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Abstract: The gas-phase loading of
[Zn,O(btb),]s (MOF-177; Hsbtb=1,3,5-
benzenetribenzoic acid) with the vola-
tile platinum precursor [Me;PtCp’]
(Cp’ =methylcyclopentadienyl) was
confirmed by solid state “C magic
angle spinning (MAS)-NMR spectros-

nanoparticles in a size regime of 2-
Snm embedded in the unchanged
MOF-177 host lattice as confirmed by
transmission  electron  microscopy
(TEM) micrographs and powder X-ray
diffraction (PXRD). The room-temper-
ature hydrogen adsorption of Pt@

[b]

MOF-177 has been followed in a gravi-
metric fashion (magnetic suspension
balance) and shows almost 2.5 wt % in
the first cycle, but is decreased down to
0.5 wt % in consecutive cycles. The cat-
alytic activity of Pt@MOF-177 towards
the solvent- and base-free room tem-

copy. Subsequent reduction of the in-
clusion  compound [Me;PtCp']|,@
MOF-177 by hydrogen at 100 bar and
100°C for 24h was carried out and
gave rise to the formation of platinum

Introduction

Among the many types of porous solids, so-called porous
coordination polymers or metal-organic frameworks
(MOFs) have gathered special attention, due to their flexi-
bility in pore size. This flexibility arises from the unique as-
sembly of this type of solids. Organic linkers are connected
through metal centres or inorganic metal clusters (SBUs=
secondary building units) to form 3D frameworks.!l By
using bifunctional linkers we synthesised and characterised a
variety of such porous 3D networks.”! A special class of
MOFs, basic zinc carboxylates, introduced by Yaghi
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perature oxidation of alcohols in air
has been tested and shows Pt@
MOF-177 to be an efficient catalyst in
the oxidation of alcohols.

etal.,®¥ have been investigated extensively in gas storage
applications®'? and as host lattices for the formation of
nanoparticles.!3*

The development and introduction of a global hydrogen
economy including hydrogen as onboard energy carrier for
automobile applications require a safe way to store suffi-
cient amounts of hydrogen.""? Different approaches exist
today in order to find suitable ways of hydrogen storage.
Conventional storage in pressure tanks leads to considerable
dangers and cryogenic transport of liquid hydrogen on the
other hand yields a constant loss of H, through heat ex-
change.”) Another way is the chemical modification of the
H, molecule and the application of metal hydrides; mainly
aluminium- and borohydrides are used.”>*! Major disadvan-
tages here lie in the liberation of the hydrogen and the re-
generation of the hydride. A third way is based on the phys-
isorption of hydrogen into porous solids. One class of these
materials constitutes carbon nanotubes (CNTs).F* Un-
functionalised CNTs show meagre hydrogen storage results
at room temperature.”*’ Another class are polymers show-
ing intrinsic microporosity (PIMs), for example, PIM-1, can
reach a storage capacity of 3.0wt% H, at 77K and
15 bar.®¥ And finally a lot of attention has been paid to
nanoporous metal-organic frameworks and their storage ca-
pacities. Although superior results are obtained at 77 KM
the room temperature capacities are discouraging.*->)
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Recently, a method was developed to increase the hydro-
gen-storage capacity of metal-organic frameworks (MOF-5
and IRMOF-8) through chemical bridging to platinum sup-
ported on activated carbon.[®*>%3 The underlying effect for
this considerable increase of storage capacity (MOF-5 at
298 K and 100 bar: 0.4 wt% —3.0 wt%) is called hydrogen
spillover.®* In general spillover describes the transport of
an activated species (not necessarily hydrogen) from one
surface (for instance, metallic surface) to another surface,
that does not form or adsorb that species under the same
conditions (acceptor surface). This process can be continued
to more than one surface, which is called primary, secon-
dary,... spillover.®*>> The possibility to generate nanopar-
ticles inside a MOF host lattice by means of MOCVD or so-
lution infiltration techniques™® led us to the idea of using
a MOF as primary spillover acceptor.®*? Since MOF-177
has the highest adsorption of hydrogen so far at 77 K& pt@
MOF-177 seemed to be a promising candidate for hydrogen
adsorption at room temperature.

Interesting applications of supported nanoparticles lie in
the field of heterogeneous catalysis, including hydrogena-
tion, 1 C—C coupling®®! or oxidation reactions.""”! The
selective oxidation of alcohols yielding aldehydes and ke-
tones is a highly important reaction and the developments
of recent years tend to “green” chemistry reactions employ-
ing dioxygen or even air as an oxidant accompanied by mild
reaction conditions (solvent-free, base-free). Most of the ox-
idation reactions are carried out at elevated temperatures
between 80°CI"7™1 and 160°C."! Room-temperature sys-
tems are quite rare.">”! Systems yielding the highest known
TONs/TOFs for the oxidation of 1-phenylethanol include
Pd/HAP-0 (hydroxyapatite-supported palladium nanoclus-
ters) (TON: 236,000; TOF: 9,800 h™! at 160°C),™*1 Au/
CeO, (TON: 250,000; TOF: 12,500 h™! at 160°C),*¥ Au/

Abstract in German: Die mittels Sublimation durchgefiihrte
Beladung von [Zn,O(btb),]s (MOF-177; H;btb=1,3,5-Ben-
zenetribenzoesdure) mit dem gut fliichtigen Platinprecursor
[Me;PtCp'] (Cp' = Methylcyclopentadienyl) wurde durch *C-
(MAS)-NMR-Spektroskopie belegt. Die nachgeschaltete Re-
duktion der FEinschlussverbindung [Me;PtCp'] @MOF-177
durch H, wurde bei 100 bar und 100°C durchgefiihrt. Sie
fiihrte zur Ausbildung von Platin-Nanopartikeln mit einer
Grossenverteilung von 2 bis 5 nm, eingebettet im nahezu un-
verdinderten MOF-177-Gastgitter, wie mittels Transmissionse-
lektronenmikroskopie (TEM) und Pulverdiffraktometrie
nachgewiesen werden konnte. Die Raumtemperatur-Wasserst-
off-Aufnahme von Pt@MOF177 wurde gravimetrisch verfolgt
(Magnetwaage) und es wurde eine Beladung von 2.5 Ge-
wichts % im ersten Zyklus beobachtet, die jedoch in den Fol-
gezyklen auf 0.5 Gewichts % sank. Die katalytische Aktivitiit
von Pt@MOF-177 in der losemittel- und basenfreien Raum-
temperatur-Oxidation von Alkoholen mit Luftsauerstoff
wurde untersucht und es zeigte sich das Pt@MOF177 ein effi-
zienter Alkoholoxidationskatalysator ist.
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Pd-TiO, (Pdg—Au.,. particles immobilised on titania)
(TOF: 269,000 h! at 160°C)™ and gallium/aluminium
oxide supported gold nanoparticles (TOF: 25,000 h~! at
160°C)" and work at temperatures well above 100°C. A
room-temperature oxidation catalyst applying air as an oxi-
dizing agent was recently introduced by Miyamura et al.l"”!
based on polymer-incarcerated gold (PI—Au). It requires the
addition of K,CO; as a base® and oxidises aromatic and
aliphatic alcohols smoothly to the corresponding aldehydes
and ketones. Also recently Au/Pt@SPB (spherical polyelec-
trolyte brushes) was introduced as a room-temperature oxi-
dation system and showed that pure platinum nanoparticles
were able to oxidise alcohols at room-temperature with the
addition of K,CO; in water.”™ So it was chosen to apply
MOF-177-supported nanoparticles as catalysts for the sol-
vent- and base-free oxidation of alcohols at room-tempera-
ture.

Experimental Section

Analytical and spectroscopic methods: Elemental analysis was performed
by OrgalLab GmbH, Zirndorf Germany. The measurements were per-
formed by standard protocols employing digestion in HNO,/HCI/H,O,
and inductively coupled plasma mass spectrometry (ICP-MS).

GC analyses were performed by using an Agilent 6890N gas chromato-
graph equipped with a flame ionisation detector (FID) and an Agilent
19091 J-413 FS capillary column using dodecane as internal standard.

All X-ray powder diffractograms were recorded by using a STOE-
STADI-P-diffractometer (CuK, radiation, 1.54178 A) in 6-20-geometry
and with a position sensitive detector. All powder samples were intro-
duced into glass capillaries (¢=0.7 mm, Mark-tubes Hilgenberg No. 10)
in a glove box and sealed prior to the measurements.

Solid-state "H and "C-MAS-NMR spectra were measured with a conven-
tional impulse spectrometer Avance II (Bruker) operating with a reso-
nance frequency of 300 MHz for 'H (B,=7.0T). The samples were
placed in zirconia rotors with a diameter of 4 mm (**C) and 2.5 mm ('H)
and mounted in standard double-resonance MAS probes (Bruker). The
rotation frequencies v,, varied between 7 kHz and 12 kHz for the “C
spectra and were set to 30 kHz for the proton data. 'H and "C resonan-
ces are reported with respect to TMS.

We acquired 'H and C-MAS-NMR data by exciting the FID with three
back-to-back 90 degree impulses.*! The sequence is designed to elimi-
nate unwanted spectral contributions coming from the probe. The 90
degree impulse length was adjusted to 3 us and the recycle delay was
chosen to guarantee total rebuild of magnetisation due to spin-lattice re-
laxation. Alternatively, for faster scanning C-MAS spectra were ac-
quired using '"H—X cross-polarisation double resonance experiments with
contact times #; between 1 ms and 10 ms. We employed a ramped cross-
polarisation sequence® by linearly reducing the 'H radiation power
from 100% to 50%. The FIDs for all *C spectra were recorded using
broadband proton decoupling with a SPINALG64 sequence.*!

The transmission electron microscopy (TEM) was carried out by using a
LEO 9220 (200 kV) instrument. The sample was suspended in chloro-
form and sonicated for 30 min. Subsequently a drop of the suspended
sample was placed on a grid (Plano S 166-3).

Reactants and solvents: All manipulations and chemical reactions were
conducted by inert atmosphere and glove box techniques (N,, H,0, O, <
0.1 ppm). All solvents were catalytically dried, deoxygenated and saturat-
ed with Argon using reflux conditions.

Starting materials synthesis: 1,3,5-Benzene-tri-benzoic acid (H;btb) was
prepared by using literature procedures.*”’ MOF-177 was obtained by the
method of Yaghi et al.’™ Colourless to pale yellow crystals of ~5mm
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edge length were solvent exchanged in chloroform for one week by Soxh-
let extraction. The off-white crystals were dried in dynamic vacuo (5x
10~ mbar) at 125°C for 3 d. The crystals were ground to powder, charac-
terised by using PXRD and stored in a glove box under inert atmos-
phere. MOF-177 powder was introduced into a glass capillary (g=
0.7 mm, Mark-tubes Hilgenberg No. 10) under an inert atmosphere in a
glove box and sealed. PXRD reflections and intensities were as follows:
260(%): 5.5 (79), 5.9 (77), 6.2 (100), 7.6 (28), 7.9 (27), 9.5 (17), 10.4 (18),
11.3 (17) 13.9 (11), 15° (11). The diffraction pattern fits the PXRD of ac-
tivated MOF-177 from the literature."

Infiltration of [Me;PtCp’] into MOF-177, preparation of [Me;PtCp’],@
MOF-177: In a typical experiment, a sample of 300 mg (0.26 mmol) dry,
activated MOF-177 powder and 500 mg (1.6 mmol) [Me;PtCp’] were
placed in a two-chamber-tube separated by a glass frit and were kept at
35°C in a 5x107° mbar (diffusion pump) static/dynamic (each hour the
vacuum was renewed) vacuum for 12 h. The procedure yielded an off-
white powder, which was stored under inert conditions in a glove box.
Yield: 625 mg (97% based on Pt). *C-MAS-NMR (direct excitation):
0=-17.0 ((CH,);Pt), 12.4 (w’-CsH,CHj,), 92.1 (C,), 96.4 (C,), 114.7 (C,),
130.2 (C1-C6), 176.0 ppm (COO").

Preparation of Pt@MOF-177, quantitative hydrogenolysis of [Me;PtCp’]
in MOF-177: A sample of 300 mg [Me;PtCp’],@MOF-177 was placed in a
steel autoclave (Parr) and was reduced in a hydrogen atmosphere
(100 bar, 100°C) for 1 d and yielded a black powder. To remove traces of
the former ligands, the material was evacuated for 24 h at 5x 10> mbar
(125°C). The powder was characterised by using PXRD and stored in a
glove box under inert atmosphere. Pt@MOF-177 powder was placed into
a glass capillary (¢ =0.7 mm, Mark-tubes Hilgenberg No. 10) under inert
atmosphere in a glove box and sealed. PXRD reflections and intensities
were as follows: 20 (%)=5.5 (84), 5.9 (100), 6.2 (63), 7.6 (21), 7.9 (20),
9.5 (20), 10.4 (14), 11.3 (14) 13.9 (14), 15 (14), 39.9 (84), 46.5 (38), 67.7°
(24). ICP-MS (wt. %) calculated for Pt@MOF-177: Pt 41; found: Pt 43+
4; BC-MAS-NMR: 6 =131.4 (C1-C6), 175.8 ppm (COO").

Hydrogen adsorption at room-temperature: 226 mg of Pt,@MOF-177
(43 wt. %) were transferred to a magnetic suspension balance (Rubo-
therm) in air (exposure ~5min) and degassed at 8x10~° mbar and
150°C until a constant mass was achieved (Figure 1).
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Figure 1. Weight loss of Pt@MOF-177 at 150°C and 8x 107> mbar
(226 mg sample).

Magnetic suspension balances allow extremely precise measurements of
mass changes to be obtained and can be effected on samples under de-
fined environments. Additionally, the suspension balance is capable of
measuring the gas density at any time so no buoyancy correction, em-
ploying constitutional equations, is needed. Two measurements are con-
ducted. In the first measurement (MP1) only the mass change of the
sample (incl. sample holder) was determined. In a second step (MP2) the
mass change owing to buoyancy of an inert titan sinker was ascertained.
The combination of both measurements enables the determination of the
mass change owing to sorption by using Equation (1):
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Vsample

Amgg = Amiyp, — Amyp, 1

titan cylinder

If the volume ratio between sample (sample+sample holder) and the
titan sinker is known, the mass change owing to sorption can be deter-
mined. The volume ratio is found by calibration by a non adsorbing gas
(Helium 4.6). In that case Equation (2) holds and Equation (3) is valid at
any time during the measurement:

V.
_n.N sample
Amg =0:0 = Anyp, — ViAmmpz 2
titan cylinder
Vam
_ sample
Armypy = Amyp, 3)
titan cylinder

Now the slope of a plot of Amiyp; Vs. Ay, yields the volume ratio
(Figure 2), a ratio of 0.505+0.005 was determined. Subsequently the
sample chamber was evacuated and three consecutive cycles of adsorp-
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Figure 2. Calibration of the Pt@MOF-177 sample with helium as non-ad-
sorbing gas.

tion at a constant pressure of 144 bar at 298 K were carried out in a pure
hydrogen atmosphere (Hydrogen 5.0). As soon as complete saturation
was achieved the hydrogen was removed in vacuo at 8x10~* mbar (Fig-
ures 3 and 4).

Oxidation of alcohols using Pt@MOF-177 as catalyst: 10 mg Pt@
MOF-177 (4x10~* mmol) were suspended in 1 mL of the alcohol or 1 g
in 4 mL thf and stirred for 24 h at room temperature in air. The conver-
sion was checked by GC using dodecane as internal standard.
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Figure 3. Adsorption and desorption of hydrogen from Pt@MOF-177
(223 mg sample) in the first cycle at 298 K and 143 mbar; desorption: 8x
10~* mbar and 298 K, desorption does not take place at ambient pressure.
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Figure 4. Adsorption and desorption of hydrogen from Pt@MOF-177
(223.9 mg sample) in the second and third cycle at 298 K and 144 mbar;
desorption: 8 x 10~° mbar and 298 K.

For the oxidation of benzyl alcohol 100 mg of Pt@SPB were suspended
in 40 mL of benzyl alcohol and 2 mL of dodecane were added. Samples
were taken via cannula to keep the catalyst inside the suspension while
taking aliquots. After 48 h, a conversion of 50% was observed. For a
second run the catalyst was filtered off, stirred in dry chloroform (24 h)
and dried in vacuo for another 24 h at 125°C.

Results and Discussion

Loading of MOF-177 with [Me;PtCp’]: To generate plati-
num nanoparticles inside MOF-177 [Me;PtCp’] has been
chosen as a precursor. It is commercially available and very
volatile, it sublimes at ambient conditions®™! and decompos-
es in a hydrogen atmosphere to Pt(0), methylcyclopenta-
diene and methane, which can be easily removed. Loading
of MOF-177 was performed in a static/dynamic vacuum (5 x
107° mbar) at 35°C (above the melting point of [Me;PtCp’])
for 12 h. Upon loading with the white crystals of [Me;PtCp’]
the MOF-177 powder kept its off-white colour. The direct
excitation *C-MAS-NMR spectrum of the inclusion com-
pound [Me;PtCp’],@MOF-177 is shown in comparison to
pure MOF-177 in Figure 5. The carbon resonance signals of
the btb (H;btb=1,3,5-benzenetribenzoic acid) moiety of
MOF-177 were found at 6 =176.0 ppm (COO™) and the re-
maining signals in a multiplet at 6 =130.2 ppm. The signals
of [Me;PtCp’] are observed at 0=-17.0 ((CH;);Pt), 12.4
(n’-CsH,CH3), 92.1 (G,), 96.4 (C,), 114.7 ppm (C.). These
signals originate from intact [Me;PtCp’] and are very close
to the signals known from this compound in solution.!"**!
From the direct excitation C-MAS-NMR spectrum the
number of molecules per formula unit of MOF-177 can be
determined through signal integration (not possible in CP
spectra) to 4.0(£0.3), denoting that 4 molecules of
[Me,PtCp’] are included in one pore of MOF-177.

Quantitative hydrogenolysis of [Me;PtCp’'],@MOF-177 to
give Pt@MOF-177

Synthesis and analytical characterisation: To achieve quanti-
tative hydrogenolysis of [Me;PtCp’[,@MOF-177 the com-

Chem. Eur. J. 2008, 14, 8204—-8212
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Figure 5. Top: "C-MAS-NMR (direct excitation) of [Me;PtCp'],@
MOF-177. Bottom: comparison between a) the pristine MOF-177 and b)
the inclusion compound. The asterisks denote spinning side bands.

pound was kept in a 100 bar hydrogen atmosphere at 100°C
for 24 h. After that period all decomposition traces of
[Me;PtCp’] were removed in vacuo at 125°C for 24 h. The
procedure yielded a black powder. The "“C-MAS-NMR
spectrum of the reduced compound matches the spectrum
of pure MOF-177 (Figure 6) and shows that no traces of vol-
atile decomposition products from [Me;PtCp’] are present
and a hydrogenation of the btb-linkers has not taken place.
An ICP-MS measurement of the platinum content of Pt@
MOF-177 reveals 43 wt % of platinum, which is close to the
predicted 41 wt % arising from [Me;PtCp’],@MOF-177.

PXRD and TEM studies of Pt@MOZF-177: Powder X-ray
diffraction (PXRD) measurements of Pt@MOF-177 show
no change in the region 26 < 20°, the typical region of reflec-
tions from the MOF-177 host lattice. New reflections appear
at 20=39.9, 46.5, 67.7° corresponding to the incorporated
platinum (Figure 7). It exhibits the characteristic diffraction
peaks for the face-centred cubic crystal structure of plati-

8207
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Figure 6. "C-MAS-NMR of a) pristine MOF-177 and b) Pt@MOF-177.
The asterisks denote spinning side bands.
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Figure 7. PXRD of a) as-synthesised MOF-177, b) guest-free MOF-177
(SSA=5600 m*g !, accessible micropore volume=1.69 cm’g™!, SSA=
specific surface area) and c) Pt@MOF-177 (SSA =867 m?g~', accessible
micropore volume =0.39 cm®*g ™).

num.®! The MOF-177 host lattice remains unchanged in the
process of loading and reducing of the platinum precursor
[Me;PtCp’]. From the reflection at 39.9° with an FWHM of
5° an average size of the platinum nanoparticles of 2.2 nm
can be calculated by using the Scherrer equation.”” The
average pore size matches very closely the pore size of
MOF-177.!

The TEM images of Pt@MOF-177 (Figure 8) show as well
as the PXRD pattern, that the porous host structure is still

m_—

Figure 8. TEM images of Pt@MOF-177 (derived from hydrogenolysis of [Me;PtCp’],@MOF-177 at 100°C and

100 bar H, for 24 h).
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intact after loading and short exposition time to air (around
10 min). The images visualise that only few cavities within
the MOF-177 host lattice are filled with Pt nanoparticles.
The size of these particles is mainly between 2 and 3 nm.
The TEM investigations also show that agglomeration of Pt
particles occurs, because particles with up to 5 nm size can
be found (Figure 8, right). Furthermore no significant ag-
glomeration of platinum on the edges of the crystallites is
observed (Figure 8, left, middle).

Hydrogen-storage properties of Pt@MOF-177: The hydro-
gen-storage features of Pt@MOF-177 were investigated in a
gravimetric fashion by means of a magnetic suspension bal-
ance at room temperature.[*y MOF-177 exhibits the highest
hydrogen uptake at 77 K for metal-organic frameworks so
far.®® The room-temperature uptake however is rather low,
as is the case for most metal-organic frameworks.'>” A
method to increase the room-temperature uptake of metal-
organic frameworks through spillover was developed by Li
et al.®**2 We reasoned the same effect to originate from
platinum particles directly grown into the porous host as in
the chemically bridged structure synthesised by Li et al.,”)
where the platinum spillover source is immobilised on acti-
vated carbon. The metal surface of the platinum particles is
likely to activate (dissociate) the hydrogen molecules, which
is a fast process.”>> The diffusion of the activated hydrogen
from the metal surface to the MOF surface on the other
hand is an endothermic and therefore slow process,>>>
leading to the expectation of an overall slow hydrogen ad-
sorption. The Pt@MOF-177 sample was exposed to a hydro-
gen atmosphere of 144 bar at room-temperature and the
mass change due to adsorption was followed over time. The
assumption of a constant pressure holds at any time during
the experiment, because the volume of hydrogen is huge
(3x107' L) compared to the sample (8x107° L, 200 mg, den-
sity determination by means of a suspension in chloroform;
2.5gxcm™’). A constant pressure leads to constant buoyan-
cy during the measurement. This in turn means that there is
no buoyancy contribution to the mass change.*! that is, the
mass change is directly due to the adsorption and no calibra-
tion is needed. However, it was done anyway and the cor-
rected and directly measured uptakes were the same. The
concentration of the hydrogen remains constant unlike in
volumetric measurements (Sievert’s apparatus) and the re-
action order of the adsorption
reaction is reduced (pseudo
order), that is, the curves
shown in Figure9 are the
pseudo adsorption kinetics of
Pt@MOF-177 at room-temper-
ature and 144 bar hydrogen
pressure. The high uptake of
2.5 wt % in the first cycle drops
down to a somewhat disillu-
sioning 0.5 wt %, which is close
to the room-temperature
uptake of pure MOF-177

Chem. Eur. J. 2008, 14, 8204-8212
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Figure 9. Pt@MOF-177 spillover curves three times in a row in a pure hy-

drogen atmosphere; a) first cycle, 298 K, 143 bar; b) second cycle, 298 K,
144 bar; c) third cycle, 298 K, 144 bar.

found by Miller et al.”? However, following the desorption
curve of the first cycle in high vacuum at room tempera-
ture—standard pressure desorption does not take place
(Figure 3)—shows that not all adsorbed hydrogen is liberat-
ed (0.9 mg remain inside the host structure), that is, the hy-
drogen uptake is not completely reversible, but it becomes
completely reversible in the second and third cycle after the
drop in hydrogen uptake (Figure 4). This mass gain does not
originate from either hydrogenation of the btb-linkers or
the liberation of free Hsbtb (*C NMR of H;btb shows the
carboxylate at 169 ppm)®! and destruction of the Zn,O-clus-
ters as found by “C-MAS-NMR (Figure 10). Also the

1.0}
0.8}
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intensity
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0.0

=0.2 " T T T T :
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Figure 10. "C-MAS-NMR of a) pristine MOF-177 and b) Pt@MOF-177
after hydrogen storage. The asterisks denote spinning side bands.

porous host structure is not destroyed by the spillover pro-
cess as confirmed by PXRD before and after hydrogen ad-
sorption (Figure 11). The behaviour of the Pt@MOF-177 in
the hydrogen-storage process is comparable to palladium
immobilised in a carbon material: Pd/CT (CT=carbon tem-
plate).’®! Here the storage capacity also drops down at room
temperature in the second cycle but remains constant there-
after. This loss in uptake is attributed to the formation of
palladium hydrides that are not desorbed at room-tempera-
ture as confirmed by TDS (thermal-desorption mass spec-
troscopy), which shows a desorption peak at 300°C. The 'H-
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Figure 11. PXRD of a) Pt@MOF-177 and b) Pt@MOF-177 after hydro-
gen storage.

MAS-NMR before and after hydrogen storage (Figure 12)
shows no additional peaks after three storage cycles. The
signals of H;btb at 6=7.95 and 8.52 ppm are accompanied

1.0
0.8+
06}

0.4}

intensity

0.2t

0.0F

20 15 10 5 0 5
&/ ppm

Figure 12. '"H-MAS-NMR of a) Pt@MOF-177 and b) Pt@MOF-177 after
hydrogen storage.

by low intensity signals between 6=0-2 ppm that might
stem from the reduction process of the MOCVD precursor
or from short exposition to air in both cases. The btb-linker
signals however show a significant additional amount of in-
tensity which might originate from a new signal appearing at
0=6 ppm due to platinum hydrides, which is derived from
the signal shape and its chemical shift, they are similar to
the hydrides in Mg,NiH, and MgH,.""

Pt@MOF-177 as catalysts for room-temperature alcohol oxi-
dation: As displayed in recent literature, platinum nanopar-
ticles are efficient catalysts for the oxidation of alcohols.”>%"
It was decided to test the catalytic activity as well as the re-
cyclability of Pt@MOF-177 for a variety of alcohols
(Scheme 1). The base-free room-temperature approach was
carried out for different alcohols including allylic and ali-
phatic substrates (Table 1). Although allylic alcohols, except
iodo- and bromo-substituted benzyl alcohols, are oxidised
smoothly with high selectivity (owing to mild reaction condi-
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Pt@MOF-177
1/2 O, (air)

RT
24 h

Scheme 1. Catalytic oxidation of alcohols employing Pt@MOF-177 as
heterogeneous catalyst.

tions), saturated aliphatic and cyclic alcohols are unreactive
under the conditions applied. The inactivity towards bromo-
and iodo-substituted benzylic alcohols is traced back to the
ability of Pt to insert into the C—Br and C—I bond and the
resultant blocking of the particle surface.

The recyclability was tested using benzyl alcohol as a sub-
strate. After the first cycle the Pt@MOF-177 nanocomposite
was filtered off, washed with chloroform, dried in vacuo and
investigated by XRD (Figure 13). The XRD pattern shows
no reflections in the MOF-177 range (5-20 260) anymore. A
breakdown of the MOF host lattice has occurred. A second
cycle with the same catalysts shows almost no activity (only
trace amounts of benzaldehyde) in the oxidation process.
This can be explained by the now inaccessible platinum par-
ticles in the destroyed host. Similar observations have been

intensity
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b)
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Figure 13. PXRD of a) Pt@MOF-177 and b) Pt@MOF-177 after oxida-
tion catalysis.

made by Sabo et al. on PA@MOF-5 used for the hydrogena-

tion of styrene."! MOFs including the Zn,O cluster as SBUs

tend to be water sensitive” and, since water is produced as

byproduct in the oxidation process (Scheme 1), the MOF
host lattice might be de-
stroyed.

Table 1. Catalytic room-temperature oxidation of alcohols by using Pt@MOF-177.

Entry Ketone/Aldehyde

GC Conversion TON

o
T
u

@]
I
T

Q5 Q
R

~
o
o]
T
@}
o
(o]
o]
T

o
u
I

99
L5938

C%
:
/g

Conclusion

50% 968

The generation of platinum
nanoparticles in the MOF-177
host structure has been ach-
ieved by MOCVD methods
employing [Me;PtCp’] as a vol-
atile precursor. The synthesis
consists of a two step proce-
dure in which initially the in-
clusion compound
[Me;PtCp'],@MOF-177 is
formed and characterised and
subsequent hydrogenolysis
gives rise to Pt@MOF-177.
The prepared nanocomposite
material has been character-
ised by PXRD, TEM and
MAS-NMR to give a consis-
tent view of the material. The
average particle size of 2.2 nm
derived from the PXRD re-
flections of platinum indicate
the particles are formed inside
the cavities of MOF-177 since
the btb-btb distance in a single
pore is 2.3-2.5 nm. TEM inves-
tigations revealed a similar
average particle size, but also
formation of larger particles.
2.5 wt% hydrogen uptake was

>99% 351

>99% 425

>99% 351

>99% 407

>99% 415

>99% 407

>99%

362

>99% 385
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found for Pt@MOF-177 for the first cycle (144 bar and
room temperature). The uptake however decreases in subse-
quent cycles to the uptake of MOF-177 alone (0.5 wt % ).
The reason for this deactivation was investigated and the hy-
drogenation of the btb-linkers as well as the breakdown of
the MOF-177 host structure were ruled out. The very high
platinum content of 43 wt % of the composite material leads
to a high density of 2.5 gcm ™. The uptake in the first cycle
leads to a storage capacity of 62.5 gH,1™" which is close to
the density of liquid hydrogen of 70 gH,1"!. Pt@MOF-177
catalyses the solvent- and base-free oxidation of allylic alco-
hols at room-temperature with air as an oxidant. Cinamyl al-
cohol and benzyl alcohol and its derivatives are oxidised
smoothly under very mild conditions with TONs of up to
1000. The instability of the MOF-177 host at the applied
conditions remains a problem (Figure 13). Especially prob-
lematic is the sensitivity of the MOF host towards water,
which is produced in a stoichiometric way during the oxida-
tion process. The application of more stable water-based
MOF materials as hosts for nanoparticles could solve this
problem.
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