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ABSTRACT: The generation and matrix stabilization of ligand-free, small platinum nanoclusters (NCs) Ptio« is presented. The
metal-organic framework-template approach is based on encapsulating CO-ligated, atom-precise Pty Chini clusters [{Pt3(CO)s}s]*
into the zeolitic imidazolate framework ZIF-8. The selective formation of the air-stable inclusion compound
[NBua4]2[{Pts(CO)s}4] @ZIF-8 of defined atomicity Pt;» and with Pt loadings of 1-20 wt.% was monitored by UV/Vis and IR spec-
troscopy and was confirmed by high resolution transmission electron microscopy (HR-TEM), high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), X-ray photoelectron spectroscopy (XPS) and powder X-ray diffraction
(PXRD). Thermally induced decarbonylation at 200 °C yields the composite material Pt.@ZIF-8 with a cluster atomicity n close to
12, irrespective of the Pt loading. The PtNCs retain their size even during annealing at 300 °C for 24 h and during catalytic hydro-
genation of 1-hexene at 25 °C in liquid phase. The Pt,@ZIF-8 material can conveniently be used for storing small PtNCs and their
further processing. Removal of the protective ZIF-8 matrix under acidic conditions and transfer of the PtNCs to carbon substrates
yields defined aggregation to small Pt nanoparticles (1.14+0.35 nm, HR-TEM), which have previously shown exceptional perfor-
mance in the electrocatalytic oxygen reduction reaction (ORR).

INTRODUCTION

Much research has been devoted to the study of the size ef-
fects of metal particles in catalysis, from small 2-5 nm sized
nanoparticles down to ultrasmall nanoparticles and atom pre-
cise clusters consisting of less than 50 atoms.* Studies have
shown that the reactivity not only depends on the nanoparticle
size and on the surface to volume ratio, but that — approaching
the sub-nanometer level — the exact atomicity (nuclearity, n) of
the metal cluster becomes decisive, as “every atom counts” in
this regime.*® This has been attributed to unique cluster struc-
tures, isomers and structural fluctuations leading to distinct
electronic properties, special surface sites and defects with
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Therefore, the desire is to develop synthetic approaches for
ligand-free metal clusters with a precise number of metal
atoms, so as to optimize the catalytic activity on an atomic
level.*° While preparative solution chemistry already offers
synthetic concepts and a vast library of defined molecular
ligand-stabilized cluster compounds, the access to non-ligated
clusters is far more intricate and limited due to their extreme
tendency to agglomeration.***? Even upon deposition on sup-
ports, cluster agglomeration is a very common phenomenon
during catalysis or at moderately elevated temperatures.'**
Rigorous synthetic methods to obtain non-ligated (naked)

clusters M, with precise control of the
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D Decarbony- 4y
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Scheme 1. Synthesis of precise PtNCs in ZIF-8. The Chini cluster [NBua]2[{Pt3(CO)s}s] (1) is encapsulated in ZIF-8 to yield
the composite material [NBus]2[{Pts(CO)s}s]@ZIF-8 (2). Oxidation of 2 leads to formation of [NBu4]2[{Pts(CO)s}s]@ZIF-8

@3). The

decarbonylation of 3 at

200 °C  provides

naked PtNCs, denoted as PINC@ZIF-8

(4).
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Figure 1. (a) Solid-state UV/Vis spectra of 2-4 with slowed-down oxidation by sample sealing with silicon grease. While the band charac-
teristic for 2 (562 nm) disappears during oxidation, the band for 3 (620 nm) increases and shows no shoulders for the next larger Ptis clus-
ter (702 nm). After decarbonylation, no bands are visible for 4. (b) PXRD patterns of 2-4 compared to the calculated pattern of ZIF-8
(A=1.5406 A). The ZIF matrix is highly crystalline throughout all reaction steps and it was possible to reproduce the patterns multiple
times. (c) Comparative FT-IR spectra of 3 (blue) and 4 (black). After heating under vacuum, the CO bands for terminal (2051 cm™) and
bridging (1868 cm*) CO ligands (inset) completely disappeared, confirming full decarbonylation. (d) XP spectrum of the Pt 4f region of 4.

atomicity “n” rely on sophisticated and expensive methods
like e.g. laser ablation techniques® under isolated conditions,
or on dendrimer-based nanoreactor-template approaches in
solution.®

Metal-organic frameworks (MOFs) have been recognized
and widely studied as uniquely versatile and tunable matrices
and porous support materials, to encapsulate catalytically
active metal nanoparticles'”?* and we were pioneers in this
field as early as in 2005.22 Often, however, encapsulation of
nanoparticles in MOFs does not bring much additional benefit,
but diffusion limitations hamper the catalytic activity of the
“metal@MOF” heterogeneous catalyst as compared to homo-
geneous reference systems.??* Nevertheless, loading or post-
synthetic modification of MOFs with catalytically active met-
al/metal-oxide species by various techniques has developed
into an important research field. In particular, the application
of atomic layer deposition (ALD) techniques inside MOFs,
called AIM and introduced by J. T. Hupp, has opened new
perspectives.®® However, the precise control of atomicity of
metal clusters M, encapsulated, deposited or grown inside
MOFs (or any other porous matrix) is still a huge challenge,
and among the very few reports that include catalytically

relevant metals are the ultrasmall clusters Pds or Pt, which
were generated inside specifically designed MOFs.2?" In
contrast to the direct growth of non-ligated metal clusters (or
nanoparticles) inside MOFs through decomposing molecular
precursors,’”-?" the encapsulation of preformed atom-precise
and ligand stabilized metal clusters [MyLm] into MOFs has not
been studied in detail, and to the best of our knowledge only
one example has been reported using the gold cluster
[Auzs(SG)is] (SG = glutathionate, y-L-Glutamyl-L-cysteinyl-
glycinate) and the zeolitic imidazolate framework ZIF-8 as the
host.?8 It is as yet unknown whether a selective deprotection of
a ligated cluster [MyLm] to yield the non-ligated M, cluster
inside the cavities of the MOF is feasible without extensive
agglomeration and loss of control of cluster atomicity.

In this work we demonstrate proof-of-concept by the “bot-
tle-around-ship” synthesis of the inclusion compound
[NBu4]2[{Pt3(CO)e}s]@ZIF-8 and the subsequent thermal
decarbonylation to yield ultrasmall Ptj;:x nanoclusters (NCs)
uniformly distributed in the pores of the ZIF-8 matrix. The
clusters retain their size even during annealing at 300 °C for
24 h and during catalytic hydrogenation of 1-hexene at 25 °C
in liquid phase.

2
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Figure 2. Microscopic images of 3 and 4. (a) HR-TEM image of a single PtNC in 3. Scale bar is 5 nm. (b) HR-TEM image of a single
PtNC in 4. Scale bar is 10 nm. (c) HAADF-STEM image of 4. PtNCs are visible as bright dots. No agglomerated nanoparticles are visible
even after decarbonylation. (d) HAADF-STEM image of 3-max. PtNCs are visible as small bright dots, showing the stabilization of the

PtNCs in the MOF that prevents agglomeration

The material Pt,@ZIF-8 can conveniently be used for stor-
ing ultrasmall PtNCs and for further processing such as fabri-
cation of high performing electrocatalysts for the oxygen
reduction reaction (ORR).

RESULTS and DISCUSSION

Synthesis and Characterization of
[NBus]2[{Pt3(CO)s}s]@ZIF-8. The red-colored Pts Chini
cluster compound [NBu4]2[{Pts(CO)s}s] (1) was chosen as a
representative example of the vast family of atom-precise
carbonyl metallate clusters of the general formula [Ma(CO)p]*
(M also includes mixed metals).?®% Its synthesis is compara-
bly facile®® and its characterization and the distinction of
[{Pt3(CO)s}s]> (Pty) from the series of related clusters
[{Pt3(CO)s}n]?* (e.g. Pty,, Ptys etc.) is very sensitive and unam-
biguous via UV/Vis and IR spectroscopy (Figures S1 and S2
in the Supporting Information, SI).32 As a supporting MOF,
we selected a zeolitic imidazolate framework, namely [Zn(2-
methylimidazolate),] (ZIF-8) because of its mild synthesis
conditions in solution and its high thermal stability (up to
500 °C), which is important for the planned thermal decar-
bonylation procedure and long-term annealing studies.*

Microporous ZIF-8 exhibits small, cage-like pores (11.6 A)
as well as small pore windows (3.4 A, static conditions) that
are expected to restrict the mobility of the encapsulated clus-
ters and prevent agglomeration.®* The targeted Pt;; NCs ex-
hibit a Van der Waals radius of 9+1 A — as reported in den-
drimers by Imaoka® — which exceeds the diameter of the pore
opening even when considering the flexibility of ZIF-8.% It
should be noted that the size distribution of 1 A is due to the
error in size determination from HR-TEM pictures, although
the clusters have been shown to be atom-precise. The Pti; NCs

upon close proximity of naked metal clusters.

should thus be small enough to fit into the pore of ZIF-8 but
be completely immobilized due to their inability to pass
through the pore opening. The encapsulation of 1 was carried
out at 50 °C in methanol solution under inert conditions (dry
Ar atmosphere) in the presence of zinc nitrate and 2-
methylimidazole as the components for the self-assembly of
the ZIF-8 (see Scheme 1). The obtained red, oxidation-
sensitive inclusion compound [NBu4]o[{Pt3(CO)e}s]@ZIF-8
(2) contains the intact Pt Chini cluster 1, as confirmed by
UVNVis, IR and microscopic measurements. Upon exposition
of 2 to air at ambient conditions, the color of the material
gradually changes within 10 min to blue, indicating the for-
mation of [NBu4]o[{Pt:(CO)s}s]@ZIF-8 (3), which matches
the color of the independently synthesized Pti, Chini cluster
compound [NBu4]2[{Pt3(CO)e}s] (Figure S3). The transfor-
mation of 2 to 3 was monitored via solid state UV/Vis (Fig-
ure 1a). Chini clusters are known to be easily transformed into
complex mixtures of larger clusters, depending on the oxidiz-
ing conditions, by the exchange of growth units {Pt;(CO)s}
resulting in fast degradation of smaller clusters.®?%" In contrast
to this well-known redox-chemistry in solution, the oxidation
of the Pty cluster inside ZIF-8 was selective and the formation
of the Pt;, compound 3 was quantitative as judged by UV/Vis
spectroscopy. The cluster was even intact after one day in
boiling water or 1M sodium hydroxide solution, under which
conditions the ‘free’ cluster immediately decomposes in solu-
tion (Figure S4). The sensitivity of 2 towards oxygen in con-
trast to the stable 3 can be explained with a remaining mobility
of the Pty carbonyl cluster in ZIF-8, so that {Pt3(CO)s} frag-
ments can be transferred upon oxidation as it has been report-
ed for the Chini clusters in solution.®” In contrast, the resulting
Pti, carbonyl cluster fills the volume of the narrow ZIF-8 pore
and its even larger oxidation product Pt;s cannot be accomo-

3
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dated. This fact was also used to compensate for eventual
Pto/Pt1, mixtures which were observable in some of the encap-
sulation experiments. The high excess of basic imidazole
induced an oxidation of the Pty cluster unless it was rapidly
encapsulated and protected inside the ZIF-8 matrix. Because
of these competing kinetics of ZIF crystal formation and the
redox chemistry of the cluster, conditions were tuned towards
a rapid crystallization and encapsulation process. This resulted
in weakly faceted, partially intergrown ZIF-8 particles with
diameters that slightly varied from batch to batch. The Pt
loading is easily tunable by variation of the amount of Ptg
added during the reaction.

Powder X-ray diffraction (PXRD) confirmed the high crys-
tallinity of the ZIF-8 matrix (Figure 1b). Nitrogen adsorption
experiments showed a high porosity that varied with Pt load-
ing due to the increase of non-porous mass. The obtained
values are in the range of literature values for the internal
surface area of ZIF-8 (1630 m?/g) (Figure S5).%

Decarbonylation and Characterization of Ptie@ZIF-8.
Previous studies with Chini clusters in zeolites and porous
silica revealed that the carbonyl ligands quantitatively dissoci-
ate at elevated temperatures.®4° In-situ IR spectroscopic stud-
ies demonstrate that the decarbonylation process of 3 starts
around 140 °C and is completed after 15 min at 200 °C. The
total loss of CO is evidenced by the complete disappearance of
both bands for the terminal as well as for the bridging CO
ligands (Figure 1c, Figure S7). In this respect, 3 is heated at
200 °C under vacuum for four hours, to ensure complete de-
carbonylation of the clusters. This process can be also fol-
lowed via thermogravimetric analysis (TGA), where an initial
step corresponds to the weight loss due to ligand removal
(Figure S8). At higher loadings of Pt, the extent of this initial
weight loss increases as more carbonyl ligands are lost at
elevated temperatures. In the decarbonylated material, the first
weight loss step is absent, validating the decarbonylation
conditions that apparently are able to remove all carbonyl
ligands. In an in-situ XPS experiment, 4 was obtained by
oxidation of 2 in 200 mbar O, at room temperature overnight
and subsequent decarbonylation in vacuum (< 10~ mbar) at
200 °C for 3 hours in a preparation chamber attached to the
XPS analysis chamber. We do not present any XP spectra of 2
and 3, as we observed significant beam damage even with
lowest X-ray flux, most likely leading to decarbonylation of
the PtNCs. It has been reported in the literature that, in par-
ticular, supported Pt Chini clusters are prone to decarbonyla-
tion while illuminating with X-rays.*** One pair of spin-orbit
split peaks is used to deconvolute the rather weak and broad Pt
4f photoelectron signal. The binding energy of 71.1eV
(Pt 4f7,) is close to that reported for decarbonylated PtNCs
(Figure 1d). Zn 2p and N 1s signals coincide with ZIF-8 spec-
tra reported in literature (Figure S9).444

The ZIF-8 matrix retains its crystallinity and porosity as ev-
idenced in PXRD and nitrogen adsorption (Figure 1b, Fig-
ure S6) while in UV/Vis, no bands are discernible anymore
(Figure 1a). The latter is because of an expected cluster rear-
rangement and a collapse of the layered structure after ligand
dissociation, which causes the absence of the respective elec-
tronic transitions. The obtained material Pt,@ZIF-8 (4) was
further characterized by HR-TEM microscopy and HAADF-

STEM with elemental mapping. The data show a PtNC diame-
ter of ca. 1 nm consistent with previously reported Pti, clus-
ters® and indicate that the decarbonylated clusters Pt, are
stabilized towards agglomeration and are homogeneously
distributed throughout ZIF-8 (Figure 2, Figures S10 and S11).
Annealing studies of 4 at 300 °C for 24 h revealed no changes
and the material remained intact as evidenced by PXRD and
HAADF-STEM (Figure S12). We deliberately refrain from
showing size distribution histograms due to the high error in
cluster atomicity determination for the size regime around
1 nm inside the ZIF-8 host matrix. Higher resolutions to obtain
a suitable accuracy for conclusive determination of PtNC
diameters (aiming at atomic resolution) are extremely difficult
to achieve and the significance of the data is limited due to the
high instability of ZIF-8 under the electron beam that de-
stroyed the framework upon longer exposure (see Figure
$13).%6 Nonetheless, when comparing HR-TEM images of the
material 3 before decarbonylation with material 4 after decar-
bonylation, no obvious changes in cluster size distribution are
observable. Based on the available analytical methods and
resolutions, the exact atomicity and distribution of nuclearities
of the small PtNCs cannot be determined. Still, we can ex-
clude a significant degree of sintering based on HR-TEM and
HAADF-STEM npictures, suggesting a good stabilization of
the Pti2 NCs even after decarbonylation. Thus, available data
indicates the presence of Ptio+x NCs inside ZIF-8 with a small
uncertainty in the range of few atoms.
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Figure 3: Catalytic hydrogenation of 1-hexene with 3 and 4 as
catalysts. While with 4, complete conversion is reached after 3 h,
the ligand-stabilized clusters in 3 show a significantly slower
conversion towards a steady state. When the catalyst 4 is separat-
ed after 10 min in a hot filtration experiment, only minimal fur-
ther conversion is observed, presumably due to Pt species in
solution.
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In order to further exclude migration and aggregation effects
of the clusters within the matrix, we drastically increased the
loading of 1 inside ZIF-8. In the standard experiments, the
loading was mostly kept low with ca. 1 wt.%. Using an excess
of 1 during the ZIF-8 self-assembly, a maximum loading of
21 wt.% Pt was achieved (3-max). This loading corresponds
to about 44% cluster pore filling (for details of the calculation,
see Supporting Information).

Even at this high loading, the Pti, Chini cluster was exclu-
sively and quantitatively formed and stayed intact, as shown
via solid-state UV/Vis. The unchanged matrix was confirmed
by the characteristic reflections of ZIF-8, as observed in
PXRD (Figure S14). Nitrogen sorption measurements revealed
an internal surface area of 670 m?/g, demonstrating the residu-
al but severely decreased porosity of the material due to the
high number of defects, which is also obvious from a lower
reflection intensity in PXRD. Additionally, an increase in non-
porous mass and pore filling at higher cluster loadings lowers
the BET surface area.

The dense packing of the Pti, Chini clusters becomes evi-
dent through HR-TEM and HAADF-STEM and we highlight
that no agglomerates were found despite the high cluster den-
sity (Figure 2d and Figure S15). Since the decarbonylation of
the dianionic Pt;> Chini cluster 3 under vacuum at elevated
temperatures leads to neutral and naked Ptz NCs which
feature Pt(0), as shown by XPS, a redox process must be con-
sidered and characterized. We investigated the fate of the
tetrabutylammonium counter ions for which a decomposition
to trialkylamines at high temperatures has been reported.*’
Using the highly loaded material 3-max, a signature of this
decomposition was observed in TGA-MS (Figure S16). A
similar study was conducted by Sadakiyo et al., who intro-
duced NBu,OH in ZIF-8.4” While in our work, a butyl cation
(m/z =57 a.m.u.) of the NBus* decomposition was detected at
235 °C, Sadakiyo et al. reported NBus* decomposition as low
as at 127 °C. We attribute this difference to the low amount of
tetrabutylammonium cations compared to the masses of ZIF
and clusters, which results in diffusion limitations and a need
for higher temperatures for desorption from the MOF and thus
for detection. The oxidation of the cluster upon ligand removal
could be explained by exposure to oxygen or by a redox reac-
tion with the decomposing cation. Under the decarbonylation
conditions in the synthesis of 4, NBus* decomposition products
like NBusz are likely removed under high vacuum
(1-10° mbar). Because the absence of the amine side-product
of the decomposition is difficult to prove due to the high ni-
trogen content of ZIF-8, the experiment was repeated with
tetrabutylphosphonium as a counterion of the Chini cluster 1.
As expected, in 3 a small content of phosphorus is found by
elemental analysis, stemming from PBus* (0.04 wt.%), while
in the decarbonylated material 4, all phosphorus species are
removed (0.00 wt.%) because of evacuation at high tempera-
tures that cause the decomposition and desorption of tribu-
tylphosphine, PBus.

Catalytic Hydrogenation. For a proof of synthetic feasibil-
ity, and for reasons of applicability in catalysis, we have
scaled up the synthesis to yield 1.80 g of 3 with a Pt loading of
1 wt.% for both 3 and 4. The limiting factor for further scale-
up is not the encapsulation procedure of 1 to ZIF-8, but the

1) drop-casting

'8

2) acidic treatment

("\(
P25, @ZIF-8 (4)

D, =1.14nm
20 D =1.14 nm

0,5 0,7 09 1,1 1,3 1,5 1,7 19 2,1 23
Size (nm)
By aa

Figure 4: Top: Drop-casting of 4 on a stabilizing substrate and
dissolution of the ZIF by protonation in acidic media yields small
Pt nanoparticles. Bottom: HR-TEM image of 4 on a carbon-coated
TEM grid after immersion in 1M HCIO4 with resulting nanoparti-
cles of 1.14+0.35 nm for the number and surface averaged diame-
ter (Dnand Ds, respectively) (size distribution histogram shown in
inset).

synthesis of 1, which is time consuming and requires syn-
thesis under CO atmosphere and work-up under inert condi-
tions. Interestingly, the synthesis works even better at a large
scale because no Pto/Pty» cluster mixtures were detected, in
contrast to some small-scale encapsulation experiments. The
catalytic potential of 4 was demonstrated in a model case
study of the hydrogenation of 1-hexene. When a suspension of
4 (1 mol%,; 1 wt.% Pt) with 1-hexene in toluene is treated with
H: (1.5 bar) at room temperature, full conversion to hexane is
observed within 3 h with a TOF of around 2000 ht. With the
still carbonylated material 3 as the catalyst, only 24% conver-
sion is achieved after the same period of time (Figure 3, Fig-
ure S17). This observation confirms that the removal of the
carbonyl ligands to yield 4 increases the accessibility and/or
abundance of active Pt sites and thus boosts the catalytic activ-
ity. The few accessible sites in 3 are rapidly saturated by sol-
vent and/or product molecules and the reaction approaches the
steady state after a short reaction time. Cyclooctene was also
applied under the same hydrogenation conditions as 1-hexene
with 4 as the catalyst. In contrast to the very fast and complete

5
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conversion of the latter, cyclooctene showed only 23% con-
version after a prolonged reaction time of 24 h, demonstrating
that exclusively substrates which are small enough to penetrate
the MOF pores can be converted efficiently. The remaining
activity is attributed to leaching or Pt NCs near the external
surface of the ZIF-8 crystallites that could be accessible also
for bulkier substrates (Figure S18). In a hot filtration test,
catalyst 4 was removed in the initial phase of high activity
after 10 min by syringe-filtration (PTFE, 0.2 um) combined
with centrifugation. Only minimal conversion was observed
upon re-adding hydrogen pressure, which could stem from
incomplete catalyst removal due to the small ZIF-8 crystallites
that are neither retained by the syringe filter nor completely
separated by centrifugation, or a small amount of leached Pt
species from surface-near NCs (Figure 3). Thus, it could be
shown that the clusters in Ptio+@ZIF-8 and not solubilized Pt
compounds are the catalytically active species. The structural
integrity of the catalysts 3 and 4 was investigated after the
hydrogenation reactions. Remarkably, the solid-state UV/Vis
spectrum of catalyst 3 was identical to the one before the
catalysis, proving the integrity of most carbonyl clusters inside
the MOF even after catalysis (Figure S19). For both 3 and 4,
the PXRD patterns showed no loss in crystallinity after the
hydrogenation (Figure S20).

HR-TEM and HAADF-STEM imaging as well as XPS after
catalytic testing confirmed that no agglomeration had taken
place (Figures S21 and S22). The integrity of the catalyst was
further indicated by recycling experiments. Material 4 was
recycled ten times and again showed complete conversion of
1-hexene after every recycling and activation step. In sum-
mary, the Pty,+x NCs hosted by ZIF-8 show good stability in
hydrogenation reactions, where many other Pt species on
various other (porous) supports have been reported to show
significant agglomeration and deactivation,*34

Fabrication and Microstructural Characterization of an
ORR Catalyst. The presented Pt1,+x@ZIF-8 material serves as
an excellent source of ultrasmall Pt nanoparticles upon disso-
lution of the stabilizing framework. This was shown previous-
ly with the synthesis of a highly active catalyst for the oxygen
reduction reaction (ORR).* As ZIF-8 is known to form stable
dispersions in methanol, 4 can be easily drop-casted onto a
carbon electrode and upon immersion in the acidic electrolyte
(1M HCIO.), characteristic Pt features emerge in cyclic volt-
ammetry after 90 potential cycles.*® During this initial period,
the imidazolate linkers of ZIF-8 are protonated and the
framework gradually dissolves and releases the Pt nanoclus-
ters onto the carbon support (Figure 4). This preparation
method under ambient conditions would not be feasible for the
carbonyl-stabilized Chini cluster [NBu.],[{Pt3(CO)s}.] alone,
due to its high oxidation sensitivity, resulting in uncontrolled
cluster growth and disintegration. Equally, no characteristic Pt
features and thus no oxygen reduction activity is observed in
an alkaline medium as the Pt clusters are protected in the non-
conductive ZIF matrix. This demonstrates that the slow re-
moval of the insulating ZIF-8 is crucial to reveal the high
ORR activity of small Pt species. To visualize the obtained
products, the same drop-casting method is applied to a carbon-
coated TEM grid with subsequent acidic treatment. HR-TEM
images reveal Pt nanoparticles with a narrow size distribution

of 1.14+0.35 nm (Figure 4). Apparently, the slow dissolution
of the ZIF matrix in diluted acid releases the Pty clusters in a
controlled fashion, resulting in a surprisingly effective control
of the agglomeration in parallel to the anchoring and stabiliza-
tion of the PtNCs on the carbon support. This is of special
importance, because exceptionally high activity has been
reported for atom-precise PtNCs below 50 atoms.® Getting
close to such catalyst species in the most precise way possible
is @ major goal for rational catalyst design, and our material
constitutes a significant step in this direction. Thus,
Pti2:x@ZIF-8 represents a “container” for sub-nanometer Pt
clusters that are readily released and could be deposited onto a
variety of substrates with sufficient stabilization. Looking at
the broad scope of reactions with Pt-containing catalysts, the
high-precision Pt nanoparticles available from Pty @ZIF-8
will be of high interest for the optimization of catalytic pro-
cesses.

AT/hv

L
' undeswed

agglomeration
MOF MOF

encapsulation digestion

AT/hv

-
’ ngand removal
N - 5
L

/ L \
. LLigand—slabilized, atom- . Naked, ligand-free and
%% precise metal cluster atom-precise metal cluster
L L

MOF pore with

SR Eea 2 ' narrow openings

Scheme 2: General concept for the synthesis of ligand-
free, atom-precise metal clusters and ultrasmall metal
nanoparticles, based on the encapsulation of ligated metal
clusters into size matching pores of Metal-Organic
Frameworks chosen as removable protective matrix.

CONCLUSION

We present the spatial confinement of ultrasmall metal clus-
ters in the pores of a MOF, which effectively prevents cluster
agglomeration even after ligand removal. The synthesis and
characterization of a novel PINC@ZIF-8 material containing
high-precision Pt nanoclusters of an atomicity near twelve is
reported. PINC@ZIF-8 acts as an excellent source for ul-
trasmall Pt nanoparticles since the MOF scaffold is readily
dissolved under acidic conditions with minimal agglomeration
on a provided support. Therefore, our synthetic concept could
be transferred to a broad scope of organometallic clusters and
MOFs with the prerequisite of sufficient cluster stability and
rather mild MOF synthesis conditions (Scheme 2). A variety
of nanomaterials would thus be accessible, displaying high
stability, scalability and ease of handling, and giving a simpli-
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fied access to highly active metal catalysts in a size range
close to or even below 1 nm.
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