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Abstract: Pluronic F127 exhibits thermogelling behaviour at 20–30 ◦C via a micelle packing
mechanism. Disruption of the micelle packing increases the sol-gel temperature, but results
in the decrease of modulus. Herein, we reported a method to modify F127 with polyhedral
oligosilsesquioxane (POSS) to impart a higher gelling temperature without yielding the property and
strength of the thermogel. The thermal degradation temperature was enhanced to 15 ◦C after POSS
incorporation and the gelling temperature shifted 10 ◦C higher, without sacrificing the modulus of
the gel. Rheological studies supported the claim that the gel property was reinforced after POSS
incorporation. F127-POSS copolymer matrix stored more energy from POSS reinforcement, which
saw larger Lissajous curve areas before the collapse of the microstructure for the same amount of
stress applied. These results indicated that modification with POSS would raise the sol-gel transition
temperature without sacrificing the modulus of the gel.
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1. Introduction

Pluronic F127 is an amphiphilic block copolymer of PEG-PPG-PEG structure (PEG: poly(ethylene
glycol); PPG: poly(propylene glycol)). The central PPG block becomes hydrophobic, while the PEG
blocks remain hydrophilic and above a critical temperature, self-aggregating into micelles. At high
enough concentration, these aggregated micelles form a gel. The use of Pluronic F127 could be
vastly applied in pharmaceuticals, protein/drug delivery, and tissue engineering [1]. This triblock
copolymer exhibited gelation at an elevated temperature, which increased toughness and viscosity of
the polymer [2]. Loh and Wang observed a rise in viscosity from 3.6 to 5.0 Pa·s caused by increasing
the Pluronic F127 mass concentration from 0%–3% in a polyvinylidene fluoride (PVDF)-doped
solution [3]. These studies showed that modifications to increase the sol-gel transition temperature
would simultaneously decrease the gel modulus, affecting its overall property.

Several studies reported the effect of hydrophilic/hydrophobic interactions on sol-gel transition
and moduli properties. Aqueous Pluronic solutions are known to undergo sol-to-gel transition
through a shift from unimer to micelle. High hydrophilic content minimized hydrophobic interactions
which reduced the micelle aggregation tendency. The transformation from sol to gel would be difficult,
resulting in the increase in the sol-to-gel transition temperature [4]. Kim et al. reported poly(poly((lactic
acid-co-glycolic acid)-block-poly(ethylene glycol)) methacrylate (poly((PLGA-b-PEG)MA)) copolymer
aqueous solution sol-gel transition behavior with increasing temperature [4]. As the compositions
of the hydrophilic PEGMA (Poly(ethylene glycol) methacrylate) and acrylic acid (AA) increased,
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lesser hydrophobic interactions increased the critical micelle concentration, causing an increase in
sol-gel transition temperature. Another study by Zhang et al. evaluated the sol-gel transition of
mPEG-g-chitosan due to changes in the balance between hydrophilicity and hydrophobicity [5].
Elevated temperatures increased the thermal energy for polymer chain rearrangement and where
the mPEG-g-chitosan sol-gel transition driven by hydrophobic interactions, the mPEG-g-chitosan
chains formed aggregates, resulting in the formation of a gel network. A study by Kadla and Korehei
explained the effect of hydrophilic and hydrophobic interactions on rheological behaviour and gel
microstructure [6]. Increasing the alkyl chain length (hydrophobicity) enhanced the viscoelastic
properties and resulted in a larger, more heterogeneous, network structure despite the increase
in moduli.

Studies have reported on the incorporation of polyhedral oligosilsesquioxane (POSS) as physical
and chemical modifiers in polymeric systems [7]. POSS is a hybrid organic-inorganic organosilicon
of rigid nanocaged structure [8]. Incorporation of POSS into a linear polymer chain would
affect the overall molecular nature of the host polymer. The rigidity of the POSS nanostructure
would influence chain motion at the molecular level, by influencing mobility and interactions
between segments. As a result, the polymer may undergo a macroscopic change in morphology or
property [9]. He et al. dedicated numerous efforts on POSS-incorporated polymers. They investigated
self-assembly behaviour of PEG-P(MA-POSS copolymers) synthesized via atom transfer radical
polymerization [10]. They found that triblock copolymers P(MA-POSS)4-b-PEG10K-b-P(MA-POSS)4

were able to form a gel in water at ~8.8 wt %, while diblock copolymers cannot. Subsequently, they
tailored gelation of (PEG−P(MA-POSS)) block copolymers by adding hydrophobic POSS (polyhedral
oligomeric-silsesquioxane) nanoparticles [11]. Vinyl groups present in the POSS nanoparticles were
able to enhance rheological properties of the hydrogels with UV treatment. He et al. also incorporated
POSS in poly(ε-caprolactone) (PCLs) shape memory polymers, without affecting the shape memory,
while increasing the melting temperature, as well as the melt crystallization temperature [12]. They
further studied the triple-shape properties of polyurethane POSS-PCL varying the length of the PCL
chain with a triple-shape functionalization process [13]. They also studied stereocomplexing drove
self-assembly of diblock copolymers (PLLA-b-P(MA-POSS) and PDLA-b-P(MA-POSS)). Increasing the
length of the (MA-POSS) block in the copolymer resulted in a size decrease of hybrid nanoparticles [14].
The group also demonstrated pH-responsive poly(acrylic acid)-incorporated POSS without sacrificing
the intrinsic pH-dependent self-assembly behaviour [15].

This nanocaged framework makes POSS thermally and chemically robust and, thus, rendered
it suitable as a viscosity modifier [9], mechanical enhancer, and flame retarder [10]. Lewicki et al.,
reported a series of polyurethane (PU)/POSS nanohybrid elastomers that exhibited increased thermal
stability as compared to the unmodified PU matrix [16]. This, consequently, reduced the level of
volatile degradation products and exhibited a 30 ◦C increase in onset degradation temperature,
improving the processing capacity at elevated temperatures. Kaneko et al. cross-linked POSS
and 3-(2-aminoethylamino)propyltrimethoxysilane with bis (3-(trimethoxysilyl)propyl)amine [17].
The copolymer exhibited high thermal stability with 5% and 10% weight losses at 351 and 368 ◦C,
respectively. Blanco et al. copolymerized POSS with styrene and different POSS contents (3%, 5%,
and 10%, w/w) [18]. They observed initial decomposition temperatures and temperatures at 5% mass
loss of the copolymers, increased with increasing POSS contents. Another study demonstrated an
increase in the glass transition temperature (Tg) after incorporation of POSS. Wunder et al. synthesized
a POSS-PEG copolymer blended LiClO4 and methyl cellulose to enhance the property of the solid
polymer electrolytes [19]. The increase of the glass transition temperature (Tg) of blends indicated the
reinforcement of conductive POSS-PEG to the LiClO4 partitions.

Herein, we reported F127 modification by incorporation of methacryloisobutyl-POSS (MA-POSS)
to enhance mechanical and thermal properties. Studies on MA-POSS-based polymers have shown
effective improvement in the glass transition temperature (Tg) of the polymer nanocomposite [20,21].
The degree of hydrophilicity of F127 is altered by the addition of hydrophobic MA-POSS; in small
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dosages MA-POSS was expected to enhance the modulus and strength of F127 while maintaining
viscoelastic characteristics of F127.

Subsequently, rheological studies were performed to understand the thermal responsive behaviour
of polymer at microscopic level via dynamic oscillatory shear tests. The reinforcement of rigid
POSS to F127 was investigated by oscillatory amplitude sweeps in response to gelation. In addition,
copolymer microstructure interactions were studied with Lissajous curves extracted from the oscillatory
amplitude subjected to a sinusoidal deformation [22]. The shape evolution derived from distorted
stress waveforms of Lissajous curves could be linked to microstructural change within the polymer
matrix in response to stress.

2. Materials and Methods

Pluronic F127, Ethyl α-bromoisobutyrate (EBIB), 1,1,4,7,10,10-hexamethyltriethylenetetramine
(HMTETA, 99%), copper (I) bromide (CuBr) (99%), triethylamine, 2-bromoisobutyryl bromide,
tetrahydrofuran (THF) anhydrous, and ethyl ether anhydrous were obtained from Aldrich, Singapore.
Methacrylisobutyl POSS (MA-POSS) was purchased from Hybrid Plastics, Hattiesburg, US (product #:
MA0702). All chemicals were used as received without further purification. Purified nitrogen was
used in all of the reactions.

2.1. Synthesis of F127-POSS Copolymers by Atom Transfer Radical Polymerization (ATRP)

F127 initiator for ATRP was synthesized according to previous report [23]. F127 (10 g, 0.79 mmol)
was dissolved in 50 mL of anhydrous THF in a 250 mL round-bottom flask and kept in an ice/water
bath, and 0.3314 mL of triethylamine was added. Subsequently, 0.59 mL of 2-bromoisobutyl bromide
was added dropwise into the flask through an equalizing funnel. The bromination reaction mixture was
stirred at room temperature for 24 h. The resulting Br-F127-Br macroinitiator was precipitated in excess
diethylether/methanol (80:20 v/v). The crude product was purified by dissolving in tetrahydrofuran
(THF) and any residual reactants were removed by precipitation twice with hexane and dried in
vacuum for subsequent ATRP. F127-poly(methacrylisobutyl POSS) (F127-p-MA-POSS) copolymers
were synthesized using two different molar feed ratios of F127:MA-POSS, 1:4 and 1:8, respectively.
As mentioned, hydrophilic property of F127 would be altered by the addition of hydrophobic MA-POSS.
Therefore, to ensure minimal solubility of polymer in water the maximum ratio of POSS to be added
to F127 was investigated to be 1:8 (F127:MA-POSS). The feed amount used for each synthesis is
listed in Table 1. Br-F127-Br, MA-POSS, and EBIB were mixed and dissolved in 15 mL 2-propanol at
room temperature. The mixture was then degassed with nitrogen for 10 min to remove the oxygen
scavenger. 28 mg of CuBr and 0.107 mL of HMTETA were then added to the reaction mixture under
nitrogen atmosphere. The reaction mixture was further purged with nitrogen for 10 min and sealed.
The polymerization was allowed to proceed under continuous stirring at 40 ◦C for 24 h. The reaction
was quenched by diluting with THF and exposing the reaction mixture to air. The catalyst complex
was removed by passing the polymer solution through a short aluminum oxide column. THF was then
removed from the solution by rotary evaporation under reduced pressure. Any unreacted monomer
was removed by precipitation with hexane. The obtained precipitate was then dissolved in THF,
precipitated once again in hexane, and dried under vacuum overnight.

Table 1. Feed amount for synthesis of F127-POSS.

Sample Initiator
Br-F127-Br

Monomer
MA-POSS

Ligand
HMTETA

Catalyst
CuBr

F127-4POSS 1.25 g 0.3909 g 0.107 mL 28 mg
F127-8POSS 1.25 g 0.7819 g 0.107 mL 28 mg
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2.2. Molecular Characterisation

Characterizations of the polymers were carried out as previously reported [24,25]. 1H NMR
(400 MHz) was used to determine the structures of polymers synthesized. The spectra were recorded
with a Bruker AV-400 NMR spectrometer (Bruker, Billerica, MA, USA) in chloroform-d (CHCl3) at
room temperature. A 30◦ pulse width, 5208 Hz spectral width, and 32,000 data points were used for
the measurement. The acquisition time was set to 3.2 s with a pulse repetition time of 2.0 s. Chemical
shift was normalized to the solvent peaks (δ = 7.26 ppm for CHCl3). Molecular weight was measured
with gel permeation chromatography (GPC, Waters 2690, Milford, MA, USA.) with a Shimadzu
SCL-10A and LC-8A system, equipped with a Shimadzu RID-10A refractive index detector (Shimadzu,
Chiyoda-ku, Tokyo, Japan) and two 5 µm Phenogel 50 and 1000 Å columns (size: 300 × 4.6 mm)
in series. In both measurements, THF was used as eluent at 40 ◦C, and flow rate of 0.30 mL·min−1.
The calibration curve was performed with monodisperse polystyrene standards.

2.3. Thermal Degradation Characterisation

Thermogravimetric analysis (TGA) was performed on a TA Instruments SDT 2960 (TA Instruments,
New Castle, DE, USA). Samples were heated from 30–800 ◦C with heating rate of 20 ◦C·min−1 under
dynamic nitrogen flow at 70 mL·min−1.

2.4. Rheological Measurements

Rheological tests were performed with a Discovery Hybrid Rheometer (DHR-3, TA Instruments-
Waters L.L.C., New Castle, DE, USA) fitted with a 20 mm parallel plate geometry. Temperature was
regulated by a Peltier plate system used to report temperature-responsive behaviour of the polymer.
Temperature sweep tests were performed with an oscillation temperature ramp of 25–45 ◦C at a
ramp rate of 1 ◦C·s−1, at constant strain of 1.25%, and angular frequency of 10 rad·s−1. Dynamic
oscillatory amplitude tests were performed by varying the strain from 0.5%–150% at 25 and 30 ◦C,
respectively, at constant frequency of 1 Hz. Lissajous curves were recorded with a sampling time of 3 s.
A solvent-trap cover (TA Instruments) was applied during each test to prevent water evaporation.

3. Results

3.1. Synthesis of Polymers

The polymer was synthesized as shown in Scheme 1. F127 was modified to introduce –Br active
ends by bromination with BIBB in the presence of triethylamine (TEA) in an ice bath. A chemical
shift at 1.94 ppm in the 1H NMR spectra (in CDCl3, Figure 1) proved that 97.1% of F127 was
successfully converted to the Br-F127-Br initiator. Subsequently, methacrylisobutyl polyhedral
oligomeric silsesquioxane (MA-POSS) was polymerized at the ends of the F127 initiator through
atom transfer radical polymerization (ATRP) in two ratios of F127:MA-POSS, 1:4 or 1:8. The ratio
of hydrophobic POSS added had altered the hydrophilic property of F127, with a ratio of 1:8
(F127:MA-POSS) showing partial solubility in water, impeding usage in water-based applications.
Therefore, subsequent studies focused on F127-POSS with a ratio of 1:4, which could be completely
dissolved in water. 1H NMR (in CDCl3, Figure 1) indicated successful polymerization between
MA-POSS and F127. δ = 3.64 ppm depicted a proton signal of (–O(CH2)2–O–) together with (–O–CH2–)
in the F127 backbone. –CH3 groups of MA-POSS could be found around 1.13 ppm. A slight variation
in signals could be related to the amount of MA-POSS present in the sample. A slight downward
shift in signal could be observed as the degree of MA-POSS increased in the sample. Resonance peaks
observed at δ ~0.94–0.96 and 0.609 ppm could be assigned to –CH3 and –CH2– groups of isobutyl of
MA-POSS, respectively [26,27]. With the integration ratio of resonance peaks of methylene groups
in the F127 backbone (3.64 ppm) and methylene groups in MA-POSS (0.609 ppm), the molar ratio of
MA-POSS to F127 was found to be 2:1. The integration ratio of methyl groups in F127 backbone to
methyl groups in MA-POSS also depicted two MA-POSS was attached on one F127 polymer chains.
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Scheme 1. Synthesis procedure for F127-POSS.

3.2. Thermal Degradation Analysis

TGA was used to compare thermal degradations of F127 precursor and F127-POSS over a
temperature range of 30–800 ◦C, at a rate of 20 ◦C·min−1 in nitrogen atmosphere (Figure 2). The onset
thermal degradation (defined as 5 wt % loss) of F127-POSS were observed at 339.6 ◦C, which was
34.0 ◦C higher than pure F127 (305.6 ◦C, Table 2). Lewicki et al. reported PHIPOSS/polyurethane
nanohybrid elastomers exhibited an increased 10 ◦C onset degradation temperature after 10% loading
of POSS [16]. Our F127-POSS results showed much higher increment of degradation temperature
compared to the PHIPOSS/polyurethane. The temperature difference became apparent with higher
weight loss at elevated temperatures. It showed 28.3 ◦C higher over F127 with 10% weight loss, 366.0
and 337.7 ◦C, respectively. Moreover, the temperature of the maximum rate of weight loss can be
found from the first derivative of the TGA curve (Figure S1), which was 417.6 ◦C for F127-POSS
and 403.9 ◦C for F127. Up to 800 ◦C, F127 showed 0.6 wt % remaining, while F127-POSS showed
1.2 wt % leftover, white charred residues in the TGA crucibles. Analysed together with the NMR results,
the leftover residual was confirmed to be un-degradable Si in MA-POSS. Therefore, incorporation of
POSS increased the degradation temperature (i.e., delaying degradation of components) due to the
rigidity of the nanosize-block POSS which restricted the polymer chain motion.

Table 2. Thermal degradation analysis of F127-POSS and F127.

Samples Onset, 5 wt %
loss (◦C) 10 wt % loss (◦C) Max degradation

rate (◦C)
Weight

remaining

F127-POSS 339.6 366.0 417.6 1.2 wt %
F127 305.6 337.7 403.9 0.6 wt %



Polymers 2016, 8, 341 7 of 14
Polymers 2016, 8, 341  7 of 14 

 

 

Figure 2. Thermal decomposition analysis of F127 and F127-POSS by TGA. 

3.3. Thermal Gelling Behaviour 

The thermogelling property of F127 aqueous solution has attracted significant interest involving 
drug release applications [28–33]. This intrinsic property was induced by the PPG segment in F127 
[33–36]. A hydration layer surrounding F127 via hydrogen bonds sustained solvation of the polymer; 
however, at elevated temperature, water-polymer interactions weakened resulting in the association 
of the hydrophobic PPG components, leading to gelation [37]. The gelation temperature could be 
elevated in the presence of the rigid POSS structure. This rigid nano-block would hinder the 
association of the PPG hydrophobic segments which induced gelation, increasing the gelation 
temperature of F127-POSS as compared to pure F127. 

Thermogelling behaviour was investigated by conducting rheological studies on 15 wt % 
aqueous solutions of F127 precursor and F127-POSS. Oscillation temperature sweeps were carried 
out to determine the gelling temperature of the polymers; conditions set between 20–45 °C, at a ramp 
rate of 1 °C·min−1, under constant strain of 1.25%, and angular frequency of 10 rad·s−1. A solvent trap 
was applied to minimize water evaporation. It was observed that POSS incorporation on F127-POSS 
yield comparable gel strength (storage modulus, G’) to that of F127 (Figure 3). However, the 
incorporation of POSS shifted gelation temperature higher from 23.5 to 33.5 °C. This extended the 
temperature range in which it remained liquid before gelation sets in. Trace water loss at the fringe 
of the sample in between the two parallel plates at higher temperature was non-avoidable, despite 
the protection of the cover. Vapour circulated in the chamber maintained the test environment 
equilibrium. However, it did not affect the comparison of the two samples due to the identical test 
protocol used for the F127-POSS and F127. The slightly higher concentration resulted from water loss 
might induce a higher modulus. The modulus finally stabilized at a plateau, indicating the water 
evaporation did not affect the test results by much. 

 

Figure 3. Oscillatory temperature sweep showed storage (G’) and loss modulus (G’’), and gelation 
temperature of 15 wt % (a) F127 and (b) F127-POSS, between 20–45 °C, at a ramp rate of 1 °C·min−1, 
under constant strain of 1.25%, and angular frequency of 10 rad·s−1. 

0 200 400 600 800

0

20

40

60

80

100

F127

F127-4POSS

W
ei

gh
t r

em
ai

n
in

g 
(%

)

Temperature (°C)

250 300 350 400 450 500
60

70

80

90

100

110

5% weight loss
10% weight loss 

F127 F127-4POSS

Temperature (°C)

20 25 30 35 40 45
10-1

100

101

102

103

104

M
o

d
u

lu
s 

(P
a)

Temperature (oC)

F127

G'

G''

20 25 30 35 40 45
10-1

100

101

102

103

104

M
o

d
u

lu
s 

(P
a)

Temperature (oC)

F127-4POSS

G'

G''

(a) (b)

gelation temperature 
gelation temperature 

Figure 2. Thermal decomposition analysis of F127 and F127-POSS by TGA.

3.3. Thermal Gelling Behaviour

The thermogelling property of F127 aqueous solution has attracted significant interest involving
drug release applications [28–33]. This intrinsic property was induced by the PPG segment in
F127 [33–36]. A hydration layer surrounding F127 via hydrogen bonds sustained solvation of the
polymer; however, at elevated temperature, water-polymer interactions weakened resulting in the
association of the hydrophobic PPG components, leading to gelation [37]. The gelation temperature
could be elevated in the presence of the rigid POSS structure. This rigid nano-block would hinder
the association of the PPG hydrophobic segments which induced gelation, increasing the gelation
temperature of F127-POSS as compared to pure F127.

Thermogelling behaviour was investigated by conducting rheological studies on 15 wt % aqueous
solutions of F127 precursor and F127-POSS. Oscillation temperature sweeps were carried out to
determine the gelling temperature of the polymers; conditions set between 20–45 ◦C, at a ramp rate of
1 ◦C·min−1, under constant strain of 1.25%, and angular frequency of 10 rad·s−1. A solvent trap was
applied to minimize water evaporation. It was observed that POSS incorporation on F127-POSS yield
comparable gel strength (storage modulus, G’) to that of F127 (Figure 3). However, the incorporation of
POSS shifted gelation temperature higher from 23.5 to 33.5 ◦C. This extended the temperature range in
which it remained liquid before gelation sets in. Trace water loss at the fringe of the sample in between
the two parallel plates at higher temperature was non-avoidable, despite the protection of the cover.
Vapour circulated in the chamber maintained the test environment equilibrium. However, it did not
affect the comparison of the two samples due to the identical test protocol used for the F127-POSS
and F127. The slightly higher concentration resulted from water loss might induce a higher modulus.
The modulus finally stabilized at a plateau, indicating the water evaporation did not affect the test
results by much.
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Figure 3. Oscillatory temperature sweep showed storage (G’) and loss modulus (G”), and gelation
temperature of 15 wt % (a) F127 and (b) F127-POSS, between 20–45 ◦C, at a ramp rate of 1 ◦C·min−1,
under constant strain of 1.25%, and angular frequency of 10 rad·s−1.
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Oscillatory amplitude sweeps were performed on 15 wt % aqueous solutions of F127 and
F127-POSS at two different temperatures (25 and 30 ◦C) to study the effect of POSS incorporation under
linear viscoelastic region (LVE) [38–40]. Further in-depth analysis on oscillatory shear tests would
provide more information on the microstructure when the material was subjected to a sinusoidal
deformation measured by the resulting mechanical response as a function of time [22]. As the applied
amplitude (of strain or stress) increased from small to large at a fixed frequency during oscillatory
shear tests, two regions were defined: (1) small amplitude oscillatory shear test (SAOS); and (2) large
amplitude oscillatory shear test (LAOS) (Figure S2). In SAOS, the G’ and G” moduli were independent
of the applied strain amplitude at a fixed frequency and the resulting stress was a sinusoidal wave,
defined as the linear viscoelastic region (LVE). In LAOS, the G’ and G” moduli became a function
of the strain amplitude at a fixed frequency and the resulting stress waveforms were distorted from
sinusoidal waves, defined as the non-LVE region [41,42]. This region is of great interest, as distortion
from sinusoidal waveforms resulted in nonlinear moduli data to understand the mechanism related to
microstructural change of the material.

The oscillatory stress sweeps data could extract additional information represented by Lissajous
curves to further analyse the microstructure of polymer. Lissajous curves (as shown in Figure 4)
are closed-loop graphical representations of stress (y-axis) vs. strain/strain rate (x-axis), used to
predict the generic behavioural mechanism of deformation [43]. Lissajous curves showed three
distinct shapes corresponding to phase change. This fingerprint graphical plot is formed when two
harmonic vibrations of stress vs. shear strain or shear-rate along perpendicular lines are superimposed.
When strain amplitude is large, the stress becomes no longer sinusoidal and has higher harmonic
contributions, where the strain magnitude (γ) and the phase angle (δ) depend on strain amplitude and
imposed frequency (ω) [42]. A transition between the linear and nonlinear regimes was observed with
the change in shape of Lissajous curves from elliptical to rectangular in the LAOS test.
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Figure 4. Elastic Lissajous–Bowditch representations (stress plotted against strain) of three ideal
material responses, (a) the point of greatest stress occurs at 2γ0 after the previous strain reversal;
(b) linear viscoelastic response (center) has the stress maximum somewhere intermediate to these
limits; (c) the stress maximum achieved at the point where the material has acquired γ0 strain since the
previous reversal in an ideal viscous material [44]. Reproduced from McKinley et al. [45]; (d) vectorial
representation of moduli; and (e) sinusoidal wave forms for stress and strain functions. Reproduced
from Edward et al. [46].
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Oscillatory amplitude sweeps performed at 25 ◦C for both F127 and F127-POSS showed steady
linear viscoelastic properties within the applied strain range of 0.5%–150% (Figure 5). This implied
that the incorporation of POSS did not alter the flow/deformation behaviour of the material and its
internal structure at room temperature. It is worthy to note that the low moduli values around 1 Pa
were indicative of a liquid state even though Figure 5a suggested F127 showed slightly larger G’ than
G”, but the difference in G’ and G” is minute (this similar trend could be explained for Figure 3a). Both
F127-POSS and F127 exhibited steady, but very low moduli (around 1 Pa), at 25 ◦C. This corresponded
to the stress-strain Lissajous curves depicted by narrow elliptical form as shown in Figure S3 over the
entire oscillatory amplitude sweep. At 25 ◦C, displacement waveform displayed 180◦ out of phase
with torque throughout the measurement, indicating the liquid form of sample [47].
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corresponding sinusoidal waveforms. The tests were performed at a strain percent range of 0.5%–150%,
with a fixed frequency at 1 Hz.

At 30 ◦C, both F127 and F127-POSS undergo gel transition within a 10–100 Pa moduli range
(Figure 6). With increasing strain applied to the system, it would reach a point where the gels would not
be able to withstand the applied force and started to collapse, where G” would dominate G’. F127-POSS
showed higher tolerance to deformation than F127, yielded at 15.0% and 3.2% strain, respectively.
Incorporation of POSS has enhanced the breaking strain; increasing the hydrophobicity of the polymer
matrix enhanced the viscoelastic properties. The rigid POSS structure increased the overall moduli,
with moduli of F127-POSS one order higher than F127. This substantiated the assumption that addition
of POSS reinforces the strength of F127.

Three points were selected for Lissajous curves as shown in Figure 6; initial point, phase transition
crossover point (G’-G”), and the end point. The different Lissajous shapes indicated a microstructural
change of the samples during the oscillatory amplitude sweep. The area enclosed by the Lissajous curve
corresponded to the energy dissipated per unit volume sample in a single LAOS cycle [48]. At low
strain, a soft gel was formed as the strain decreased immediately with increasing stress, indicating a
viscoelastic property (narrow elliptical). The Lissajous shape transformed to rectangular with a larger
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area at the phase transition point, inferring more energy being dissipated in the sample. Eventually,
the sample could not hold more energy, whereby the internal forces induced by higher strain would
break the bonds, resulting in collapse of the gel microstructure, as reflected by the decreased ellipse
area. Comparing F127-POSS and F127 at 30 ◦C, the Lissajous curve area of F127-POSS was much
larger compared to F127 (most prominent in the endpoint Lissajous curves), indicating F127-POSS
dissipated more energy than F127. The strength of POSS-incorporated gel was enhanced; F127-POSS
polymer matrix stored more energy as compared to F127 before the collapse of the microstructure for
the same amount of stress applied. This further validated the theory that POSS reinforced the overall
gel property. The rheological analysis was listed in Table 3 for comparison and easier understanding.
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Table 3. The summary of rheological analysis.

Tests performed Polymer composition Sinusoidal
waveform/Lissajous curves Inference

F127 (Control) F127 (Control)

Oscillation
temperature
sweep

Gelation Moduli
range: 103 Pa
TGelation: 23.5 ◦C

Gelation Moduli
range: 103 Pa
TGelation: 33.5 ◦C

In the presence of POSS, the gelation
temperature was elevated, without
compromising the gel strength
(modulus range)

Oscillation
amplitude sweep

At 25 ◦C
Moduli range: 1 Pa;
No G’-G” crossover
point

At 25 ◦C
Moduli range: 1 Pa;
No G’-G” crossover
point

Narrow elliptical form,
displacement waveform
180◦ out of phase with
torque throughout entire
oscillatory amplitude sweep,
indicating liquid form

Modulus increased when temperature
increased from 25 to
30 ◦C—indicative of the
temperature-responsive property not
altered for POSS-reinforced polymer.
The G’-G” crossover point increased
from 3.2% (F127) to 15.0%
(F127-POSS), suggested F127-POSS
matrix dissipated more energy as
compared to F127 before the collapse
of the microstructure for the same
amount of stress applied

At 30 ◦C
Moduli range:
10−1–101 Pa
Crossover G’-G”:
3.2% strain

At 30 ◦C
Moduli range:
100–102 Pa
Crossover G’-G”:
15% strain

F127-POSS larger curve area
compared to F127 (most
prominent in endpoint
Lissajous curves), indicating
F127-POSS dissipated more
energy than F127
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4. Conclusions

In this work, MA-POSS was used to modify the thermal and mechanical properties of F127 with
the addition of trace amounts of POSS. MA-POSS was successfully incorporated in F127 via atomic
transfer radical polymerization (ATRP). Thermogravimetric analysis depicted the onset of thermal
decomposition temperature of F127-POSS was enhanced 15 ◦C compared to F127. The weight loss
of 5% and 10% temperature was increased 34.0 and 28.3 ◦C respectively after POSS incorporation.
Subsequently, rheological studies were performed to investigate the gel property affected by POSS
incorporation. Thermal gelation of F127-POSS composite solution shifted 10 ◦C higher, from 23.5
to 33.5 ◦C, than F127 precursor, while the modulus of the gel was well maintained. A stress-strain
Lissajous curve extracted from oscillatory amplitude test was used to investigate the change in the gel
microstructure subjected to oscillatory strain. The area enclosed by the Lissajous curve changing with
strain revealed the energy dissipated per unit volume sample, to further reflect the strength change of
the gels and the molecular interaction in the gel with strain. In summary, trace amounts of MA-POSS
incorporation in F127 reserved the intrinsic thermal responsive gelation property of F127 and was able
to shift the gelation temperature 10 ◦C higher, while the strength of the hydrogel was not sacrificed.
Moreover, the thermal degradation temperature was successfully extended up to 34.0 ◦C. It was also
reported that POSS incorporation induced a polymer antibacterial property [49], which will benefit
food and cosmetics applications. This profile should be investigated in subsequent studies.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/8/9/341/s1.
Figure S1: First derivative of TGA curves. Figure S2: Schematic illustration of the oscillation strain sweep
test at a fixed frequency of 10 Hz. This sweep test was used for determining the linear and non-LVE region. In the
linear region, the storage (G’) and loss (G”) moduli were independent of the applied strain amplitude at a fixed
frequency and the resulting stress was a sinusoidal wave. However, in the nonlinear region, the storage and loss
moduli became a function of the strain amplitude at the fixed frequency and the resulting stress waveforms were
distorted from sinusoidal waves. In the linear region, the oscillatory shear test was called SAOS (small amplitude
oscillatory shear), and the application of LAOS (large amplitude oscillatory shear) resulted in a nonlinear material
response. Figure S3: Lissajous curve of F127-POSS and F127 extracted from oscillation amplitude sweep at 25 ◦C.

Acknowledgments: We acknowledge the funding support provided by the A*STAR Personal Care Programme.

Author Contributions: Qingqing Dou conceived and designed the experiments, performed the experiments,
analyzed the data and wrote the paper. Anis Abdul Karim input the rheological studies section and edited the
manuscript. Xian Jun Loh supervised the work, analyzed the data and edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Escobar-Chávez, J.J.; López-Cervantes, M.; Naik, A.; Kalia, Y.; Quintanar-Guerrero, D.; Ganem-Quintanar, A.
Applications of thermo-reversible pluronic F-127 gels in pharmaceutical formulations. J. Pharm. Pharm. Sci.
2006, 9, 339–358. [PubMed]

2. Kurumada, K.-I.; Robinson, B.H. Viscosity studies of pluronic F127 in aqueous solution. In Trends in Colloid
and Interface Science XVI; Miguel, M., Burrows, D.H., Eds.; Springer Berlin Heidelberg: Berlin, Germany, 2004.

3. Loh, C.H.; Wang, R. Effects of additives and coagulant temperature on fabrication of high performance
PVDF/Pluronic F127 blend hollow fiber membranes via nonsolvent induced phase separation. Chin. J.
Chem. Eng. 2012, 20, 71–79. [CrossRef]

4. Park, C.W.; Lee, S.J.; Kim, D.; Lee, D.S.; Kim, S.C. Micelle formation and sol-gel transition behavior of
comb-like amphiphilic poly((PLGA-b-PEG)MA) copolymers. J. Polym. Sci. Part A 2008, 46, 1954–1963.
[CrossRef]

5. Tsao, C.T.; Hsiao, M.H.; Zhang, M.; Levengood, S.L.; Zhang, M. Chitosan-PEG hydrogel with sol-gel
transition triggerable by multiple external stimuli. Macromol. Rapid Commun. 2015, 36, 332–338. [CrossRef]
[PubMed]

6. Kadla, J.F.; Korehei, R. Effect of hydrophilic and hydrophobic interactions on the rheological behavior and
microstructure of a ternary cellulose acetate system. Biomacromolecules 2010, 11, 1074–1081. [CrossRef]
[PubMed]

www.mdpi.com/2073-4360/8/9/341/s1
http://www.ncbi.nlm.nih.gov/pubmed/17207417
http://dx.doi.org/10.1016/S1004-9541(12)60365-6
http://dx.doi.org/10.1002/pola.22507
http://dx.doi.org/10.1002/marc.201400586
http://www.ncbi.nlm.nih.gov/pubmed/25522283
http://dx.doi.org/10.1021/bm100034t
http://www.ncbi.nlm.nih.gov/pubmed/20235573


Polymers 2016, 8, 341 12 of 14

7. Kuo, S.-W.; Chang, F.-C. POSS related polymer nanocomposites. Prog. Polym. Sci. 2011, 36, 1649–1696.
[CrossRef]

8. Loh, X.J.; Zhang, Z.X.; Mya, K.Y.; Wu, Y.L.; He, C.B.; Li, J. Efficient gene delivery with paclitaxel-loaded
DNA-hybrid polyplexes based on cationic polyhedral oligomeric silsesquioxanes. J. Mater. Chem. 2010, 20,
10634–10642. [CrossRef]

9. Wu, J.; Mather, P.T. POSS polymers: Physical properties and biomaterials applications. Polym. Rev. 2009, 49,
25–63. [CrossRef]

10. Cai, X.; Yuan, J.; Chen, S.; Li, P.; Li, L.; Shen, J. Hemocompatibility improvement of poly(ethylene
terephthalate) via self-polymerization of dopamine and covalent graft of zwitterions. Mater. Sci. Eng.
2014, 36, 42–48. [CrossRef] [PubMed]

11. Tan, B.H.; Hussain, H.; He, C.B. Tailoring micelle formation and gelation in (PEG-p(MA-POSS)) amphiphilic
hybrid block copolymers. Macromolecules 2011, 44, 622–631. [CrossRef]

12. Mya, K.Y.; Gose, H.B.; Pretsch, T.; Bothe, M.; He, C. Star-shaped POSS-polycaprolactone polyurethanes and
their shape memory performance. J. Mater. Chem. 2011, 21, 4827–4836. [CrossRef]

13. Bothe, M.; Mya, K.Y.; Lin, E.M.J.; Yeo, C.C.; Lu, X.; He, C.; Pretsch, T. Triple-shape properties of star-shaped
POSS-polycaprolactone polyurethane networks. Soft Matter 2012, 8, 965–972. [CrossRef]

14. Tan, B.H.; Hussain, H.; Leong, Y.W.; Lin, T.T.; Tjiu, W.W.; He, C. Tuning self-assembly of hybrid
PLA-p(MA-POSS) block copolymers in solution via stereocomplexation. Polym. Chem. 2013, 4, 1250–1259.
[CrossRef]

15. Wang, Z.; Tan, B.H.; Hussain, H.; He, C. PH-responsive amphiphilic hybrid random-type copolymers
of poly(acrylic acid) and poly(acrylate-poss): Synthesis by atrp and self-assembly in aqueous solution.
Colloid Polym. Sci. 2013, 291, 1803–1815. [CrossRef]

16. Lewicki, J.P.; Pielichowski, K.; De La Croix, P.T.; Janowski, B.; Todd, D.; Liggat, J.J. Thermal degradation
studies of polyurethane/POSS nanohybrid elastomers. Polym. Degrad. Stab. 2010, 95, 1099–1105. [CrossRef]

17. Tokunaga, T.; Koge, S.; Mizumo, T.; Ohshita, J.; Kaneko, Y. Facile preparation of a soluble polymer containing
polyhedral oligomeric silsesquioxane units in its main chain. Polym. Chem. 2015, 6, 3039–3045. [CrossRef]

18. Blanco, I.; Bottino, F.A.; Cicala, G.; Cozzo, G.; Latteri, A.; Recca, A. Synthesis and thermal characterization of
new dumbbell shaped POSS/PS nanocomposites: Influence of the symmetrical structure of the nanoparticles
on the dispersion/aggregation in the polymer matrix. Polym. Compos. 2015, 36, 1394–1400. [CrossRef]

19. Chinnam, P.R.; Zhang, H.; Wunder, S.L. Blends of pegylated polyoctahedralsilsesquioxanes (POSS-PEG)
and methyl cellulose as solid polymer electrolytes for lithium batteries. Electrochim. Acta 2015, 170, 191–201.
[CrossRef]

20. Pyun, J.; Matyjaszewski, K.; Wu, J.; Kim, G.-M.; Chun, S.B.; Mather, P.T. ABA triblock copolymers containing
polyhedral oligomeric silsesquioxane pendant groups: Synthesis and unique properties. Polymer 2003, 44,
2739–2750. [CrossRef]

21. Wang, W.; Sun, X.; Huang, L.; Gao, Y.; Ban, J.; Shen, L.; Chen, J. Structure–property relationships in
hybrid dental nanocomposite resins containing monofunctional and multifunctional polyhedral oligomeric
silsesquioxanes. Int. J. Nanomed. 2014, 9, 841–852. [CrossRef] [PubMed]

22. Hyun, K.; Nam, J.G.; Wilhellm, M.; Ahn, K.H.; Lee, S.J. Large amplitude oscillatory shear behavior of
PEO-PPO-PEO triblock copolymer solutions. Rheol. Acta 2005, 45, 239–249. [CrossRef]

23. Loh, X.J.; Zhang, Z.-X.; Wu, Y.-L.; Lee, T.S.; Li, J. Synthesis of novel biodegradable thermoresponsive triblock
copolymers based on poly((R)-3-hydroxybutyrate) and poly(N-isopropylacrylamide) and their formation of
thermoresponsive micelles. Macromolecules 2008, 42, 194–202. [CrossRef]

24. Loh, X.J.; Tan, Y.X.; Li, Z.; Teo, L.S.; Goh, S.H.; Li, J. Biodegradable thermogelling poly(ester urethane)s
consisting of poly(lactic acid)—Thermodynamics of micellization and hydrolytic degradation. Biomaterials
2008, 29, 2164–2172. [CrossRef] [PubMed]

25. Loh, X.J.; Ong, S.J.; Tung, Y.T.; Choo, H.T. Incorporation of poly((R)-3-hydroxybutyrate) into cationic
copolymers based on poly(2-(dimethylamino)ethyl methacrylate) to improve gene delivery. Macromol. Biosci.
2013, 13, 1092–1099. [CrossRef] [PubMed]

26. Hussain, H.; Tan, B.H.; Seah, G.L.; Liu, Y.; He, C.B.; Davis, T.P. Micelle formation and gelation of
(PEG-p(MA-POSS)) amphiphilic block copolymers via associative hydrophobic effects. Langmuir 2010,
26, 11763–11773. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.progpolymsci.2011.05.002
http://dx.doi.org/10.1039/c0jm01461c
http://dx.doi.org/10.1080/15583720802656237
http://dx.doi.org/10.1016/j.msec.2013.11.038
http://www.ncbi.nlm.nih.gov/pubmed/24433885
http://dx.doi.org/10.1021/ma102510u
http://dx.doi.org/10.1039/c0jm04459h
http://dx.doi.org/10.1039/C1SM06474F
http://dx.doi.org/10.1039/C2PY20823G
http://dx.doi.org/10.1007/s00396-013-2914-0
http://dx.doi.org/10.1016/j.polymdegradstab.2010.02.021
http://dx.doi.org/10.1039/C5PY00192G
http://dx.doi.org/10.1002/pc.23045
http://dx.doi.org/10.1016/j.electacta.2015.04.010
http://dx.doi.org/10.1016/S0032-3861(03)00027-2
http://dx.doi.org/10.2147/IJN.S56062
http://www.ncbi.nlm.nih.gov/pubmed/24550674
http://dx.doi.org/10.1007/s00397-005-0014-x
http://dx.doi.org/10.1021/ma8019865
http://dx.doi.org/10.1016/j.biomaterials.2008.01.016
http://www.ncbi.nlm.nih.gov/pubmed/18276002
http://dx.doi.org/10.1002/mabi.201300050
http://www.ncbi.nlm.nih.gov/pubmed/23703863
http://dx.doi.org/10.1021/la101686q
http://www.ncbi.nlm.nih.gov/pubmed/20536258


Polymers 2016, 8, 341 13 of 14

27. Li, Z.; Tan, B.H.; Jin, G.; Li, K.; He, C. Design of polyhedral oligomeric silsesquioxane (POSS) based
thermo-responsive amphiphilic hybrid copolymers for thermally denatured protein protection applications.
Polym. Chem. 2014, 5, 6740–6753. [CrossRef]

28. Dou, Q.Q.; Liow, S.S.; Ye, E.; Lakshminarayanan, R.; Loh, X.J. Biodegradable thermogelling polymers:
Working towards clinical applications. Adv. Healthc. Mater. 2014, 3, 977–988. [CrossRef] [PubMed]

29. Wu, Y.-L.; Wang, H.; Qiu, Y.-K.; Loh, X.J. PLA-based thermogel for the sustained delivery of
chemotherapeutics in a mouse model of hepatocellular carcinoma. RSC Adv. 2016, 6, 44506–44513. [CrossRef]

30. Liow, S.S.; Karim, A.A.; Loh, X.J. Biodegradable thermogelling polymers for biomedical applications.
MRS Bull. 2016, 41, 557–566. [CrossRef]

31. Liow, S.S.; Dou, Q.; Kai, D.; Karim, A.A.; Zhang, K.; Xu, F.; Loh, X.J. Thermogels: In situ gelling biomaterial.
ACS Biomater. Sci. Eng. 2016, 2, 295–316. [CrossRef]

32. Jiang, L.; Gan, C.R.R.; Gao, J.; Loh, X.J. A perspective on the trends and challenges facing porphyrin-based
anti-microbial materials. Small 2016. [CrossRef] [PubMed]

33. Kai, D.; Loh, X.J. Polyhydroxyalkanoates: Chemical modifications toward biomedical applications.
ACS Sustain. Chem. Eng. 2014, 2, 106–119. [CrossRef]

34. Zheng, J.Y.; Tan, M.J.; Thoniyot, P.; Loh, X.J. Unusual thermogelling behaviour of poly(2-(dimethylamino)ethyl
methacrylate) (pdmaema)-based polymers polymerized in bulk. RSC Adv. 2015, 5, 62314–62318. [CrossRef]

35. Loh, X.J.; Gan, H.X.; Wang, H.; Tan, S.J.E.; Neoh, K.Y.; Tan, S.S.J.; Diong, H.F.; Kim, J.J.; Lee, W.L.S.;
Fang, X.T.; et al. New thermogelling poly(ether carbonate urethane)s based on Pluronics F127 and
poly(polytetrahydrofuran carbonate). J. Appl. Polym. Sci. 2014. [CrossRef]

36. Loh, X.J. Supramolecular host-guest polymeric materials for biomedical applications. Mater. Horiz. 2014, 1,
185–195. [CrossRef]

37. Loh, X.J.; Goh, S.H.; Li, J. Hydrolytic degradation and protein release studies of thermogelling polyurethane
copolymers consisting of poly((R)-3-hydroxybutyrate), poly(ethylene glycol), and poly(propylene glycol).
Biomaterials 2007, 28, 4113–4123. [CrossRef] [PubMed]

38. Nguyen, V.P.N.; Kuo, N.Y.; Loh, X.J. New biocompatible thermogelling copolymers containing
ethylene-butylene segments exhibiting very low gelation concentrations. Soft Matter 2011, 7, 2150–2159.
[CrossRef]

39. Loh, X.J.; Vu, P.N.N.; Kuo, N.Y.; Li, J. Encapsulation of basic fibroblast growth factor in thermogelling
copolymers preserves its bioactivity. J. Mater. Chem. 2011, 21, 2246–2254. [CrossRef]

40. Loh, X.J.; Cheng, L.W.I.; Li, J. Micellization and thermogelation of poly(ether urethane)s comprising
poly(ethylene glycol) and poly(propylene glycol). In Modern Trends in Polymer Science-EPF’09; Stelzer, F.,
Wiesbrock, E., Eds.; Wiley-VCH: Weinheim, Germany, 2010.

41. Sugimoto, M.; Suzuki, Y.; Hyun, K.; Ahn, K.H.; Ushioda, T.; Nishioka, A.; Taniguchi, T.; Koyama, K.
Melt rheology of long-chain-branched polypropylenes. Rheol. Acta 2005, 46, 33–44. [CrossRef]

42. Hyun, K.; Nam, J.G.; Wilhelm, M.; Ahn, K.H.; Lee, S.J. Nonlinear response of complex fluids under laos
(large amplitude oscillatory shear) flow. Korea Aust. Rheol. J. 2003, 15, 97–105.

43. Dealy, J.M.; Wissbrun, K.F. Melt Rheology and Its Role in Plastics Processing: Theory and Applications; Springer:
Berlin, Germany, 2012.

44. Rogers, S.; Kohlbrecher, J.; Lettinga, M.P. The molecular origin of stress generation in worm-like micelles,
using a rheo-SANS LAOS approach. Soft Matter 2012, 8, 7831–7839. [CrossRef]

45. McKinley, G.H.; Ewoldt, R.H.; Ng, T.; Dimitriou, C. Rheological Fingerprinting: Using LAOS to Physically
Interpret the Nonlinear Behavior of Complex Fluids and Soft Solids. Available online: http://www.
rheology.org.au/Resources/LectureSeries/ASR-Lecture-2012-January_McKinley_slideshow.pdf (accessed
on 3 May 2016).

46. Garboczi, E.J.; Bentz, D.P.; Snyder, K.A.; Martys, N.S.; Stutzman, P.E.; Ferraris, C.F.; Bullard, J.W. An
Electronic Monograph: Modeling and Measuring the Structure and Properties of Cement-Based Materials.
Available online: http://ciks.cbt.nist.gov/~garbocz/SP946/node11.htm (accessed on 9 September 2016).

47. Hyun, K.; Wilhelm, M.; Klein, C.O.; Cho, K.S.; Nam, J.G.; Ahn, K.H.; Lee, S.J.; Ewoldt, R.H.; McKinley, G.H.
A review of nonlinear oscillatory shear tests: Analysis and application of large amplitude oscillatory shear
(LAOS). Prog. Polym. Sci. 2011, 36, 1697–1753. [CrossRef]

http://dx.doi.org/10.1039/C4PY00936C
http://dx.doi.org/10.1002/adhm.201300627
http://www.ncbi.nlm.nih.gov/pubmed/24488805
http://dx.doi.org/10.1039/C6RA08022G
http://dx.doi.org/10.1557/mrs.2016.139
http://dx.doi.org/10.1021/acsbiomaterials.5b00515
http://dx.doi.org/10.1002/smll.201600327
http://www.ncbi.nlm.nih.gov/pubmed/27276371
http://dx.doi.org/10.1021/sc400340p
http://dx.doi.org/10.1039/C5RA12816A
http://dx.doi.org/10.1002/app.39924
http://dx.doi.org/10.1039/C3MH00057E
http://dx.doi.org/10.1016/j.biomaterials.2007.05.016
http://www.ncbi.nlm.nih.gov/pubmed/17573109
http://dx.doi.org/10.1039/c0sm00764a
http://dx.doi.org/10.1039/c0jm03051a
http://dx.doi.org/10.1007/s00397-005-0065-z
http://dx.doi.org/10.1039/c2sm25569c
http://www.rheology.org.au/Resources/LectureSeries/ASR-Lecture-2012-January_McKinley_slideshow.pdf
http://www.rheology.org.au/Resources/LectureSeries/ASR-Lecture-2012-January_McKinley_slideshow.pdf
http://ciks.cbt.nist.gov/~garbocz/SP946/node11.htm
http://dx.doi.org/10.1016/j.progpolymsci.2011.02.002


Polymers 2016, 8, 341 14 of 14

48. Ewoldt, R.H.; Winter, P.; Maxey, J.; McKinley, G.H. Large amplitude oscillatory shear of pseudoplastic and
elastoviscoplastic materials. Rheol. Acta 2010, 49, 191–212. [CrossRef]

49. Majumdar, P.; He, J.; Lee, E.; Kallam, A.; Gubbins, N.; Stafslien, S.J.; Daniels, J.; Chisholm, B.J. Antimicrobial
activity of polysiloxane coatings containing quaternary ammonium-functionalized polyhedral oligomeric
silsesquioxane. J. Coat. Technol. Res. 2010, 7, 455–467. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00397-009-0403-7
http://dx.doi.org/10.1007/s11998-009-9197-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Synthesis of F127-POSS Copolymers by Atom Transfer Radical Polymerization (ATRP) 
	Molecular Characterisation 
	Thermal Degradation Characterisation 
	Rheological Measurements 

	Results 
	Synthesis of Polymers 
	Thermal Degradation Analysis 
	Thermal Gelling Behaviour 

	Conclusions 

