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A robust 3-D porous structure of formula [Ln2(PDC)3(DMF)2]∞ has
been constructed from lanthanide cations (Ln ) Er3+ or Y3+) and
the non-linear anionic bridging ligand, pyridine-3,5-dicarboxylate
(PDC2-) in dimethylformamide (DMF). The solvated framework
polymers {[M2(PDC)3(DMF)2]‚n(solv)}∞ (M ) Er, Y) undergo a
solid-state, crystal-to-crystal reaction upon heating and are
converted via loss of both sorbed and coordinated solvent and
rearrangement of the framework core to give a desolvated and
porous form with retention of structural integrity. This structural
transfer is the first crystallographically characterized system with
lanthanide metal ions. These porous products are shown to be
effective absorbants for H2, N2, and benzene.

Metal-organic coordination polymers have attracted much
attention owing to the possibility of using flexible design
methodologies to construct porous frameworks with channels
of targeted size and shape.1 Such materials have enormous
potential applications for molecular storage and separation,
catalysis, and ion exchange.2,3 We have recently reported a
range of highly unusual framework materials of previously
unreported topologies based upon lanthanide centers with
N-oxide heterocyclic ligands.4 We were especially interested
in controlling the stereochemistry and connectivity at the
metal centers, as well as the degree of aggregation5 and
topology in these and related lanthanide materials. We report
herein the crystal-to-crystal solid-state conversion of materi-

als derived from lanthanide(III) cations and pyridine-3,5-
dicarboxylate anions (PDC2-). The PDC2- dianion was
chosen for its non-linear rigidity, which reduces the potential
for interpenetration,6 and its negative charge, which obviates
the need to find space for non-coordinated anions within the
lattice of the resultant framework, thereby providing more
solvent-accessible space within the bulk material. In addition,
we argued that the high formal 3+ charge on the lanthanide
ion has the potential to enhance possible interactions between
the Lewis acid metal and adsorbed species within the
resultant porous framework material.

We find that the solvated products,{[M2(PDC)3(DMF)2]‚
n(solv)}∞ (M ) Er, Y), undergo a solid-state, crystal-to-
crystal transformation upon heating to afford,Via loss of both
sorbed and coordinated solvent and rearrangement of the
mode of binding of the carboxylate donors, the desolvated,
porous form{[M2(PDC)3]}∞ (M ) Er, Y) with retention of
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crystallinity, structural integrity, and metal-PDC2- coordina-
tion. These represent rare examples7 and the first crystallo-
graphically characterized system with lanthanide metal ions8

of metal-organic frameworks that retain crystalline structural
integrity upon removal of coordinated solvent and framework
rearrangement.

The isomorphous compounds{[Er2(PDC)3(DMF)2]‚
n(solv)}∞ (1) and {[Y2(PDC)3(DMF)2]‚n(solv)}∞ (2) were
prepared by the reaction of appropriate lanthanide(III) salts
and H2PDC in DMF. Although it gave only an extremely
weak data set, the isomorphous NdIII compound has also been
identified as containing the same major structural features
as those observed in1 and2. The structure of1 is shown in
Figure 1a,b.9 Each ErIII cation is surrounded by seven
relatively close O atoms, one from a single pendant-
coordinated DMF molecule at 2.341(5) Å and six from six
separate carboxylate anions at 2.275(5)-2.350(5) Å, together
with a more remote O donor [2.847(5) Å] from a carboxylate
anion. This gives an overall distorted square-antiprismatic
geometry at the metal center.

Thermogravimetric analyses (TGA) of1 and2 at ambient
pressure reveal two main weight losses between 20 and 400

°C before the compounds decompose at ca. 470°C. These
correspond to (i) the loss of free solvent from the channels
(T e 90 °C) and (ii) the loss of coordinated DMF molecules
(T e 200 °C). Following the TGA results, bulk crystalline
samples of1 and 2 were thermally treated on an IGA
instrument at 85°C under vacuum to remove all solvent
molecules to form3 and4, respectively, in quantitative yield.9

Remarkably, for a lanthanide system, the sample retained
its crystalline state throughout the sorption measurements.

The structure of compound3 is shown in Figure 1c,d.9

During removal of the coordinated DMF molecules, the bond
between ErIII and O1N from the coordinated DMF ligand in
1 is broken. Concomitantly, two new Er-O bonds are
generated by O1 and O4 changing their bridging mode from
that shown in Figure 2a to that shown in Figure 2b. Thus,
whereas in1 each ErIII is surrounded by seven O atoms from
six separate carboxylate groups (oneµ2-O and five mono-
dentate O atoms) and a single DMF oxygen (Figure 2c), in
3 each ErIII is surrounded by nine O atoms from six separate
carboxylate groups (threeµ2-O and three monodentate O
atoms; Figure 2d). In3, all carboxylate anions adopt the same
bridging mode (Figure 2b,d), leading to ErIII-carboxylate
chains along thec axis. The PDC2- anions thus bridge ErIII

centers to form hexagonal channels, while, significantly, the
pyridine N-centers remain unbound and point into the chan-
nels; these then represent potential H-bond acceptor groups.

The overall structural relationship between1 and 3 can
be visualized by considering the pseudohexagonal symmetry
of 1: applying the transformation matrix (0,1/2, 1/2; 0, -1/

2,
1/2; 1, 0, 0) to the orthorhombic unit cell gives a pseudohex-
agonal cell witha ) 16.02 Å,c ) 8.44 Å, andV ) 1869
Å3. This can be compared to the hexagonal unit cell for3
havinga ) 16.22 Å,c ) 7.41 Å, andV ) 1690 Å3. Thus,
the zigzag chains in1 are observed to shorten and convert
to linear chains in3 as a result of the reorganization of the
coordination sphere at the metal center following DMF
removal (Figure 3).

To confirm the removal of coordinated DMF from
thermally treated bulk samples, solid-state13C CPMAS NMR
spectra were recorded for a fully solvated sample and for
the same sample after gas storage experiments. As well as
signals for the C atoms of bound PDC2-, the spectrum for
fully solvated1 or 2 exhibited strong signals at 32.5 and
38.2 ppm (-CH3) and at 165.9 ppm (-CO) assigned to
DMF. No such signals were observed for the sample after
heating and gas storage experiments.

Acceptable matches were observed between the experi-
mental powder X-ray diffraction patterns (Figure 4) and those
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Figure 1. Views of the structure of1: (a) zigzag connection between
adjacent Er3+ centers; (b) channels with a view along the orthorhombica
axis showing coordinated DMF molecules protruding into the channel space.
Views of the structure of3: (c) the shorter linear connection between
adjacent Er3+ centers; (d) view of the open channels along the hexagonal
c axis after removal of coordinated DMF molecules.

Figure 2. (a and b) Connection modes between each M3+ center and
carboxylate anions. (c and d) Coordination around the M3+ centers in1
and 3, respectively. O1N (see part c) represents the O donor from
coordinated DMF, removed during the synthesis of3.
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simulated from single-crystal X-ray data for bulk crystalline
samples of solvated1 and 2 and desolvated3 and 4 after
thermal treatment. These data confirm general structural
transfer after solvent removal for bulk samples, but the
presence of amorphous material cannot be discounted.

Gas storage studies were performed on samples of
complexes1-4. No N2 or H2 uptake was observed for
samples of1 or 2, which contain both coordinated and sorbed
solvent. However, after removal of guest and coordinated
solvent molecules, N2, H2, and benzene uptake was observed
for both 3 and 4. Significantly, therefore, heating1 and 2
triggers loss of both sorbed and coordinated solvent coupled
with rearrangement of the metal-ligand framework core to
afford porous3 and4, respectively.

N2 adsorption by3 and 4 at 77 K (Figure 5) shows
reversible type I isotherms characteristic of microporous
materials with uptakes of 168 (for3) and 235 mg‚g-1 (for
4) and calculated BET surface areas of 427 (for3) and 676
m2‚g-1 (for 4). Benzene vapor adsorption by3 and4 at 300
K (Figure 6) also shows reversible type I isotherms indicative
of effective micropore filling by benzene. H2 adsorption was
measured at 77 K (Figure 7) at pressures of up to 1 bar, and

saturation was not achieved at this pressure. The occupancy
of the channels was assessed as 8.8 N2, 4.2 C6H6 (saturated
amount), and 5.6 H2 (1 bar) molecules per unit cell for3
and 11.4 N2, 3.7 C6H6 (saturated amount), and 5.1 H2 (1
bar) molecules per unit cell for4. For N2 and C6H6

adsorption, both3 and 4 exhibit qst,Φ)1/e values similar to
those of activated C: for N2, 13.44 kJ‚mol-1 for 3, 13.05
kJ‚mol-1 for 4, and∼12 kJ‚mol-1 for activated C;10 for C6H6,
57.39 kJ‚mol-1 for 3, 62.20 kJ‚mol-1 for 4, and ∼60
kJ‚mol-1 for activated C.11

In summary, we have successfully constructed a robust,
open, metal-organic framework from lanthanide metal
cations and PDC2- anions, obtaining the bulk materials
readily in a one-pot reaction. Upon removal of the bound
DMF molecules, a porous framework is thus generated from
a previously non-porous material. This structural transfer is
the first crystallographically characterized system with lan-
thanide metal ions.
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Figure 3. Schematic view of structure for1 (left) showing coordinated
DMF molecules within channels and with all PDC2- ligands omitted for
clarity. Schematic view of3 (right).

Figure 4. Powder X-ray diffraction (PXRD) patterns for compounds1/3
(left) and2/4 (right): (a) simulated PXRD patterns calculated from single-
crystal data for the samples prior to thermal treatment; (b) experimental
PXRD patterns of fresh samples of1 and2; (c) simulated PXRD patterns
calculated from single-crystal data for the samples after thermal treatment;
(d) experimental PXRD patterns of samples of3 and4 after degassing.

Figure 5. N2 adsorption isotherms (77 K) for3 (red) and4 (black).

Figure 6. Benzene adsorption isotherms (300 K) for3 (red) and4 (black).

Figure 7. H2 adsorption isotherms (77 K) for3 (red) and4 (black).
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