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Enhanced catalytic performance of palladium
nanoparticles in MOFs by channel engineering

Zhiying Fan,’ Lena Staiger,' Karina Hemmer," Zheng Wang,” Weijia Wang,® Qianjie Xie,”
Lunjia Zhang,® Alexander Urstoeger,* Michael Schuster,* Johannes A. Lercher,> Mirza Cokoja,’*

and Roland A. Fischer':6.7.*

SUMMARY

The embedding of metal nanoparticles in MOFs is highly relevant in
catalysis research. The MOF matrix prevents the NMP agglomera-
tion. Furthermore, the MOF can easily be functionalized to design
an optimal chemical environment for the benefit of a catalytic reac-
tion. We report on a series of metal@MOF materials, namely
Pd@CuBTC and Pd@CuBTC-C,ip, consisting of the structural proto-
type CuBTC (= [Cu3BTC,]; BTC = benzene-1,3,5-tricarboxylate). Pd
NPs were incorporated by rapid “bottle-around-the-ship’ encapsu-
lation. Regulation of the microenvironment around the Pd NPs by
using alkoxy-functionalized fragmented linkers H,C,ip (n = 3, 6,
10) allows to adjust the hydrophobicity. These modifications signif-
icantly improve the catalytic activity for alkene hydrogenation
compared with Pd@CuBTC. Our work suggests that the “channel en-
gineering,” i.e., the introduction of hydrophobic alkyl chains to the
MOF linkers, increases the interactions with non-polar substrates,
leading to a facilitated substrate diffusion in the host, which is an
efficient way to optimize the metal @MOF catalysts.

INTRODUCTION

Metal nanoparticles (MNPs) have gained substantial interest for catalytic applica-
tions due to their large surface area-to-volume ratios and their catalytic properties
compared with bulk metal." However, free-standing MNPs are very prone to
agglomerate during a catalytic reaction. To prevent this, stabilizing them onto solid
supports, such as metal oxides, is a widely used approach in industry and laboratory
studies, especially for those reactions that are being carried out under harsh condi-
tions.”® However, the metal-support interfacial interaction is restricted, which often
results in MNPs segregating and leaching. In this regard, encapsulating MNPs into
crystalline porous materials has been recognized as a promising route for stabilizing
nanosized particles and strengthening the interaction between the active MNPs and
the host matrix.”~'% In addition, the porosity of the support can be exploited as an
efficient substrate transportation path owing to the interconnected nanopores or
nanochannels, leading to a substrate enrichment inside the porous materials by a
capillary effect, thus accelerating the catalytic activity.""

The appropriate selection of porous host materials is of paramount importance in
MNP encapsulation. MOFs consisting of metal ions/clusters and organic linkers
are excellent MNP hosts due to their extraordinary high porosity, high surface areas,
and tunable crystal structures and compositions.'*”'® The chemical environment
around the encapsulated MNPs can be tailored via channel engineering of the
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Scheme 1. Schematic illustration of the encapsulation processes of Pd NPs into CuBTC and CuBTC-C,ip

MOF matrices, e.g., the substitution of metal clusters and/or the introduction of
functionalized linkers in isoreticular MOFs."”~?? On one hand, the catalytic perfor-
mance of MNPs can be improved by tuning the interfacial interactions between
MNPs and MOFs since it strongly relies on the electronic properties of the metal.
On the other hand, modifying MOFs with different functional groups can also tune
the wettability of the surfaces and hence increase the interactions of the MOF with
hydrophobic substrate molecules within the framework. Thus, the interactions be-
tween the mobile reactants and the heterogeneous catalysts can be changed,
thereby affecting the catalytic properties of the hybrid materials. Recently, Jiang
and co-workers encapsulated Pd NPs (0.8-2 nm) in a MIL-101-NH; MOF, and then
modified perfluoroalkyls onto the side -NH; groups of organic linkers by the post-
synthetic method. The resulting materials showed higher activity and selectivity to
the dehydrogenation coupling of organosilane and hydrogenation of halogenated
nitrobenzenes, which could be attributed to the altered interactions between Pd
and MOFs and promoted substrate accumulation.”’ Nevertheless, as the length of
the perfluoroalkyl chain was further increased, the activity decreased significantly.
Modification of MOF ligands with functionalized side chain has been developed
as an efficient way to tune the catalytic properties of MNPs@MOF composites; how-
ever, it was found that this strategy often leads to a dramatic reduction in the specific
surface area and pore size, which could be undesirable for catalysis.'”*"*?

To avoid this, we investigated the in situ "bottle-around-the-ship” incorporation of
pre-formed Pd NPs into defect engineering-modified CuBTC (also known as
HKUST-1 or MOF-199, BTC [benzene-1,3,5-tricarboxylate]) by rapid room tempera-
ture synthetic method within 1 min reaction time.?* A series of alkoxy-functionalized
fragmented linkers H,C,ip (n = 3, 6, 10) were employed to replace part of pristine
linkers (H3BTC) to form defect-engineered CuBTC (Scheme 1), by which the poros-
ities of MOF materials could be tuned efficiently without reducing the specific surface
areas. Even generating larger pores in the frameworks is possible, which is favorable
for the transportation of substrates. In addition, the ultrafast room temperature syn-
thesis of Pd-loaded MOF composites can avoid the growth and agglomeration of Pd
NPs under high temperature for the long period needed for traditional solvothermal
synthesis. The hydrogenation of styrene, which is an exemplary reaction catalyzed by
Pd NPs,”>?” was selected to evaluate the enhancement of the catalytic performance
of PA@CuBTC-C,ip composites by introducing fragmented, functional groups.

RESULTS AND DISCUSSION

Synthesis and characterization of PdA@CuBTC composites
Pd@CuBTC and Pd@CuBTC-C,ip composites were prepared by assembling MOFs
around the pre-formed Pd NPs with a mean size of ~2.4 nm (see the supplemental
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Figure 1. Characterization of PdA@MOFs
(A) PXRD patterns of simulated CuBTC, Pd@CuBTC, and Pd@CuBTC-C,,ip samples (n = 3, 6, 10).
(B) N, adsorption isotherms.

(C) DFT pore size distribution (PSD) curves of PdA@CuBTC and Pd@CuBTC-C, ip samples (n = 3, 6, 10).

information, Figure S1). We utilized an approach of rapidly synthesizing Cu-MOF at
room temperature with a layered (Zn, Cu) hydroxy double salt as the intermediate to
prepare the MOF hosts, which can avoid the agglomeration of Pd NPs typically faced
under the elevated temperatures and long reaction times of traditional solvothermal
methods. The successful incorporation of modified linkers in PdA@CuBTC-C,ip com-
posites was confirmed by "H NMR (nuclear magnetic resonance) spectroscopy of the
digested samples in DCI/D,0O (Figure S2; Table S1). The PXRD results show that the
diffraction peaks of the Pd@CuBTC and Pd@CuBTC-C,ip materials with low modi-
fied linker incorporation (~10%) match well with the simulated CuBTC, indicating
the identity of the as-synthesized composites (Figure 1A). For all synthesized hybrid
materials, the Pd loading was very similar, i.e., within a range of 0.88-0.99 wt %
(Table S2; Note S1). Hence, we conclude that the incorporation of Pd NPs does
not depend on the nature of the linker. In Figure 1A, peaks of Pd NPs were not
observed, which can be attributed to the low Pd loading and small nanoparticle
size. A further increase of the doping ratio of modified linkers to the total linkers
to ~20% (take the Pd@BTC-Cqoip as the represented sample) leads to a very
poor crystallinity of the obtained hybrid materials (Figure S3). The decrease of crys-
tallinity is not conducive to studying the influence of the chemical environment of the
host material; therefore, we only investigated the catalytic performance of
Pd@CuBTC-C,ip with ~10% of modified linkers incorporation.

The porosity of CuBTC, Pd@CuBTC, and PdA@CuBTC-C,ip has been investigated by
N sorption at 77 K (Figures 1B and S4A). CuBTC prepared by the rapid room tem-
perature method shows a typical type IV adsorption isotherm with a H4 type hyster-
esis loop, revealing its hierarchical (micro/meso) porosity. The Brunauer-Emmett-
Teller surface area of the PA@CUBTC exhibits a decrease to 1,345 m?/g in reference
to the pristine CuBTC (1,626 mz/g), which can be attributed to the occupation of free
pore space by the Pd NPs. The modified composites PdA@CuBTC-C,ip resultin only a
slight decrease of N, uptake compared with the pristine Pd@CuBTC, which provides
evidence that the introduction of modified linkers into CuBTC does not damage
their structure. The pore size distribution (PSD) of these composites was also pro-
vided (Figures 1C and S4B). The CuBTC samples show similar PSD before and after
Pd NPs incorporation. Compared with Pd@CuBTC, the modified Pd@CuBTC-C,ip
materials exhibit a series of additional peaks at larger width. Incorporating linkers
lacking one ligating site can lead to the formation of structural defects, resulting
in a decrease in specific surface area and the formation of larger pores, which is
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Figure 2. Morphology of PdA@CuBTC-C4oip

(A and B) TEM images with different resolutions.

(C) High-angle annular dark-field scanning transmission electron microscopy image.

(D-F) Elemental mapping images for Cu (green) (D), O (red) (E), and Pd (yellow) (F), respectively.

consistent with the previous literature.”®*° Pd@CuBTC-Cgip with the shortest alkoxy
chain displays the highest proportion of mesopores among the three modified ma-
terials, while the proportion of larger pores of PA@CuBTC-Cgip and Pd@CuBTC-
Cyoip decreased gradually since the longer alkoxy chains occupy more free pore vol-
ume. In most traditional functionalization strategies, the dangling functional groups
or side chains occupy the pores and result in decreasing specific surface area and
pore size, thereby enhancing the diffusion limitation and leading to a decrease in
catalytic activity.”*>" In contrast, after functionalization our samples have compara-
ble surface areas and larger pore sizes in comparison with the PdA@CuBTC, which is
desirable for the transportation of substrates and products.

To investigate the sizes and dispersion of the encapsulated Pd NPs in Pd@CuBTC
and Pd@CuBTC-C,ip composites, high-resolution transmission electron microscopy
(HR-TEM) was carried out. Pd NPs with sizes significantly larger than the 2.4 nm of the
pre-formed Pd NP were not observed (Figures 2B and 2C), indicating that this syn-
thetic method can prevent the growth and agglomeration of Pd NPs. Importantly,
no NPs were detected at the MOF particle outer surface, thus indicating the selective
incorporation of the Pd NPs into the MOF framework and the volume of the MOF
particles. The elemental energy dispersive X-ray mapping of the selected sample
confirms that the Pd NPs are uniformly distributed in the entire MOF particle (Figures
2D-2F). The TEM images of PdA@CuBTC and Pd@CuBTC-C,ip (n = 3, 6) are shown in
the Figure S5. We also prepared a reference sample with the same structure and
composition using the traditional solvothermal method at 80°C (denoted as
PAd@CuBTC-C4ip-ST; Figure S6).%? The TEM images of Pd@CuBTC-C1ip-ST show
that the size of the pre-synthesized Pd NPs grow to more than 10 nm (Figure S7),
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Figure 3. Reaction profile for the hydrogenation of styrene to ethylbenzene catalyzed by
Pd@CuBTC and Pd@CuBTC-C,ip MOFs

Reaction conditions: the activated Pd@MOF catalyst (0.06 mol %), the substrate, and mesitylene
(internal standard) in 0.4 mL of toluene-d8, 1.0 bar Hy, room temperature.

demonstrating that the Pd NPs agglomerated before the MOF formation under high
synthesizing temperature. Hence, for ensuring small MNP sizes in the MOF hybrid
material, the herein applied, rapid low temperature synthesis method is required.

Alkene hydrogenation activity of PdA@CuBTC composites

The catalytic activity of PdA@CuBTC and Pd@CuBTC-C,ip composites in the hydro-
genation reaction of various alkenes was studied. We first chose styrene as a model
substrate (Figure 3). For all catalysis reactions, if not stated otherwise, we chose mild
conditions with a partial H, pressure of 1.0 bar and a temperature of 25°C. No hydro-
genation of styrene was observed in the absence of catalyst using pure CuBTC (Fig-
ure S8). Incorporation of Pd NPs yielding PdA@CuBTC leads to a moderate hydroge-
nation rate of 14% after 6 h reaction time. By modification of the MOF linker, all
Pd@CuBTC-C,ip composites increase in activity compared with the unmodified
sample, despite their similar compositions and structures. In detail, the catalytic ac-
tivity of the PdA@CuBTC-C,ip composites increased with the increasing chain length
of the modified linkers. Since in all catalysis experiments shown in Figure 3 the Pd
content as well as the size of the Pd NPs are nearly constant, and the concentration
of the reactants are kept the same, it can be safely stated that the variation in activity
is not caused by these factors. Hence, the reaction rate is of zero order with respect
to the olefin substrate. The different reaction rates can thus be regarded as diffusion-
controlled; with increasing alkyl chain length of the fragmented H,C,ip linker the hy-
drophobicity becomes higher, as does the diffusion of the substrate (see also the
water contact angle measurements with the Pd@CuBTC-C,ip materials below).
Pd@CuBTC-Cgip shows the highest activity, with a styrene conversion of 72.1% in
0.5 h, which is around 55 times higher than that of Pd@CuBTC after the same
reaction time (conversion of 1.3%). No ring hydrogenation products were detected
in any of the reactions shown below. In addition, we compared the TOF value of
3.28 x 10° h~" obtained for Pd@CuBTC-Cgip with other Pd/MOFs composites in
the literature (Figure S9; for the determination of the TOF see the supplemental in-
formation, Note 52).2°72733735 The TOF value that we measured is higher than most
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Table 1. Catalytic hydrogenation of olefins catalyzed by Pd@CuBTC-C,ip

Entry® Substrate Product Conversion (%)°
1 >99

3

>99

MeO

33

O,N

>99

SO
O

&

N >99

6° — 59

“Reaction conditions: the activated PA@MOF catalyst (0.06 mol %), the substrate, and mesitylene (internal
standard) in 0.4 mL of toluene-d8, 1.0 bar Hy, room temperature, 2 h.

®The mixture was analyzed using "H NMR.
“Reaction time: 6 h.

of the previously reported and of the same order of magnitude as the TOF of Pd/
MOF ultra-thin nanosheets, indicating that PdA@CuBTC-Cyip is a heterogeneous
catalyst with high catalytic efficiency for this reaction.

Notably, this method cannot remove the ligand PVP on the surface of the pre-
formed Pd NPs. Several studies showed that the presence of PVP can limit the cat-
alytic activity of MNPs on hydrogenation of unsaturated C-C bonds, since it influ-
enced the available metal surface.’**®* However, we used the same pre-formed
Pd NPs to synthesize the PA@CuBTC and Pd@CuBTC-C,ip materials; therefore,
the PVP should have the same effect on all the Pd-loaded composites, and the pres-
ence of PVP would not conflict with studying the interaction between PVP-stabilized
Pd NPs and different MOF matrices.

In addition, we expanded the substrate scope for the hydrogenation catalysis. A se-
ries of alkenes with different electronic and steric features was chosen to investigate
the crucial factors for a highly active catalyst system. In detail, we chose styrene-
based substrates with electron-donating/electron-withdrawing groups and also a
linear aliphatic alkene. All substrates were hydrogenated efficiently after 2 h reaction
time showing that the additional functional groups in the para position do not influ-
ence the catalyst activity (Table 1, entries 1-5). Neither electron-donating nor elec-
tron-withdrawing substituents affect the hydrogenation rate, which again speaks for
the alkyl groups of the C,ip linkers being a dominant influence on the substrate
transport to the catalyst and hence, on the activity. In addition, the hydrogenation
of the alkene with a larger molecular size was also tested to prove the molecular
sieving effect of the MOF host. The hydrogenation of the highly sterically
demanding substrate cis stilbene shows a strongly decreased conversion, which
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Figure 4. Images of the water contact angle
(A) Measured on CuBTC.

(B) Measured on CuBTC-Csip.

(C) Measured on CuBTC-Cqip.

(D) Measured on CuBTC-Cypip.

points to a limitation of the diffusion due to the size of the substrate, confirming the
literature-known molecular sieving effect of the MOF host structure (Table 1, entry
6).>” The increasing size of the substrates can result in decreased diffusion rates
through  MOF pores, leading to a significant difference in the catalytic
performance.?”*°

To investigate the durability of PA@CuBTC-C,ip catalysts, Pd@CuBTC-Coip was
selected as the representative to perform the recycling tests. The structural integrity
was maintained and the Pd NPs were not agglomerated after the catalytic reactions,
as confirmed by PXRD and HR-TEM measurements (Figures S10 and S11). Fig-
ure S12A shows that Pd@CuBTC-Cgip was efficiently recycled four times. Catalyst
leaching during catalysis can be excluded as removal of the heterogeneous
Pd@CuBTC-Cgip composite by syringe filtration after 10 min reaction time resulted
in no further conversion of the substrate (Figure S12B). Hence, the incorporation of
the Pd NPs into our host MOF framework is an effective way to benefit from catalyst-
host interactions and reveals a highly stable and robust catalytic system.

Controlling the environmental wettability of the catalytically active sites is well known
in the literature to be important for tuning the interactions between heterogeneous
catalysts and substrates, which directly influences the catalytic performance.”*"~**
To investigate the effects of the environmental wettability surrounding Pd NPs on their
catalytic properties, water contact angle measurements were carried out on the
CuBTC and CuBTC-C,ip MOF supports. In Figure 4, the water contact angle is
increased with lengthening the alkoxy chain progressively and follows the order of
CuBTC (14.9°) < CuBTC-Csip (45.4°) < CuBTC-Cyip (51.8°) < CuBTC-Cypip (60.7°),
which is consistent with the different catalytic activities (Figure 3). These results indi-
cate that the integration of hydrophobic long alkoxy chains into the MOF materials
leads to a reduction of the hydrophilicity of the MOF. The higher hydrophobicity in
turn leads to a higher diffusion rate of the substrate inside the MOF channels and to
a higher catalytic activity of the MNPs@MOF composites.*>*¢

In addition, we have investigated a potential interaction of the oxygen atoms of the
alkoxy functionalities with the surface of the Pd NPs, since it has been reported that
interactions between MNPs and MOFs can regulate the electronic/catalytic proper-
ties of MNPs."”*"*” To probe the possible electronic states of encapsulated Pd NPs,
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Figure 5. Deconvoluted XPS spectra of the CuBTC@Pd and CuBTC-C,,ip@Pd in the Pd 3d region
Overview of the XPS analysis of the Pd region in the samples that were prepared by the ship-in-the-
bottle approach, i.e., the impregnation of Pd NPs in the pre-formed MOFs.

X-ray photoelectron spectroscopy (XPS) of the catalysts was conducted. However, in
all Pd@CuBTC-C,ip samples no XPS signal for Pd 3d was observed (see Figure S13;
Pd@CuBTC-Cypip as representative sample), indicating that the Pd NPs were encap-
sulated in the MOF instead of being retained on the surface, or that the Pd NPs con-
tent on the surface was very low."® Therefore, for the measurement of the Pd binding
energy, we chose a different ship-in-the-bottle synthesis route for Pd NPs supported
on CuBTC by mixing Pd NPs with pre-formed pristine and modified CuBTC (denoted
by CuBTC@Pd and CuBTC-C44ip@Pd), which would ensure a higher concentration of
Pd NPs on the MOF surface for the sake of XPS measurements.*'*” As shown in Fig-
ure S14, the Pd 3dbinding energies of the supported Pd NPs shifted to higher values
compared with the Pd colloids, indicating an interaction of the Pd NPs with the MOF
host. The presence of Pd(ll) is attributed to the partial oxidation of Pd(0) in air,*?
which is particularly pronounced for the colloidal Pd NPs, showing that the sup-
ported Pd NPs exhibit a lower affinity toward oxidation. In comparison to
CuBTC@Pd, the Pd 3d binding energies for CuBTC-C,ip@Pd showed a very slight
shift to lower values, which can be assigned to the interaction of alkoxy groups of
the MOF linkers with the Pd NPs (Figure 5).'® In addition, we examined the
CuBTC@Pd, CuBTC-C;ip@Pd, and CuBTC-C14ip@Pd samples for their catalytic ac-
tivity in the hydrogenation of styrene. The results showed that the catalytic activity of
the MOFs@Pd composites is significantly lower than that of the Pd@CuBTC-Cqip
discussed above. The relative activities follow the order of CuBTC@Pd < CuBTC-
C3ip@Pd < CuBTC-C10ip@Pd (Tables S3 and S4), which is similar to the trend in
the series of the PdA@CuBTC-Cypip materials; however, the trend is by far less pro-
nounced than in the Pd@CuBTC-Cqgip series (Figure 3). Compared with the
Pd@CuBTC-Cgip samples, the lower activity of CuBTC-C4oip@Pd most likely origi-
nates from the different ship-in-the-bottle synthesis procedure, affording large ag-
glomerates of the Pd NPs in the case of CuBTC(-C4gip)@Pd samples. It cannot be
excluded that the change of Pd electronic densities in CuBTC(-C1ip)@Pd could in-
fluence the interaction between the reactants and the catalyst surface, which could
be responsible for the slight activity difference within the series. However, due to the
different environment and size of the Pd NPs in this case, it is difficult to draw such
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conclusions for the activity of the PA@CuBTC-C;ip materials, for which it appears
that the dominating effect for the different catalytic activities is the interaction of
the alkoxy groups of the MOF linker with the olefin substrate.

In summary, we have shown a rapid room temperature synthesis approach to pre-
pare a series of Pd-loaded isoreticular CuBTC composites equipped with alkoxy
groups of various chain lengths to modulate the pore microenvironment, by which
the growth of Pd NPs under the traditional solvothermal approach can be avoided.
The hydrogenation of styrene has been selected as an exemplary reaction to study
the catalytic properties of PdA@CuBTC and Pd@CuBTC-C,ip. Pd@CuBTC-Cip ex-
hibited significantly enhanced activity compared with the pristine PdA@CuBTC, and
the catalytic performance of the Pd@CuBTC-C,ip composites increases with the
increasing chain length of the modified linkers. Among them, Pd@BTC-Cgip has
the highest activity, and also shows excellent conversions toward other terminal al-
kenes. The high catalytic activity of Pd@CuBTC-C,ip (compared with the
Pd@CuBTC) is assigned to (1) the integration of hydrophobic functional groups
into the MOF materials enhances the affinity of the metal @MOF-type catalyst for hy-
drophobic reactants, (2) the modified charge transfer between Pd NPs and the
CuBTC host matrix, which can regulate the catalytic properties of Pd NPs, and (3)
the hierarchical porosity and the presence of larger pores, which is favorable for
the transportation of substates and products. Among the Pd@CuBTC-C,ip samples,
the porosities of the MOF hosts and the electronic properties of the encapsulated Pd
NPs are similar, but their catalytic performance increases with the increasing chain
length of the modified linkers. Therefore, we presume the dominant factor of the
high catalytic activity of Pd@CuBTC-C,ip could be the change of wettability. In sum-
mary, our results suggest that the internal surface microenvironment regulation of
the MOF pore structure by ligand functionalization is an effective approach to design
MOF-based catalysts. Future studies could focus on a deeper investigation on the
interactions between substrate, NP, and MOF host structure in order to gain a better
understanding of the crucial factors responsible for a highly active catalytic system.

EXPERIMENTAL PROCEDURES
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and will be fulfilled by the lead contact, Roland A. Fischer (roland.fischer@tum.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The authors declare that the data supporting the findings of this study are available
within the article and supplemental information. All other data are available from the
lead contact upon reasonable request.

Materials and equipment

All chemicals for MOFs synthesis (except linkers H,C,ip) and catalytic reactions were
purchased from commercial suppliers and used without further purification. All dried
MOF materials were stored under argon in a glovebox. Powder X-ray diffraction
measurements were performed using a Rigaku MiniFlex 600 equipped with a Rigaku
D/teX Ultra2 detector at 298 K. Gas physisorption measurements were performed
on a Quantachrome Autosorp Q2 surface analyzer. "H NMR spectra were recorded
on a Bruker AV400US spectrometer at 400 MHz. Contact angle measurements of
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water drops (WCA) were measured on a KRUSS EasyDrop instrument. TEM and high-
angle annular dark-field scanning transmission electron microscopy analyses were
carried out using a Talos F200X from FEI Corporate with an acceleration voltage
of 200 kV. XPS was conducted on a ULVAC-PHI PHI-5000 VPIII analyzer.

Preparation of Pd NPs

PVP-stabilized Pd NPs were synthesized by a microwave-induced reduction of the
Pd(ll) precursor. In detail, 0.018 g K;PdCl, (1.0 equiv, 0.056 mmol) were dissolved
in 60 mL deionized water. After the addition of 0.038 g PVP (2.0 equiv,
0.112 mmol, M,, = 55,000 g/mol) and 5 mL ethanol (EtOH), the reaction mixture
was heated for 5 min in a microwave reactor (80 W, 50°C) to yield a color change
from yellow to brown. Afterward, all volatile compounds were removed, the Pd
NPs redissolved in a mixture of water and diethyl ether (2:1), and centrifuged for
30 min at 7,380 rpm. The supernatant liquids were removed and the particles
were dissolved again in the water/diethyl ether mixture. This procedure was
repeated three times. Finally, the particles were dried under a vacuum overnight.

Preparation of linkers H,C,ip (n = 3, 6, 10)
Linkers H,Cip were synthesized according to a previously reported procedure.' The
NMR characterizations are presented below.

5-Propoxyisophthalic acid (H,Csip): "H (400 MHz, DMSO-dé) 5 13.28 (bs, 2H), 8.07 (t,
1H), 7.63 (d, 2H), 4.04 (t, 2H), 1.75 (m, 2H), 1.00 (t, 3H). 3C NMR (101 MHz, DMSO-
dé) 8 166.89, 159.27, 133.05, 122.56, 119.47,70.01, 22.37, 10.76 ppm.

5-Hexyloxyisophthalic acid (H,Csip): "H NMR (400 MHz, DMSO-dé) 5 13.27 (bs, 2H),
8.07 (t, 1H), 7.63 (d, 2H), 4.06 (t, 2H), 1.73 (m, 2H), 1.42 (m, 2H), 1.31 (m, 4H), 0.87 (q,
3H). '3C NMR (101 MHz, DMSO-dé) 3 166.88, 159.26, 133.04, 122.56, 119.45, 68.53,
31.42,28.93, 25.53, 22.52, 14.34 ppm.

5-Decyloxyisophthalic acid (H,C1oip): 'H NMR (400 MHz, DMSO-dé) 5 13.27 (bs, 2H),
8.07 (t, TH), 7.62 (d, 2H), 4.06 (t, 2H), 1.72 (m, 2H), 1.41 (m, 2H), 1.23 (m, 12H), 0.84 (¢,
3H). "*C NMR (101 MHz, DMSO-dé) 5 166.89, 159.24, 133.07, 122.57, 119.43, 68.51,
31.76, 29.45-28.95, 25.84, 22.56, 14.39 ppm.

MOF synthesis

Pristine CuBTC (=[Cu3BTC;], HKUST-1) was prepared following the reported
method.?* The modified MOFs CuBTC-C,ip (n =3, 6, 10) were synthesized by using
analogous procedures with slight modification. The synthesis of CuBTC-Cygip is
described here. A total of 59 mg of ZnO powder was dispersed in 2 mL water and
sonicated for 5 min. A total of 348 mg of Cu(NO3),-3H,0 was dissolved in 2 mL wa-
ter, and 151 mg of 1,3,5 benzenetricarboxylic acid (H3BTC) and 18 mg H,Coip were
dissolved in 4 mL EtOH. The ZnO nanoparticle slurries were mixed with 4 mL of DMF,
to which the Cu(NO3),-3H,0 solution was added, and then the ligand solution was
added under stirring. After 1 min the product was collected by centrifugation,
washed with EtOH three times, and then dried in air. The MOF sample was activated
at 120°C overnight.

Pd@MOFs synthesis

The same experimental procedure was employed in the synthesis of materials
CuBTC and Pd@CuBTC-C,ip. The synthesis of PdA@CuBTC-Cip is described here-
in. A total of 59 mg of ZnO powder was dispersed in 2 mL water and sonicated for
5 min; 9 mg of as-synthesized Pd NPs were dissolved in 6 mL DMF, 348 mg of
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Cu(NO3),-3H,0 was dissolved in 2 mL water, and 151 mg of H3BTC and 18 mg
H2Cioip were dissolved in 4 mL EtOH. The ZnO nanoparticle slurries were mixed
with 4 mL of DMF, and Cu(NO3),-3H,0 solution, Pd NPs solution, and ligand solu-
tion were sequentially added to it under stirring. After 1 min the product was
collected by centrifugation, washed with EtOH three times, and then dried in air.
The MOF sample was activated at 120°C overnight.

MOFs@Pd synthesis

In a typical procedure, 100 mg of as-synthesized MOF was dispersed in 10 mL DMF
and sonicated for 5 min; 1 mg of as-synthesized Pd NPs was dissolved in 1 mL DMF
and then added to the MOF/DMF mixture. The resulting mixture was stirred for 2 h,
and then collected by centrifugation, washed with DMF and EtOH, and then dried in
air. At last, the MOFs@Pd composites were activated at 120°C overnight.

Catalytic reactions

All catalysis experiments were carried out under an inert atmosphere and mesitylene
was chosen as the internal standard. In a typical procedure, the activated PdA@MOF
catalyst (0.06 mol %), the substrate (0.13 mmol), and 0.4 mL of toluene-d8 with the
internal standard were added into a J. Young NMR tube. This solution was purged
with 1.0 bar H, and continuously shaken at room temperature. The mixture was
analyzed by "H NMR at specific time intervals.

For recycling experiments, the mixture was allowed to stand for several hours, and
then the supernatant was decanted. The catalyst was washed with EtOH and dried
at 100°C in an oven, and then reused by adding fresh solvent and substrate. To avoid
unobservable deactivation caused by too long reaction time, the reaction time of the
recycling tests was 1.5 h.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100757.
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