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The star-shaped amphiphilic inorganiceorganic hybrid polymer POSS-(PEO)8 prepared via click chem-
istry can self-assemble into spherical aggregates by directly dissolving the hybrid polymer in water. The
regular spherical aggregates were gradually transformed to deformed spherical aggregates, cylinders and
sheets through adding different amount of a-CD molecules into the POSS-(PEO)8 spherical aggregates
solution due to the host-guest inclusion complexation between POSS-(PEO)8 aggregates and a-CD.
Adding different amount of phenol which captured a-CD from PEO chains or increasing the environ-
mental temperature of the self-assemblies solutions which also led to the slipping of a-CD out of PEO can
reversibly and dynamically change the sheets to cylinders, deformed spherical aggregates or regular
spherical aggregates, showing that the reversibly nanostructural dynamical-change can be induced by
altering the environmental conditions of the solutions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The nanostructural controlled-change of assemblies has attrac-
ted considerable attention because this behavior of assemblies has
the perspective applications in smart nanomaterials and biomed-
ical fields [1e8]. The reversible control features of nanostructures
show the characteristic of “living” self-assembly of the assemblies
to some content [9e11]. From this view, environmental responsive
polymers play an important role in achieving controllability and
reversibility. A typical example is that the terpolymeric assemblies
transferred from micelles to vesicles by changing external tem-
perature [12]. However, these strategies are still limited to static
self-assembly principles, and do not meet the requirement of bio-
logical systems for dynamical self-assembly [13]. Therefore, utiliz-
ing environmental changes to induce the nanostructural
dynamical-change of the assemblies is of very interesting and
challenging.
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Recently, the supramolecular self-assemblies of host-guest in-
clusion complexation of linear polymers with cyclodextrins (CDs)
show fascinating biologic properties [14e18]. More importantly,
they inherit the intrinsic equilibrium nature of the inclusion
complexation between formation and dissociation, and the CD
molecules can freely slip out from them by an external environ-
mental stimulation, such as chemical reagents, temperature and
pH changes [19e22]. Obviously, the polymeric nanostructures
accomplished from supramolecular self-assembly can be changed
controllably through altering the environmental conditions. Yuan
et al. reported the reversible change of supramolecular nano-
structures from comb-block copolymer of ehtyl cellulose-graft-
poly(ε-caprolactone)-block-poly(ethylene oxide) (EC-g-PCL-b-PEO)
complexed with a-CD through adding competitive guests (phenol)
which strip a-CD away from PCL and PEO stepwise, leading to a
hierarchical disassembly and forming bottom-up deformable su-
pramolecular objects [23]. In addition, Chen et al. reported the
supramolecular micelles self-assembled from poly(ethylene ox-
ide)-block-poly(acrylic acid) (PEO-b-PAA) with a-CD and found the
a-CD molecules slipped from PEO chains at higher temperature
[24].

The self-assembly behavior of inorganiceorganic hybrid poly-
mers based on polyhedral oligomeric silsesquioxane (POSS) has
attracted great interest due to the combination of properties
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derived from the inorganic and organic components [25e30]. POSS
is a class of unique inorganic component and can be incorporated
into polymer matrices to produce novel hybrid polymers with ad-
vantageous properties [31e36]. Müller et al. synthesized the
tadpole-shaped inorganiceorganic hybrid PAA containing POSS
(POSS-PAA) and investigated their self-assembly in water [37]. Li
et al. studied the hierarchical self-assembly of POSS end-capped
poly(dimethylamino methacrylate) (POSS-PDMAEMA) hybrid
polymer from single micelle to complex micelle [29]. These POSS-
containing inorganiceorganic hybrid micelles/aggregates are
different from micelles self-assembled from amphiphilic block co-
polymers. Furthermore, the investigation for host-guest supramo-
lecular self-assembly between POSS-containing hybrid micelle and
CDs has been carried out. For example, Zheng et al. reported the
preparation and characterization of POSS-PEO-POSS/a-CD inor-
ganiceorganic hybrid polyrotaxanes by click chemistry [38].
However, the self-assembly and nanostructural dynamical-change
of the assemblies of POSS-containing micelles/aggregates and CD
molecules were not concerned.

Herein, in order to investigate the dynamical supramolecular
self-assembly between inorganiceorganic hybrid spherical aggre-
gates and CDmolecules, the star-shaped PEOwith POSS core (POSS-
(PEO)8) (Scheme 1) was synthesized via click chemistry which is a
kind of coupling reaction with high specificity and efficiency. The
supramolecular self-assembly behavior of POSS-(PEO)8 spherical
aggregates and a-CD in water was investigated by altering the
amount of a-CD molecules. Environment-induced nanostructural
dynamical-change of the hybrid supramolecular self-assemblies
was studied by changing the amount of phenol and temperature
for POSS-(PEO)8/a-CD self-assemblies solution.
2. Experimental

2.1. Materials

3-Chloropropyltrimethoxysilane (Acros Organic, USA), sodium
azide (NaN3, Alfa Aesar), dicyclohexylcarbodiimide (DCC; GL Bio-
chem, Shanghai), 4-dimethylaminopyridine (DMAP; Fluka, USA),
N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETA, Acros
Organic), and Merrifield resin (GL Biochem, Shanghai) were used as
received. Azide-functional Merrifield resin was prepared by the
reaction of Merrfield resin with NaN3. CuBr was recrystallized and
Scheme 1. Synthesis of star-shaped PEO
dried under vacuum. Methoxy poly(ethylene oxide) with Mn ¼ 5 K
denoted as mPEO-OH (Fluka, USA) was dried by azeotropic distil-
lation in the presence of toluene. Alkynyl PEO was synthesized by
the DCC reaction of mPEO-OH with excess of propargyl 3-
carboxylic-propanoate, according to our previous work [80].
2.2. Characterization

Nuclear magnetic resonance (NMR). NMR spectra of samples
were obtained from a Bruker DMX 500 NMR spectrometer CDCl3
or D2O as solvents. The chemical shifts were relative to
tetramethylsilane.

Gel permeation chromatography (GPC). Themolecular weight and
molecular weight distribution were measured on a Viscotek TDA
302 gel permeation chromatography equipped with two columns
(GMHHR-H, M Mixed Bed). THF was used as eluent at a flow rate of
1 mL min�1 at 30 �C.

Optical transmittances. The optical transmittances of POSS-
(PEO)8/a-CD supramolecular assemblies aqueous solutions (1 g L�1,
2 g L�1 and 5 g L�1, deionized water was used as the solvent) at
various temperatures weremeasured at awavelength of 500 nm on
a UVevisible spectrophotometer (Lambda 35, PerkinElmer). The
temperature of the sample cell was thermostatically controlled
using an external superconstant temperature bath. The solutions
were equilibrated for 10 min at each measuring temperature.

Dynamic light scattering spectrophotometer (DLS). The hydrody-
namic radius (Rh) of the aggregates of copolymer was investigated
using DLS techniques. The experiments were performed on a
Malven Autosizer 4700 DLS spectrometer. DLS was performed at a
scattering angle 90�. The Rh was obtained by a cumulant analysis.

Transmission electron micrographs (TEM). The morphology of
nano-assemblies was observed with a JEOL JEM-2010 TEM at an
accelerating voltage of 120 kV. The samples for TEM observation
were prepared by placing 10 mL of nano-assemblies solution on
copper grids coated with thin films and carbon. The samples were
stained by 1% phosphotungstic acid.
2.3. Synthesis of octa(3-chloropropyl) POSS (POSS-(Cl)8)

Octa(3-chloropropyl) POSS (POSS-(Cl)8) was synthesized ac-
cording to the literature [39]. A typical procedure was as follows.
Methanol (1800 mL), 3-chloropropyltrimethoxysilane (79.5 g,
with POSS core by click chemistry.



Fig. 1. 1H NMR spectra of (a) POSS-(Cl)8, (b) POSS-(N3)8, and (c) star-shaped POSS-
(PEO)8 (in CDCl3).

Fig. 2. GPC trace of star-shaped POSS-(PEO)8.
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0.4 mol), and concentrated hydrochloric acid (90 mL) were mixed
and the hydrolysis and rearrangement reactions were allowed to
carry out for 40 days. POSS-(Cl)8 was obtained as a white powder
after suction filtration and washing with deionized water (yield:
29%).

1H NMR (CDCl3, d, ppm): 0.75e0.89 (2H, SiCH2CH2CH2Cl), 1.82e
1.97 (2H, SiCH2CH2CH2Cl), 3.49e3.59 (2H, SiCH2CH2CH2Cl). 13C
NMR (CDCl3, d, ppm): 9.5 (SiCH2CH2CH2Cl), 26.3 (SiCH2CH2CH2Cl),
47.2 (SiCH2CH2CH2Cl). 29Si NMR (CDCl3, d, ppm): �67.1
(SiCH2CH2CH2Cl).

2.4. Synthesis of octa(3-azido) POSS (POSS-(N3)8)

Octa(3-azido) POSS (POSS-(N3)8) was prepared via azidation of
POSS-(Cl)8 [40]. Typically, POSS-(Cl)8 (4 g, 3.84 mmol), NaN3
(12.35 g, 0.19 mol), and anhydrous DMF (60 mL) were added into a
100 mL round-bottom flask. The reaction was carried out at 120 �C
for 48 h. Then the solvent was removed under reduced pressure.
The residues were dissolved in THF and passed through a neutral
alumina column to remove residual NaN3. A colorless viscous liquid
was obtained after drying in a vacuum oven overnight at room
temperature.

1H NMR (CDCl3, d, ppm): 0.62e0.83 (2H, SiCH2CH2CH2N3), 1.58e
1.78 (2H, SiCH2CH2CH2N3), 3.25e3.39 (2H, SiCH2CH2CH2N3). 13C
NMR (CDCl3, d, ppm): 9.9 (SiCH2CH2CH2N3), 22.8 (SiCH2CH2CH2N3),
53.7 (SiCH2CH2CH2N3). 29Si NMR (CDCl3, d, ppm): �69.3
(SiCH2CH2CH2N3).

2.5. Synthesis of star-shaped poly(ethyl oxide) with POSS core
(POSS-(PEO)8)

POSS-(PEO)8 star-shaped hybrid polymer was prepared via click
chemistry. A typical procedure was as follows. POSS-(N3)8 (0.2 g,
0.184 mmol) and alkynyl PEO (15 g, 2.944 mmol) were dissolved in
anhydrous DMF (60 mL). Then CuBr (422 mg, 2.944 mmol) and
PMDETA (614 mL, 2.944 mmol) were added into the above solution.
After degassed via three freezeeevacuateethaw cycles and back-
filled with argon, the reaction was carried out at 70 �C for 24 h.
Then azide-functional Merrifield resin (3 g, 1.4 mmol g�1) was
added. The suspension was kept stirring for another 10 h at 80 �C.
After suction filtration, the filtrate was dilutedwith THF, and passed
through a neutral aluminum oxide column to remove the copper
catalyst. The hybrid polymer was obtained by precipitation into
cold hexane and dried in vacuo.

1H NMR (CDCl3, d, ppm): 2.68 (OOCCH2CH2COO), 3.39 (OCH2-
CH2OCH3), 3.67 (OCH2CH2O), 4.26 (CH2CH2CH2-triazole).

2.6. Preparation of self-assembled aggregates of inorganic-organic
hybrid polymer

The POSS-(PEO)8 hybrid aggregates were prepared by the direct
dissolution of the inorganiceorganic hybrid polymer into water.

3. Results and discussion

3.1. Synthesis of star-shaped inorganiceorganic hybrid POSS-
(PEO)8 polymer

Star-shaped inorganiceorganic hybrid POSS-(PEO)8 polymer
was synthesized by click chemistry of POSS-(N3)8 with excess
alkynyl PEO. Click chemistry is a kind of “graft onto” method to
prepare well-defined polymeric materials with high efficiency. 1H
NMR spectra of POSS-(Cl)8, POSS-(N3)8, and star-shaped POSS-
(PEO)8 were shown in Fig. 1. Compared to those of the two pre-
cursors, it can be seen that new signals at 4.26 ppm and 2.68 ppm
(peaks a and b) appeared, in addition to the signals those belong to
PEO arms at 3.67 ppm and 3.39 ppm (peaks c and d) resulting from
click reaction. These signals are ascribed to methylene protons in
CH2CH2CH2-triazole, OOCCH2CH2COO, OCH2CH2O, and ethylene
protons in OCH2CH2OCH3. The coupling efficiency (CC) of click re-
action of azido- and alkynyl-groups was calculated by the integral
ratio between peak a (Ia) and d (Id) in Fig. 1(c), according to eqn (1).

CC ¼ ð3Id=2IaÞ � 100% (1)

The CC value is 89.6%, indicating that click reaction for preparing
star-shaped hybrid molecules presented high efficiency, although
the presence of the steric hindrance during the reaction process.
The number-average molecular weight calculated from 1H NMR
spectrum (Mn, NMR) was 37,900 g mol�1.

The GPC trace of star-shaped POSS-(PEO)8 was shown in Fig. 2.
As shown in Fig. 2, GPC tracewas monomodal. The number-average
molecular weight (Mn, GPC) and Mw/Mn were 33,800 g mol�1 and
1.27, respectively. The value of Mn, NMR was higher than that of Mn,
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GPC should be ascribed to the unique star-shaped topology of POSS-
(PEO)8.
3.2. Supramolecular self-assembly of star-shaped inorganice
organic hybrid POSS-(PEO)8 and different amount of a-CD

Inorganiceorganic hybrid POSS-(PEO)8 aggregates was easily
prepared by the direct dissolution of POSS-(PEO)8 into water. After
adding a-CD molecules into the aggregates, the supramolecular
host-guest inclusion complexation between a-CD and PEO
occurred, and the hybrid supramolecular self-assemblies formed.
Fig. 3(a) shows the photographs of these self-assemblies solutions
after adding different amount of a-CD molecules into POSS-(PEO)8
aggregates solution. It can be seen that the solutions presented an
obvious transition from transparency to turbidity with the increase
of the amount of a-CD. Without or with small amount of a-CD, the
aggregates or supramolecular self-assemblies are stable and the
aggregation did not occur, indicating that POSS-(PEO)8 or POSS-
(PEO)8/a-CD supramolecular self-assemblies presented good hy-
drophilicity under above conditions. But when the adding amount
of a-CD molecules increased, the solutions became turbid to some
extent, which revealed that the hydrophobicity and aggregation of
the supramolecular self-assemblies increased when more a-CD
molecules complexed with PEO chains. The morphologies of the
self-assemblies may be changed in comparison with those at lower
a-CD molecules condition. Adding more a-CD molecules into the
solution system, the obvious turbidity can be observed, demon-
strating that POSS-(PEO)8/a-CD supramolecular self-assemblies
aggregated into lager self-assemblies.
Fig. 3. Photographs of (a) POSS-(PEO)8 hybrid supramolecular self-assemblies solution
(1 g L�1) after adding different amount of a-CD. [a-CD]:[EO] ¼ (A) without a-CD, (B)
1:37, (C) 1:19, (D) 1:8, (E) 1:5, (F) 1:4.4, (G) 1:4, (H) 1:3.8, (I) 1:3; (b) POSS-(PEO)8/a-CD
([a-CD]:[EO] ¼ 1:3) hybrid supramolecular self-assemblies solution (1 g L�1) after
adding phenol. [phenol]:[a-CD] ¼ (A) without phenol, (B) 0.16:1, (C) 0.32:1, (D) 0.47:1,
(E) 0.62:1, (F) 0.77:1, (G) 0.91:1, (H) 1.01:1, (I) 1.13:1; and PEO-(PEO)8/a-CD ([a-
CD]:[EO] ¼ 1:3) hybrid supramolecular self-assemblies solutions ((c) 1 g L�1 and (d)
2 g L�1) at different temperature: (A) 25 �C, (B) 40 �C, (C) 45 �C, (D) 50 �C, (E) 55 �C, (F)
60 �C, (G) 65 �C, (H) 70 �C, and (I) 75 �C.
The hydrodynamic radius (Rh) and the Z-average size distribu-
tions (polydispersity index, PDI) of POSS-(PEO)8 aggregates and
POSS-(PEO)8/a-CD supramolecular self-assemblies were charac-
terized by DLS. As shown in Fig. 4(a), the Rh and PDI of the self-
assemblies increased with increasing of the amount of a-CD mol-
ecules in supramolecular system. POSS-(PEO)8 aggregates pre-
sented an average Rh of 91.6 nm and a narrow PDI of 0.082. But for
sample E, the molar ratio of a-CD to EO unit is 1:5, the Rh and PDI
increased to 144.6 nm and 0.127, respectively. Further improved the
content of a-CD (sample I, the molar ratio of a-CD to EO unit is 1:3),
the self-assemblies showed larger Rh and the wider PDI data
(227 nm and 0.206, respectively). The increase of Rh and widening
of PDI of the supramolecular self-assemblies with the increase of
the amount of a-CD molecules implied that the nanostructure of
the self-assemblies changed due to the host-guest inclusion
complexation of PEO chains with different amount of a-CD
molecules.

TEM images were used to directly observe the morphologies
of the inorganic-organic supramolecular self-assemblies.
Fig. 5(a) shows the scheme of the self-assembly process of
POSS-(PEO)8. The spherical aggregates can be observed after
self-assembly, as shown in the TEM image (Fig. 5 (b)). Because
the aggregates are much larger than the contour length of PEO,
they must have a more complicated structure than conventional
micelles. When small amount of a-CD molecules was added to
the aggregates solution (such as sample C, molar ratio of a-CD to
EO unit is 1:19), the supramolecular self-assembly between PEO
chains and a-CD was carried out, and the hydrophobicity of the
system increased to some degree due to the presence of small
amount of hydrophobic microcrystal domains formed from the
host-guest inclusion complexation of a-CD with partial PEO
chains. Therefore, the supramolecular self-assemblies presented
deformed spherical structure, as shown in Fig. 6(a). After more
a-CD molecules complexing with PEO chains (such as sample E,
molar ratio of a-CD to EO unit is 1:5), the hydrophobicity of the
self-assemblies system increased rapidly owing to more hydro-
phobic microcrystal domains formed at this condition and the
aggregation of self-assemblies were different from those at
lower amount of a-CD molecules. From Fig. 6(b), the supramo-
lecular self-assemblies presented cylindrical structure. Further
adding more a-CD molecules to the above solution (such as
sample I, molar ratio of a-CD to EO unit is 1:3), the POSS-(PEO)8/
a-CD supramolecules became more hydrophobic due to the
presence of large amount of hydrophobic microcrystal domains
and self-assemble and aggregate into sheet-structural self-as-
semblies, as shown in Fig. 6(c). Fig. 7 shows the schematic
illustration of the dynamic change of self-assemblies from reg-
ular spherical aggregates, deformed spherical aggregates, cyl-
inders to sheets. After adding small amount of a-CD molecules,
only small amount of hydrophobic microcrystal domains formed
from the hosteguest inclusion complexation of a-CD with PEO
chains. Therefore, the spherical aggregates would present
deformed spherical morphology due to the presence of hydro-
phobic microcrystal domains. When more a-CD molecules
were nested to PEO chains, the polypseudorotaxanes of a-CD-
PEO would become more rigid and more hydrophobic micro-
crystal domains can be formed due to the self-assembly
and arrangement of these polypseudorotaxanes. So, the aggre-
gates would be changed to cylinders. Further adding more a-CD
molecules to the system, all PEO chains would be nested by
a-CD and the polypseudorotaxanes become very rigid. Large
amount of hydrophobic microcrystal domains are formed.
The cylinders would be further changed to nano sheets due to
the presence of large amount of hydrophobic microcrystal
domains.



Fig. 4. Z-average size distributions of (a) POSS-(PEO)8 spherical aggregates (sample A) and POSS-(PEO)8/a-CD supramolecular self-assemblies (sample E and I) at 25 �C and (b)
POSS-(PEO)8/a-CD supramolecular self-assemblies after adding different amount of phenol molecules (sample B, sample F and sample I, molar ratios of phenol to a-CD are 0.16:1,
0.77:1, and 1.13:1 respectively).
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3.3. Phenol-induced nanostructural dynamical-change of
supramolecular self-assemblies

Phenol molecules have stronger host-guest inclusion complex-
ation ability with a-CD than POSS-(PEO)8/a-CD system. Therefore,
phenol molecules can strip a-CD away from PEO chains if phenol is
added to the POSS-(PEO)8/a-CD supramolecular self-assemblies
solution. In order to investigate the nanostructural dynamical-
change of self-assemblies, different amounts of phenol molecules
were added to POSS-(PEO)8/a-CD hybrid supramolecular self-
assemblies solution ([a-CD]:[EO] ¼ 1:3, 1 g L�1). The molar ratio
of phenol to a-CD was changed from 0 to 1.13:1. Fig. 3(b) shows the
photographs of supramolecular self-assemblies solution after
adding different amount of phenol. Without or with small amount
of phenol, the solutions were turbid, but the solutions became
more transparent after addingmore amount of phenol molecules to
the self-assemblies solutions. These phenomena indicated that
phenol molecules captured the a-CD molecules from PEO chains to
form phenol/a-CD inclusion complexes, which resulted in the
destroy of hydrophobic microcrystal domains and the dynamical-
change of the nanostructures of POSS-(PEO)8/a-CD hybrid supra-
molecular self-assemblies.

The changes of Rh and PDI of self-assemblies also can reveal the
effect of phenol on the morphologies of supramolecular self-
assemblies. Fig. 4(b) shows the Rh and PDI of self-assemblies after
adding different amount of phenol molecules. As for sample B, the
molar ratio of phenol to a-CD is 0.16:1, and the Rh and PDI were
226.5 nm and 0.253, respectively. When the ratio of phenol to a-CD
was improved to 0.77:1 (sample F), the Rh and PDI decreased to
177.3 nm and 0.241, respectively. Further increasing the ratio of
phenol to a-CD to 1.13:1, the Rh and PDI of the self-assemblies
declined to 91.8 nm and 0.09, respectively. These results
Fig. 5. (a) The schematic self-assembly process of POSS-(PEO)8
demonstrated that the nanostructural dynamical-change of POSS-
(PEO)8/a-CD hybrid supramolecular self-assemblies can be ach-
ieved through adding phenol to make a-CD slip out of PEO chains
gradually.

Fig. 6((d)e(f)) shows the TEM images of POSS-(PEO)8/a-CD su-
pramolecular self-assemblies ([a-CD]:[EO] ¼ 1:3) after adding
different amount of phenol molecules. It can be seen that self-
assemblies presented sheet structure (Fig. 6(d)), indicating small
amount of phenol only changed the self-assemblies morphologies
slightly. Adding more phenol molecules into the solution (such as
molar ratio of phenol to a-CD: 0.77:1), the sheet nanostructures
were transferred into cylindrical self-assemblies (Fig. 6(e)). When
the molar ratio of phenol to a-CD was improved to 1.01:1 (Fig. 6(f)),
the self-assemblies were changed into deformed spherical aggre-
gates. With the increase of phenol molecules in solutions, the a-CD
molecules slipped out from PEO also increased. Then the hydro-
philicity of POSS-(PEO)8/a-CD gradually increased due to the
destroy of hydrophobic microcrystal domains, which led to the
transition of self-assemblies from sheets, cylinders to deformed
spherical aggregates or regular spherical aggregates, as schemed in
Fig. 7.

Fig. 8(I) shows the 1H NMR spectra of POSS-(PEO)8/a-CD ([a-
CD]:[EO] ¼ 1:3) supramolecular self-assemblies solution (in D2O)
conducted after adding different amount of phenol. In D2O, POSS-
(PEO)8/a-CD supramolecules presented high hydrophobicity and
only free a-CD molecules and naked PEO segments those did not
inclusion complex with a-CD can be observed in spectrum. After
adding certain amount of phenol molecules, a-CD molecules slip-
ped out from PEO, and more free a-CD molecules and naked PEO
segments dissolved in D2O were observed. At high phenol con-
centration (d), the peaks of free a-CD and naked PEO segments
were much stronger than those for the sample without adding
and (b) TEM image of POSS-(PEO)8 spherical aggregates.



Fig. 6. TEM images of POSS-(PEO)8/a-CD supramolecular self-assemblies after adding different amount of a-CD molecules. The molar ratio of a-CD to EO unit: (a) 1:19, (b) 1:5, (c)
1:3; PEO-(PEO)8/a-CD ([a-CD]:[EO] ¼ 1:3) supramolecular self-assemblies after adding different amount of phenol molecules. The molar ratio of phenol to a-CD: (d) 0.16:1, (e)
0.77:1, (f) 1.01:1; and PEO-(PEO)8/a-CD ([a-CD]:[EO] ¼ 1:3) supramolecular self-assemblies at different temperature: (g) 40 �C, (h) 50 �C, (i) 65 �C.
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phenol (a). All these further confirmed that phenol can lead to the
sliding of a-CD out from PEO chains and the nanostructural
dynamical-change of the supramolecular self-assemblies.

3.4. Temperature-induced nanostructural dynamical-change of
supramolecular self-assemblies

Temperature has the obvious effect on the stability of POSS-
(PEO)8/a-CD supramolecular inclusion complexes. When the tem-
perature was higher than a critical value, the POSS-(PEO)8/a-CD
became unstable, and the a-CD molecules slipped out from PEO
chains gradually. Fig. 3((c) and (d)) shows the photographs of POSS-
(PEO)8/a-CD ([a-CD]:[EO] ¼ 1:3) self-assemblies solutions ((c)
1 g L�1 and (d) 2 g L�1) at different temperature. As shown in
Fig. 3(c), at lower temperature (�45 �C), the self-assemblies solu-
tions were turbid. When these solutions were heated to higher
temperature, they became more transparent. This indicated that
the a-CDmolecules can slip out fromPEO chainswhen temperature
increased. If the concentration of the self-assemblies solution was
improved, the turbidity was more apparent and the turbiditye
transparency transition occurred at higher temperature (as shown
in Fig. 3(d)). From the view of turbidityetransparency transition,
Fig. 7. A schematic illustration of the dynamic supramolecular self-assembly transformatio
gregates, deformed spherical aggregates, cylinders to sheets.
the self-assemblies solutions showed the feature of
thermosensitivity.

Fig. 6((g)e(i)) shows the TEM images of POSS-(PEO)8/a-CD su-
pramolecular self-assemblies ([a-CD]:[EO] ¼ 1:3) at different
temperature. It can be seen that self-assemblies presented sheet
structure (Fig. 6(g)) at 40 �C. The sheet nanostructures were
transferred into cylindrical self-assemblies (Fig. 6(h)) at 50 �C.
When the temperature increased to 65 �C (Fig. 6(i)), the self-
assemblies were changed into deformed spherical aggregates.
With the environmental temperature increased up to a critical
value, the a-CD molecules started to slip out from PEO. The
different dissociation degree of a-CD from PEO chains at different
temperature led to the transition of self-assemblies from sheets,
cylinders to deformed spherical aggregates or regular spherical
aggregates due to the destroy of hydrophobic microcrystal do-
mains, as schemed in Fig. 7. However, during the process of heating,
the cylindrical structure tended to transform to micellar structure,
indicating that cylindrical structure was unstable and transitional
nano-structure.

Fig. 8(II) shows the 1H NMR spectra of POSS-(PEO)8/a-CD ([a-
CD]:[EO] ¼ 1:3) supramolecular self-assemblies solution (in D2O)
conducted at different temperature. In D2O, POSS-(PEO)8/a-CD
n from POSS-(PEO)8 and POSS-(PEO)8/a-CD nanostructures from regular spherical ag-



Fig. 8. 1H NMR spectra of PEO-(PEO)8/a-CD ([a-CD]:[EO] ¼ 1:3) supramolecular self-assemblies solution (in D2O) (I) after adding different amount of phenol molecules. The molar
ratio of phenol to a-CD: (a) without phenol, (b) 0.32:1, (c) 0.62:1, (d) 0.91:1; and (II) at different temperature: (a) 30 �C, (b) 40 �C, (c) 50 �C, (d) 60 �C.
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supramolecules presented high hydrophobicity and only free a-CD
molecules and naked PEO segments in spectrum at 30 �C.When the
temperature increased to 40 �C, the peaks of a-CD and PEO
increased slightly. When the temperature increased to 50 �C, the
intensity of the peaks of a-CD and PEO increased to some extent,
indicating some a-CD molecules slipped out from PEO at this
temperature, and more free a-CD molecules and naked PEO seg-
ments dissolved in D2O were observed. When the temperature
increased to 60 �C, the peaks intensity became stronger due to
more a-CD molecules slipped out from PEO at this temperature. All
these confirmed that high temperature can lead to the sliding of a-
CD out from PEO chains and the nanostructural dynamical-change
of the supramolecular self-assemblies.

Fig. 9(a) shows the transmittance change of POSS-(PEO)8/a-CD
([a-CD]:[EO] ¼ 1:3) self-assemblies solutions (1 g L�1, 2 g L�1 and
5 g L�1) with the increase of temperature. For the solution with the
concentration of 1 g L�1, the initial transmittance was about 30%. At
lower temperature range (�42 �C), the transmittance changed
slightly. But when the temperature was higher than 42 �C, the
transmittance increased rapidly. For the solution with the con-
centration of 2 g L�1, the initial transmittance was zero. When the
temperature was improved to about 48 �C, the solution trans-
mittance started to increase rapidly. But only the temperature was
higher than 65 �C, the transmittance was up to about 70%. For the
Fig. 9. Temperature dependence of (a) transmittance for PEO-(PEO)8/a-CD ([a-CD]:[EO] ¼ 1:
hydrodynamic radium (Rh) for PEO-(PEO)8/a-CD ([a-CD]:[EO] ¼ 1:3) hybrid supramolecula
solution with the concentration of 5 g L�1, the initial transmittance
was also zero. Only when the temperature increased to about 65 �C,
the solution transmittance began to increase obviously. But even
the temperature was up to 85 �C, the transmittance was only about
52%. The transmittance measurements showed that the trans-
mittance change of the self-assemblies was related with the
adjustment of the environmental temperature and the solution
concentration has much effect on the transmittance change.

Fig. 9(b) shows the Rh change of for POSS-(PEO)8/a-CD ([a-
CD]:[EO] ¼ 1:3) supramolecular self-assemblies with the change of
environmental temperature. It can be seen that the Rh of the self-
assemblies was large at lower temperature (for example,
234.9 nm at 29 �C). At lower temperature range, the Rh only
changed slightly (for example, 238.9 nm at 41 �C). When the
temperature further increased, the Rh of the self-assemblies
decreased sharply (for example, 224.1 nm at 45 �C and 156.1 nm
at 57 �C). The Rh change curve of supramolecular self-assemblies
further indicated that changing environmental temperature can
make a-CD flip out from PEO chains, which led to the nano-
structural dynamical-change of POSS-(PEO)8/a-CD supramolecular
self-assemblies.

The a-CD molecules slipped out from PEO chains at high tem-
perature can reversibly inclusion complex with PEO chains to
reconstruct POSS-(PEO)8/a-CD supramolecular self-assemblies
3) hybrid supramolecular self-assemblies solutions (1 g L�1, 2 g L�1 and 5 g L�1) and (b)
r self-assemblies solution (1 g L�1).



Fig. 10. Z-average size distributions of POSS-(PEO)8/a-CD supramolecular self-
assemblies ([a-CD]:[EO] ¼ 1:3) at 25 �C (sample I) and heating sample I to 75 �C
then cooling to 25 �C (cooled sample I).
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when the system was cooled to room temperature. As shown in
Fig. 10, the Rh and PDI of sample I (1 g L�1, the ratio of molar ratio of
a-CD to EO unit is 1:3) were 227 nm and 0.206, respectively at
25 �C. As a contrast, the solution was heated to 75 �C and then
cooled to 25 �C, and the Rh and PDI were observed as 218 nm and
0.319, respectively. The result can confirm the dynamic and
reversible change of supramolecular self-assemblies through
altering the environmental temperature.

4. Conclusions

Star-shaped inorganiceorganic hybrid POSS-(PEO)8 was suc-
cessfully synthesized by click chemistry. POSS-(PEO)8 can be self-
assemble into spherical aggregates in water. The hosteguest in-
clusion complexation between POSS-(PEO)8 aggregates and a-CD
molecules to form POSS-(PEO)8/a-CD supramolecular self-
assemblies. The nanostructure of the POSS-(PEO)8/a-CD supramo-
lecular self-assemblies can be gradually transformed from regular
spherical aggregates, deformed spherical aggregates, cylinders to
sheets through adding different amount of a-CD molecules into the
POSS-(PEO)8 spherical aggregates solution. Different amounts of
phenol molecules were used to capture a-CD from PEO chains and
lead to reversible change of the self-assemblies from sheets, cyl-
inders to deformed spherical aggregates or regular spherical ag-
gregates. Moreover, increasing the temperature of supramolecular
self-assemblies solution also can lead to the slipping of a-CD out
of PEO and dynamically change the nanostructures from sheets,
cylinders to deformed spherical aggregates or regular spherical
aggregates. The reversibly nanostructural dynamical-change can be
induced by altering the environmental conditions of the solutions.
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