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Introduction

Open metal–organic frameworks (MOF�s) and, particularly,
porous coordination polymers (PCP�s) have attracted the in-
terest of chemists and material scientists, since the late nine-
ties, with the aim of finding inexpensive, chemically and
thermally stable materials for efficient gas storage[1,2] and
separation.[3] The pioneering work by Yaghi[4] and Kitaga-
wa[5] was soon followed by a blooming of interesting results,
particularly in the field of hydrogen-gas storage for mobile
applications, such as fuel cells, electrical power generation
for portable PC�s, mobile phones and, above all, vehicles.[6]

One of the current topics in the design and preparation of
PCP�s possessing valuable functional properties is the at-
tempt to recreate the topologies of inorganic microporous
zeolites, extensively studied and applied in separation, stor-
age, and heterogeneous catalysis.[7] Indeed, PCP�s would add
to the high thermal stability typical of zeolites, a higher
framework flexibility, an easier pore/surface modulation and
controllable pore size,[8] as well as additional physicochemi-

Abstract: The novel porous [{M ACHTUNGTRENNUNG(F-py-
mo)2}n]·2.5nH2O coordination networks
(M=Co, Zn; F-pymo=5-fluoropyrimi-
din-2-olate), possessing sodalitic topol-
ogy, have been synthesised and struc-
turally characterised by means of
powder diffraction methods. Thermo-
diffractometry demonstrated their plas-
ticity: when heated up to 363 K, they
reversibly transform into three-dimen-
sional dehydrated [{M ACHTUNGTRENNUNG(F-pymo)2}n] spe-
cies, with significantly different lattice
parameters. Further heating induces ir-
reversible polymorphic transformations
into layered phases, in which the origi-
nal MN4 coordination sphere changes
into an MN3O one. A mixed-metal
phase, [{CoxZn1�x ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O,
was also prepared, showing that zinc is

preferentially inserted, when starting
from a Co/Zn reagent ratio of 1:1. The
solid–gas adsorption properties of the
anhydrous 3D frameworks have been
explored towards N2, H2 (77 K) and
CH4, CO2 (273 K). These results show
that these materials permit the diffu-
sion of CO2 molecules only. Remarka-
bly, the CO2 adsorption process for the
[{Co ACHTUNGTRENNUNG(F-pymo)2}n] network proceeds in
two steps: the first step takes place at
low pressures (<600 kPa) and the
second one above a threshold pressure
of 600 kPa. By contrast, the [{Zn ACHTUNGTRENNUNG(F-

pymo)2}n] network only permits CO2

diffusion by applying pressures above
900 kPa. This type of behaviour is typi-
cal of porous networks with gated
channels. The high CO2 selectivity of
these systems over the rest of the es-
sayed probe gases is explained in terms
of flexibility and polarity of the porous
network. Finally, the magnetic studies
on the CoII systems reveal that the as
synthesised [{Co ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O
material behaves as an antiferromagnet
with a TN of about 29 K. At variance,
the [{Co ACHTUNGTRENNUNG(F-pymo)2}n] layered phase
shows an unusually weak ferromagnetic
ordering below 17 K, arising from a
spin-canting phenomenon.
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cal properties, such as magnetism, conductivity and optical
features.[9] Some advances in this sense have already been
done, involving, for example, a class of metal imidazo-
lates.[10,11]

In this context, we have recently prepared and character-
ised a number of zeolitic PCP�s of [{MACHTUNGTRENNUNG(pymo)2}n] formula,
based on the deprotonated hydroxypyrimidine (Hpymo) li-
gands. Metal variation and ligand substitution have been ex-

plored as a way to tune the structural aspects and the func-
tional properties of these materials, leading to the discovery
of dense 2D and 3D [{M ACHTUNGTRENNUNG(X-pymo)2}n] polymeric species
(M=Co, Zn; X-pymo=5-X-pyrimidin-2-olate; X=NO2,

[12]

Cl, Br, I[13]), or of porous materials, for example, the sodalit-
ic [{Cu ACHTUNGTRENNUNG(H-pymo)2}n]

[14] and [{Pd ACHTUNGTRENNUNG(X-pymo)2}n] (X=H, F)[15]

materials, and the gismondine-like [{Cu ACHTUNGTRENNUNG(F-pymo)2}n]
[16] one.

It is worth noting the solid–gas adsorptive properties of the
last system, which gives rise to an unusual ordering of the
stored gas molecules related to their ultramicroporous
nature.[17]

Prompted by these results, in search for new porous spe-
cies with increased functionality, we began to explore other

metal–ligand combinations. In this paper, we present the
new [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O systems (M=Co, Zn), which
show a number of solid-to-solid, reversible or irreversible
phase changes, also involving polymorphic species. Overall,
these phase transformations allowed the isolation of 2D
dense phases or 3D porous frameworks, the latter being ca-
pable to accommodate H2O or CO2 molecules within their
nanometer-sized cavities with concomitant induced phase
changes.

Thermal analyses (TG, DSC), X-ray powder diffraction
(XRPD) structural determinations, thermodiffractometry
(TXRPD), electronic spectroscopy, magnetic and gas ad-
sorption measurements have been employed to give a coher-
ent picture of this complex system, aiming at investigating
and optimising its functionalities. For the sake of compre-
hension, the reader is referred to Scheme 1, in which the
phases later discussed, together with the labels adopted
throughout the paper, are reported.

Results and Discussion

Synthesis : The reaction of M ACHTUNGTRENNUNG(NO3)2·6H2O (M=Co, Zn)
salts with F-pymo (F-pymo=5-fluoropyrimidin-2-olate) in
aqueous solutions affords microcrystalline materials of for-
mula [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (M=Co (a-Co) or Zn (a-
Zn)). The insolubility of these systems in common organic
solvents suggests their polymeric nature. In addition, we
have demonstrated that the formation of mixed-metal
phases is also possible. Indeed, in the presence of a Co/Zn
1:1 ratio, the [{Co0.21Zn0.79ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-CoZn)

Scheme 1. Summary of the observed structural transformations for the Co, Zn and mixed Co/Zn 5-fluoropyrimidinolates, highlighting the thermal proper-
ties and transformation temperatures, determined through a complementary use of thermodiffractometry and simultaneous thermal analysis (sweeping
rate 20 Kmin�1).

Chem. Eur. J. 2008, 14, 9890 – 9901 P 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9891

FULL PAPER

www.chemeurj.org


species may be isolated, as revealed by an X-ray fluores-
cence (XRF) quantitative analysis. This occurrence suggests
that zinc(II) is preferentially included during the synthesis
of the mixed-metal system. To further support this observa-
tion, a synthesis was carried out in the presence of a Co/Zn
1:3 ratio, yielding a compound with an almost negligible
CoII content, consistent with the formula [{Co0.02Zn0.98 ACHTUNGTRENNUNG(F-py-
mo)2}n]·2.5nH2O (a-CoZn’, XRF evidence). On the other
hand, heating of the a-phases under nitrogen afforded, pro-
gressively, two novel species (Scheme 1). Indeed, as detailed
in the section below, when a-Co, a-Zn and a-CoZn are
heated above 360 K, the anhydrous [{M ACHTUNGTRENNUNG(F-pymo)2}n] species
(b-Co, b-Zn and b-CoZn, respectively) are obtained. Fur-
ther heating above 530 K yields the [{M ACHTUNGTRENNUNG(F-pymo)2}n] poly-
morphs (g-Co, g-Zn and g-CoZn, respectively).

Thermal behaviour of the a-phases : Possibly due to their
strict isomorphism (see below), all the a-phases show simi-
lar, yet not identical, responses when exposed to progressive
heating. To facilitate the comprehension of the following
discussion, the thermal behaviour of all the investigated spe-
cies has been sketched in Scheme 1.

[{Co ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-Co): As regards a-Co, a si-
multaneous thermal analysis (STA) showed that it under-
goes a mass loss of about 14% at 365 K, by means of an en-
dothermic process (DH=134 kJmol�1). The mass loss is
compatible with the release of all the clathrated water mole-
cules (theoretical value 13.6%) to form the anhydrous [{Co-
ACHTUNGTRENNUNG(F-pymo)2}n] (b-Co) phase. This phase undergoes a tempera-
ture-promoted exothermic transformation (DH=

�7 kJmol�1) at 573 K, without any mass loss, yielding a
polymorphic form of b-Co, namely g-Co, which is stable up
to 673 K, when decomposition starts. The TXRPD experi-
ments carried out on a-Co further substantiated the STA
observations, and concomitantly proved that 1) both the a-
Co!b-Co and b-Co!g-Co transformations directly yield
the final products and 2) the a-Co!b-Co phase change is
fully reversible, while the b-Co!g-Co one is not, allowing
g-Co to be recovered at room temperature. Notably, the X-
ray powder diffractograms of b-Co were of sufficient quality
to permit its complete structural characterisation (see
below); at variance, the modest crystallinity of the g-Co
compound (both at high and at room temperature) only al-
lowed us to assign the lattice metrics and the space group
symmetry, thanks to its isomorphism with the ZnII analogue
(see the Experimental Section).

An investigation of the thermal behaviour was carried out
in the case of b-Co, by performing a parametric Le Bail re-
finement[18] of the unit cell parameters (see the Experimen-
tal Section). The increase in temperature promotes a non-
negligible increase of the a and c axes, particularly of the
latter, increasing by nearly 2% (Figure 1). Possibly, this may
be due to the fact that, within a rhombohedral lattice, the c
axis constitutes a preferential direction of response to exter-
nal perturbations. The structural interpretation of this aniso-
tropic lengthening is provided below. Notably, the sodalitic

metal pyrimidinolates characterised up to now showed a
completely different behaviour, upon heating, in terms of
flexibility: for the cubic, sodalitic [{Pd ACHTUNGTRENNUNG(F-pymo)2}n] species,
the thermal perturbation is isotropic and of much lower
entity; for example, a @V/@T value of 5T10�6 K�1 was com-
puted,[15] to be compared to the ten times higher value of b-
Co (5T10�5 K�1).

[{Zn ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-Zn): In the case of a-Zn, an
STA analysis showed that the compound suffers a mass loss
of about 13.5% at 361 K, promoted by an endothermic pro-
cess (DH=124 kJmol�1). The mass loss is consistent with
the release of all the clathrated water molecules to form the
anhydrous [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] species, b-Zn. This species un-
dergoes a temperature-promoted exothermic transformation
(DH=�15 kJmol�1) at 535 K, without any mass loss. The
obtained [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] polymorph (g-Zn) is stable up to
673 K, when decomposition starts. As in the case of the CoII

analogue, the TXRPD experiments carried out on a-Zn
showed that both the a-Zn!b-Zn and the b-Zn!g-Zn
transformations directly yield the final product, with no
amorphous intermediates. Notably, at variance with g-Co, g-
Zn was recovered as a highly (poly)crystalline material at
room temperature, thus allowing its structure determination
by XRPD methods. Moreover, while the a-Co!b-Co phase
change does not alter the space group, the a-Zn!b-Zn one
clearly implies a symmetry loss, as witnessed by the manifest
splitting of the XRPD peaks (Figure 2).

Figure 1. Graphical representation of the relative changes (Dpar/par) for
the crystal cells of the b-Co species in the 338–618 K range (top) and of
the g-Zn one in the 583–703 K range (bottom), as obtained from a Le
Bail parametric refinement. a (diamonds), b (squares), c (triangles) and
V (circles). The absolute temperature values detected during the TXRPD
experiments differ from those observed by the STA experiments (see the
Experimental Section for the explanation)
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An analysis of the thermal behaviour was carried out in
the case of g-Zn, by performing a parametric Le Bail refine-
ment. On raising the temperature, while the b axis shrinks,
the a and c cell axes increase, the cell volume overall slightly
expanding, with a volumetric thermal expansion coefficient
of only 4T10�6 K�1 (Figure 1).

[{Co0.21Zn0.79ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-CoZn): In spite of the
lower percentage of CoII with respect to ZnII, the thermal
behaviour of the a-CoZn molecular alloy seems to be
driven by the former metal. Indeed, as shown by coupling
STA and thermodiffractometry, raising the temperature up
to 380 K promotes an endothermic process of dehydration
(DH=106 kJmol�1, mass loss=13.2%), which yields the b-
CoZn phase, isomorphous to b-Co. Further heating up to
539 K causes an exothermic phase change (DH=

�15 kJmol�1) to give the anhydrous g-CoZn species, isomor-
phous to the g species of the end members. The compound
starts decomposing at about 673 K.

While the trend of the dehydration enthalpies of the a-
species cannot be easily explained, the DH values of the b-
M!g-M processes seem to depend on the degree of crystal-
linity observed by our TXRPD measurements. Thus, a-Co,
transforming only partially into a highly ordered (crystal-
line) phase, coherently possesses the least exothermic event
at 573 K.

As regards the thermal stability of the [{M(5-X-2-
pymo)2}n] species (M=Co, Zn; X=H, F, Cl, Br, I, NO2), the
highest decomposition temperatures are observed in the
presence of the unsubstituted 5-H-2-pymo ligands
(Figure 3). Lower thermal stabilities are observed for the
halo or nitro substitution, with the I-pymo species showing
decomposition temperatures below 673 K, which has been
attributed to the intrinsic lability of the I–arene bond.[13]

Crystal structures of the a-phases : The isomorphous a-Co
and a-Zn compounds crystallise in the trigonal R3m space
group. The asymmetric unit is composed of one metal
centre, in a general position, one F-pymo ligand in a general

position, two F-pymo ligands about a crystallographic
mirror plane (b Wyckoff position)—giving a total of two li-
gands per asymmetric unit—and four water molecules, one
in a general position and the other three about a crystallo-
graphic mirror plane—giving a total of two and a half water
molecules per asymmetric unit. Each metal ion possesses a
slightly distorted tetrahedral stereochemistry, and is coordi-
nated to four nitrogen atoms belonging to four distinct F-
pymo ligands. All the ligands adopt the common N,N’-exo-
bidentate coordination mode, bridging metal atoms that lie
5.49–5.62 V apart. Overall, the relative disposition of the
bridging ligands promotes the formation of three distinct
structural motifs: one rectangular [{M ACHTUNGTRENNUNG(F-pymo)}4] motif,
which can be ideally described as a metallacalix[4]arene in a
1,3-alternate conformation;[19] two distinct hexagonal [{M ACHTUNGTRENNUNG(F-
pymo)}6] motifs, one of which is centred about crystallo-
graphic 3m symmetry sites (Co6). In both haxagonal motifs,
the F-pymo ligands alternately protrude out of, or lie about,
the mean plane defined by the metal centres, with three flu-
orine atoms crowding the hexagonal entrance to the b-cage
(Figure 4). The Co6 ring is linked to consecutive ones by F-
pymo bridges running nearly along the c direction. On the
whole, the mutual interlocking of the three structural motifs
results in a polymeric three-dimensional network of the so-
dalite zeotype (Figure 5). The water molecules occupy the
empty space in the cavities (typically referred to as b-cages)
and are weakly involved in hydrogen-bond interactions with
each other and with the hexocyclic oxygen atoms decorating
the cavities� walls. Accordingly, as substantiated by the ther-
mal analyses (see above), they are easily lost upon moderate
heating, at about 363 K.

The [{Co0.21Zn0.79 ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O mixed-metal phase
a-CoZn shares similar structural features with the a-Co and
a-Zn end members. Notably, there is a linear dependence
between the unit cell parameters and the ZnII content.
Indeed, by applying Vegard�s law to the volume of the end
members, about 80% content of ZnII can be estimated in a-
CoZn, which is in good agreement with the XRF results.

Crystal structure of b-[{Co ACHTUNGTRENNUNG(F-pymo)2}n] (b-Co): Compound
b-Co crystallises in the trigonal R3m space group and is iso-

Figure 2. Comparison between the raw diffractograms of a-Zn (bottom)
and b-Zn, showing peaks splitting and broadening for the trigonal to tri-
clinic (a to b) phase conversion.

Figure 3. Decomposition temperatures for selected [{M(5-X-2-pymo)2}n]
species, with M=Co, Zn and X=H, F, Cl, Br, I and NO2. Heating rates
in our STA measurements: 20 Kmin�1.
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morphous to a-Co. As in the case of a-Co, the metal ions,
possessing a nearly tetrahedral stereochemistry, are bound
to four nitrogen atoms of four distinct F-pymo moieties. All
the ligands exhibit a N,N’-exo-bidentate coordination mode,
bridging metal centres 5.41–5.50 V apart. Overall, the same
structural motifs and three-dimensional network described
above for the a-species can be individuated. Thus, thermal

annealing promotes water removal with a concomitant cell
volume decrease of 13.4%, but leaving the main topological
features unaltered. This reasonably contributes to explain
the reversibility and rate of the a-Co!b-Co transformation.
Possibly, the observed thermal expansion anisotropy (see
above) may be ascribed to the F-pymo ligands bridging the
Co6 hexameric motifs, as if they were slightly reorienting
along the c axis, the Co6 hexamers behaving as stiff moieties.
Notably, b-Co possesses a non-negligible empty volume
(13%): the existence of residual empty volume in the anhy-
drous rhombohedral b-Co species may concur to explain the
a-Zn!b-Zn phase change, which implies a more pro-
nounced unit cell volume shrinkage.

Crystal structure of b-[{Zn ACHTUNGTRENNUNG(F-pymo)2}n] (b-Zn): Even in the
absence of a detailed structural model, which could not be
derived from XRPD data alone, the similarities among the
reduced cells of the four a-M and b-M species (Table 3), to-
gether with the ease of the reversible a!b transformations,
allow the derivation of important structural features for b-
Zn :

1) In spite of the symmetry decrease from the pristine
rhombohedral to the triclinic crystal system, the overall
network of b-Zn is still three-dimensional, with sodalitic
topology.

2) The lowering of the crystal system may be attributed to a
slight reorientation of the F-pymo ligands.

3) The relative position of the metal centres is basically un-
changed.

On the whole, the a-Zn!b-Zn transformation implies a
decrease in molar volume of 24.5%.

Crystal structure of the g-phases : Compounds g-Co, g-Zn
and g-CoZn are isomorphous and crystallise in the ortho-
rhombic space group Pcab. Due to its high degree of crystal-
linity, a complete structure determination was carried out
only in the case of g-Zn, on which the following discussion
is focused. The asymmetric unit comprises one crystallo-
graphically independent metal centre and two crystallo-
graphically independent F-pymo ligands, all lying in general
positions. Each metal ion possesses a slightly distorted tetra-
hedral stereochemistry of the ZnN3O kind, originating from
the distinct coordination modes of the two independent F-
pymo moieties. Actually, one of the independent F-pymo li-
gands exploits the N,N’-exo-bidentate mode, bridging two
metal centres 5.62 V apart, while the other one adopts the
less recurrent N,O-exo-bidentate mode, bridging two metal
ions separated by 4.83 V. Metal bridging generates two-di-
mensional slabs running along bc and stacking along a
(Figure 6). While the N,N’-bridging ligands are somehow
embedded within the slabs, the N,O-bridging ones protrude
outside and interdigitate in such a way as to prevent metal
bridging along the a axis, that is, the creation of a three-di-
mensional network, and significant inter-slab interactions
(shortest inter-slab contact F···N 3.4 V). It is worth noting

Figure 4. Representation of the hexanuclear [{Co ACHTUNGTRENNUNG(F-pymo)}6] Co6 rings in
the a-Co species, possessing a 3m symmetry site. Highlighted in a circle:
the F-pymo bridges connecting, almost along c, consecutive hexagonal
motifs. Cobalt: purple; carbon: grey; nitrogen: blue; oxygen: red; fluo-
rine: cyan. The hydrogen atoms have been omitted for the sake of clarity.

Figure 5. Representation along [001] of the 3D sodalitic network in a-Co.
At this drawing level, the picture may be considered representative of
the sodalitic network found also in the isomorphic a-Zn species and in
the b-Co one. Cobalt: purple; carbon: grey; nitrogen: blue; oxygen: red;
fluorine: cyan. The water molecules hosted in the a-M systems as well as
the hydrogen atoms have been omitted for the sake of clarity.
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that the presence of polymeric slabs adequately substanti-
ates the higher preferred orientation correction (g=0.53 in
the March-Dollase formulation[41]) necessary along [100]
when dealing with the XRPD diffractograms of g-Zn. Nota-
bly, on assigning the F-pymo ligands as edges and the metal
ions as vertices, a wavy structural motif, composed of rectan-
gular meshes of 4.83T5.62 V2 dimensions, can be envisaged.

Comparative structural analysis involving the sodalitic spe-
cies : As already underlined above, the anionic X-pymo li-
gands, coupled to a variety of transition-metal ions, can
afford high-symmetry [{M ACHTUNGTRENNUNG(X-pymo)2}n] species belonging to
distinct crystal systems: cubic (hydrated and anhydrous [{Pd-
ACHTUNGTRENNUNG(H-pymo)2}n] and [{Pd ACHTUNGTRENNUNG(F-pymo)2}n],

[15] anhydrous [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n]

[14]), trigonal (hydrated [{Cu ACHTUNGTRENNUNG(H-pymo)2}n],
[14] a-Co,

a-Zn) and tetragonal ([{Co ACHTUNGTRENNUNG(X-pymo)2}n] and [{Zn ACHTUNGTRENNUNG(X-
pymo)2}n] X=H,[20] Cl, Br, I;[13] [{Cu ACHTUNGTRENNUNG(F-pymo)2}n]

[16]). In the
following, to derive a comparative structural analysis involv-
ing the title compounds, we will focus the discussion on the
cubic and trigonal materials. The reader is referred to
Table 3, in which the relevant structural parameters of the
title compounds are compared with those of [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n], representative of the previously characterised
species.

All the cubic and trigonal species considered here contain
3D frameworks of the sodalite type, based upon X-pymo
bridges linking metal ions lying slightly less than 6.0 V
apart, and forming fused four- and six-membered rings,
hinged about the MII nodes. The lattice parameters reported
in Table 3 clearly speak for a regularity in the overall pack-
ing, manifested especially by the limited variability of the a
and b axes. Provided that the space group symmetry and the
sodalitic topology are taken into account, even c is some-
what constant, with c/a ratios equal, or slightly lower, than
the ideal value of (3/2)1/2/2=0.612 expected for a trigonal

unit cell. The relative distortions from ideal sodalitic frame-
works are significant, approaching 23% in the anhydrous b-
Co phase.

Structurally speaking, the different phases combine dis-
tinct stereochemical features dictated, inter alia, by the pre-
ferred local coordination geometry of the metal ions: as ex-
pected, the MN4 chromophores are square planar in the
cubic phases and in the hydrated [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] spe-
cies,[14] while they are tetrahedral in the cobalt(II) and
zinc(II) ones. The most evident consequence of this stereo-
chemical versatility is the relative disposition of the bridging
X-pymo ligands to the M···M edges of the sodalitic frame-
work: the 1,3,5-alternate six-membered rings and nearly
planar [{M ACHTUNGTRENNUNG(X-pymo)}6] hexagons of [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] signif-
icantly change in a-Co and a-Zn as detailed above.

Another relevant structural parameter, helping the evalu-
ation and comparison of the gas sorption performances of
these nanoporous systems, is the empty percent volume,[21]

peaking at 43% in the anhydrous [{PdACHTUNGTRENNUNG(H-pymo)2}n],
[15] as

low as 13% in b-Co and negligible in B-Zn.

Comparative structural analysis involving the layered spe-
cies : While less diffuse than the N,N’-exo-bidentate coordi-
nation mode, the N,O-exo-bidentate mode found in the g-
compounds has been already exploited by both 4- and 2-pyr-
imidinolates: indeed, in the [{Zn ACHTUNGTRENNUNG(4-pymo)2}n] compound[22]

and in the isomorphous [{M(5-NO2-2-pymo)2}n] (M=Co,
Zn) species,[12] the two crystallographically independent li-
gands concomitantly adopted these two coordination fash-
ions. In the case of [{Zn ACHTUNGTRENNUNG(4-pymo)2}n], a three-dimensional
topology was generated, while in the [{M(5-NO2-2-pymo)2}n]
materials the same two-dimensional topology as in g-Zn was
present, with g-Zn being indeed isomorphous to them.
While the b and c cell parameters of these three isostructur-
al species are highly comparable (9.6084(5), 9.3685(5) V for
g-Zn ; 9.6270(3), 9.4320(3) V for [{Zn(5-NO2-2-pymo)2}n];
9.6718(7), 9.4462(6) V for [{Co(5-NO2-2-pymo)2}n]), the a
axis increases from 21.1279(7) up to 25.3238(8) V on passing
from g-Zn to [{Zn(5-NO2-2-pymo)2}n] due to the larger di-
mensions of the -NO2 (rather than the -F) substituents.

From a topological point of view, two-dimensional layers
based on rectangular (or square) [{MACHTUNGTRENNUNG(pymo)}4] meshes have
been already observed in [{M ACHTUNGTRENNUNG(4-pymo)2}n] (M=Co[23] and
Ni[22]); in this case, the metal centres were strictly coplanar
and, above all, the less common N,O-coordination mode
was the only type of ligand bridging, even if supported by
ancillary M···N long interactions.

Why a three-dimensional sodalitic framework reassem-
bles, upon heating, into a two-dimensional polymorph may
be understood by considering that the formation of stable
crystalline solids also benefits from the moderate (but signif-
icant) increase in energetically favourable dispersion inter-
actions granted by denser polymorphic phases. The perti-
nent numbers for the sodalitic b-Co and b-Zn species (1.709
and 1.913 gcm�3, respectively) and their layered g-counter-
parts (1.941 and 2.036 gcm�3, respectively) support this in-
terpretation. This behaviour further supports the analogies

Figure 6. Representation of the two-dimensional slabs running along bc,
and stacking along a, in g-Zn. The N,O-bridging ligands, protruding out-
side and interdigitating in such a way as to prevent metal bridging along
the a axis, are clearly visible. At this drawing level, the picture may be
considered representative of slabs stacking found also in the isomorphic
g-CoZn species. Zinc: green; carbon: grey; nitrogen: blue; oxygen: red;
fluorine: cyan. The hydrogen atoms have been omitted for the sake of
clarity.
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between the nature of this kind of system and that of the
metastable structurally and functionally related zeolites.[24]

Finally, the [{M(5-X-2-pymo)2}n] species (X=Cl, Br, I),
which are isomorphous and of the diamondoid type, possess
non-negligible, stabilising O···X interactions that have been
used to interpret their whole structure and thermal stabili-
ty.[13] Evidently, the same interactions cannot be at work in
the case of the F-containing derivatives, which adopt the so-
dalitic or layered structures above described.

Gas adsorption properties : The gas adsorption properties of
the evacuated b-Co and b-Zn materials were evaluated to-
wards N2 and H2 at 77 K, and CO2 and CH4 at 273 K. The
CO2 and CH4 adsorption isotherms for the b-Co and b-Zn
phases are shown in Figure 7. The results show that the

porous network of these systems does not allow the diffu-
sion of either N2 or H2 at 77 K (data not shown). This be-
haviour agrees with the observed significant shrinkage of
the unit cell volume after dehydration (see above) and the
probable rigidity of the materials at low temperatures. By
contrast, the CO2 molecules are able to diffuse through the
porous network of b-Co and b-Zn at 273 K. In the case of b-
Zn there is no CO2 adsorption up to about 900 kPa. Howev-
er, above this threshold pressure there is a steep rise in the
adsorbed amount of CO2 reaching a value of 8 mmolg�1 at
approximately 2800 kPa. At variance in b-Co, the adsorption
process takes place in two steps. First of all, we see the for-
mation of a reversible type I isotherm with a steep rise in
the low-pressure range indicative of moderate permanent
porosity, which accounts for a surface area of about
300 m2g�1 and a micropore volume of 0.11 cm3g�1 obtained
by applying the Dubinin–Radushkevich equation.[25] After-
wards, as in b-Zn, there is a sudden rise of the adsorbed
amount above a threshold pressure of 600 kPa reaching a
value of 7 mmolg�1 at 2800 kPa. By contrast, CH4 molecules
are not adsorbed in the whole pressure range studied (up to

2800 kPa) in either b-Zn or b-Co. The different adsorptive
behaviour of these two systems towards N2 and H2 at 77 K
relative to CO2 at 273 K should be attributed to both the
higher kinetics energy of the CO2 gas molecules and to the
higher thermal energy of the coordination networks them-
selves at 273 K, which may allow the breathing of the soda-
litic hexagonal windows permitting the diffusion of the CO2

molecules through a narrow porous network.[16] The high
CO2 threshold pressure of the b-Zn and b-Co phases should
be related to their small V/Z value, which suggests a struc-
tural phase-change back to the open a-Zn and a-Co net-
works, to accommodate a large amount of CO2 molecules in
their porous networks.[26] The selectivity of CO2 over CH4

seems to be related to a probable combination of size-exclu-
sion effects (kinetic diameter 3.3 V for CO2 vs 3.8 V for
CH4) and the polar nature of the pore windows. Whilst CO2

has a significant quadrupole moment (�1.4T10�35 C m),
CH4 has no specific moment. In this regard, it seems that
the interaction of CH4 with the porous network is so weak
that the applied pressures are not high enough to let the
pores of the b-Zn and b-Co phases “breathe”. A related be-
haviour has been previously described by FZrey and co-
workers on the MIL-53 material, which shows a remarkable
breathing effect upon application of high CO2 pressures and
a high selectivity over CH4 related to the polar nature of hy-
drated pores.[27] For comparative reasons, we have also stud-
ied the high-pressure performance of the related sodalitic
[{Cu ACHTUNGTRENNUNG(H-pymo)2}n]

[28] network, which possesses permanent
porosity, with approximately 28% empty volume, easily ac-
cessible to different probe gases, for example, H2, N2, CO
(77 K), CO2 and CH4 (273 K), at standard low-pressure ad-
sorption conditions. In contrast to the b-Zn and b-Co
phases, the high-pressure adsorption results for [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n] show the formation of type I adsorption isotherms
and that considerable amounts of both CO2 (up to
5.5 mmolg�1 at 2600 kPa) and CH4 (up to 3.5 mmolg�1 at
2600 kPa) are adsorbed (Figure 7). The different perfor-
mance of the [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] system relative to the b-Co
and the b-Zn phases may be related to a series of features:

1) [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] possesses segregated polar and apolar
pore windows, while all the b-Co and the b-Zn pore win-
dows are of polar nature.

2) The differences in available pore volume in [{Cu ACHTUNGTRENNUNG(H-
pymo)2}n] (28%) versus b-Co (13%) and b-Zn (negligi-
ble).

3) The isotropic nature of the [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] system
(cubic) versus the anisotropic one of b-Co (trigonal) and
b-Zn (triclinic) (Table 3).

These features apparently result in highly deformed
(dense) b-Co and b-Zn phases and polar channels unsuitable
for CH4 diffusion.

Electronic spectroscopy and magnetic behaviour of a-Co
and g-Co : The electronic absorption spectra of the CoII spe-
cies a-Co and g-Co (Figure 8) and their deep purple colour

Figure 7. CO2 and CH4 adsorption isotherms at 273 K for b-Co (circles),
b-Zn (squares) and [{Cu ACHTUNGTRENNUNG(H-pymo)2}n] (diamonds). Full and open symbols
denote CO2 and CH4, respectively.
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are consistent with a tetrahedral environment about cobalt
when surrounded by azaaromatic ligands.[12, 23,20,29] In the
spectra of both species, the absorption bands corresponding
to the 4A2!4T1 (n2) (a-Co : 9595 cm�1; g-Co : 8890,
10930 cm�1) and 4A2!4T1(P) (n3) (a-Co : 18350, 19455 cm�1;
g-Co : 18180, 19050 cm�1) electronic transitions are clearly
observed. However, the 4A2!4T2 (n1) one, occurring in the
NIR region, is not detectable. It is worth noting that the n2

and n3 transitions appear as multiple bands, as it is usually
found for tetrahedral CoII stereochemistries, which allow an
unequivocal distinction from octahedral geometries.[30] In
the case of tetrahedral complexes, the position of the maxi-
mum of the first electronic transition, n1, coincides with the
value of Dt. Since n1 is undetectable in the present case, its
value has been calculated from those of n2 and n3 by apply-
ing Dou�s method.[31] As n2 and n3 are multiple bands, an in-
termediate value of their maxima positions has been taken.
The obtained Dt values of 5650 cm�1 and 5890 cm�1 for the
a-Co and g-Co species, respectively, are in agreement with
other CoII species previously described by us, containing tet-
rahedral metal centres and pyrimidinolate ligands.[22,23,29a]

Thus, it can be reasonably concluded that both the position
of the exocyclic oxygen atom and the presence of different
substituents in the pyrimidine ring only marginally affect the
electronic properties of these systems.

The thermal dependence of the magnetic susceptibility for
the a-Co and g-Co materials is shown in Figure 9. Both of
them possess similar magnetic behaviour in the high-temper-
ature region. By contrast, in the low-temperature region,
substantially different magnetic behaviours are encountered.
Regarding the thermal dependence of the dc magnetic sus-
ceptibility (cM) for the a-Co phase, there is a maximum at
about 29 K and a smooth decrease of the cMT values from
1.87 cm3mol�1K at 250 K to 0.037 cm3mol�1K at 2 K. This
behaviour is typical of a system in which a significant anti-
ferromagnetic exchange is at work. The susceptibility data
have been satisfactorily fit to the Curie–Weiss equation cM =

C/ ACHTUNGTRENNUNG(T�q), [C=Ng2m2SACHTUNGTRENNUNG(S+1)/3k] with C=2.28(1) cm3Kmol�1,
q=�53.1(8) K. These values are in the same range as those

found for the 3D diamondoid [{Co ACHTUNGTRENNUNG(X-pymo)2}n] (X=Cl, Br,
I) series, which further agrees with the efficiency of the
N,N’-pymo bridges to transmit a magnetic interaction.[13]

Likewise, the high-temperature behaviour of the dc magnet-
ic susceptibility for g-Co is typical of an antiferromagnetic
material with a maximum at about 18 K and the cMT values
showing a smooth decrease from 1.74 cm3mol�1K at 250 K
to 0.56 cm3mol�1 K at 18K. Its susceptibility data have been
fit to the Curie–Weiss equation, cM =C/ ACHTUNGTRENNUNG(T�q), with C=

1.94(1) cm3Kmol�1 and q=�32.4(4) K. For both com-
pounds, the behaviour described is due to the antiferromag-
netic coupling of the cobalt(II) centres transmitted through
the N,N’- and N,O-F-pymo bridges. Alternatively, the mag-
netic behaviour of g-Co can be reasonably interpreted
through Equation (1), which is adequate to describe the
high-temperature dependence of cMT on a 2D Heisenberg
quadratic network of spins.

cT ¼ Ng2m2
BT

J
�

3qþ
P1
n¼1

Cn
qn�1

� ð1Þ

In Equation (1) the spin Hamiltonian is defined as H=

�J·SiSj,
[32] q=kT/JS ACHTUNGTRENNUNG(S+1), g is the Land[ factor, mB is the

Bohr magneton and N is the number of spins in the lattice;
the Cn coefficients have been taken from reference [32b].

Figure 8. Electronic absorption spectra of a-Co (black) and g-Co (grey).
The absorption maxima corresponding to the 4A2!4T1 (n2) and 4A2!
4T1(P) (n3) electronic transitions have been indicated in both cases.

Figure 9. Thermal behaviour of the cMT product for the a-Co (top) and
g-Co (bottom) phases. Full and open symbols denote measurements ap-
plying external magnetic fields of 5000 and 100 Oe, respectively.
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Fitting the data to Equation (1), g and J exchange values of
2.031(2) and �3.76(4) cm�1 were obtained. The J exchange
value found for g-Co is comparable to that obtained for the
related layered [{Co(5-NO2-pymo)2}n] system
(�4.82(2) cm�1), with the 5-nitropyrimidine-2-olate ligand
exhibiting both the N,N’- and the N,O-exo-bidentate coordi-
nation mode.[12]

It should be noted that, below the NZel temperature TN

(ca. 17 K), the magnetic susceptibility of the g-Co phase
shows a change in its trend, with the cM and cMT values
sharply increasing and becoming field dependant. Thus, at
an external field of 100 Oe, the cMT values reach a maxi-
mum value of 2.22 cm3Kmol�1 around 14 K. The sharp in-
crement of the cM and cMT values in the low-temperature
region and at low field strengths suggests a weak ferromag-
netic ordering arising from a spin-canting phenomenon. This
is unequivocally a trace of a partial ordering of the spins at
low temperature. However, this canting phenomenon should
be symmetrically forbidden, as the [{Co ACHTUNGTRENNUNG(F-pymo)2}n] layers
containing the magnetically active centres are centrosym-
metric (see the description above). To match (room-temper-
ature) crystallographic and (low-temperature) magnetic evi-
dence, one of the following events (or both) might occur: 1)
the structure at low temperature may be slightly distorted,
through a structural (perhaps displacive) phase transition
(which we cannot measure) or 2) the magnetic lattice does
not coincide with the crystallographic one. Indeed, magnetic
domains may form because of the symmetry.[33] The ac sus-
ceptibility measurements do not show any signal, which
agrees with a hidden spin-canted behaviour.

Conclusion

In this work, we proved the suitability of the self-assembly
process between transition-metal ions and symmetric pyri-
midinolates to build extended open coordination networks.
The modification of these systems� properties by external
stimuli (temperature, guest molecules) is also worth noting.
The structural changes taking place upon application of
high-pressure gases, moisture or thermal treatment, with for-
mation of either sorbatomorphic or polymorphic materials,
are indicative of unusually flexible coordination networks.
The remarkable CO2 selectivity over CH4 under high-pres-
sure conditions of this type of systems may open a way for
practical separation purposes. It is also worth noting that, al-
though the end members [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-M)
and [{M ACHTUNGTRENNUNG(F-pymo)2}n] (g-M) are isomorphous, the intermedi-
ate [{Co ACHTUNGTRENNUNG(F-pymo)2}n] (b-Co) and [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] (b-Zn)
phases are not. Finally, we should highlight that, in the ab-
sence of suitable single crystals, all the valuable structural
information presented on the title PCP�s have been re-
trieved by applying ab initio XRPD structure solution meth-
ods, sagaciously coupled to thermal XRPD investigations.[34]

Experimental Section

Starting materials (5-fluoro-2-hydroxypyrimidine and metal nitrate salts)
were purchased from Sigma-Aldrich and used as received.

Synthesis of the [{M ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-Co and a-Zn) phases : M-
ACHTUNGTRENNUNG(NO3)2·6H2O (2 mmol) was dissolved in distilled water (10 mL) and 5-
fluoro-2-hydroxypyrimidine (4 mmol dissolved in 20 mL of water) was
added under stirring. The clear solutions were kept at room temperature
for about 20 min and then the pH was raised to 5.0 by addition of 1m

NaOH. The purple (a-Co) and white (a-Zn) precipitates were filtered off
and washed with water, ethanol and diethyl ether. Yield: 60–70%. ele-
mental analysis calcd (%) for C8H9CoF2N4O4.5 : C 29.11, N 16.97, H 2.56;
found: C 28.83, N 16.96, H 2.56; elemental analysis calcd (%) for
C8H9F2N4O4.5Zn: C 29.24, N 17.05, H 2.76; found: C 28.87, N 16.82, H
2.67.

Synthesis of [{Co0.21Zn0.79 ACHTUNGTRENNUNG(F-pymo)2}n]·2.5nH2O (a-CoZn): Co-
ACHTUNGTRENNUNG(NO3)2·6H2O (1 mmol) and Zn ACHTUNGTRENNUNG(NO3)2·6H2O (1 mmol) were dissolved to-
gether in distilled water (10 mL) and 5-fluoro-2-hydroxypyrimidine
(4 mmol dissolved in 20 mL of water) was added under stirring. The clear
solution was kept at room temperature for about 20 min and then the pH
was raised to 5.0 by addition of 1m NaOH. The pale purple (a-CoZn)
precipitate was filtered off and washed with water, ethanol and diethyl
ether. Yield: 60–70%; elemental analysis calcd (%) for
C8H9Co0.2F2N4O4.5Zn0.8 : C 29.13, N 16.17, H 2.65; found C 28.66, N 16.71,
H 2.70.

Synthesis of [{M ACHTUNGTRENNUNG(F-pymo)2}n] (g-M) phases : a-Co or a-Zn (50 mg) were
heated up to 600 K, under nitrogen at a heating rate of 20 Kmin�1 afford-
ing purple and white microcrystalline phases of [{Co ACHTUNGTRENNUNG(F-pymo)2}n] (g-Co)
and [{Zn ACHTUNGTRENNUNG(F-pymo)2}n] (g-Zn), respectively. Yield 100%; elemental analy-
sis calcd (%) for C8H4F2CoN4O2: C 33.71, N 19.65, H 1.41; found: C
33.56, N 1.37, H 19.42; elemental analysis calcd (%) for C8H4F2N4O2Zn:
C 32.96, N 19.22, H 1.38; found: C 32.35, N 18.69, H 1.06.

Synthesis of [{Co0.21Zn0.79 ACHTUNGTRENNUNG(F-pymo)2}n] (g-CoZn): a-CoZn (50 mg) was
heated up to 540 K under nitrogen at a heating rate of 20 Kmin�1 afford-
ing a pale purple phase of [{Co0.21Zn0.79ACHTUNGTRENNUNG(F-pymo)2}n] formula (g-CoZn).
Yield 100%; elemental analysis calcd (%) for C8H4Co0.2F2N4O2Zn0.8 : C
33.11, N 19.30, H 1.39; found: C 32.74, N 19.91, H, 1.47.

X-ray powder diffraction analysis : Polycrystalline samples of the investi-
gated phases were manually ground in an agate mortar and then deposit-
ed in the hollow of an aluminium holder equipped with a quartz mono-
crystal zero background plate. All the diffraction data (CuKa, 1.5418 V)
were collected on a q :q Bruker Axs D8 Advance vertical scan diffrac-
tometer; the generator was operated at 40 kV and 40 mA. For all the spe-
cies but the a-Co alloy, the diffractometer was equipped with a Ni filter
and a linear position sensitive detector (PSD), with the following optics:
primary and secondary Soller slits, 2.3 and 2.58, respectively; divergence
slit, 0.38 ; receiving slit, 8 mm. The nominal resolution for this setup was
0.088 2q (FWHM of the a1 component) for the LaB6 peak at about 21.38
(2q). In the case of a-Co, the diffractometer was equipped with a secon-
dary beam-curved graphite monochromator, a Na(Tl)I scintillation detec-
tor and pulse height amplifier discrimination, with primary and secondary
Soller slits, 2.38 ; divergence slit, 0.58, antiscatter slit, 0.58, receiving slit
0.2 mm. The nominal resolution for this setup was 0.078 2q (FWHM of
the a1 component) as measured from the Si ACHTUNGTRENNUNG(111) peak at 28.448 (2q).
When indexing seemed viable, overnight scans were performed in the 5–
1058 2q range, with D2q=0.028. Due to their metastable nature, data col-
lections of the b-phases were carried out at 403 K, taking advantage of
the experimental setting described in the next paragraph.

Indexing was performed in all cases with the aid of the single-value de-
composition approach,[35] as implemented in the TOPAS-R suite of pro-
grams[36] (see Table 1 for details). For the trigonal compounds, in the ab-
sence of extinction conditions other that those due to lattice centring, the
space groups R3, R3̄, R32, R3m and R3̄m were equally good candidates.
Eventually, R3m was chosen after a large number of tests, including fruit-
less structure solution attempts in some of the discarded space groups. In
the case of g-Zn and g-CoZn, the orthorhombic space group Pcab was as-
signed on the basis of the systematic extinction conditions and of the
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comparison of their diffractograms with those of the [{M(5-NO2-2-
pymo)2}n] (M=Co, Zn) species,[12] with which g-Zn (and g-CoZn) eventu-
ally proved to be isomorphous. All the chosen (trigonal or orthorhombic)
space groups were later confirmed by successful solutions and refine-
ments. In the XRPD pattern of the g-Co species, only a few peaks were
visible, lying at 2q angles similar to those of the layered g-Zn material,
possibly suggesting their isomorphous character. After assigning the
Miller indices to the g-Co reflections on the basis of those of the g-Zn
phase, a least-squares refinement of the resulting lattice parameters was
performed using UNITCELL,[37] followed by a Le Bail refinement
(Table 1), highlighting the purported isomorphism between g-Co and g-
Zn. In contrast, the XRPD pattern of b-Zn, very distinct from that of the
b-Co counterpart, showed many rather broad peaks, consistent with a
structure of lower metric symmetry. The observed symmetry was inter-
preted as a change of the trigonal R crystal system down to triclinic, with
a unit cell comparable with the rhombohedral description of the pristine
trigonal one, which was indeed the case (a=11.29, b=12.49, c=12.70 V,
a =106.1, b =107.6, g =105.28, V=1518 V3 versus a=14.09 V, a =111.58,
V=1973 V3, respectively). Table 1 gives the unit cells for all of the in-
dexed phases, resulting from Le Bail or Rietveld refinements; the former
were carried out when the complete structural model was not accessible.

Structure solutions for the archetypical a-Co and g-Zn phases were per-
formed by using the simulated annealing technique[38] implemented in
TOPAS-R. The F-pymo ligands were treated as rigid bodies, adopting the
geometrical parameters derived from ab initio quantomechanical compu-
tations.[39] The final refinements were performed by the Rietveld method
using TOPAS-R. In the case of a-Zn and b-Co a Rietveld refinement
was directly performed assuming, as a
starting point, the a-Co model (with
or without the water molecules, re-
spectively). Peak shapes were de-
scribed by the fundamental parame-
ters approach.[40] The experimental
background was fit by a polynomial
description. Systematic errors were
modelled with sample-displacement
angular-shift corrections and, in the
case of g-Zn only, with a correction of
the preferred orientation in the
March–Dollase formulation[41] along
the [100] pole. Metal atoms were
given a refinable, isotropic displace-
ment parameter (BM), while lighter
atoms were assigned a common B=

BM +2.0 V2 value. Scattering factors,
corrected for real and imaginary
anomalous dispersion terms, were
taken from the internal library of
TOPAS. Final Rp, Rwp, RBragg and de-
tails on data collections and analyses
can be found in Table 2.

CCDC-689641 (a-Co) CCDC-689642 (b-Co), CCDC-689643 (a-Zn) and
CCDC-689644 (g-Zn) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Thermodiffractometric measurements : A series of experiments was per-
formed in order to assess the thermal behaviour of the a-phases, by em-
ploying a custom-made sample heater (supplied by Officina Elettrotecni-
ca di Tenno, Italy), mounted on the Bruker AXS Advance D8 diffrac-
tometer. The compounds were manually ground in an agate mortar, then
deposited in the hollow of an aluminium sample holder. Typically, the
thermodiffractometric experiment was planned on the basis of the STA
results: a sequence of scans, in the 6–218 2q range, was performed heating
in situ from room temperature up to the temperature at which loss of
crystallinity was complete. All the b-phases are unstable at room temper-
ature, so that their complete diffractograms were acquired heating in situ
at 403 K, using a silicon monocrystal zero background plate.

To further substantiate the thermal behaviour, the b-Co and g-Zn species
were chosen as case studies treating, with a Le Bail parametric refine-
ment,[18] their diffraction data acquired in the 338–618 K and 583–703 K
ranges, respectively. Note that the absolute temperature values detected
during the TXRPD experiments differ from those observed by the STA
measurements: A thermal gradient exists between the temperature mea-
sured by the theromo couple of the TXRPD chamber and the actual tem-
perature of the sample, the temperature values measured by the STA ap-
paratus thus being more reliable. On applying the parametric refinement,

Table 1. Synoptic collection of the unit cell parameters for all of the indexed phases, as resulting from Le Bail or Rietveld refinements, the former car-
ried out when the complete structural model was not available.

a [V] b [V] c [V] a [8] b [8] g [8] V [V3] V/Z [V3] Rp Rwp

a-Co 23.059 23.059 12.505 90 90 120 5758.4 319.5 0.026 [b] 0.044
a-CoZn[a] 23.230 23.230 12.572 90 90 120 5874.1 326.3 0.080 0.107
a-Zn 23.279 23.279 12.583 90 90 120 5905.8 328.1 0.059 0.080
b-Co 23.641 23.641 10.299 90 90 120 4985.2 276.9 0.020 0.030
b-CoZn[a] 23.934 23.934 10.165 90 90 120 5042.9 280.2 0.021 0.027
b-Zn[a] 11.293 12.491 12.699 106.07 107.64 105.24 1518.3 253.0 0.010 0.014
g-Co[a] 22.017 9.450 9.372 90 90 90 1950.2 243.8 0.005 0.008
g-CoZn[a] 21.214 9.566 9.366 90 90 90 1900.7 237.6 0.007 0.012
g-Zn 21.128 9.608 9.368 90 90 90 1901.8 237.7 0.118 0.163

[a] Le Bail refinement results. [b] The significantly low agreement factors are mostly due to the high background levels, due to unavoidable Co K fluo-
rescence effects.

Table 2. Crystallographic data and details for the X-ray data collection and analyses for compounds a-Co, a-
Zn, b-Co and g-Zn.

a-Co a-Zn b-Co g-Zn

formula C8H9CoF2N4O4.5 C8H9F2N4O4.5Zn C8H4CoF2N4O2 C8H4F2N4O2Zn
Mr [gmol�1] 330.12 336.57 285.08 291.53
T [K] 298(2) 298(2) 403(2) 298(2)
system trigonal trigonal trigonal orthorhombic
space group R3m R3m R3m Pcab
Z 18 18 18 8
a [V] 23.0595(7) 23.2795(5) 23.6414(6) 21.1279(7)
b [V] 23.0595(7) 23.2795(5) 23.6414(6) 9.6084(5)
c [V] 12.5048(5) 12.5834(4) 10.2993(5) 9.3685(5)
V [V3] 5758.4(4) 5905.8(3) 4985.2(4) 1901.8(1)
1calcd [gcm�3] 1.687 1.678 1.709 2.036
F ACHTUNGTRENNUNG(000) 2988 3042 2538 1152
m ACHTUNGTRENNUNG(CuKa) [cm�1] 110.18 30.78 124.51 39.26
2q range [8] 5–105 5–105 5–105 5–105
Ndata 5001 5001 5001 5001
Nobs 816 705 838 1093
Rp/Rwp 0.026/0.044 0.059/0.080 0.020/0.030 0.118/0.163
RBragg 0.029 0.035 0.030 0.040
V/Z [V3] 319.5 328.1 276.9 237.7
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a temperature dependence of the unit cell parameters and of the sample
height displacement error was assumed of the kind par(T)=par0-
ACHTUNGTRENNUNG(1+par1DT), in which DT is the difference between the actual tempera-
ture T considered and the lower value of the temperature range in which
the parametric refinement is carried out.

Thermogravimetric and calorimetric analysis : Thermogravimetric and
differential calorimetric analyses were performed simultaneously, under
dinitrogen, on a Netzsch STA 409 PC Luxx instrument (University of In-
subria), at a heating rate of 20 Kmin�1.

X-ray fluorescence analyses : XRF quantitative analyses of the Co/Zn
composition in the a-CoZn and a-CoZn’ species were performed with a
Panalytical Minipal 2 instrument, equipped with a Cr source, on solutions
of the samples in aqueous nitric solution and on an equimolar solution of
Co/Zn in aqueous nitric solution (ca. 10�2

m) used as the standard. To
assess the relative Co/Zn ratio in our samples, we determined the relative
intensities of the well-separated K-lines fluorescence peaks of their solu-
tions, normalised to the values observed for the standard equimolar solu-
tion of Co/Zn. By this method, requiring only a careful weighing of the
original salts for the preparation of the reference solution, and, if neces-
sary, long(er) counting times (up to 30 min for the less concentrated solu-
tions), accuracy levels down to about 1% can be achieved.

Magnetism : Magnetic measurements were performed on polycrystalline
samples on a SQUID Quantum Design MPMS XL-5 (University of
Granada) in the temperature range 2–300 K applying external fields of
5000 and 100 Oe. The ac measurements were performed in the tempera-
ture range 2–30 K applying an external field of 1 Oe and a frequency of
100 Hz.

Gas adsorption measurements : Adsorption isotherms were measured on
a Micromeritics 2010m (Instituto Nacional del Carb^n, CSIC, Oviedo)
and on a Micromeritics Tristar 3000 (University of Granada) volumetric
instrument. 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 303 K for 12 h and outgassed to 10�6 Torr using a Micromeritics
Flowprep.
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