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Abstract The hybrid Janus nanomaterials have captured considerable attention since the asymmetric structure can combine the properties of
each component and display synergistic applications. However, the precise design of the specific hybrid Janus nanostructures still remains a
formidable challenge. Here, we for the first time report the fabrication of novel and highly uniform inorganic/organic hybrid Janus nanotubes via
disassembling the mesoporous inorganic nanoparticles (NPs)/polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) hybrid sheets, which are
generated through the in situ reduction of functional metal precursors on the prepared PS-b-P4VP mesoporous scaffolds. More importantly, the
internal pore size of the hybrid Janus nanotubes can be precisely tuned by readily controlling the swelling time of the PS-b-P4VP sheet-like
assembilies in a selective solvent for P4VP domains, thus generating the particular inorganic/organic hybrid Janus nanotubes with adjustable
inner diameter size. We believe that our finding will provide an efficient and universal route to fabricate the particular inorganic/organic hybrid
nanotubes for hierarchical functional devices and nanomaterials.
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INTRODUCTION

Janus nanoparticles (JNPs), which refer to that the objects
possess two asymmetric components and/or shapes on their
opposite sides, have gained significant and increasing interest
due to the integrated properties and novel applications in
emulsifier, compatibilizer, catalyst, and optical sensors.'® So
far, various of synthetic strategies (including seed-mediated
polymerization, microfluidics, phase-separation, and nucleati-
on growth) have been proposed to design and fabricate the
typical Janus particles!” The achieved JNPs can be mainly
divided into three categories (i.e., inorganic, polymeric, and
organic/inorganic hybrid Janus materials) according to the
intrinsic composition.'” Particularly, the organic/inorganic
hybrid Janus particles have received considerable attention
since the hybrid materials can combine the stability and
responsiveness of the polymer with the functionality of the
inorganic  nanoparticles, which can derive synergetic
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multifunctional materials with applications in micromotor
direction modulation, photothermal therapy, controlled release,
reactive oxygen species, and so forth.'"'? For instance, the
magneto-plasmonic Janus vesicles (JVs) with asymmetrical
distribution of gold nanoparticles (AuNPs) and magnetic NPs in
the vesicular membrane were fabricated by co-assembly of
amphiphilic polymer, polymer-tethered AuNPs and magnetic
NPs.['3! The obtained JVs exhibit a serial of excellent perfor-
mance such as near-infrared triggered release, photoacoustic
and magnetic resonance imaging. Although great efforts have
been made to design the Janus particles, there remains a great
challenge to construct the organic/inorganic hybrid Janus
particles and materials with desired and specific nanostructures.

On the other hand, block copolymers (BCPs) can be util-
ized as remarkable and prominent polymer scaffolds for the
preparation of the inorganic/organic hybrid nanostructures
since the BCPs can spontaneously self-assemble into abund-
ant phase-separated structures driven by the incompatibility
of the covalently linked polymers.[4-201 Therefore, a variety of
BCP scaffolds are developed to construct the multifunctional
inorganic/organic nanostructures and materials ranging from
the thin film, sphere or rod micelles, hollow vesicles, to the
specific particles with controlled shape.2'-251 For example,
Kim et al. first reported the convex lens-shaped hybrid
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particles with highly ordered channels prepared from the
confined co-assembly of the polystyrene-b-poly(4-vinylpyrid-
ine) (PS-b-P4VP) and size-controlled AuNPs within emulsion
droplets by tuning the neutralized interfacial interface.2¢!
More interestingly, exquisite Janus-like polymer scaffolds are
achieved by disassembling the prepared specific BCP assem-
blies in a selective solvent, providing a powerful platform for
the preparation of the inorganic/organic hybrid Janus materi-
als.[27.28] For example, Zhu et al. proposed a facile approach
towards synthesis of the Janus nanodiscs through stepwise
disassembling phase-separated and disc-stacked particles as-
semblies.l2”] The disassembled nanodiscs were then used as
polymer templates to guide the selective growth of the func-
tional inorganic nanoparticles (including AuNPs and magnet-
ic NPs), eventually obtaining the inorganic/organic hybrid
Janus nanodiscs. Until now, however, only a few inorganic/
organic hybrid Janus particles are fabricated by complexa-
tion of inorganic precursor with the disassembled polymer
templates because there remain critical difficulties to fabric-
ate the freestanding and high-quality Janus polymer tem-
plates with uniform shape and narrow size distribution.

Herein, we report the preparation of the uniform
inorganic/organic hybrid Janus nanotubes with adjustable in-
ner diameter size by disassembling the BCP-based mesopo-
rous hybrid sheets. The mesoporous polystyrene-block-poly
(4-vinylpyridine) (PS,7-b-P4VP,,, the subscripts are the num-
ber average molecular weight of the corresponding poly-
mers) sheets with uniform thickness and hexagonally-packed
porous P4VP channels are first generated via selectively swell-
ing the P4VP domains of the PS,;,-b-P4VP,,, sheet-like assem-
blies in ethanol, which are prepared according to our previ-
ously reported “flat-emulsion-droplet confined assembly”
strategy. Then, the functional inorganic species, such as
AuNPs, palladium NPs (PdNPs), can be selectively loaded with
the P4VP channels of the mesoporous PS,;,-b-P4VP,; sheets,
forming the mesoporous NPs/PS,,-b-P4VP,,, hybrid sheets.
After selectively disassembling the continuous PS domain,
the specific inorganic NPs@P4VP/PS hybrid Janus nanotubes
are eventually generated. Moreover, the internal pore size of
the mesoporous PS,,,-b-P4VP,, sheets can be precisely ad-
justed by simply tuning the swelling time of P4VP domains in
ethanol, resulting in the hybrid Janus nanotubes with tun-
able inner diameter size. The preparation of the novel and
high-quality hybrid Janus nanotubes may open a new aven-
ue for the precise design and construction of the hierarchical
hybrid nanomaterials with desired shape and internal nano-
structures.

EXPERIMENTAL

Materials

Diblock  copolymer  polystyrene-block-poly(4-vinylpyridine)
(PSy7-b-P4VP,,; the subscripts refer to M, of each block,
M,/M,=1.15) was purchased from Polymer Source, Canada.
Cetyltrimethylammonium bromide (CTAB; purity: 99%) and
sodium borohydride (NaBH,; purity: 98%) were supplied by
Aladdin. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0;
purity: 99.99%) was purchased from Alfa Aesar. Palladium
choride (PdCl,; purity: 99.9%) and tetraethyl orthosilicate (TEOS;
purity: 99%) were obtained from Sigma-Aldrich. Ultrapure

deionized water was used in all experiments. Other chemical
reagents were supplied by Beijing Chemical Factory. All the
materials were used directly without further purification.

Preparation of Mesoporous PS,;,-b-P4VP,;,
Sheet-like Scaffolds

The PS,;-b-P4VP,; block copolymer sheets were firstly
prepared by the flat-emulsion-droplet confined assembly
strategy that was proposed in our previous study. 2% Typically,
0.1 mL of PS,;-b-P4VP,;. chloroform solution (0.5 wt%) was
emulsified with CTAB aqueous solution (1.2 wt%) by gentle
stirring for 4 min at 450 r/min. The organic emulsion droplets
were evaporated for 3 days without disturbing at room
temperature. After repeated centrifugation (10000 r/min, 30
min), the PS,;-b-P4VP,,, block copolymer sheets with periodic
hexagonal-packed P4VP cylindrical domains in the PS matrix
were prepared. In order to obtain the mesoporous PS,;-b-
P4VP,, scaffolds, the PS,;-b-P4VP,; block copolymer sheets
were re-dispersed in ethanol and stored at 30 °C for 48 h.
Since ethanol could selectively swell the P4VP domains, the
hexagonally-packed porous PS,;-b-P4VP,; block copolymer
scaffolds were obtained after the swelling and shrinking of the
P4VP blocks. Finally, the mesoporous assemblies were washed
using DI water by repeated centrifugations (10000 r/min, 15
min), followed by redispersion in DI water for further using.

Preparation of Mesoporous AuNPs/PS,,-b-P4VP,,
Hybrid Sheets

The precursor aqueous solution of HAuCl,-3H,0 (0.5 mL, 0.5
mg/mL) was mixed with the mesoporous PS,;-b-P4VP,;, sheet
aqueous solution (0.5 mL, 10 mg/mL), followed by gentle
stirring for 4 h at room temperature to accomplish the
adsorption of precursor to the protonated P4VP blocks. The
solution was centrifugated for at least 3 times to remove the
redundant HAuCl,3H,0 precursors. Then, the mesoporous
structures were redispersed in DI water and the ice-cold NaBH,
aqueous solution (20 yL, 1 mg/mL) was dropwise added into
the above mixture solution with stirring. The mixture solution
was gently stirred for 6 h to fully reduce the adsorbed
HAuCl,-3H,0 precursor into AuNPs. After the reduction process,
the hexagonally-packed porous AuNPs/PS,,-b-P4VP,; hybrid
sheets were obtained and washed with DI water (2—3 times) to
remove the excess NaBH, reducing agent. The neat AuNPs/
PS,7-b-P4VP,; hybrid sheets were eventually re-dispersed in DI
water for further characterization.

Preparation of AuNPs@P4VP/PS Hybrid Nanotubes
via Disassembly

The highly uniform AuNPs/PS,,,-b-P4VP,; hybrid nanotubes
were obtained by the disassembly process from the hexago-
nally-packed porous AuNPs/PS,;-b-P4VP,, hybrid sheets. The
dried mesoporous AuNPs/PS,-b-P4VP,, hybrid sheets were
annealed in toluene vapor for 5 days. Since toluene was the
selective solvent for the continuous PS domain, the AuNPs@
P4VP/PS hybrid nanotubes were obtained after the sponta-
neous collapse of the internal hexagonally-arranged AuNPs@
P4VP cylinders. The detailed disassembly dynamic process was
studied at different annealing times.

Preparation of the AuNPs@P4VP/PS Hybrid
Nanotubes with Tunable Inner Diameter Size
The mesoporous PS,;,-b-P4VP,, sheets with tunable pore size
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were firstly obtained by dispersion of the PS,;,-b-P4VP,, sheets
in ethanol at 50 °C for different time (ie.,, 30 s, 1 min, 2 min, 5
min, 20 min, and 40 min). After the adsorption of HAuCl,-3H,0
precursor solution to the mesoporous PS,;-b-P4VP,; sheets
and the disassembly of the mesoporous AuNPs/PS,;,-b-P4VP,,
hybrid sheets, the AuNPs@P4VP/PS hybrid nanotubes with
tunable pore size were generated.

Preparation of the PdANPs@P4VP/PS Hybrid
Nanotubes with Tunable Inner Pore Size

The mesoporous PS,;-b-P4VP,,, sheets that have been swollen
in ethanol at 50 °C for 40 min were used for the in situ
adsorption of the PdNPs. For adsorption of the PdNPs, the
mesoporous PS,;,-b-P4VP,, sheets were dispersed in PdCl,
aqueous solution (0.05 mg/mL) with different pH values (ie.,
pH=2.0, 2.5, and 3.0). After the reduction by NaBH, (20 pL, 1
mg/mL) and the disassembly by toluene vapor, the
PANPs@P4VP/PS hybrid nanotubes with tunable inner diameter
size were obtained.

Characterization

Transmission electron microscopy (TEM) measurements were
performed on JEOL JEM-1400 with the operation voltage of 120
kV. Energy-dispersive X-ray (EDX) elemental mapping images
and scanning transmission electron microscopy (STEM) were
carried out using FElI Tecnai G2 S-Twin instrument at an
accelerated voltage of 200 kV. The samples for TEM, EDX and
STEM were prepared by dropping the sample aqueous
dispersion onto the carbon-coated copper grids, followed by
spontaneously evaporation of water at room temperature
under atmosphere condition. The P4VP domains were stained
with iodine vapor for 2 h to distinguish the PS and P4VP
domains. Scanning electron microscope (SEM) images were
captured by Hitachi S-4800. The samples were prepared by
dropping the aqueous solution onto the silicon wafer. The
samples were then dried under atmosphere condition. Small-

angle X-ray scattering (SAXS) was performed on a modified
Xeuss system of Xenocs (France) with an X-ray wavelength of
0.154 nm. The samples for SAXS were prepared by freeze-drying
the mesoporous PS,;-b-P4VP,; sheets and pressing the
mesoporous sheet powder into solid film.

RESULTS AND DISCUSSION

Typically, the PS,;,-b-P4VP,; block copolymer in chloroform
(0.1 mL, 0.5 wt%) is emulsified with surfactant aqueous solution
containing cetyltrimethylammonium bromide (CTAB, 1.0 mL,
1.2 wt%) as surfactant. After the complete evaporation of the
emulsion droplets, the specific two-dimensional (2D) PS,;-b-
P4VP,; nanosheets with highly uniform thickness and
periodically hexagonally-packed P4VP cylinders in PS matrix are
generated according to our previous study.”® Subsequently,
the PS,;-b-P4VP,;, sheets are redispersed in ethanol for 48 h
at 30 °C and the mesoporous PS,;-b-P4VP,; nanostructures
can be obtained since ethanol is a selective solvent for P4VP
blocks. As shown in Fig. 1 and Fig. S1(a) (in the electronic
supplementary information, ESI), hexagonally-packed mesopo-
rous PS,;-b-P4VP,,, block copolymer sheets with long-range
ordered and periodically penetrative P4VP channels are
massively generated. Figs. 1(a) and 1(b) show the representative
TEM and SEM images of an individual mesoporous PS,;-b-
P4VP,,, sheets, respectively. Magnified TEM images (Figs. 1c and
Fig. S1b in ESI) clearly show that the nanopores within the
polymer sheets are perpendicular to the surface of the 2D
sheets and display the perfectly hexagonal arrangement across
the whole polymer sheets with an interpore distance of
64.5+1.1 nm. Associated fast Fourier transform (FFT) image of
the porous nanostructures (inset in Fig. 1c¢) further
demonstrates a highly ordered internal nanostructure of the
mesoporous PS,,-b-P4VP,;, sheets. Moreover, the PS and P4VP
domains can be distinguished by staining the P4VP domains
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Fig. 1 Hexagonally-packed mesoporous PS,;,-b-P4VP,; block copolymer sheet scaffold. Representative SEM (a) and TEM (b) images of the
mesoporous PS,7,-b-P4VP, ;. sheet scaffold; (c) Magnified hexagonally-ordered porous structure. The inset is the associated FFT of porous
nanostructures of PS,;,-b-P4VP,,; (d) The P4VP domains appear darker than PS domains after staining with 12 vapor; (e) SAXS profile of
hexagonally-packed mesoporous PS,;-b-P4VP,,, nanostructures; (f) Size distribution histogram of the cylindrical pore diameter.
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with iodine (I,) vapor. As shown in Fig. 1(d), it is clearly observed
that the inner wall of the nanopores is formed by the
reconstructed P4VP blocks, forming the typical mesoporous
PS,7-b-P4VP,5 block copolymer sheets with hexagonally-
arranged P4VP channels. SAXS profile (Fig. 1e) presents the
obvious diffraction peaks at positions of 1:/3:/4:/7 with the
primary peak at g"=0.1027 nm~', which can also be assigned to
the hexagonal arrangement of the nanopores. According to the
equation d = 411/y/3q’, the interpore distance is calculated to be
~70.6 nm that is comparable to the interpore distance observed
with TEM image. The pore diameter of the mesoporous PS,;-b-
P4VP,,, nanostructure is 27.0+0.8 nm measured from the TEM
images, demonstrating the extremely narrow size distribution of
the obtained nanopores, as shown in Fig. 1(f).

Furthermore, various of functional species, such as metal
NPs and inorganic materials, can be preferentially grown on
the exposed P4VP domains to construct hierarchical hybrid
materials by electrostatic interaction.29-3"1 Therefore, the pre-
pared mesoporous PS,;-b-P4VP,; block copolymer sheets
are subsequently applied as polymeric scaffolds to guide the
selectively complexation of functional NP precursors on the
inner P4VP wall of the nanopores. Specifically, the mesopo-
rous PS,;,-b-P4VP,; sheets are re-dispersed in the gold pre-
cursor solution (HAuCl,-3H,0) and stirred for 4 h. The 4VP
groups are protonated in the acid aqueous solution and ad-
sorb the anion [AuCl,]~ by electrostatic interaction. After the
removal of the excess HAuCl,3H,O precursor by repeated
centrifugation, freshly-prepared sodium borohydride (NaBH,)
aqueous solution is added to in situ reduce the [AuCl,]- into
AuNPs. As shown in Fig. 2(a) and Fig. S2 (in ESI), the hybrid
AuNPs/PS,7,-b-P4VP, ;. block copolymer sheets can be ob-
tained after the adsorption and reduction process. Compared
with the neat mesoporous PS,;-b-P4VP,-, sheets, the whole
shape and the internal hexagonally arrangement of the nano-
pores remain unchanged. Magnified TEM image of the hybrid
sheets (Fig. 2b) clearly shows that AuNPs are located at the in-
ner wall of the nanopores and complexed with the P4VP do-
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main, forming the specific AUNPs@P4VP hybrid nanopores
within the continuous PS matrix. The successful complexa-
tion of AuNPs with P4VP domains is further confirmed by the
STEM and EDX elemental mapping images, as shown in the
hexagonally-packed bright and the corresponding red rings
in Figs. 2(c) and 2(d), respectively. Therefore, the mesoporous
hybrid AuNPs/PS,;-b-P4VP,, block copolymer sheets with
highly ordered and hexagonally-arranged AuUNPs@P4VP nan-
opores are generated using the neat mesoporous PS,;-b-
P4VP,; block copolymer sheets as polymeric scaffolds.
Moreover, the nanopore diameter of the mesoporous
AuNPs/PS,7,-b-P4VP, 5 sheet is 19.4+0.6 nm, which is slightly
smaller than that of the neat mesoporous PS,;-b-P4VP;,,
scaffolds due to the adsorption and reduction of AuNPs on
the inner walls of the nanopores.

It is worth noting that the prepared mesoporous
AuNPs/PS,7,-b-P4VP, 5 hybrid sheets have uniform thickness
and regularly hexagonal arranged AuNPs@P4VP nanopores
within the PS matrix, which can be further utilized as perfect
structure for preparation of the highly uniform nanotubes by
simply disassembling the continuous PS domain. The disas-
sembly approach refers to selective disassembly of the majo-
rity phase and matrix, providing facile yet efficient strategy
to construct novel nanostructures and inorganic/organic hy-
brid nanoparticles from the self-assembled scaffolds. For the
AuNPs/PS,7,-b-P4VP,5 hybrid sheets in our current study,
toluene is chosen as the selective solvent to disassemble the
PS phase since the solubility parameter of toluene (6=18.2
MPa'72) is closer to that of the PS blocks (6=18.6 MPa'’2) rather
than P4VP blocks (6=22.5 MPa'/2).321 Therefore, the internal
hexagonal nanopores are released after selectively disas-
sembling the continuous PS support, as shown in Fig. 3.
Fig. 3(a) shows the representative TEM image of the obtained
1D hybrid nanostructure with uniform shape and narrow size
distribution, in which the densely black dots represent the re-
duced AuNPs on the inner wall of the nanopores within the
AuNPs/PS,;-b-P4VP,, hybrid sheets. It is clearly observed
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Fig.2 The mesoporous AuNPs/PS,;-b-P4VP,;, hybrid nanostructure with AuNPs adsorbed on the inner wall of the nanopores, (a) and
(b) are TEM images of the mesoporous AuNPs/PS,,-b-P4VP,,, hybrid nanostructure at different magnification; (c) The magnified STEM
image of the hexagonally-packed hybrid nanopores; (d) The corresponding EDX mapping image of Au, where the red nanorings
demonstrate the incorporation of AUNPs on the inner wall of the nanopores; (e) Size distribution histogram of the pore diameter after

adsorption and reduction of the metallic precursor solution.
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Fig. 3 The novel AuNP@P4VP/PS hybrid Janus nanotubes
disassembled from the mesoporous AuNPs/PS,;-b-P4VP,,, hybrid
sheets using toluene as annealing solvent. (a) Representative TEM
image of the AuNPs@P4VP/PS hybrid Janus nanotubes. (b) The
schematic illustration of the prepared novel nanotube. SEM (c) and
STEM (d) images of the Janus nanotubes. The inset in (d) is EDX
mapping image of Au element.

that the edge area is much darker than the internal area due
to the difference of electron beam penetration, indicating the
internal hollow nanostructures and the generation of the hy-
brid nanotubes. In addition, the AuNPs originated from the
AuNPs/PS,7,-b-P4VP, 5 hybrid sheets are complexed with the
P4VP blocks and only located at the inner wall of the nano-
tubes, whereas the covalently grafted PS blocks are distrib-
uted outside the nanotubes after disassembling the PS mat-
rix. Consequently, the exquisite and high-quality AuNPs@
P4VP/PS Janus hybrid nanotubes are obtained after disas-
sembling the prepared AuNPs/PS,;,-b-P4VP,, hybrid sheets,
as illustrated in Fig. 3(b). SEM image in Fig. 3(c) shows the cyl-
indrical external shape of the AuNPs@P4VP/PS Janus nano-
tubes. The successful preparation of the inorganic/organic hy-
brid nanotubes is also verified by the STEM image and the
corresponding EDX mapping of Au, as shown in Fig. 3(d). Up
to now, a variety of fancy nanostructures that are precisely
designed at nanoscale have been generated through the bot-
tom-up assembly and followed disassembly method, such as
cylindrical micelles,33! nanodiscs,!2’! nanocups and nanotor-
0ids.[28] However, the nanotubes, especially for the well-
defined Janus-like inorganic NP/block copolymer hybrid
nanotubes, are seldomly reported.

In order to reveal the formation process of the unique
AuNP@P4VP/PS Janus nanotubes, the disassembly dynamics
and the intermediate nanostructures of the AuNPs/PS,;-b-
P4VP,; hybrid sheets annealed in toluene vapor is systema-
tically investigated at different annealing time, as shown in
Fig. 4. The initial nanostructure is the prepared AuNPs/PS,y,-
b-P4VP,; hybrid sheets that have been discussed above, in
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Fig. 4 TEM images showing the formation of the AUNP@P4VP/PS
Janus nanotubes and the intermediate nanostructures of the
AuNPs/PS,7,-b-P4VP,; hybrid sheets annealed in toluene vapor at
different annealing time: (a) 0 day (i.e., the initial nanostructure of the
hybrid sheet), (b) 1 day, (c) 3 days, (d) 5 days.

which the AuNPs are adsorbed on the inner wall of the
hexagonally arranged nanopores, as shown in Fig. 4(a). When
the hybrid sheets are annealed in toluene vapor for 1 day, the
PS continuous domains begin to swell and crack, leading to
the slight separation of the vertically stacked nanopores dec-
orated with AuNPs from the scaffolds (Fig. 4b). With the fur-
ther swelling and disassembly of the PS blocks by toluene va-
por (Fig. 4c), most of the nanotubes originated from the AuN-
Ps/PS,7,-b-P4VP,; hybrid sheets are obviously collapsed due
to the disassembled and movable PS molecules. However, the
collapsed nanotubes have a distinct orientation since the
linked PS blocks are not completely separated. When the an-
nealing time is extended to 5 days, the PS blocks located at
the outside of the nanotubes drive the further migration and
separation of the nanotubes, forming the free-standing
AuNP@P4VP/PS Janus nanotubes, as shown in Fig. 4(d). As de-
scribed above, the internal diameter of the obtained hybrid
Janus nanotubes mainly depends on the original pore size of
the mesoporous PS,;-b-P4VP,, block copolymer sheets.
Since the hexagonally-arranged porous structure of the PS,;-
b-P4VP,; sheets is obtained by swelling in the selective
solvent (i.e., ethanol) for the P4VP cylindrical domains, the
pore size can be precisely controlled and tuned by readily
regulating the swelling parameters, such as swelling temper-
ature and time. TEM images of the mesoporous PS,;-b-
P4VP,, block copolymer sheets after swelling in ethanol at 50
°C for different time are shown in Figs. 5(a)-5(f). Increasing
the swelling temperature can improve the mobility of the PS
ligands and interaction strength between the P4VP blocks
and selective solvent, enabling fabricate the mesoporous
structures with controllable pore size by changing the swell-
ing time. As shown in Fig. 5(g), the pore diameter is 10.9+0.9
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Fig.5 (a—f) The TEM images of the porous PS,;-b-P4VP,,, scaffolds obtained by swelling in ethanol at 50 °C for different time: (a) 30's,
(b) 1 min, (c) 2 min, (d) 5 min, (e) 20 min, (f) 40 min. The scale bars in the TEM images are all 100 nm. (g) Plots of the average pore size and
the interpore distance as a function of the swelling time in ethanol. (h) Plots of the porosity of the mesoporous PS,;,-b-P4VP,, scaffolds
as a function of the swelling time. (i—k) are the disassembled hybrid Janus nanotubes with controllable internal pore size.

nm after swelling in ethanol for only 30 s. Subsequently, it is
observed that the pore diameters display dramatic increase
to 36.2+0.9 nm in only 5 min, which has reached the original
P4VP domain size in the neat PS,;-b-P4VP,; block copoly-
mer sheets. With the further extension of the swelling time,
the size growth rate of the pores decreases (i.e., 39.2+1.1 nm
for 20 min and 43.5+2.1 nm for 40 min) due to overcoming
the motion hindrance of the surrounding PS domain. During
the continuous swelling of the P4VP domains, the interpore
distance increased slightly from 65.2+1.0 nm to 75.9+1.7 nm,
as shown in Fig. 5(g). Moreover, the porosity (€) of the meso-
porous PS,;-b-P4VP,; sheets at different swelling time at
50 °C can be estimated using the following equation for cyl-
indrical pores:

£= — (1)

where n is the number of pores, r is the diameter and S is the
area of the mesoporous sheets. As shown in Fig. 5(h), the
porosity increases from 2.6% to 31.2% with the increase of the
swelling time in the selective solvent, displaying the well-control
on the pore size and porosity of the mesoporous PS,;-b-
P4VP,,. block copolymer scaffolds. Using the mesoporous
sheets as the scaffolds, the hybrid Janus nanotubes with
controllable internal pore size can be fabricated, as shown in
Figs. 5(i)—5(k).

Furthermore, the prepared mesoporous PS,;-b-P4VP,-,
sheets can provide a robust yet universal scaffold to design
the specific inorganic/organic hybrid Janus nanotubes. Con-
sequently, other functional precursor solution (palladium
chloride, PdCl,) can also be used to prepare the hybrid nano-
tubes based on the mesoporous PS,;,-b-P4VP,; sheets. Typ-

ically, the prepared mesoporous PS,;-b-P4VP,; sheets
(swelling in ethanol for 40 min) are re-dispersed in Pd pre-
cursor solution (0.05 mg/mL) with different pH values (ie.,
pH=3.0, 2.5 and 2.0) in order to accomplish the complexation
between the Pd precursor with the P4VP channels in the
mesoporous structure. After reduction by the NaBH, aqueous
solution, the mesoporous PdNPs/PS,7,-b-P4VP,5 hybrid
sheets are obtained (Figs. 6a—6c¢). The pore diameter of the
hybrid sheets is directly related to the complexation ability
and interaction strength between the P4VP blocks and Pd
precursor. As the pH values decrease from 3.0 to 2.0, the inter-
action strength increases significantly attributed to the
protonated P4VP blocks, resulting in more precursor ad-
sorbed to the inner wall of the pores. Thus, the mesoporous
PdNPs/PS,;,-b-P4VP,, hybrid sheets with regulated pore size
are obtained. Similar to the preparation of the hybrid
AuNPs@P4VP/PS Janus nanotubes, the PANPs@P4VP/PS hy-
brid Janus nanotubes can also be obtained from the pre-
pared mesoporous PdNPs/PS,;-b-P4VP,, hybrid sheets.
Therefore, the PANPs@P4VP/PS hybrid Janus nanotubes with
tunable inner pore size are obtained after selectively disas-
sembling the PS domain in toluene vapor, as shown in Figs.
6(d)-6(f).

CONCLUSIONS

In summary, we proposed a universal strategy to design the
novel inorganic/organic hybrid Janus nanotubes with tunable
inner pore size. First, the hexagonally-packed porous PS,;-b-
P4VP,,, template is obtained by swelling the P4VP cylinder
domains of the neat PS,;-b-P4VP,; sheet-like assemblies in
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Fig. 6

The PANPs@P4VP/PS hybrid Janus nanotubes with tunable inner pore size

100nm

(a—c) TEM images of the mesoporous PdNPs/PS,,-b-P4VP,, hybrid sheets with tunable internal pore size by precisely tuning

the pH values of the Pd precursor solutions. (d—f) The PdNPs@P4VP/PS hybrid Janus nanotubes obtained by disassembling the

corresponding prepared mesoporous PANPs/PS,;,-b-P4VP,,, hybrid sheets.

ethanol. The functional inorganic NPs/PS,;-b-P4VP,, hybrid
sheets are then prepared by complexation and adsorption of
inorganic precursor solution on the inner wall of the porous
template, followed by reduction process. After selectively
disassembling the continuous PS domain, the specific
inorganic@P4VP/PS hybrid nanotubes are finally obtained. In
addition, the inner pore size of the nanotubes can be precisely
and readily tuned by the swelling time of the neat PS,;-b-
P4VP,;. sheet-like assemblies or the complexation strength
between the precursor and P4VP domains. Our findings not
only enrich the library of the inorganic/organic nanostructure
and materials, but also pave a new way to design and fabricate
novel hybrid Janus materials.

NOTES

The authors declare no competing financial interest.

é Electronic Supplementary Information

Electronic supplementary information (ESI) is available free of
charge in the online version of this article at http://doi.org/
10.1007/s10118-022-2704-6.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China for General Program (No.
22072143) and Major Program (No. 51433009).

REFERENCES

1

Song, J,; Lin, L; Yang, Z,; Zhu, R.; Zhou, Z;; Li, Z. W.; Wang, F.; Chen,
J.; Yang, H.; Chen, X. Self-assembled responsive bilayered vesicles
with adjustable oxidative stress for enhanced cancer imaging
and therapy. J. Am. Chem. Soc. 2019, 141,8158-8170.

Lv, D. M;; Ni, W,; Liang, F. X,; Wang, Q.; Qu, X. Z,; Yang, Z. Z. One-
dimensional Janus polymeric vehicles. Chinese J. Polym. Sci. 2015,
33,1344-1350.

He, X, Jiang, H. Li, J; Ma, Y, Fu, B,; Hu, C. Dipole-moment
induced phototaxis and fuel-free propulsion of ZnO/Pt Janus
micromotors. Small 2021, 17,2101388.

Yan, N.; Zhang, Y.; He, Y,; Zhu, Y,; Jiang, W. Controllable location
of inorganic nanoparticles on block copolymer self-assembled
scaffolds by tailoring the entropy and enthalpy contributions.
Macromolecules 2017, 50,6771-6778.

Song, J; Wu, B,; Zhou, Z,; Zhu, G,; Liy, Y.; Yang, Z, Lin, L,; Yu, G,
Zhang, F,; Zhang, G.; Duan, H,; Stucky, G. D.; Chen, X. Double-
layered plasmonic-magnetic vesicles by self-assembly of Janus
amphiphilic gold-iron(ll,ll) oxide nanoparticles. Angew. Chem. Int.
Ed. 2017, 56,8110-8114.

Tang, L, Liang, F. X; Wang, Q.; Qu, X. Z; Jiang, B. Y.; Yang, Z. Z.
Polymer/metal segmental Janus nanoparticles. Chinese J. Polym.
Sci. 2017, 35, 799-808.

Arita, T.; Kanahara, M.; Motoyoshi, K.; Koike, K.; Higuchi, T.; Yabu,
H. Localization of polymer-grafted maghemite nanoparticles in a
hemisphere of Janus polymer particles prepared by a self-
organized precipitation (SORP) method. J. Mater. Chem. C 2013,
1,207-212.

Sharifzadeh, E. Modeling of the mechanical properties of blend
based polymer nanocomposites considering the effects of Janus
nanoparticles on polymer/polymer interface. Chinese J. Polym.
Sci. 2019, 37,164-177.

Zhang, X Fu, Q.; Duan, H,; Song, J.; Yang, H. Janus nanoparticles:

https://doi.org/10.1007/s10118-022-2704-6


https://doi.org/10.1007/s10118-022-2704-6
https://doi.org/10.1007/s10118-022-2704-6
http://dx.doi.org/10.1021/jacs.8b13902
http://dx.doi.org/10.1007/s10118-015-1683-2
http://dx.doi.org/10.1002/smll.202101388
http://dx.doi.org/10.1021/acs.macromol.7b01076
http://dx.doi.org/10.1002/anie.201702572
http://dx.doi.org/10.1002/anie.201702572
http://dx.doi.org/10.1007/s10118-017-1946-1
http://dx.doi.org/10.1007/s10118-017-1946-1
http://dx.doi.org/10.1039/C2TC00350C
http://dx.doi.org/10.1007/s10118-019-2178-3
http://dx.doi.org/10.1007/s10118-019-2178-3
https://doi.org/10.1007/s10118-022-2704-6
https://doi.org/10.1007/s10118-022-2704-6
http://dx.doi.org/10.1021/jacs.8b13902
http://dx.doi.org/10.1007/s10118-015-1683-2
http://dx.doi.org/10.1002/smll.202101388
http://dx.doi.org/10.1021/acs.macromol.7b01076
http://dx.doi.org/10.1002/anie.201702572
http://dx.doi.org/10.1002/anie.201702572
http://dx.doi.org/10.1007/s10118-017-1946-1
http://dx.doi.org/10.1007/s10118-017-1946-1
http://dx.doi.org/10.1039/C2TC00350C
http://dx.doi.org/10.1007/s10118-019-2178-3
http://dx.doi.org/10.1007/s10118-019-2178-3
https://doi.org/10.1007/s10118-022-2704-6

1172

10

11

12

13

14

15

16

17

18

19

20

21

from fabrication to (bio)applications. ACS Nano 2021, 15,
6147-6191.

Kaewsaneha, C.; Tangboriboonrat, P.; Polpanich, D.; Eissa, M.;
Elaissari, A. Janus colloidal particles: preparation, properties, and
biomedical applications. ACS Appl. Mater. Interfaces 2013, 5,
1857-1869.

Yang, L; Xu, J; Wang, J; Lang, F.; Liu, B,; Yang, Z. Responsive
single-chain/colloid composite Janus nanoparticle.
Macromolecules 2020, 53, 2264-2270.

Ji, Y, Lin, X; Zhang, H,; Wu, Y,; Li, J; He, Q. Thermoresponsive
polymer brush modulation on the direction of motion of
phoretically driven Janus micromotors. Angew. Chem. Int. Ed.
2019, 58,4184-4188.

Liu, Y, Yang, X.; Huang, Z,; Huang, P.; Zhang, Y.; Deng, L.; Wang,
Z.,; Zhou, Z; Liu, Y.; Kalish, H,; Khachab, N. M.; Chen, X,; Nie, Z.
Magneto-plasmonic Janus vesicles for magnetic field-enhanced
photoacoustic and magnetic resonance imaging of tumors.
Angew. Chem. Int. Ed. 2016, 55, 15297—-15300.

Wang, D. P.; Yang, M. Q,; Dong, Z. X; Bo, S. Q.; Ji, X. L. Interaction
between poly(ethylene oxide) and silica nanoparticles in dilute
solutions. Chinese J. Polym. Sci. 2013, 31, 1290—-1298.

Yan, N, Liu, H; Zhu, Y, Jiang, W.; Dong, Z. Entropy-driven
hierarchical nanostructures from cooperative self-assembly of
gold nanoparticles/block copolymers under three-dimensional
confinement. Macromolecules 2015, 48, 5980—5987.

Cui, J; Li, W,; Jiang, W. Simulation study of co-assembly of ABC
triblock copolymer/nanoparticle into multicompartment hybrids
in selective solvent. Chinese J. Polym. Sci. 2013, 31, 1225-1232.
Yu, Q.; Sun, N,; Hu, D.; Wang, Y.; Chang, X,; Yan, N.; Zhu, Y.; Li, Y.
Encapsulation of inorganic nanoparticles in a block copolymer
vesicle wall driven by the interfacial instability of emulsion
droplets. Polym. Chem. 2021, 12, 4184—4192.

Yan, N,; Zhu, Y.; Jiang, W. Recent progress in the self-assembly of
block copolymers confined in emulsion droplets. Chem.
Commun. 2018, 54, 13183-13195.

Jan, L. S,; Siddig, M. A. Synthesis, characterization and enhanced
electrical properties of CTAB-directed polyaniline nanoparticles.
Chinese J. Polym. Sci. 2011, 29, 181-190.

Yan, N.; Liu, X;; Zhu, J,; Zhy, Y.; Jiang, W. Well-ordered inorganic
nanoparticle arrays directed by block copolymer nanosheets.
ACS Nano 2019, 13, 6638—6646.

Kao, J.; Bai, P; Chuang, V. P; lJiang, Z; Ercius, P; Xu, T.
Nanoparticle assemblies in thin films of supramolecular

Liu, C. X. et al./ Chinese J. Polym. Sci.

22

23

24

25

26

27

28

29

30

31

32

33

2022,40,1165-1172

nanocomposites. Nano Lett. 2012, 12,2610-2618.

Li, W,; Liu, S.; Deng, R.; Wang, J.; Nie, Z.; Zhu, J. A simple route to
improve inorganic nanoparticles loading efficiency in block
copolymer micelles. Macromolecules 2013, 46, 2282-2291.

Xu, J; Zhu, Y.; Zhu, J,; Jiang, W. Ultralong gold nanoparticle/block
copolymer hybrid cylindrical micelles: a strategy combining
surface templated self-assembly and Rayleigh instability.
Nanoscale 2013, 5, 6344—6349.

Mai, Y.; Eisenberg, A. Controlled incorporation of particles into
the central portion of vesicle walls. J. Am. Chem. Soc. 2010, 132,
10078-10084.

Xu, J. P.; Zhu, J. T. Block copolymer colloidal particles with unique
structures through three-dimensional confined assembly and
disassembly. Chinese J. Polym. Sci. 2019, 37, 744—759.

Ku, K. H,; Shin, J. M,; Kim, M. P.; Lee, C. H,; Seo, M. K.; Yi, G. R;; Jang,
S. G; Kim, B. J. Size-controlled nanoparticle-guided assembly of
block copolymers for convex lens-shaped particles. J. Am. Chem.
Soc. 2014, 136, 9982—-9989.

Deng, R.; Liang, F.; Zhou, P.; Zhang, C,; Qu, X.; Wang, Q; Li, J,; Zhu,
J.; Yang, Z. Janus nanodisc of diblock copolymers. Adv. Mater.
2014, 26, 4469-4472.

Deng, R; Liang, F.; Li, W,; Liu, S.; Liang, R; Cai, M,; Yang, Z.; Zhu, J.
Shaping functional nano-objects by 3D confined supramolecular
assembly. Small 2013, 9, 4099-4103.

Deng, R.; Li, H.; Zhu, J,; Li, B,; Liang, F.; Jia, F.; Qu, X; Yang, Z. Janus
nanoparticles of block copolymers by emulsion solvent
evaporation induced assembly. Macromolecules 2016, 49,
1362-1368.

Deng, R, Liu, S.; Li, J,; Liao, Y.; Tao, J.; Zhu, J. Mesoporous block
copolymer nanoparticles with tailored structures by hydrogen-

bonding-assisted  self-assembly. Adv. Mater. 2012, 24,
1889-1893.

Deng, R, Liang, F; Li, W, Yang, Z; Zhu, J. Reversible
transformation ~ of  nanostructured  polymer  particles.

Macromolecules 2013, 46, 7012-7017.

Xu, J; Yang, Y.; Wang, K;; Li, J.; Zhou, H,; Xie, X.; Zhu, J. Additives
induced structural transformation of ABC triblock copolymer
particles. Langmuir 2015, 31, 10975-10982.

Liang, R.; Xu, J,; Li, W, Liao, Y.; Wang, K;; You, J.; Zhu, J,; Jiang, W.
Precise localization of inorganic nanoparticles in block
copolymer micellar aggregates: from center to interface.
Macromolecules 2015, 48, 256—263.

https://doi.org/10.1007/510118-022-2704-6


http://dx.doi.org/10.1021/acsnano.1c01146
http://dx.doi.org/10.1021/am302528g
http://dx.doi.org/10.1021/acs.macromol.0c00109
http://dx.doi.org/10.1002/anie.201812860
http://dx.doi.org/10.1002/anie.201608338
http://dx.doi.org/10.1007/s10118-013-1321-9
http://dx.doi.org/10.1021/acs.macromol.5b01219
http://dx.doi.org/10.1007/s10118-013-1323-7
http://dx.doi.org/10.1039/D1PY00744K
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1007/s10118-010-1016-4
http://dx.doi.org/10.1021/acsnano.9b00940
http://dx.doi.org/10.1021/nl300999u
http://dx.doi.org/10.1021/ma302515p
http://dx.doi.org/10.1039/c3nr01296d
http://dx.doi.org/10.1021/ja1024063
http://dx.doi.org/10.1007/s10118-019-2294-0
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1002/adma.201305849
http://dx.doi.org/10.1002/smll.201300271
http://dx.doi.org/10.1021/acs.macromol.5b02507
http://dx.doi.org/10.1002/adma.201200102
http://dx.doi.org/10.1021/ma401398h
http://dx.doi.org/10.1021/acs.langmuir.5b02843
http://dx.doi.org/10.1021/ma501835r
http://dx.doi.org/10.1021/acsnano.1c01146
http://dx.doi.org/10.1021/am302528g
http://dx.doi.org/10.1021/acs.macromol.0c00109
http://dx.doi.org/10.1002/anie.201812860
http://dx.doi.org/10.1002/anie.201608338
http://dx.doi.org/10.1007/s10118-013-1321-9
http://dx.doi.org/10.1021/acs.macromol.5b01219
http://dx.doi.org/10.1007/s10118-013-1323-7
http://dx.doi.org/10.1039/D1PY00744K
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1007/s10118-010-1016-4
http://dx.doi.org/10.1021/acsnano.9b00940
http://dx.doi.org/10.1021/nl300999u
http://dx.doi.org/10.1021/ma302515p
http://dx.doi.org/10.1039/c3nr01296d
http://dx.doi.org/10.1021/ja1024063
http://dx.doi.org/10.1007/s10118-019-2294-0
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1002/adma.201305849
http://dx.doi.org/10.1002/smll.201300271
http://dx.doi.org/10.1021/acs.macromol.5b02507
http://dx.doi.org/10.1002/adma.201200102
http://dx.doi.org/10.1021/ma401398h
http://dx.doi.org/10.1021/acs.langmuir.5b02843
http://dx.doi.org/10.1021/ma501835r
http://dx.doi.org/10.1021/acsnano.1c01146
http://dx.doi.org/10.1021/am302528g
http://dx.doi.org/10.1021/acs.macromol.0c00109
http://dx.doi.org/10.1002/anie.201812860
http://dx.doi.org/10.1002/anie.201608338
http://dx.doi.org/10.1007/s10118-013-1321-9
http://dx.doi.org/10.1021/acs.macromol.5b01219
http://dx.doi.org/10.1007/s10118-013-1323-7
http://dx.doi.org/10.1039/D1PY00744K
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1007/s10118-010-1016-4
http://dx.doi.org/10.1021/acsnano.9b00940
http://dx.doi.org/10.1021/acsnano.1c01146
http://dx.doi.org/10.1021/am302528g
http://dx.doi.org/10.1021/acs.macromol.0c00109
http://dx.doi.org/10.1002/anie.201812860
http://dx.doi.org/10.1002/anie.201608338
http://dx.doi.org/10.1007/s10118-013-1321-9
http://dx.doi.org/10.1021/acs.macromol.5b01219
http://dx.doi.org/10.1007/s10118-013-1323-7
http://dx.doi.org/10.1039/D1PY00744K
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1039/C8CC05812A
http://dx.doi.org/10.1007/s10118-010-1016-4
http://dx.doi.org/10.1021/acsnano.9b00940
http://dx.doi.org/10.1021/nl300999u
http://dx.doi.org/10.1021/ma302515p
http://dx.doi.org/10.1039/c3nr01296d
http://dx.doi.org/10.1021/ja1024063
http://dx.doi.org/10.1007/s10118-019-2294-0
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1002/adma.201305849
http://dx.doi.org/10.1002/smll.201300271
http://dx.doi.org/10.1021/acs.macromol.5b02507
http://dx.doi.org/10.1002/adma.201200102
http://dx.doi.org/10.1021/ma401398h
http://dx.doi.org/10.1021/acs.langmuir.5b02843
http://dx.doi.org/10.1021/ma501835r
http://dx.doi.org/10.1021/nl300999u
http://dx.doi.org/10.1021/ma302515p
http://dx.doi.org/10.1039/c3nr01296d
http://dx.doi.org/10.1021/ja1024063
http://dx.doi.org/10.1007/s10118-019-2294-0
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1021/ja502075f
http://dx.doi.org/10.1002/adma.201305849
http://dx.doi.org/10.1002/smll.201300271
http://dx.doi.org/10.1021/acs.macromol.5b02507
http://dx.doi.org/10.1002/adma.201200102
http://dx.doi.org/10.1021/ma401398h
http://dx.doi.org/10.1021/acs.langmuir.5b02843
http://dx.doi.org/10.1021/ma501835r
https://doi.org/10.1007/s10118-022-2704-6

	INTRODUCTION
	EXPERIMENTAL
	Materials
	Preparation of Mesoporous PS27k-b-P4VP17k Sheet-like Scaffolds
	Preparation of Mesoporous AuNPs/PS27k-b-P4VP17k Hybrid Sheets
	Preparation of AuNPs@P4VP/PS Hybrid Nanotubes via Disassembly
	Preparation of the AuNPs@P4VP/PS Hybrid Nanotubes with Tunable Inner Diameter Size
	Preparation of the PdNPs@P4VP/PS Hybrid Nanotubes with Tunable Inner Pore Size
	Characterization

	RESULTS AND DISCUSSION
	CONCLUSIONS

