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ABSTRACT: Uniform core—shell PA@IRMOEF-3 nano-
structures, where single Pd nanoparticle core is surrounded
by amino-functionalized IRMOF-3 shell, are prepared by a
facile mixed solvothermal method. When used as multi-
functional catalysts, the Pd@IRMOEF-3 nanocomposites
exhibit high activity, enhanced selectivity, and excellent
stability in the cascade reaction. Both experimental
evidence and theoretical calculations reveal that the high
catalytic performance of Pd@IRMOF-3 nanocomposites
originates from their unique core—shell structures.

etal—organic frameworks (MOFs), which are synthesized
by self-assembly of metal ions or clusters with polytopic
organic linkers," have been attracting much attention in
heterogeneous catalysis due to their intriguing features including
extraordinarily large surface area, well-defined pore structure,
easy tailorable chemistry, and high acid—base catalytic activities.”
Unfortunately, previous works are mainly focused on inves-
tigation of single-step reaction using MOF-based catalysts,™> and
the multistep cascade reactions are rarely reported, though such
reactions are extremely important for sustainable synthesis with
lower cost, fewer chemicals, and less energy consumptions.4
To implement the high-efficient cascade reactions, a plausible
way is to integrate two components of different catalytic
functions like MOFs and noble metal nanoparticles (NPs) into
asingle nanostructure.” Among various composites of MOFs and
noble metal NPs developed, the obtained structures are generally
characteristic of noble metal NPs either onto the outside of
MOFs**® or into the pores of MOFs.>~* In the former case, the
noble metal NPs attached on the MOF surfaces have high surface
energy and tend to migrate and aggregate into larger particles,
leading to loss of the catalytic activity during continuous
reactions. While in the latter case, the size, shape and spatial
distribution of noble metal NPs embedded in the MOFs are
hardly controlled, and furthermore incorporation of NPs inside
the MOF pores would block the mass transport of both reactants
and products, giving rise to low and unreliable catalytic activity.®
Therefore, it is highly desirable to develop novel ways to
construct the well-defined noble metal NP/MOF nanostruc-
tures, which not only make the noble metal NPs well dispersed
and against migration and aggregation but also guarantee the
MOF pores accessible for both reactants and products.”
In this work, we propose that the uniform core—shell
nanostructures composed of the Pd NP core® and the amino-
functionalized isoreticular MOF-3 (IRMOE-3) shell’ could be
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used as the multifunctional catalysts for the cascade reactions
(Scheme 1). The model cascade reaction is designed as

Scheme 1. (a) Synthetic Route for the Core—Shell Pd@
IRMOE-3 Hybrids via the Mixed Solvothermal Method and
(b) Model Cascade Reactions Involving Knoevenagel
Condensation of A and Malononitrile via the IRMOF-3 Shell
And Subsequent Selective Hydrogenation of Intermediate
Product B to C via the Pd NP Cores
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Knoevenagel condensation of 4-nitrobenzaldehyde (A) and
malononitrile'® into 2-(4-nitrobenzylidene)malononitrile (B)
via the alkaline IRMOEF-3 shells, followed by selective hydro-
genation of —NO, group of the intermediate products B by the
Pd NP cores (Scheme 1b). The reason to study this cascade
reaction is that the target product, 2-(4-aminobenzylidene)-
malononitrile (C), has been known as a key intermediate in the
synthesis of dyes and antihypertensive drugs.'' Impressively,
such a novel type of core—shell PA@IRMOEF-3 catalyst exhibits
superior catalytic performance compared with the supported Pd/
IRMOF-3 hybrids.

In brief, synthesis of core—shell PdA@IRMOF-3 nanostructures
involves the dissolution of precursors Zn(NO,), and 2-amino
terephthalic acid (NH,-H,BDC) in the mixed solvent containing
polyvinylpyrrolidone (PVP), N,N-dimethylformamide (DMF),
and ethanol, followed by addition of presynthesized Pd NPs and
subsequent solvothermal treatment. The morphology and
structure of as-prepared Pd@IRMOEF-3 nanocomposites are
first investigated by different characterization techniques, and
several important features can be distinguished: (1) The
products are of the monodisperse spherical shape (Figure la)
with the typical core—shell structure (Figure 1b,c), for which a
Pd NP core of ~35 nm in diameter is coated with a uniform
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Figure 1. (a) SEM image of the core—shell PA@IRMOF-3 nano-
composites. (b) TEM image of the nanocomposites. (c) HAADF-
STEM image and corresponding EDX elemental mapping image of the
nanocomposites. (d) XRD patterns of Pd@IRMOF-3 and pure
IRMOE-3.

IRMOF-3 shell of ~145 nm in thickness (Figure S1). (2) Crystal
structure analysis from powder X-ray diffraction (XRD) pattern
reveals two sets of peaks, which are ascribed to face-centered-
cubic phase of Pd and cubic phase of IRMOF-3 (Figure 1d),*’
respectively. It should be noted that the high-resolution
transmission electron microscopy (HRTEM) images (Figure
$2) of the Pd core and IRMOF-3 shell cannot be clearly
recognized, likely due to the fact that the Pd NP core is
encapsulated by the thick shell and IRMOF-3 is unstable under
illumination of high energy electron beam. 2 (3) Fourier
transform infrared (FTIR) spectrum (Figure S3) further shows
that the characteristic —OH stretching frequency in the
carboxylic acid group of the NH,-H,BDC linker centered at
2970 cm™! disappears after formation of the PA@IRMOF-3
nanocomposites, suggesting occurrence of the coordination
interaction between Zn>* ions and carboxylic acid group of NH,-
H,BDC to form IRMOF-3. In addition, two peaks at around
3450 and 3350 cm™, attributing to the asymmetric and
symmetric stretching absorptions of primary amine group, 10b
can be clearly discerned. This result indicates that the amino
groups in the IRMOF-3 products are fully retained. Evidently,
using the facile mixed solvothermal method is an effective way to
construct the well-defined core—shell PA@IRMOF-3 nano-
composites.

The detailed formation mechanism of the core—shell Pd@
IRMOF-3 nanostructures is elucidated by a series of control
experiments including variation of PVP amount, ethanol/DMF
ratio, and crystallization time. Figure S4 discloses that PVP not
only functionalizes as the stabilizers to make the Pd NPs well
dispersed but also provides the affinity to adsorb IRMOEF-3
precursors onto the Pd NP surfaces via coordination interaction
between the pyrrolidone rings (C=0) and Zn®" ions as well as
hydrophobic interaction between the apolar groups of PVP and
the NH,-H,BDC organic linkers.®® The mixed solvent is found
to be another key to generate core—shell Pd@IRMOEF-3
nanostructures. As shown in Figures S5 and S6, in pure ethanol
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solution there is no IRMOEF-3 to be formed, while free IRMOF-3
submicrospheres are produced in pure DMF solution. As
comparison, when the mixed solvent of ethanol and DMF is
used, the nanocomposites of the distinct core—shell structures
are achieved at the volume ratio of ethanol/DMF ranging from
0.5 to 1. This result suggests that the nucleation and growth of
IRMOE-3 shells on the surface of Pd NPs could be effectively
tuned by the mixed solvent method. Finally, the formation
process of the core—shell PA@IRMOF-3 nanostructures is
explored by changing their crystallization time (Figure 2). At
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Figure 2. TEM images of the products at various crystallization time: (a)
120, (b) 160, (c) 180, and (d) 240 min and (e) corresponding XRD
patterns. (f) Scheme of the formation process of core—shell Pd@
IRMOE-3.
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reaction time of 120 min, the solution remains clear, and only
bare Pd NPs exist (Figure 2a). With the crystallization time is
extended to 160, 180, and 240 min (Figure 2b—d), the core—
shell nanostructures are obtained, and the shell thicknesses are
increased from 30 to 145 nm accompanied with evolution of the
shells from amorphous to highly crystalline nature (Figure 2e,f).
Such structural transformation is also observed in crystallization
of MIL-89(Fe)." In addition, no matter how the experimental
conditions are changed, there are no obvious changes in the size,
shape, and structure of Pd NP cores (Figure 2) in respect to the
original Pd NP seeds (Figure S7), providing us the opportunity
to control the geometrical parameters of the cores.

The activity of the core—shell PdA@IRMOF-3 nanocomposites
as the multifunctional catalysts is evaluated using the cascade
reactions (Scheme 1). The contrast samples including bare Pd
NPs, pure IRMOF-3, and supported Pd/IRMOEF-3 (Figures S7—
S9, respectively) are also tested under the same reaction
conditions, and the physiochemical properties of different
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samples are tuned to be close with each other (Figures S1, S7—
$10, and Table S1). For instance, the content of 35 nm Pd NPs in
both the PA@IRMOF-3 and the Pd/IRMOEF-3 is kept the same
(~2% by weight), and the average diameters are ranged from 326
nm to 341 nm for different samples. N, physisorption
measurements reveal that all samples investigated display the
typical type I nitrogen sorption isotherms with the steep increase
in N, uptake at low relative pressure (<0.01). Furthermore, they
have the same two types of micropores that are dominantly
composed of those of 1.03 nm in diameter along with small
percentage of 1.99 nm (Figure S10 and Table S1), suggesting
that the introduction of the Pd NP cores does not change the
pore size distribution of IRMOEF-3 shells. Brunauer—Emmett—
Teller (BET) surface area analysis demonstrates that the specific
surface areas are 828 m* g~' for PA@IRMOF-3 and 795 m” g™!
for Pd/IRMOE-3, both of which are lower than that of 918 m?
g~! for pure IRMOF-3 due to the presence of Pd NPs in the
former two samples (Table S1).**

Table 1 summarizes the catalytic performance of different
samples for the cascade reactions. As for the Knoevengel

Table 1. Cascade Reactions of Knoevenagel Condensation
Coupling with Selective Hydrogenation Reactions Catalyzed
by Different Catalysts®

form.? conv.”
(%) (%) sel. (%)
By

samples (%) B C D E
Pd@IRMOF-3 100 100 100 86 8 6
Pd/IRMOE-3 100 100 100 71 24 S
IRMOEF-3 100 100 0 0 0 0
Pd NPs? 26 26 - - - -
Pd NPs® - - 82 68 32 0
blank 26 26 - - - -

“Reaction conditions: A (0.2 mmol), malononitrile (0.21 mmol),
catalyst (10 mg) (see the Supporting Information). bB is formed via
the condensation reaction. “Formed B is converted via the
hydrogenation reaction. “For Knoevenagel condensation alone. 0.2
mmol B is used as the raw material for the hydrogenation reaction.
/No catalysts are used for the cascade reactions.

condensation of A and malononitrile, the carbon—carbon
coupling happens to form B. Subsequent hydrogenation of the
intermediate product B is complex, and both —NO, and C=C
groups are likely involved. As a result, except for the target
product of C, the byproducts like 2-(4-nitrobenzyl)malononitrile
(D) and 2-(4-aminobenzyl)-malononitrile (E) are also gen-
erated. When IRMOF-3 is used as the alkaline catalysts for the
Knoevengel condensation, A is completely converted into B;
however, no activity for the hydrogenation process is found
(Table 1, entry 3). On the contrary, bare Pd NPs demonstrate no
activity for the Knoevengel condensation when eliminating the
effect of the organic solvents used" (Table 1, entries 4 and 6),
but they can catalyze the hydrogenation of raw material B, ~82%
of which is converted to C and D with the selectivity of 68% and
32% (Table 1, entry S), respectively. Furthermore, density
functional theory (DFT) calculations also indicate that it is more
favorable for selective conversion of B to C rather than D over
bare Pd NPs based on Gibbs free energy minimization (Figures
$11-S13). Different with bare Pd NPs and pure IRMOF-3, both
Pd@IRMOEF-3 and Pd/IRMOF-3 can catalyze the cascade
reactions effectively, however, the compositions of final products
are remarkably different, highlighting the importance of the
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structural design on the nanocatalysts.'® For core—shell Pd@
IRMOF-3 nanocatalysts, the hydrogenation selectivity of B to C,
D and E is 86%, 8%, and 6% (Table 1, entry 1; Figure S14),
respectively; as comparison, the corresponding selectivity is 719%,
24%, and 5% for conventional supported Pd/IRMOEF-3 catalysts
(Table 1, entry 2). Why the enhanced catalytic selectivity of B to
C can be obtained using the core—shell nanostructures? To
understand the reason, the corresponding DFT calculations are
preformed. Reactant A is a linear molecule (1.03 X 0.72 nm)
(Figure S15a), and its selective conversion is substantially
affected by the group-selective adsorption on the catalyst
surfaces. The —NH, groups on the surface of IRMOF-3 show
an energetically preferable interaction with the —NO, groups of
A, 7.83 kcal mol™" lower than that of the C=0 groups of A
(Figure S16). Accordingly, when the core—shell PA@IRMOF-3
hybrids are used as the catalysts, A prefers entering into the
nanostructures with the —NO, group ahead. After entering, the
pore dimension of the core—shell nanostructures becomes
another important factor in determining the selectivity of C. To
testify the pore effect, both a shorter molecule, 4-nitro-1-butene
(0.87 X 0.53 nm) as an alternative for B, and a longer substrate, 4-
nitrocinnamaldehyde (1.28 X 0.72 nm) as a replacement for A,
are utilized in the cascade reaction under the same conditions
(Figures S15b,c, S17). When the shorter is used, the selectivity of
4-amino-1-butane and 4-nitro-1-butane is 56% and 44%,
respectively; whereas the selectivity reaches 96% for 2-(3-(4-
aminophenyl)allylidene)malononitrile when the longer is
adopted (Figures S18, $19 and Table S2). It is noticed that the
length of the shorter 4-nitro-1-butene is smaller than the average
pore size of 1.03 nm, and thus it could freely rotate and associate
with amino group on the cavity walls, leading to decrease in the
yield of 4-amino-1-butane. On the contrary, the longer 4-
nitrocinnamaldehyde must keep the constant direction with the
—NO, group ahead inside the IRMOF-3 channels, because its
chain length is considerably larger than the average pore size of
1.03 nm, giving rise to the enhanced selectivity. In addition, the
cracks or grain boundaries may be present in the IRMOF-3 shell,
which offer the possibility of diffusion of the substrate A to the Pd
cores without passing through the IRMOEF-3 channels. To
exclude this effect, a larger substrate, 7-nitroindole-3-carbox-
aldehyde (1.0 X 0.92 nm) is also used to perform the cascade
reaction (Figure S15d). It is clear that only Knoevengel
condensation is carried out completely, while the subsequent
hydrogenation reaction does not happen (Figure $20 and Table
S2). This result suggests that A should preferably migrate
through the pore channels of IRMOF-3 rather than the cracks or
grain boundaries and further discloses that the improved
selectivity of C over D should originate from the unique core—
shell nanostructures. Therefore, construction of the core—shell
Pd@IRMOF-3 nanocomposites not only realizes catalytic
conversion in the cascade reactions but also improves the yield
of the target products compared with the supported catalysts.
Another key parameter to evaluate the catalytic performance is
stability of the catalyst. Figure S21 demonstrates the conversion
of A and the selectivity of intermediate product B to C over five
successive cycles for both PA@IRMOF-3 and Pd/IRMOF-3.
Thanks to the high stability of the amino groups in IRMOEF-3,
both PA@IRMOEF-3 and Pd/IRMOF-3 can catalyze the full
conversion of A during all repeated cycles (Figure S22).
Remarkably, the core—shell PA@IRMOF-3 hybrids can catalyze
hydrogenation of B to C with the same selectivity of ~86% and
exhibit an excellent stability over five successive cycles (Figure
$23a—d). On the contrary, the deactivation occurs over the
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supported Pd/IRMOEF-3, and the selectivity of B to C is gradually
decreased from 71% to 44% due to the migration and sintering of
Pd NPs during the repeated cycles (Figure S23e—h). Evidently,
the core—shell PA@IRMOEF-3 nanocomposites are highly stable
against the migration and sintering of Pd NPs and exhibit
excellent activity, selectivity, and stability for the cascade
reactions with respect to the conventional Pd/IRMOE-3.

In summary, the multifunctional core—shell PdA@IRMOEF-3
nanocatalysts, for which a Pd NP core is coated with uniform
amino-functionalized IRMOE-3 shell, can be readily prepared by
a facile mixed solvent method. Impressively, the core—shell
nanocomposites could effectively and efficiently realize the
cascade catalysis of Knoevenagel condensation of A and
malononitrile to form B via the alkaline IRMOEF-3 shells coupled
with subsequent hydrogenation of the intermediate product B
using the Pd NP cores. Compared with the conventional
supported Pd/IRMOE-3 catalysts, the core—shell PdA@IRMOE-
3 nanostructures show preferential selective hydrogenation of
—NO, groups of the intermediate products B, thus considerably
improving the yield of the target products C. The corresponding
DEFT calculations and experimental evidence disclose that the
characteristic core—shell structures are the origin to improve the
selectivity of the cascade reactions. Furthermore, the core—shell
Pd@IRMOE-3 hybrids are easily recoverable and can be recycled
without loss of catalytic activity in the repetitive reuse cycles.
Such a rational design on the nanocomposites of the noble metal
NPs and MOFs will open up opportunities for design and
fabrication of high-performance multifunctional catalysts.
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