bpy ligand
lying about a crystallographic inversion centre (Wyckoff po-
sition a) and two water molecules, one in a general position
and the other about a crystallographic two-fold axis (Wyck-
off position e), giving a total of one and a half water mole-
cules per asymmetric unit.

The CuII ions exhibit an octahedral stereochemistry of the
mer-CuN3O3 kind, showing a non-negligible tetragonal dis-
tortion as a result of a pronounced Jahn–Teller effect. The
CuII coordination sphere is defined by one nitrogen atom
from a bpy ligand, by two N,O-chelating Hoxonic ligands,
and by the carbonylic oxygen atom of a third Hoxonic
moiety (Figure 3). Thus, in contrast to what is found in com-

pound 1, in 2�H2O and 2 the Hoxonic ligands adopt a pen-
tadentate coordination mode, globally bridging three CuII

ions, and promoting the formation of 2D corrugated layers
growing orthogonally to [100]. The layers are pillared by the
bpy ligands, along the symmetry related [410] and [4�10] di-
rections, into a 3D framework possessing small isolated cavi-
ties, which, in the hydrated form, host the clathrated water
molecules. The hosted water molecules are involved in hy-
drogen bond interactions (in the 2.61-2.87 	 range) with
each other and with the triazine NH moieties and the car-
boxylic oxygen atoms of nearby Hoxonic moieties.

2�H2O and 2 basically share similar structural features.
Nevertheless, a closer look to their structures helps pointing
out some subtle differences: Upon dehydration the system
expands in the ac plane, while contracting along b, which
consequently brings about an increase of the 2D layers cor-
rugation. This implies a decrease of some of the Cu···Cu
bridged distances. As a consequence, a relocation of both
lig ACHTUNGTRENNUNGands takes place (Figure 3 b): the Hoxonic moiety reduces
its planarity, as witnessed by the dihedral angle between the
triazine ring and the carboxylate group (2.188 and 12.868 in
2�H2O and 2, respectively); the bpy moiety tilts its mean
plane to fit the shorter Cu···Cu bridge.[15] Overall, the void
volume left upon dehydration is about 12 % of the unit cell
volume.[16]

Gas adsorption properties : The gas adsorption properties of
2 have been studied towards N2 (77 K), CO2 (195–363 K)
and CH4 (273–363 K). As described above, the structure of
2 contains small isolated cavities; therefore, in view of its
structural features, this compound should not be considered
as a porous material. In support of this, the N2 isotherm per-
formed at 77 K does not show any adsorption in the whole
pressure range. Furthermore, CO2 molecules are not incor-
porated in the framework at 195 K. However, the adsorption
behaviour of 2 changes dramatically at higher temperatures
with the CO2 molecules being readily and reversibly incor-
porated in its framework at 273 K (up to 2.5 mmol g�1 at
2500 kPa, Figure 4).

It is also noteworthy that the behaviour of this system is
guest selective, being able to incorporate only small

Figure 3. a) Schematic drawing, along [001], of the 3D framework of
compound 2�H2O. Horizontal axis, b. Vertical axis, a. b) Comparison of
the local structures of compounds 2�H2O and 2. The root-mean-square
planes of the two bpy ligands have been depicted to guide the eye.

Figure 4. High pressure CH4 (^) and CO2 (&) isotherms at 273 K for [Cu-ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n (2).
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amounts of CH4 at 273 K and high pressure (up to
0.5 mmol g�1 at 2500 kPa) (Figure 4). A related CO2/CH4 se-
lectivity has been previously found by us with the flexible
[M(5-fluoropyrimidin-2-olate)2]n frameworks (M =Co, Zn),
which was related to the polar nature of the pore windows
favouring the incorporation of the quadrupolar CO2 over
apolar CH4 guests.[8c] As mentioned above, 2 reversibly in-
corporates water molecules which is related to the polar
nature of the cavities found in 2. This feature should also
contribute to its selectivity of quadrupolar CO2 over apolar
CH4 guests. To further investigate the adsorptive properties
of this system and in order to study the selectivity of 2 to-
wards CO2 over CH4 we have performed variable-tempera-
ture zero coverage adsorption experiments and measure-
ment of breakthrough curves of CO2/CH4 mixtures. Gas-
phase adsorption experiments at low degrees of pore filling
were studied by means of inverse gas chromatography
(IGC) with a 15 cm column packed with pellets of 2 towards
CO2 and CH4 in the temperature range 303 to 363 K.[17] The
zero coverage experiments show that these gases do not
follow the expected Henry�s law behaviour. In the case of
CO2 this unusual behaviour can be observed above 323 K,
whereas in the case of CH4 the unusual behaviour is main-
tained in the whole temperature range studied (Figure S4).
The lack of a porous structure in 2 and the fact that guest
uptake and release is facilitated at higher temperatures sug-
gest that the adsorption processes found in 2 are governed
by the thermal energy of both a flexible framework and the
kinetics energy of guest molecules. Indeed, guest molecules
are only incorporated when the host possesses enough
energy to breathe and the guest molecules have energy
enough to diffuse through the host polar pockets. As a con-
sequence of this, the ratio between CO2 and CH4 adsorption
equilibrium constants decreases (1.17 to 1.05 log units) in
the temperature range between 303 and 323 K and then mo-
notonously increases with the temperature.

The differences in the adsorption equilibrium constants
between CO2 and CH4 also suggested us the possible utility
of 2 in the separation of CO2/CH4 mixtures. Indeed, mea-ACHTUNGTRENNUNGsure ACHTUNGTRENNUNGments of breakthrough curves of a 0.5:0.5 and 0.05:0.95
(v/v) mixtures of CO2/CH4 flowed through a chromato-
graphic column packed with 2 at 273 K show the passage of
CH4 through this material and the selective retention of
CO2 (Figure 5). In the case of an equimolecular mixture of
CO2/CH4 the breakthrough takes place 270 s after dosing
the gas mixture which represents 0.77 mmol of CO2 being
retained per gram of 2 under these dynamic conditions.
Noteworthy, increasing the amount of CH4 in the mixture to
95 %, which corresponds to the typical composition of natu-
ral gas,[18] does not significantly change the performance of
this material for CO2 removal (Figure 5). Indeed, flowing a
0.05:0.95 (v/v) mixture of CO2/CH4 through the column
packed with 2 indicates again the selective retention of CO2

and the passage of CH4 with breakthrough taking place
after 1700 s, which indicates that 0.49 mmol of CO2 have
been retained per gram of 2 under these dynamic conditions.
The diminution of the amount of CO2 retained in the mate-

rial upon enrichment with CH4 of the gas mixture is a conse-
quence of the diminution of the partial pressure of CO2 in
the gas mixture.

A similar selectivity has been found in ZIF-20[19] and in
the amine functionalised MIL-53;[20] however, it should be
noted that in the latter materials there is a highly accessible
porous network. At variance, the crystal structure determi-
nations of both 2�H2O and 2 show the existence of small
isolated voids, which bring us to the conclusion of a dynamic
behaviour of the flexible network of 2 upon exposure to
polar guest molecules (H2O, CO2). In this regard, since the
geometry and conformation of both Hoxonic and 4,4’-bpy
lig ACHTUNGTRENNUNGands impose them a certain rigidity, the framework flexi-
bility (dynamic behaviour) found in 2 is likely related to the
typical plasticity of copper(II) coordination polyhedra.[21]

Conclusion

The oxonate system is able to efficiently bridge metal ions
giving rise to the formation of the 1D system 1 which, upon

Figure 5. Schematic representation of the gas purification process and
breakthrough curves of a stream of CH4/CO2 mixtures passed through a
sample of 2 showing the retention of CO2 and passage of CH4. Top: equi-
molecular mixture of CH4/CO2. Bottom: 0.95:0.05 (v/v) mixture of CH4/
CO2. The apparent diminution of the CH4 signal after breakthrough is a
consequence of composition dependence of ionisation in the gas mixture.
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further reaction with the N,N’ spacer bpy, generates the 3D
pillared structure of 2. We have verified that the formation
of this 3D material is favoured irrespectively of the reaction
path used (i.e. conventional, solvent free, solid–solid and
solid–liquid reaction).

In the case of 2, it is also worth noting that, in spite of the
lack of a porous structure, this material is able to readily
and selectively incorporate guest molecules. This feature has
been rationalised on the basis of the flexible response of the
coordination network toward different probe gases at dis-
tinct temperatures. The results show that the adsorption
phenomena in 2 are governed by the thermal energy of both
the framework and the guest molecules and the polar nature
of the voids in 2. Indeed, the breakthrough experiments
show the selective incorporation of quadrupolar CO2 guest
molecules from CH4/CO2 mixtures which is a process of in-
dustrial interest in order to enhance the combustion power
of natural gas and to avoid pipeline corrosion.[18]

Experimental Section

Chemicals : all of the chemicals were of reagent grade and used as com-
mercially obtained. The starting materials {[Cu ACHTUNGTRENNUNG(SiF6) ACHTUNGTRENNUNG(4,4’bpy)2]·8H2O]}n

and {[Cu ACHTUNGTRENNUNG(4,4’bpy)2 ACHTUNGTRENNUNG(H2O)2]·SiF6}n were prepared following the previously
reported procedure.[11]

Synthesis of [Cu ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)]n (1): An aqueous solution (20 mL) of
Cu ACHTUNGTRENNUNG(ClO4)2·6H2O (2 mmol, 0.741 g) was added dropwise to an aqueous so-
lution (30 mL) of oxonic acid potassium salt (2 mmol, 0.390 g) under stir-
ring at 80 8C. After 3 h the resulting pale blue suspension was filtered
and the solid obtained was washed with water, ethanol and diethyl ether.
Yield: 68.5 %. Elemental analysis (%) calcd for C4H3CuN3O5: C 20.30, H
1.28, N 16.50; found: C 20.53, H 1.31, N 17.46.

Synthesis of [Cu ACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(bpy)0.5]n·1.5nH2O (2�H2O): We prepared
compound 2�H2O following four synthetic methods:

A water solution (20 mL) containing Cu ACHTUNGTRENNUNG(CH3COO)2 (2 mmol, 0.364 g)
was added dropwise to oxonic acid potassium salt (2 mmol, 0.390 g) and
4,4’-bipyridine (1 mmol, 0.156 g) dissolved in 40 mL of water/ethanol
(3:1) under stirring and heating at 80 8C. After 2 h the resulting suspen-
sion was filtered. The recovered powders were washed with water and
ethanol, then dried with diethyl ether. Yield: 91 %. Elemental analysis
calcd (%) for C9H7CuN4O5: C, 34.35; H, 2.24; N, 17.80; found: C, 31.86;
H, 2.49; N, 16.29.

A mixture of [CuACHTUNGTRENNUNG(Hoxonic) ACHTUNGTRENNUNG(H2O)]n (1 mmol, 0.219 mg) and 4, 4’-bipyri-
dine (0.5 mmol, 78 mg) in 40 mL of water/methanol (15 mL:25 mL) was
refluxed at 80 8C under stirring for two hours. The suspension was filtered
and washed with water, ethanol and diethyl ether. Yield: 83%.

A mixture of oxonic acid potassium salt (2 mmol, 390 mg) and {[Cu-ACHTUNGTRENNUNG(SiF6)ACHTUNGTRENNUNG(4,4’bpy)2]·8 H2O]}n (0.5 mmol, 295 mg) was ground in an agate
mortar during five minutes. The product was washed with acetone and
dried. A light blue homogeneous powder was obtained. Yield: 100 %.

A mixture of oxonic acid potassium salt (0.4 mmol, 78 mg) and {[Cu-ACHTUNGTRENNUNG(4,4’bpy)2 ACHTUNGTRENNUNG(H2O)2]·SiF6}n in water/ethylen glycol (1:3) was stirred at room
temperature for 3 days. The suspension was filtered and washed with
water, ethanol and diethyl ether. Yield: 100 %.

The nature and crystallinity of products obtained by routes 2–4 were veri-
fied by XRPD and the pattern was compared with that relative to com-
pound 2�H2O prepared as in method 1.

X-ray powder diffraction analysis : Polycrystalline samples of 1 and
2�H2O were gently ground in an agate mortar, then deposited in the
hollow of an aluminium sample holder equipped with a quartz monocrys-
tal zero-background plate. The diffraction data were collected by using a

q :q Bruker AXS D8 Advance vertical scan diffractometer equipped with
a Ni-filtered CuKa (l=1.5418 	) radiation, a linear position-sensitive
Lynxeye detector, and with the following optics: primary Soller slits, 2.38 ;
divergence slit, 0.38 ; receiving slit, 8 mm. The nominal resolution for the
present set-up is 0.088 2q (FWHM of the a1 component) for the LaB6

peak at about 21.38 (2q). The generator was operated at 40 kV and
40 mA. In the case of the metastable species 2, the data were collected
by using a Si monocrystal zero-background plate, at 393 K, by employing
a custom-made, Peltier-controlled, sample heater (supplied by Officina
Elettrotecnica di Tenno, Italy), and leaving all the other experimental
conditions unaltered. For structure solution and refinement, overnight
scans were performed in the 5–1058 2q range, with D2q=0.028. For 1,
2�H2O and 2, indexing by the single value decomposition approach,[22] as
implemented in the TOPAS-R suite of programs,[23] allowed the determi-
nation of the crystal systems and of the lattice parameters, providing ap-
proximate unit cells (GOF =55.5, 31.8 and 27.8 for 1�H2O, 2�H2O and
2, respectively), later refined by means of the Le Bail method. The space
groups were assigned on the basis of the systematic absences. The struc-
ture solutions were initiated by the simulated annealing technique,[24] as
implemented in TOPAS-R, using rigid Hoxonic and bpy fragments[25] and
independent metal ions and water oxygen atoms. The final refinements
were performed by the Rietveld method using TOPAS-R. The peak
shapes were described by the fundamental parameters approach,[26] with
the aid, when necessary, of a spherical harmonics description of the ani-
sotropic full width at half maximum. The background was modelled by a
polynomial function. An isotropic, refinable thermal parameter was as-
signed to the metal ions, augmented by 2.0 	2 for lighter atoms. A pre-
ferred orientation correction, in the March-Dollase formulation,[27] was
introduced for 1 along the [001] pole. Scattering factors, corrected for
real and imaginary anomalous dispersion terms, were taken from the in-
ternal library of TOPAS-R. A summary of the crystal data and refine-
ment parameters, together with the profile and Bragg agreement factors,
is supplied in Table 1. CCDC 737761 (1�H2O), 737762 (2�H2O) and
737763 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Thermodiffractometric measurements : A series of experiments was per-
formed, to assess the thermal behaviour of the 1 and 2�H2O phases, by
employing a custom-made sample heater (supplied by Officina Elettro-
tecnica di Tenno, Italy), mounted on the Bruker AXS Advance D8 dif-
fractometer. The compounds were manually grounded in an agate mortar
and then deposited in the hollow of an aluminium sample holder. Typi-
cally, the thermodiffractometric experiments were planned on the basis
of the STA results: A sequence of scans, in a significant, low-angle, 2q

range, was performed at 20 K per step, heating in situ from room temper-
ature up to complete loss of crystallinity.[28]

Magnetism : Magnetic measurements were performed on polycrystalline
samples by using a SQUID Quantum Design MPMS XL-5 (University of
Granada) in the temperature range 2–300 K applying external fields of
5000 and 300 Oe.

Gas adsorption measurements : Adsorption isotherms were measured by
using a Micromeritics Tristar 3000 (University of Granada) volumetric in-
strument. High-pressure adsorption isotherms were measured in a home-
made volumetric adsorption instrument (University of Granada)
equipped with two Baratron absolute pressure transducers (MKS type
627B). Their pressure ranges are from 0 to 133.33 kPa and from 0 to
3333.25 kPa, respectively, and the reading accuracy was 0.05 % of the
usable measurement range. Prior to measurement, powder samples were
heated at 403 K for 12 h and outgassed to 10�6 mbar.

Gas-phase adsorption at low degrees of pore filling was studied using the
pulse chromatographic technique with a 15 cm column packed with 1.3 g
of pellets of 2. The sample was conditioned in He flow at 403 K for 12 h
before the runs.

Gas separation experiments : The gas-separation property of 2 was exam-
ined by measurement of breakthrough curve experiments using CO2/CH4

gas mixtures (about 1:1 and 0.05:0.95 v/v) flowed through an activated
sample of 1.3 g of pellets of 2 packed into a glass column (0.3 cm inner
diameter 
 15 cm length). Helium gas was initially purged into the
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sample column. The column was cooled to 273 K using an ice bath. The
gas mixture (100 kPa) was dosed into the column at a flow rate of
10 mL min�1. The relative amounts of the gases passing through the
column were monitored on a mass spectrometer gas analysis system
(Pfeiffer vacoon) detecting ion peaks at m/z 44 (CO2) and 16 (CH4).
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