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Pd@MOF-5: Limitations of Gas-Phase Infiltration and Solution
Impregnation of [Zn4O(bdc)3] (MOF-5) with Metal-Organic Palladium
Precursors for Loading with Pd Nanoparticles.
Daniel Esken,a Xiaoning Zhang,a Oleg I. Lebedev,b Felicitas Schröder,a and Roland A. Fischera*
5

10

15

20

Received (in XXX, XXX) Xth XXXXXXXXX 200X, Accepted Xth XXXXXXXXX 200X
First published on the web Xth XXXXXXXXX 200X
DOI: 10.1039/b000000x
The limitations of the loading of the porous metal-organic framework [Zn4 O(bdc)3 ] (bdc = benzene-1,4-dicarboxylate; MOF-5
or IRMOF-1) with Pd nanoparticles was investigated. First, the volatile organometallic precursor [Pd(η5-C5H5)(η3-C 3H5)] was
employed to get the inclusion compound [Pd(η5-C5 H5)(η3-C3 H5)]x @MOF-5 via gas-phase infiltration at 10-3 mbar. A loading
of four molecules [Pd(η5-C5 H5 )(η3-C 3H5)] per formula unit of MOF-5 (x = 4) can be reached (35 wt.% Pd). Second, the metalorganic precursor [Pd(acac)2] (acac = 2,4-pentanedionate) was used and the inclusion materials [Pd(acac)2]x @MOF-5 of
different Pd loadings were obtained by incipient wetness infiltration. However, the maximum loading was lower as compared
with the former case with about two precursor molecules per formula unit of MOF-5. Both loading routes are suitable for the
synthesis of Pd nanoparticles inside the porous host matrix. Homogenously distributed nanoparticles with diameter of 2.4(±0.2)
nm can be achieved by photolysis of the inclusion compounds [Pd(η5-C5 H5)(η3-C3 H5)]x @MOF-5 (x ≤ 4), while the
hydrogenolysis of [Pd(acac)2]x @MOF-5 (x ≤ 2) leads to a mixture of small particles inside the network (< 3 nm) and large Pd
agglomerates (∼ 40 nm) on the outer surface of the MOF-5 specimens. The pure Pdx@MOF-5 materials proved to be stable
under hydrogen pressure (2 bar) at 150 °C over many hours. Neither hydrogenation of the bdc linkers nor particle growth was
observed. The new composite materials were characterized by 1H/13C-MAS-NMR, powder XRD, ICP-AES, FT-IR, N2 sorption
measurements and high resolution TEM. Rising the Pd loading of a representative sample Pd4@MOF-5 (35 wt.% Pd) by using
[Pd(η5-C5 H5)(η 3-C3H5)] as precursor in a second cycle of gas phase infiltration and photolysis was accompanied by the
collapse of the long-range crystalline order of the MOF.
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Metal–organic frameworks (MOFs) are porous, inorganicorganic hybride solids with zeolite-like structures and
properties [1]. Multidentate organic ligands, e.g. carboxylates,
coordinated to single metal ions or clusters of several metal
ions, generate a three-dimensional network leading to a
system of channels and cavities in the nanometer length scale
[2, 3]. Remarkably robust MOFs with fascinating properties
related to gas-storage [4], gas-separation [5], chemical sensing
[6], drug-delivery [7] and catalysis [8] have been reported. In
addition to these important aspects of current MOF research,
we have started out a systematic study of the loading or
doping of MOFs with metal nanoparticles to derive composite
systems called “Metals@MOFs” [9-11].
As microporous materials with large internal surface areas
and pore volumes, solvent-free, activated MOFs adsorb
volatile organometallic complexes [MLn] of suitable sizes
directly from the gas-phase and more or less stable inclusion
compounds of the general formula [MLn]a@MOF can be
obtained [12]. The parameter a refers to the number of
adsorbed molecules per formula unit of the MOF. Usually a is
a
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surprisingly close to an integer number in the case of a
saturated loading, although these inclusion materials
[MLn]a@MOF are not “compounds” following stoichiometric
rules. For example, [Zn4O(bdc)3] (bdc = benzene-1,4dicarboxylate; MOF-5 or IRMOF-1, respectively [13]) has
been loaded with ferrocene, [Fe(η5-C5H5)2], to yield the
saturated inclusion compound [Fe(η5-C5H5)2]7@MOF-5 which
exhibits an ordered superstructure of the imbedded 56
ferrocene molecules per MOF-5 elementary cell, which are
distributed of the two different types of cavities in a 8:6
fashion [14]. Similarly, [Zn4O(btb)2] (btb = benzene-1,3,5tribenzoate; MOF-177 [15]) can be loaded with ferrocene to
yield an inclusion compound of the composition [Fe(η5C5H5)2]11@MOF-177, possibly even below the saturation limit
and with a random or disordered imbedding of the ferrocene
molecules [16].
Labile organometallic complexes, e. g. precursors known
from metal organic chemical vapour deposition (MOCVD),
offer the option of a smooth and quantitative decomposition to
release the metal atoms and thus allow the formation of metal
clusters or nanocrystallites inside the cavities or channels of
the MOFs. We communicated the formation of Pd
nanoparticles inside MOF-5 by photo-assisted decomposition
of [Pd(η5-C5H5)(η3-C3H5)]4@MOF-5 to yield the composite
Pd4@MOF-5 (35 wt% Pd) [9]. Recently, R. Kempe et al.
tranferred the concept to the loading of MOF-177 with [Pt(η5C5H5)(CH3)3] and reported on the catalytic and gas-storage
properties of Pt@MOF-177 (43 wt.%) [17]. In parallel M.
Haruta et al. reported on Au@MOFs (1-2 wt.% Au) and the
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