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ABSTRACT: In this work, we synthesized a novel organic–

inorganic semitelechelic polymer from polyhedral oligomeric

silsesquioxane (POSS) and poly(acrylate amide) (PAA) via

reversible addition-fragmentation chain transfer (RAFT) poly-

merization. The organic–inorganic semitelechelic polymers

have been characterized by means of nuclear magnetic reso-

nance spectroscopy, thermal gravimetric analysis, and dynamic

mechanical thermal analysis. It was found that capping POSS

groups to the single ends of PAA chains caused a series of sig-

nificant changes in the morphologies and thermomechanical

properties of the polymer. The organic–inorganic semitele-

chelics were microphase-separated; the POSS microdomains

were formed via the POSS–POSS interactions. In a selective

solvent (e.g., methanol), the organic–inorganic semitelechelics

can be self-assembled into the micelle-like nanoobjects.

Compared to plain PAA, the POSS-capped PAAs significantly

displayed improved surface hydrophobicity as evidenced by

the measurements of static contact angles and surface atomic

force microscopy. More importantly, the organic–inorganic

semitelechelics displayed typical shape memory properties,

which was in marked contrast to plain PAA. The shape memo-

ry behavior is attributable to the formation of the physically

cross-linked networks from the combination of the POSS–

POSS interactions with the intermolecular hydrogen-bonding

interactions in the organic–inorganic semitelechelics. VC 2017

Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys.

2017, 55, 587–600
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INTRODUCTION Polyhedral oligomeric silsesquioxanes (POSS)
are a class of cage-like organic–inorganic assemblies1,2 and
they generally have cube-octameric structures represented
by the formula of R8Si8O12. Owing to their nanometer sizes
(� 0.53 nm in diameter), POSS have been used as a class of
important building blocks to access the organic–inorganic
nanocomposites. It has been realized that incorporation of
POSS into organic polymers can afford the materials with
improved and even new thermomechanical properties.3–8

Recently, POSS have also been employed to modulate the
functional properties of some polymers via the formation of
specific morphologies.8–27 For instance, POSS have been
incorporated into polyfluorene, polyphenylene, and polythio-
phene to improve their conductive and luminescent proper-
ties by controlling the stacking of the macromolecular
chains.8,9 Poly(N-isopropylacrylamide) hydrogels containing
POSS can display accelerated thermoresponsive properties
via the formation of hydrophobic POSS microdomains.12–14

Shape memory polymers have attracted considerable interest
and they can be used as the substitutes or competing materi-
als for traditional shape memory alloys owing to their

lightness, simplicity in processing, high shape recovery, and
low cost.29–33 Mather et al. reported that inclusion of POSS
can improve the shape memory properties of organic
polymers.34–38

Owing to the inherent immiscibility and the chemical linkages
between polymers and the inorganic components, POSS-
containing nanocomposites are generally microphase-separated,
that is, POSS cages would be segregated from organic polymer
matrix in the form of the microdomains via POSS–POSS interac-
tions.27,28 It is the formation of the POSS microdomains that
endows the organic–inorganic composites with improved ther-
momechanical properties. Depending on the functionality of
POSS macromers, POSS cages can be introduced into polymers in
the forms of side groups, cross-linking sites, main-chain structur-
al units, and end groups in organic polymers.1–5 These organic–
inorganic macromolecular architectures can significantly affect
the microphase separation behavior of the composite systems. It
is critical to investigate the effect of the composite architectures
on the morphologies and thermomechanical properties of the
materials. Nonetheless, such an investigation has long remained
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unexplored although composite architecture is a key factor. Tele-
chelics are a class of polymers (or oligomers), the ends of which
are capped with reactive or functional groups39–41; semitele-
chelics have the single functionalized ends of chains. Depending
on types of terminal groups, telechelics have been employed to
synthesize multiblock copolymers (e.g., polyurethane) or to modi-
fy thermosets. For instance, polydiols have been used as the chain
extenders to obtain multiblock polyurethanes,42,43 whereas car-
boxyl (or amino)-terminated poly(butadiene-co-acrylonitrile)s
have been used as the modifiers to improve the fracture tough-
ness of epoxy thermosets.44 If POSS cages are capped to the ends
of polymer chains, the as-obtained organic–inorganic telechelics
would display some interesting morphologies and thermome-
chanical properties. This class of organic–inorganic telechelics
are of interest due to their specific topologies and self-assembly
behavior.13,22,45–50 Mather et al.45 first reported the synthesis of
POSS-capped poly(ethylene oxide) telechelics via the reaction of
3-isocyanatopropyldimethylsilylheptacyclohexyl POSS with poly
(ethylene glycol); they found that the organic–inorganic tele-
chelics exhibited surface activity at the air/water interface.
Mueller et al.48 reported the synthesis of POSS-capped polysty-
rene telechelics via the combination of atom transfer radical
polymerization (ATRP) and the copper-catalyzed Huisgen 1,3-
cycloaddition. More recently, Zheng et al.50 reported the synthesis
of POSS-capped PNIPAAm telechelics via reversible addition-
fragmentation chain transfer (RAFT) polymerization approach.
Owing to the highly hydrophobicity of the POSS end groups, the
organic–inorganic telechelics can form the physical hydrogels.
Compared to the traditional chemical hydrogels, the physical
hydrogels of PNIPAAm exhibited rapid deswelling and reswelling
properties.

Poly(acrylate amide) (PAA) is a novel self-associating polymer
with strong intermolecular hydrogen-bonding interactions.
Recently, Guan et al.51–53 reported the synthesis of a series of
the PAA copolymers with various macromolecular architec-
tures; they found that these copolymers can display the self-
healing properties via the synergism of the intermolecular
hydrogen-bonding interactions and microphase-separated
morphologies. In this work, we explored to cap POSS groups to
single ends of PAA chains to afford a novel semitelechelics. The
organic–inorganic semitelechelics would be microphase-
separated via the formation of the POSS microdomains via
POSS–POSS interactions. It is expected that the combination of
the POSS microdomains with the self-association via the inter-
molecular hydrogen-bonding interactions would result in the
formation of physically cross-linked networks. The purpose of
this work is twofold: (i) to investigate the formation of the
POSS microdomains and (ii) to examine the effect of the POSS
microdomain formation on the thermomechanical properties
such as surface hydrophobicity and shape memory behavior.
Toward this end, the morphologies of the organic–inorganic
semitelechelics were investigated by means of transmission
electron microscopy (TEM), small-angle X-ray scattering
(SAXS), and dynamic laser scattering (DLS). The surface
properties were investigated with the measurements of
static contact angles and surface atomic force microscopy
(AFM). The shape memory properties of the organic–inorganic

semitelechelics were addressed on the basis of the creep-
recovery tests.

EXPERIMENTAL

Materials
Phenyltrimethoxysilane (98%) was supplied by Zhejiang Chemi-
cal Technology Co., China and it was distilled under reduced
pressure before use. Trichlorosilane and trimethylchlorosilane
were purchased from Sigma Aldrich Co., China and used as
received. Sodium hydroxide and acetic anhydride were obtained
from Shanghai Reagent Co., China. 2,2-Azobisisobutylnitrile
(AIBN) was used as the initiator; it was recrystallized
from ethanol twice. Both 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride and 4-dimethylaminopyridine
were of chemically pure grade, purchased from Admas Reagent
Co., Shanghai, China. 2-Methyl-2-[(dodecylsulfanylthiocarbonyl)
sulfanyl]propanoic acid was synthesized as described by McCor-
mick et al.54; 5-acetamidopenpental acrylate was prepared by
following the method of literature.51 The organic solvents such
as toluene, tetrahydrofuran (THF), methanol, N,N-dimethylfor-
mamide (DMF), and chloroform were of chemically pure grade,
obtained from commercial sources. Before use, toluene and THF
were refluxed above metal sodium and then distilled; DMF was
distilled over calcium hydride (CaH2) under decreased pressure.

Synthesis of Hydroheptaphenyl POSS
First, heptaphenyltricycloheptasiloxane trisodium silanolate
[Na3O12Si7(C6H5)7] was synthesized by following the method of
literature.55 To a flask equipped with a condenser and a magnet-
ic stirrer, phenyltrimethoxysilane [C6H5Si(OMe)3] (49.500 g,
0.25 mol), THF (250 mL), deionized water (5.670 g, 0.32 mol),
and sodium hydroxide (4.350 g, 0.1 mol) were added with vigor-
ous stirring. After refluxing for 5 h, the system was cooled down
to room temperature, at which the reaction was performed for
additional 15 h. After that, all the solvents and other volatile
components were removed via rotary evaporation. After drying
in vacuo at 50 8C for 24 h, the product [i.e., Na3O12Si7(C6H5)7]
(34.800 g) was obtained with the yield of 98%.

Second, the silylation reaction of Na3O12Si7(C6H5)7 with trichlorosi-
lane was carried out to afford hydroheptaphenyl POSS (denoted
POSS-H). Typically, Na3O12Si7(C6H5)7 (34.800 g, 34.9 mmol) was
added to a flask and then anhydrous THF (250 mL) was added
with vigorous stirring. The flask was immersed into an ice-water
bath and purgedwith highly pure nitrogen for 1.5 h. Thereafter, tri-
chlorosilane (5.260 g, 34.8 mmol) was added and the reaction was
performed at 0 8C for 4 h and at room temperature for 24 h. The
insoluble component (i.e., sodium chloride) was filtered out and
the solvent together with other volatile compounds was removed
via rotary evaporation. The solids were washed with 200 mL of
methanol three times and dried in vacuo at 30 8C for 24 h. The
product (19.700 g) was obtained with the yield of 59.6%. 1H NMR
(ppm, CDCl3): 7.30–7.55, 7.70–7.87 (35H, C6H5–), and 4.50 (s, SiH).

Synthesis of 3-Hydroxylpropylheptaphenyl POSS
First, 3-trimethylsilylheptaphenyl POSS was synthesized via the
hydrosilylation reaction of POSS-H with allyloxytrimethylsilane.
POSS-H (8.000 g, 8.36 mmol), allyloxytrimethylsilane (5.400 g,
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41.54 mmol), and anhydrous toluene (80 mL) were added to a
flask containing a magnetic stirrer. The flask was connected to a
Schlenk line to degas with a repeated exhausting-refilling pro-
cess with highly pure nitrogen and then Karstedt catalyst was
added with vigorous stirring. The reaction was performed at 95
8C for 36 h to attain a complete reaction. The toluene and excess
allyloxytrimethylsilane were removed via rotary evaporation
and the product (8.200 g) was obtained with the yield of 90%.

Second, 3-hydroxylpropylheptaphenyl POSS was prepared via
the deprotection reaction of 3-trimethylsilylpropylheptaphenyl
POSS. The above 3-trimethylsilylpropyl heptaphenyl POSS
(3.000 g, 2.76 mmol) was dissolved in 90 mL of dichlorome-
thane and then 90 mL of methanol was added with vigorous
stirring. The reaction was performed at room temperature for
5 h. Thereafter, methyltrichlorosilane (0.680 g, 6.26 mmol) was
dropwise added within 30 min with vigorous stirring. The sol-
vent and excess methyltrichlorosilane were removed via rotary
evaporation. The resulting product (1.800 g) was obtained via
a recrystallization from the mixture of THF and hexane (50/50
vol) with the yield of 60%. 1H NMR (ppm, CDCl3): 7.30–7.55,
7.70–7.87 (35H, C6H5A), 3.61 (t, 2H, ACH2CH2CH2OH), 1.78
(m, 2H, ACH2CH2CH2OH), 0.90 (t, 2H, ACH2CH2CH2OH).

Synthesis of POSS-CTA
3-Hydroxylpropylheptaphenyl POSS (7.000 g, 6.9 mmol) and
2-methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl]propanoic
acid (7.540 g, 20.71 mmol) dissolved in 10 mL of anhydrous
CH2Cl2 were added to a flask equipped with a magnetic stirrer.
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(3.310 g, 17.26 mmol) and 4-dimethylaminopyridine (0.080 g,
65.57 mmol) were then added. The reaction was performed at
room temperature for 24 h; the reacted mixture was concen-
trated via rotary evaporation and then dropped into 100 mL of
methanol to afford the precipitates (viz. the POSS-CTA). After
drying in vacuo at 40 8C or 12 h, the product (8.700 g) was
obtained with the yield of 90%. 1H NMR (ppm, CDCl3): 7.30–
7.55 (35H, C6H5A), 4.10 [t, 2H, ACH2CH2CH2COOA], 3.16 [t,
2H, ACSCSSCH2(CH2CH2)5–], 1.92 [m, 2H, ACH2CH2CH2COOA],
1.70 [m, 6H, ACOOC(CH3)2SCSSA], 1.25 [m, 20H, ACH2(CH2

CH2)5CH3] and 0.92 [m, 5H, (CH2)2CH2COOC(CH3)2 SCSSCH2

(CH2CH2)5CH3].

Synthesis of POSS-Capped PAAs
Typically, POSS-CTA (1.630 g, 1.57 mmol), 5-acetamidopenpental
acrylate (6.000 g, 30 mmol), and N,N-dimethylformamide (10 mL)
were added to a flask with vigorous stirring. Thereafter, AIBN
(39.36 mg, 0.24 mmol) was added and the system was purged
with highly pure nitrogen for 30 min. The polymerization was car-
ried out at 60 8C for 24 h; the polymerized mixture was dropped
into 100 mL of anhydrous diethyl ether to afford the precipitates.
After drying in vacuo at 100 8C for 24 h, the polymer (viz. POSS-
capped PAA) (6.190 g) was obtained with the conversion of AA to
be 85%. 1H NMR (ppm, DMSO-d6): 7.82 (s, ACH2NHCOCH3), 3.98
(t, 2H, ACOOCH2CH2A), 3.35 (m, –CCH2CHCOOA), 3.01 (m, 2H,
ACH2CH2NHA), 1.98 (m, –NHCOCH3), 1.80 (m, ACCH2CHCOOA),
1.54 (t, ACOOCH2CH2CH2CH2CH2A), 1.37 (t, ACOOCH2CH2CH2

CH2CH2A), and 1.28 (t,ACOOCH2CH2CH2CH2CH2A).

Measurements and Techniques
Nuclear Magnetic Resonance (NMR) Spectroscopy
The 1H NMR spectroscopy was carried out on a Varian Mer-
cury Plus 400 MHz NMR spectrometer at 25 8C. The samples
were dissolved in deuterium chloroform (CDCl3) or dimethyl-
sulfoxide (DMSO-d6). The solutions were measured with tet-
ramethylsilane (TMS) as an internal reference.

Thermal Gravimetric Analysis (TGA)
The TGA measurements were carried out on a TA Q-5000
thermogravimetric analyzer. In air atmosphere, the samples
(about 10.0 mg) were heated from room temperature to 800
8C at the heating rate of 20 8C 3 min21.

Transmission Electron Microscopy (TEM)
The morphological observations were performed on a JEOL
JEM-2010 TEM at an acceleration voltage of 120 kV. To
investigate the microphase-separated morphologies, all the
POSS-capped PAAs were dissolved in DMF at the concentra-
tion of 2.0 g L21; the solutions were dropped onto 200-mesh
copper grids and the solvent was evaporated at 40 8C over-
night and the residual solvent was removed in a vacuum
oven at 40 8C for 48 h. To investigate the self-assembly
behavior of POSS-capped PAAs in methanol, the specimens
were prepared by dropping the suspensions of the polymers
in methanol (about 10 lL at 0.2 g L21) onto copper grids
and the solvent was evaporated via a freeze-drying
approach.

Dynamic Light Scattering (DLS)
The POSS-capped PAAs (10.0 mg) were dissolved in 1 mL of
DMF and the solutions were dropwise added to 100 mL of
methanol. The DMF solvent was eliminated with dialysis in
methanol. The suspensions were then subjected to DLS on a
Malvern Nano ZS90 apparatus equipped with a He–Ne laser
operated at the wavelength of k 5 633 nm. In the DLS
measurements, the data were collected at a fixed scattering
angle of 908.

Dynamic Mechanical Thermal Analysis (DMTA)
The rectangular specimens were prepared via solution-
casting approach with DMF as the solvent. The solvent was
eliminated in vacuo at 60 8C for at least 2 weeks. The DMTA
measurements were carried out on a TA DMA Q-800 appara-
tus with a tensile mode with the frequency of 1 Hz. To mea-
sure the glass transition temperatures and moduli, the
specimens with the dimension of 20 3 5 3 2 mm3 were
heated from 240 8C at the heating rate of 3 8C min21 until
the specimens became too soft to be tested. The creep tests
were carried out with the constant stress of r 5 100 N m2

within 1 h and the recovery tests were performed within
4 h.

Atomic Force Microscopy (AFM)
The surface morphologies of the POSS-capped PAA films
were investigated by means of AFM with a tapping mode.
First, the solutions of the POSS-capped PAAs dissolved in
DMF at the concentration of 10 wt % were spin-coated onto
the silicon wafers. The solvent was removed at 60 8C

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG FULL PAPER

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 55, 587–600 589

www.sp
m.co

m.cn



overnight. The residual solvent was eliminated in vacuo at
40 8C for 48 h. The films of the samples with the thickness
of about 25 lm were used for the surface morphological
observation. The AFM experiments were performed on a
CSPM 5500 AFM (Benyuan Nano-instruments Ltd, China).
The tips fabricated from silicon (125 lm in length with ca
500 kHz resonant frequency) were used and the scanning
rate was 2.0 Hz in tapping mode. Typical scan speeds was
0.3–1 lines 3 s21 with a maximum range of 10 3 10 lm.

Contact Angle Measurements
The above specimens of films were also used for the mea-
surement of contact angle. The static contact angle measure-
ments were carried out on a DSA30 contact angle
measurement instrument (Kr€uss GmbH, Germany) at room
temperature and ultrapure water and diiodomethane were
used as probe liquids, respectively. The values of contact
angles were taken from the average of three parallel
measurements.

Shape Memory Analysis
To investigate the shape memory properties of the POSS-
capped PAAs, the samples were prepared into the rectangu-
lar specimens with the dimensions of 60 3 2 3 2 mm3.
Before the measurement, the samples were stored at 60 8C
for 12 h to erase the thermal history and then the samples
were deformed into “C” shape at this temperature (Scheme
1). Thereafter, the deformed samples were rapidly quenched
to 220 8C in a refrigerator and maintained at that tempera-
ture for 12 h; the bent samples were taken out and placed
in the thermal stage maintained at 25 8C. The shape recovery
process was pictured with a digital camera.

The shape memory behavior was also investigated with one-
way measurements of dynamic mechanical thermal analysis
(DMTA) on the TA DMA Q800 apparatus. This measurement
began at 35 8C with the following four programs: (i) defor-
mation: a rectangular POSS-PAA2K specimen was elongated
by increasing the applied load from 0 to 0.11 N at a rate of
0.03 N min21 at 35 8C; (ii) fixing: the specimen was then
cooled at 3 8C min21 to 240 8C under constant load to fix
the temporary shape; (iii) unloading: the load was removed
at a constant rate of 0.03 N min21, revealing the quality of
fixing through the resulting final strain; and (iv) recovery: a
heat-induced recovery toward the original length was exam-
ined by heating to 35 8C at a rate of 3 8C min21.

RESULTS AND DISCUSSION

Synthesis of POSS-Capped PAAs
The route of synthesis for POSS-capped PAAs is shown in
Scheme 2. First, 3-hydroxylpropylheptaphenyl POSS was
synthesized; it was then employed to react with 2-methyl-
2-[(dodecylsulfanylthiocarbonyl) sulfanyl]propanoic acid to
afford a chain transfer agent (denoted POSS-CTA). Thereafter,
the radical polymerization of 5-acetamidopenpental acrylate
(AA) was carried out, which was mediated with the POSS-CTA
to afford a series of POSS-capped PAAs with variable lengths
of PAA (Table 1). In this work, 3-hydroxylpropylheptaphenyl

POSS was synthesized with the combination of silylation and
hydrosilylation reactions. The silylation reaction was carried
out between heptaphenyltricycloheptasiloxane trisodium sila-
nolate [Na3O12Si7(C6H5)7] and trichlorosilane to afford
hydroheptaphenyl POSS (denoted POSS-H). Herewith, Na3O12-

Si7(C6H5)7 was prepared via the hydrolysis, condensation, and
rearrangement of phenyltrimethoxysilane in the presence of
sodium hydroxide (NaOH) by following the method reported by
Koh et al.55 The hydrosilylation reaction between POSS-H and
allyloxytrimethylsilane afforded 3-trimethylsilylpropylhepta-
phenyl POSS. The latter was deprotected to obtain 3-
hydroxylpropylheptapehnyl POSS [viz. POSS(CH2)3OH].
The POSS-CTA was obtained via the esterification reaction of
POSS(CH2)3OH with 2-methyl-2-[(dodecylsulfanylthiocarbonyl)-
sulfanyl]propanoic acid. Shown in Figure 1 are the 1H NMR
spectra of POSS(CH2)3OH, POSS-CTA, and POSS-capped PAA2K.
For POSS(CH2)3OH, the signals of resonance at 0.90, 1.78, and
3.61 ppm are assignable to the protons of three methylene
groups in 3-hydroxypropyl group as indicated. Compared to
POSS(CH2)3OH, several new signals of resonance appeared at
0.92, 1.25, 1.70, 1.92, 3.16, and 4.10 ppm in the 1H NMR
spectrum of POSS-CTA; they are assignable to the protons of
methylene and methyl groups in the moiety of trithioester (i.e.,
the chain transfer agent, CTA). Notably, the signal of resonance
at 3.61 ppm, assignable to the methylene protons of hydroxy-
methyl group in POSS(CH2)3OH was observed to shift to 4.10
ppm owing to the occurrence of the esterification reaction. For
POSS-capped PAA, the signals of resonance resulting from the
protons of PAA were detected at 1.28, 1.37, 1.54, 1.80, 1.98,
3.01, 3.35, and 3.98 ppm, which are assignable to the protons
of methylene, methine, and methyl groups as indicated in Figure
1. The signal of resonance assignable to the proton of NAH in
amide group was detected at 7.82 ppm. In addition, the reso-
nance of phenyl protons from POSS cages was discernible in
the range of 7.06–7.73 ppm. The 1H NMR spectroscopy indi-
cates that POSS(CH2)3OH and POSS-CTA have been successfully
obtained. The polymerized product combined the structural fea-
tures from PAA and POSS. In this work, the POSS-capped PAAs
with various lengths of PAA chains were synthesized by control-
ling the molar ratios of POSS-CTA to AA. Unfortunately, we
failed to measure the molecular weights of the POSS-capped
PAAs by means of gel permeation chromatography (GPC) as the
commonly used single-component GPC eluents such as THF,
DMF, and chloroform were not the cosolvents of the organic
(viz. PAA) and the inorganic (i.e., POSS) portions of the organic–
inorganic semitelechelics. Herewith, we estimated the length of
PAA chains according to the ratios of the integral intensity of
the resonance at 0.92 ppm assignable to the protons of the
methylene connected to silicon atom to those of PAA chains
(e.g., at 1.79 ppm) in the 1H NMR spectra of POSS-PAAs. Alter-
natively, we utilized the TGA measurements to estimate the
lengths of PAA chains according to the end group analysis.
Shown in Figure 2 are the TGA curves of POSS-CTA and the
POSS-capped PAAs in air atmosphere. Under this condition,
notably, a plain PAA (Mn5 20,000 Da with Mw/Mn5 1.10) was
almost completely decomposed at 800 8C. In contrast, all the
POSS-capped PAAs exhibited the residues of degradation, the
yields of which increased with decreasing the lengths of PAA
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chains. Assuming that the residues of degradation were from
the decomposition and oxidation of POSS cages, the lengths of
PAA chains were thus calculated according to the yields of
degradation residues at 800 8C. The lengths of PAA chains in
the POSS-capped PAAs are summarized in Table 1.

Morphologies and Dynamic Mechanical Properties
All the POSS-capped PAAs were subjected to TEM measure-
ments to investigate the morphologies; the TEM micrographs
are shown in Figure 3. It is seen that all the POSS-capped
PAAs were microphase-separated. The spherical or worm-
like microdomains with the size of 20–100 nm in diameter
were dispersed in the continuous matrices; the microdomain
sizes decreased with increasing the lengths of PAA chains.
According to the contents of POSS in the POSS-capped PAAs
and the difference in electron density between POSS and
PAA, it is judged that the dark microdomains are attributable
to the POSS aggregates via POSS–POSS interactions, whereas
the light regions to PAA matrix. The microphase-separated
morphologies were further confirmed by SAXS as shown in
Figure 4. In all the cases, the POSS-capped PAAs displayed
the intense scattering peaks with the values of scattering
vectors (q) in the range of 0.5–0.6 nm21; the scattering

peaks gradually shifted to the positions with low q values
with increasing the lengths of PAAs. The appearance of the
scattering peaks indicates that the POSS-capped PAAs were
indeed microphase-separated. According to the position of
the scattering peaks, the long periods (L) in the samples
were calculated with Bragg equation (L5 2p/q). It is seen
that the long periods (viz. the average distance among the
adjacent POSS microdomains) increased with increasing
the lengths of PAA chains. The results of SAXS were in good
agreement with those of TEM.

SCHEME 2 Preparation of the specimens for shape-memory

experiments. [Color figure can be viewed at wileyonlinelibrary.

com]

SCHEME 1 Synthesis of POSS-capped poly(acrylate amide).
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Shown in Figure 5 are the DMTA curves of the POSS-capped
PAAs. In the experimental range of temperature, single peaks
were exhibited in all the cases. The single peaks are attribut-
able to the glass transitions of PAA matrices; the Tgs increased
with increasing the lengths of PAA chains. It is proposed that
following two opposite factors could affect the glass transition
temperatures (Tgs) of the POSS-capped PAAs. On one hand, the
Tgs increased with increasing the lengths of PAA chains. The
variation of Tg with molecular weights can be well interpreted
on the basis of the changes of free volume fraction as a func-
tion of quantity of free ends of PAA chains. The higher the per-
centage of free volume, the shorter the PAA chains (i.e., the
smaller the molecular weights of PAAs). On the other hand, the

nanoreinforcement of the POSS microdomains caused the
increase in Tgs owing to the restriction of the POSS microdo-
mains on the motion of PAA segments. In the POSS-capped
PAAs, the lengths of PAA chains were inversely proportional to
the contents of POSS cages. Therefore, the Tgs of the POSS-
capped PAAs reflected the combined contribution of the above
opposite tendencies. Notably, POSS-PAA5K and POSS-PAA7K
displayed the quite close Tgs, suggesting that the nanorein-
forcement of POSS microdomains has counteracted the depres-
sion in Tg owing to the lower molecular weights. The Tgs of all
the POSS-capped PAAs were lower than 20 8C, suggesting that
the POSS-capped PAAs were in rubbery state at room
temperature.

Self-Assembly Behavior in Selective Solvent
It is expected that POSS-capped PAA would display self-
assembly behavior in its selective solvents. In this work,
methanol was used to one of the selective solvents as the
POSS was insoluble in methanol, whereas PAA was readily
dissolved in methanol. The self-assembly behavior of the
POSS-capped PAAs were investigated by means of TEM and
DLS. In the TEM measurements, the specimens were pre-
pared via freeze-drying approach with the solutions of meth-
anol at the concentration of 2 g L21 at 25 8C and the TEM
images are presented in Figure 6. Notably, the spherical
nano-objects were observed in all the cases. The self-
assembly of all the POSS-capped PAAs in methanol generated
the spherical nano-objects with the size of 20–50 nm in
diameter. It is proposed that the spherical nano-objects were
composed of the cores of POSS aggregates via POSS–POSS
interactions and PAA coronas. Notably, the sizes of the spher-
ical nano-objects decreased with increasing the lengths of
PAA chains. From POSS-PAA2K to POSS-PAA7K, the size of
the spherical nano-objects was decreased from 50 to 20 nm
in diameter. The suspensions of the POSS-capped PAAs dis-
persed in methanol were subjected to dynamic light

FIGURE 1 1H NMR spectra of POSS-PAA2K, POSS-CTA, and 3-

hydroxylheptaphenyl POSS. The asterisk resonance resulted

from a trace of water in CDCl3.

FIGURE 2 TGA curves of POSS-CTA and POSS-PAA2K, POSS-

PAA4K, POSS-PAA5K, and POSS-PAA7K.

TABLE 1 The Molecular Weights of POSS-Capped PAA

Copolymers

Samples Mn (Da)*

LPAA

(Da)

POSS

(wt %)a

POSS (wt %)

at Surfaceb

PAA 20,000 20,000 – –

POSS-PAA2K 3100 2150 30.8 59

POSS-PAA4K 4500 3550 21.2 54

POSS-PAA5K 5700 4750 17.0 45

POSS-PAA7K 8000 7050 11.9 41

a The values were calculated on the basis of the yields of degradation

in air atmosphere at 800 8C.
b The values were estimated on the basis of the AFM results (Fig. 9) by

using ImageJ software [59].
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FIGURE 3 TEM images of (A) POSS-PAA2K, (B) POSS-PAA4K, (C) POSS-PAA5K, and (D) POSS-PAA7K.

FIGURE 4 SAXS curves of POSS-PAA2K, POSS-PAA4K, POSS-

PAA5K, and POSS-PAA7K.

FIGURE 5 DMTA curves of POSS-PAA2K, POSS-PAA4K, POSS-

PAA5K, and POSS-PAA7K. [Color figure can be viewed at

wileyonlinelibrary.com]
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scattering (DLS) to measure the hydrodynamic radii of the
organic–inorganic micelle-like aggregates. Shown in Figure 7
are the plots of hydrodynamic radius distribution as func-
tions of hydrodynamic radius (Rh) at 25 8C. In all the cases,
the intensity-averaged hydrodynamic radius (Rh) displayed
unimodal distribution. The Rh values were measured to be
372, 325, 259, and 227 nm for POSS-PAA2K, POSS-PAA4K,
POSS-PAA5K, and POSS-PAA7K, respectively. The Rh values
decreased with increasing the lengths of PAA chains. This
trend was in good agreement with that observed by means
of TEM. It should be pointed out that the sizes of the self-
organized nano-objects measured with TEM (Fig. 6) were
much lower than those values by means of DLS (Fig. 7). The
difference in the value of nano-object size could result from
the difference in the state of the nano-objects. The former
were obtained in the dry state and were much lower than
the latter obtained in the suspensions of, which contains the
dominant contribution of the solvated coronas.

Enrichment Behavior of POSS onto Surfaces
The POSS cages capped at the single ends of PAA chains
were the organosilicon component. Owing to the low surface

FIGURE 6 TEM images of the self-assembled nano-objects from the suspensions of (A) POSS-PAA2K, (B) POSS-PAA4K, (C) POSS-PAA5K,

and (D) POSS-PAA7K dispersed in methanol at the concentration of 0.2 g L21.

FIGURE 7 Hydrodynamic radius of POSS-capped PAAs dispersed

in methanol at the concentration of 1.0 g L21 at 25 8C.
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free energy, the POSS cages would have the tendency to
migrate onto the surface of the materials in bulks, which
caused the decrease in surface free energy. This effect was
readily examined with surface contact measurements. In this
work, the films of plain PAA (Mn 5 20,000 Da Mw/Mn5 1.10)
and the POSS-capped PAAs with free surfaces were prepared
via spin-coating approach and were used to investigate the
surface hydrophobicity with surface contact angle measure-
ments. In the measurements, ultrapure water and diiodome-
thane were used as the probe liquids, respectively. For the
plain PAA, the water contact angle was measured to be

24.68, a very low value, suggesting that this polymer was
quite hydrophilic. Upon capping POSS cages to the single
ends of chains, the water contact angles were significantly
enhanced, enhancing with increasing the percentage of POSS
in the POSS-capped PAAs (or decreasing with increasing the
lengths of PAA chains). For POSS-PAA2K, the water contact
angle was measured to be as high as 79.88. The increased
surface contact angles indicate that the surface free energy
was significantly decreased. Herewith, the values of surface
free energy were calculated according to the following
geometric mean model56–58:

TABLE 2 Static Contact Angles and Surface Free Energy of PAA and POSS-Capped PAAs

Static Contact Angle Surface Free Energy (mN 3 m21)

Samples Hwater (8) Hdiiodomethane (8) cd
s cp

s cs

PAA 24.6 6 4.02 38.5 6 0.13 26.1 40.8 66.9

POSS-PAA7K 73.6 6 3.07 40.6 6 0.08 33.9 7.45 41.35

POSS-PAA5K 77.3 6 1.90 41.6 6 0.66 34.3 5.71 40.01

POSS-PAA4K 79.3 6 0.56 43.3 6 0.55 33.8 5.03 38.83

POSS-PAA2K 79.8 6 1.03 46.0 6 0.81 32.3 5.21 37.51

FIGURE 8 AFM height images of (A) POSS-PAA2K, (B) POSS-PAA4K, (C) POSS-PAA5K, and (D) POSS-PAA7K. [Color figure can be

viewed at wileyonlinelibrary.com]
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cos h5
2
cL
ðcdLcds Þ

1
21ðcpLcps Þ

1
2

h i
21 (1)

cs5cds1cps (2)

where h is the contact angle and cL is the liquid surface
tension; cds and cps are the dispersive and polar compo-
nents of cL, respectively. The results of contact angles and
surface free energy are summarized in Table 2. For the
plain PAA, the surface free energy was calculated to be
66.9 mN m21. For POSS-PAA2K, the free energy was
decreased to 37.5 mN m21. Notably, the polar component
(i.e., cps ) was very sensitive to the percentage of POSS in
the POSS-capped PAAs. This observation suggests that cap-
ping POSS cages to the chain ends of PAAs significantly
changed the distribution of the polar groups at the surface
energy of the materials. It is proposed that the component
with the lower surface free energy (viz. POSS) was
enriched onto the surfaces of the materials. The POSS
cages at the surfaces would act as the screening agent to
the polar groups of PAAs and thus improved the surface
hydrophobicity.

To investigate the distribution of POSS cages at the surface
of the POSS-capped PAAs, the surface morphologies of the
film specimens were investigated by means of AFM. The
AFM height and phase diagrams of the POSS-capped PAAs
are shown in Figures 8 and 9, respectively. Notably, the sur-
face roughness of the films slightly decreased with increasing
the percentage of POSS in the semitelechelics. In all the case,
nonetheless, the surface fluctuation was within 5 nm, imply-
ing that the surfaces were quite flat (Fig. 8). Therefore, the
phase images can reflect the distribution of POSS at the sur-
face of the specimens. It is seen that all the surfaces of the
POSS-capped PAAs were microphase-separated (Fig. 9). In
terms of the difference in viscoelasticity between POSS
microdomains and PAAs, it is judged that the light regions
are responsible for the POSS microdomains, whereas the
dark for PAA microphases. The fraction of the POSS microdo-
mains in the AFM micrographs can reflect the contents of
POSS microdomains at the surfaces of the POSS-capped
PAAs. In this work, the fractions of the POSS microdomains
were analyzed by the use of ImageJ software59 and the
values are summarized in Table 1. Notably, the values of
POSS microdomain fractions at the surface were significantly

FIGURE 9 AFM phase images of (A) POSS-PAA2K, (B) POSS-PAA4K, (C) POSS-PAA5K, and (D) POSS-PAA7K. [Color figure can be

viewed at wileyonlinelibrary.com]
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higher than the percentages of POSS in the POSS-capped
PAAs. This observation indicates that the POSS microdomains
have been enriched at the surface of the materials. It is the
enrichment of POSS microdomains that resulted in the
decrease in surface free energy.

Shape Memory Properties
The plain PAA and POSS-capped PAAs were subjected to the
shape memory experiments. Starting from the rectangular
shapes at room temperature, all the specimens were
deformed into the open semicircles with the fixed distances
between two ends of each specimen through bending
(Scheme 1). These deformed specimens were cooled to 220
8C, at which the specimens were hold for 12 h, to fix the
temporary shapes completely. Thereafter, the specimens
were taken out and then were isothermally held at 25 8C to
observe the evolution of the specimen shapes as functions of
time. It was found that except from the plain PAA, all the
POSS-capped PAAs were capable of recovering to their

original shapes; the rate of the recovery was quite depen-
dent on the percentage of POSS termini (or the lengths of
PAA chains). For the samples with the higher percentage of
POSS (e.g., POSS-PAA2K and POSS-PAA4K), the recovered
shapes were indistinguishable from the original shapes,
indicating the excellent shape fixity and recovery (Fig. 10).
Herewith, we defined the distance (h) from vertex to chord
of specimen semicircle (Scheme 1); the recovery (R) can be
written as below:

R5
h02ht
h0

3100% (3)

where h0 is the initial distance between vortex of specimen
semicircle and chord and ht is that while the specimen have
been recovered at time t. Shown in Figure 11 are the plots
of R as functions of time (t). For the plain PAA, R always
equaled zero, suggesting that this sample did not display the
shape memory behavior. In marked contrast to the plain
PAA, all the POSS-capped PAA samples displayed the sigmoid

FIGURE 10 Shape recovery of (A) POSS-PAA2K, (B) POSS-PAA4K, (C) POSS-PAA5K, (D) POSS-PAA7K, and (D) Plain PAA

(Mn 5 20,000 Da with Mw/Mn 5 1.10) isothermally at 25 8C. [Color figure can be viewed at wileyonlinelibrary.com]
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curve of R versus t, indicating that the shape memory behav-
ior was exhibited. For POSS-PAA2K, the R value attained as
high as 90% within 1 h. The rate of recovery increased with
increasing the percentage of POSS termini (or decreasing the
lengths of PAA chains). This observation indicates that cap-
ping POSS to the chain ends significantly promoted the
shape memory properties of PAAs.

The shape memory behavior was also investigated by means
of DMTA with POSS-PAA2K sample. Shown in Figure 13 are
the five one-way shape memory cycles for POSS-PAA2K. The
measurement began at 35 8C, at which the specimen was
elongated up to 3.2%. Thereafter, the specimen was cooled
to 240 8C at the rate of 3 8C min21 to fix the temporal
shape; the applied load was then removed. While heated up
to 35 8C at the rate of 3 8C min21, the specimen would

recover the original shape due to entropic elasticity. In this
work, we repeated the cycle five times. Besides that there
was a slight slipping of the specimen from the fixtures dur-
ing the first cycle, it was observed that the shape memory
behavior was quite reproducible, especially while the num-
ber of cycle was three or higher. This observation indicates
that the sample displayed an excellent shape memory behav-
ior. The shape memory properties are readily accounted for
the creep-recovery tests at room temperature. The creep-
recovery tests were carried out with the constant stress of
r 5 100 N/m2 within 1 h and the recovery tests were per-
formed within 6 h. Shown in Figure 3 are the plots of strain
as functions of time for the POSS-capped PAAs. It is seen
that the values of strain (e) at t5 60 min increased with
increasing the lengths of PAA chains. For POSS-PAA2K, the
value of strain was e 5 3.9%, whereas the value of e 5 105%
was found for POSS-PAA7K at t5 60 min. The increased val-
ues of strain reflected that the cross-linking densities of the
physically cross-linked networks increased with increasing
the lengths of PAA chains. In the recovery tests, there were
some permanent deformations for all these POSS-capped
PAAs. The permanent deformation was decreased with
increasing the percentage of POSS. For POSS-PAA2K, the
strain at t5 300 min was measured to be e 5 2.4%, whereas
the value of strain was measured to be e 5 12% for POSS-
PAA7K. The creep-recovery tests indicate that capping POSS
to the ends of chains significantly promoted the formation of
the physically cross-linked networks. In principle, shape
memory polymers are a class of elastic polymer networks,
the elasticity of which resulted from the change in conforma-
tion entropy of the network chains while the cross-linked
networks are switched from temporary to permanent shapes
with various external stimuli.60–63 The formation of the
cross-linking can be in chemical or physical cross-linking
manner. Physical cross-linking is formed with a polymer
whose morphology is composed of at least two segregated
microdomains as in block copolymers. In the present cases,

FIGURE 11 Plot of shape recovery (R) as function of time (t) for

POSS-capped PAAs at 25 8C.

FIGURE 12 DMTA curves for the measurements of one-way

shape memory cycles of POSS-PAA2K.

FIGURE 13 Creep curves of POSS-capped PAAs at 25 8C.
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the following three types of intermolecular interactions are
responsible for the formation of the physical cross-linking:
(i) the macromolecular entanglement; (ii) the intermolecular
hydrogen-bonding interactions; and (iii) the formation of
POSS microdomains via POSS–POSS interactions. The effect
of the macromolecular entanglement could be negligibly
small as the molecular weights of PAA were quite low
(Mn< 10,000 Da). In fact, the plain PAA (Mn 5 20,000 Da
with Mw/Mn5 1.1) cannot even be used for the creep test as
it was a viscous fluid at this temperature. In PAA, the inter-
molecular hydrogen-bonding interactions resulted from the
side amide groups of PAA. For plain PAA and the POSS-
capped PAAs, there were no significant differences in the
density of the hydrogen-bonding interactions. As a class of
dynamic bonds, the intermolecular hydrogen-bonding inter-
actions are not sufficient to promote the formation of the
stable physically cross-linked networks in the materials. In
the POSS-capped PAAs, the POSS microdomains were formed
via the POSS–POSS interactions27,28 as revealed by TEM and
SAXS results (Figs. 3 and 4). Nonetheless, the POSS microdo-
mains in the materials were insufficient to promote the for-
mation of physical cross-linking as the POSS cages were only
capped to the single ends of PAA chains. It is the combina-
tion of the POSS microdomains via the POSS–POSS interac-
tions and the intermolecular hydrogen-bonding interactions
that resulted in the formation of the stable physical cross-
linked networks (Scheme 12). In other words, both the for-
mation of the POSS microdomains and the self-association of
PAA chains constitute the structural basis of shape memory
properties.

CONCLUSION

In this work, we successfully synthesized a series of POSS-
capped PAAs via RAFT polymerization approach. TEM indi-
cates that the POSS-capped PAAs were microphase-separated
and the POSS microdomains were formed via the POSS–POSS
interactions. In the selective solvents (e.g., methanol), the
organic–inorganic hybrids were capable of self-assembling
into the spherical nanoobjects. The measurements of static
contact angles showed that the surface hydrophobicity of
PAA was significantly enhanced with the capping of the POSS
groups to the ends of PAA chains. It was found that the

formation of the POSS microdomains endowed the organic–
inorganic hybrids with typical shape memory properties,
which was in marked contrast to the plain PAA with the sim-
ilar molecular weights. It is proposed that the combination
of the POSS–POSS interactions and intermolecular hydrogen-
bonding interactions endowed the organic–inorganic semite-
lechelics with the shape memory properties as evidenced by
the creep-recovery tests.
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