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Simultaneous gas-phase loading of [Zn,O(bdc);s] (bdc = 1,4-
benzenedicarboxylate; MOF-5) with combinations of two
different MOCVD precursors such as [Fe(n®-toluene)(n?*-
C,4Hg)])/[CpPtMes], [CpPd(n3-C3Hs)])/[CpPtMe;] and [Ru(cod)-
(cot)]/[Pt(cod)Me,] was followed by solid state 'C MAS
NMR spectroscopy, elemental analysis and X-ray powder dif-
fraction (PXRD). Different amounts of precursors were ap-
plied for the loading experiments. It was found that defined
molar ratios of the adsorbed precursors inside MOF-5 can be
achieved when the loading is below the saturation level of
MOF-5 for adsorption of the individual precursors. The co-
hydrogenolysis of the loaded material [Ru(cod)(cot)]/[Pt(cod)-
Me,|@MOF-5 was selected as a representative example to

study the possibility of obtaining bimetallic PtRu nanopar-
ticles hosted inside the MOF support. The quantitative co-
hydrogenolysis of the adsorbed metal precursors led to for-
mation of alloyed metal nanoparticles as revealed by PXRD,
transmission electron microscopy (TEM) and selected area
electron diffraction. However, the bdc linkers of the MOF-5
host material were partially hydrogenated which caused a
severe distortion of the MOF-5 matrix, loss of long range
crystalline order and reduction of the BET surface area down
to 380 m2g~1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Metal-organic frameworks (MOFs) or porous coordina-
tion polymers (PCPs) have been shown to be suitable as
zeolite-like host matrices for the imbedding or supporting
of functional nanoparticles.l! In particular, [Zn,O(bdc)s] (bdc
= l.,4-benzenedicarboxylate; MOF-5) and [Zn,O(btb)s] (btb
= 1,3,5-benzentribenzoate) were selected as the first test
cases for the solvent-free gas phase loading with metal or
metal oxide precursor compounds, followed by conversion
of the adsorbed precursors into the desired metal or metal
oxide particles (ideally) inside the host matrix. The obtained
materials are denoted as “Metals@MOF” and “Metalox-
ide@MOF” I Thus, MOFs emerge as a new family of
chemically and structurally the most variable porous matri-
ces for stabilisation of nanoparticles. Still, only few groups!!l
have followed these ideas and we wish to highlight the re-
cent work of Haruta et al. who reported quite interesting
catalytic properties of supported Au/MOF catalysts for the
liquid phase oxidation of alcohols.!!

So far, all reports on Metals@MOFs or similar PCP-
based nanocomposite containing nanodispersed metal par-
ticles deal with single metals. However, the simultaneous
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loading with two metal precursor components and their co-
decomposition to yield alloy particles appears to be a
straight forward extension of this research. Among the fas-
cinating properties of bimetallic nanoparticles, only a few
will be addressed here. For instance, the fully ordered fct
(face-centred tetragonal) structured FePt alloy exhibits an
anisotropy constant K that is among the highest of all
known hard magnetic materials.®] Therefore bimetallic su-
perparamagnetic FePt nanoparticles are expected to be-
come the density limit for magnetic memory devices.*>! In
catalytic applications, the addition of a second metal can
improve the activity and/or selectivity of metallic cata-
lysts.[®7 For instance, the addition of Pd to Au catalysts
significantly enhances the catalytic performance in H,O,
synthesis. For instance, the H,O, production rate of a bime-
tallic Pd/Au catalyst exceeds the production rates of pure
Pd or Au catalysts.®] In the hydrogenation reaction of cin-
namaldehyde to cinnamyl alcohol, PtRu catalysts showed a
notably improved selectivity which was up to two times
higher than for the corresponding monometallic catalysts.”!
Furthermore, PtRu nanoparticles are so far the most prom-
ising anode catalysts in direct methanol fuel cells since PtRu
nanoparticles exhibit an excellent tolerance towards the
poisoning CO formed during methanol oxidation.!']

To achieve the formation of bimetallic nanoparticles in
MOF-5 materials by the co-hydrogenolysis of two all-hydro-
carbon metal precursors under hydrogen pressure, we
adopted the concepts developed by the group of B. Chaud-
ret for the synthesis of colloidal alloy nanoparticles in non-
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aqueous solutions.'!! The crucial point in bimetallic nano-
particle synthesis in MOF materials as solid support matri-
ces however, is the adjustment of a defined metal(1)/
metal(2) molar ratio. In contrast to bimetallic colloid syn-
thesis in solution, the stoichiometry of the precursor com-
pounds adsorbed inside the MOFs is difficult to control.
Solution impregnation (incipient wetness method) of MOFs
for metal loading has been shown to be limited to low load-
ings of a few wt.-%.['>!e] Thus, just using different molar
concentrations of the two precursor components in solution
is possibly not a very versatile option for MOF loading.
Gas-phase loading with two different precursors on the
other hand may be complicated by different transport, ad-
sorption and reactive properties of the chosen precursors.
In this work, the simultaneous gas-phase loading of
MOF-5 with the three precursor combinations [Fe(n®-tolu-
ene)(n*-C4Hg)] (A)/[CpPtMe;] (B), [CpPd(n*-C3Hs)] (C)/
[CpPtMes] and [Ru(cod)(cot)] (D)/[Pt(cod)Me,] (E) was in-
vestigated (see Scheme 1). As in our previous reports on Pd,
Cu, Au and Ru nanoparticle synthesis inside MOF-
5,laldlelel the gas-phase loading experiments were also
carried out under static conditions at reduced pressure
(< 10! mbar). Different precursor amounts and molar ra-
tios were applied for the simultaneous loading experiments,
followed by elemental/AAS analysis (atomic absorption
spectroscopy), '*C MAS NMR (magic angle spinning nu-
clear magnetic resonance) and PXRD (powder X-ray dif-
fraction) structural investigations of the obtained compos-
ites. Finally, the co-decomposition of [Ru(cod)(cot)] (D)
and [Pt(cod)Me,] (E) embedded in MOF-5 was also investi-
gated, followed by '3C MAS NMR, PXRD and TEM
(transmission electron microscopy) studies in order to ex-
amine the nature of the obtained metal nanoparticles.
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Scheme 1. Precursors A-E selected for absorption by MOF-5.

Results and Discussion

1. Simultaneous Loading of MOF-5 with two Precursors for
Different Metals

In order to gain an initial understanding of the gas-phase
loading of MOF-5 with two different metal precursors, we
chose the precursor combinations shown in Table 1 and the
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loading procedure was carried out in a similar way to that
described before for loading with single precursors,!'® un-
der static conditions at room temperature (20-25 °C) and
pressures of 0.01-0.1 mbar depending on the vapour pres-
sure of the precursors (which is in the range of 0.03 to
0.06 mbar at 23 °C).['>13] The resultant products with the
precursors adsorbed inside the cavities of MOF-5 were
characterised by 13C MAS NMR spectroscopy, PXRD and
elemental/AAS analyses. The chosen precursors exhibit all-
hydrocarbon coordination spheres which are quite similar
in chemical nature, size and shape.['®! Note that the loading
capacity of MOF-5 for ferrocene, as the prototype for this
class of compounds, is about 56 molecules per elementary
cell or 7 mol of ferrocene per MOF-5 formula unit.l"* This
appears to be the thermodynamic loading limit for ferro-
cene under static conditions of 120 °C and 3.5 mbar (vap-
our pressure of ferrocene). A corresponding saturated load-
ing with the related organometallic compounds of Scheme 1
is difficult to achieve because of their comparably high ther-
mal instability. However, a single loading of about 3-4 mol
of A-E per MOF-5 formula unit was obtained at moder-
ately elevated temperatures of 70-80 °C.I'®-!d] This loading
level could also be nicely reproduced at the lower tempera-
ture of 25°C in the cases A/B, B/C and D/E as deduced
from the elemental analyses of the composites (Table 1). In
the case of D/E, a quantitative adsorption in a 1:1 (*=0.1)
molar ratio was achieved reproducibly — no organometallic
compounds were left in the vials. In the other cases A/B
and B/C, even higher amounts of precursor were chosen,
however the total loading was not significantly higher. An
excess of solid precursors A-C were left in the vials (mass
balance ca. 95-99%). The variation of the molar ratio of B
and C from 1:1 to 1:6 indicates a preferential adsorption of
C over B (Table 1). The reasons for this observation are not
yet apparent. Neither the vapour pressures nor the adsorp-
tion properties of A-E are likely to be that different. Note,
that in single precursor loading experiments, C is favoured
over B by adsorption of 4 vs. 3 mol per MOF-5 formula
unit at higher temperatures (80 °C).['® More experiments at
various precursor ratios, temperature/pressure ranges and
at different time scales and are needed to clarify this issue
and to distinguish between thermodynamic and kinetic fac-
tors. Nevertheless, the examples show that a controlled
mixed loading (co-adsorption) is possible. The equimolar
loading of example D/E is due to quantitative adsorption of
both precursors which are apparently not that different in
their adsorption properties (mass balance, yield 99%, see
experimental part). Note, that the adsorption of A-E at
MOF-5 is quite weak. Quantitative desorption takes
place in dynamic vacuo at 25 °C/10-3 mbar over several
hours,[1a-16.1d]

The MAS-NMR spectroscopic characterisations of the
composites 1-5 were in good agreement with what was ex-
pected from related previous data.l'*1%14] Here, we would
like to concentrate on the MAS-NMR spectroscopic prop-
erties of [Fe(n°-toluene)(n*-C4H)/[CpPtMes]@MOF-5 (1)
and [Ru(cod)(cot)])/[Pt(cod)Me,|@MOF-5 (5) (Figure 1, 2;
Table 1). The MAS-NMR spectroscopic data of [CpPd(n3-
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Table 1. Numbering scheme of samples 1-5. Molar ratios of the
precursors A/B, B/C and D/E used for loading and the respective
molar ratios and total moles of the adsorbed precursors per MOF-
S formula unit in the obtained composites. Note the adsorption
limit of 4 mol precursor per MOF-5 formula unit for single precur-
sor loadings at the same temperature/pressure conditions.['>-1d]

Molar ratio  Molar ratio  Total moles

Precursor combination employed found adsorbed
(precursor)  (composite) of A-E
[Fe(m’-toluene)(n*-C4Hg)] 1:1 1.4:1 (1) 3.8
[CpPtMe;] (A/B)
[CpPd(n3-C5H5)] 111 2.7:1 (2 33
[CpPtMe;] (B/C) 3:1 4.1:1 (3) 34
6:1 59:1 @) 37
[Ru(cod)(cot)] 1:1 1:1 (5 3.6

[Pt(cod)Me] (D/E)

C;H5)])/[CpPtMe;]@MOF-5 (2) were published in an earlier
report (the data of 3—4 are quite similar).['®! The observed
13C MAS-NMR signals of 1 can be clearly assigned to the
carbon atoms in the two different intercalated molecules
(see Table 2) matching the literature data of the precursor
molecules in C¢Dg.['S) The MOF-5 carbon signals can be
observed at 174.9 (COO), 137.0 [C(COO)] and 131 (C¢Hy)
ppm. Furthermore, the signal at —18.8 ppm shows the typi-
cal splitting due to Pt—C coupling with a coupling constant
of 706 MHz.['®] The Pt MAS-NMR spectrum of sample
1 exhibits one signal at —5224.9 ppm which is also consis-
tent with the literature data of [CpPtMes].['®) Small devia-
tions in the '*C MAS-NMR shifts of the Fe precursor in
MOF-5, when loaded separately and together with the Pt
precursor, possibly arise from the relatively broad signals in
solid-state NMR spectroscopy. The '3C MAS-NMR spec-
trum of sample 5 is given in Figure 2. Besides the un-
changed carbon signals of the MOF-5 host material at
175.6, 136.8 and 131.6 ppm (marked by asterisks), the car-
bon resonances of the included precursors [Ru(cod)(cot)]
and [Pt(cod)Me,] can be observed clearly (see Table 2). The
chemical shifts of the precursor signals correspond to the
13C MAS-NMR literature data of the precursor molecules
in C¢Dg solution!'”-'8! confirming that both precursors were
adsorbed chemically unchanged. Unfortunately, due to
technical difficulties, the '>>Pt MAS-NMR resonance signal
of the adsorbed Pt precursor of 5 could not be detected.
However, in the '3C-MAS-NMR spectrum, a typical Pt-C
coupling of the carbon signal corresponding to the methyl
groups of [Pt(cod)Me,] was observed with a value of Jpc
= 785 MHz which also matches the literature data.!'8!
Figure 3 shows the PXRDs of the composites 1 and 2
compared to the PXRD of pure, argon filled MOF-5. The
PXRDs of the composites 3 and 4 were akin to the PXRD
of 2. When compared to the diffractogram of empty MOF-
5 (Figure 3, c), the PXRDs of the composite materials 1
and 2 (Figure 3, a and b) show all typical MOF-5 reflec-
tions but with very different intensity ratios than in pure,
empty MOF-5. The PXRD of pure MOF-5 (Figure 3, ¢)
shows the reflections of 260 of 13.7° (400) and 15.4° (420),
the latter being the most intense. In the PXRD of 1 and 2,
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Figure 1. (a) '3C MAS-NMR spectrum of [Fe(n’-toluene)(n*-
C4Hg)] (A), (b) 3C MAS-NMR spectrum of [Fe(n°-toluene)(n*-
C4H¢))/[CpPtMe;]@MOF-5 (sample 1). The corresponding % Pt
MAS-NMR spectrum of 1 is given in the Supporting Information
(Figure S1). Resonances arising from the MOF matrix are marked
by asterisks.

the most intense reflection is the (511) reflection at 17.8°
with the reflections at 15.4°(420) and 19.4° (440) exhibiting
also rather high intensities and one new reflection at 11.9°
(marked by an asterisk) with about the same intensity.
These observed changes in the PXRDs of composites 1 and
2, when compared with pure MOF-5, must be due to a high
degree of disorder in the composite structure. The loading
of MOF-5 with two different precursor molecules clearly
leads to an adsorbate “structure” without long range trans-
lational order. Similar observations have been made upon
3133
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Figure 2. 3C MAS-NMR spectrum of the composite material [Ru-
(cod)(cot))/[Pt(cod)Me,J@MOF-5 (5). Resonances arising from the
MOF matrix are marked by asterisks.

absorption of highly disordered solvent molecules in MOF-
5.191 This also indicates that the distribution of the two dif-
ferent precursors throughout MOF-5 is very likely to be
statistical. However, a completely uniform mixture of both
components throughout the host framework’s cavities, as
would be the case in a “real” solvent rather than in a solid
solvent cage as the MOF-5 matrix may be viewed, is most
likely not obtained. Different adsorption properties of the
precursors and preferred intermolecular interactions be-
tween precursor molecules of the same kind have to be
taken into account. The single new reflection observed in
the PXRDs of 1 and 2 compared to the PXRD of MOF-5
could be attributed to the absorption of the organometallic
molecules but could not be indexed. Since all the typical
(and indexed) MOF-5 reflections are preserved in the
PXRDs of 1 and 2, it can still be concluded that the host
structure does not change upon loading with two kinds of
precursor molecules and remains mostly intact.

The PXRD of composite 5 compared with that of pure,
argon filled MOF-5 is given in Figure 4. In comparison
with the PXRD of pure MOF-5, a drastic decrease in the
overall reflection intensities can be observed in the PXRD
of the composite 5. The PXRD of [Ru(cod)(cot)]/[Pt(cod)-
Me,]@MOF-5 (5) exhibits the prominent MOF-5 reflec-
tions at 13.7° and 15.4° in about the same intensity ratio as
in the pure activated MOF-5. The intensity of the reflection
at 9.7° in the PXRD of [Ru(cod)(cot)]/[Pt(cod)Me,]@-
MOF-5 is reduced when compared with the intensities of
the reflections at 13.7° and 15.4°. The decrease of the inten-
sities of MOF-5 reflections below 26 = 10° is a result of the

b)

I(a.u)

)

2)

10 20 30 40 50
269

Figure 3. Powder X-ray diffractograms of a) [Fe(n°-toluene)(n*-
C4Hg)/[CpPtMes]@MOF-5 (1), b) [CpPd(n3-C;Hs)]/[CpPtMes]-
@MOF-5 (2) and c¢) pure MOF-5.

loading of the MOF-5 cavities.”?”) Remarkably, the charac-
teristic MOF-5 reflection at 6.9° is not observed for 5. How-
ever, the single new reflection at 11.9° that was also ob-
served in the PXRDs of 1 and 2, is also present in the
PXRD of 5. The drastic decrease of the MOF-5 reflections
in the PXRD of [Ru(cod)(cot)]/[Pt(cod)Me,|@MOF-5
when compared with the PXRD of the parent MOF-5 ma-
terial, together with a much lower signal-to-noise ratio is a
consequence of the loading with the precursor compounds
containing heavy atoms (strong X-ray scattering). This dis-
order expectedly changes the PXRD of the composite more
dramatically when the loading is performed below the satu-
ration level of forming a well ordered adsorbate structure
as in the case of single loadings, i.e. ferrocene inside MOF-
5.1141 To verify the unchanged nature of the host material
upon inclusion of the Ru and Pt precursor molecules, the
precursors were removed from the composite [Ru(cod)-
(cot)J/[Pt(cod)Me,|@MOF-5 by immersion in dry n-pen-
tane (both precursor components dissolve well in n-pen-
tane) and filtering the solution. The procedure was repeated
three times until the supernatant remained colourless. An
off-white powder was obtained which, after careful drying
in vacuo (103 mbar) at 100 °C overnight, exhibited the
PXRD presented in part b of Figure 4. The PXRD of the
powder is identical to the PXRD of pure, empty MOF-5
(Figure 4, a). N, sorption measurements gave the typical
Langmuir surface area of MOF-5 with a value of
3300 m?’g~! and the removal of the precursor molecules

Table 2. Assignment of the MAS-NMR spectroscopic data of [Fe(n’-toluene)(n*-C4Hg)]/[CpPtMes]@MOF-5 (1) and [Ru(cod)(cot))/

[Pt(cod)Me,]@MOF-5 (5).

Precursor 13C 195pg

adsorbed inside MOF-5 o/ ppm o/ ppm

of composites 1, 5

[Fe(n’-toluene)(n*-C4Hg)] (1) 93.8 (n®-CsHsCH3;), 84.5 (n®-C¢HsCH3), 82.8 (n°-C¢HsCH3), 81.4 (n°-CsHsCH3), 75.7 -
(n*-C4Hy), 33.8 (n*-C4Hy), 21.1 (n°-CsHsCHs)

[CpPtMes] (1) 96.3 (n*-CsHs), —18.8 [CH3, J(Pt,C) = 706 MHZ] -5224.9

[Ru(cod)(cot)] (5)
(cot, aliph.)
[Pt(cod)Me,] (5)

101.4 (cot, olef.), 98.8 (cot, olef.), 77.2 (cot, olef.), 70.2 (cod, olef.), 34.1 (cod, aliph.), 32.0 -

98.8 (cod, olefin), 30.8 (cod, aliph.), 5.5 [CH3, J(Pt-C) = 785 MHz] -
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was verified by an FTIR spectroscopic measurement. This
proves that the MOF-5 host framework of the composite
[Ru(cod)(cot)])/[Pt(cod)Me,]@MOF-5 remains unchanged
upon inclusion of the Pt and Ru precursor molecules, al-
though the PXRD of [Ru(cod)(cot)]/[Pt(cod)Me,]@MOF-5
(5) looks rather different from that of pure MOF-5.

I(a.u.)

" b)
- 2 a)
Jh l & I
10 20 30 40 50
26 ()

Figure 4. Powder X-ray diffractograms of a) pure MOF-5, b)
MOF-5 obtained after quantitative removal of the precursors from
composite 5 and c¢) composite material [Ru(cod)(cot)]/[Pt(cod)-
Me,]|@MOF-5 (5).

2. Hydrogenation of the Composite Material [Ru(cod)(cot)]/
[Pt(cod)Me,]|@MOF-5 under Mild Conditions

Composite 5 was chosen as a representative example for
the investigation of co-hydrogenolysis of two different metal
precursors intercalated in MOF-5 because we have already
studied the hydrogenolysis of [Ru(cod)(cot)]@MOEF-5 in
some detail.l'Y] Moreover, composite 5 exhibited quite a de-
fined precursor ratio of [Pt(cod)Me,]/[Ru(cod)(cot)] = 1:1,
possibly allowing the formation of crystalline PtsoRus, alloy
nanoparticles when exposed to hydrogen. Since PtRu alloys
are very active hydrogenation catalysts, rather gentle condi-
tions were chosen for the first attempt of co-hydrogenolysis
of [Ru(cod)(cot)] and [Pt(cod)Me,] in MOF-5, in order to
avoid decomposition of the host framework MOF-5. The
composite was exposed to a stream of hydrogen (1 bar,
1 sccm) at 25°C for 10 min until a colour change of the
material from yellow to dark-brown was observed. The re-
sultant material is denoted as 6. The '*C MAS-NMR spec-
trum of 6 is given in Figure 5. The spectrum exhibits the
carbon signals of unchanged MOF-5 at 175.2, 136.7 and
131.0 ppm. In addition, the '3C MAS-NMR signals of the
[(n®-arene)Ru(cod)] complex with the MOF-5 bdc linkers at
178.5, 91.0, 83.2, 68.3 and 33.4 ppm could also be detected.
Note that formation of this complex was also observed
when [Ru(cod)(cot)|@MOF-5 was exposed to H, under
mild conditions.!'d! The signal at § = 27.3 ppm was assigned
to incompletely desorbed cyclooctane, stemming from the
side product of hydrogenolysis of [Ru(cod)(cot)]. Further-
more, the 3C MAS-NMR spectrum of 6 shows the carbon
signals of the Pt precursor [Pt(cod)Me,] (E) unchanged.
The powder X-ray diffractogram of the composite (see Sup-
porting Information, Figure S2) looks somewhat different
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from the PXRD of 5 before hydrogen treatment. However,
it exhibits the typical MOF-5 PXRD reflections in the same
intensity ratios as in the parent MOF-5 material hinting at
an unchanged MOF-5 matrix. Additional Bragg reflections
from Ru, Pt or RuPt were not observed however. Therefore,
no conclusions about the formation of nanoparticles inside
the MOF-5 cavities can be made from the PXRD of 6. A
determination of the Langmuir surface area could not be
carried out because of the remaining Pt precursor molecules
(E) in the composite (desorption during the experiment).
From the agreement of the peak position of pure MOF-5
with the co-hydrogenolysis product 6 it can be concluded
that the MOF-5 matrix remained mostly unchanged upon
gentle hydrogen treatment.

N A ~ o
0 O — e dNn T tn
&~~~ A N B W onosD
—— A 23X ¢aan
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II:' d . * €|
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Figure 5. 3C-MAS-NMR of composite 6 obtained by gentle hy-
drogenation of [Ru(cod)(cot)]/[Pt(cod)Me,]@MOF-5 (5).

3. Hydrogenation of [Ru(cod)(cot)]/[Pt(cod)Me,|@MOF-5
under Harsh Conditions

In order to achieve quantitative co-hydrogenolysis of
both precursors [Ru(cod)(cot)] (D) and [Pt(cod)Me,] (E) in
MOF-5, the hydrogen treatment was performed at elevated
temperature and pressure. Keeping in mind the catalytic ac-
tivity of PtRu alloys in hydrogenation reactions, the treat-
ment was, however, performed under somewhat milder con-
ditions than in the case of hydrogenolysis of [Ru(cod)-
(cot)]5.s@MOF-5 to give Ru@MOF-5.1'YN Composite 5 was
treated with 1 bar H, at 150 °C for 3 h only, rather than 3 d
at 3 bar. Thereupon a colour change of from yellow to
black was observed. Volatile by-products were desorbed in
vacuo. The obtained product is denoted as composite 7.
From N, sorption measurements the Langmuir surface area
of 7 was recorded as 380 m2g~! which is a very poor value
compared with the surface area of the starting material
MOF-5 of 3300 m?’g!. From elemental analyses/AAS re-
sults, the molar ratio in the composite was determined as
Ru/Pt = 1:1 (+0.1). Figure 6 presents the 3C MAS-NMR
spectrum of 7. The signals of unchanged MOF-5 linkers are
observed at 175.0, 136.9 and 130.7 ppm. In addition, five
new rather broad signals at 186.3, 45.1, 41.1 and 29.6 ppm
can be observed that can neither be assigned to remaining
Ru or Pt precursor molecules nor to the discussed complex
of the type [(n%-arene)Ru(cod)] with MOF-5 bdc linkers.
The '3C carbon signals of these compounds are completely
3135
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missing, indicating quantitative hydrogenolysis of [Ru(cod)-
(cot)] and [Pt(cod)Me,] in MOF-5. The comparison with
the 13C MAS-NMR spectrum of cis/trans-1,4-cyclohexane-
dicarboxylic acid, which is a possible hydrogenation prod-
uct of the MOF-5 bdc linkers (Figure 6, b), shows that the
signals in the '3C MAS-NMR spectrum of 7 are likely to
originate from hydrogenated MOF-5 bdc linkers. The signal
at 0 = 27.2 ppm most probably stems from incompletely
desorbed cyclooctane which is a side product in hydro-
genolysis of the Pt and Ru precursor molecules. Obviously
complete conversion of the embedded Ru and Pt precursor
molecules was achieved but associated with part hydrogena-
tion of the MOF-5 linkers, however. Compared with the
carbon signals in the '*C MAS-NMR spectrum of the free
acid molecules (Figure 6, b), the corresponding signals of 7
are rather broad. This indicates that the hydrogenated link-
ers remain bound to the Zn,O units of the MOF-5 and are
therefore more rigid in the solid matrix than in the case of
free acid molecules (solid state). Recently, the synthesis of
a metal-organic framework based on Zn4O tetrahedrons
linked by cyclohexanedicarboxylate was reported.*!l From
these comparisons we conclude that the chemical bonding
situation in the MOF-type matrix of 7 might be more or
less intact and similar to MOF-5 even though a significant
fraction of the bdc linkers were converted to cyclohexane-
dicarboxylate.

a)

/1863
\175.0

200 150 100 50 0
3 (ppm)

Figure 6. 3C MAS-NMR spectra of a) composite 7 and b) a refer-
ence spectrum of cis-/trans-1,4-cyclohexandedicarboxylic acid.

The hydrogenation of the linkers possibly occurred in the
close environment of the PtRu species. Note that we already
reported on H/D exchange at the bdc linkers in case of Ru-
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@MOF-5.I'Y However, upon hydrogenolysis of [Ru(cod)-
(cot)]5.5@MOF-5 (150 °C, 3 bar H,, 3 d) no hydrogenation
of the MOF-5 linkers was indicated by the corresponding
3C MAS-NMR spectrum.!'4 Also, the hydrogenation of
the composites [Pt(cod)Me,J@MOF-5 or [CpPtMe;]@-
MOF-5!4 to form the material Pt@MOF-5 did not show
any hydrogenated bdc linkers (see Supporting Information,
Figure S3). The formation of Pt nanoparticles in the related
matrix [Zn4O(btb)s] (MOF-177; btb = 1,3,5-benzenetri-
benzoate) by the hydrogenolysis of {Pt[n3-CsH,(CH;)]-
(CH3);} was shown previously.l'®l The authors did not de-
tect hydrogenated btb in the corresponding 3C MAS-NMR
spectroscopy. Obviously, the Ru/Pt case here is different and
the simultaneous presence of both Ru and Pt leads to par-
tial hydrogenation of the MOF-5 linkers. The superior cata-
lytic activity of alloyed RuPt catalysts in hydrogenation of
benzene, in contrast to a pure Ru or Pt catalyst has been
reported in the literature.”?? We suggest, that this effect
might be also the reason for the substantial hydrogenation
of the MOF-5 linkers in the case discussed here.

The PXRD of composite material 7 (top) in comparison
with the PXRD of pure MOF-5 (bottom) is given in Fig-
ure 7. The PXRD of 7 shows only very weak remaining
reflections of the host matrix MOF-5, indicating a great
loss of crystallinity of the host matrix most probably due
to hydrogenation of a fraction of the MOF-5 bdc linkers as
discussed above. In addition, four new very broad Bragg
reflections can be observed with the most prominent can-
tered at 39.84° in 20 showing a full width at half maximum
of 2.5°. These Bragg reflections have been assigned to the
metal nanospecies formed upon quantitative hydrogenolysis
of [Ru(cod)(cot)] and [Pt(cod)Me,] in MOF-5. Comparison
of these reflections with the simulated PXRD patterns of
bulk hexagonal (hcp) Ru and face centred cubic (fcc) Pt
metal (Figure 7) shows that the reflections cannot be as-
signed to hcp Ru nanoparticles. The reflections rather point
to a fcc structure close to bulk phase platinum. However,
the observed value of 39.84° in 20 is slightly shifted from
the reference Pt(111) reflection expected at 39.76° in 26.
This situation has been observed before for PtRu nanoal-
loys.?*4 In alloyed PtRu nanoparticles, the smaller Ru
atoms substitute the larger Pt atoms in the Pt fcc lattice
which causes a slight shrinking of the lattice parameters
and therefore results in a shifting of the corresponding
Bragg reflections to larger 20 values. The shift is dependent
on the atomic ratios of Pt and Ru in the alloy and becomes
more pronounced with increasing Ru content. Up to a limit
of 62 atom-% of Ru, the (fcc) structure of Pt is maintained
and a solid solution (homophase) is formed (Supporting
Information, Figure S4) then, at up to 80 at.% of Ru, a
biphasic mixture of (hcp) Ru and (fcc) Pt exists and above
80 at.% of Ru, the (hcp) Ru structure is adopted.?*?! In
particular, alloyed PtsoRus, nanoparticles with a size of
3.5 nm exhibited a (111) reflection at 39.80°.[234 Therefore
we assigned the observed Bragg reflection at 39.84° to al-
loyed PtsoRusy nanoparticles which is also in agreement
with the elemental analysis of the composite exhibiting an
equimolar ratio of Pt to Ru. From the FWHM of this re-
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flection a crystallite size of 3.8 nm was calculated with the
standard Scherrer equation. This size, which is much larger
than observed for Ru@MOF-5 before, !4 of course exceeds
the diameter of the (larger) MOF-5 cavity of 1.5 nm. The
host framework is distorted by partial hydrogenation of the
MOF-5 bdc linkers which certainly favours particle growth.
A TEM image of the composite 7 is given in Figure 8. The
metal nanoparticles can be observed as darker spots distrib-
uted over the host matrix due to the higher contrast in the
electron beam and were found to be in a size range of 4—
6 nm. The corresponding SAED pattern exhibits broad and
diffuse diffraction rings. This limits the accuracy in the cal-
culation of the lattice constants ¢ of the metal particle. As
discussed above, the shrinkage of the lattice size due to pos-
sible alloyed Pt/Ru particles causes only slight deviations in
the PXRD peak positions in comparison with pure Pt
which is also the case for the electron diffraction data. The
EDX analysis, by focusing on the displayed area, clearly

/]
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10 20 30 40

Figure 7. Powder-X-ray diffractograms of a) pure MOF-5 and b)
Ru/Pt@MOF-5, denoted as composite 7. Vertical lines: selected
peak positions for Ru (black; JPDS reference No. 6-00663) and Pt
(gray; JPDS reference No. 4-0802).

d (220)

d (111)
Pt s ://d (200)

Figure 8. TEM image of a representative area of composite 7 with
the SAED pattern as an insert at the upper left (for EDX spectrum
see Supporting Information, Figure S5). Only the Pt homophase
was detected with some indication of a solid solution of Ru (slight
shrinking of the fcc Pt lattice spacings).
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reveals, however, the presence of both Ru and Pt. Neverthe-
less, an accurate determination of the Ru:Pt ratio was not
possible on this scale of imaging. In order to check the dis-
tribution of Ru and Pt throughout the composite material,
several TEM images and EDX spectra of different sample
regions were taken. The data (see Supporting Information,
Figures S4 and S5) suggest some variation of the Ru/Pt ra-
tio in different areas of the matrix but confirm the alloying
deduced from PXRD. Because of the disintegrated,
amorphous MOF matrix, we did not study in detail the 3D-
distribution of the metal particles over the imaged specimen
in order to rigorously address the question of segregation
of the particles to the other surface of the matrix.[?4

Conclusions

The simultaneous loading of MOF-5 with two metal pre-
cursor was investigated using the following combinations
[Fe(n-toluene)(n*-C,4Hg))/[CpPtMes],  [CpPd(n?-CsHs))/
[CpPtMes] and [Ru(cod)(cot)]/[Pt(cod)Me,]. The adjust-
ment of a defined molar ratio between the adsorbed precur-
sor molecules in MOF-5, which is an important prerequisite
for the synthesis of functional alloys, proved to be difficult
for loading under mild conditions (room temperature, re-
duced pressure). However, quantitative adsorption below
the saturation limit using an equimolar ratio of the precur-
sors [Ru(cod)(cot)] and [Pt(cod)Me,] led to the desired
equimolar loading with a total of about 3.6 mol of precur-
sor per MOF-5formula unit which is quite similar to that
observed for a single precursor loading in case of [Ru(cod)-
(cot)]s s@MOF-5.19 In a similar way, it should be possible
to load MOF-5 and other suitable MOFs or porous coordi-
nation polymers, in general, with two different precursor
components in various molar ratios in a controlled way. The
conversion of the adsorbed precursors to yield alloyed Ru/
Pt nanoparticles supported by the MOF-5 matrix was inves-
tigated using the composite [Ru(cod)(cot)]/[Pt(cod)Me,]-
@MOF-5 (5) as a representative example. Quantitative de-
composition of the precursors was achieved, however, by
partial hydrogenation of the MOF-5 bdc linkers at the same
time but this is not observed for the single metal loaded
M@MOF-n (M = Ru, Pd, Pt; n = 5, 177).11&1d1¢l Analysis
of the resultant composite material by TEM revealed a non-
uniform distribution of Ru and Pt throughout the MOF-5
host. Although elemental and AAS analysis of the compos-
ite gave an over-all Pt/Ru = 1:1 ratio, EDX analysis points
to enrichment of Ru in some parts of the nanocrystallites
of the composite material. This hints at an also nonuniform
distribution of the Ru and Pt precursor molecules in MOF-
5, prior to the hydrogenolysis. In addition, the hydro-
genolysis of the Ru precursor obviously occurs faster than
that of the Pt precursor, leading to the preformation of Ru
particles which could act as catalysts for the decomposition
of the Pt precursor. Thus, hydrogenation of [Ru(cod)(cot)]/
[Pt(cod)Me,]@MOF-5 under mild conditions led to partial
decomposition of the Ru precursor molecules, whereas the
Pt precursor molecules remained unchanged. The forma-
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tion of Ru nanoparticles prior to the start of formation of
Pt clusters might lead to Ru enriched parts of the host
framework and this, furthermore, also complicates the for-
mation of a nanoalloy. The PXRD (and SAED) of the ob-
tained Pt/Ru@MOF-5 composite exhibits reflections as-
signable to a (fcc) Pt homophase with the reflection max-
ima slightly shifted to higher 20 values, however. This find-
ing is a hint at possibly alloyed Pt/Ru species, since PtRu
alloys adopt the (fcc) Pt structure up to 62 at.% of Ru.
Such PtRu alloying to some extent is also supported by the
observation of the hydrogenated bdc linkers. However, fur-
ther TEM and also XAS measurements need to be per-
formed to examine the nature of the resultant species in
more detail and the latter is currently under investigation.

Experimental Section

Analytical and Spectroscopic Methods: Elemental analysis was per-
formed by the Analytical Laboratory of the Catalysis Research
Centre of Siid Chemie AG, Heufeld, Germany. The measurements
were performed by standard protocols employing Inductively Cou-
pled Plasma Atom Emission Spectroscopy (ICP-AES). N, sorption
measurements were performed using a Quantachrome Autosorp-1
MP instrument and optimised protocols. FTIR spectra were re-
corded as KBr pellets using a Perkin—Elmer 1720x spectrometer.
The samples were prepared in a glove box (MBraun; O, and H,O
continuously monitored with levels below 1 ppm). KBr was dried
at 300 °C at 103 mbar for 16 h prior to specimen preparation. All
X-ray powder diffractograms were recorded on a D8-Advance-
Bruker-AXS-diffractometer (Cu-K, radiation, 1.54178 A) in 6-20
geometry and with a position sensitive detector. All powder sam-
ples were filled into glass capillaries (¢ = 0.7 mm) in the glove box
and sealed prior to the measurements. TEM measurements were
carried out on a Hitachi-H-8100 instrument (accelerating voltage
up to 200 kV) using carbon coated Cu grids. Solid state MAS-
NMR spectra were recorded on a Bruker DSX 400 MHz instru-
ment in ZrO,-rotors (& = 2.5 mm) with rotational frequencies of
20 kHz. All '3C MAS-NMR spectra were measured by applying a
cross polarisation (CP) pulse programs based on standard param-
eters written by H.-J. Hauswald at the Analytical Chemistry De-
partment at the Ruhr-University Bochum.

Starting Material Synthesis: The following precursors were synthe-
sised according to the literature: [CpPtMes],>>! [CpPd(n3-
C3H5)],?% [Ru(cod)(cot)]?” and [Pt(cod)Me,].?8!

[Fe(n®-toluene)(n*-C4Hg)] was kindly provided by the group of
Prof. U. Zenneck, University of Erlangen-Niirnberg. MOF-5 was
also synthesised according to a known literature procedure pub-
lished by Yaghi et al.?’! Colourless MOF-5 crystals typically 2 mm
in size were activated by stirring in chloroform for 12 h and careful
drying and degassing at 110 °C in dynamic vacuo (103 mbar) for
16 h. Before all further manipulations, the powder was stored under
an inert gas atmosphere in a glove box. The MOF-5 material was
characterised by XRD and standard N,-sorption measurements at
77 K. The results were in good agreement with the known literature
data.

Preparation of [Fe(n°-toluene)(n*-C,H¢)//[CpPtMe;s]@MOF-5(1):
Dry MOF-5 powder (100 mg, 0.13 mmol), [CpPtMes] (120 mg,
0.39 mmol) and [Fe(n’-toluene)(n*-C,He)] (79 mg, 0.39 mmol)
were placed in three different glass vials in a Schlenk tube. The
tube was evacuated for 5 min (103 mbar), sealed and kept at 25 °C
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for 12h. A red-brown composite denoted as [Fe(n®-toluene)(n*-
C4Hg)V/[CpPtMe;J@MOF-5 was obtained; yield 212mg (95%
based on the amounts of absorbed Fe and Pt precursor molecules).
Elemental analysis (wt.-%): Fe 7.5, Pt 18.5, Zn 16.9, C 43.1, H 3.9
(O 10.1 calcd. from difference to 100%); deduced number of pre-
cursor molecules per MOF-5 cavity: n([Fe(n°toluene)(n*-C4Hy)]):
n([CpPtMes]) = 2.2:1.6 (=0.1), resulting overall ratio of 1.4:1
(£0.1). IR (KBr): V. = 3026 (W), 2970 (w), 2920 (w), 1605 (s),
1505 (m), 1395 (vs), 1157 (vw), 1018 (w), 1105 (vw), 909 (vw), 885
(vw), 824 (w), 746 (m), 731 (m), 695 (w), 576 (w), 517 (m), 465
(vw)yem~ !, BC MAS NMR: § = 174.9 [(COO) MOF-5], 137.0
[C(COO) MOF-5], 131.2 (CsH; MOF-5), 96.3 {[Pt(n>-CsHs)-
(CH3)s]}, 93.8  {[Fe(m®-CeHsCH3)(n*-C4Ho)l}, 84.5 {[Fe(n®-
CeHsCH3)(n*-C4Ho)]}, 82.8 {[Fe(*-CsHsCH;)(n*-C,Hg)}, 81.4

{[Fe(’-CeHsCH3)(n*-C4Ho)l}, 757 {[Fe(n®-CeHsCH;)(n*-
CHe)l}, 338 {[Fe(mS-C¢HsCH3)(n*-C4Hg)l}, 211 {[Fe(n®-
C¢HsCH;)(n*-C4Hy)l}, -18.8 {Jpc) = 706 MHz, [Pt(n>-

CsHs)(CH3)3]} ppm. Pt MAS NMR: § = -5224.9 {[P«(n°-
CsHs)(CHs);]} ppm. PXRD: capillary: 2 6 [°] (intensity): 11.3
(11,8), 11.8 (37.2), 13.7 (10.2), 14.9 (20.8), 15.3 (40.2), 16.8 (18.1),
17.8 (100), 19.4 (32.2), 20.3 (19.0), 22.5 (5.3), 23.8 (5.6), 24.8 (5.1),
26.4 (6.3), 29.3 (7.0), 30.0 (13.5), 31.5 (6.1), 34.5 (4.8), 36.0 (9.7),
37.3 (6.7), 40.0 (3.2), 42.5 (5.6), 43.1 (6.6).

Preparation of [CpPd(n>-C3Hs)|/[CpPtMes|@MOF-5 (2-4): In a
series of three loading experiments, samples of dry MOF-5 powder
(50 mg, 0.065 mmol), [CpPd(n3-C3Hs)] (x mg) and [CpPtMe;] (v
mg) (Table 3) were placed in two different glass vials in a Schlenk
tube. The tube was evacuated for 5 min (103 mbar) then sealed and
kept in the dark at 25 °C for 4 h. Dark red composites, denoted as
[CpPd(n3-C;3H5))/[CpPtMe;J@MOF-5 exhibiting different precur-
sor ratios were obtained. Elemental analysis: see Table 3. IR (KBr):
Vmax = 2961 (w), 2898 (w), 2814 (vw), 1603 (s), 1504 (m), 1395 (vs),
1258 (w), 1215 (w), 1156 (vw), 1103 (w), 1015 (m), 910 (vw), 882
(vw), 823 (w), 793 (m), 766 (m), 744 (s), 574 (m), 550 (w), 514
(m)cm~!. '"H MAS NMR: 6 = 8.5 (C¢H4, MOF-5), 5.6 {[Pd(n>-
CsHs)(n*-C3Hs)],  [Pt(>-CsHs)(CHs)s]}, 4.7 {[Pd(n>-CsHs)(n’-
CsHy)}, 3.4 {[Pdm>-CsHs)(n*-C3H3)]}, 2.1 [Pd(m-CsHs)(n’-
C3H5)], 1.1 ([Pt(n’>-CsHs)(CHs)s)) ppm. 1*C MAS-NMR: 6 = 175.0
(COO MOF-5), 137.0 [C(COO) MOF-5], 131.1 (CsHy MOEF-5),
99.5 {[Pt(’>-CsHs)(CHa)s]}, 94.7 {[Pd(n>-CsHs)(n*-CsHs)l}, 46.3
{[Pdm>-CsHs)(*-C3Hy)l},  —19.1 {[Pt(*-CsHs)(CH3)s]} ppm.
195pt MAS NMR: 6 = -5216.9 {[Pt(n’-CsHs)(CH;)s]} ppm.
PXRD: capillary: 2 6 [°] (intensity): 11.3 (12.5), 11.9 (40.1), 13.7
(5.6), 14.9 (32.8), 15.3 (27.8), 16.8 (20.3), 17.8 (100), 19.4 (35.1),
20.3 (19.8), 21.7 (5.0), 22.6 (4.0), 23.9 (4.9), 24.9 (5.9), 28.3 (7.6),
29.3 (8.8), 30.0 (10.4), 31.6 (4.7), 34.7 (5.8), 36.0 (9.6), 37.3 (6.4),
40.0 (2.8), 42.6 (3.7), 43.2 (4.6).

Table 3. Amounts of x mg [CpPd(n3-C;Hs)] and y mg [CpPtMe;]
applied in the loading experiments of MOF-5 to yield composites
2-4 and the corresponding elemental analysis data.

Sample 2 Sample 3 Sample 4
CpPd(n?-C;Hs) (C) 100 mg 100 mg 223 mg

(0.47 mmol) (0.47 mmol) (1.04 mmol)
[CpPtMe;] (B) 144 mg 50 mg 53 mg

(0.47 mmol) (0.16 mmol) (0.17 mmol)
Composite Pd 164 Pd 18.7 Pd 20.8
M wt.-% Pt 11.1 Pt 8.3 Pt 6.5

Zn 16.8 Zn 16.7 Zn 16.5
CH wt.-% C389,H32 (C395,32 C40.0,H 32
O wt.-%k 0 13.6 0 13.6 0 13.0

[a] Calculated from difference to 100%.
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Preparation of [Ru(cod)(cot)]/[Pt(cod)Me,|@MOF-5 (5): In a typi-
cal experiment, a sample of dry MOF-5 powder (50 mg,
0.065 mmol), [Pt(cod)Me,] (53 mg, 0.16 mmol) and [Ru(cod)(cot)]
(50 mg, 0.16 mmol) were placed in a Schlenk tube in two different
glass vials. The tube was evacuated for 10 min, sealed (10> mbar)
and then kept at 25 °C until complete absorption of both precur-
sors was observed (duration: 48 h). A yellow powder, denoted as
[Ru(cod)(cot)[/[Pt(cod)Me,]@MOF-5 was obtained; yield 151 mg
(99% based on both precursor compounds). Elemental analysis
(wt.-%): Ru 9.8, Pt 17.0, Zn 13.5, C 41.3, H 4.39 (O 14.0 calcd.
From difference to 100 %); deduced number of precursor molecules
per MOF-5 cavity: n{[Ru(cod)(cot)]}:n{[Pt(cod)Me,]} =
1.9:1.7(=0.1), resultant overall stoichiometric ratio of [Ru(cod)-
(cot)]:[Pt(cod)Me,]: 1:1 (£0.1). IR (KBr): V0 = 3057 (vw), 2994
(vw), 2920 (w), 2869 (w), 2833 (vw), 2792 (vw), 1953 (w), 1603 (s),
1504 (m), 1393 (vs), 1265 (w), 1156 (w), 1092 (w), 1017 (w), 977
(w), 883 (vw), 858 (vw), 821 (w), 745 (m), 574 (w), 514 (w)cm™ .
13C MAS-NMR: § = 175.6 (COO MOF-5), 136.8 [C(COO) MOF-
5], 131.6 (CsHy MOF-5), 101.4 {[Ru(cod)(cot)], cot, olef.}, 98.8
{[Ru(cod)(cot)], cot, olef. & [Pt(cod)(CHj3),], cot olef.}, 77.2
{[Ru(cod)(cot)], cot, olef.}, 70.2 {[Ru(cod)(cot)], cod, olefin}, 34.1
{[Ru(cod)(cot)], cod, aliph.}, 32.0 {[Ru(cod)(cot)], cot, aliph.}, 30.8
{[Pt(cod)(CH3),], cod, aliph.}, 5.5 {[Pt(cod)(CH3),], J(Pt-C) =
785 MHz} ppm. PXRD: capillary: 2 6 [°] (intensity): 9.6 (100), 11.8
(99.5), 13.7 (83.5), 15.3 (68.7), 16.7 (48.2), 17.8 (52.4), 19.3 (43.3),
20.3 (44.5), 26.5 (40.0).

Hydrogenation of [Ru(cod)(cot)]/[Pt(cod)(CH;),//MOF-5 under
Mild Conditions. Preparation of Composite 6: [Ru(cod)(cot)]/
[Pt(cod)Me,J@MOF-5 (5) (36 mg, prepared as described above)
was placed in a glass tube, the glass tube was evacuated (dynamic
vacuum, 102 mbar, 5min) and the sample then exposed to a
stream of hydrogen (1 bar, 1 sccm, 99.999%) at 25 °C for 10 min. A
fast colour change from yellow to black was observed; yield 28 mg.
Elemental analysis (wt.-%): Ru 9.6, Pt, 16.8, Zn 14.2, C 40.8, H
4.28 (O 14.3 calcd. from difference to 100%) IR (KBr): V.« = 2918
(s), 2829 (m), 1599 (s), 1506 (m), 1387 (vs), 1261 (m), 1152 (w),
1102 (w), 1083 (w), 1018 (m), 872 (w), 822 (w), 744 (m), 572 (w),
513 (m) cm™!. 13C MAS-NMR: § = 178.5 {[(n®-terephthalate)Ru(-
cod)], COO} 175.2 (COO MOF-5), 136.7 [C(COO) MOF-5], 131.0
(CsHy MOF-5), 98.7 {[Pt(cod)(CH3),], cot olef.}, 91.0 {[(n°-
terephthalate)Ru(cod)], C(COO)}, 83.2 {[(n’-terephthalate)Ru-
(cod)], C¢Hy}, 68.3 {[(n°-terephthalate)Ru(cod)], cod, olef.}, 33.4
{[(n®-terephthalate)Ru(cod)], cod, aliph.}, 30.4 {[Pt(cod)(CHj3),],
cod, aliph.}, 27.3 (cyclooctane), 5.9 {[Pt(cod)(CHj3),]} ppm.
PXRD: capillary: 26 [°] (intensity): 11.8 (29.6), 13.7 (74.1), 15.3
(100), 16.8 (10.8), 17.8 (35.4), 19.4 (14.2), 20.3 (25.7), 22.6 (17.7),
24.6 (8.5), 25.8 (3.5), 26.5 (18.1), 28.3 (6.6), 30.0 (13.8), 31.6 (12.1),
33.2 (4.3), 34.6 (8.1), 35.5 (4.4), 36.0 (4.4), 37.4 (3.8), 40.0 (3.1),
42.6 (6.4), 43.2 (4.5).

Hydrogenation of [Ru(cod)(cot)]/[Pt(cod)(CH3),//MOF-5 under
Harsh Conditions. Preparation of Ru/Pt@MOF-5 (7): A sample of
[Ru(cod)(cot))/[Pt(cod)Me,J@MOF-5 (60 mg) was placed in a Fi-
scher-Porter bottle and evacuated for 5 min (dynamic vacuum,
102> mbar). The bottle was then filled with 1bar of H, gas
(99.999%) at 25 °C and heated to 150 °C for 3 h. After cooling to
room temperature, H, was removed in dynamic vacuum (102 mbar,
15 min) and the bottle was refilled with Ar; yield 48 mg. Elemental
analysis: (wt.-%): Ru 12.6, Pt 21.8, Zn 17.3, C 31.6, H 2.9 (O 16.7
caled. from difference to 100%); resulting overall molar ratio of
Ru/Pt = 1:1 (£0.1). IR (KBr): Vpmax = 2921 (s), 2852 (m), 1581 (s),
1508 (m), 1390 (vs), 1262 (m), 1096 (m), 1020 (m), 878 (vw), 807
(m), 746 (m), 573 (vw), 516 (w) cm~ 1. 13C MAS NMR: ¢ = 186.3
(COO, cis-Itrans-1,4-cyclohexanedicarboxylate), 175.0 (COO
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MOF-5), 136.9 [C(COO MOF-5)], 130.7 (CsHy; MOE-5), 45.1
[C(COO) cis-1,4-cyclohexanedicarboxylate], 41.1 [C(COO) trans-
1,4-cyclohexanedicarboxylate], 29.6 (ring C atoms cis-/trans-1,4-
cyclohexanedicarboxylate), 27.2 (cyclooctane) ppm. PXRD: capil-
lary: 26 [°] (intensity): 11.8 (34.4), 13.6 (48.8), 15.3 (65.5), 17.8
(56.5), 19.4 (23.4), 20.3 (27.7), 22.6 (15.8), 24.6 (17.0), 26.5 (36.7),
30.0 (20.4), 39.8 Pt [111] (100), 46.6 Pt [200] (31.5), 67.5 Pt [220]
(27.7), 81.6 Pt [311] (38.6).

Supporting Information (see also the footnote on the first page of
this article): '>Pt MAS NMR of sample 1, additional powder X-
ray data of composite 6, TEM and EDX data on composite 7 and
13C MAS NMR spectroscopic data on the stability of Pt@MOF-5
under hydrogen.
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