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For a functional nanoparticle (NP) encapsulating system, two  styrene (St) and octadecyl, poly(ethylene glycol)-600-bute-
structural features are especially important: 1) one NP in  nedioate (O-B-EG600)!'® as materials. As illustrated in
each capsule (OIC) structure is useful for improving the Figure 1A, HAuCl, firstly infiltrates into P(St-co-O-B-
stability, encapsulating efficiency and physicochemical prop-
erties; 2) mesoporous shells not only protect the encapsulated
NPs, but can also facilitate the material and energy exchange
between the interior and exterior capsule environments. Over A
the past years, great efforts have been focused on designing
and synthesizing nanocomposites possessing one or both of
these two features. For example, many noble metal,["
magnetic,”) and semiconductor®®! core-shell NPs have
unique OIC structure. Especially, the silica-coated metal Burition
core-shell system has realized both OIC structure and perfect Hegosphete &tching
mesoporous shell.*”! Although it is difficult to encapsulate
metal or metal oxide with polymer, researchers have obtained
many types of metal-polymer or metal oxide—polymer core—
shell NPs®"! Commonly, these core-shell systems are
prepared using an “inside-out” route. Core NPs are firstly
synthesized, and then appropriate methods are used to coat
these NPs with predesigned shells. To endow the shell with
mesoporous structure, etching methods such as structural
difference-based selective etching*'*1%l and surface-pro-
tected etching® have been developed. However, these
methods are only suitable for inorganic and inorganic/organic
hybrid shells, but are not valid for purely polymeric shells.
Herein, we describe an “outside-in” route to prepare
Au@polymer core-shell nanostructures exhibiting both
unique OIC structure and controllable mesoporous shells.
Au NPs encapsulated in the mesoporous shells exhibit
selective catalytic activity. Only hydrophobic molecules can
pass through the mesoporous shell and be catalyzed by Au
core. The “outside-in” route starts from poly(styrene-co-
octadecyl,poly(ethylene glycol)-600-butenedioate) (P(St-co-
0O-B-EG600)) nanospheres, which were synthesized using
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Figure 1. A) Formation of Au@polymer core—shell nanostructures with
mesoporous shells. B,C) TEM images of P(St-co-O-B-EG600) nano-
spheres before (B) and after (C) etching by HAuCl, for 2.0 h. The
average diameter of the samples shown in (B) and (C) are

(200+5) nm and (170 20) nm, respectively. All scale bars are
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HAuCl,. The reduction of HAuCl, in situ finally results in one
Au NP in each capsule. In this route, the formation of
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During our experimental process, we found that only in
the HAuCl, aqueous solution can the P(St-co-O-B-EG600)
nanospheres be etched, which reveals that HAuCl, is the
protagonist in this etching system. Figure 1 B,C displays TEM
images of P(St-co-O-B-EG600) nanospheres before and after
etching by HAuCl, for 2.0 h, respectively. After etching, the
nanospheres show a porous structure, and the average
diameter becomes slightly smaller (this result was also
verified by DLS results shown in Figure S3 in the Supporting
Information), indicating that the nanosphere is partially
etched. '"HNMR spectroscopy was used to confirm the
components of P(St-co-O-B-EG600) nanospheres before
and after etching (Figure S4 in the Supporting Information).
It was found that H proton signals derived from P(O-B-
EG600) were weakened significantly after etching. If the
etching time is long, the H proton signals of P(O-B-EG600)
disappear. These results show that HAuCl, selectively etches
the P(O-B-EG600) component in P(St-co-O-B-EG600) nano-
spheres. We speculate that this etching may be induced by the
hydrolysis of the ester group or cleavage of PEG chains in
P(O-B-EG600) catalyzed by HAuCl,. However, further
investigation still needs to be done.

By simply mixing P(St-co-O-B-EG600) nanospheres,
HAuCl,, and ascorbic acid in aqueous solution, and allowing
the mixture to stand at room temperature for hours,
Au@polymer core-shell nanostructures with mesoporous
shells are obtained. Figure 2 A-D shows TEM images of
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Figure 2. TEM images of Au@polymer nanostructures prepared with
various reaction times: A) 2.0 h, B) 4.0 h, C) 6.0 h, D) 8.0 h. The top-
left inset of (A) is a magnified TEM image of the Au@polymer
nanostructure, and the bottom right inset of (A) is the electron
diffraction pattern of the Au@polymer nanostructure. All scale bars
are 200 nm.
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Au@polymer nanostructures prepared from reaction times of
2.0, 4.0, 6.0, and 8.0 h, respectively. Clearly, every Au NP with
diameter about (15 +2) nm is encapsulated in a mesoporous
nanosphere (see the magnified image shown in the top-left
inset of Figure 2 A), revealing that the Au@polymer nano-
structure synthesized using this method has unique mesopo-
rous morphology and efficient encapsulation capability. The
bottom-right inset of Figure 2 A displays the electron diffrac-
tion pattern of the Au@polymer nanostructure. Clear dif-
fraction disks represent the {220}, {222}, {400}, {420}, and {422}
crystal planes of Au. By comparing these four images, it is
found that with increasing reaction time, the density of the
pore in the polymer shell increases gradually. As the perme-
ability of the polymer shell is decided by the pore density, we
consider that the permeability of the polymeric shell in this
Au@polymer nanostructure could be easily controlled by the
etching time. However, too long an etching time destroys the
polymer shell excessively and reduces the encapsulating
efficiency (as shown in Figure 2D). Consequently, to obtain
well-defined Au@polymer nanostructures with mesoporous
shell, a suitable etching time is important. Careful observation
on these four images indicates that the diameter of the Au NP
cores does not increase with the increasing reaction time. This
result means that the Au NPs have grown fully within the first
2 hours. In the reaction system, HAuCl, is superfluous. We
speculate that the reducing reaction between HAuCl, and
ascorbic acid is complete within the first 2 hours. Thus,
prolonged reaction time only induces further etching of
polymer shell, but exerts no influence on the diameter of Au
NPs. This Au@polymer nanostructure also has tunable
diameter. By adjusting the diameter of P(St-co-O-B-EG600)
nanospheres, Au@polymer nanostructures with diameters
ranging from (230 +£15)nm to (80+15) nm can be easily
obtained (see Figure S5 in the Supporting Information).

Restricting NPs in mesoporous shells always allows the
free exchange of materials and energy between the exterior
environment and the interior cores. Consequently, certain
chemical reactions can be carried out on the encapsulated
NPs.P+133¢17 We found that our mesoporous polymer shell can
not only protect the Au NPs, but also endows Au NPs with
robust reaction activity. More importantly, Au NPs encapsu-
lated in the mesoporous polymer shells exhibit selective
catalytic activity. To verify these useful properties, two
experiments were carried out.

Firstly, secondary growth of the Au core insitu was
realized through a seed-growing approach using cetyltrime-
thylammonium bromide (CTAB) to avoid secondary nucle-
ation in solution.**® Figure 3A,B gives TEM images of
Au@polymer nanostructures obtained from 1.0 and 1.5h
secondary growth time. These two types of Au@polymer
nanostructures exhibit (40 +5) nm and (60 £+ 5) nm diameter
Au cores, which are much larger than that of the Au@polymer
nanostructures before secondary growth. The increase of the
Au core diameter was also proved by the red shift of the
absorption peak in UV/Vis spectra (see Figure S6 in the
Supporting Information). Thus, it is reasonable to consider
that the materials in the environment can transfer into the
cores and interact with Au NPs through the mesoporous
polymer shells. Moreover, these results also reveal that the
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Figure 3. TEM images of Au@polymer nanostructures prepared from
1.0 h (A) and 1.5 h (B) secondary growth times, respectively. The
Au@polymer nanostructure with (15=+2) nm diameter Au core pre-
pared after 2.0 h reaction time was used as seed. All scale bars are
200 nm.

diameter of the Au core could be easily controlled by
adjusting the secondary growth time. Comparing Figure 3
with Figure 2 A, it is clear that after the secondary growth, the
polymer shells become more hyaline, indicating an evident
increase of the pore density in the polymer shell, because the
HAuCI, used for the secondary growth can further etch the
polymer shells.

Secondly, we demonstrate that our mesoporous shell can
selectively filter hydrophilic molecules, which endows the
Au@polymer nanostructures with selective catalytic activity.
The Au-catalyzed reductions of hydrophobic nitrobenzene
(NB) to aminobenzene (AB) and hydrophilic 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) by NaBH, were chosen as
model reactions. Figure 4 A gives the UV/Vis spectra running
after the gradual reduction of NB. It was found that the
reduction reaction does not proceed without the Au@polymer
nanostructure, regardless of how much NaBH, is used.
However, if a trace amount of the Au@polymer nanostructure
is added into the system, the reduction reaction occurs
rapidly. The characteristic absorption peak of NB at 275 nm
weakens and the characteristic absorption peak of AB at
232 nm increases gradually, which indicates the reduction of
NB into AB. This result means that our Au@polymer
nanostructure has robust activity for catalyzing the reduction
of hydrophobic NB molecules. The inset of Figure 4 A
illustrates the influence of the pore density on the catalytic
activity of Au@polymer nanostructures. It was found that the
Au@polymer nanostructure prepared from a longer reaction
time exhibits higher activity for the catalytic reduction of NB.
For example, to reach a 90% conversion, Au@polymer
nanostructures prepared from 6.0, 4.0, and 2.0 h reaction
time require 30, 120, and 300 min, respectively. As the pore
density of the polymer shell is decided by the reaction time,
we consider that a higher density of pore results in a higher
catalytic activity.

Figure 4B and its inset shows the UV/Vis spectra tracking
the reduction of 4-NP. One can find that the characteristic
absorption peak of 4-NP at 400 nm only exhibits a slight
decrease and the characteristic absorption peak of 4-AP at
around 295 nm does not appear after 2 days. This result means
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Figure 4. UV/Vis spectra showing the reduction processes of NB (A)
and 4-NP (B) with Au@polymer catalyst obtained after 6.0 h reaction
time. The inset of (A) shows the conversion of NB using Au@polymer
catalyst prepared from 6.0 h (m), 4.0 h (@), and 2.0 h (A) reaction
time, respectively. The inset of (B) is a magnified area of the spectra.
All the Au@polymer nanostructures used in the catalyzing experiment
have (15=+2) nm Au cores. The absorption peak of Au NPs cannot be
observed in these UV/Vis spectra, because only a small amount of
catalyst was used.

that the Au@polymer nanostructure exhibits almost no
catalytic activity for the reduction of 4-NP into 4-AP. Reports
have demonstrated that Au NPs have high catalytic activity
when using NaBH, to reduce 4-NP into 4-AP.">?! So, it is
reasonable to speculate that it is the mesoporous polymer
shell barricades the exerting of catalytic activity of the Au
core. As the mesoporous polymer shell is prepared by
selectively etching the amphiphilic P(O-B-EG600) compo-
nent, the shell of the Au@polymer nanostructure is mainly
composed of hydrophobic PSt. This hydrophobic shell allows
hydrophobic molecules to pass through freely, but barricades
the transportation of hydrophilic molecules. As a result,
hydrophobic NB molecule can pass through the mesoporous
polymer shell and be catalyzed by Au NPs, whereas hydro-
philic 4-NP cannot pass through the mesoporous polymer
shell and be catalyzed by Au NPs. Accordingly, we conclude
that the Au@polymer nanostructure can selectively catalyze
hydrophobic molecules.

In summary, we have introduced a novel “outside-in”
route to encapsulate Au NPs in mesoporous polymer shells.
By simply adjusting the reaction time, Au@polymer nano-
structures with controllable permeability shells were
obtained. As the mesoporous shell allows the materials
exchange between inner core and environment, secondary
growth of the encapsulated Au NPs can be easily realized.
This advantage makes the diameter of the Au core control-
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lable. More importantly, the hydrophobic mesoporous shell
endows the Au@polymer nanostructure with selective cata-
Iytic activity. Only hydrophobic molecules can pass through
the hydrophobic shell and be catalyzed by the encapsulated
Au NP. We believe that this “outside-in” route may be of
interest in encapsulating metal NPs in mesoporous polymer
shells, and the selective catalytic activity of this type of
Au@polymer nanostructure may prove to be useful in the
field of selective catalysis.

Experimental Section

Materials: Maleic anhydride (MA), polyethylene glycol 600 (PEG-
600), p-toluene sulfonic acid (TSA), and octadecyl alcohol (OA) were
purchased from Aldrich. Nitrobenzene (NB), 4-nitrophenol (4-NP),
and sodium borohydride (NaBH,) were obtained from Shanghai
Chemical Reagent Industry. Styrene (St), cetyltrimethylammonium
bromide (CTAB), hydrochloroauric acid (HAuCl,), and ascorbic acid
(AA) were analytic grade and supplied by Alfa Aesar. Azoisobutyr-
onitrile (AIBN) was also supplied by Alfa Aesar and recrystallized
from methanol before use.

Synthesis of O-B-EG600: O-B-EG600 was synthesized by a two-
step esterification reaction using maleic anhydride, octadecyl alcohol,
and polyethylene glycol 600 as materials, and p-toluene sulfonic acid
as catalyst (Scheme S1).1'°)

Synthesis of P(St-co-O-B-EG600) nanospheres: Styrene (0.8 mL,
7.0 mmol) and O-B-EG600 (0.5 g, 0.515 mmol) were dispersed in
100 mL (5.56 mol) deionized water. The mixture was stirred for
30 min, and then AIBN (0.04g, 0.24 mmol) was added in N,
atmosphere. The reaction mixture was stirred at 72°C for 6 h. Then,
the mixture containing product was evaporated by rotary evaporator
to eliminate unreacted styrene and water, and dry P(St-co-O-B-
EG600) nanospheres were obtained. To obtain P(St-co-O-B-EG600)
nanospheres with different diameters, 0.4 mL (0.35 mmol), 0.6 mL
(5.25 mmol), and 1.2 mL (10.5 mmol), respectively, of styrene was
used while keeping the dosage of O-B-EG600 at 0.5 g.

Synthesis of the Au@polymer nanostructures with mesoporous
shells:  P(St-co-O-B-EG600) nanospheres (0.05g) and CTAB
(0.037 g, 0.4 mmol) were dissolved in 22.5 mL of deionized water.
Then, HAuCl, (0.2 mL, 10 mm) and ascorbic acid (AA, 0.5 mL, 0.1m)
were added to the mixture at room temperature. The reaction mixture
was shaken, and then left undisturbed at room temperature for hours.
Au@polymer structure with mesoporous shell was obtained. To
control the morphology of the final product, different reaction times,
such as 2.0, 4.0, 6.0, and 8.0 h were used.

Confirming the role of HAuCl, in the etching of P(St-co-O-B-
EG600) nanospheres: P(St-co-O-B-EG600) nanospheres (0.05 g)
were dissolved in 22.5 mL of deionized water, and then HAuCl,
(0.2mL, 10 mM) was added to the mixture at room temperature.
The reaction mixture was shaken, and then left undisturbed at room
temperature for 2.0 h. The reaction mixture containing the key
product was dialyzed in water using a dialytic bag (molecular weight
cutoff 3500) to remove unreacted materials and by-products. Trans-
mission electron microscopy (TEM) was used to observe the
morphology of P(St-co-O-B-EG600) nanospheres before and after
etching.

Secondary growth of Au cores: Au@polymer nanostructures with
(15+2) nm diameter Au cores prepared from 2.0 h reaction time
(0.01 g) and CTAB (0.0093 g, 0.1 mmol) of were dissolved in 5 mL of
deionized water. HAuCl, (0.05 mL, 10 mm) and ascorbic acid (AA,
0.5 mL, 0.1m) were added to the mixture at room temperature. The
reaction mixture was shaken, and then left undisturbed at room
temperature for hours. The diameter of the Au core was controlled by
the secondary growing time.

Catalytic reduction of nitrobenzene (NB) and 4-nitrophenol (4-
NP): The reduction reactions of NB and 4-NP by NaBH, were chosen
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as model reactions to test the selective catalytic activity of the
Au@polymer nanostructure. Aqueous solutions of NB (0.04 mL,
0.01m) and 4-NP (0.04 mL, 0.01m) were added into quartz cuvettes
filled with 2.0 mL deionized water under magnetic stirring. Aqueous
NaBH, (0.4 mL, 0.1m) and an aqueous solution of Au@polymer
nanostructures (0.1 mL, 0.05 mgmL™") were added to the two quartz
cuvettes. UV/Vis spectra were recorded at regular intervals to
monitor the progress of the reaction.

Characterization: 'H NMR spectra of the products were mea-
sured on a Bruker ARX 400 MHz spectrometer for 1000 scans at a
relaxation time of 2s. UV/Vis spectra of the samples in aqueous
solutions were measured on a Unico UV/Vis 2802PCS instrument.
The particle sizes of the products were characterized by dynamic light
scattering (DLS) on a ZetaPALS instrument.

TEM measurements and electron diffraction experiment were
performed with a JEM2100 microscope at an acceleration voltage of
200 kV. To prepare the TEM samples, a small drop of Au@polymer
structure solution was deposited onto a carbon-coated copper
electron microscopy (EM) grid and then dried at room temperature.

SEM images were obtained from a field emission scanning
electron microscope (FE-SEM, LEO-1530). Samples were dispersed
in deionized water. The mixtures were then dropped on aluminum
sheets. After air-drying for 24 h at room temperature, the samples
were treated by gold sputtering.
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