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The adsorbate structure of ferrocene inside [Al(OH)(bdc)]x
(MIL-53): a powder X-ray diffraction study
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The ferrocene molecules are arranged in a 1D chain-like fashion and
their cyclopentadienyl rings are oriented almost parallel to the O3 Al
faces of the {AlO6 } octahedra without p-stacking to the bdc.
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Ferrocene is strongly adsorbed by the highly porous metalorganic framework compound [Al(OH)(bdc)]x (MIL-53; bdc
= 1,4-benzenedicarboxylate). The structure of the crystalline
phase {[Fe(g5 -C5 H5 )2 ][Al(OH)(bdc)]2 }x was determined by Xray powder diffraction and Rietveld methods. The ferrocene
molecules are arranged in a 1D chain-like fashion and their
cyclopentadienyl rings are oriented almost parallel to the
O3 Al faces of the {AlO6 } octahedra without p-stacking to
the bdc.
Porous Coordination Polymers (PCPs) with high thermal stability
are a unique class of hybrid solid state materials with a bright
future in many applications ranging from gas storage, separation
to catalysis and optoelectronics.1–3 Within the rush on these open
framework compounds (also called MOFs) only very few groups
looked at the host guest chemistry of PCPs with organometallic
complexes [MLn ] rather than the obvious molecules H2 , CO2 ,
CH4 , hydrocarbons, dyes, pharmaceuticals.4,5 Accordingly, we
introduced the solvent-free gas-phase loading of PCPs via the
adsorption of volatile all-hydrocarbon precursors [MLn ], such
as [h5 -(C5 H5 )Pd(h3 -C3 H5 ] or [Ru(cod)(cot)] and reported on the
inclusion “compounds” [Ln M]a @MOF (MOF: [Zn4 O(bdc)3 ] and
[Zn4 O(btc)2 ], btc = benzene-1,3-5-tribenzoate).6,7 A family of
nanocomposites called “Metals@MOFs” (Cu, Au, Pd, Ru; 1.5–
2.5 nm) were formed inside the porous matrix by decomposition
of the adsorbed precursors.8,9 Similarly, PCPs and MOFs were
recently loaded with nano-scale oxides. Nano-SiO2 was sol-gel
like synthesized inside [Cu2 (pzdc)2 (L)]n (pzdc = pyrazine-2,3dicarboxylate)10 and [Zn4 O(bdc)3 ] was loaded with ZnO, TiO2 and
with catalytically active Cu/ZnO.11
The very robust ferrocene [(h5 -C5 H5 )2 Fe] (Fc), is representative
for many all-hydrocarbon complexes [MLn ] and a well suited probe
molecule for the respective adsorption studies. For example, the
large cages (3.9 and 4.7 nm) of the mesoporous [Tb(tatb)] (tatb
= triazine-1,3,5-tribenzoate) can be ﬁlled with 4420 ferrocene
molecules per unit cell.12 Interestingly, ferrocene can form an
ordered adsorbate structure inside the cavities as shown by Kim
et al. with {[(h5 -C5 H5 )2 Fe]7 [Zn4 O(bdc)3 ]}.13 This example has
remained the only X-ray single crystal analysis of the adsorbate
structure inside PCPs for an organometallic guest species. We
were thus lead to look at another important family of PCPs ﬁrst
reported by Férey et al. based on chains of trans corner sharing
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octahedral units {MO6 } (M = V, Al, Cr, Fe, In)14–18 cross-linked
by bdc which results in a 3D structure exhibiting 1D channels
along the a axis. Only very few adsorbate structures of organic
guests except bdc, e.g. pyridine,19 lutidine,20 xylenes and isomers
thereof,21,22 have been elucidated in detail based on powder Xray diffraction data. We selected MIL-53(Al), [Al(OH)(bdc)]x ,15
as the candidate for our loading studies with ferrocene (Fc),
because the diamagnetic nature of the Al compound facilitates
characterisation by solid state MAS NMR in contrast to its Fe
and Cr congeners and also rules out redox reactions (V).
The inclusion compound {[Fe(h5 -C5 H5 )2 ][Al(OH)(bdc)]2 }x (1,
Fig. 1) was prepared by direct Fc adsorption from the vapour
phase under reduced pressure (10-3 mbar) at elevated temperatures
above 100 ◦ C under static conditions in a sealed glass tube over
a period of 24 h.‡ Elemental analysis revealed the inclusion of
0.50(±0.1) Fc molecules per formula unit of the empty MIL-53(Al)
(activated, high temperature form).
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Fig. 1 Schematic drawing of the adsorbate structure of {[Fe(h5 C5 H5 )2 ][Al(OH)(bdc)]2 }x (1) as a projection along the a axis. According
to the Rietveld reﬁnement. The ferrocene molecules are arranged in a
chain like fashion completely ﬁlling the 1D channels of the MIL-53 host
lattice. The Fe-Cpcentroid vector is parallel to the c axis. The occupancy of
the ferrocene positions is 50%.

Interestingly, desorption of the included molecules did not occur
upon heating to 200 ◦ C for 24 h (10-3 mbar). This allows standard
N2 sorption measurements at 77 K which revealed a drastic
reduction of the accessible pore volume (from 0.52 of empty MIL53(Al) to 0.09 cm3 g-1 ) and leaving a speciﬁc Langmuir surface
are of 33 m2 g-1 . The composition of 1 was conﬁrmed by thermal
gravimetric analysis (TGA) showing a weight loss of 31(±0.5)%
between 250–450 ◦ C in two steps centred at 325 ◦ C, which almost
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