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A novel method for the in situ generation of catalytically
active small metal nanoparticles, by anion extrusion on a
parent porous copper chloropyrophosphate framework, have
been developed to generate gold, platinum and palladium
nanoparticles for sustainable catalytic oxidations using
molecular oxygen as the oxidant. Transmission electron
microscopy coupled with detailed structural and physico-
chemical characterisation, in combination with in-depth
kinetic analysis have afforded profound insights into the
nature of the active site for facilitating structure-property
correlations.

Introduction

The selective oxidation of hydrocarbons and alcohols plays a
decisive role in the synthesis of vital ingredients for the fine-
chemical and pharmaceutical industries. Current industrial
processes involve the use of stoichiometric quantities of inorganic
oxidants, largely homogeneous chromium(V1) based materials,’
that result in the generation of excessive quantities of waste,
notwithstanding the debilitating impacts on the environment
through use of caustic reagents and non-biodegradable solvents.
From the point of view of sustainable chemistry, this sector of the
chemical industry is faced with the particular challenge to utilise
benign oxidants, such as molecular oxygen, to eliminate these
toxic waste products and expensive reagents, whilst
simultaneously striving to achieve high degrees of activity and
selectivity, through the deployment of heterogeneous catalysts.
Utilising dry air, as the source of active oxygen, presents an
attractive alternative, due to its natural abundance, low-costs?,
mild reaction conditions and better tunability for minimising the
generation of by-products. However, significant challenges still
remain in the quest for the discovery and design of single-site
heterogeneous catalysts that can effectively activate molecular
oxygen, under mild conditions, affording high catalytic turnovers
whilst maintaining the high selectivities of their homogeneous
counterparts.

The selective oxidation of benzyl alcohol to benzaldehyde® is
of paramount importance; due to its use as a pharmaceutical
intermediate, as well as being an important precursor for the
generation of plastic additives, photographic chemicals and dyes.*
Potential industrial methods afford inferior selectivities towards
the target aldehyde; with over-oxidation (as a result of the
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Fig. 1 Crystal structure of the PtCl,? supported RboCus(P207)4Cl;
so framework (Pt — grey spheres, Cl — green spheres, Rb — pink spheres, Cu
— blue polyhedral, P — orange polyhedral, oxygen omitted for clarity)

demanding reaction conditions employed) to benzoic acid, and
esterification to benzyl benzoate being the main impediments
hindering successful commercial implementation.® The use of

ss more environmentally-benign oxidants, such as hydrogen
peroxide (H,O,) (where water is the main by-product) with
heterogeneous catalysts,>® have not proved effective due to the
high costs associated with the production of H,0, and
concomitant low selectivities for the target aldehyde.

s Nanoparticle catalysts have shown significant promise in a
variety of chemical transformations; but more specifically in
aerobic oxidations, with reports of Pt and Pd supported
nanoparticles alloyed with Au displaying impressive
conversions.” Recent impressive studies even show the potential

s of alloyed nanoparticles for catalysing more demanding
activation of primary C-H bonds in toluene,® as well as in the
selective synthesis of hydrogen peroxide,® which pave the way
for overcoming some of the earlier limitations.>® Heterogeneous
nanoparticle catalysts have mostly been supported on porous

70 carbon®® or transition-metal oxides,! with synthetic techniques
based around depositing nanoparticles on a pre-prepared material
surface. More recently zeolites,> metal-organic frameworks
(MOFs)* and other porous silica-based materials** have been
explored as potential hosts for functionalising nanoparticle

75 catalysts. Common synthetic methodologies include wet-
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Fig. 2 SEM Micrographs of the as-synthesised Pt catalyst (a and b) and
Pd catalyst (c and d) showing homogeneous cubic crystal morphology
and single-crystals respectively

Fig. 3 TEM images of (a) Au (b) Pt and (c) Pd catalysts after calcination.
(d) Au (e) Pt and () Pd catalysts after the oxidation reaction.

impregnation,*® deposition-precipitation® and polymer-stabilised
colloidal deposition;'” where precise control of nanoparticle size
10 and distribution have been achieved employing polyvinylalcohol
(PVA) and polyvinylpyrrolidone (PVP) as polymer-stabilising
agents. Catalytic studies for Au nanoparticles have revealed that
the activity is inversely proportional to the particle size,
especially below 10 nm,*® thus highlighting the importance of
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Fig. 4 Histogram showing the particle size distribution for the Au, Pt and
Pd catalysts

size and shape control in the synthesis. Furthermore, the use of
noble metal nanoparticles in the oxidation of benzyl alcohol
20 alludes to favourable interactions between the gold surface and
the m-system of the aromatic ring to enhance the overall
efficiency of the active site.'®
Very recently, a synthetic method for the generation of Au
particles, via an extrusion method from an [AuCl,]" supported
25 copper chloropyrophosphate with an analogous framework as
CU-2 was reported.®?' Herein, we adopt a modified approach
for the generation of Pt (Fig. 1) and Pd nanoparticles for the
aerobic selective oxidation of benzyl alcohol. Using a
combination of electron microscopy, coupled with a detailed
a0 kinetic analysis of the reaction profile, has enabled structure-
property correlations to be established with its Au-based
counterpart.

Experimental Section

Chemicals for synthesis and catalytic tests were purchased from
35 Sigma Aldrich, Fisher Scientific or Acros Organics and used
without further purification. X-Ray diffraction (XRD) patterns
were collected either on a Bruker C2 general area detector
diffraction system (GADDS) or a Bruker D2 Phaser
diffractometer. SEM images and EDX analysis were collected
20 with a JEOL JSM-6500F field emission gun microscope. TEM
analysis was carried out on a JEOL 2100 electron microscope at
an operating voltage of 200 kV.
For the sake of consistency, an analogous synthetic approach
was adopted for the catalysts evaluated in this study. Copper(ll)
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Fig. 5 Conversion and selectivity* (left) for the aerobic oxidation of
benzyl alcohol (after 4 h) using the three catalysts employed in this study
along with their associated turnover numbers (TON) shown on the right.

Note: * remainder benzoic acid.
Key: blue— conversion, red- selectivity, green— TON
Reaction conditions: benzyl alcohol (1.00 g), catalyst (50 mg), diglyme
internal standard (0.85 g), tert-butanol (30 mL), T=130 °C, Air (oxidant)
=2 MPa

Gold

(0.2 mL, 2.922 mmol), 50 w.t.% RbOH (0.28 mL, 2.382 mmol)
and a source of MCl,; HAuCI4 (0.0978 g, 0.288 mmol), K,PtCl,
(0.1196 g, 0.288 mmol) or K,PdCl, (0.0940 g, 0.288 mmol) were
ixed in the Teflon® liner of a custom-made 23 mL hydrothermal
vessel. The vessel was sealed and heated to 448 K for 2 days.

Products formed as brilliant green cuboid crystals for both the
Au and Pt material, and as light brown crystals for the Pd
material. All materials were calcined in air at 773 K for 16 hours
to generate the active nanoparticle catalysts. After calcination, the
Au and Pd materials appeared unchanged in colour; but the Pt
catalyst changed to a darker khaki-green.

Catalytic reactions were carried out in a 75 mL PTFE lined,
stainless-steel, high-pressure batch reactor. The reactor was
charged with benzyl alcohol (1 g), diethylene glycol dimethyl
ether (0.85 g) as an internal standard, tert-butanol (30 mL) as a
solvent and catalyst (50 mg). The reactor was pressurised with
=20 bar of dry air, stirred and heated for the required amount of
time. Small aliquots of the reaction mixture were taken carefully
periodically for GC analysis. Samples were analysed by GC
(PerkinElmer, Clarus 480) using an Elite-5 column equipped with
a flame ionisation detector (FID). Products were identified
against authenticated standards and quantified by calibration to
obtain response factors (RF) against the known internal standard.

Results and Discussion

To effectively characterise each catalyst, powder XRD, SEM and
TEM analyses (See ESI for complete data sets) were performed
and evaluated to confirm the structure of the parent material and
to determine the presence of metallic nanoparticles, where
necessary.

SEM analyses have been previously used to study the
morphology of the copper chloropyrophosphate crystals with
tetrachloroaurate anions supported in the 1D pores.? Employing
similar imaging methodologies, the morphology of the platinum

chloride and palladium chloride supported phases have been
45 shown to have a homogenous distribution of cubic crystals across
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Fig. 6 Powder XRD patterns of the calcined platinum catalyst (blue line)

and the catalyst post-catalysis (red line). Note: the used catalyst has not
been further calcined in this case.

so the synthesised material (Fig. 2). Higher magnification images of
the single-crystals have revealed that the surfaces on the Pd
analogue appear roughened with clear features; whereas the Pt
crystal faces are relatively smooth. It is possible that elevated Pd,
or even chlorine content, in the synthesis procedure could
influence the growth of crystals in the hydrothermal process.
Powder XRD patterns of the calcined materials (ESI Fig. 1.1-
1.2) clearly show signals that can be attributed to the elemental
metal crystalline phase, which are absent on the simulated pattern
and the blank framework diffractogram. Moreover, these particles
e formed by extrusion are conspicuous by their absence on the
surface of the as-synthesised samples. The SEM images along
with their associated diffraction patterns confirm the phase-purity
and homogeneous crystal morphology observed for each
material; further highlighting the ease and reproducibility of the
synthetic procedure.
TEM analysis of the calcined Au, Pt and Pd catalysts (Fig. 3 a-
c) reveal the presence of well-defined, small metallic
nanoparticles that are uniformly distributed throughout the
chloropyrophosphate  framework. The majority of the
70 nanoparticles display a spherical morphology with diameters
ranging from 2-10 nm. Detailed size distribution histograms (Fig.
4) give a perspective on the particle sizes; whilst the average
particle sizes are similar, it is noted that the distribution of gold
nanoparticles shows the most asymmetry with modal preference
75 of smaller particles between 3-4 nm. It was interesting to note
that the TEM analysis also identified the presence of larger
faceted nanocrystals (ESI Fig. 7.1) in the Pd-catalyst. Structural
characterisation of the catalysts after the oxidation reaction (post-
catalysis, Fig. 3 d-f) demonstrate that the metal nanoparticles
g0 remain intact and are fairly well-dispersed on the support, which
augurs well for their recyclability (see also Fig. 6).

We focussed our attention on evaluating the catalytic
properties of each of the Au, Pt and Pd catalysts in order to
decipher the merits of the individual metal constituents and their

g5 implicit role in the overall activity (TON) and selectivity in the
aerobic oxidation reaction. It was noted that, under comparable
conditions, the Pd analogue was slightly more active (in terms of
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overall conversion only) than its corresponding Au or Pt-based
counterparts; albeit displaying a lower selectivity for the desired
product (benzaldehyde) (Fig. 5). In order to get a more accurate
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Fig. 7 Kinetic plots for the aerobic oxidation of benzyl alcohol using gold
(a), platinum (b) and palladium (c) nanoparticle catalysts.
Key: Conversion (green triangles), benzaldehyde selectivity (blue
diamonds) and benzoic acid selectivity (red squares). See Figure 5 for
reaction conditions.

interpretation of the intrinsic reactivity of these catalysts, we have
normalised the overall activity per mole of metal present in each
catalyst (using ICP measurements to accurately determine the
metal loadings (see ESI Tables 4.2-4.4)) and turnover numbers
(TON) have been calculated (see Fig. 5 right). These findings
were highly revealing: despite the fact that an analogous synthetic
approach was adopted for preparing all three catalysts, the Pt-
based catalyst displays impressive TON (8,789) when compared
to its Pd (6,882) and Au-based counterparts (3,911). It is highly
likely that site-isolation plays an important role in facilitating the
higher catalytic TON with the former catalyst, which is consistent
with our observations seen earlier in the SEM and TEM
micrographs (Fig. 2 and 3). Further structural characterisation is
currently underway to probe the origin these isolated active sites
and their implicit role in the catalytic process. It is also
noteworthy that larger faceted nanocrystals were detected with
the Pd-based catalyst, which could well be responsible for the
lower TON and selectivity associated with this catalyst.

It is well known? that nanoparticle size and degree of site-

30 isolation are crucial factors that lead to the generation of single-
sites that are responsible for boosting the owverall catalytic
efficiency in nanoparticle-based catalysts that were previously

(b)

100 1 4646606066
’&‘
..‘..’
. 80 - P8
<
= 60 -
c
-]
© 40 -
&
20 =] .....
.,.I'
-.‘..
0 & & & % %5 B B B 8§
0 100 200 300
Time / mins

s studied® for catalytic oxidations and hydrogenations.?* Whilst
these studies focussed on using cluster-based precursors for
generating nanoparticles (by post-synthesis deposition or grafting
on mesoporous supports), this novel approach illustrates a “one-
pot” in situ method for achieving isolated active sites in porous

a0 chloropyrophosphate-based framework architectures; where the
inherent nature of the framework can be advantageously tailored
for efficient shape-selective catalytic oxidations using molecular
oxygen.

Stringent recycle tests show that these materials can be

ss ffectively reused as heterogeneous catalysts for a minimum of
three cycles, with little to no drop in performance or selectivity.

ICP analysis (ESI Table 4.1) confirms no leaching of metal
species into the reaction solution and therefore proves that the
catalyst is acting in a “true” heterogeneous fashion. The structural

so integrity of these materials was analysed, post catalysis, by
comparing powder XRD patterns before and after reaction cycles
(Fig. 6 and ESI Fig. 2.1-2.2). It was noteworthy that, the parent
framework resists degradation after exposure to the reaction
conditions (temperatures, pressures, solvent, etc.), retaining much

ss Of its characteristic phase-purity and structural integrity. It was
also reassuring that the TEM analysis, post catalysis (Fig. 3 (d) —
(e)) reveals the presence of well-defined and well-distributed
nanoparticles with no visible indications of aggregation or
agglomeration, that could lead to potential sintering and

s deactivation of the catalyst.

Detailed kinetic studies were carried out for each of the Au, Pt
and Pd catalysts (Fig. 7), with catalytic profiles being constructed
for the consumption of benzyl alcohol with respect to time at
varying temperatures between 373-403 K (see also ESI Fig. 3.1-

65 3.6). It was ascertained from these studies that the rate is zero
order with respect to the concentration of the substrate for all the
analogues.

The calculated activation energies are in good agreement with
those found in the literature relating to nanoparticle catalysts;’

7o whilst proving to be lower than those reported for the
homogenous nitric acid oxidation of benzyl alcohol® and other
heterogeneous catalysts based on molybdenum and tungsten.®
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Interestingly for the Pd-based catalyst, as noted from the kinetic
plot (Fig. 7(c)), generation of benzoic acid occurs after just 90
minutes of reaction at 403 K; whereas the Pt and Au catalysts
afford very high selectivities towards the desired benzaldehyde
up to 200 minutes (at comparable levels of conversion). To
further explore this phenomena, analogous reactions carried out
at lower temperatures (393 K) show that the Pt catalyst maintains
exclusive selectivity for the aldehyde for the entire duration of the
reaction (5 h), while the Pd catalyst leads to the production of
benzoic acid after 200 mins (ESI Fig. 3.7). From these
preliminary catalytic findings, it is particularly evident that the
kinetic plots and TONs (Fig. 5 and 7) reveal that the Pt-based
material is the most active and selective of the three catalysts for
the aerobic oxidation of benzyl alcohol. With further refinements
to the synthetic protocol, by way of optimising the calcination
temperature and/or altering the degree of hydrophobicity,
adequate scope exists for tuning and controlling the size of the
nanoparticles and its degree of site-isolation for attaining
improved catalytic rates and turnovers, that would lead to the
development of stable, versatile catalysts for industrially
significant selective oxidations using molecular oxygen.

Prospects and Potential

The development of a novel design strategy for the “one-pot” in
situ generation of metallic nanoparticle active sites, that could be
isolated and heterogenised within a porous copper
chloropyrophosphate framework, has resulted in the generation
of highly active and selective catalysts for the activation of
molecular oxygen. The size, shape and morphology of the
individual nanoparticles (Au, Pt or Pd) that could be effectively
confined within these novel anion-exchange host frameworks,
opens up a new avenue of research for creating well-dispersed,
single-sites that are stable and versatile in industrially-significant,
selective catalytic oxidations, using benign oxidants such as air.
High catalytic turnovers coupled with superior activation
energies, compared to other homogeneous and analogous
heterogeneous systems, offers considerable scope for the
deployment of heterogeneous, metal chloride precursor materials,
for advantageously boosting the activity and selectivity in target
catalytic reactions. Whilst there is immense potential for the
designed porous framework host to be catalytically active in
itself; metal nanoparticle-framework interactions and metal-metal
interactions (e.g. multimetallic nanoparticles) can be suitably
engineered and investigated for eliciting  synergistic
enhancements®® 22 in a range of sustainable catalytic
transformations. From a design perspective, this route also offers
a broader, complementary scope for alloying a range of metals
and oxophiles that have hitherto been unexplored or have yet
remained elusive using traditional synthetic methodologies.
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