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cs for tandem synergistic Pickering
interfacial catalysis: oxidative cleavage of
cyclohexene oxide into adipic acid†

Bingyu Yang,a Löıc Leclercq, *a Véronique Schmitt,b Marc Pera-Titus *c

and Véronique Nardello-Rataj *a

Supramolecular preorganization and interfacial recognition can provide useful architectures for colloidal

building. To this aim, a novel approach, based on colloidal tectonics involving two surface-active particles

containing both recognition and catalytic sites, has been developed for controlling the formation and the

properties of Pickering emulsions. This was illustrated by the combination of dodecyltrimethylammonium

phosphotungstate nanoparticles, [C12]3[PW12O40], and silica particles functionalized with alkyl and sulfonic

acid groups, [Cn/SO3H]@SiO2. The interfacial self-assembly occurs by the penetration of the alkyl chains

of [Cn/SO3H]@SiO2 into the [C12]3[PW12O40] supramolecular porous structure constituted of polar and

apolar regions. The emulsions were used as a non-nitric acid route for adipic acid synthesis from the one-

pot oxidative cleavage of cyclohexene oxide with aqueous H2O2. The catalytic performance was

significantly boosted due to the synergistic interactions between the particles.
Introduction

The recently developed “Pickering Interfacial Catalysis” (PIC)
concept, which uses catalytic nanoparticles (NPs) able to
stabilize emulsions, appears as a very promising strategy for
overcoming diffusion limitations in liquid/liquid reactions.1

Indeed, PIC systems, in which the NPs behave concomitantly as
emulsiers and interfacial catalysts, show several advantages:
(i) presence of immiscible interfacial catalytic NPs, (ii) increase
of mass transfer between the phases due to an enhanced
contact area, (iii) easy separation of the reaction products
facilitating catalyst recovery, and (iv) upgrade of the eco-
efficiency of the reaction system.1 The potential of PIC has
already been demonstrated in oxidation,2 etherication,3 ace-
talization,4 and transesterication reactions.5

PIC systems can be designed with “supramolecular hier-
archical” [C12]3[PW12O40] NPs resulting from the ionic
attraction between dodecyltrimethylammonium chains and
phosphotungstate anions.2 These NPs exhibit an organized
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internal structure based on [PW12O40] parallel planes sepa-
rated by interdigitated surfactant chains, generating porous
architectures constituted of polar and apolar regions where
organic molecules can be accommodated.2,6 In the presence of
water and oil, they form very stable Pickering emulsions due
to their bridging upon the release of some alkyl chains during
oil penetration.6 More broadly, the surface interaction
between molecules (tectons) can induce their self-assembly in
reversible and predictable colloidal systems.7 This novel
approach is here termed as “colloidal tectonics”.8 The
formation of [C12]3[PW12O40] NPs and their further use as an
emulsier strongly suggest that colloidal tectonics can be
applied to the bottom-up design of emulsions driven by the
interfacial self-assembly of NPs.8 To ensure the predictability
and stability of the emulsions, “programming” of NPs is
essential for controlling recognition events and their itera-
tions (Fig. 1).8

It is well known that NP mixtures can stabilize Pickering
emulsions. Unfortunately, this seems to be circumscribed to
NPs with opposite charge,9–13 and different polarity14–17 or
size.18–20 Alternatively, the colloidal tectonics approach offers
a more general platform for building emulsions from
[C12]3[PW12O40] NPs. Indeed, their interaction with silica NPs
graed with alkyl and sulfonic acid groups ([Cn/SO3H]@SiO2,
n ¼ 3, 8 and 18) should drive the concomitant self-assembly of
both NPs driven by partial penetration of the alkyl chains of
[Cn/SO3H]@SiO2 into [C12]3[PW12O40] (Fig. 2). To illustrate the
potential applications of this strategy, the self-assembled
emulsions were evaluated for PIC tandem reactions being
only attempted in few studies.21,22 Herein, we explored
Chem. Sci., 2019, 10, 501–507 | 501
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Fig. 2 From molecular tectonics to colloidal engineering of catalytic
Pickering emulsions for adipic acid synthesis.

Table 1 Main characteristics of the silica NPs used in this study

[C12]3[PW12O40]

[Cn/SO3H]@SiO2

C3 C8 C18

DGa,b (%) — 58 39 32
Cn : SO3H molar ratiob — 64 : 36 73 : 27 82 : 18
fc (nm) 35 15 12 14
zd (mV) �36 �9 �38 �42
qe (�) 97 76 96 104
Acidityf (mmol H+/g) 0 1.45 0.70 0.38

a Graing degree. b Calculated from elemental and TG analyses.
c Diameter of NPs based on TEM (S.D. ¼ 15%). d Determined for
1 wt% NPs in water (S.D. ¼ 5%). e Water contact angle measured on
compressed NPs (S.D. ¼ 2%). f Calculated from elemental analysis
and pH-metric titration.

Fig. 1 Design of Pickering emulsions driven by the self-assembly of
receptors and connectors (tectonic nanoparticles).
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the synthesis of adipic acid (precursor of Nylon 6,6) from
the one-pot oxidative cleavage of cyclohexene oxide with
aqueous H2O2 as a non-nitric acid route.23 This eco-friendly
synthesis requires the co-adsorption of [Cn/SO3H]@SiO2 and
[C12]3[PW12O40] catalyzing the hydrolysis (i and v) and oxidation
steps (ii–iv, see Fig. 2) of the overall reaction.24

Results and discussion

The NPs were prepared using protocols developed in previous
studies.2,3 The [C12]3[PW12O40] NPs exhibit a spherical and
monodisperse shape (f z 35 nm, see ESI, Fig. S1†), negative
z-potential (�36 mV) and a water contact angle >90� (Table 1).7

The [Cn/SO3H]@SiO2 NPs also exhibit a spherical and mono-
disperse shape (f z 12–15 nm, see ESI, Fig. S2–S5†), as well as
a gradually negative z-potential from �9 to �42 mV with chain
lengths from C3 to C18. This behavior is closely related to the
graing degree and the Cn : SO3H molar ratio.5 Increasing the
chain length from C3 to C18 results in a lower graing degree
(from 58 to 32%). As all [Cn/SO3H]@SiO2NPs were prepared with
the same nominal Cn : SO3H molar ratio (50/50), the Cn : SO3H
molar ratio aer graing can be associated with the accessi-
bility of the reactants to the [Cn/SO3H]@SiO2 surface,
decreasing due to the steric hindrance and hydrophobicity of
the graed alkyl chains.5 In turn, both the graing degree and
the Cn : SO3H molar ratio are linked to the acidity and hydro-
philicity of the modied NPs: [C18/SO3H] < [C8/SO3H] < [C3/
SO3H]@SiO2. However, [C8/SO3H]@SiO2 and [C18/SO3H]@SiO2
502 | Chem. Sci., 2019, 10, 501–507
exhibit a water contact angle >90�, reecting poor wetting. The
emulsifying capacity, dened as the ability of the NPs to
emulsify various oils (n-heptane, toluene or di-n-butyl ether) in
water, is more prominent for the hydrophobic [C18/SO3H]@SiO2

NPs, generating water-in-oil (W/O) emulsions with all the
solvents. Likewise, [C8/SO3H]@SiO2 gave W/O emulsions with
toluene, whereas the hydrophilic [C3/SO3H]@SiO2 did not
stabilize any emulsion. Self-assembled [C12]3[PW12O40] NPs also
stabilized W/O emulsions with all the solvents. As only toluene
could generate emulsions with [C8/SO3H]@SiO2, [C18/SO3H]
@SiO2 and [C12]3[PW12O40] NPs, we conducted a complete
physicochemical investigation on the emulsifying capacity of
the different NPs for water/toluene systems.

The water/toluene emulsions (1/1 v/v) were prepared using
[Cn/SO3H]/[C12]3[PW12O40] NP mixtures (n ¼ 8 or 18, 3.6 wt%).
The emulsions were visualized by optical microscopy to assess
the evolution of the mean droplet diameter with the [Cn/SO3H]
@SiO2 mass fraction, f (Fig. 3). The mean droplet diameter
decreases dramatically with f until a plateau value around f ¼
0.25, reecting an attractive (synergistic) interaction between
both NPs. As the mean droplet diameter of the NP mixtures is
equal to or less than that of single [Cn/SO3H]@SiO2 NPs, the
mixed interface formation seems to be governed by the silica
NPs, being more “hydrophobic” than [C12]3[PW12O40] (Table 1).
Unlike [C8/SO3H]@SiO2 and [C18/SO3H]@SiO2 for which stable
W/O emulsions are obtained for all mass fractions, no emulsion
was observed with the hydrophilic [C3/SO3H]@SiO2. These
results are very surprising because of the negative z-potentials
of [C12]3[PW12O40] and [Cn/SO3H]@SiO2 NPs (see z-potentials in
Table 1). Therefore, the repulsion between NPs should inevi-
tably decrease the driving force of the assembly. Besides, the
combined NPs exhibit even weaker z-potentials compared to
that of individual NPs. For instance, [C12]3[PW12O40] and
[C18/SO3H]@SiO2 NPs (�36 and �42 mV, respectively) give
only �17 mV at f ¼ 0.5 (measured for 1 wt% NPs in water).
In parallel, the aqueous conductivity is also greatly
affected: [C12]3[PW12O40] and [C18/SO3H]@SiO2 NPs (137 and
153 mS cm�1, respectively) give only 53 mS cm�1 at f¼ 0.5. As the
conductivity is related to the charge and size of the NPs, the
formation of larger aggregates causes a decrease in the number
of charge carriers and hence the conductivity decreases (i.e.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Evolution of the droplet size (S.D. ¼ 10%) as a function of the
[Cn/SO3H]@SiO2 mass fraction (f) for water/toluene Pickering emul-
sions (1/1 v/v) stabilized by [Cn/SO3H]@SiO2 and [C12]3[PW12O40] NPs
(3.6 wt%, 11 500 rpm). The insets present the micrographs of the W/O
emulsions.

Fig. 4 TEM micrograph of [C12]3[PW12O40] and [C18/SO3H]@SiO2 NP
mixture (3.6 wt%, f ¼ 0.5) after dispersion in water (left) and cryo-SEM
micrograph of water/toluene emulsions (1/1 v/v) of [C18/SO3H]@SiO2/
[C12]3[PW12O40] mixtures (3.6 wt%, f ¼ 0.5, 11 500 rpm, right). The
inset shows a representation of the NPs in water and at the surface
droplets.

Fig. 5 Evolution of the emulsion volume fraction (S.D. ¼ 2%) as
a function of the storage time at 60 �C for water/toluene emulsions
(1/1 v/v) stabilized by [Cn/SO3H]@SiO2 and [C12]3[PW12O40] NPs or
a mixture of both NPs (3.6 wt%, f ¼ 0.5, 11 500 rpm). The insets
show the W/O emulsions stabilized by [C18/SO3H]@SiO2 and/or
[C12]3[PW12O40] NPs.
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there is self-assembly of [C12]3[PW12O40] and [C18/SO3H]@SiO2

NPs). It is clear that the stability of these aggregates results in
the balance between attractive and repulsive forces. When two
free negatively charged NPs approach each other, electrostatic
repulsion becomes more signicant. This repulsive energy can
be overcome by van der Waals and depletion attractive forces
between the largest [C12]3[PW12O40] and the smallest [C18/SO3H]
@SiO2 NPs (35 and 14 nm, respectively), leading to the forma-
tion of mixed aggregates. As the interaction energy is mainly
governed by van der Waals forces between the alkyl chains of
both NPs, this explains the tendency of hydrophobic NPs to
agglomerate more easily as long as alkyl chains favour van der
Waals interactions. For instance, the self-aggregation of
[C12]3[PW12O40] and [C18/SO3H]@SiO2 NPs observed by TEM is
shown in Fig. 4. As depicted in Fig. 4, the NPs are arranged into
interconnected NP networks where the larger [C12]3[PW12O40]
NPs are surrounded by the smallest [C18/SO3H]@SiO2 NPs. This
structure may also be regarded as [C18/SO3H]@SiO2 supramo-
lecular host networks in which the introduction of
[C12]3[PW12O40] NPs (guests) occurs with the formation of
inclusion-type compounds. At this stage, to explain the Picker-
ing stabilization by both NPs, we can suggest a mechanism
based on specic interactions between the [C12]3[PW12O40] and
[C18/SO3H]@SiO2 NPs leading to the formation of aggregates at
the oil/water interface. This assumption is supported by the
freeze-fracture cryo-SEM micrographs of the emulsion (Fig. 4).

Next, the emulsion stability was examined as a function of
storage time at 60 �C for the [Cn/SO3H]@SiO2 NPs either alone
or combined with [C12]3[PW12O40]. As depicted in Fig. 5, the
emulsion stability for the NPs alone increases in the order [C8/
SO3H]@SiO2 < [C12]3[PW12O40] < [C18/SO3H]@SiO2.

In order to identify the possible destabilizationmechanisms,
we also performed a series of multiple light scattering experi-
ments coupled with vertical scanning (Fig. 6).
This journal is © The Royal Society of Chemistry 2019
The time-evolution of backscattering is characteristic of
a sedimentation process, leading to the clarication of the
continuous phase (toluene). Indeed, the backscattering level
increases at the bottom due to a higher droplet concentration
in this part of the sample, thus suggesting a sedimentation
phenomenon (black arrow). In contrast, when looking at the
Chem. Sci., 2019, 10, 501–507 | 503
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top of the cell, we observe a decrease of the backscattering,
which is due to the clarication (red arrow). Moreover, clari-
cation and sedimentation fronts were clearly devised (purple
and green arrows, respectively). This sedimentation process
can be explained by the self-aggregation of both NPs. Indeed,
van der Waals attraction forces, observed in aqueous solution,
also operate between NPs located at the droplet surface,
leading the droplets to get closer. As the gravitational force
exceeds the thermal motion of the connected droplets
(Brownian motion), a concentration gradient builds up in
the system. As a result, larger droplets move rapidly to the
bottom of the sample (their density is higher than that of
the medium). At these conditions, the connected droplets
form a close-packed array at the bottom of the system, with
the remainder of the volume being occupied by the contin-
uous phase. However, sedimentation does not favor ultimate
coalescence because of the NP dense lm located at the oil/
water interface: the measured droplet size of the emulsion
does not vary with time. As depicted in Fig. 5 and 6, droplet
sedimentation occurs within the rst hours aer emulsica-
tion. Moreover, sedimentation stops more efficiently when
hydrophobic NPs are used, reecting stronger interactions
between the NPs and the oil molecules than those between the
NPs, leading to higher droplet stability. The resistance to
sedimentation is higher for the mixed NP systems. This
conrms the strong attractive interaction between both NPs
due to the sponge-like structure of [C12]3[PW12O40] NPs, where
some alkyl chains of [Cn/SO3H]@SiO2 can be accommodated.6

This behaviour is more distinct for [C18/SO3H]@SiO2NPs due
to the large “hydrophobic” contact area between the alkyl
chains aer their penetration inside [C12]3[PW12O40] NPs.6

Therefore, these emulsions show stability during the reaction
time and can be destabilized on demand by centrifugation
(4000 rpm, 20 min). In addition, droplet sedimentation,
which is not a destructive and irreversible process, can be
readily avoided during the reaction by stirring at 500 rpm
(see below).
Fig. 6 Variation of backscattering at 60 �C (DBS) versus sample height
and time of [C18/SO3H]@SiO2/[C12]3[PW12O40] mixtures (3.6 wt%, f ¼
0.5, 11 500 rpm) from 0 (blue curve) to 24 h (red curve). The inset
shows a representation of the time-evolution of the clarification/
sedimentation process (T ¼ transmitted light and BS ¼ backscattered
light) of the emulsion.

504 | Chem. Sci., 2019, 10, 501–507
The water/toluene emulsions stabilized by [C18/SO3H]@
SiO2 and [C12]3[PW12O40] NPs were further inspected directly
(without use of a replica) by cryo-SEM (Fig. 7). The freeze-
fracture of the emulsions varies in appearance depending
on the fracture plane and the structural heterogeneity of the
droplets. As the frozen droplets are randomly located, freeze-
fracture was performed in non-mid planes, resulting in
a difficult measure of the droplet. However, cross-fractured
droplets (where the plane of the fracture passes through the
mid plane) reveal a size compatible with the mean droplet
diameter measured by optical microscopy. It is noteworthy
that [C12]3[PW12O40] alone can generate crystalline organiza-
tions in the interfacial layer (Fig. 7A and A0) driven solely by
the self-assembly of [C12]3[PW12O40] NPs at long scale.
However, for the single [C12]3[PW12O40] NPs, electrostatic
forces and/or steric effects are not relevant due to the negative
z-potential and monodisperse size distribution (Table 1). The
self-assembly of [C12]3[PW12O40] NPs relies on recognition
events, leading to a supracolloidal interface governed by
hydrophobic forces. Indeed, toluene penetration inside
[C12]3[PW12O40] NPs can lead to the release of alkyl chains,
allowing their interlocking.6 In the case of [C18/SO3H]@SiO2

NPs, interlocking between NPs probably exists, but without
encompassing a large or well-ordered organization. For NP
mixtures, the presence of [C18/SO3H]@SiO2, even at a very low
mass fraction (f ¼ 0.05), decreases the thickness of the NP
layer. Therefore, the attractive interaction between both NPs
is larger than the self-assembly of [C12]3[PW12O40] NPs in
colloidal crystals.

With these results in hand, we explored the effect of catalytic
properties of [C12]3[PW12O40] and [Cn/SO3H]@SiO2 NPs on the
oxidative cleavage of cyclohexene oxide (Table 2). The tests were
carried out at 80 �C with a 50/50 mass ratio of [C18/SO3H]@SiO2

and [C12]3[PW12O40] NPs. The diacid/diol ratio was used to
assess whether the hydrolysis or oxidation steps are of signi-
cance in the mixed emulsions. To assess the inuence of each
catalyst on the reaction, a rst series of experiments was
Fig. 7 Cryo-SEM micrographs of water/toluene emulsions (1/1 v/v) as
a function of the [C18/SO3H]@ SiO2 mass fraction (f) for [C18/SO3H]
@SiO2/[C12]3[PW12O40] mixtures (3.6 wt%, 11 500 rpm). The white
arrows and the dashed lines indicate the thickness of the NPs layer.

This journal is © The Royal Society of Chemistry 2019
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performed either without (entry 1) or with the single NPs
(entries 2 and 3). For the catalyst-free reaction, a nearly quan-
titative cyclohexene conversion (>99%) is observed aer 12 h
along with a very low adipic acid selectivity (6%) and a diacid/
diol ratio of 0.1 (entry 1). These values are typical of uncata-
lyzed epoxide ring opening in aqueous solution.25 This obser-
vation points out that the overall reaction rate is clearly
controlled by the rate of the oxidation steps. The above
hypothesis is fully supported by a second control experiment
using [C18/SO3H]@SiO2 as the catalyst (Table 2, entry 2). A 2-fold
increase of the adipic acid selectivity is obtained under the same
reaction conditions, which can be attributed to a faster hydro-
lysis of adipic anhydride into adipic acid. The diacid/diol ratio
remains identical to the value measured without catalyst (i.e.
0.1), conrming that the oxidation reactions are not affected by
the [C18/SO3H]@SiO2 catalyst. We next performed the oxidative
cleavage of cyclohexene oxide with the single [C12]3[PW12O40]
NPs (entry 3). The adipic acid selectivity aer 12 h is 10-fold
higher than without catalyst, while the diacid/diol ratio
increases to 2.0. This clearly indicates that [C12]3[PW12O40]
sitting at the W/O interface can lower the activation energy of
the rate-limiting oxidation steps, resulting in a higher reaction
rate. The combination of [C18/SO3H]@SiO2 and [C12]3[PW12O40]
NPs acts as an efficient promoter for adipic acid production.
Indeed, the selectivity aer 12 h is almost 15 times higher than
that for the control experiment without catalyst (Table 2, entries
1 and 4), resulting in an isolated yield of 94% and a diacid/diol
ratio about 23. This high activity results not only from the
microstructured reaction medium, but also from the synergy
between both NPs. It is noteworthy that cyclohexene oxide was
quantitatively converted into the diol aer 30 min, this step
being faster than the following oxidation steps (see ESI,
Fig. S6†). To discern between mass transfer and intrinsic
kinetics, the activation energy was determined from the
Arrhenius plot, showing a value of 74.5 kJ mol�1 (see ESI,
Fig. S7†), which is typical of diffusion-free tungsten-catalyzed
Table 2 Oxidative cleavage of cyclohexene oxide in water/oil
(toluene, T, dibutyl ether, DBE and heptane, H)a

n� Oil [X]3[PW12O40] [Cn/SO3H]@SiO2 Sb% Diacid/diolc

1 T — — 6 0.1
2 T — [C18/SO3H]@SiO2 12 0.1
3 T [C12]3[PW12O40] — 63 2.0
4 T [C12]3[PW12O40] [C18/SO3H]@SiO2 94 23.3
5d T [Na]3[PW12O40] [C18/SO3H]@SiO2 25 0.7
6e T [C12]3[PW12O40] H2SO4 75 3.9
7f T [C12]3[PW12O40] [C18/SO3H]@SiO2 48 1.2
8 DBE [C12]3[PW12O40] [C18/SO3H]@SiO2 52 1.0
9 H [C12]3[PW12O40] [C18/SO3H]@SiO2 19 0.3
10 T [C12]3[PW12O40] [C8/SO3H]@SiO2 92 18.2

a [Cn/SO3H]@SiO2 ¼ 50 mg, [X]3[PW12O40] ¼ 50 mg, toluene ¼ 1.5 mL,
water ¼ 1.5 mL, cyclohexene oxide ¼ 1.5 mmol, H2O2 ¼ 5.25 mmol,
80 �C, 500 rpm, 12 h. Conv. of substrate >99%. b (Mol. of adipic acid)/
(mol. of converted cyclohexene oxide) � 100. The side products were
mainly glutaric acid, succinic acid, 2-hydroxycyclohexanone and 7-
hydroxyoxepan-2-one. c Ratio of adipic acid to 1,2-cyclohexanediol.
d [Na]3[PW12O40] ¼ 15 mmol. e H2SO4 ¼ 9.5 � 10�3 mmol. f [C18/SO3H]
@SiO2 ¼ 25 mg, [C12]3[PW12O40] ¼ 25 mg.

This journal is © The Royal Society of Chemistry 2019
oxidation reactions (range of 50–90 kJ mol�1).26–28 Conse-
quently the reaction rate does not appear to be affected by mass
transfer due to the large interfacial surface area generated, the
reaction occurring in the interfacial layer. The recycling of the
catalytic system was then investigated: the already used emul-
sied reaction medium was centrifuged (4000 rpm for 20 min).
The mixed catalytic NPs were ltered, washed with ethanol (3 �
5 mL), and dried. A new batch of fresh cyclohexene oxide (1.5
mmol) in toluene (1.5 mL), and H2O2 (5.25 mmol) in water (1.5
mL) were added to the NPs. The reaction proceeds without any
loss of activity (i.e. conversion) and selectivity aer ve
consecutive recycles. Therefore, catalytic and amphiphilic NPs
capable of stabilizing Pickering emulsions improve: (i) the
performance of the catalytic systems due to the presence of NPs
at the interface leading to a huge interfacial area and promoting
the mass transfer, (ii) phase separation, and (iii) the ecological
aspect of the process.

To provide further evidence of the synergy between the
different catalytic NPs, a series of control experiments were
performed under the same reaction conditions by replacing the
[C18/SO3H]@SiO2 and [C12]3[PW12O40] NPs by [C18/SO3H]@SiO2

and the water-soluble [Na]3[PW12O40], or by [C12]3[PW12O40] NPs
and homogeneous H2SO4 (entries 5 and 6). For both catalytic
systems, the presence of a homogeneous catalyst
([Na]3[PW12O40] or H2SO4) instead of the two surface-active NPs
does not affect the substrate conversion (>99%), but discour-
ages diacid formation (compare entries 4, 5 and 6). These
results clearly indicate that the presence of [C18/SO3H]@SiO2

and [C12]3[PW12O40] NPs at the W/O interface is essential to
achieve high adipic acid selectivity. As both NPs interact to
provide a nanostructured catalytic Pickering interface, in which
the water/oil (W/O) interfacial area hugely favors mass transfer
and catalyzes the various hydrolysis and oxidation steps (see
Fig. 2), the overall reaction rate is enhanced, allowing the
formation of the desired product (diacid) aer 12 h. Next, the
effect of the catalyst amount on the catalytic activity was
investigated (entry 7). As the catalyst amount was divided by 2,
an unstable emulsion was obtained. At these conditions, the
surface-active NPs provide a high substrate conversion aer
12 h, but the diacid selectivity is affected. All these observations
support an interfacial catalytic mechanism, where the co-
adsorption of both catalysts at the W/O interface is essential
for producing adipic acid. As a consequence, there is a close
relation between the structure of both NPs (i.e. the presence and
spatial distance of the hydrophobic binding sites) and the
catalytic performance of the resulting emulsions.

Additional oxidative cleavage experiments were performed
using either n-heptane or di-n-butyl ether as solvents. Unlike
toluene, the activity, selectivity and diacid/diol ratio decrease
for both solvents (entries 8 and 9). We can reasonably assume
that these linear solvents act as competitive inhibitors of the
porous [C12]3[PW12O40] NPs. The binding of n-heptane and di-n-
butyl ether with [C12]3[PW12O40] NPs is expected to reduce the
[C18/SO3H]@SiO2/[C12]3[PW12O40] interaction. The results indi-
cate that the most hydrophobic solvent (n-heptane) provides
a stronger inhibitory effect due to easier penetration into the
[C12]3[PW12O40] NPs in agreement with the eluotropic series.29
Chem. Sci., 2019, 10, 501–507 | 505
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Table 3 Oxidative cleavage of cycloalkene oxides in water/toluene
Pickering emulsion stabilized by [C18/SO3H]@SiO2 and [C12]3[PW12O40]
NPs at 80 �C a

Substrate Conv.b% Product Yieldc%

>99 94

>99 69

>99 71

99 84

99 76

a [C18/SO3H]@SiO2 ¼ 50 mg, [C18]3[PW12O40] ¼ 50 mg, toluene ¼ 1.5
mL, water ¼ 1.5 mL, alkene oxide ¼ 1.5 mmol, H2O2 ¼ 5.25 mmol,
80 �C, 500 rpm, 12 h. b Determined by 1H NMR. c Yield of the isolated
product.
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To gain more insight into the attractive interactions between
the NPs, an experiment was performed for the [C8/SO3H]@SiO2/
[C12]3[PW12O40] system (entry 10). Even if the conversion
remains almost quantitative, the adipic acid selectivity is
slightly lower than for the [C18/SO3H]@SiO2/[C12]3[PW12O40]
system. Concomitantly, the diacid/diol ratio drops from 23 to 18
(entries 4 and 10). Again, we can reasonably argue that this
effect is correlated with the chain length of the [Cn/SO3H]
@SiO2NPs. Indeed, the strength of London forces is directly
proportional to the “hydrophobic” contact area aer penetra-
tion, increasing the cohesion of the catalytic interface.

On the basis of literature data, to obtain selectively adipic
acid (>70%) from the oxidative cleavage of cyclohexene and/or
its derivatives with W-based catalysts under mild reaction
conditions (<100 �C and >600 rpm) and acceptable time (<24 h),
several elegant approaches have been explored in the last two
decades including organic acids,30 phase transfer catalysts,31–33

catalytic surfactants,34 catalytic ionic liquids35 and supported
catalysts.36,37 Although all these systems solve the phase
incompatibility issue, they suffer from one or more of the
following drawbacks: (i) catalyst leaching, (ii) complex phase
separation, especially in the presence of surfactants or organic
acids, (iii) requirement of washing and neutralization of the
reaction medium (systems using homogeneous acids), which
generates waste water treatment problems, and/or (iv) sometimes
there is a need for a co-solvent especially with supported catalysts
(e.g., acetonitrile). All these issues can be solved here as the PIC
system allows reaction completion (aer 12 h) under mild
conditions (80 �C and 500 rpm)without co-solvents. Products and
catalysts are readily separated by simple centrifugation. Even if
silica NPs require synthetic surface modication, the catalytic
[Cn/SO3H]@SiO2/[C12]3[PW12O40] system is efficient and globally
eco-friendly because it minimizes the use of organic solvents (or
co-solvents) and can be easily re-used without waste generation.

Finally, to extend the scope of the system, the oxidative
cleavage of other cycloalkene oxides (i.e. cycloheptene, cyclo-
octene, 1-methylcyclohexene, and 4-methylcyclohexene) was
carried out at the same reaction conditions (Table 3). To allow
a proper comparison of the catalytic performance of the
different substrates, the reaction time was set at 12 h. As
depicted in Table 3, all cycloalkene oxides were quasi-
quantitatively converted (conv. $99%) to their corresponding
carboxylic acids with an isolated yield$69%. As the oxidation of
alkene oxides to carboxylic acids occurs via the formation of diol
intermediates, which constitute the major side product based
on 1H NMR spectroscopic analysis of the crude reaction
mixture, the overall reaction rate is clearly controlled by the
rate of the oxidation steps (see Fig. 2). Consequently, the
susceptibility of the cycloalkene oxides to oxidation steps is as
follows: 1-methylcyclohexene < 4-methylcyclohexene < cyclo-
octene < cycloheptene < cyclohexene oxides. However, it is
noteworthy that all cycloalkene oxides can be oxidized to their
corresponding acids with a yield $90% aer 24 h. Therefore,
the combination of [C18/SO3H]@SiO2 and [C12]3[PW12O40] NPs
acts as an efficient promoter for acid production at acceptable
reaction times and facilitates the recycling of the catalytic
system.
506 | Chem. Sci., 2019, 10, 501–507
Conclusions

Pickering emulsions could be designed and stabilized by two
catalytic amphiphilic NPs using the colloidal tectonics
approach. The porous [C12]3[PW12O40] NPs allow the accom-
modation of C18 chains belonging to [C18/SO3H]@SiO2, result-
ing in their interlocking. In the presence of a W/O biphasic
system, these attractive interactions act as elastic “springs” in
the interfacial layer, conditioning the droplet size and the
emulsion stability. At optimal conditions, such systems are
efficient for the conversion of cycloalkene oxides into diacids
combining the benets of supramolecular chemistry (exible,
versatile and highly dynamic self-assembly systems) with
homogeneous (high activity and selectivity) and heterogeneous
catalysis (simple phase separation and catalyst reuse). This
novel approach opens interesting and unprecedented perspec-
tives and foreshadows the advent of predictable colloidal self-
assembly methodologies for catalysis. Work is under way to
extend these systems to other tandem reactions.
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