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Two simple, reproduciblemethods of preparing evenly distributed Au nanoparticle containingmesoporous silica
monoliths are investigated. These Au nanoparticle containing monoliths are subsequently investigated as flow
reactors for the selective oxidation of cyclohexene. In the first strategy, the silica monolith was directly impreg-
natedwith Au nanoparticles during the formation of themonolith. The second approachwas to pre-functionalize
the monolith with thiol groups tethered within the silica mesostructure. These can act as evenly distributed
anchors for the Au nanoparticles to be incorporated by flowing a Au nanoparticle solution through the thiol
functionalized monolith. Both methods led to successfully achieving even distribution of Au nanoparticles
along the length of the monolith as demonstrated by ICP-OES. However, the impregnation method led to strong
agglomeration of the Au nanoparticles during subsequent heating steps while the thiol anchoring procedure
maintained the nanoparticles in the range of 6.8 ± 1.4 nm. Both Au nanoparticle containing monoliths as well
as samples with no Au incorporated were tested for the selective oxidation of cyclohexene under constant
flow at 30 °C. The Au freematerials were found to be catalytically inactive with Au being theminimumnecessary
requirement for the reaction to proceed. The impregnated Au-containing monolith was found to be less active
than the thiol functionalized Au-containing material, attributable to the low metal surface area of the Au nano-
particles. The reaction on the thiol functionalized Au-containing monolith was found to depend strongly on
the type of oxidant used: tert-butyl hydroperoxide (TBHP) wasmore active than H2O2, likely due to the thiol in-
duced hydrophobicity in the monolith.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The catalytic properties and surface chemistry of Au have been the
focus of intense research over the past two decades [1,2]. Gold nanopar-
ticles have been identified as catalytically active for a number of diverse
reactions including low temperature CO oxidation [3], selective
oxidation reactions [4], hydrogen peroxide formation from O2 and H2

[5], coupling reactions [6,7] and hydrogenations [8]. Selective oxidation
reactions are of prime economic importance in a diverse range of appli-
cations from the production of fine chemicals and synthetic fibres to
polymers and paints.

Continuous-flow catalytic microreactors have long been envisaged as
a practical, economic and environmentally friendly method of carrying
out reactions of importance for a variety of industries including fine
chemicals [9,10]. Microreactors present many key advantages over the
rch Institute, Aston University,
traditionally used batch reactors [9]. Such advantages include continuous
flow operation, ease of separation of the catalyst from reactants and
products as well as the ease of sampling without contamination when
removing an aliquot. Of particular importance is the ability to obtain
accurate and reproducible control over the reaction conditions such as
temperature, pressure and reaction solvent [9,11]. Furthermore, mono-
lithic devices (microreactors containing a porous network of typically sil-
ica or other oxide materials) can be functionalized extensively with
enzymes [12], magnetic nanoparticles [11] and other functional groups
[12–14] in order to tailor their catalytic properties such as selectivity
and activity [10,15]. The incorporation of metal nanoparticles in mono-
lithic structures in particular has received attention for its applications
in, chromatography [15,16], metal adsorption for contaminant purifica-
tion [17], C–C coupling reactions [18], reduction of nitrophenols [19]
and CO oxidation reactions [20]. In the case of oxidation it has been
reported that silica monoliths loaded with either Pt or Pd nanoparticles
presented conversions 2.5 times higher in microreactors than when
using powder catalysts. This shows that using microreactor technology
for selective oxidation reactions enhances the catalytic ability of precious
metal catalysts [20]. A major challenge in all cases however is to evenly
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functionalize the catalytically active species along the length of the
monolithic microreactor, which is key to maximizing efficient reaction
control.

Here we have used a simple reproducible method to synthesise
mesoporous silica monolithic reactors and investigated two strategies
for evenly functionalizing them with gold nanoparticles along their
length. In this way we are aiming to combine (i) a continuous flow
monolithic system, which offers a variety of operational and economic
benefits with (ii) the unique catalytic properties of Au in selective
oxidation catalysis. Two different methods were used to achieve even
Au nanoparticle distribution within the monoliths. Firstly, simple
impregnation of Au nanoparticles into the monolith during the
monolith's formation ensures even/random positioning of the nano-
particles as a result of solution phase mixing. Secondly, tethering thiol
groups into the mesoporous structure of the monolith using 3-
(mercaptopropyl)trimethoxysilane allows the sulphur groups to act as
anchors for the Au nanoparticles which can then be passed through
the monolith and be tethered to the thiol groups. As the small thiol
groups can diffuse readily through the monolith and react with surface
hydroxyls to produce an even coverage, this allows Au nanoparticles to
be flowed through the reactor until some saturation coverage of the
thiols is reached. At this point the even distribution of the thiol groups
confers a similarly even distribution within the monolith upon the an-
chored gold nanoparticles. As will be shown, both methods do succeed
in distributing the gold evenly along the length of the reactor. However,
in the case of the impregnatedmethod heat treatment during synthesis,
results in heavily agglomerated Au nanoparticles. In contrast, the mate-
rial containing thiol groups that can act as anchoring sites for the Au
nanoparticles led to a material that was not only evenly dispersed
along the length of the monolith but also exhibits a smaller particle
size and more uniform particle size distribution.

The materials synthesised were tested for the selective oxidation of
cyclohexene [21]. The reason behind the choice of cyclohexene as the
test molecule is the volume of data that exists in the literature, which
allows for the appropriate choice of reaction conditions [22]. The
oxidation of cyclohexene has been utilised as a model reaction in selec-
tive oxidation studies [23–25]. Two common liquid phase oxidants
were employed: hydrogen peroxide (H2O2) and tert-butyl hydroperox-
ide (TBHP) [22,26,27]. The Au free monoliths were found to be catalyt-
ically inert at 30 °C. The presence of Au was the minimum necessary
requirement for the selective oxidation reaction to proceed. Both Au
functionalized monoliths were found to be active for the selective oxi-
dation of cyclohexene (Fig. 1) with the thiol functionalized monolith
being more active as compared to the impregnated monolith due to
the better dispersity and higher surface area of Au. The oxidation reac-
tion on the Au–thiol functionalized monolith was found to depend on
the type of oxidant used with TBHP being more active than H2O2. We
Fig. 1. The proposed reaction scheme for the selective oxidation of cyclohexene.
suggest this can be attributed to the thiol modifier (containing propyl
groups) rendering the silica surface of the monolith more hydrophobic
than the hydroxyl termination of the bare silica surface and so favouring
the organic oxidant.

2. Experimental

2.1. Materials synthesis

2.1.1. Au nanoparticle synthesis
Au nanoparticles were prepared by adapting the synthetic method

described by Liu et al. [28] HAuCl4·3H2O (24mg) (Alfa Aesar, 99.99% pu-
rity) was dissolved in ethylene glycol (1 mL, Fisher Scientific N 99%). To
the solution, polyvinylpyrrolidone (22 mg, MW 40,000, Alfa Aesar) was
added followed by a further 6 mL of ethylene glycol and mixed for
10 min. Sodium borohydride (30 mg) was then added to the mixture
and heated at 80 °C under N2 for 30min. The nanoparticles were isolated
by the addition of acetone followed by centrifugation at 3500 rpm. This
processwas repeated three times. The nanoparticleswere then dispersed
in deionised water. The method was found to produce Au nanoparticles
of 2.5 ± 0.7 nm size, as shown in the supporting information (Fig. S1).

2.1.2. Silica monolith synthesis
Themonolith designwas based upon existing designs and dimensions

to ensure good thermal control [11,29]. Mesoporous silica monoliths
were prepared by a modification of the method established by Fletcher
et al. [11,29]. Poly(ethylene oxide) (MW200,000, 0.122 g, Sigma Aldrich)
was added to a solution of acetic acid (0.02 M, 1.6 mL, Aldrich, purity
97.9% ) and stirred for 1 h (with a magnetic stirrer at 200 rpm) in an ice
bath until fully homogeneous. Tetramethylorthosilicate (TMOS) (800 μL,
Sigma Aldrich, purity 98%) was added to the solution over a period of
1 huntil once againhomogeneous. The solutionwas subsequently poured
into a plastic mould (length 6 cm, internal diameter 0.45 cm), closed at
both ends using poly(tetrafluoroethylene) (PTFE) thread seal tape. This
was then aged at 40 °C for 3 days. The gel monolith was removed from
the mould and washed thoroughly with deionised water to remove any
trace residues. Themonolithwas then immersed in an incubator contain-
ing ammonium hydroxide solution (1 M). The solution was heated to
~82 °C for 24 h, to form a mesoporous network within the material.
Thiswas followed by furtherwashingwith deionisedwater to remove re-
sidual ammonium hydroxide until pH 7 was achieved. The monolith was
dried at 40 °C for 1 day. The clean and dry monolith rods were heated at
600 °C for 3 h under air flow to remove the remaining poly(ethylene
oxide). The rodwas then cut to a 4 cm length, and linked to a borosilicate
tube (Smith Scientific) via a PTFE heat shrinkable tube. Thiswas heated in
an oven at 350 °C for a 1 h to seal the tube and encapsulate themonolithic
rod.

2.1.3. Au nanoparticle impregnated silica monolith synthesis
Au nanoparticle impregnated silica monoliths were prepared as de-

scribed above, however after addition of the tetramethylorthosilicate,
one hour after this was homogeneously mixed, the Au nanoparticle
suspension in water was also added (0.4 M, 150 μL). The resulting mix-
ture was then mixed until homogenous (0.5 h). The synthesis was then
completed following the same process described above for the Au free
monolith.

2.1.4. Au–thiol functionalized silica monolith
Once synthesised, a mesoporous silica monolith can be functional-

ized by incorporating a variety of useful functional groups such as:
vinyl-, allyl-, amino-propyl and sulphur [12,30]. Functionalizing
the silica monolith with these examples offers additional binding sites
for ligands (vinyl-, allyl- and amino-propyl) that require a specific
environment. In the present case thiolation of the monolith was
performed to anchor Au nanoparticles. As the Au–S bond is relatively
strong and the thiolate ligand is also reasonably durable on the silica
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surface, the Au nanoparticles are also stabilized [31,32]. Typically,
functionalization takes place in two steps (i) functionalizing the surface
of themonolithwith thiol groups and (ii) anchoring Au nanoparticles to
the sulphur containing functional groups. A 0.06 M solution of (3-
mercaptopropyl)trimethoxysilane (MPTES) (Sigma Aldrich, purity
95%) in toluene (4 mL) was passed through the monolith at a flow
rate of 40 μL min−1 at 100 °C in one direction, followed by a reverse
flow from the opposite direction [1]. The monolith was then washed
by passing toluene (4 mL), methanol (4 mL), and water (4 mL) at a
flow rate of 40 μL min−1. Finally, the Au nanoparticle suspension in
water (3 mL, equivalent Au atom content 0.02 M) was passed through
the functionalized monolith at a flow rate of 10 μL min−1 at room tem-
perature. To ensure the removal of polyvinylpyrrolidone, the monolith
was washed twice with water (3 mL) at a flow rate of 10 μL min−1.

2.2. Characterization of catalysts

All samples were analysed via a JEOL 2010 Transmission Electron Mi-
croscopy (TEM) operated at 200 kV. Images were collected using a Gatan
Ultrascan 4000 digital camera operated by Digital Micrograph software.
Samples were dispersed in ethanol and deposited on 300-mesh carbon-
coated copper grids and dried under ambient conditions. Au metal con-
tents were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer Optical Emission Spectrometer Op-
tima 5300 DV) after microwave digestion of the samples in 2 mL HNO3

(Romil SPA grade 70%), 2 mL HCl (Romil SPA grade 60%) at 200 °C
(CEM-MARS microwave reactor) followed by aqueous dilution. Bulk
compositions are ±10%. Scanning electron microscopy images were ac-
quired via a Zeiss EVO 60 instrument and Oxford Instruments Inca Sys-
tem 350 under the pressure of 10−2 Pa and an electron acceleration
voltage of 20 kV. Catalyst powder was adhered to double coated conduc-
tive carbon tape and attached to the specimen holder. BET surface areas
and pore volumes were determined via N2 physisorption using a
Micrometrics TriStar porosimeter. Powder X-ray diffraction (PXRD)mea-
surements were carried out usingmonochromated Cu Kα radiation (λ=
0.1542 nm) on a PANalytical Empyrean series 2 diffractometer. Subse-
quent analysis of the diffractograms was performed in HighScore Plus
(2013, PANalytical B.V.) with the ICDD's PDF-2 2012 database. X-ray pho-
toelectron spectra were acquired on the UK National EPSRC XPS Users'
Service (NEXUS) Kratos Axis Nova XP spectrometer with a
monochromated Al Kα excitation source (1486.7 eV). Samples were
mounted in powdered form on carbon tape, pressed with a spatula,
after pre-attaching the carbon tape to a stainless steel plate containing
twoholes, that act aswells intowhich to load thepowder. Awide analysis
area (300 × 700 μm) X-ray spot and charge compensation was used
throughout all measurements. Energies are referenced to adventitious
carbon at 284.4 eV. Spectral analysis was performed using CasaXPS.
Fig. 2. Schematic of continuous flow syste
2.3. Catalytic testing

A schematic of the reactor set up is depicted in Fig. 2. Controlled flow
reactions were performed using acetonitrile (5 mL, Fisher, 99.96% puri-
ty) as the solvent. The reactants 0.35 mmol cyclohexene (Sigma Aldrich
99.0% purity) and 0.35mmol of the oxidant in solutionweremixedwith
the acetonitrile solvent at room temperature and were passed through
the silica monolith at a constant flow rate of 12 μL min−1 using a
Chemyx Fusion 100 Syringe Pump. Two different oxidants were used
in this study: hydrogen peroxide, (Sigma Aldrich, 30 wt.% in H2O) and
tert-butyl hydroperoxide (TBHP), (Sigma Aldrich, 5.0–6.0M in decane).
To maintain constant temperature the monolith was contained in a
Model 7971 column heater (Jones Chromatography Ltd) held at 30 ±
0.1 °C. The mixture eluted from the monolith was collected in a vial
and analysed by gas chromatography, using a Bruker Scion 456-GC
equipped with a flame ionisation detector and a Zebron ZB-5 (5%-
phenyl–95%-dimethylpolysiloxane) capillary column. GC–MS was per-
formed using an Agilent 6890 GC equipped with an Agilent 5973N
Quadrupole mass spectrometer and an RXI-5MS (5%-phenyl–95%-
dimethylpolysiloxane) capillary column. The detection limit for the an-
alytical systems used equates to 0.2% conversion. Conversion and selec-
tivities were calculated using equations S1 and S2, found in the
supporting information.

3. Results and discussion

3.1. SEM, TEM, ICP-OES, BET, PXRD and XPS

Silica monoliths in general may adapt a variety of structural
morphologies depending on the synthesis procedure followed. These
morphologies are governed primarily on the molecular weight of the
starting polymer precursor as well as the ratio of water to silane. Alter-
ation of the above parameters may lead to a variety of polymorphs,
namely: (i) air-in-silica, (ii) silica-in-air and (iii) bicontinuous [29]. In
this work the “sponge like” bicontinuous monolithic structure reported
by Fletcher et al. [29] was targeted as it maximises the available surface
area and pore volume. The bicontinuous monolith structure can be
obtained under specific reaction conditions and is characterized by a
“continuous mutually conjugated domains and hyperbolic interfaces”
[33]. SEM images in Fig. 3 show that this was successfully achieved by
following the synthetic protocol described above, which can be seen
to lead to a “coral like” structure seen in the Au-free monolith in
Fig. 3a [34]. The image is typical of the bicontinuous monolithic mor-
phology [29,35–37]. The SEM measurements suggest that the coral
like network is preserved when Au is incorporated in the monolith by
either method (Fig. 3b and c). The Au nanoparticles, highlighted by
red circles in Fig. 3b and c, appear as bright spots within the SiO2
m for silica monolith catalytic testing.
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Fig. 3. SEM image of (a) Au free monolith, (b) Au impregnated monolith and (c) Au–thiol functionalized monolith.
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network. Critically, the particles observed in Fig. 3b appear much larger
than those in Fig. 3c which suggests heavy agglomeration of Au in the
case of the Au impregnated monolith.

Although, the incorporation of Au does not change the shape of the
host SiO2 pore network, the BET measurements (Table 1) suggest that
the Au doped monoliths have lower surface area and pore volume
while the overall pore size is increased. This is understood in terms of
restricted diffusion of N2 molecules in the micropores of the monolith
due to blockingwithAu nanoparticles during theN2 physisorptionmea-
surement [38–40]. Blocking of the small pores of the mesostructure
with Au particles or particle aggregates leads to a lower overall mono-
lith surface area. On the other hand blocking of the small pores will in-
crease the average pore size of the monolith as diffusion of particles
takes place only at the larger unblocked pores. Interestingly this effect
appears to be more pronounced in the case of the thiol functionalized
Au monolith as compared to the impregnated one. This suggests that a
larger number of Au nanoparticles must be present, which amplifies
the blocking effect. To further elucidate this point TEM and ICP-OES
measurements were performed.

Fig. 4 shows the elemental (ICP-OES) analysis for the two Au based
monoliths. The analysis was performed by dissecting the monolith rod
into 4 sections of 1 cm length. From each section, a piece of ~0.1 cm
was cut and digested following themethod described in the experimen-
tal section. The key point to note is that in both cases the Au content ap-
pears to be nearly homogeneous across the length of each monolith, as
was desired. The final weight % loading determined by ICP-OES is simi-
lar in both cases: the impregnated monolith had a Au content of
2.7 wt.% ± 0.2% across the monolith rod, while for the thiol functional-
ized monolith there was a Au content of 1.2 wt.% ± 0.3%. This similarity
in Au content (around a factor of two) confirms that the very significant
differences in agglomeration are unlikely to be due merely to different
Au loadings. It should also be noted that there is a small loss of Au
from the nominal loading of 4.7 wt.% in the case of the impregnated
method (likely due to washing steps removing any free material during
the synthesis), but for the thiol functionalized monolith a saturation
(based on the number of thiol groups) is reached despite washing
through a large excess of Au nanoparticles (which if all incorporated
would yield a 9.4% nominal loading). In the latter case it should be
noted that to minimizewaste of valuable Au the nanoparticles not teth-
eredwithin onemonolith could be collected after pumping through the
Table 1
Surface area and porosity measurements of the various monoliths.

Sample BET surface area
/m2 g−1

Pore volume
/cm3 g−1

Pore size
/nm

Au/thiol monolith 160 0.6 16.2
Au impregnated monolith 191 0.7 15.4
Au-free monolith 210 0.9 11.6
first monolith and used directly to load further monoliths with Au
nanoparticles.

Fig. 5 shows representative TEM images and the particle size histo-
grams for the twoAumonoliths. It can be seen that the Au nanoparticles
of the thiol functionalized Aumonolith have a relatively narrow particle
size distribution (average size of 6.8 ± 1.4 nm). Impregnation of the
monolith with Au nanoparticles led to a vastly broader particle size dis-
tribution (average size 49.5± 26.5 nm diameter) with a maximum size
of 110 nm, due to severe agglomeration. The difference in Au particle
size between the two monoliths is attributed to the heat treatment.
The monolith synthetic protocol requires calcination at 600 °C to pro-
duce the final material. In the case of the impregnated monolith the
Au nanoparticles are present in the monolith when the calcination pro-
cess takes place leading to strong agglomeration of the particles. In the
case of the thiol functionalized monolith the Au nanoparticles and
thiol groups are added to the monolith after the calcination step, thus
they are protected from agglomeration which led to a more uniform
particle size distribution [41].

Further confirmation of the general trend in particle size difference
between the two monoliths was obtained via PXRD measurements.
Fig. 6a shows that the Au particles present in both samples possess
the same four crystal planes with the {111} plane being the most
Fig. 4. ICP-OES results taken at 1 cm cross sections of the two monoliths.
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Fig. 5. TEMand particle size distribution diagrams of: (a) Au thiol-functionalizedmonolith
and (b) Au impregnated monolith.

Table 2
Au particle size distribution via TEM and PXRD.

Catalyst TEM average particle
size (nm)

PXRD average crystallite
size (nm)

Au–impregnated monolith 49.5 ± 26.5 22.0 ± 10.0
Au–thiol modified monolith 6.8 ± 1.4 11.0 ± 5.0
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dominant in both cases. The broadening of the peaks in the case of the
thiol modified Au monolith suggests that the Au particle size is smaller
than that of the impregnated monolith [9]. By utilising Scherrer's equa-
tion, an average crystallite size was obtained (Table 2). As can be seen,
the trend in particle sizes for the Au–thiol monolith is concordant be-
tween the PXRD and TEM. It is worth noting that the TEM particle size
is a number average (counted once per particle), whereas PXRD is an
electron weighted average; PXRD therefore is relatively biased towards
large particles [42] in the case of the thiol modified small particles this
likely accounts for the numerical difference between the two methods.
For the impregnated sample the large range of particle sizes and possi-
bilitymany particles are present as agglomerates alsomay lead to an ap-
parent numerical inconsistency, but this time due to the difference
between apparent particle size inferred from contrast in bright field
TEM images vs. PXRD which measures crystallite rather than particle
size. The key point however is both techniques indicate the general re-
sult that the thiol modified monolith method affords much improved
size control and thus leads to smaller particles. Clearly, despite the rela-
tively higher Au content of the impregnated monolith, the available Au
surface area is relatively lower as compared to the thiol functionalized
monolith due to the severe agglomeration of the Au nanoparticles.
This effect is also seen very dramatically in the XP spectra shown in
Fig. 6b which show, after correction to the Si 2p substrate signal, that
the XPS visible Au is 8 times greater for the thiol modified sample as
compared to the impregnated one, despite the slightly lower bulk gold
content of the former. This confirms the loss of surface Au (and
consequent loss of catalytic sites) as a result of Au agglomeration in
the impregnated catalyst, since the Au signal will largely originate
from near the surface of the nanoparticles and so gold buried deep
with the larger agglomerated particles will not be seen (emitted elec-
trons have a kinetic energy of 1403 eV, corresponding to a typical
Fig. 6. For gold catalystmonoliths impregnated (bottom) and thiol-modified (top): (a) PXRDdat
spectra; and, (c) S 2s region XP spectra. In each case (a–c) data for two samples are offset for c
mean free path escape depth of 1.8 nm).[43] Additionally, Fig. 5c
shows the S 2p XP spectra which clearly demonstrate the successful
functionalization of the monolith with the thiol groups.

3.2. Catalytic testing

TheAu free and the two Au containingmonolithswere tested for the
selective oxidation of cyclohexene using acetonitrile as the solvent at
the very mild temperature of 30 °C. The reaction was studied using
two different oxidants: tert-butyl hydroperoxide (TBHP) and hydrogen
peroxide (H2O2) [22]. The molar ratio of reagent to oxidant was kept to
1:1. The results are summarised in Table 3. The pure silicamonolithwas
found to be inactive for the selective oxidation of cyclohexene at 30 °C
with both TBHP and H2O2. The impregnated monolith was found to
lead to low conversion of cyclohexene (≤3% conversion) using both ox-
idants. This is attributed to the relatively low surface area of the heavily
agglomerated Au nanoparticles present in this monolith. Under these
low conversions, the selectivity of the reactionwas found to be different
when the two oxidants were used with H2O2 favouring cyclohexene
oxide (58.4% selectivity) while TBHP favouring the formation of
2-cyclohexen-1-ol (51.5% selectivity).

As might be expected owing to the higher surface area, the thiol
functionalized monolith was found to be relatively more reactive than
the impregnated monolith with the conversion reaching 18.3% when
TBHPwas used as the oxidant. This also confirms that there is no strong-
ly deleterious poisoning effect resulting from the presence of a small
number of sulphur binding sites present in the material. Normalization
to the metal surface area in the form of turnover frequencies (TOFs),
also given in Table 3, gives additional insight into the mechanism by
which the mass activity enhancement observed may be occurring. TOF
values are in the high end of the range expected for room temperature
cyclohexene oxidation using peroxide oxidants; speculatively this is
perhaps due to less mass transfer limitations in a flow reactor, rather
than the batch systems commonly reported [44]. However, it is interest-
ing to note that TOF values are relatively comparable for either oxidant
in the case of the impregnated monolith, but differ somewhat between
the two oxidants in the case of the thiol modified monolith. As can be
seen the thiol modified TOF values fall either side of the impregnated
TOF values (suggesting in general terms much of the mass activity
a, specific dominant crystallographic planes are indicatedon thefigure; (b)Au4f regionXP
larity. XPS binding energy scale corrected to C 1s at 284.4 eV.



Table 3
Cyclohexene oxidation on Au impregnated and Au freemonoliths using tert-butyl hydroperoxide (TBHP) and hydrogen peroxide (H2O2) as the oxidants at 30 °C. Details of the calculation
of conversion and TOF are given in the supporting information. The conversion is normalised to account for material still trapped within the monolith at the end of the reaction.

Catalyst Oxidant Conversion / % TOF Cyclohexene oxide S / % 2-Cyclohexen-1-one S / % 2-Cyclohexen-1-ol S / %

Au free monolith TBHP b0.2 n/a 0 0 0
Au/monolith
(impregnated)

TBHP 3.1 184 30.2 18.3 51.5

Au/monolith
(thiol modified)

TBHP 18.3 342 2.5 81.5 16.0

Au free monolith H2O2 b0.2 n/a 0 0 0
Au/monolith
(impregnated)

H2O2 2.8 167 8.4 18.5 23.1

Au/monolith
(thiol modified)

H2O2 2.7 51 56.7 22.7 20.6

S — % selectivity.
TOF— turnover frequency (cyclohexene molecules per surface Au atom, per hour).
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enhancement seen is likely due to higher surface area). We speculate
the difference in the case of the thiol modified monolith with different
oxidants may be due to the presence of the thiol anchoring agent
which induces an increased hydrophobicity in the silica monolith [45,
46] limiting the access of H2O2, thus lowering the rate of reaction. The
slight increase of TOF (factor of two) when using organic TBHP as oxi-
dant with the thiol modified monolith compared to the impregnated
monolith could either be due again to the hydrophobicity, or due to bet-
ter access of reactantswithin themonolith structure— large Au agglom-
erates can be expected to potentially cause more blockages in the pore
structure. Both these factors can be seen as potentially contributory to
themechanism bywhich ourmethod of dispersing small gold nanopar-
ticles within themonolith structure leads to a substantial improvement
in mass activity for practical chemical processing. The results suggest
that tailoring the selectivity of the selective oxidation reaction is driven
by both the oxidizing agent and the method used to functionalize the
monolith with Au nanoparticles. Furthermore, the XPS data of both
monolith catalysts (Fig. 6b) are indicative of Au in the metallic state
with very limited variation in the peak centres — Au 4f7/2 283.1 and
283.3 eV for the modified and unmodified catalysts respectively; shifts
for oxidation to Au(I) are typically 1 eV or more [47]. XPS therefore ex-
cludes the possibility the improved catalysis observed is due to changes
in the electronic structure rather than simply as a result of the dramat-
ically improved particle size control when using the thiol modified
monolith.

4. Conclusions

In summary, we have shown how two simple methods can be used
to prepare mesoporous monolithic reactors functionalized evenly along
their length with Au nanoparticles. These methods consist of
(i) impregnation of Au nanoparticles in the porous network during
monolith synthesis, (ii) functionalizing the monolith with sulphur
groups and then passing Au along the monolith, forming Au–thiol
bonds. While both methods successfully achieved even distribution of
gold nanoparticles along the length of the monolithic microreactor,
the two methods were found to lead to very different Au particle sizes
and therefore available catalytic Au surface area, as seen by the XPS
and TEM. It was found that a pure silica monolith was inactive for the
oxidation reaction. The incorporation of Au proved essential in utilising
the monoliths for continuous flow selective oxidation catalytic
microreactors. The Au free monoliths were found to be unreactive at
30 °C. The thiol functionalized was found to be more active when
using TBHP as oxidant as compared to the impregnated monolith due
to the better dispersity and higher surface area of Au and in spite of
the presence of sulphur. Additionally, the oxidation reaction on the
Au–thiol functionalized monolith was found to depend on the type
of oxidant used with tert-butyl hydroperoxide being more active
than H2O2, likely due to the thiol induced hydrophobicity of the mono-
lith. Overall the results point to the use of post synthetic surface
modification to anchor nanoparticles as a highly effective strategy for
evenly incorporating catalytically active nanoparticles withinmonolith-
ic flow reactors.
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