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HIGHLIGHTS

Tunable interaction between
metal nanoparticles with
substrates is desired

Metal@MOF composites
integrate metal nanoparticles with
tunable interaction

Tunable microenvironment
achieved by metal @ MOF via the
MOF wettability modification

Yield & Selectivity

Enhanced activity/selectivity by
modulated microenvironment
and substrate enrichment

surface-covered Pd NPs Pd@MIL-101-NH, Pd@MIL-101-Fy

Achieving free-access metal sites with the ability to regulate interactions with
substrates is highly desired yet remains a grand challenge in catalysis. Herein,
naked Pd nanoparticles were encapsulated inside a metal-organic framework
(MOF), giving PA@MIL-101-NH,. Its activity and selectivity toward de/
hydrogenation reactions can be greatly promoted via the MOF pore wall
engineering to regulate Pd surrounding microenvironment and substrate
adsorption behavior.
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SUMMARY

Creating free-access active sites and regulating their interaction
with substrates are crucial for efficient catalysis, yet remain a grand
challenge. Herein, naked Pd nanoparticles (NPs) have been encapsu-
lated in a metal-organic framework (MOF), MIL-101-NH,, to afford
Pd@MIL-101-NH,. The hydrophobic perfluoroalkyls were post-syn-
thetically modified onto -NH, group to yield Pd@MIL-101-F, (x =
3,5, 7,11, 15), which engineer the MOF pore walls to regulate Pd
surrounding microenvironment and interaction with substrates. As
aresult, both the dehydrogenation coupling of organosilane and hy-
drogenation of halogenated nitrobenzenes show that their activity
and selectivity can be greatly promoted upon hydrophobic modifi-
cation due to the favorable substrate enrichment and regulated in-
teractions between Pd and the modified MOF hosts, far surpassing
the traditional supported or surfactant-protected Pd NPs. We envi-
sion metal NPs@MOF composites would be an ideal platform inte-
grating the inherent activity of well-accessible metal sites with engi-
neered microenvironment via readily tunable MOFs.

INTRODUCTION

Catalysis is closely related to ubiquitous industrial and environmental applications in
our daily life. The essence to achieve high-performance catalysis lies in the develop-
ment of ideal catalysts. Metal nanoparticles (NPs) have been demonstrated to be a
class of important heterogeneous catalysts for a wide scope of reactions.”™ The
regulation of the interaction between substrates and metal NPs has been recognized
to play a central role in catalytic efficiency and selectivity. The surface property mod-
ulation of metal NPs requires the modification of diverse functional molecules on
their surface, which, unfortunately, is unfavorable to the accessibility of active metal
sites and, thus, detrimental to ac*civity.s’7 Therefore, it would be a great target, but it
remains a grand challenge to achieve the desired catalysts, which not only feature
well-accessible metal NP active sites but also possess tunable interactions between
active metal sites and catalytic substrates. Creating hydrophobic microenvironment
around metal NPs is highly desirable to afford special affinity to a variety of hydro-
phobic substrates for improving activity and/or selectivity. Particularly, metal nano-
particulate catalysts with the hydrophobic surface have shown promoted catalytic
performance toward dehydrogenation and hydrogenation reactions, which are com-
mon and important in the industry.®"? In this context, it is expected to achieve two
targets: a hydrophobic environment around metal sites and well-accessible metal
NPs (as active sites) for excellent catalytic performance. To meet this challenge, it
might be an effective solution to isolate surface property modulation of catalysts
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The bigger picture
Regulating the interaction
between active sites and
substrates is of great importance
in catalysis. The common strategy
is to modify the surface of active
sites (mostly, metal nanoparticles/
NPs in heterogeneous catalysts)
with diverse molecules, which,
unfortunately, is unfavorable to
substrate accessibility and, thus,
detrimental to activity. Therefore,
it is highly desired to develop
heterogeneous catalysts featuring
naked metal NPs, which are
simultaneously able to regulate
interaction with substrates. This
puts forward long-standing
contradictory challenges on metal
NP-based catalysts: (1) exposed
active sites, requiring naked metal
surface, for their good
accessibility; (2) functional
molecules around active sites,
affording tunable interaction with
substrates, for enhanced activity
and selectivity. To meet the above
challenges, we judiciously
encapsulate surface-naked metal
NPs into MOFs, achieving tunable
interaction with substrates by
engineering the MOF pore wall
microenvironment.
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Figure 1. Schematic illustration

Pd@MIL-101-NH,

9 pa@viL-101F, @

Schematic illustration showing (top) the traditional synthesis of the surfactant-protected and support-stabilized Pd NPs and (below) the three steps of

the preparation process for PdA@MIL-101-F, in this work.

from active sites (i.e., metal NPs). The porous hosts incorporating metal NPs are
considered to be excellent candidates to achieve the above two targets simulta-
neously: porous materials encapsulate and stabilize naked metal NPs; whereas,
the pore walls can be modified with various functional groups to provide tunable in-
teractions. To this end, a promising class of crystalline porous materials, metal-
organic frameworks (MOFs),"*~?° the structures of which are well defined and can
be readily tailored at the atomic level, would be ideal hosts for metal NPs. It is worth
noting that, although metal NPs stabilized by MOFs have been intensively investi-

2135 the chemical environment modulation of

gated for catalysis in recent years,
MOF pore walls to tailor the catalytic performance of encapsulated metal NPs was
rarely explored.”” > The limited reports have indicated that the functional groups
dangling on the linkers or the metal substitution on the metal-oxo clusters in
MOFs are able to significantly affect the electronic properties of exposed metal
NPs and/or interaction with reactants, producing enhanced catalytic activity and
selectivity.”??*> However, to our knowledge, there has never been a systematic
modulation of the wettability environment of MOF pore walls, via simple organic
linker modification, to regulate the interaction between the guest metal NPs and
substrates for enhanced catalysis.

Bearing the above considerations in mind, a representative mesoporous MOF, MIL-
101-NH;, was employed to encapsulate Pd NPs via the double-solvent method, af-
fording PA@MIL-101-NH; composite. The reactive amino group makes it possible to
modulate the chemical environment of MOF pores from hydrophilic =NH, to hydro-
phobic perfluoroalkyl groups by post-synthetic modification (PSM) (Figure 1). The
MOF crystallity, Pd sizes, and the accessibility of naked Pd sites remain well after
the hydrophobic modification for the MOF. Remarkably, such hydrophobic decora-
tion of pore walls around active Pd NPs significantly boosts the activity toward the
dehydrogenation coupling of the organosilane. Moreover, the hydrophobic
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modification regulates the Pd electronic structure, thereby improving activity and
chemoselectivity in the hydrogenation of halogenated nitrobenzenes. It is worth
noting that, although there have been a lot of reports on hydrophobic modification
of metal NPs, electronic structure regulation of metal catalysts by hydrophobic envi-
ronment engineering remains extremely rare.

RESULTS AND DISCUSSION

The fabrication of Pd@MIL-101-NH, and Pd@MIL-101-F,

The MIL-101-NH,, obtained by functionalization of nitro-groups and subsequent
reduction to amino for MIL-101, formulated CrzX(H,O),O(BDC); (X = F or OH,
BDC = benzene-1,4-dicarboxylate),*’
NPs. MIL-101-NH; features a 3D mesoporous network with ~3 nm cages, high stability,

was employed to incorporate tiny metal

as well as large surface area, suitable for hosting metal NPs. To prevent metal NPs from
depositing on the MOF surface, a double-solvent approach (DSA) was adopted to
introduce Pd?* aqueous solution into the MOF cages,”*? followed by reducing
Pd?* by ammonia borane to afford Pd@MIL-101-NH,. Subsequently, the perfluoroalkyl
anhydride or carboxylic acids, C,F2,:1CO-R(n =1, 2, 3, R = -OOCC,Fz,+1; n =5, 7,
R = —OH), were grafted onto the pore walls of PA@MIL-101-NH, via post-synthetic
modification (PSM) based on the reaction between —NH, and -CO-R groups,“o'42
yielding the products simply denoted as PA@MIL-101-F, (Figure S1).

Characterizations of Pd@MIL-101-NH, and Pd@MIL-101-F,

Powder X-ray diffraction (XRD) profiles suggest that the MOF structure is maintained
well during the preparation of Pd@MIL-101-NH, and subsequent perfluoroalkyl modi-
fication (Figure 2A). The absence of identifiable Pd diffraction peak indicates the
possibly low Pd content and/or small Pd sizes. Nitrogen sorption results at 77 K sug-
gest that, in reference to Pd@MIL-101-NH, (1,849 m?/g), Brunauer-Emmett-Teller
(BET) surface area of the derived Pd@MIL-101-F, presents an apparent decrease to
600-1,500 m?/g, due to the pore space occupation by different lengths of perfluor-
oalkyl chains (Figure S2A). Pore size distribution indicates that the pore space in the
MOF is partly occupied by the introduced perfluoroalkyl chains (Figure S2B). More-
over, the elemental mapping result clearly shows that the introduced perfluoroalkyl
chains are well distributed throughout the PdA@MIL-101-F45 (Figure S3).

The decoration of the hydrophobic perfluoroalkyl groups was probed by Fourier-
transform infrared (FTIR) spectroscopy. Compared to Pd@MIL-101-NH;, two
emerged peaks at 1,665 and 1,219 cm™" are, respectively, corresponding to the
C=0 and C-N bonds of an amide unit in Pd@MIL-101-F, (Figure S4). The results
are supported by X-ray photoelectron spectroscopy (XPS) data. The peak of Pd
3ds/, (335.7 eV)*® presents an apparent shift to ~336 eV in Pd@MIL-101-F, after
modifying the electron-withdrawing perfluoroalkyl groups, implying their successful
introduction and the electron transfer from Pd to modified MOF (Figure S5A). The
new N 1s peak around 400.8 eV appears in the hydrophobic PA@MIL-101-F, (x =
3, 5, 15) due to the formation of the amide unit (Figure S5B).** The linker modifica-
tion can be further supported by digested Pd@MIL-101-F, samples by '“F NMR with
a similar modification ratio (Figure Sé). The Pd content in PA@MIL-101-NH; is 1.1 wt
%, which is slightly decreased to ~0.7-1.0 wt % in PA@MIL-101-F, (Table S1), prob-
ably due to the increased weight of introduced groups and/or slight Pd leaching dur-
ing the modification, while the sizes of Pd NPs (0.8~2 nm) are well retained (Figures
2B, 2C, and S7). The water contact angle of Pd@MIL-101-NH; is ~5°, which signifi-
cantly increases from 50° to 150° along with introducing longer perfluoroalkyl chains
(Figure 2D), clearly demonstrating that the modification enables Pd@MIL-101-F,
very hydrophobic. The hydrophobic behavior of PA@MIL-101-F, is also supported
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Figure 2. Powder XRD patterns, TEM images, and Static water contact angles

(A-C) (A) Powder X-ray diffraction (XRD) patterns for experimental Pd@MIL-101-NH; and Pd@MIL-
101-F, (x = 3,5,7,11,15), and simulated MIL-101 and Pd. TEM images of (B) Pd@MIL-101-NH; and
(C) Pd@MIL-101-F3 as a representative, where the tiny Pd NPs are marked with red circles (scale bar,
20 nm).

(D) Static water contact angles of Pd@MIL-101-NH;, and Pd@MIL-101-F, (x = 3, 5, 7, 11, 15).

by the decreased water vapor adsorption with the increased length of perfluoroalkyl
chains (Figure S8). Remarkably, the facts of Pd NPs located inside the MOFs before
and after perfluoroalkyl modification have been unambiguously verified by taking
Pd@MIL-101-NH; and Pd@MIL-101-F3 as representatives, based on the high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) to-
mography and 3D reconstruction results (Figures 3 and S9; see Videos S1 and S2).

The determination of accessible Pd sites in Pd@MIL-101-NH, and Pd@MIL-
101-F,

To determine the available active Pd sites before and after the post-synthetic modi-
fication, the CO titration experiments for PA@MIL-101-NH,, Pd@MIL-101-F3, and
Pd@MIL-101-F;5 have been carried out. As expected, the Pd@MIL-101-NH; and
Pd @MIL-101-F3 have Pd dispersion of ~50%, corresponding to approximately
2 nm particle diameters, which are comparable to the data (0.8~2 nm) from TEM
observation indicated above (Table S2). The results indicate that the Pd sites inside
the MOF are well accessible, and the number of available Pd sites does remain well
before and after the hydrophobic modification in our catalysts. It is worth noting that
the Pd dispersion (~40%) of PA@MIL-101-F;5 presents a slight decrease even after
grafting the very long perfluoroalkyl chains, where the dispersion is still larger
than that of the Pd/Al,O3-PVP (~5%) because of the blocking of Pd surface by PVP.

Catalytic performance investigation on the dehydrogenation coupling of
triethylsilane with H,O

It is envisioned that such hydrophobic modification of MOF pore walls around Pd
NPs would significantly promote the performance toward catalytic dehydrogenation
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Figure 3. HAADF-STEM images
The representative HAADF-STEM images captured from the video with a series of tilting angles for PdA@MIL-101-F3 sample taken with 2° tilt increment
step from 58° to —56°. The images (from left to right, top to down) are captured at 58°, 56°, 30°, 4°, —22°, and —56°, respectively.

and hydrogenation reactions, which are usually based on Pd catalysts. The dehy-
drogenative cross-coupling (DCC) reactions between organosilanes and water or
alcohols are promising to precisely construct new Si-O bonds via direct Si-H acti-
vation.®*> The dehydrogenation of triethylsilane with H,O to triethylsilanol was
then investigated. The Pd@MIL-101-NH; gave only 50% conversion (Table 1, entry
1). By grafting a short perfluoroalkyl (F3) group, the conversion was slightly
improved to 58% (Table 1, entry 2). Strikingly, the value was elevated to 100%
with Pd@MIL-101-F5 and its turnover frequency (TOFpy) is 1.2 times higher than
Pd@MIL-101-NH, (Table 1, entry 3). Along with further increased chain length,
the conversion inversely decreases, possibly due to the pore size limit and mass
transfer hindrance (Table 1, entries 4-6). The results indicate that hydrophobic
environment around Pd NPs does greatly enhance the catalytic efficiency, while
too long hydrophobic chains might impair the accessibility of Pd active sites.
Almost no conversion can be observed over MIL-101-F3, indicating that both
MIL-101-NH; and the modified perfluoroalkyl chains are inactive but Pd NPs are
the real active sites (Table 1, entry 7). As controls, Pd NPs supported on Al,O3
and Fe,O3 were also synthesized and, respectively, showed 38% and 35% conver-
sions (Table 1, entries 8-9), lower than Pd@MIL-101-NH, and Pd@MIL-101-F,,
probably due to the enrichment effect of triethylsilane in MOFs. Despite the con-
version displayed a slight increase with the Pd/C catalyst (56%), it is much lower
than Pd@MIL-101-Fs (Table 1, entry 10). Moreover, Pd/Al,O3 modified with
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Table 1. Dehydrogenation coupling of triethylsilane with H,O over different catalysts
Et3Si — H(1a) + H,O —Et3Si — OH +H, +others

Entry® Cat. Time (min) Yield (%)? TOFpg (min~")
1 Pd@MIL-101-NH, 5 50 87.1
2 Pd@MIL-101-F5 5 58 127.7
3 Pd@MIL-101-Fs 5 >99 191.6
4 Pd@MIL-101-F, 5 79 189.2
5 Pd@MIL-101-F4; 5 61 146.1
6 Pd@MIL-101-F15 5 44 120.4
7 MIL-101-F5 5 = =

8° Pd/Al,O3 5 38 80.9
9° Pd/Fe,0O3 5 35 74.5
10° Pd/C 5 56 119.1
17> Pd/AlL,O5-PVP 5 31 66.0
12¢ Pd/Al,03-F5 5 40 95.8
13¢ Pd/Al,O3-Fs 5 42 100.6

“Reaction conditions: 0.9 mmol 1a, 10 mg cat., 0.5 mL H,O, 10 mL THF, air atmosphere, 25°C.
bPd content: 0.9 wt %.

°Pd content: 0.8 wt %.

9Catalytic reaction products were analyzed and identified by gas chromatography.

surfactant PVP gave only 31% conversion (Table 1, entry 11). Upon modifying per-
fluoroalkyl chains onto the Pd/Al,O3 surface, the conversion was slightly improved
to 40% or 42% (Table 1, entries 12-13). The solvent effect in this reaction can be
excluded (Table S3). These results clearly show that the created hydrophobic envi-
ronment around Pd NPs, via MOF modification, gives much superior activity to the
traditional Pd catalysts with or without further modification.

The triethylsilane liquid-phase adsorption over Pd@MIL-101-NH, and
Pd@MIL-101-F,

To get insight into the improved activity, triethylsilane adsorption experiments have
been investigated (Figure S10). Apparently, the resulting Pd@MIL-101-F, are more
favorable to the enrichment and adsorption of hydrophobic triethylsilane than
Pd@MIL-101-NH,. Among all adsorbents investigated, Pd@MIL-101-Fs possesses
optimal adsorption rate while Pd@MIL-101-F, with decreased or increased F
numbers present lower rates, following the same order with the catalytic activity (Fig-
ure S11). These results unambiguously suggest that the hydrophobic MOF pore envi-
ronment enables efficient accumulation of hydrophobic substrate (triethylsilane) and
facilitates its enrichment around Pd active sites, thereby accelerating conversion.
Moreover, the MOF protects Pd NPs from aggregation, thus the structure and activity
of PA@MIL-101-Fs can be well maintained after 3 runs (Figures S12 and S13).

Activity investigation on dehydrogenation coupling of various organosilanes
with H,O

Upon optimization of reaction conditions using triethylsilane as a probe substrate,
various organosilanes have been examined over PA@MIL-101-Fs. Not surprisingly,
irrespective of replacing the ethyl with electron-donating (-CHs, -iPr) or withdrawing
(-OEt) group, the conversion can be completed in an efficient way, suggesting the
advantage and power of the hydrophobically modified catalyst (Table S4).

Catalytic performance investigation on the selective hydrogenation of
p-nitrochlorobenzene

Encouraged by the outstanding catalytic performance of Pd NPs promoted by
creating a hydrophobic pore environment in the MOF, the PA@MOF catalysts

Chem 7, 686-698, March 11, 2021 691



¢ CellPress Chem

Table 2. Selective hydrogenation of p-nitrochlorobenzene over different catalysts

OzNOCI — HZNOCI +QNH2+ <;>»No2
2a 2b 2¢ 2d

Yield (%)’

Entry® Cat. Con. (%) Sel. to 2b (%) 2b 2c 2d  TOFpg (min~")

Pd@MIL-101-NH; >99 59 59 41 - 2.9
2 Pd@MIL-101-F3 >99 98 98 2 - 6.1
8] Pd@MIL-101-Fs 95 95 90 5 - 5.0
4 Pd@MIL-101-F; 68 97 66 2 - 4.5
5 Pd@MIL-101-F44 40 97 38 2 - 3.0
6 Pd@MIL-101-F45 20 98 19 1 - 1.5
7 Pd@MIL-101-F3 91 98 89 2 - 9.1
8¢ Pd@MIL-101-F5 90 95 86 4 - 6.1
9¢ Pd@MIL-101-F; 92 96 88 4 - 3.9
10° Pd@MIL-101-F44 91 94 86 8 - 1.5
11° Pd@MIL-101-F45 90 94 86 8 - 1.5
12 MIL-101-F3 <1 - - - - -
13f Pd@MIL-101 93 40 37 56 - 0.8
14 Pd@MIL-101(F3) 90 81 73 17 - 1.5
15¢ Pd/Al,O4 47 59 28 19 - 1.7
16° Pd/Fe,O3 45 54 24 21 - 1.5
179 Pd/C 49 60 29 20 - 1.8
18¢ Pd/Al,O3-PVP 40 55 22 18 - 1.3
19" Pd/Al,O3-F3 50 69 345 155 - 24
20" Pd/AlL,O5-Fs 48 60 29 19 - 20
®Reaction conditions: 0.2 mmol 2a, cat. 15 mg, 3.5 mL toluene, H, atmosphere, 8 bar, 90°C, 26 min.
516 min.
€20 min.
440 min.
€120 min.

Pd content: 0.7 wt%, 100 min.

9Pd content: 0.9 wt%.

PPd content: 0.8 wt%.

'Catalytic reaction products were analyzed and identified by gas chromatography.

have been further employed for hydrogenation reactions. Selective hydrogenation
of p-nitrochlorobenzene (2a) to p-chloroaniline (2b), an important chemical interme-
diate in fine chemistry,”*™*? was investigated. Typically, the dechlorination process
of PA@MIL-101-NH; led to only 59% selectivity to 2b (Table 2, entry 1). Strikingly,
the Pd@MIL-101-F3 showed complete conversion and 98% selectivity to 2b and
the selectivity could be maintained for a prolonged time (Table 2, entry 2, and Fig-
ure S14). With the increased length of perfluoroalkyl chain, the activity significantly
decreased (Table 2, entries 3-6); they gave similar selectivity at the same conversion
(Table 2, entries 7-11). The optimal catalyst, Pd@MIL-101-F3, toward this reaction is
not the same as that in the previous dehydrogenation of triethylsilane, which is prob-
ably due to the slight hydrophobic difference of the reaction substrates. The results
indicated that the hydrophobic modification favors the reduction of the -NO, group
over dechlorination in the selective hydrogenation of p-nitrochlorobenzene. After
grafting very long perfluoroalkyl chains, the reduced conversion might be caused
by the pore-blocking effect to varying degrees, restricting the accessibility of the
substrate to Pd sites. It is assumed that both hydrophobic environment and accessi-
bility of Pd active sites play critical roles in the resulting catalytic performance. In
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control experiments, the hydrogenation reaction did not proceed with MIL-101-F3,
revealing that Pd NPs provided active sites (Table 2, entry 12). The significant
dechlorination process observed in the reaction over Pd@MIL-101 revealed that
the amine group was not responsible for the selectivity (Table 2, entry 13). Moreover,
when modifying the alkyl chains on the MOF pore wall, the dechlorination process
cannot be avoided with Pd@MIL-101-CH3; or Pd@MIL-101-C;H1s, indicating that
the perfluoroalkyl groups have a better effect on the selectivity than alkyl chains (Ta-
ble S5). Accordingly, the derivative of PA@MIL-101 with trifluoroacetic acid modified
onto the Cr-oxo clusters, namely Pd@MIL-101(F3), can promote the selective hydro-
genation (Table 2, entry 14), though slightly inferior to PA@MIL-101-F3. The results
indicate that the modification of either linker or M-oxo cluster in MOFs is effective
to regulate the microenvironment of the hosted Pd NPs for enhanced catalysis.
The hydrogenation reaction over Pd/Al,O3, Pd/Fe,O3, or Pd/C was examined and
exhibited below 50% conversions, where the TOFpy of PA@MIL-101-F3 is 2.4~3.1
times higher than these three catalysts (Table 2, entry 1, entries 15-17). The surfac-
tant PVP-modified Pd/Al,O3 also gave decreased activity, possibly due to the PVP
influence on the transport of the substrates (Table 2, entry 18). After the hydrophobic
modification of Pd/Al,O3, both activity and selectivity displayed a slight increase
(Table 2, entries 19-20), further reflecting the advantage of a hydrophobic environ-
ment in promoting catalytic performance. The solvent effect investigation suggests
that the improved catalytic performance of the hydrophobic sample is independent
of the solvent used in this reaction (Table S6).

The chlorobenzene or nitrobenzene adsorption investigation over different
catalysts

To gain insight into the high selectivity achieved with PA@MIL-101-F3, diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) measurements were carried
out to examine the adsorption behavior of PA@MIL-101-NH; and Pd@MIL-101-F;.
With chlorobenzene as the probe molecule, the band at 1,475-1,480 cm™! assignable
to the C=C bond of benzene® was observed for both catalysts (Figure 4A), whereas no
apparent signal was be observed with MIL-101-F; (Figure S15). The above facts unam-
biguously indicate that the chlorobenzene chemisorption takes place on the Pd sites
but not by the MOF.”® However, in contrast to the strong adsorption peak of
Pd@MIL-101-NH, Pd@MIL-101-F3 displayed a very weak signal. This weak adsorption
of chlorobenzene by PA@MIL-101-F; should be detrimental to its dechloridation con-
version, which is conversely favorable to the targeted hydrogenation selectivity. The
comparable C=C signal of Pd@MIL-101-F3 and Pd@MIL-101-Fs (Figure S15), acting
as a representative of other counterparts with high F numbers, also explains the similar
selectivity toward hydrogenation process. This assumption can be further supported
by the competitive adsorption experiments with a mixture of chlorobenzene (CB)
and nitrobenzene (NB) (Figure 4B). The bands at 1,350 and 1,530 cm~ " are attributed
to N=0O bond (nitrobenzene) adsorbed onto the surface of Pd NPs, whereas the
1,480 cm™" signal is originated from both N=O and C=C bonds.*® For Pd@MIL-
101-NHj, the adsorption strength at 1,480 cm™" is evidently stronger than that at
1,350 and 1,530 cm ™", suggesting both CB and NB are easily adsorbed. In contrast,
the signal strength at 1,480 cm~ " is almost similar to that at 1,350 and 1,530 cm™'
for Pd@MIL-101-F3, and the adsorption strength of the N=O bond (NB) is comparable
to that for PA@MIL-101-NH,. This result can be further supported by the density func-
tional theory (DFT) calculation, in which the -NO, group is preferentially adsorbed on
the positively charged Pd in PA@MIL-101-F, with a slightly lower adsorption energy
(—0.26 eV) than that on the netural Pd surface in the PA@MIL-101-NH; (Figure ST6A).
Moreover, the negative charge of -NO, (—0.238 e) is larger than -Cl (—0.104 e), indi-
cating that compared to the -Cl group, -NO, group is also more likely attracted on
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Figure 4. DRIFTS spectra and DFT calculation for the hydrogenation of p-nitrochlorobenzene
(A and B) (A) DRIFTS spectra of chlorobenzene or (B) the mixture of chlorobenzene and
nitrobenzene adsorbed onto the Pd active sites in Pd@MIL-101-NH, and Pd@MIL-101-F3 (scale bar,
0.05).

(C) Gibbs free energy variation along the reaction coordinate of hydrogenation of p-
nitrochlorobenzene on netutral or positively charged Pd3 cluster. O atom (red); N atom (blue); Cl
atom (green); C (gray); and H (white).

the surface of positively charged Pd in PdA@MIL-101-F3 based on Coulomb’s law (Fig-
ure S16B). Therefore, itis assumed that the NB tends to be adsorbed on the Pd surface
in PA@MIL-101-F3, and the CB adsorption is negligible in this hydrophobically modi-
fied catalyst. These results demonstrate that the hydrophobic environment created by
the MOF modification probably contributes to the preferable adsorption of -NO, over
-Cl group onto the positively charged Pd active sites in PdA@MIL-101-F,, leading to the
high selectivity of hydrogenation to yield p-chloroaniline.

The CO-DRIFTS spectra for Pd@MIL-101-NH, and Pd@MIL-101-F3

The DRIFTS spectra with CO as the probe molecule were collected to confirm the
electron interaction between Pd and the MOF (Figure S17). Compared to the
Pd@MIL-101-NHj, the red-shift of the peak to 2,042 ecm~ " occurs in Pd@MIL-101-
F3, suggesting the strong interaction between Pd and the hydrophobically modified
the framework. The results reflect that the electrons are transferred from the Pd sur-
face to the host framework in PA@MIL-101-F3, probably resulting in the positively
charged Pd surface, which is in good agreement with the peak shift between Pd
and hydrophobic host framework in XPS data (Figure S5).
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Figure 5. Stability test and the hydrogenation of various halogenated nitrobenzenes

(A) Catalytic conversion and selectivity over PA@MIL-101-F3 (8 mg) during the 10 runs for the
selective hydrogenation of p-nitrochlorobenzene (0.25 mmol).

(B) The hydrogenation of various halogenated nitrobenzenes over Pd@MIL-101-F3.

The DFT calculation for the hydrogenation of p-nitrochlorobenzene

Inspired by the electron transfer based on the XPS and CO-DRIFTS data, the neutral
Pdi3 and positively charged Pdi3 models have been fabricated to calculate the se-
lective hydrogenation process of p-nitrochlorobenzene. In the beginning, the
adsorption energy of substrates on the Pd surface had been calculated. The results
show that p-nitrochlorobenzene tends to be adsorbed on the positively charged Pd
surface (Figure S18). Then, to further investigate the reaction mechanism, the Gibbs
free energy variation along the reaction coordinate of the two reaction paths (path |
and path Il) have been investigated according to the previous work (Figures 4C and
S19).°° Compared to path Il, path | related to the formation of p-chloroaniline is ther-
modynamically favored (Figure S19). In path I, the generation of CIPhNO,* and
CIPhNO* is a similar exothermic process on both neutral Pd and positively charged
Pd surface. Significantly, the CIPANHOH intermediate is prone to be generated on
the positively charged Pd surface with the relative energy of —2.47 eV in path | (Fig-
ure 4C). Moreover, the hydroxyl dissociation from CIPANHOH also easily takes place
on the positively charged Pd surface, generating the p-chloroaniline with the relative
energy of —4.66 eV, which is lower than the neutral Pd (—3.64 eV). Thus, the p-chlor-
oaniline is preferentially generated on the positively charged Pd sites. The above
DFT calculation results clearly suggest that, compared to the neutral Pd in the
Pd@MIL-101-NH,, the positively charged Pd sites in PA@MIL-101-F, contribute to
the preferable selectivity to p-chloroaniline.

Stability and recyclability have been further investigated. Significantly, both catalytic
activity and selectivity of Pd@MIL-101-F;3 can be well maintained in the hydrogena-
tion of p-nitrochlorobenzene even after 10 consecutive runs (Figure 5A). Impor-
tantly, the supernatant fluid after the recycling experiment does not give '’F NMR
signal (Figure S20), revealing high stability of the Pd@MIL-101-F3 catalyst during
the process. Moreover, both TEM image and powder XRD pattern of Pd@MIL-
101-F3 are well retained after reaction, indicating that the MOF is robust under these
reaction conditions and it prevents Pd NPs from aggregation (Figure S21). The
optimal catalyst, Pd@MIL-101-F3, has also been examined by the hot filtration
test. No Pd leaching can be found in the filtrate based on inductively coupled plasma
atomic emission spectrometer (ICP-AES) analysis and no further increase in the con-
version occurs after removing the solid catalyst (Figure $22), demonstrating its na-
ture of truly heterogeneous catalysis. To explore the scope of substrates, the nitro-
benzene functionalized with chloro group at different positions have been
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investigated over PA@MIL-101-F3 (Figure 5B). Both o-nitrochlorobenzene and m-ni-
trochlorobenzene can be conversed to the corresponding chloroaniline completely
with 97% selectivity. Moreover, after replacing the -Cl with -Br, p-nitrobromoben-
zene can also be transformed to p-bromoaniline with 94% selectivity (Figure 5B).
Therefore, the microenvironment around well-accessible Pd NPs endowed by facile
MOF hydrophobic modification can not only boost the activity but also cause the se-
lective adsorption to improve the catalytic selectivity.

Conclusion

In summary, by integrating well-accessible Pd NPs and easily functionalizable MOF,
we have synthesized Pd@MIL-101-NH, and its furnished materials Pd@MIL-101-F,
(x=3,5,7,11,15), where perfluoroalkyl groups are grafted onto the MOF pore walls
to regulate the hydrophobic environment around Pd sites. The Pd@MIL-101-Fs5 ex-
hibits high catalytic activity and recyclability in the dehydrogenation coupling of or-
ganosilanes due to the enrichment effect for the hydrophobic substrates. In addition,
the highly selective hydrogenation of nitrochlorobenzenes, where the dechlorination
process is significantly suppressed, can be effectively promoted with Pd@MIL-101-
F3. The optimized hydrophobic modification of the MOF pore walls creates the inter-
action with Pd and gives rise to the positively charged Pd surface in Pd@MIL-101-F,,
leading to the favorable adsorption of -NO; over -Cl and the highly selective hydro-
genation. Furthermore, both catalysts present excellent recyclability due to the MOF
protection for Pd NPs against aggregation/leaching. It is acknowledged that the
naked Pd NPs facilitate access to substrates, accelerating their conversion; and the
engineered MOF pore walls not only benefit the substrate enrichment but also regu-
late the electronic state of Pd to control the interaction between Pd and substrates,
further boosting the activity and dominating the high selectivity. This work, by ratio-
nally fabricating a single composite catalyst, would open a new avenue to the integra-
tion of well-accessible active sites with their surface microenvironment regulation
based on the tailorability of host porous materials for enhanced catalysis.
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