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ABSTRACT: Nanoreactors consisting of hydrophilic porous SiO2 shells and amphiphilic
copolymer cores have been prepared, which can easily self-tune their hydrophilic/hydrophobic
balance depending on the environment and exhibit chameleon-like behavior. The accordingly
obtained nanoparticles show excellent colloidal stability in a variety of solvents with different
polarity. Most importantly, thanks to the assistance of the nitroxide radicals attached to the
amphiphilic copolymers, the synthesized nanoreactors show high catalytic activity for model
reactions in both polar and nonpolar environments and, more particularly, realize a high
selectivity for the products resulting from the oxidation of benzyl alcohol in toluene.
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■ INTRODUCTION
Noble metal nanoparticles are considered to be among the
most important catalysts for heterogeneous reactions because
of their unique intrinsic properties, large surface-to-volume
ratio, and highly active surface atoms.1−4 Nevertheless, such
distinct properties also easily lead to the aggregation of
nanoparticles during catalytic reactions, resulting in a rapid
decay of catalytic activity.5 Therefore, maintaining a long-term
uniform dispersion of metal nanoparticles and maximizing
their surface areas are always the key issues for the application
of metallic nanoparticles as highly active heterogeneous
catalysts. Until now, two strategies have been widely utilized
to suppress the agglomeration of metal nanoparticles: (i)
modifying the surface of metal nanoparticles with different
kinds of surfactants6 and (ii) developing carrier systems to load
metal nanoparticles, such as core−shell or yolk shell nano-
reactors.7−11 However, most of these systems are designed for
only one or a few catalytic environments with similar polarity.
Once the environment surrounding the catalysts changes, the
stability of the catalytic system is difficult to maintain. Thus,
developing multiple environments for stabilizing systems for
metallic nanoparticles is still a big challenge.
In 2006, Voronov et al. disclosed an amphiphilic polyester

that can be used as a stabilizing agent for metallic nanoparticles
in both polar and nonpolar media.12,13 The synthesized silver
nanoparticles based on this system were stable in both acetone
(polar) and toluene (nonpolar). Although there is no follow-up
report on the application of the synthesized nanoparticles, it
provides an option for the development of metallic catalytic
systems that are stable in multiple environments. However, the

aim of most of the polymer surfactants developed for catalytic
purposes is to generate hydrophobic regions in hydrophilic
surroundings.14−16 To the best of our knowledge, reports on
catalytic systems simultaneously achieving high catalytic
efficiency in both polar and nonpolar environments with the
help of amphiphilic surfactants are still scarce.
Compared to amphiphilic polymer surfactants, nanoreactors

generally contain more complex structures and functions.
Therefore, they are considered to be more promising
candidates to achieve “one-for-all” environments for efficient
catalytic activity. For example, in 2015, Lee et al. developed
superhydrophobic hollow silica micelles (SHSMs) with
hydrophilic cores and amphiprotic shells.17 Due to the
coexisting hydrophilic poly(allylamine hydrochloride) (PAH)
and hydrophobic octadecyltrimethoxysilane (OTMS) domains
on the outer shells, the synthesized nanoreactors showed
excellent stability in both organic and aqueous environments.
Nevertheless, the presence of hydrophobic OTMS still caused
the slower diffusion of hydrophilic species through the SHSMs
structure, which led to a lower catalytic activity in water
compared to that for hydrophilic catalysts.
In the present study, we designed and synthesized novel

multienvironment nanoreactors composed of hydrophilic
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porous SiO2 shells and poly(4-methacryloyloxy-2,2,6,6-tetra-
methylpiperidine-co-2,2,6,6-tetramethylpiperidinyloxy-4-yl
methacrylate) (PTMPM-co-PTMA) amphiphilic copolymer
cores. Thanks to the response of PTMPM-co-PTMA to organic
solvents with different polarities, copolymer segments can be
specifically swollen and pass through the micropores of the
SiO2 shells to rewrap the nanoreactors, thereby realizing the
hydrophilic/hydrophobic balance self-regulation without com-
plicated surface modification and a polymer grafting process.
The obtained nanoreactors show excellent colloidal stability in
most commonly used solvents. In order to demonstrate the
catalytic activity of the PTMPM-co-PTMA@Au@porous SiO2
(PPAPS) nanoreactors in different polar environments, the
reduction of 4-nitrophenol (Nip) in water (polar) and the
oxidation of benzyl alcohol in toluene (nonpolar) have been
selected as model reactions. The present approach provides a
novel and simple method for the fabrication of multienviron-
ment nanoreactors.

■ EXPERIMENTAL SECTION
Materials. 2,2′-Azobis(2-methylpropionamidine) dihydrochloride

(V50), cetyltrimethylammonium bromide (CTAB), sodium tungstate
dihydrate (Na2WO4·2H2O), tetraethyl orthosilicate (TEOS), 4-
nitrophenol, anhydrous benzyl alcohol, and benzaldehyde were
supplied by Sigma-Aldrich. Sodium borohydride (NaBH4) and
2,2,6,6-tetramethylpiperidin-4-yl methacrylate (TMPM) were sup-
plied by Tokyo Chemical Industry (TCI). Gold(III) chloride
trihydrate (HAuCl4·3H2O) and H2O2 (35 wt % in H2O) were
supplied by Acros Organics. Hydrochloric acid (37 wt % in H2O),
ethanol, methanol, sodium hydroxide (NaOH), toluene, and
ammonia solution (32 wt % in H2O) were supplied by VWR. All of
the reactants were used without further purification. Water was
purified by a Milli-Q system.
Characterizations. Transmission electron microscope (TEM)

images were recorded with an LEO 922. The cryogenic transmission
electron microscopy (cryo-TEM) micrographs were recorded on a
JEOL JEM-2100 operated at 200 kV with a bottom-mounted 4 k × 4
k CMOS camera (TemCam-F416, TVIPS, Gauting, Germany). The
total electron dose in each micrograph was kept below 20 e−/Å2.
Cryo-TEM specimens were prepared by applying a 4 μL drop of a
dispersion sample to lacey carbon-coated copper TEM grids (200

mesh, Science Services) and were plunge-frozen in liquid ethane with
an FEI Vitrobot Mark IV set at 4 °C and 95% humidity. Vitrified grids
were transferred and imaged in the microscope with a cryogenic
transfer holder (Gatan 914, Gatan, Munich, Germany). The analysis
of Au loading in the nanoreactors was realized with the Varian Vista
MPX CCD simultaneous axial ICP-OES. Nanoreactors (50 mg) were
analyzed by Medac Ltd., and the samples were digested with HF
before the measurement. The content of Au in PPAPS was 246 ppm.
UV−visible (UV−vis) spectra were acquired on a Varian spectropho-
tometer (Cary, 50 Conc). X-band ESR spectra were acquired on an
EMXmicro CW-EPR spectrometer from Bruker, Germany (EMX
micro EMM-6/1/9-VT control unit, ER 070 magnet, EMX premium
ER04 X-band microwave bridge equipped with an EMX standard
resonator, and EMX080 power unit). X-ray diffraction (XRD) was
performed on a Bruker D8 with a Cu Kα radiation anode. Gas
chromatography (GC) was performed on a Shimadzu GC-2010.
Dynamic light scattering (DLS) was performed with an ALV/CGS-3
compact goniometer system (ALV GmbH, Germany) and has been
repeated at least five times in order to check the reproducibility.
Conventional Radical Polymerization of TMPM-Cl. First, 4-

(methacryloyloxy)-2,2,6,6-tetramethylpiperidinium chloride (TMPM-
Cl) was prepared by protonating the amine functionality of TMPM.
TMPM (5 g) was dissolved in ethanol (25 mL), and hydrochloric
acid (4.1 M, 6.5 mL) was added dropwise at room temperature. After
stirring for 1 h, the solvent was evaporated, and the product was dried
in vacuo at 40 °C for 18 h. TMPM-Cl (1 g) was dissolved in a mixture
of ethanol (3 mL) and water (2 mL). After the solution was degassed
with argon, 1 mL of a V50 aqueous solution (0.18 M) was added
dropwise and the polymerization was started immediately by
increasing the temperature to 70 °C. The reaction was run for 2 h.
The obtained PTMPM-Cl solution was stored at room temperature
for the next step.
Synthesis of PTMPM-co-PTMA@Au Hybrid Polymers. In the

first step, 0.3 mL of the PTMPM-Cl solution was diluted with 9.7 mL
of water, and then HAuCl4 solution (0.001 M, 4.5 mL) was added
under vigorous stirring. The excess HAuCl4 was removed by dialysis
for 48 h. Second, the solution was purged with N2 to remove the
oxygen, and a 3-fold excess of sodium borohydride was slowly added
to reduce the gold precursors. As the reduction process was
completed, sodium hydroxide (1 mL, 1.25 M) was added dropwise
to the PTMPM-Cl@Au solution to neutralize the released protons.
After 18 h of stirring, a PTMPM@Au hybrid gel was obtained by
centrifugation and washed with water until neutral pH was achieved.

Scheme 1. Synthesis Process and the Structure of Nanoreactors
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In the last step, the hybrid gel was dissolved in 4.4 mL of methanol,
followed by the partial oxidation of PTMPM into PTMA with
hydrogen peroxide (0.85 mL, 35%) in the presence of a NaWO4
catalyst (0.0158 g) for 72 h at room temperature. The composition of
the copolymer was confirmed by ESR measurement, indicating a
PTMA content of 16 mol % in the accordingly obtained PTMPM-co-
PTMA copolymer.
Synthesis of PTMPM-co-PTMA@Au@Porous SiO2 Core−

Shell Nanoparticles. First, the PTMPM-co-PTMA@Au solution
was diluted with 4 mL of ethanol and then added dropwise to 20 mL
of a CTAB aqueous solution (3.75 mg/mL) containing 0.03 mL of
NH3·H2O (28%). Then, TEOS (200 μL) was added and the mixture
was kept at 38 °C for 24 h. The PTMPM-co-PTMA@Au@porous
SiO2 (PPAPS) core−shell nanoparticles were finally collected by
centrifugation and washed with water several times.
Synthesis of CTAB@Au Nanoparticles. CTAB@Au nano-

particles with a diameter of around 9.5 nm were synthesized by the
seed growing method. NaBH4 solution (0.1 M, 0.6 mL) was added to
20 mL of a mixture of HAuCl4 (2.5 × 10−4 M) and trisodium citrate
(2.5 × 10−4 M) to prepare the seed solution. The growth solution was
achieved by mixing 0.05 mL of ascorbic acid solution (0.1 M) with 7.5
mL of a mixture of HAuCl4 (2.5 × 10−4 M) and CTAB (0.08 M).
After adding 2.5 mL of the seed solution, the stirring was continued
until the color changed to wine red. The CTAB@Au nanoparticles
were washed with water two times before the catalytic reaction.
Catalytic Reduction of 4-Nitrophenol in Water. Sodium

borohydride solution (0.1 M, 0.5 mL) was added to 4.5 mL of 4-
nitrophenol solution (0.1 M). Then a given number of PPAPS

nanoreactors were added. UV−vis spectra of the ongoing reaction
were recorded every 2 min in the range of 250−550 nm. All solutions
were purged with argon before use. The comparative catalytic process
for CTAB-Au was carried out under the same conditions.
Catalytic Oxidation of Benzyl Alcohol in toluene. Benzyl

alcohol (60 μL) was added to 10 mL of toluene. The mixture was
stirred for 30 min, and then a given number of PPAPS nanoreactors
were added. The catalytic reaction proceeded for 20 h at 110 °C
under air. The reaction mixture (20 μL) was added to 1 mL of
CH2Cl2 and analyzed by GC. The comparative catalytic process for
CTAB-Au was carried out under the same conditions.

■ RESULTS AND DISCUSSION
Synthesis of PTMPM-co-PTMA@Au@Porous SiO2

Nanoreactors. The whole synthesis procedure for PPAPS
nanoreactors is summarized in Scheme 1. First, thanks to the
ionic interaction between AuCl4− and the protonated amine
group in PTMPM-Cl, the Au precursors were uniformly
localized in the polymer template. Then the in situ generation
of Au nanoparticles was achieved via the reduction with
NaBH4, which was followed by the change in color of the
solution from light yellow to wine red and further confirmed
by the appearance of a clear plasmon peak at around 530 nm in
the UV−vis spectra (see Figure s1). In the next step, the
polymer template shrunk in water by the conversion of
PTMPM-Cl to more hydrophobic PTMPM, firmly stabilizing

Figure 1. (a) TEM images of PTMPMA@Au; (b) overview and (c) close-up TEM images of PTMPMA-co-PTMA@Au@porous-SiO2 core−shell
nanoreactors; and (d) a cryo-TEM image of PTMPMA-co-PTMA@Au@porous-SiO2 core−shell nanoreactors in water.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c02185
ACS Appl. Mater. Interfaces 2023, 15, 20166−20174

20168

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c02185/suppl_file/am3c02185_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02185?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02185?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02185?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02185?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c02185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the Au nanoparticles in the composite system (the
corresponding sample is denoted as PTMPM@Au). As
shown in Figure 1a, the prepared Au nanoparticles with an
average diameter of 2 to 3 nm (the size distribution is shown in
Figure s2a) were homogeneously immobilized in the PTMPM
carrier system without aggregation. Both the low dispersity and
small size of the templated Au nanoparticles are crucial to
guaranteeing a high catalytic activity. The XRD pattern of
PTMPM@Au is presented in Figure s2b. The broad diffraction
peaks at 38, 44, 64, and 78° correspond to (111), (200), (220),
and (311) Bragg reflections of Au, respectively, indicating a
face-centered cubic (fcc) structure for the Au nanoparticles
and the extremely small size of the nanoparticles.19 The
synthetic process was continued by the partial oxidation of
PTMPM to PTMA by using H2O2 as a catalyst at room
temperature. The conversion of PTMPM to PTMA was
quantified by an ESR measurement and equaled 16 mol %.
This results in the formation of a PTMPM-co-PTMA
copolymer, in which TMPM and TMA units are likely
randomly distributed. Thanks to the assistance of CTAB as a
surfactant and template, a layer of porous silica was coated
around the PTMPM-co-PTMA core, in agreement with our
previously reported method.20 Finally, core−shell nanospheres

composed of a typical random PTMPM-co-PTMA copolymer
core that encapsulates Au nanoparticles and a hydrophilic
porous SiO2 shell were obtained and denoted as PTMPM-co-
PTMA@Au@porous SiO2 (PPAPS). The loading quantity of
Au nanoparticles inside PPAPS was confirmed by ICP-OES as
detailed in the Experimental Section.
As shown in Figure 1b, PPAPSs core−shell nanoparticles

with a uniform diameter of about 80 nm have been visualized
by TEM. A thin layer of a porous SiO2 shell is wrapped around
each PTMPM-co-PTMA core. The ring structures observed
inside the copolymer cores are attributed to a structural
rearrangement of the copolymer which tends to stick on the
silica shell as a result of the drying process used for TEM
sample preparation. The gold nanoparticles are uniformly
dispersed inside the copolymer cores without agglomeration or
escaping from the core−shell system, which can be evidenced
more clearly from the inset close-up TEM image in Figure 1b.
Bridge-like connections can be observed between almost every
two adjacent nanoparticles, which are thought to originate
from copolymer segments passing through the micropores of
the SiO2 shells. (See the enlarged TEM image in Figure 1c.)
Figure 1d shows a cryo-TEM image of the nanoparticles. The
nanoparticles are dispersed homogeneously, and no bridge-like

Figure 2. TEM images with the related close-up images and DLS measurements of nanoreactors dispersed in water (a, d, g) and in EtOH (b, e, h)
and redispersed in water (c, f, i). The inset images are pictures of the corresponding dispersions.
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connection is found, indicating that the formation of the
bridges should originate from the drying process for the TEM
sample preparation. Indeed, the volatilization of the solvent
causes the aggregation of the nanospheres, leading to the
connection of the hydrophobic inner cavity through the
micropores of the SiO2 shells and further inducing the bridge
connections between hydrophobic copolymer cores. Such a
combination of a hydrophilic shell and a mostly hydrophobic
core as well as the structural rearrangement ability of the
copolymer with the change in external conditions is crucial to
the hydrophilic/hydrophobic self-conversion behavior that will
be discussed in the next section.
Hydrophilic/Hydrophobic Self-Regulating Behavior

of Nanoreactors. In order to clarify the stability of PPAPS
nanoreactors in different polar environments, the core−shell
nanoparticles were first dispersed in water and ethanol,
respectively. As shown in the photographs embedded in
Figure 2a,b, both water and ethanol (EtOH) dispersions of
core−shell nanoparticles are stable and translucent, and the
corresponding DLS measurements (see Figure 2g,h) show a
time-stable (over more than 1 week) and single sharp peak
associated with a narrow size distribution, which directly

demonstrates the good colloidal stability of PPAPS in these
two solvents. The only difference is that PPAPS nanoparticles
in ethanol exhibit a slightly larger hydrodynamic radius than in
water (Rh‑water = 63 nm and Rh‑EtOH = 73 nm). This difference
is thought to mainly originate from the swelling and structural
rearrangement of the PTMPM-co-PTMA cores in ethanol.
Ethanol is known to be a better solvent for both PTMPM and
PTMA segments than water.21 Therefore, the ethanol-swollen
copolymer segments passed through the micropores of the
SiO2 shells, resulting in the external surface rewrapping of the
nanoreactors by the copolymer. Compared with the water-
dispersed sample, the original ring structure disappeared in the
ethanol-dispersed sample, and a much smoother coating layer
can be observed from the TEM image (see Figure 2d,e).
Additionally, the ethanol-dispersed core−shell nanoparticles
cannot be redispersed in water. As shown in Figure 2c, obvious
precipitation has been noticed in the water redispersion and
significantly large areas of agglomerated nanoparticles have
been observed in TEM images (see Figure 2c,f), which agree
well with the multiple peaks and the broad particle size
distribution in the DLS data of the water redispersed sample in
Figure 2i.

Figure 3. DLS of (a) PPAPS nanoreactors and (b) CTAB-Au dispersed in different solvents. (c) FTIR of PPAPS nanoreactors dispersed in
different solvents. The peak at 1365 cm−1 is associated with nitroxide radicals.

Figure 4. TEM images and the corresponding schematic diagrams of the nanoreactors dispersed and swollen in water (a, d), ethanol (b, e), and
toluene (c, f).
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Those observations are attributed to the rewrapping of the
PPAPS nanoreactors’ surface by the copolymer, which converts
the surface of the core−shell nanoparticles from a hydrophilic
SiO2 layer to an essentially hydrophobic PTMPM-co-PTMA
layer. Interestingly, such a structural rearrangement of the
copolymer is entirely a consequence of the spontaneous
selection of the polymer segments with respect to the external
polarity change of the solvent, thereby realizing the hydro-
philic/hydrophobic self-regulating behavior of the nano-
reactors.
PPAPS nanoparticles were further dispersed into other

commonly used solvents in order to highlight the stability of
the nanoreactors in different environments. As shown in Figure
3a, PPAPS nanoreactors all showed good colloidal stability for
the selected solvents with different polarities. For each of the
tested systems, the dispersions are stable without precipitation
(see Figure s3), and there is only one single peak observed in
the DLS spectra, implying the uniform dispersion of the core−
shell nanoparticles.
Notably, with the decrease in the environmental polarity,

PPAPS nanoparticles exhibit a larger hydrodynamic radius and
a broader particle size distribution, which is consistent with the
TEM images shown in Figure 4. In contrast, CTAB-stabilized
gold nanoparticles exhibit only good colloidal stability in water.
When CTAB-Au nanoparticles are dispersed in the less polar
organic solvents, the color of the dispersion changes from pink
to blue-violet and obvious precipitation is occurring (see
Figure s3). Multiple peaks and a broad size distribution can be
observed from DLS measurements in Figure 3b. FTIR
spectroscopy was also used to study the surface properties of
the PPAPS nanoreactors in different polar environments. As
shown in Figure 3c, when the polarity of the solvents
decreases, the characteristic peak of N−O· at 1365 cm−1

becomes more obvious, indicating stronger signals of PTMA
units in less polar solvents.22 This implies that the PTMPM-co-
PTMA copolymers do not operate the structural rearrange-
ment as a whole but that PTMA and PTMPM units are
responding to the change in the external environment on their
own, leading to structural rearrangement inside the copoly-
mers. As depicted in the schematic diagrams in Figure 4, when
the external environment is water, the PTMA and PTMPM
units of the copolymer shrink into a ring shape within the
porous shell due to their hydrophobicity (see Figure 4a).
When the external environment converts to ethanol, the
swelling of the PTMPM units leads to the rewrapping of the
surface of the nanoreactors as discussed before while PTMA

units essentially stay in the core to minimize exposure to
ethanol. This is consistent with the fact that the hydrodynamic
radius of the ethanol-dispersed samples measured by DLS does
not increase significantly compared to water-dispersed samples
(Figure 2g,h) and the relatively weak nitroxide radical signal in
the FTIR spectrum (Figure 3c). When the external environ-
ment is changed to toluene, both the PTMA and PTMPM
units are swollen by the solvent.23 Compared to the situation
observed in ethanol, both PTMA and PTMPM units swell out
of the porous shell toward the solvent, leading to the presence
of PTMA units on the surface of the nanoreactors. This leads
to a larger hydrodynamic radius for the nanoreactor (see
Figure 3a) and a more obvious signal of nitroxide radicals in
the FTIR spectrum (see Figure 3c). Moreover, a clearly
swollen polymer shell can be observed in the TEM image in
Figure 4c. Such observation further confirms that, although
both PTMA and PTMPM units of the copolymer are swollen
in toluene, the copolymer segments are still confined around
the nanoreactors without leaking, which may be due to the
physical cross-linking of the molecular segments through the
pores on the SiO2 shells.
In other words, thanks to the spontaneous response of

PTMPM and PTMA units in the copolymer to different
external environments, the reversible self-regulation of the
surface properties of the nanoreactors can be realized, ensuring
their good stability in different solvents. This behavior can be
somewhat compared to chameleons adjusting the color of their
skin to their environments. This property provides the
possibility for nanoreactors to maintain a high catalytic
reactivity in different environments.

Catalytic Activity of Nanoreactors in Multienvironments.
The catalytic reduction of Nip by sodium borohydride in water
and the benzyl alcohol oxidation in toluene were selected as
model reactions to test the catalytic activity of the PPAPS
nanoreactors in both hydrophilic and hydrophobic environ-
ments.
As shown in Figure 5a, the reduction of Nip in the presence

of PPAPS nanoreactors in water can be easily monitored by
UV−vis spectroscopy. As the reduction proceeds, the peak
belonging to the 4-nitrophenate ions at 400 nm decreases with
time and the peak associated with the product, 4-aminophenol,
at 290 nm gradually increases. Since the variation of the
concentration (c) of Nip with time (t) can be directly
determined by the ratio of the respective absorbance A/A0,

24

the evolution of ln(c/c0) versus time with different amounts of
added catalysts (PPAPS nanoreactors or CTAB-Au nano-

Figure 5. (a) UV−vis absorption spectra of Nip reduced by NaBH4 in the presence of PPAPS nanoreactors as catalysts at room temperature in
water. (b) Kinetic analysis of the Nip reduction in the presence of different numbers of PPAPS nanoreactors (concentrations indicated in the inset)
and CTAB-Au (15.4 × 10−3 m2/L) at room temperature. (The induction period of the reaction has been subtracted.) (c) UV−vis spectra of Nip
before and after the adsorption by PPAPS nanoreactors.
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particles) is depicted in Figure 5b. The amount of catalyst is
expressed as the specific surface area of Au per volume unit.
From the data reported in Figure 5b, it is obvious that the
reaction rate becomes faster with increasing the amount of
added PPAPS nanoreactors. As a comparison, with the same
specific surface area, the reaction rate with the added CTAB-
Au catalyst is much slower. Since both PPAPS and CTAB-Au
nanoreactors show good colloidal stability in water (see Figure
3a,b), the difference in the reaction rates could be explained by
the following reasons. First, compared to CTAB-Au nano-
particles, the size of the Au nanoparticles loaded in the PPAPS
nanoreactors is much smaller (the average diameter of Au
nanoparticles in PPAPS nanoreactors is 2 to 3 nm, see Figures
1a and s2a; the average diameter of CTAB-Au is 9 to 10 nm,
see Figure s5). Therefore, for a similar Au loading, the available
Au surface for the catalytic reaction is higher for the PPAPS
nanoreactors. Second, the hydrophobic inner cavity of the
PPAPS nanoreactor in water favors the adsorption of the
reactant, resulting in a higher reactant concentration around
the Au nanoparticles. As shown in Figure 5c, after the addition
of the PPAPS nanoreactors (the nanoreactors were removed
by centrifugation before the UV−vis measurement), the Nip
concentration decreases significantly. In the absence of NaBH4,
the decrease in the Nip concentration should be caused by Nip
adsorption by PPAPS nanoreactors. This is further supported
by the absence of the 4-aminophenol product signal in the
UV−vis spectrum, as shown in Figure 5c.
Finally, the PTMA units of the copolymer also participate in

the catalytic reaction. As shown in Scheme 2, the reduction of
Nip by PPAPS nanoreactors originates from the catalytic
combination of Au nanoparticles and PTMA units, and both of
them can be recognized as the catalytical sites in this model
reaction. According to previous reports, the Au nanoparticles
first react with borohydride ions to form metal hydrides.25,26 A
part of the active hydrogens is then reducing Nip molecules
adsorbed on the surface of the gold nanoparticles, while the
other part of the active hydrogens is reacting with the nitroxide
radicals of PTMA units, leading to the formation of PTMA-H
bonds (Scheme 2). Such PTMA-H bonds can easily reduce
Nip molecules.27 The involvement of PTMA units in the
catalytic reaction makes the reduction of Nip no longer
confined to the surface of the Au nanoparticles, leading to the
enhancement of the catalytic range and the corresponding

reaction rate. This also caused the deviation of the catalytic
curve in Figure 5b from the pseudo-first-order reaction.
The oxidation of benzyl alcohol in toluene was realized by

using CTAB-Au nanoparticles and PPAPS nanoreactors as
catalysts under mild conditions (ambient air at 110 °C). The
reactions were followed by GC, and the obtained results are
listed in Table 1. The conversion of benzyl alcohol reached

73% by using the PPAPS nanoreactors as catalysts. At the same
time, a high selectivity (>99%) for the product (benzaldehyde)
was also achieved (see Figure s6). In contrast, the conversion
of benzyl alcohol was only 5% by using CTAB-Au as a catalyst,
with all other parameters being kept constant. This difference
in the catalytic efficiency is attributed to the following two
reasons. First, the colloidal stability of the PPAPS nanoreactors
in toluene is much better than that of CTAB-Au nanoparticles
(see Figure 3a,b), allowing a more effective active surface of Au
nanoparticles in the case of PPAPS. Second, the PTMA units
in the PPAPS nanoreactors are restoring the surface activity of
the Au nanoparticles (see the further discussion of the
mechanism of the reaction in the presence of PTMA) and
are furthermore suppressing the following oxidation of
benzaldehyde into benzoic acid, improving the selectivity of
the product.
As shown in Figure s6, PPAPS can be recycled and reused in

a new reaction but with a lower catalytic activity, which may be
due to the loss of PPAPS during the washing step, the coverage
of parts of the active sites by reactants or products, the
inactivation of part of the nitroxide radicals after binding with
hydrogen, and so on.
The mechanism of alcohol oxidation in the presence of Au

nanoparticles has been introduced by Chechik and co-
workers.28 The formation of an Au−H intermediate is
observed, and the corresponding hydrogen originates from

Scheme 2. Proposed Mechanism for the Reduction of p-Nitrophenol (Nip) to 4-Aminophenol (Amp) Catalyzed by PPAPS
Nanoreactors in Water

Table 1. Different Reaction Conditions for the Oxidation of
Benzyl Alcohol to Benzaldehyde in Toluene in the Presence
of Either PPAPS or CTAB-Au Nanoparticles

Catalysts
Au amount
(mg)

Benzyl
alcohol
(μL)

Conversion
(%)

Benzaldehyde
(%)

1 PPAPS 8.65 × 10−3 60 51 >99
2 PPAPS 13.7 × 10−3 60 73 >99
3 CTAB-Au 13.7 × 10−3 60 <5 >99
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the cleavage of the C−H bond in the alcohol molecule, which
was further confirmed by isotope labeling. The role of O2 in
the reaction is to remove the hydrogen from the gold surface
instead of oxidizing the alcohol. Such a process of reactivation
of Au can also be accomplished by nitroxides as hydrogen
abstractors. Moreover, the same authors also proved that the
initiation step of the aldehyde oxidation is the formation of
acyl radicals, which can be efficiently broken by TEMPO.29

Based on the conclusions of their research, we can speculate on
the catalytic reaction process of PPAPS nanoreactors, as shown
in Scheme 3. The rate-determining step of the benzyl alcohol

oxidation should be the cleavage of the C−H bond, and the
released hydrogen is then captured by the gold surface. The
nitroxide radicals on PTMA units have proven to be able to
capture the hydrogen from the surface of the Au nanoparticles,
leading to the restoring of the surface activity. This promotes
the process of the oxidation reaction of benzyl alcohol.
Therefore, the Au nanoparticles were considered to be the
catalytically active sites, and the PTMA played the role of
activating the catalytic reaction sites. Moreover, to the best of
our knowledge, alcohol oxidation by using Au nanoparticles as
catalysts under an oxygen atmosphere usually proceeds with
further oxidation of the aldehyde via a radical pathway.30 In the
presented reaction, due to the utilization of PPAPS nano-
reactors as catalysts, the reaction can proceed under milder
conditions, which suppress the formation of an acyl radical due
to the excess oxygen. Additionally, the nitroxide radicals from
PTMA units have proven to be able to efficiently suppress the
continued oxidation of benzaldehyde as well,25 restraining this
side reaction and improving the selectivity to the product.
Therefore, using PPAPS nanoreactors as catalysts for the
oxidation of benzyl alcohol can not only achieve high
conversion under mild conditions but also suppress the side
reactions, leading to the improvement of the selectivity to the
product.

■ CONCLUSIONS
We have disclosed novel self-tunable hydrophilic/hydrophobic
multienvironment nanoreactors with chameleon-like behavior,
consisting of PTMA-co-PTMPM copolymer cores and hydro-
philic porous SiO2 shells. Thanks to the selectivity of PTMA/
PTMPM units toward solvents with different polarities,
polymer segments can be swollen through the micropores of

the SiO2 shells to further rewrap the nanoreactors, thereby
realizing the hydrophilic/hydrophobic self-regulation with no
need for cumbersome surface modification or a polymer
grafting process. The structural rearrangement of the
copolymer on the surface of the nanoreactors due to the
distinct interactions between PTMA/PTMPM units and
solvent molecules further helps the nanoreactors to maintain
good colloidal stability in a variety of commonly used solvents,
and noncovalent interactions of polymer segments with the
silica shell prevent the leaking of the copolymer chains out of
the PPAPS nanoreactors. Moreover, the PPAPS nanoreactors
show a significant enhancement of the reaction rate for the
selected model reactions in both polar and nonpolar
environments, compared with traditional CTAB-Au catalysts.
This is due to not only the excellent colloidal stability of
PPAPS nanoreactors in different solvents but also the
contribution of PTMA units. Indeed, thanks to the presence
of PTMA, the catalytic region and the local reactant
concentration around Au nanoparticles are increased, and
restoring the surface activity of the Au nanoparticles becomes
much faster. The present approach aims to realize the one-for-
all catalytic system using the intrinsic physicochemical
properties of polymer segments instead of a complex synthetic
strategy, which may provide another option for the study of
multienvironment nanoreactors.
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(6) Jia, C. J.; Schüth, F. Colloidal Metal Nanoparticles as a
Component of Designed Catalyst. Phys. Chem. Chem. Phys. 2011, 13
(7), 2457−2487.
(7) Wu, S.; Dzubiella, J.; Kaiser, J.; Drechsler, M.; Guo, X.; Ballauff,
M.; Lu, Y. Thermosensitive Au-PNIPA Yolk-Shell Nanoparticles with
Tunable Selectivity for Catalysis. Angew. Chemie - Int. Ed. 2012, 51
(9), 2229−2233.
(8) Jia, H.; Roa, R.; Angioletti-Uberti, S.; Henzler, K.; Ott, A.; Lin,
X.; Möser, J.; Kochovski, Z.; Schnegg, A.; Dzubiella, J.; Ballauff, M.;
Lu, Y. Thermosensitive Cu2O-PNIPAM Core-Shell Nanoreactors
with Tunable Photocatalytic Activity. J. Mater. Chem. A 2016, 4 (24),
9677−9684.
(9) Lu, Y.; Mei, Y.; Drechsler, M.; Ballauff, M. Thermosensitive
Core-Shell Particles as Carriers for Ag Nanoparticles: Modulating the
Catalytic Activity by a Phase Transition in Networks. Angew. Chemie -
Int. Ed. 2006, 45 (5), 813−816.
(10) Männel, M. J.; Kreuzer, L. P.; Goldhahn, C.; Schubert, J.; Hartl,
M. J.; Chanana, M. Catalytically Active Protein Coatings: Toward
Enzymatic Cascade Reactions at the Intercolloidal Level. ACS Catal.
2017, 7 (3), 1664−1672.
(11) Kreuzer, L. P.; Männel, M. J.; Schubert, J.; Höller, R. P. M.;
Chanana, M. Enzymatic Catalysis at Nanoscale: Enzyme-Coated
Nanoparticles as Colloidal Biocatalysts for Polymerization Reactions.
ACS Omega 2017, 2 (10), 7305−7312.
(12) Voronov, A.; Kohut, A.; Peukert, W. Synthesis of Amphiphilic
Silver Nanoparticles in Nanoreactors from Invertible Polyester.
Langmuir 2007, 23 (2), 360−363.

(13) Voronov, A.; Kohut, A.; Peukert, W.; Voronov, S.; Gevus, O.;
Tokarev, V. Invertible Architectures from Amphiphilic Polyesters.
Langmuir 2006, 22 (5), 1946−1948.
(14) Dai, J.; Zou, H.; Shi, Z.; Yang, H.; Wang, R.; Zhang, Z.; Qiu, S.
Janus N-Doped Carbon@Silica Hollow Spheres as Multifunctional
Amphiphilic Nanoreactors for Base-Free Aerobic Oxidation of
Alcohols in Water. ACS Appl. Mater. Interfaces 2018, 10 (39),
33474−33483.
(15) Ruiz, M. P.; Faria, J.; Shen, M.; Drexler, S.; Prasomsri, T.;
Resasco, D. E. Nanostructured Carbon-Metal Oxide Hybrids as
Amphiphilic Emulsion Catalysts. ChemSusChem 2011, 4 (7), 964−
974.
(16) Zou, H.; Wang, R.; Dai, J.; Wang, Y.; Wang, X.; Zhang, Z.; Qiu,
S. Amphiphilic Hollow Porous Shell Encapsulated Au@Pd Bimetal
Nanoparticles for Aerobic Oxidation of Alcohols in Water. Chem.
Commun. 2015, 51 (78), 14601−14604.
(17) Islam, M. S.; Choi, W. S.; Kim, S. H.; Han, O. H.; Lee, H. J.
Inorganic Micelles (Hydrophilic Core@Amphiprotic Shell) for
Multiple Applications. Adv. Funct. Mater. 2015, 25 (38), 6061−6070.
(18) Jana, N. R.; Gearheart, L.; Murphy, C. J. Seeding Growth for
Size Control of 5−40 nm Diameter Gold Nanoparticles. Langmuir
2001, 17 (22), 6782−6786.
(19) Lu, Y.; Chen, W. Sub-Nanometre Sized Metal Clusters: From
Synthetic Challenges to the Unique Property Discoveries. Chem. Soc.
Rev. 2012, 41 (9), 3594−3623.
(20) Jia, H.; Friebe, C.; Schubert, U. S.; Zhang, X.; Quan, T.; Lu, Y.;
Gohy, J.-F. Core-Shell Nanoparticles with a Redox Polymer Core and
a Silica Porous Shell as High-Performance Cathode Material for
Lithium-Ion Batteries. Energy Technol. 2020, 8 (3), 1901040.
(21) Bertrand, O.; Vlad, A.; Hoogenboom, R.; Gohy, J.-F. Redox-
controlled upper critical solution temperature behaviour of a nitroxide
containing polymer in alcohol-water mixtures. Polym. Chem. 2016, 7,
1088−1095.
(22) Zhang, Y.; Park, A.; Cintora, A.; McMillan, S. R.; Harmon, N.
J.; Moehle, A.; Flatté, M. E.; Fuchs, G. D.; Ober, C. K. Impact of the
Synthesis Method on the Solid-State Charge Transport of Radical
Polymers. J. Mater. Chem. C 2018, 6 (1), 111−118.
(23) Easley, A. D.; Vukin, L. M.; Flouda, P.; Howard, D. L.; Pena, J.
L.; Lutkenhaus, J. L. Nitroxide Radical Polymer-Solvent Interactions
and Solubility Parameter Determination. Macromolecules 2020, 53
(18), 7997−8008.
(24) Jia, H.; Schmitz, D.; Ott, A.; Pich, A.; Lu, Y. Cyclodextrin
Modified Microgels as “Nanoreactor” for the Generation of Au
Nanoparticles with Enhanced Catalytic Activity. J. Mater. Chem. A
2015, 3 (11), 6187−6195.
(25) Wunder, S.; Lu, Y.; Albrecht, M.; Ballauff, M. Catalytic Activity
of Faceted Gold Nanoparticles Studied by a Model Reaction:
Evidence for Substrate-Induced Surface Restructuring. ACS Catal.
2011, 1 (8), 908−916.
(26) Wunder, S.; Polzer, F.; Lu, Y.; Mei, Y.; Ballauff, M. Kinetic
Analysis of Catalytic Reduction of 4-Nitrophenol by Metallic
Nanoparticles Immobilized in Spherical Polyelectrolyte Brushes. J.
Phys. Chem. C 2010, 114 (19), 8814−8820.
(27) Saberi, S.; Zhiani, R.; Mehrzad, J.; Motavalizadehkakhky, A.
Synthesis and Characterization of a Novel TEMPO@FeNi3/DFNS-
Laccase Magnetic Nanocomposite for the Reduction of Nitro
Compounds. RSC Adv. 2020, 10 (46), 27297−27304.
(28) Conte, M.; Miyamura, H.; Kobayashi, S.; Chechik, V. Spin
Trapping of Au-H Intermediate in the Alcohol Oxidation by
Supported and Unsupported Gold Catalysts. J. Am. Chem. Soc.
2009, 131 (20), 7189−7196.
(29) Conte, M.; Miyamura, H.; Kobayashi, S.; Chechik, V. Enhanced
Acyl Radical Formation in the Au Nanoparticle-Catalysed Aldehyde
Oxidation. Chem. Commun. 2010, 46 (1), 145−147.
(30) Wang, S.; Wang, J.; Zhao, Q.; Li, D.; Wang, J. Q.; Cho, M.;
Cho, H.; Terasaki, O.; Chen, S.; Wan, Y. Highly Active
Heterogeneous 3 nm Gold Nanoparticles on Mesoporous Carbon
as Catalysts for Low-Temperature Selective Oxidation and Reduction
in Water. ACS Catal. 2015, 5 (2), 797−802.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c02185
ACS Appl. Mater. Interfaces 2023, 15, 20166−20174

20174

https://orcid.org/0000-0001-8375-0365
https://orcid.org/0000-0001-8375-0365
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3055-0073
https://orcid.org/0000-0003-3055-0073
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Friebe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8587-6658
https://orcid.org/0000-0001-8587-6658
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulrich+S.+Schubert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4978-4670
https://orcid.org/0000-0003-4978-4670
https://pubs.acs.org/doi/10.1021/acsami.3c02185?ref=pdf
https://doi.org/10.1039/c1nr10201j
https://doi.org/10.1039/c1nr10201j
https://doi.org/10.1016/j.cogsc.2017.02.002
https://doi.org/10.1016/j.cogsc.2017.02.002
https://doi.org/10.1016/S1748-0132(07)70113-5
https://doi.org/10.1016/S1748-0132(07)70113-5
https://doi.org/10.1021/acscatal.6b00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.200800227
https://doi.org/10.1002/cssc.200800227
https://doi.org/10.1039/c0cp02680h
https://doi.org/10.1039/c0cp02680h
https://doi.org/10.1002/anie.201106515
https://doi.org/10.1002/anie.201106515
https://doi.org/10.1039/C6TA03528K
https://doi.org/10.1039/C6TA03528K
https://doi.org/10.1002/anie.200502731
https://doi.org/10.1002/anie.200502731
https://doi.org/10.1002/anie.200502731
https://doi.org/10.1021/acscatal.6b03072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b03072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la062737t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la062737t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la052225z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b11888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201000322
https://doi.org/10.1002/cssc.201000322
https://doi.org/10.1039/C5CC05686A
https://doi.org/10.1039/C5CC05686A
https://doi.org/10.1002/adfm.201502693
https://doi.org/10.1002/adfm.201502693
https://doi.org/10.1021/la0104323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0104323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cs15325d
https://doi.org/10.1039/c2cs15325d
https://doi.org/10.1002/ente.201901040
https://doi.org/10.1002/ente.201901040
https://doi.org/10.1002/ente.201901040
https://doi.org/10.1039/C5PY01864A
https://doi.org/10.1039/C5PY01864A
https://doi.org/10.1039/C5PY01864A
https://doi.org/10.1039/C7TC04645F
https://doi.org/10.1039/C7TC04645F
https://doi.org/10.1039/C7TC04645F
https://doi.org/10.1021/acs.macromol.0c01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5TA00197H
https://doi.org/10.1039/C5TA00197H
https://doi.org/10.1039/C5TA00197H
https://doi.org/10.1021/cs200208a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200208a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200208a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101125j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101125j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101125j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0RA03989F
https://doi.org/10.1039/D0RA03989F
https://doi.org/10.1039/D0RA03989F
https://doi.org/10.1021/ja809883c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809883c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809883c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B918200D
https://doi.org/10.1039/B918200D
https://doi.org/10.1039/B918200D
https://doi.org/10.1021/cs501896c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501896c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501896c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501896c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c02185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

