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ABSTRACT: The growth of nanocrystalline metal—organic
frameworks (nMOFs) around metal nanocrystals (NCs) is
useful in controlling the chemistry and metric of metal NCs. In
this Letter, we show rare examples of nMOFs grown in
monocrystalline form around metal NCs. Specifically, Pt NCs
were subjected to reactions yielding Zr(IV) nMOFs
[Zrs0,(OH),(fumarate);, MOF-801; Zr;O,(OH),(BDC);
(BDC = 1,4-benzenedicarboxylate), UiO-66;
Zr;0,(OH),(BPDC),; (BPDC = 4,4'-biphenyldicarboxylate),
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UiO-67] as a single crystal within which the Pt NCs are embedded. These constructs (PtCnMOF)mnocmm are found to be active
in gas-phase hydrogenative conversion of methylcyclopentane (MCP) and give unusual product selectivity. The PtCnUiO-66
shows selectivity to Cg-cyclic hydrocarbons such as cyclohexane and benzene that takes place with 100 °C lower temperature
than the standard reaction (Pt-on-SiO,). We observe a pore size effect in the nMOF series where the small pore of PtCnMOF-
801 does not produce the same products, while the larger pore PtCnUiO-67 catalyst provides the same products but with
different selectivity. The (PtCnMOF)mnocwstal spent catalyst is found to maintain the original crystallinity, and be recyclable

without any byproduct residues.
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sually, metal nanocrystals are introduced into the pores of

metal—organic frameworks (MOFs) by incorporating
metal precursors as guests and reducing them to form the metal
nanoparticles.' > These materials have shown interesting
catalytic properties but some challenges exist concerning
control of metal nanocrystal size, location, and order.>™® To
express more control over this process a second approach was
recently reported where the MOF is grown around preformed
metal nanocrystals allowing better control over their
metrics.” "> However, it remains difficult to control the growth
of the MOF in single nanocrystalline form, and thus the MOF
is usually grown as polycrystalline around metal nanocryst-
als.""~"* This is undesirable for facile diffusion of substrates and
products to and from the catalytic sites and often leads to
deactivation.'® In this Letter, we show how Pt nanocrystals can
be fully embedded within single crystals of nano MOFs
(nMOE-801, nUiO-66, and nUiO-67) with full control over the
size and location of the Pt (ca. 2.5 nm) and MOF (ca. 150 nm)
nanocrystals. We find that this new (PtCnMOF),,,ocrystal
construct is capable of carrying out conversion of methyl-
cyclopentane (MCP), a model reaction for selective C—C and
C—H bond activation. These conversions occur at 100 °C
lower and with higher selectivity to Cg-cyclic products
compared to the reference catalyst (Pt supported on
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mesoporous silica) and also show a MOF pore-dependent
activity and selectivity to those products.'® In addition, the
performance, crystallinity, and porosity of this catalyst system
are maintained over multiple cycles with no trapped reactants
and products found after reactions.

Three members of thermally stable Zr(IV) nMOFs were
chosen [Zr4sO,(OH),(fumarate)y,, MOF-801;
Zrs0,(OH),(BDC)s (BDC = 1,4-benzenedicarboxylate),
Ui0-66; Zrs0,(OH),(BPDC)s (BPDC = 4,4-biphenyldicar-
boxylate), UiO-67])'7'® and grown as single nanocrystals
around Pt nanocrystals (NCs) to make (PtCnMOF),ocrystal
materials. In a typical synthesis, Pt NCs of 2.5 nm size were
synthesized using poly(vinylpyrrolidone) (PVP) as a capping
agent'® and were placed in N,N-dimethylformamide (DMF)
solution mixture containing ZrCl,, the respective organic link
and acetic acid. This mixture was placed at 120 °C for a day to
produce a cloudy solution. This was centrifuged and the nMOF
product was collected, washed with DMF and methanol, and
dried under vacuum (see Supporting Information for synthesis
details). All materials were characterized by powder X-ray
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diffraction (PXRD), nitrogen gas adsorption, transmission
electron microscopy (TEM), and inductively coupled plasma
atomic emission spectrometry (ICP-AES). These techniques
were used to establish the crystallinity and permanent porosity
of nMOFs and the position and amount of Pt NCs. All spent
catalysts were analyzed again with PXRD, TEM, and NMR to
evaluate their structural and morphological robustness and
detect any residues within the catalyst construct.

For each of the nMOFs, TEM images were collected without
Pt NCs (nMOF), embedded in the nMOF
(PtCnMOF) pnocrystay and, as a control, with Pt NCs on the
nMOF (Pt-on-nMOF) (see Supporting Information for
synthesis details). Figure 1 shows the results for nUiO-66
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Figure 1. Characterization of nUiO-66, PtCnUiO-66 and Pt-on-nUiO-
66: (A—C) TEM images, (D) PXRD patterns in comparison with
simulated pattern of UiO-66, and (E) N, adsorption isotherms at 77 K
with adsorption and desorption points represented by closed circles
and open circles, respectively (P/P,, relative pressure).

because its pore size is in the middle of the series (nMOF-801,
54 and 7.0 A; nUiO-66, 6.8 and 7.2 A; nUi0-67, 9.6 and 12.6
A). Figure 1A—C clearly shows the single nanocrystallinity of
nUiO-66, the Pt NCs embedded in the center of the nUiO-66,
and the presence and distribution of Pt NCs on the surface of
nUiO-66. No Pt NCs were found to be located on the outside
of the nUiO-66 nanocrystals in the (PtCnMOF), pocrysa S
confirmed by Figure 1B. In the case of Pt-on-nUiO-66, 2.5 nm
Pt NCs were deposited postsynthetically (i.e., after formation of
nMOFs) to ensure their location on the outside (Figure 1C and
inset).

High crystallinity of nUiO-66, PtCnUiO-66, and Pt-on-
nUiO-66 is evident from the sharp diffraction lines of their
PXRD patterns (Figure 1D), and the coincidence of the
diffraction lines between these samples clearly indicates
preservation of the bulk UiO-66 structure arrangement for
nUiO-66 and upon introduction of Pt NCs in PtCnUiO-66 and
Pt-on-nUiO-66. The permanent porosity of all these samples is
preserved as confirmed by measurement of the N, gas-
adsorption isotherm, which exhibits a Type I behavior similar
to that observed in bulk UiO-66'" and nUiO-66 (Figure 1E).
The corresponding Langmuir surface areas of nUiO-66,
PtCnUiO-66 and Pt-on-nUiO-66 were calculated to be 2150,
1910, and 1860 m? g_l, respectively; values that are also similar
to those were found for UiO-66 (1180—2200 m> g_l).17’20’21

ICP-AES revealed that the amounts of Pt for both PtCnUiO-66
and Pt-on-nUiO-66 were found to be around 0.4 wt % (see
Table S1 in Supporting Information).

Figure 2A shows the schematic reaction pathways of
hydrogenative MCP conversion.'®”* In a typical reaction
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Figure 2. (A) Schematic reaction diagram of hydrogenative conversion
of MCP. (B) Product selectivity obtained at 150 °C over three
catalysts (Pt-on-SiO,, PtCnUiO-66, and Pt-on-nUiO-66).

process, MCP can be converted to various hydrocarbon
products via five different reaction pathways. First, MCP can
be converted into the dehydrogenated version of MCP through
reaction pathway (I). Second, MCP can be ring-opened and
isomerized into isomers through reaction pathway (II). The Cs-
cyclic ring of MCP can be further enlarged to Cg-cyclic
hydrocarbons through ring-enlargement reaction followed with
() hydrogenation or (IV) dehydrogenation to produce
cyclohexane or benzene, respectively. The last reaction pathway
is (V) cracking to produce C,;—Cs-based hydrocarbons that are
undesired products in this reaction.

Figure 2B shows product selectivity data obtained at 150 °C
over nUiO-66 with different locations of Pt NCs in comparison
with Pt-on-SiO, (MCF-17) as the reference catalyst. The study
with Pt-on-SiO, shows the sole catalytic role of Pt NCs because
the mesoporous silica support (SiO,) has no catalytic activity.**
The Pt-on-SiO, catalyst can efficiently catalyze the reaction
pathways of dehydrogenation and isomerization with selectiv-
ities of 18.2 and 81.8%, respectively. No other products were
obtained. Similarly, when Pt NCs were supported at the
external surface of nUiO-66 crystals, the Pt-on-nUiO-66
catalyst can catalyze both dehydrogenation and isomerization
with selectivities of 33.1 and 66.9%, respectively. The pure
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nUiO-66 without supporting Pt NCs was also tested for the
same reaction, but it showed no catalytic activity. In contrast,
when Pt NCs were encapsulated inside the nMOF crystal
(PtCnUi0-66), Cy-cyclic hydrocarbon products were predom-
inantly obtained (>60%) with selectivities of 22.2% for
cyclohexane (red) and 41.2% for benzene (orange) (Figure
2B). Such a production of C4-cyclic hydrocarbons at 150 °C is
noteworthy because benzene can be produced over Pt-on-SiO,
at higher reaction temperature above 250 °C (see Supportin§
Information Figure S1 for catalytic results of Pt-on-SiO,).!

Hence, the facile formation of Cgy-cyclic products over
PtCnUiO-66 at lower reaction temperature (150 °C) indicates
that the embedding Pt NCs in nUiO-66 is contributing to the
decrease of activation energy for the formation of Cg-cyclic
hydrocarbons.

There are two possibilities for the observed favorable
difference in the activity and selectivity of PtCnUiO-66. First,
the nMOF structure may assist Pt NCs in making Cg-cyclic
hydrocarbons by having the initial products occurring at surface
of Pt NCs and further converted over the nUiO-66 porous
framework. This is not supported by our findings where pure
nUiO-66 showed no activity in the conversion of 2-
methylpentane. Instead of 2-methylpentane as a model
reactant, we also tested cyclohexene that is known as one of
the possible intermediate species during this reaction.**
However, cyclohexene was not converted over pure nUiO-66
without the presence of Pt NCs. On the basis of these
observations, we conclude that the nMOF alone has no
catalytic contribution in the absence of Pt NCs. This is because
there are no catalytic sites for dissociation of H, and activation
of hydrocarbon reactant within the nUiO-66 framework. The
second possibility is that the micropores in nUiO-66 may
accelerate the molecular vibration of reactant or potential
transition states, which can lower the activation barrier toward
the formation of Cg-cyclic hydrocarbons. Because the kinetic
diameters of cyclohexane (6.0 A) and benzene (5.9 A) are
smaller than the micropores of nUiO-66 (6.8 and 7.2 A), it
would be quite reasonable.®> More importantly, cyclohexane
cannot be formed over Pt-on-SiO, under the same reaction
condition. Hence, the formation of cyclohexane over PtCnUiO-
66 might be explained by the increase of local concentration of
H, inside UiO-66 nanocrystals. Because the diffusion of H, into
the micropores of nUiO-66 is more facile than the much larger
MCP molecule, the H, gas should be relatively more localized
in the presence of Pt NCs. This in turn would facilitate the
production of hydrogenated products. In effect, the nMOF
nanocrystals may be acting as a confined nanoreactor wherein
the reactants can be localized with H, to produce cyclohexane
as well as benzene.

In order to investigate the effect of pore size, we also
prepared two additional isoreticular (of the same topology) Zr-
based nMOFs (nMOF-801 and nUiO-67) with different length
of organic links, and thus different pore sizes of the same
topology as nUiO-66."”'® The micropore sizes progressively
increased from nMOF-801 (5.4 and 7.0 A) to nUiO-66 (6.8
and 7.2 A) and nUiO-67 (9.6 and 12.6 A) (Figure 3A).""'
Figure 3B shows the selectivity data obtained at 150 °C and
how the micropore size plays an important role in product
selectivity. Among the three catalysts, the PtCnMOF-801 with
the smallest micropore diameter did not give Cgy-cyclic
hydrocarbons. This catalyst could only make dehydrogenated
MCP or ring-opened isomers as observed over the Pt-on-SiO,
catalyst. This is because the pore size of nMOF-801 is smaller
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Figure 3. (A) Crystal structure representation of isoreticular Zr-MOFs
with different micropore sizes (nMOF-801, nUiO-66, and nUiO-67
from top to bottom). (B) Product selectivity and (C) turnover
frequency (TOF, h™') obtained at 150 °C over PtCnMOF-801,
PtCnUiO-66, and PtCnUiO-67.

than kinetic diameters of cyclohexane (6.0 A) and benzene (5.9
A). In addition, the adsorption geometries of transition states
or intermediate species might be unfavorable toward the
formation of Cg-cyclic hydrocarbons within the small micro-
pores of nMOEF-801.

However, in the case of PtCnUiO-67 catalyst having the
largest micropores, Cgq-cyclic hydrocarbons were produced
easily as observed over the PtCnUiO-66 catalyst (Figure 3B).
The different product selectivity between PtCnUiO-66 and
PtCnUiO-67 might originate from the local concentrations of
reactant and H, inside the nMOF nanocrystals. The catalytic
activity data based on the number of Pt sites is shown in Figure
3C. The height of the bar in Figure 3C is the conversion rate of
MCP (h™"), which increased progressively with the increase of
micropore size. Each bar can be deconvoluted to the product
formation rate by multiplying the product selectivity with total
TOF of MCP. Among the three catalysts, PtCnMOF-801,
PtCnUiO-66, and PtCnUiO-67 produced the largest yield to
isomers (57.3 h™'), cyclohexane (19.1 h™'), and benzene (51.4
h™'), respectively.

The harsh reaction conditions and temperature employed to
study these reactions prompted us to examine the recyclability
of the catalysts and its performance. The recyclability of
PtCnUiO-66 is shown in Figure 4A for three consecutive runs
under the same reaction conditions expressed above. It is clear
from the similarity in TOF numbers that this catalyst construct
is stable. The spent catalysts were also evaluated by
characterization using PXRD, TEM, and digested NMR.
Again, we find that the catalyst is robust and maintains its
mononanocrystallinity and morphology after the reaction
(Figure 4B,C). The spent catalysts were digested by dissolving
it in aqueous HF and analyzed by solution '"H NMR in DMSO-
d6 (Figure 4D). It is clear from the NMR that only the acidified
organic link (1,4-benzenedicarboxylic acid) and terminating
acetic acid units are shown with no evidence of any other
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Figure 4. (A) Recyclability of PtCnUiO-66 (no significant changes in product TOF are shown over three times catalytic runs). (B) PXRD patterns
of PtCnUiO-66 before (blue) and after reaction (red). (C) TEM image of PtCnUiO-66 after reaction. (D) 'H NMR spectrum of digested

PtCnUiO-66 after reaction.

residues that may have deposited inside the catalyst structure
after the reaction.

The principal findings of this study clearly indicate that it is
possible to make MOF nanocrystals around Pt NCs with the
MOF being in monocrystalline form, (PtCnMOF),,nocrysta and
that such a construct can be used as a catalyst capable of
lowering the temperature of C—C and C—H bond activation
reactions by 100 °C and favorably altering product selectivity.
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Synthesis of catalytic materials, their characterization, and
supplementary catalytic reaction results. This material is
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