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Simultaneous incorporation of palladium within Pd—Pd and/or
Pd—-Cu paddlewheels as framework-nodes and Pd nanoparticle
(NP) dispersion into MOF have been achieved for the first time via
one-pot synthesis. In particular, the framework substitution of
Cu?* by Pd?* as well as the pore loading with PANPs have been
confirmed and characterized by XPS. The obtained solids featuring
such multiple Pd-sites show enhanced catalytic activity in the
aqueous-phase hydrogenation of p-nitrophenol (PNP) with NaBH,
to p-aminophenol (PAP).

High structural and compositional design ability of metal-
organic frameworks (MOFs) and hence, the ability of tailoring
their properties made MOFs to be among the most topical
materials over last decades."” Along with linker(s)
modification®*° and guest(s) inclusion,">'? variation of the
metal center(s) is also a powerful tool to fine tune MOFs func-
tionalities. In fact, both control over coordinatively unsatu-
rated metal sites (CUS) (e.g., via “defects-engineering”)'® and
partial metal substitution (e.g., via “solid solution” approach)
could considerably enhance MOFs activity, particularly in
catalysis'*® and selective gas sorption/separation.’”*®
Combination of distinct metal-ions, which are closely
related in coordination chemistry and have similar effective
ionic radii (Fion), such as Cu®" (73 pm)/Zn** (74 pm) couple’
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within single MOF, has been reported for several structural
types.'”?%21 In fact, partial substitution of Cu®** by Zn** and
some other metals of 3d-row, namely, Co, Fe and Mn, in
HKUST-1 ([Cu3(BTC),],, BTC = benzene-1,3,5-tricarboxylate)
has been recently reported.'®** In a later case, doping with a
second metal caused enhanced selective sorption of O, vs.
N,.'®** What is more challenging, however, is to introduce
more distinct metals of 4d-** or 5d-row®” as framework-nodes.
In particular, metals of the platinum group are highly attrac-
tive as catalytic/strong sorption centers. Moreover, square
planar coordination is preferred such as Cu*".>¢"2%2° However,
due to kinetic reasons, these metal ions are difficult to be crys-
tallized within 3D structures*®*® and therefore, are almost neg-
lected in MOF field.?® To the best of our knowledge, studies on
integration of palladium as a framework node into a MOF are
thus far in its infancy.>** Reports on MOFs featuring Pd-Pd
and Pd-M paddlewheel nodes could not be found. Interestingly,
bimetallic Pd/M-paddlewheel complexes have been lately found
to be promising economical catalysts in the intramolecular
benzylic C-H amination.®® Moreover, porous metal-organic
polyhedrals (MOPs) constructed with Pd**-M** (M = Cu, Ni, Zn)
paddlewheel nodes has been very recently described.”
Considering its structural peculiarities (i.e., paddlewheel SBUs
and CUSs), choosing HKUST-1 as a matrix for palladium in-
framework incorporation via solid solution approach would be
of interest.>> However, a rigorous exclusion of reducing
conditions during MOF synthesis is difficult. Even technical
activation may cause reduction at some metal sites due to
decarboxylation.*®*”  Therefore, the standard protocol for
HKUST-1 synthesis is, intentionally, not changed at this stage.
On the other hand, loading of Pd° NPs onto MOF is widely
investigated as gas adsorbents®®*° and catalysts used in
hydrogenation®®*""** and cross coupling®*’ reactions.*® It
can be noted that one of the most common approaches to
obtain Pd’@MOFs is using H, to reduce Pd*"-precursor
loading MOFs that are prepared via solution impregnation by
soluble Pd*" species. In some cases, trace amount of Pd*>" can
be still observed after reduction.*” Actually, according to the
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concept of post-synthetic metal-ion exchange,*” Pd** substi-
tution in the metal nodes of MOFs could probably occur under
this impregnation. Interestingly, the discrimination between
the two Pd-sites (extra-framework loading or in-framework
incorporation) is disregarded to some extent in the current
literature. Given both facts, herein, an appropriate one-pot
synthesis has been selected. Both H,O and alcohols are found
to be important components to reduce Pd** ions to Pd® at
elevated temperatures.*®*° Therefore, it is expected that utiliz-
ing a standard protocol for HKUST-1 synthesis (employing
H,0 and EtOH under solvothermal conditions) can simul-
taneously introduce both Pd**-doped nodes and Pd° NPs in
one step.

Pd@[Cu;_,Pd,(BTC),], (Cu/Pd-BTC_1-3)
been synthesized under solvothermal conditions by mixing
corresponding metal salts (Pd(u) acetate and Cu(NOj3),-3H,0)
with H3;BTC directly in the starting reactions (see ESIt). All Cu/
Pd-BTC_1-3 samples (both as-synthesized and dried phases)
are crystalline solids and isostructural with the parent Cu-BTC
(Fig. 1 and S1t%), indicating the preserved structure integrity
after the Pd-sites introduction. Recorded PXRD patterns and
accordingly calculated cell parameters of Cu/Pd-BTC_1-3
match very well with the respective simulated data of the
reported [Cuz(BTC),], single-crystal structure (Fig. S3 and
Table S1}). Remarkably, intensity of the reflections at ca. 6.67°,
9.40° and 13.34° (20) assigned to the (200), (220) and (400)
planes, respectively, varies (Fig. 1). This indicates certain
changes of electronic density compared to the non-doped Cu-
analogue (Cu-BTC). The main contribution to the reflection of
the (200) and (220) planes is due to the metal-nodes (Fig. S47).
Hence, such difference in intensities should primarily stem
from the partial substitution of Cu** by Pd*" within the M,-
paddlewheel units of MOFs, indicating Pd*" framework incor-
poration. Considering the presence of Pd NPs in the discussed
Cu/Pd-BTC_1-3, small reflections at 40.02° resulting from
(111) planes of the face-centered cubic structure of Pd are
observed (Fig. 1).°" This is probably due to the rather small
particle size of these Pd NPs and therefore, they are difficult to
be detected by PXRD technique. Finally, it should be pointed
out that employing equal molar amounts of Cu- and Pd-salts
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Fig. 1 PXRD patterns of activated Pd@[Cus_,Pd,(BTC),], (Cu/Pd-
BTC_1-3) in comparison with activated non-doped Cu-BTC. The verti-
cal lines correspond to the peak position of (111) planes of the face-
centered cubic (fcc) Pd-structure.
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or only Pd-precursor in the starting reaction mixtures, for-
mation of only metal/metal-oxide products has been observed
(Fig. S5 and S67).

AAS analysis of the activated Cu/Pd-BTC_1-3 solids con-
firms quantitative incorporation of palladium. Thus, the
Pd-contents and Pd:Cu ratios in the final Cu/Pd-BTC_1-3
samples remain almost unchanged with respect to the taken
feeding ratios of the metal-precursors (Table S27).
Furthermore, SEM-EDX elemental mapping demonstrates
quite homogeneous Cu/Pd distribution within the obtained
Cu/Pd-BTC solids (Fig. S81). Incorporation of Pd*" into the
framework as well as the Pd® NPs loading has been sub-
sequently corroborated by high-resolution XPS. Fig. 2 shows
the Pd 3d core-level spectra of the Cu/Pd-BTC_1 and Cu/Pd-
BTC_3 (representative samples with relatively low and high
Pd-contents). Three Pd 3d doublets (3ds, and 3d;,) are
resolved in the deconvoluted spectra. The doublet located at
337.9 and 343.2 eV (Pd2) is characteristic for Pd*" species
(Table $31).°*> In addition, the higher binding energies
observed at 338.9 and 344.2 eV for Pd1 reveal the presence of
an electronically modified Pd** species. Moreover, we could
unambiguously rule out an assignment of both Pd*" species to
PdO NPs, as no typical O 1s peak at about 530 eV has been
detected in the corresponding spectra, which showed only one
O 1s peak at 531.8 eV, originating from the carboxylate (-COO)
groups in the frameworks. Therefore, both the found Pd**
species (Pd1 and Pd2) are very likely associated with the for-
mation of Pd-Pd and Cu-Pd framework-nodes. The doublet at
ca. 335.8 and 341.0 eV is attributed to metallic Pd® species
(Pd3), indicating the existence of Pd metallic NPs in these
samples. Moreover, the amount of Pd NPs in the total Pd
species (Pd** and Pd°) increases (from 33% for Cu/Pd-BTC_1
to 44% for Cu/Pd-BTC_3) along with the doping increase of
Pd(u) acetate. TEM characterization has not been performed
because of the beam sensitivity of HKUST-1, which does not
allow characterization of the “pristine” Pd@[Cu;_,Pd,(BTC),],
sample as well.
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Fig. 2 Deconvoluted XP spectra of Cu/Pd-BTC_1 and
region.
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Furthermore, any vibrations stemming neither from the
non-reacted H3;BTC linker nor used metal-precursors (i.e.,
acetate-, nitrate-groups) could be revealed in the FT-IR spectra
of all prepared Cu/Pd-BTC solids (Fig. S12f). Moreover,
"H-NMR spectra of the digested Cu/Pd-BTC_1-3 samples show
the presence of only BTC-linker (Fig. S13t). Thus, absence of
any resonances at about 1.9 ppm, stemming from the acetate
protons, fully supports the IR results ruling out any residuals
of the employed starting Pd-reactant. Hence, the presence of
Pd**-sites should originate from the in-framework nodes
rather than Pd**-precursor loading.

TGA suggests that thermal stability of the obtained Cu/Pd-
BTC_1-3 solids is fully preserved (in comparison with the
parent Cu-BTC)*®> with the decomposition temperatures close
to 300 °C (Fig. S14t). The N, (77 K) sorption isotherms
recorded for obtained samples reveal type I isotherm
(Fig. S15%), confirming their permanent microporosity.
Brunauer-Emmett-Teller (BET) surface area of Cu/Pd-BTC_1
and _2 increase a little in comparison with the parent Cu-BTC
(prepared under similar conditions) (Table S4t), indicating
that the presence of Pd** incorporation as metal nodes in the
framework are dominant. When it turns to Cu/Pd-BTC_3, the
increasing of Pd° NPs results in a slight lower BET surface area
in comparison with the others samples.

Both Pd**-containing MOF ([Pd(2-pymo),],, 2-pymo =
2-pyrimidinolate)*'* and Pd°@MOF,*®*>***> have been
reported as good reusable catalysts in typical palladium-cata-
lyzed reactions such as Suzuki C-C couplings and hydrogen-
ation. Owing to both Pd° NPs and potential Pd**-CUS (that
should be available after thermal treatment and specifically
promote H, splitting) in obtained Pd-containing Cu/Pd-BTC
materials, it was of interest to test their catalytic activity in
hydrogenation reactions. Herein, it should be mentioned that
in order to investigate which Pd species (Pd*" or Pd®) would
play the important role on the catalysis as well, we prepared
another isostructural analog Cu/Pd-BTC_4 sample employing
PdCl, and longer reaction time instead (see ESI for the prepa-
ration and characterization: Tables S2, S3 and Fig. S2, S9, S11,
S$167). This sample contains dominant Pd® (70%) rather than
Pd*>" on the basis of the Pd 3d region XP spectra (Fig. S11 and
Table S37).

As a test reaction, the aqueous-phase hydrogenation of PNP
to PAP using NaBH, as a reducing agent has been chosen. It
can be conducted at room temperature and ambient pressure
within a reaction time of <10 min using a simple on-line
UV-Vis spectroscopy to monitor the progress of the reac-
tion.****3% The concentration of PNP as a function of time as
well as the initial reaction rate normalized to the amount of Pd
in the catalyst for Cu/Pd-BTC_1-4 are depicted in Fig. 3. Before
addition of the solid catalyst, i.e., within the first 0.5 min of
the experiment, no PNP conversion was observed. Complete
conversion of PNP to PAP was reached within 2 min of reaction
time using Cu/Pd-BTC_1-4, whereas the conversion of PNP
remained incomplete for the Pd-free Cu-BTC. This incomplete
conversion is known for catalysts with low activity and results
from unproductive NaBH,; decomposition to hydrogen.>*

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Concentration of PNP as a function of time for non-doped
Cu-BTC and Pd containing Cu/Pd-BTC_1-4 as catalysts in the aqueous-
phase hydrogenation of PNP with NaBH, to PAP. The insert shows
the initial reaction rate for Cu/Pd-BTC_1-4 normalized to the amount
of Pd in the catalyst, respectively. Reaction conditions: cpnp =
0.18 mmol dm™>, cagn, = 0.60 mmol dm™, T = 298 K, stirring speed =
1300 min~?, Meatayst = 5.0 Mg, ambient pressure.

Evidently, the Pd-containing Cu-BTC catalysts are significantly
more active than the Pd-free Cu-BTC. Interestingly, the initial
reaction rate related to the Pd amount for Cu/Pd-BTC_1 and 2
(e, 4.0 x 107 and 2.0 x 107> dm™ min™") is significantly
higher than that achieved over a metallic Pd catalyst supported
on an Al-containing mesocellular silica foam (1.0 x 1073
dm™ min™") under the same reaction conditions.’® Note that
the activity of Cu/Pd-BTC_1 and 2 is so high that the difference
in their catalytic activity cannot be distinguished under the
reaction conditions used.

Surprisingly, the normalized initial reaction rate decreases
with increasing overall Pd content from 4 x 10~ dm™> min™"
for Cu/Pd-BTC_1 to 1.0 x 10> dm™> min™" for Cu/Pd-BTC_3,
respectively (insert in Fig. 3). This can be explained by consid-
ering the decreasing concentration of Pd>" species with
increasing Pd content from Cu/Pd-BTC_1 to Cu/Pd-BTC_3, as
observed by XPS (Table S37). Particularly, Cu/Pd-BTC_4 con-
taining the lowest concentration of Pd>" species (70%) dis-
plays the lowest initial reaction rate in comparison with the
other three Cu/Pd-BTC samples. It may, therefore, be con-
cluded that Pd** species in the catalyst are catalytically active
and they are dominantly responsible for the observed high
catalytic activity. Moreover, it has been reported that Pd** can
act as active metal sites in olefin hydrogenations.>' ™ It can
be noted that PXRD patterns of the Cu/Pd-BTC samples
before and after reaction indicate that the structure of the
framework remains unchanged (Fig. S177). Finally, according
to the ICP-OES analysis of the solution after reaction (Cu/Pd-
BTC_2 as selective catalysts), leaching of palladium is negli-
gible (i.e.,, 0.01 mg L"), indicating the stability of the used
MOF catalysts as well as the heterogeneous nature of the cata-
Iytic reaction.
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In summary, via one-pot synthesis, we successfully obtained
crystalline porous Pd@[Cu;_,Pd,(BTC),], MOFs with various
doping levels of Pd. On the basis of entire experimental data,
structural incorporation of Pd>" serving as frameworks-nodes
(within Cu-Pd or/and Pd-Pd paddlewheels) as well as Pd° NPs
dispersion in the framework of HKUST-1 are concluded. To
the best of our knowledge, it is the singular case of MOFs
bearing both Pd**-paddlewheels and Pd NPs known so far.
Moreover, distinct Pd sites, especially Pd>*/M-CUS consider-
ably enhances the catalytic activity of MOFs in the aqueous-
phase hydrogenation of PNP to PAP with respect to the “Pd-
free” Cu-BTC catalysts, which affords a perspective way to tune
their catalytic activity. Furthermore, a synthesis of HKUST-1
analogs excluding Pd° formation and featuring exclusive Pd>*/
Cu*" mixed-metal paddlewheels would lead to highly active
catalysts.
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