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Abstract: A novel ultramicroporous coordination polymer, namely [Cu(F-pymo)2(H2O)1.25]n (1, F-pymo )
5-fluoropyrimidin-2-olate), has been prepared and structurally characterized. 1 displays a zeolitic gismondine
(GIS) topology, with ca. 2.9 Å wide helical channels which, in the thermally activated counterpart (1′),
account for a 13% void volume and are responsible for the observed selective solid-gas adsorption
properties toward H2, N2, and CO2. At 77 K 1′ behaves as a molecular sieve, selectively adsorbing H2 over
N2, possibly due to size-exclusion reasons. At variance, although CO2 molecules are slightly larger than
the pore size, they are readily incorporated by 1′ at temperatures as high as 433 K. Variable-temperature
X-ray powder diffraction (TXRPD) studies, in the temperature range 303-473 K, show that dehydration is
reversible and has almost negligible effects on the network. At variance, the uptake of CO2 occurs through
a transient phase and channels expansion. While the gas storage capacity of 1′ is not very highsH2, 0.56
wt % and 0.010 kg H2/L at 90 K and 900 Torr, and CO2, 7.6 wt % at 273 K and 900 Torrsthe guest
molecules achieve very high densities, comparable to that of the liquid for H2 (0.023 vs 0.021 molecules
Å-3) and to that of the solid for CO2 (0.014 vs 0.022 molecules Å-3). In addition, we have also studied the
effect of the perturbation exerted by the guest molecules on its magnetic properties. The results show that
while dehydration of 1 has negligible effect on its spin-canted antiferromagnetic behavior, CO2 incorporation
in the pores is responsible for an increment of the transition temperature at which the weak ferromagnetic
ordering takes place from 22 to 29 K.

Introduction

Over the past 15 years, methodologies for the rational design
of metal-organic frameworks (MOF’s) and, particularly, porous
coordination polymers (PCP’s) have been the subject of
extensive research1 as results of their highly promising features
for gas storage (e.g., H2,2 CO2,3 C2H2

4), selective separation,5

and catalytic purposes.6 Multiproperty materials of this kind,7

which combine permanent porosity with additional properties
such as chirality, framework flexibility, and magnetic or optical
features, are, however, scarcer.

PCP’s consist of metal ions connected through organic
bridging ligands defining a porous network. In contrast to
traditional porous species, such as zeolites and activated-carbon
materials, PCP’s have improved characteristic aspects that
include (i) a framework responsible, as in dense solids, for
physical properties such as magnetism, conductivity, and optical
features,8 (ii) well-ordered porous structures which may show
flexible and dynamic behavior in response to guest molecules,9
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and (iii) designable functionalities of the cavities surface, at the
origin of their catalytic properties.6,10

However, it should be noted that the rational design and
synthesis of MOF’s withzeoliticnetworks, which are considered
to be the most significant topologies for porous materials, are
still a challenge. Metal imidazolates are one of the best known
examples of zeolitic PCP’s, as demonstrated by us11 and
others12,13 by using different solvents and structure-directing
agents (SDA’s). In this context, also pyrimidines14 and particu-
larly pyrimidinolates,15 which are very simple, angular and
monovalent anions, can be used as synthones for obtaining
zeomimetic materials (Scheme 1). Indeed, the different coor-
dination geometry about the metal ion and the flexibility of the
R angles (see Scheme 1) allow the formation of a variety of
structural motives that can interlock so as to build a wide variety
of zeolite-like structures.

In the recent past, we have reported the preparation and
adsorption properties of sodalitic PCP’s of the [ML2]n type,
containing square-planar CuII or PdII nodes and 5-X-pyrimidi-
nolate linkers (X-pymo, X) H, halide).16-18 Among the most

intriguing materials of this class, the [Pd(F-pymo)2]n species18b

should be highlighted as possessing unusually high thermal
stability (370 °C in air) and remarkable H2 storage capacity
(0.018 kg H2/L at 77 K and 900 Torr). In general, these polymers
can be considered as metal-organic analogues of crystalline
porous silica: M(X-pymo)4 primary building units (PBU’s)
generate M6(X-pymo)6 and M4(X-pymo)4 rings, as secondary
building units (SBU’s), which eventually combine into a 3-D
framework resembling that of sodalite (SOD). At variance with
the PdII counterpart,18b we have found that the introduction of
the F residue as SDA at position 5 of the pyrimidinolate ring
leads to the formation of a different zeotype, namely, the
gismondine (GIS) PCP [Cu(F-pymo)2(H2O)1.25]n (1), built up
from tetrahedrally distorted square-planar Cu(F-pymo)4 PBUs.
In this paper, we present the synthesis and structural charac-
terization of1. The remarkable solid-gas adsorptive properties
of the “thermally activated” isomorphous counterpart (1′) and
its guest-dependent magnetic properties are also discussed.

Experimental Section

General Methods.All the starting materials [5-fluoro-2-hydroxy-
pyrimidine and Cu(NO3)2‚3H2O] were purchased from Sigma-Aldrich
and were used as received.

Preparation of [Cu(F-pymo)2(H2O)1.25]n (1). A water-ammonia
(11:2) solution (10 mL) containing Cu(NO3)2‚3H2O (2 mmol, 0.48 g)
was added dropwise to 5-fluoro-2-hydroxypyrimidine (4 mmol, 0.46
g) dissolved in 10 mL of water-ammonia (11:2) under stirring. The
resulting solution afforded dark green crystals of1 within 3 days.
Yield: 95%. Anal. Calcd for C8H6.5CuF2N4O3.25: C, 30.78; H, 2.10;
N, 17.95. Found: C, 30.78; H, 1.96; N, 17.52.

Characterization and Physical Measurements.IR spectra were
measured on a ThermoNicolet IR 200 spectrometer by using KBr
pellets. Elemental (C, H, N) analyses were obtained at a Fisons-Carlo
Erba EA 1008 analyzer (Center of Scientific Instrumentation, University
of Granada, CIC); thermogravimetric analyses were recorded on Netzsch
STA 409 PC Luxx (University of Insubria), at a heating rate of 10 K
min-1 in the presence of a N2 atmosphere. Adsorption isotherms were
measured on a Micromeritics 2010 M (Instituto Nacional del Carbo´n,
CSIC, Oviedo, Spain) and on a Micromeritics Tristar 3000 (University
of Granada) volumetric instruments under continuous adsorption
conditions. Prior to measurement, powder samples were heated at 303
K for 12 h and outgassed to 10-3 Torr using a Micromeritics Flowprep.
The isosteric adsorption heats for CO2 have been determined from the
adsorption isotherms at two different temperatures (273 and 293 K)
using the Clausius-Clapeyron equation. The CO2 isobar was measured
in the 298-473 K temperature range by means of a thermogravimetric
balance, Shimadzu-TGA-50H (CIC), at a heating rate of 5 K min-1 in
the presence of a CO2 atmosphere; the polycrystalline sample was
previously heated at 303 K for 12 h and outgassed to 10-3 Torr using
a Micromeritics Flowprep. Magnetic susceptibility measurements were
performed on polycrystalline samples in the 2-250 K with a quantum
design MPMS XL squid (CIC) in the field-cooled mode applying 100,
300, and 5000 Oe. Ac magnetic susceptibility measurements were
performed in the 2-30 K temperature range in a 1 Oeoscillating field
at a frequency of 100 Hz. In the case of the magnetic measurements
for the evacuated material1′ and the CO2-loaded species1′@CO2, the
as synthesized material1 was heated at 303 K for 12 h and outgassed
to 10-3 Torr using a Micromeritics Flowprep, this leading to1′. 1′ was
loaded with CO2 (1 bar) for 1 h toyield 1′@CO2 and placed in a sealed
tube.
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N.; Yanaoka, E.; Kuribayashi, T.; Ohtera, R.; Shiraishi, Y.J. Catal.2005,
232, 186. (c) Uemura, T.; Kitaura, R.; Ohta, Y.; Nagaoka, M.; Kitagawa,
S. Angew. Chem., Int. Ed.2006, 45, 4112.
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Zhao, D.-Y.Chem.sEur. J.2007, 13, 4146. (b) Huang, X.-C.; Lin, Y.-Y.;
Zhang, J.-P.; Chen, X.-M.Angew. Chem., Int. Ed.2006, 45, 1557.

(13) (a) Park, K. S.; Ni, Z.; Coˆté, A. P.; Choi, J. Y.; Huang, R.; Uribe-Romo,
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O’Keeffe, M.; Yaghi, O. M.Nat. Mater. 2007, 6, 501.
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Scheme 1. Schematic Representation of the Flexibility of the R
Angles in Silicates and Metal-Pyrimidine Polymers, Respectively
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Single-Crystal X-ray Diffractometry. A dark green crystal of
species1, of approximate 0.10× 0.10 × 0.10 mm dimensions, was
glued on the tip of a glass fiber and mounted on top of a goniometric
head. The data were collected at room temperature on a Bruker AXS
APEX2 automated diffractometer (University of Milan) using graphite-
monochromated Mo KR radiation (λ ) 0.710 73 Å) and setting the
generator at 50 kV and 35 mA. The intensity data were collected within
the limits 3.9< 2θ < 57.1° in the full sphere (ω scan method), with
sample-detector distance fixed at 6 cm. A total of 1080 frames (40
s/frame; ∆ω ) 0.5°) were measured affording a total of 19 515
reflections, of which 2904 unique and 2264 observed [I > 2σ(I)]. The
unit cell was determined upon processing of the first 100 frames of
each batch. The data were corrected for Lorenz-polarization and for
absorption effects.19 The structure solution was performed by direct
methods (SIR-97).20 The refinement was carried out by full-matrix least-
squares procedures onF2 (SHELX-97,21 as implemented in the WinGX
suite of programs), for 2264 data, 179 parameters, and 0 restraints.
The analyzed crystal was a racemic twin (with a 0.42:0.58 components
ratio). All the non-hydrogen atoms were treated anisotropically. The
hydrogen atoms were made riding on the pertinent parent atoms with
an isotropic thermal displacement parameter arbitrarily chosen as 1.2
times that of the parent atom itself. No hydrogen atoms were assigned
to the oxygen atoms of the water molecules. Crystallographic data and
structure refinement parameters are collected in Table 1. Crystal-
lographic data (excluding structure factors) for species1 have been
deposited with the Cambridge Crystallographic Data Centre supple-
mentary publication no. CCDC 653015. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, U.K. (fax, (+44)1223-336-033; e-mail, deposit@
ccdc.cam.ac.uk).

Variable-Temperature X-ray Powder Diffraction. Thermodif-
fractometric experiments were performed on microcrystalline batches
of 1 on a Bruker AXS Advance D8 diffractometer (University of Milan),
by employing a custom-made sample holder where both the environ-
ment and the temperature are under control (Officine Elettrotecniche
di Tenno, Bleggio Inferiore, Italy). Typically, a sequence of scans in
the 5-35° 2θ range was performed in the 303-473 K temperature
range (each scan being acquired in isothermal conditions), heating (or

cooling) in situ the sample in air or under CO2 flow at ambient pressure.
In air, a more accurate experiment was also performed in the 278-
343 K range using a Peltier temperature controller, the other experi-
mental conditions remaining unaltered. As for the experiments under
CO2, the transient phase was trapped and its behavior was monitored
on cooling. This phase appears at about 363 K, with a concomitant
lowering of peak intensity of the tetragonal phase and their coherent
splitting into doublets (as required by symmetry decrease). On
performing profile fitting on different peaks triplets, we estimated a
ca. 60% maximum percentage for the elusive phase. Significantly, at
RT (room temperature) and under a dynamic CO2 flow, this phase
disappears in about 45 min. Le Bail fits (Figure 1) of the diffractograms
acquired (in air or under CO2) were performed with the aid of Topas,22

allowing us to estimate the temperature dependence of the lattice
parameters. Typical values for theRp andRwp figures of merit of the
Le Bail refinements lie in the range 0.097-0.119 (air), 0.030-0.036
(CO2) and 0.134-0.172 (air), 0.042-0.047 (CO2), respectively. As
regards the transient phase, indexing was carried out manually upon
observing the coherent splitting of many peaks of the tetragonal phase,
clearly indicating a lowering in symmetry. The resulting orthorhombic
cell (Fdd2; a ) 29.13,b ) 30.40,c ) 9.89 Å; V ) 8756.6 Å3) may
be alternatively described as rhombic (I lattice;a ) 21.05,b ) 21.05,
c ) 9.89 Å; γ ) 92.44°; V ) 4384.9 Å3), thus better highlighting its
structural relations to the pristine tetragonal phase.

Results and Discussion

Crystal Structure. Crystals of1 contain slightly distorted
square-planar23 CuII centers connected through N,N′-exobiden-
tate F-pymo bridges [Cu-N 1.968(3)-1.976(3) Å]. The bridges
define two different cyclic motives, namely metallacalix[8]-
arenes and metallacalix[4]arenes exhibiting either an 1,3-
alternate or a pinched cone conformation (Figure 2). In addition,
four helical channels perabsquare mesh (of 41 or 43 symmetry)(19) SADABS, Sheldrick, G.; Blassing, B.Acta Crystallogr.1995, A51, 33.

(20) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.J. Appl.
Crystallogr.1999, 32, 115.

(21) Sheldrick, G. M.SHELX-97. Program for crystal structure determination;
University of Göttingen: Göttingen, Germany, 1997.

(22) Topas-R,Version 4: General profile and structure analysis software for
powder diffraction data; Bruker AXS: Karlsruhe, 2006.

(23) Averagetrans-N-Cu-N bond angle) 153.3°.

Table 1. Crystallographic Data and Structure Refinement
Parameters for Species 1

param 1

method single-cryst XRD
formula C8H6.5CuF2N4O3.25

fw 312.21
T (K) 298(2)
λ (Å) 0.710 73
cryst system tetragonal
space group I41md
a (Å) 20.824(2)
c (Å) 10.0010(8)
V (Å3) 4336.9(6)
Z 16
F(calcd) (Mg m-3) 1.913
µ (mm-1) 2.05
F(000) 2488
S(F2)a 1.025
R(F), wR(F2) for I > 2σ(I)a 0.048, 0.089
max, min∆F (e Å-3) 0.51,-0.35

a S(F2) ) [Σw(Fo
2 - Fc

2)2/(n - p)]1/2, where n is the number of
reflections,p is the number of parameters andw ) 1/[σ2(Fo

2) + (0.019P)2

+ 1.88P] with P ) (Fo
2 + 2Fc

2)/3. R(F) ) Σ||Fo| - |Fc||/Σ|Fo| and wR(F2)
) [Σw(Fo

2 - Fc
2)2/ΣwFo

4]1/2.

Figure 1. Typical graphical results of the Le Bail refinements performed
on the TXRPD data with acquisitions (a) in air at 120°C, (b) under CO2
at 120°C, and (c) under CO2 at 50°C (where both the tetragonal and the
orthorhombic phases are present). Horizontal axis: 2θ angle, deg. Vertical
axis: intensity, counts. Experimental, calculated, and difference profile:
blue, red, and gray, respectively. The peak markers are shown at the bottom.
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run alongc with an opening of about 2.9 Å (defined as the
distance between atoms of opposite walls minus the pertinent
van der Waals radii). The different structural motives interlock
in a 3-D open framework related to the GIS zeotype (Figure
3). Noteworthy, the largest channels in classic GIS networks
(eight-membered rings), running alonga (andb), are hindered
in 1 by the protruding F-pymo ligands, and only the “secondary”
ones (helical channels) running alongc are available for guest
exchange. The polymeric network is further stabilized by
extensive hydrogen bonding with the chlathrated water mol-
ecules. One of the crystallographically independent water
molecules (O1) is located in the isolated cavities defined by
one pinched cone metallacalix[4]arene and blocked by the one
above and loosely interacts with the oxygen atoms of the

F-pymo ligands (O13 and O23; O1‚‚‚O13 3.018 Å, O1‚‚‚O23
3.170 Å). The second water molecule (O2) fills the helical
channels and interacts with neighboring ones (O2‚‚‚O2 2.991
Å) and with the F-pymo oxygen atoms decorating the pore walls
(O2‚‚‚O33 2.696 Å). The volume occupied by the chlatrated
water molecules amounts to ca. 13% of the unit cell volume.24

Thermal Activation of 1. The thermal stability of1 has been
investigated by means of thermogravimetry (TG), differential
scanning calorimetry (DSC), and variable-temperature X-ray
powder diffraction (TXRPD) measurements. In the 313-473
K range, under a N2 atmosphere, the TG trace of1 shows a
gradual weight-loss step of 6.7% (theoretical 7.2%), corre-
sponding to the loss of the chlathrated water molecules, followed
by a plateau from 473 to 513 K, indicating a relatively high
thermal stability of the guest-free framework [Cu(F-pymo)2]n

(1′) which, according to XRPD, is isomorphous to1.
Gas Adsorption. The solid-gas adsorption properties of1′

have been evaluated toward N2 (77 K), H2 (77 and 90 K), and
CO2 (273-473 K) to assess its textural properties (see Figures
4 and 5). Noteworthy,1′ does not adsorb N2; on the contrary,
it adsorbs appreciable quantities of H2 (0.56 wt % and 0.010
kg H2/L at 90 K and 900 Torr) and CO2 (7.6 wt % at 273 K
and 900 Torr). The results at 77 K agree with a size-exclusion
behavior of the 2.9 Å wide channels, which permits the diffusion
of the small H2 molecules over the N2 ones (kinetic diameter:
2.89 Å vs 2.99 Å, respectively). At variance, the thermal energy
of the marginally larger CO2 molecules and of the coordination
framework itself, in the 273-473 K temperature range, is high
enough to widen the pore channels of1′ permitting guests
diffusion (see discussion below).

Regarding the H2 adsorption, the isotherms measured at 77
and 90 K reveal an unusual behavior, i.e., the formation of
hysteresis loops and the adsorption capacity at 90 K being
similar to that measured at 77 K. The hysteretic desorption must
be related to the structural features of1′ and indicates a kinetic
origin for the observed behavior. The adsorption kinetics are
very slow (ca. 50 h for an adsorption-desorption cycle) and is
likely linked to a hindered diffusion of the H2 molecules through
ultramicropores of comparable size. Given the close match
between the pore size of the polymer and the kinetic dimensions
of the adsorbate, the interaction potential of the H2 molecules
is expected to be very strong, due to the synergic effect of
neighboring pore walls. Other authors have also attributed this

(24) Computed, upon removal of the guest molecules, using SMILE: Eufri,
D.; Sironi, A. J. Mol. Graphics1989, 7, 165.

Figure 2. Basic structural motives found in1: metallacalix[8]arene (A);
pinched cone metallacalix[4]arene (B); helix (C).

Figure 3. (a) View, down [001], of the crystal structure of1. The red and
orange circles highlight one water-filled cavity and one helical channel,
respectively. (b) Related gismondine skeleton.

Figure 4. Hydrogen adsorption isotherms of1′ at 77 (circles) and 90 K
(squares). The open symbols denote desorption.
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behavior to additional steric hindrance caused by adjacent guests
(kinetic trapping).25 Such slow desorption kinetics25 might be
the result of the high H2 loading of the porous framework at
low pressures, which impedes the flexibility and window-
opening.

As mentioned above, CO2 molecules are slightly larger (3.189
Å) than the pore opening; however, the isotherms at 273 and
293 K are fully reversible and of type I (see Figure 5b). This is
in agreement with the higher kinetic energy of these guest mole-
cules, coupled to a certain flexibility of the porous framework
at higher temperatures (see below).26 The isotherm at 273 K is
also consistent with the typical behavior of a molecular sieve,
with a steep slope at very low pressures indicative of pores of
small size.

The isosteric heats of CO2 adsorption were evaluated ac-
cording to the Clausius-Clapeyron eq 1 from the adsorption
isotherms measured at 273 and 293 K (Figure 5b):

Hereqst, R, P, andN represent isosteric heat of adsorption, gas
constant, pressure, and amount of adsorption of CO2, respec-
tively. The CO2 molecules strongly interact with the host, the
adsorption heat (49-55 kJ mol-1) being considerably higher
than in other porous coordination polymers and close to those
exhibited by zeolites.27 The strong interaction of1′ toward CO2

is further supported by what is emerging from the CO2 isobar
measured atPCO2 ) 1 bar in the 473-298 K temperature
range: on lowering of the temperature,1′ uptakes this gas below
428 K (Figure 5a).

Noteworthy, given the small volume available for guest
exchange in1′ (ca. 13%), the densities of H2 and CO2 stored in
the cavities of1′ are very high, comparable to that of the liquid
for H2 (0.023 vs 0.021 molecules Å-3) and to that of the solid
for CO2 (0.014 vs 0.022 molecules Å-3).28 This type of
unusually high guest density has been previously observed by
Kitagawa et al. on C2H2 (0.010 molecules Å-3),4 N2 (0.024
molecules Å-3), O2 (0.024 molecules Å-3), and CO2 (0.024
molecules Å-3)26 in ultramicroporous coordination networks.
With these numbers in mind, to our knowledge,1′ is one of the
best performing materialsin terms of H2 density,29 surpassed
only by the Mg3(HCO2)6 species, for which a H2 density of
0.042 molecules Å-3 can be calculated.30

Thermodiffractometric (TXRPD) Studies. Given the small
volume available for guest exchange in1′, these remarkable
adsorption properties are rather surprising. Due to the well-
known flexibility of GIS frameworks,31 we initially suspected
an expansion/shrinkage dynamic behavior triggered by gas
adsorption/desorption.32 To verify this hypothesis we performed
different thermodiffractometric experiments, in the 303-473
K temperature range, under different environments (air, N2, and
CO2).

On heating of the sample in air in the 303-473 K temperature
range, the cell volume unexpectedly shows a minimum at 313
K, after which a smooth volume increase is observed (ca. 1%,
Figure 6). The same trend has been observed in a more accurate
experiment (see the Experimental Section for further details)
in the 278-343 K range. The values determined upon heating
match almost perfectly those observed upon cooling, thus
sustaining the full reversibility of the dehydration process
(Figure 6). Combining this XRPD evidence with that from the
thermal analysis, we may ascribe the observed volume shrinking
to the early partial loss of chlatrated water molecules, while
the subsequent volume increase is possibly due to thermal

(25) Zhao, X.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.; Bradshaw, D.;
Rosseinsky, M. J.Science2004, 306, 1012.

(26) Kitaura, R.; Matsuda, R.; Kubota, Y.; Kitagawa, S.; Takata, M.; Kobayashi,
T. C.; Suzuki, M.J. Phys. Chem. B2005, 109, 23378.

(27) Bourrelly, S.; Llewellyn, P. L.; Serre, C.; Millange, F.; Loiseau, T.; Fe´rey,
G. J. Am. Chem. Soc. 2005, 127, 13519.

(28) Simon, A.; Peters, K.Acta Crystallogr., Sect. B1980, 36, 2750.
(29) Collins, D. J.; Zhou, H.-V.J. Mater. Chem. 2007, 17, 3154.
(30) Rood, J. A.; Noll, B. C.; Henderson, K. W.Inorg. Chem.2006, 45, 5521.
(31) Allen, S.; Carr, S.; Chapple, A.; Dyer, A.; Heywood, B.Phys. Chem. Chem.

Phys.2002, 4, 2409 and references therein.
(32) Kondo, A.; Noguchi, H.; Ohnishi, S.; Kajiro, H.; Tohdoh, A.; Hattori, Y.;

Xu, W.-C.; Tanaka, H.; Kanoh, H.; Kaneko, K.Nano Lett.2006, 6, 2581.

Figure 5. (a) CO2 isobar of1′ at 1 bar in the 298-473 K range. (b) CO2
adsorption isotherm of1′ at 273 K (circles) and 298 K (squares). The open
symbols denote desorption. The inset shows the CO2 adsorption enthalpy.

qst ) -R (d(ln P)

d(1/T) )
N

(1)

Figure 6. Variations of the unit cell volume of1 in air in the 303-473 K
range: open red squares, heating; full red squares, cooling; green triangles,
finely sampled cooling branch in the 278-343 K range.
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expansion effects overcoming the loss of the remaining water
molecules. On the whole, as also witnessed by the thermal
analysis, the dehydration process occurs smoothly, without the
formation of intermediate (amorphous or crystalline) phases.

Taking into account the relative changes experienced by the
lattice parameters in air, this porous framework undergoes a
limited stress during heating and dehydration. In this regard,
the computed maximum value of 7× 10-5 K-1 for δ(ln V)/δT,
even if higher than those of rigid materials of this kind [see,
e.g., 5.3× 10-6 K-1 for the extremely stiff Pd(F-pymo)2],18b

falls below those of soft molecular (i.e., nonpolymeric) materials
(e.g., 2.2× 10-4 K-1 for solid sulfur or 4.8× 10-4 K-1 for
glycerine33).

At variance, with sample cooling under a CO2 flow, there is
a tradeoff between lattice parameters at temperatures below 413
K, which favors CO2 diffusion: a and b lengthen whilec
shortens (Figure 7), with a consequent widening (in theabplane)
of the four unit cell helical channels. Moreover, during cooling,
a transient phase, coexisting with the tetragonal one, is detected
below 363 K (Figure 8). Its lower symmetry (see Experimental
Section) suggests a different behavior of the four helical
channels toward CO2 exchange, i.e., some specialization and
cooperativity of CO2 adsorption (see below).

We suppose that, below 363 K, settling of the “previously”
adsorbed CO2 molecules startssthe CO2 isobar is indicative of
the adsorption of 2.3 CO2 molecules/unit cell at 363 K. Indeed,
the transient phase speaks for a rhombic distortion of theab
square mesh coherent with anearly, preferential “freezing” of
CO2 in (two, isochiral) diagonally related channels.Later on,
when “freezing” occurs also in the other (two) channels of
opposite chirality, the original tetragonal lattice is restored
(Scheme 2).

The strong interaction of the CO2 molecules with the pore
walls may be related to feasible interaction of this quadrupolar
molecule with the polarizing O and F residues. In this regard,
we have previously found that the introduction of a F residue
in the isoreticular SOD [Pd(X-pymo)2]n frameworks (X) H,
F) significantly enhances CO2 adsorption.18b

Magnetic Properties. We have studied the effect of the
perturbation exerted by the guest molecules on the [Cu(F-
pymo)2]n network on its magnetic properties. With this purpose
we have measured the thermal behavior of the magnetic
susceptibility for the as synthesized, hydrated material [Cu(F-
pymo)2(H2O)1.25]n (1), the activated material [Cu(F-pymo)2]n

(1′), and the latter loaded with CO2 (1′@CO2) (Figure 9). The
high-temperature behavior of the dc magnetic susceptibility (øM)
of 1 is typical of an antiferromagnetic material, with a maximum
at about 60 K and a smooth decrease of theøMT values from
0.222 cm3 mol-1 K at 250 K to 0.046 cm3 mol-1 K at 24 K.
This behavior is due to antiferromagnetic coupling of the copper-
(II) centers transmitted through the N,N′-F-pymo bridges.
However, below the Ne´el temperatureTN ca. 24 K,øM andøMT
sharply increase.34 The sharp increment of theøM and øMT
values in the low-temperature region and at low field strengths
suggests a weak ferromagnetic ordering arising from a spin-
canting phenomenon. The origin of this behavior can be traced
back to the noncentrosymmetric nature of the framework,35

which allows an antisymmetric effect to be present, originated
from a small ferromagnetic interaction. The overall behavior
of the activated form1′ is very similar to that of the as-
synthesized material1; however, a slight diminution (2 K) of
the temperature at which the weak ferromagnetic ordering takes
place is observed. It is noteworthy that the loading of the
material with carbon dioxide has a more profound effect on its
magnetic properties. In this case, we observe an increase of ca.
6 K in the temperature corresponding to the maximum of the
magnetic susceptibility (øM) curve. Likewise, the temperature

(33) Perry, R. H.; Green, D. W.; Maloney, J. O. Eds.Perry’s Chemical
Engineers’ Handbook, 7th ed.; McGraw Hill: New York, 1998; Tables
2-147.

(34) The presence of a weaker additional magnetic ordering taking place below
17 K should also be noted.

(35) Kahn, O.Molecular Magnetism; Wiley-VCH: New York, 1993.

Figure 7. Relative variations of the unit cell parameters (a and c axes,
squares and circles, respectively) of1 in the 303-473 K range, in air (red
symbols) and under CO2 (blue symbols). All parameters have been
normalized to their 473 K value. Full symbols indicate data collected on
cooling.

Figure 8. 2D plot representing the variable-temperature X-ray powder
diffraction traces of1′ acquired under a CO2 flow. Horizontal axis: 2θ
range (deg). Vertical axis: temperature acquisition range (a number of scans
were performed on cooling from 473 K, while the latter part of the
experiment was carried out at 303 K; see the Experimental Section for
further details). Cyan: coexistence of the tetragonal and orthorhombic
transient phases. The red circle highlights one example of the lowering of
peak intensity of the tetragonal phase with its coherent splitting into doublets.
The transient phase has substantially disappeared at the end of the
experiment.

Scheme 2. Structural Modifications in the [Cu(F-pymo)2]n
Framework upon CO2 Inclusion
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at which the weak ferromagnetic ordering appears increases by
ca. 5 and 7 K compared to1 and 1′, respectively. The
perturbation of the magnetic properties induced by guest
incorporation can be traced back to the thermal XRPD structural
studies (see above) which show that the incorporation or release
of water molecules has little effect on the [Cu(F-pymo)2]n

network compared to the incorporation of CO2 guest molecules,
which is responsible for a significant framework distortion. It
is noteworthy that there are few cases in which a related vapo-
magnetic/solvato-magnetic effect have been observed: dehy-
dration/desolvation on spin-crossover transitions36 or changes
in the magnetic properties upon loading or release of small
alcohol molecules have been reported.8b Related to this, we have
previously observed that the incorporation of ion pairs in the
[Cu(2-pymo)2]n pyrimidinolate PCP leads to a profound struc-
tural reorganization from a 3D SOD framework16a to a layered
muscovite type material,37 with concomitant apparition of a spin-
canting phenomenum. However, the effect of CO2 incorporation

on the magnetic properties of1′ framework is a rare example
(apart from SCO materials) of a gas sensitive magnetic behavior
in which only the outer spin environment, not the inner one, is
dramatically altered. In this regard, we presume that the
structural perturbation exerted by the CO2 guests may lead to a
less distorted square planar CuN4 environment with a concomi-
tant larger overlapping of the orbitals of the bridging F-pymo
ligands and the copper(II) dx2-y2 magnetic orbitals, which permits
a more efficient magnetic exchange.

Conclusions

The results presented here further support the rich variety of
physicochemical properties exhibited by the metal pyrimidino-
lates, ranging among high thermal stability, molecular recogni-
tion, and unusual magnetic properties. Moreover, this contri-
bution confirms the remarkable properties of ultramicroporous
coordination networks which, although lacking of large capaci-
ties, show very high gas storage densities and guest selectivity.
Our experiments also reveal that the performance of the [Cu-
(F-pymo)2]n PCP as a semirigid networksas evidenced by its
behavior as a molecular sieve of H2 over N2 and the minimal
stress on the network exerted by dehydration and thermal
treatmentssis modified when exposed to CO2. The uptake
process of CO2 is responsible for the expansion of the pores
and the formation of a transient phase with selective and
cooperative ordering of the guests, well before complete filling
of the pores occurs. Moreover, it is noteworthy that the structural
perturbation exerted by the CO2 molecules can tune the magnetic
properties of the [Cu(F-pymo)2]n network. Indeed, the observed
gas sensitive, long-range magnetic ordering in a porous material
where the inner metal environment is not substantially altered
is highly remarkable. Finally, it should be highlighted that the
use of different metal ions and the introduction of diverse
substituents in the pyrimidinolate ligands have allowed us to
tune the structural, magnetic, and gas-adsorption properties of
the isolated PCP’s.
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Figure 9. Effect of the guest molecules in the magnetic behavior of [Cu-
(F-pymo)2]n at an external magnetic field of 100 Oe: as-synthesized hydrated
[Cu(F-pymo)2(H2O)1.25]n (1, red squares); activated [Cu(F-pymo)2]n (1′, blue
triangles); loaded with CO2 (1′@CO2, black circles).

A R T I C L E S Navarro et al.

3984 J. AM. CHEM. SOC. 9 VOL. 130, NO. 12, 2008


