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ecently, the synthesis of noble metal

nanoparticles have attracted increas-

ing interest because of their unique
properties and promising applications.’ 8
The synthetic technique for fabricating
nanoparticles involved the reduction of
metal salts in the presence of a protective
agent, which prevents the nanoparticles
from aggregation and allows isolation of
the nanoparticles.>'® A number of stabiliz-
ers have been discussed that are suitable for
the prepartion of nanoparticles.”' 4
Among them, calixarenes have receieved
much attention because of their potential
application in both protecting and function-
alizing nanoparticles' 2! through coop-
erative, multidentate interactions.?2 Wei
made a comprehensive and systematic in-
vestigation? of resorcinarene-grafted
nanoparticles. Up to now, calixarene-
encapsulated nanoparticles have been suc-
cessfully obtained*~% and achieved re-
markable success in many fields.?®~%> How-
ever, most of them were prepared in
organic solvents because of the poor solu-
bility of calixarene in aqueous media. Thus,
only a few reports have described the
preparation of calixarene-capped nano-
particles in water,3738 which limits their
potential application in the future.

Nowadays, the coupling of materials sys-

tems on different length scales enables new
ways to take advantage of unique proper-
ties of nanoscale materials. Therefore, the
ability to connect nanoparticles to the mac-
roscopic world creates the promise of nu-
merous applications and the generation of
new technologies.? Organic—inorganic
micro-nanohybrid materials exhibit
synergy*®~* among the properties of their
components and have found promising ap-
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ABSTRACT A facile template method was described for the decoration of organic microtubes with various
nanoparticles (NPs), which was achieved in a straightforward “mix” process in the presence of templates and
resorcinarene-functionalized nanoparticles (AuNPs, AgNPs, PtNPs, and PANPs). A combination of UV —visible
spectra and Fourier transform-infrared spectroscopy, transmission electron microscopy, field emission scanning
electron microscopy, X-ray diffraction measurements, contact angle experiment, and energy dispersive X-ray
spectroscopy was used for analysis. Interestingly, it was found that NPs could be encapsulated into the microtubes
during the process of resorcinarene self-assembly. As a model system, AuNP-loaded microtubes were investigated
and discussed, and loaded nanoparticles with a narrow size distribution were observed. Furthermore, AuNP-
decorated microsheets could also be obtained by the assembly of resorcinarene with hydrazide groups.
Remarkably, it was also observed that the incorporated NPs could be redispersed by treating the NP-loaded
microtubes, which made it possible to realize the uptake and release of given nanoparticles. This procedure was
scalable to diverse resorcinarene-based self-assemblies and applicable to various metal nanoparticles that
decorate by resorcinarenes.

KEYWORDS: resorcinarene -
decoration -

nanoparticles - selective
microtube - microsheet

plications in various fields. For example,
Jang et al. found that PMMA nanofibers
containing silver nanoparticles had antibac-
terial properties against both Gram-
negative and Gram-positive bacteria.*®
Among various methods for preparing com-
posites with different NPs, the template
method has proven to be a powerful tech-
nique. Besides that, it was reported that NPs
could be incorporated into materials via
self-assembly. For instance, Forster* et al.
described magnetic nanoparticles as-
sembled into the bilayer membranes of
block copolymer vesicles and demonstrated
that the vesicles took up enough nano-
particles to become magnetophoretic in ex-
ternal magnetic fields.

Here, we used resorcinarenes as a ligand
for the fabrication of water-soluble noble
nanoparticles including AuNPs, AgNPs, Pt-
NPs, and PdNPs. In this way, one could
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Scheme 1. Diagrammatic sketch of resorcinarene C5—C2.

decorate various resorcinarene-functionalized nanopar-
ticles of the as-prepared microtubes. Remarkably,
AuNPs could be encapsulated via the process of resor-
cinarene self-assembly, which resulted in the NPs locat-
ing on both the outside and inside of microtubes. Fur-
thermore, by using resorcinarene hydrazide derivatives
as the capping agent, AuNPs could be assembled into
microsheets via the organization of their capping
agents. It was also found that the obtained composites
could be dispersed by sonication.

RESULTS AND DISCUSSION

Synthesis of Resorcinarene-Modified Metal Nanoparticles.
The main goal of this work was the design and the syn-
thesis of hierarchical micro-nanomaterials combining
of metal nanoparticles and organic microtubes/
microsheets. In our previous reports, we used am-
phiphilic polyamine resorcinarene €11—C2* with an
eight-amino-head, a calixarence cavity, and four-
undecyl-tail as ligand to prepare gold nanoparticles.
Now, we developed a facile methodology for the aque-
ous synthesis of other noble metal nanoparticles by us-
ing resorcinarene C5—C2% as the protective agent. As
shown in Scheme 1, C5—C2 possesses similar structural
features to C11—C2; the difference between C11—-C2
and C5—C2 is the slight change in hydrophobic moi-
eties. C5—C2 possesses shorter alphatic chains than
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Figure 1. (@) UV—vis absorption spectra of Au, Ag, Pt, and Pd nano-
particles: (curve a) Ag, (curve b) Au, (curve c) Pt, (curve d) Pd nanopar-
ticles. (b) Optical images of resorcinarene-functionalized metal
nanoparticles.
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does C11—C2 in the hydrophobic segment. However,
it exhibits excellent properties in the encapsulation of
nanoparticles as C11—C2.

AuNPs were prepared as follows: an aqueous so-
lution of HAuCl, and €5—C2 aqueous solution were
mixed in a round flask. Then, sodium borohydride
aqueous solution was injected into the above solu-
tion under vigorous stirring to give the
resorcinarene-modified AuNPs. The formation of
gold nanoparticles was verified by using a UV—vis
spectrophotometer. Figure 1a (curve b) shows char-
acteristic plasmon bands for the Au nanoparticles
at 500—550 nm,*® which confirm the existence of
AuNPs. The reduction of silver ions in aqueous me-
dia yields AgNPs. Figure 1a (curve a) displays the cor-
responding UV —vis spectra of the as-obtained sil-
ver colloids, which exhibit characteristic plasmon
bands for the Ag nanoparticles at 416 nm.* Further-
more, other noble metal nanoparticles used herein
were prepared by reduction of the respective metal
salts with sodium borohydride. The K,PtCls and
C5—C2 mixed solution was initially pale in yellow.
After the addition of a reducing agent, the color of
the solution changed to dark black, which was fur-
ther monitored by UV—vis spectrophotometer. As
shown in Figure 1a (curve c), the absorption band
around 260—280 nm characteristic of the precursors
was absent, suggesting that all PtCls>~ ions were re-
duced by sodium borohydride, confirming the for-
mation of a platium nanoparticle.>® The disappear-
ance of PdCl,2~ ions were observed by UV—vis
spectra after the addition of the reducing agent, sug-
gesting that the Pd nanoparticles formed.>' And
meantime, the solution exhibited a drastic color
change from orange to dark brown accompanied
with the change in observed spectra.

The optical images of as-prepared colloids match
well with the UV—vis spectra. As shown in Figure 1b,
the red and yellow color is attributed to the surface
plasmon resonance of gold nanoparticles and silver
nanoparticles. The obtained platinum and palladium
nanoparticles show dark black and dark brown color, re-
spectively. The colloidal dispersions of the
resorcinarene-functionalized metal nanoparticles are
stable for months at room temperature, indicating that
resorcinarenes C5—C2 are good stabilizing agents for
Au, Ag, Pt, and Pd NPs.

Figure 2a shows an image of AuNPs observed by
transmission electron microscopy (TEM), which reveals
that the particles are spherical in shape, and each par-
ticle is well-separated. It could be seen that the nano-
particles with an average size of 5.9 nm are formed in
the presence of C5—C2. The stable silver colloids pro-
tected by C5—C2 are shown in Figure 2b. The average
particle size of AgNPs is in the range 4.5—37.3 nm. Fig-
ure 2¢ shows a typical TEM image of PtNPs, which dis-
plays that the mean with standard deviation of the di-
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Figure 2. TEM images and size histograms (bottom) for the resorcinarene-stabilized metal nanoparticles: (a) gold nanoparticles,
5.9 * 2.50 nm, (b) silver nanoparticles, 20.9 = 16.4 nm, (c) platinum nanoparticles, 2.4 = 0.9 nm, (d) palladium nanoparticles, 5.9
+ 2.2 nm.

ameter is about 2.4 = 0.9 nm. However, the all of the studied cases. Powder X-ray diffraction (XRD)
morphology of PtNPs synthesized is very different; analysis was used to characterize the chemical compo-
most of them are well dispersed with a low degree of sition. The pattern presented the AgNPs (Figure 3b) and
agglomeration. Figure 2d exhibits a typical TEM image  exhibits diffraction peaks at 26 = 38.0°, 44.2°, 64.3°,
and the corresponding size distribution of the PANPs, and 77.2° corresponding to the (111), (200), (220), and
which shows that resorcinarene-capped PdNPs had an  (311) crystal plane of Ag®, respectively.>? A typical XRD
average diameter of 5.9 nm with a standard deviation of  pattern of the Pt nanoparticles is shown in Figure 3c,
2.2 nm. which gives further support to the presence of Pt NPs.
As shown in Figure 3a, FT-IR spectra of the C5—C2-  Four peaks at 26 = 39°, 46°, 67°, 81° were found, which
capped metal nanoparticles support the presence of re-  were assigned to the (111), (200), (220), and (311) reflec-
sorcinarene molecules on the metal nanoparticles in tions, respectively.> The formation of Pd NPs was also
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Figure 3. (a) FT-IR spectra of resorcinarene-functionalized metal nanoparticles; XRD of (b) silver nanoparticles, (c) platinum
nanoparticles, (d) palladium nanoparticles coating the resorcinarene.
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Scheme 2. Schematic illustrations of resorcinarene-capped NP-decorated microtube.

evidenced by XRD; four Pd diffraction peaks could be
seen at around 20 = 40°, 46°, 68°, and 81°, assigned to
the (111), (200), (220), and (311) reflections of Pd, re-
spectively (Figure 3d).>

It is essentially important to discuss the structure of
aminoresorcinarene-modified NPs obtained. The ami-
noresorcinarene C5—C2 was proven insoluble in com-
mon organic solvents, and the solubility in water
was largely influenced by the protonation state of
amino moieties. It is also worth mentioning that the un-
charged species tend to form gel in water, whereas
the fully protonated species with hydrochloric acid was
soluble in water.*’ Partially protonated resorcinarenes
are essential both as ligands for the nanoparticles and
as building blocks for the microtubes preparation. In
acidic water solutions, some of the amino groups of the
resorcinarene were protonated. However, amido
groups, which are usually not protonated, are impor-
tant in the self-assembly process. In low pH cultures,
amino groups of resorcinarene could easily integrate
the H™ to form the protonated amino-groups, which re-
sult in the electrostatic attraction forces between NHz*
of aminoresorcinarene and AuCl,”. Therefore, AuCl,~
ions added to the aqueous solution of resorcinarene
would be coordinated onto the protonated amino-
groups through coordination or electrostatic interac-
tions to form the complex ion-pair
[—NHs*—AuCl, 13034 Accordingly, metal ions such
as PtCl¢?~ and PdCl,>~ are expected to bind preferen-
tially to the surface amino groups, resulting in the for-
mation of the resorcinarene—metal complex.>® After

the addition of sodium borohydride,
resorcinarene—metal composites would be formed by
adsorbing the resorcinarenes on the metal nanoparti-
cles. Since the interactions between the metal particles
and the functional groups of the aminoresorcinarenes
are strong, such as gold/resorcinarenes with an ami-
doamine group, the obtained AuNPs have a small stan-
dard deviation and are well dispersed in the colloids.
However, the particles show some aggregation behav-
ior in the case of weak interaction between (PtNPs/Pd-
NPs) and the functional groups, which supports the re-
sults of the previous literature reported by Kunio.”®
Although Ag™ ions are not expected to interact
strongly with the amino groups, amino-containing
molecule—Ag* complexes that were also character-
ized by electron paramagnetic resonance analysis evi-
denced the strong complexion between amino groups
and Ag™ ions.>” Thus, aminoresorcinarenes would cover
the silver nanoparticles to stabilize the silver nanoparti-
cles after the reduction. As a result, relatively large sil-
ver nanoparticles with a large standard deviation are
only obtained. The average diameter with standard de-
viation determined from their histograms is 20.9 =
16.4 nm, which is a result of a weak interaction of sil-
ver nanoparticles with the aminoresorcinarenes.
Fabrication of Hybrid Materials Composed of Metal NPs and
Microtubes. Template Method. We have previously prepared
AuNP/microtube hybrid materials by using microtubes
as templates, which were obtained by the self-assembly
of partially protonated aminoresorcinarenes (see
Scheme 2).* Now we extend the method to the fabri-

Figure 4. (a) The molecular structure of C15—C2. TEM images of (b) the C15—C2 microtube, (c) the profile section of the
C15—C2 microtube with aggregates inside cylinder, inset image is the typical structure at greater magnification, and (d)
the cross section of the €15—C2 microtube with vesicular aggregates encapsulated. The samples were prepared using the
C15—C2 solution (150 M) obtained after 1 month of incubation at room temperature.
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lamellae.

cation of other noble metal hybrid materials by us-
ing the same microtubes as templates. Here we uti-
lize the C15—C2 (Figure 4a) with longer pentadecyl
hydrophobic tails as a model molecule to fabricate
templates. Figure 4b shows the observed tube with
a diameter of 1.2 wm, which is in good agreement
with the self-assembling behavior in our previous re-
ports. Some small vesicular aggregates of varying
size together with irregular bilayers inside the cylin-
der are also present (Figure 4c). The inset image rep-
resents higher magnification of the tube. The pro-
file section of tube-wall in Figure 4d further confirms
the previous observation. The images in Supporting
Information, Figure S1 are in good aggrement with
Figure 4. Approximately 500 microtubes are picked
randomly from the TEM images to evaluate the dis-
tribution and average diameter of the tube. The size
distribution of the tube is shown in Supporting Infor-
mation, Figure S2, which reveals the assemblies
with a mean diameter of 1.93 um.

A wide range of nanoscale aggregates are often en-
countered in the system. Spherical vesicular structures
of size varying from 19 to 200 nm are presented in Fig-
ure 5a. A small distorted vesicle within a larger one is
shown in Figure 5b. The outer vesicle is 200 nm in diam-
eter, and the inner one is 60 nm in diameter. Figure 5¢
exemplifies the disordered lamellar aggregates; Figure
5d displays the bilayers separated from each other.
Compared to the nanostructure presented in previous
reports,*” our system now provides more complex and
interesting structures (Supporting Information, Figure
S3).

Further investigation may provide us with a deeper
insight into the nature of the self-assembly. We de-
tected some intermediates of the curly multilamellar
structure gradually convert to a tube during the self-
assembly, which suggests the possible mechanism of
MT formation.>®~6! Figure 6a shows the cross section of
a tube wall with 80 nm thickness. It is obvious that a
multilamellar structure with 100 nm thickness is in the

Figure 6. Possible intermediates of the curly multilamellar structure to multiwalled MT transition. Microtubule cross section
with (a) curling multilamellar structure, (b) two continuous multilamellar structure, (c) three continuous multilamellar struc-
ture, (d) two multilamellar structure separated by water compartments, (b) MT containing three smaller tubes inside cylin-
der. The samples were prepared using the C15—C2 solution (150 M) obtained after 1 month of incubation at room

temperature.
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Figure 7. (a) TEM image of silver nanoparticles embedded on the surface of
microtubes, (b) TEM image of these silver nanoparticles at higher magnifica-
tion, (c) size distribution of AgNPs residing on the microtubes, (d) EDX profile

By comparing the spectra of the C15—C2
powder sample with that of the microtube
(Supporting Information, Figure S5), we ob-
served the N—H stretching and carbonyl band
of the powder at 3400 and 1674 cm ™" shift
to 3304 and 1666 cm ™' in microtubes, respec-
tively. The decrease of wavenumbers sug-
gested the enhancement of the hydrogen-
bonding in the microtubes. In addition, the
antisymmetric and symmetric stretching vi-
brations of alkyl chains in the microtube were
at 2923 and 2852 cm™', while the data of
powder sample were at 2924 and 2853 cm ™.
Therefore, the interactions between alkyl
chains of molecules also promoted the forma-
tion of the microtubes. The adsorption peaks
of the amino and amido groups of C15—C2
are affected by self-assembly, which indicates
their participation in hydrogen bonding.*’
The mechanisms for the generation of MTs is

Particle dismeter(nm) T T T T T T T T
[ 1 2 3 4 5 6 7

of composites.

formation process. This observation is very important
since it highlights the significance of a curled structure
in the process of the MT’s self-assembly. Figure 6b
shows a MT with two multilamellar-walls. The further
rolling-up of another multilamellar structure may result
in the formation of the tube with three multilamellar-
walls (Figure 6¢). When a large amount of water is
present, the MT walls consisting of two multilamellar
structures separated by water compartments can be
seen (Figure 6d). This structure might result from a fol-
lowing multilamellae curling outside the inner tube. Re-
markably, MTs containing several smaller ones inside
the cylinder are also observed (Figure 6e), which could
result from the curling of a multilamellar structure
around three smaller tubes. Different from the hollow
tube displayed in Figure 6, when the vesicular struc-
tures or bilayer fragments are present during the curl-
ing process, nanoaggregate-containing multilamellar
tube-walls could be observed (Supporting Information,
Figure S4).

¢ suggested by molecular modeling of the MTs.
It is proposed that two molecules initially un-
dergo tail-to-tail packing to form a bilayer.

Subsequently, the stacking of bilayers results

in the formation of 2D sheets. Then, they
grow into multilayers through continuous dynamic
energy minimization. Finally, the flexible multilayers
can subsequently roll-up via hydrogen bond leading
to the generation of 1D MT.

We incubated a mixture of microtubes and Ag col-
loids. Within a few days, the suspension turned yellow-
ish, which indicates the loading of silver nanoparticles.
Transmission electron microscopy was used to charac-
terize the AgNPs attached to microtubes. Figure 7a
clearly illustrates AgNPs with high loading density coat-
ing the microtubes. Images at higher magnification are
presented in Figure 7b. Well-dispersed, spherical par-
ticles were anchored onto the surface of the microtube.
It is should be noted that the diameter of these par-
ticles with narrow size distribution compared with
freshly prepared. Their size distribution is shown in Fig-
ure 7¢ and indicates that the NPs with diameter of ap-
proximately 6 nm tend to be absorbed onto the surface.
A characteristic energy-dispersive X-ray spectroscopy
(EDX) profile for the composites is given in Figure 7d,
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Figure 8. (a) TEM image of a self-assembled resorcinarene tube coated with Pt nanoparticles, (b) magnification of PtNPs on the com-
posites, (c) size distribution of PtNPs residing on the microtubes, (d) EDX profile of composites.
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ites of PANPs/microtubes were ob-
tained. The color of the suspension
was dark brown, which indicates
the formation of hybrids. The TEM
image in Figure 9a demonstrates
the achievement of adsorption. Fig-
ure 9 panels b and c show a magni-
fied image of PANPs on a micro-
tube and the corresponding
histogram, which reveals that
PdNPs have diameters of 4.3 = 1.6
nm. An EDX profile (Figure 9d) fur-
ther confirms the generation of Pd/
microtube composites.®

According to the formation
mechanism of microtubes previ-
ously reported,*’ the polar head
groups displayed on the hydro-
philic surface plays a special role
for the immobilization of the NPs.
- - - . From the above experiments,

IR R M R i L AR
Particle diameter(nm)

Figure 9. (a) TEM image of palladium nanoparticles embedded on the surface of
microtubes, (b) TEM image of these palladium nanoparticles at higher magnifica-
tion, (c) size distribution of PdNPs residing on microtubes, (d) EDX profile of

composites.

which convincingly demonstrates the presence of Ag-
NPs.6

A suspension of the microtubes is treated with plati-
num colloids and the loading was achieved after a few
days. The initial white suspension turned black after
PtNPs deposition with a mass uptake.5* TEM image of
the composites is shown in Figure 8a, which demon-
strates that microtubes were densely covered by PtNPs.
At high magnification (Figure 8b), the PtNPs can be vi-
sualized on the surface of tubes. Figure 8c shows the
mean diameter with standard deviation of the Pt NPs
was determined to be 3.4 = 1.0 nm. An EDX spectrum
of the composites confirmed the presence of Pt NPs.5

After the mixture of Pd colloids and microtubes
aged at room temperature for several days, compos-

TEM provided clear information
of how the NPs are capable of in-
teracting with the microtube and
then producing the coatings on
the microtube. However, the
close-ended microtubule pre-
vents the resorcinarene-capped
NPs from presenting on the interior surface of micro-
tube. A schematic representation of the microtube
is shown in Scheme 2. The resorcinarene-based mi-
crotube is covered with amidoamine groups outside
and inside the surface. The microtube can adsorb
the resorcinarene-modified NPs by the interaction
between the amidoamine covered tubes and NPs,
respectively.

The Shortcomings of the Template Method. The structure of
composites under observation of FE-SEM (Figure 10,
left) shows that the microtubes were coated with
AuNPs. The composites obtained by template method
(Figure 10, right) had diameters in the range of
250—700 nm. Importantly, NPs were only observed on
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Figure 10. SEM image of AuNP-decorated microtube (left), the cross section of the AuNPs/microtube composites (right),
which reveals the AuNPs only located on the exterior surface of microtubes.
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Figure 11. Digital image of the C15—C2 self-assemblies obtained in the presence of gold nanoparticles (left), UV—vis spec-

tra of gold colloid before and after self-assembly (right).

the exterior surfaces of the tubes, which is in good
agreement with our previous reports. The TEM image
displays a cross section of an individual microtube
(right). No AuNPs were found within the multilayer
tube wall or inside the cylinders. A resorcinarene mol-
ecule has a mean size of approximately 3 nm, while the
smallest AuNPs were larger than 5 nm, which pre-
vented the AuNPs from diffusing into the microtube
through the tube wall. Furthermore, it was clearly ob-
served that the microtube ends are closed. Therefore,
AuNPs could not enter the microtubes through the
ends.

Co-assembly as Another Pathway for the Preparation of Hybrid
Materials. Hybrid Tubular Micro-nanostructure. Because of this
limit of the template method, the NPs were only located
on the exterior surface. However, the inner surface and
multilayer wall might also serve as sites for embedding
NPs to form hybrid materials.

In this work, C15—C2 was capable of self-
assembling in colloids, which is similar to the self-
assembly of pure resorcinarene; the major difference is
the presence of NPs. To our surprise, AUNPs could be
encapsulated in microtubes during the self-assembly
process of resorcinarene. Figure 11 (left) shows a digi-
tal image of the C15—C2 self-assembled in a gold col-
loid; soft, filamentous, wine-colored materials settled to
the bottom of the bottle. The change in absorbance be-
fore (0.53) and after (0.08) self-assembly of C15—C2 in

the presence of AuUNPs demonstrates that the charac-
teristic optical signature typical of gold colloids was de-
creased with the process of assembly. As shown in Fig-
ure 11 (right), the plasmon resonance slightly shifts to
lower energies as the AuNPs adsorb onto the micro-
tubes. For this sample, the particles deposited on the
tube are rather high, close to 85%. However, free NPs
still exist in the solution.

Figure 12a shows a cross section of a typical AUNP-
loaded microtube with an inner diameter of 800 nm
and a wall thickness of 80 nm. Different from the hy-
brid materials obtained by the template method, the
AuNPs bound not only on the surface but also in the
sidewall. The micrograph also showed that the AuNPs
remained isolated; they did not coalesce. Encapsulation
might thus occur simultaneously at many sites in micro-
tube walls, and many particles could locate within lay-
ers. AuNPs were incorporated into the wall through self-
assembly of C15—C2, resulting in high nanoparticles
density. Figure 12b shows an AuNP-loaded microtube
with many vesicles inside the cylinder. It could be
clearly observed that AuNPs were loading in the
microtube-wall.

Notably, several bigger NPs were observed located
at the exterior surface, which implies that only NPs with
a certain size are prone to incorporation in the micro-
tube by self-assembly. It should also be noted that not
only did the AuNPs residing in the tube wall have a nar-

L1,

9 10

st Particle diameter(nm)

Figure 12. (a) Cross section of the AuNPs-loaded microtubes without aggregates inside the hollow cylinder; (b) cross sec-
tion of AuNPs-loaded tube with many vesicles inside the cylinder; (c) size distribution of AuNPs.
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row size distribution but also the AuNPs close to the hy-
brid materials had a uniform diameter of approximately
5 nm. The size distribution of the colloids, character-
ized by TEM,, is illustrated in Figure 12c. The AuNPs had
a mean diameter of 5 nm.

Besides AuNP-loaded microtubes, Ag, Pt, and PdNP-
loaded microtubes can also be prepared by C15—C2
self-assembly in the presence of AgNPs, PtNPs, and Pd-
NPs, respectively. This will be reported in the near fu-
ture. This method enables incorporation of various NPs
into both the interior and exterior surface of
microtubes.

Hybrid Sheet Micro-nanostructure. It was reported that mi-
crosheets could be obtained by the assembly of resor-
cinarene with hydrazide groups in hydrophilic moi-
eties.” Now studies were conducted on other
amphiphilic resorcinarene octahydrazide derivatives
C9—CO (Figure 13), which have nonyl groups in the
hydrophobic segment (left). Similar to our previous re-
ports,*” microsheets could be obtained by its assembly.
By comparing the spectra of the C9—CO0 powder
sample with that of the microsheet (Supporting Infor-
mation, Figure S6), it is found that hydrogen bonding
also participates in the self-assembly of the sheet.*” A
wetting experiment shows that the water contact angle
of the layer formed by resorcinarene microtubes is
55.5 * 0.9°, which further supports the fact that the
MT possesses hydrophilic surfaces (Supporting Informa-
tion, Figure S7). Interestingly, the MT could be used as
the modified agent for gold nanoparticles; the SEM
demonstrated that it was capable of capping gold

(a) (b)

Figure 14. Diagrammatic sketch of resorcinarene €6—C0, (b) TEM image of gold nanoparticles capped by C6—CO0, (c) TEM image of

Figure 13. Diagrammatic sketch of resorcinarene €C9—CO (left), SEM image of microsheets assembled by C9—CO0 (right).

nanoparticles and then forming hybrid microsheets
(right). These results strongly suggested that the nano-
particles modified with the resorcinarene octahydrazide
groups are able to generate sheetlike composites by
the virtue of capping agents.

Subsequently, we extend the study by using the
C6—CO (Figure 14a) as the capping agent for gold
nanoparticles, and then the microsheets composed
of gold nanoparticles were obtained. SEM observa-
tions (Supporting Information, Figure S8) together
with XRD profile (Supporting Information, Figure S9)
match well with our previous reports, which demon-
strated that microsheets could be obtained. TEM
experiments were carried out observing as-prepared
gold nanoparticles (Figure 14b). It is clearly seen
that the particle is irregular in shape, and polydis-
perse in size. Microsheets formed after approxi-
mately 2 h of incubation, as shown in Figure 14c
and gold nanoparticles microsheets 1 wm long
and 0.5 pm wide were observed. The XRD measure-
ments of the composites showed the characteristic
diffraction peaks of gold, which also proved the ex-
istence of the gold in the hybrid material (Figure
14d).

A possible structural organization is suggested
by molecular modeling of the microtubes. It is pro-
posed that two molecules initially pack tail-to-tail to
form a thin sheet. Subsequently, stacking of the ini-
tial sheets leads to the formation of thicker sheets.
The thick sheets make the self-assemblies lose flex-
ible properties and therefore not prone to bend to

.

Wmmww

26 (degree)

(c) (d)

microsheets assembled by C6—C0, (d) XRD profile of composites.
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Scheme 3. Proposed schematic structure of the formation of AuNPs/microsheet. (blue, hydrophilic moieties; grey, hydro-

phobic moieties; yellow, AuNPs).

form a microtubule structure. Scheme 3 displays
the process of NP encapsulation into microsheets.
During the resorcinarene self-assembly, AuNPs were
first adsorbed onto the surface of the individual thin
sheets, and then the composites were obtained by
each sheet piled together.

As mentioned above, the interaction between Ag/
Pt/PdNPs and amino is not as strong as that of AuNPs.
In this case, after replacing the amide by hydrazide
groups, the resorcinarene hydrazide derivative is not a
good stabilizer for modifying Ag, Pt, and Pd. The ob-
tained NPs preferred aggregating before self-assembly.
Therefore, the hybrid sheet micro-nanostructure with
Ag, Pt, and Pd could not be obtained.

Release of NPs from the Hybrid Materials. As mentioned
above, resorcinarene-capped NPs adsorbed to the
surface of tubes by hydrogen-bond interactions. We
wondered if the NPs on the tubes could be released
from the hybrid materials by special treatment. To
confirm this hypothesis, we used hybrid materials to
explore the possibility of release. Interestingly, the
suspension of composites vanished after sonication,
which indicates that the NPs absorbed on the micro-

Absorbance

R (514094)
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Figure 15. The optical image of sample before and after sonication (left);
UV —vis spectra of gold colloid before and after sonication (right).
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Figure 16. TEM images (left) and size histograms (right) for the gold
nanoparticles redispersed from the microtube after sonication.
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tubes redispersed into colloids. As shown in Figure
15 left, a yellowish suspension, a purplish suspen-
sion, and a brown suspension were observed in the
Ag colloids, Au colloids, and Pt colloids, respectively
(top row). However, those suspensions disappeared
after sonication (bottom row). Metal nanoparticles
released from the tubes after sonication were dis-
played in Figure S10. It is noticeable that the result-
ant solution/mixture cannot form the inside-
decorated hybrid as we obtained through the coas-
sembly approach. Also, AuNPs could be released
from the hybrid materials obtained by C15—C2 self-
assembly in the presence of AuNPs. The increase of
the NP colloid concentration after sonication was
demonstrated by UV —vis spectroscopy, which
shows dramatic increases in absorbance. As a model
system, in the experiment with AuNPs/microtubes
composites, the absorbance of gold colloid in-
creased from 0.6 to 0.9 (Figure 15, right).

Figure 16 illustrates TEM images and histograms
of size distribution of the released Au nanoparti-
cles, the average size with standard deviation deter-
mined from their histograms is 4.9 = 1.3 nm. We
can see that the NPs are dispersed uniformly, each
particle is separated, and no aggregation was ob-
served. Also, the NPs absorbed in the microsheets
could also be released from the assemblies by soni-
cation. As shown in Supporting Information, Figure
S11, the increase in the UV—vis spectra after treat-
ing hybrids with sonication is in accordance with the
tendency of microtubules composites.

Proposed lllustration of Templates Method and Real-Time
Encapsulation. An outline of the proposed process is
shown in Scheme 4. Arrow 1 illustrates the process of
adsorption by the template method. As described
above, tube were initially formed by the curve of
resorcinarene-based sheets. Then, microtubes incorpo-
rate abundant free amide groups on their surfaces as
binding sites to anchor various nanoparticles via hydro-
gen bonds and finally accomplished the template ad-
sorption process. Arrow 2 displays the process of NP en-
capsulation into microtubes during the resorcinarene
self-assembly, which results in the formation of NP-
loaded microtubes. During the formation of gold-wall
microtubes, two steps are important. AUNPs were first
adsorbed onto the surface of the multilayer sheet, and
then the sheet curled into a tubular structure. This fea-
ture enables decoration of the inside and outside sur-
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faces of microtubes with different NPs, which opens
up various potential applications.

CONCLUSION

Resorcinarene-functionalized metal nanoparti-
cles such as AuNPs, AgNPs, PtNPs, and PdNPs were
prepared in aqueous medium. By using the micro-
tubes as templates, hybrid materials were prepared
via immobilizing nanoparticles onto the surface of
microtubes. Interestingly, AuNPs could be incorpo-
rated into the multilayer walls of microtubes during
the self-assembly process of resorcinarene. This en-
ables the loading of various NPs on both the interior
and exterior of the microtube surfaces. Further-
more, by the self-assembly of capping agent, sheet-
like hybrid materials were also obtained. Interest-
ingly, NPs adsorbed on the surface and encapsulated
inside microtubes could be redispersed by sonica-
tion. This method could be customized to incorpo-
rate NPs into microtubes for separation, which will
be widely applicable in selectively separation. Com-
pared with nanoparticles dispersed in organic
phases, the resorcinarene-capped nanoparticles dis-
persed in water are expected to have better biocom-

EXPERIMENTAL SECTION

Materials and Methods. Hydrochloroauric acid (HAuCly), silver ni-
trate (AgNOs), potassium tetrachloroplatinate (ll) (K,PtCl,), palla-
dium(ll) chloride (PdCl,), and sodium borohydride (NaBH,) were
of reagent grade and were purchased from Shanghai Chemical
Reagent Co. All polyamino amphiphilic resorcinarenes were syn-
thesized following the procedures described in detail in previ-
ous publications.3® Polyamino amphiphilic resorcinarenes-based
microtube was prepared according to our previous reports.*’
Deionized ultrafiltered water was purified through a Milli-Q sys-
tem. All glassware were cleaned with aqua regia and rinsed with
deionized water.

Synthesis of AuNPs. In a typical experiment, an aqueous solu-
tion of HAuCl, (0.50 mL; 9.7 mM) and C5—C2 (8.0 mL; 0.03 M)
aqueous solution (pH = 3) were mixed in a 100 mL round flask.
Then, sodium borohydride aqueous solution (1.50 mL; 0.1 M) was
injected into the above solution under vigorous stirring, and
the resorcinarene-capped AuNPs were immediately obtained.

Synthesis of AgNPs. The AgNPs were prepared in the following
manner: 0.1 mL of 9.7 mM AgNOs and 6 mL of 200 M resor-
cinarene C5—C2 aqueous solution were mixed and allowed to
stir for 2 min. To this transparent solution, 0.1 mL of 2 M HNO;
was added followed by the addition of 0.4 mL of 0.1 M NaBH, so-
lution. It could be seen that the colorless solution initially be-
came yellowish then turned to bright yellow, indicating the for-
mation of AgNPs.

Synthesis of PtNPs. A 0.8 mL portion of 4.8 mM K,PtCls and 6
mL of 200 M resorcianrene C5—C2 aqueous solution were
mixed and allowed to stir for 2 min. To this was added 0.1 mL
of 2 M HCl to adjust the pH to 2. Then, 0.6 mL of 0.1 M NaBH, so-
lution was injected to the mixtures under stirring, which re-
sulted in the generation of the platinum nanoparticles.

Synthesis of PANPs. A 1.2 mL portion of 1.4 mM PdCl, and 6 mL
of 200 wM resorcianrene C5—C2 aqueous solution were mixed
and allowed to stir for 2 min; 0.6 mL of 0.1 M NaBH, solution was
injected in to the mixture under stirring, which resulted in the
formation of the palladium particles.

Formation of (15—(2-based Self-Assemblies in Water. C15—C2 was
acidified with hydrochloric acid to give 3 X 10~* M aqueous so-
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Scheme 4. Schematic representation of the formation of hybrid materials.
Arrow 1: illustration of template method for preparing hybrid materials,

which consists of template formation, NPs adsorption (white particles: Ag-
NPs, PtNPs, PdNPs). Arrow 2: the AuNPs encapsulated into microtubes dur-
ing the self-assembled process of C15—C2 (yellow particles, AuNPs). Green
moieties, hydrophilic segment, grey moieties, hydrophobic segment

patibility and more promising applications in the
future.

lution (pH = 4). Subsequently, the obtained solution was di-
luted with distilled water to produce C15—C2 solutions of con-
centrations at 1.5 X 10~* M, which were aged at room
temperature at least for 4 weeks.

Formation of (C6—C0/—C0)-Based Microsheets in Water. C6—CO was
acidified with hydrochloric acid to give 3 X 10~* M aqueous so-
lution (pH <1). Subsequently, the obtained solution was diluted
with distilled water to produce €C6—CO0 solutions of concentra-
tions at 1.5 X 10~* M, which were aged at room temperature at
least for 2 h.

Template Method: Decoration of Ag, Pt, and Pd NPs onto Resorcinarene-
Based Microtubes. The suspension of resorcinarene microtubes
were immersed in silver colloids, platinum colloids, and palla-
dium colloids, respectively. It was clearly shown that the initial
white suspension was converted into a colorful suspension af-
ter aging for several days, which suggested the formation of the
nanoparticle-coated microtubes. The obtained composites were
then rinsed twice with deionized water.

Co-assembly Method: Fabrication of Aunps Loaded Resorcinarene
Microtubes. An aqueous solution of 0.4 mL of 9.7 mM HAuCl, and
6 mL of 150 wM resorcinarene C15—C2 solution (pH = 4) were
mixed. Then, 0.4 mL of 0.1 M NaBH, aqueous solution was in-
jected into the mixtures under stirring, and the colloidal gold was
immediately obtained. In a typical experiment, the pH of as-
preparaed gold colloids was adjusted to 4 with 2 M hydrochlo-
ric acid. Consequently, the AuNPs were loaded into the micro-
tube by the self-assembly of the resorcinarene in gold colloids.

Separation of the Different Nanoparticles. For the separation of
metal nanoparticles from microtubular supports, the suspen-
sion was drawn from the mixture and the hybrid was washed
with distilled water three times followed by the addition of wa-
ter. Subsequently, the obtained sample was treated by sonica-
tion for 5 min for further charaterization.

Methods. UV —vis spectroscopy was measured on a Shimadzu
UV-2501 PC UV—visible spectrometer. The spectral background
absorption was subtracted by means of the UV—vis spectrum of
water. The TEM images were obtained using a Philips TECNAI-12
instrument with an accelerating voltage of 120 kV. The ultrathin
section of microtube was placed on copper grids coated with for-
mavar. Before ultramicrotomy, fresh microtube specimens were
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prefixed with 2.5% glutaraldehyde and the specimens were sub-
sequently postfixed with 1% osmium tetroxide. Dehydrated by
a graded series of ethanol and acetone, the specimens infiltrated
an Epon 812 mixture and were embedded. FE-SEM was applied
to investigate the morphology, which was carried out with a Hi-
tachi S-4800 field emission scanning electron microscopy. EDX
was examined by SEM (XL-30) instrument. XRD data were ob-
tained with a graphite monochromatic device and Cu Ka radia-
tion (\ = 0.15406 nm) on the D8 Advance superspeed powder
diffractometer (Bruker), operated in the 6:26 mode primarily in
the 20—85° (26) range and step-scan of 26 = 0.04°. The tube volt-
age was 80 kV, and the tube current was 200 mA.
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