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ABSTRACT

We synthesized the polyhedral oligomeric silsesquioxane (POSS) derivatives octakis[dimethyl(phene-
thyl)siloxy]silsesquioxane (OS-POSS), octakis[dimethyl(4-acetoxy phenethyl)siloxy]silsesquioxane (OA-POSS),
and octakis[dimethyl(4-hydroxyphenethyl)siloxy] silsesquioxane (OP-POSS) through hydrosilylation
with octakis(dimethylsiloxy)silsesquioxane (QsME). To investigate the influence of these octuply func-
tionalized POSS derivatives in polymer nanocomposites, we blended OP-POSS, OA-POSS, and OP-POSS
with the homopolymer poly(ethylene oxide) (PEO) and characterized its resulting intermolecular
interactions (e.g., hydroxyl-ether and carbonyl-ethylene oxide) using FTIR spectroscopy. The thermal
properties of these blend systems were investigated using differential scanning calorimetry (DSC) and
dynamic mechanical analysis (DMA). The crystallization kinetics in the miscible binary blends of the
crystalline polymer and these inorganic nanoparticles were also determined through DSC and optical
microscopy (OM) analyses. Herein, we emphasize the effects of the functional groups on POSS nano-
composites on the crystallization kinetics of PEO. We found that OP-POSS/PEO blend had the highest
thermal stability and lowest crystallization rate because its hydrogen bonding interactions (between its
hydroxyl and ether units) were stronger than those (between carbonyl and methylene groups) in

0A-POSS/PEO.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocomposite materials, because of the length scales involved,
feature extensive number of interfacial interactions that can result
in salient changes in their properties. When developing polymer
nanocomposites, the attachment of organic groups to nanosized
materials can have wide-ranging implications on the interactions
occurring at the interfaces between the inorganic composite
particles and the organic polymer matrices [1-3]. Recently, a novel
class of organic/inorganic hybrid materials based on polyhedral
oligomeric silsesquioxane (POSS) and possessing well-defined
chemical structures have been developed through co-polymeriza-
tion of POSS co-monomer units [4-15] having the general formula
(RSiOq5)3, where the R units are organic groups located at the
corners of octahedral siloxane cubes (SiO15)s [16-21]. The synthesis
of a random copolymer is, however, generally more complicated
and time-consuming than the preparation of a physical blend;
therefore, polymer blending is seen as a more convenient method
of preparing polymer/POSS nanocomposites [22-24]. Nevertheless,
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most inorganic silicas or creamers are immiscible in most general
organic systems because of poor specific interactions in these
organic/inorganic hybrids. To improve the properties and misci-
bility of hybrid materials, it is usually necessary to ensure that
favorable specific interactions exist between these components,
such as hydrogen bonding, dipole-dipole interactions, and acid/
base complexation.

In previous studies, we found that polymer-POSS nano-
composites prepared through blending exhibited enhanced
thermal properties [25,26], but we did not clearly identify the
effects that the functional groups on the POSS derivatives had on the
behavior of the polymer nanocomposites. Wu et al. reported that
polystyrene (PS)-based random copolymers incorporating POSS
units featuring three types of vertex group (isobutyl, cyclopentyl,
and cyclohexyl) exhibited differences in their glass transition
temperatures (Tg) because of the different types of interactions of
these three groups with the copolymers [27]. In this study, we
performed the hydrosilylation of unsaturated monomers using
octakis(dimethylsiloxy)silsesquioxane QgsMY and Karstedt's catalyst
(a platinum divinylsiloxane complex) to yield various POSS deriv-
atives possessing distinct functionalities, including hydroxyl
[28,29], poly(ethylene glycol) [30-32], liquid crystal mesogen
[16,33], epoxy [34], and phenol [35] units. Although much literature
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is available highlighting the excellent performance of hydro-
silylated POSS-based polymer nanocomposites, few reports have
focused on the effects of functional groups on their properties. In
previous studies of POSS-based nanocomposites [23,24,26], we
synthesized and characterized three amorphous POSS derivatives
(Scheme 1): octakis[dimethyl(phenethyl)siloxy] silsesquioxane
(OS-POSS), octakis[dimethyl(4-acetoxy phenethyl)siloxy]silsesqu-
ioxane (OA-POSS), and octakis[dimethyl(4-hydroxyphenethyl)sil-
oxy|silsesquioxane (OP-POSS).

Poly(ethylene oxide) (PEO) is a highly crystalline polymer that is
miscible with several amorphous polymers—including phenoxy [36],
poly(acrylic acid) [37], poly(vinyl alcohol) [38], poly(vinyl phenol)
[39], and phenolic resin [40]—as a result of the formation of strong
hydrogen bonds. In addition, blends of PEO with many weakly
interacting polymers—including poly(acetoxystyrene) [41], poly-
(methyl methacrylate) (PMMA) [42], poly(vinyl acetate) [43], and
poly(vinyl pyrrolidone) [44]—are also fully miscible. From the
chemical structures of OP-POSS, OA-POSS, and 0OS-POSS, we expected
that OP-POSS and OA-POSS would form miscible amorphous phases
with PEO through strong and weak hydrogen bonding interactions,
respectively, but that PEO would be immiscible with OS-POSS because
no specific interactions occur between styrene and ethylene oxide
units. Therefore, we suspected that the influence that the functional
groups on the POSS nanocomposites would have on the polymer
matrix would be readily discernable through simple blending.

In this study, we used differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and dynamic mechanical anal-
ysis (DMA) to determine the thermal decomposition temperatures,
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char yields, and glass transition temperatures, respectively, of
amorphous POSS-based nanocomposites. 1D and 2D Fourier
transform infrared (FTIR) spectroscopy provided evidence for
specific intermolecular association between the functional groups
of POSS and PEO. The generalized two-dimensional (2D) correlation
spectroscopy proposed by Noda has been applied widely in poly-
mer science in recent years [45,46]. This novel method treats
spectral fluctuations as a function of time, temperature, pressure,
and composition to investigate specific interactions between
polymer chains. In this study, we use generalized 2D IR correlation
spectroscopy to explore the weak hydrogen bonding interactions in
blends of PEO and OA-POSS, which are similar to those in poly-
(acetoxystyrene)/PEO blend [41]. In addition, we also determined
the crystallization kinetics in miscible binary blends of crystalline
polymers with inorganic nanoparticles using DSC and optical
microscopy (OM). In this paper, we emphasize the effects that the
functional groups of the POSS nanocomposites have on the crys-
tallization kinetics relative to that of pure PEO.

2. Experimental section
2.1. Materials

QgM§E POSS was obtained from Hybrid Plastics. 4-Acetoxystyr-
ene (96%), styrene, hydrazine monohydrate (98%), platinum(0)/1,3-
divinyl-1,1,3,3-tetramethyldisiloxane complex solution [Pt(dvs)] in
xylene (Pt content=ca. 2%), and PEO (M, = 20,000 g/mol) were
obtained from Aldrich Chemical (USA).
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Scheme 1. Hydrosilylation and chemical structures of styrenic monomers with QgM§ to give 0S-POSS, OA-POSS and OP-POSS.
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2.2. 0S-POSS and OA-POSS

Scheme 1 depicts the hydrosilylation approach used to prepare
0OS-POSS and OA-POSS [26]. In a 100 mL Schlenk flask equipped
with a reflux condenser and a magnetic stirrer, a solution of QsM%
(3.00 g, 2.95 mmol) and styrene (2.46 g, 23.57 mmol) or 4-acetox-
ystyrene (3.98 g, 23.57 mmol) in toluene (30 mL) was heated at
60 °C under argon and then Pt(dvs) (0.2 mL, 0.4 umol) was added
via syringe. The reaction, which was monitored by measuring the
decrease in intensity of the FTIR spectral signal at 2134 cm ™! for the
Si-H bonds, was complete after 4 h. The yellowish, transparent
reaction mixture became clear after removal of the Pt(dvs) catalyst
through flash chromatography (neutral Al,Os; toluene). After
evaporating the solvent under reduced pressure, the residual
styrene or 4-acetoxystyrene was vacuum-distilled (80 °C, 0.2 Torr)
to yield OS-POSS (3.45 g, 63%) or OA-POSS (3.93 g, 56%). OS-POSS is
a fluid liquid at 25 °C; OA-POSS is a viscous liquid at 25 °C. Both are
soluble in common organic solvents, such as tetrahydrofuran,
chloroform, and acetone.

2.3. OP-POSS

Scheme 2 depicts the acetoxyl hydrazinolysis of OA-POSS with
hydrazine monohydrate used to prepare OP-POSS [30]. Hydrazine
monohydrate (1.73 g, 34.6 mmol, 16.0 equiv.) was added to a solu-
tion of OA-POSS (5.00 g, 2.16 mmol) in 1,4-dioxane. The acetoxyl
hydrazinolysis, which was monitored by measuring the decrease in
intensity of the FTIR spectral signal for the C=0 bond at 1762 cm ™,
was complete after 2 h. The solution was then added dropwise into
excess deionized water. The viscous OP-POSS was collected in
a beaker, dissolved in EtOAc, dried (anhydrous MgS0,), and filtered.
The solvents were evaporated under vacuum at 80 °C for 4 h to
yield OP-POSS (3.72 g, 87%), which is highly viscous (as a result of
hydrogen bonding between the phenol units) and soluble in polar
organic solvents (e.g., methanol).

2.4. Blend preparation

Blends of PEO and the functionalized POSS derivatives were
prepared at various compositions through solution blending. A THF
solution containing 5 wt% of the mixture was stirred for 6-8 h and
then the solvent was evaporated slowly at room temperature over 1
day. To ensure total removal of solvent, the powder of the blend
obtained was dried in a vacuum oven at 60 °C for 2 days.

2.5. Characterization
Using CDCl; as the solvent, 'H NMR spectra were recorded on

a Varian Unity Inova 500 FT NMR spectrometer operated at
500 MHz; chemical shifts are reported in parts per million (ppm). A
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Biflex III (Bruker Daltonics) time-of-flight mass spectrometer
equipped with a 337 nm nitrogen laser was used to record MALDI-
TOF mass spectra of the samples. The glass transition and melting
temperatures of the blend films were determined through DSC
using a TA Q-20 instrument. The scan rate was 20 °C/min within the
temperature range 30-100 °C; the temperature was then held at
100 °C for 3 min to ensure complete removal of residual solvent.
Glass transition temperatures were measured in the DSC sample
cell after the sample (5-10 mg) had been cooled 20 °C/min to
—90 °C from the melt of the first scan. The value of T was defined at
the midpoint of the heat capacity transition between the upper and
lower points of deviation from the extrapolated liquid and glass
lines. DSC was also employed to study the kinetics of isothermal
crystallization by rapid cooling to the crystallization temperature
(T.) from the melt at 80 °C for 10 min, and then maintaining the
sample at T for 12 h. The crystallinity is expressed as the ratio of
the peak area at time ¢ to that at the end of crystallization. After the
isothermal crystallization was completed, the sample was cooled to
0°C and then heated to 100 °C at a heating rate of 10 °C/min to
measure the melting temperature (Ty,). A TA Instruments ther-
mogravimetric analyzer Q50 (scan rate: 20 °C; from 30 to 800 °C;
nitrogen purge: 40 mL/min) was used to record TGA thermograms
of the samples positioned on a platinum holder. DMA was per-
formed using a Perkin-Elmer Instruments DMA 8000 apparatus
operated in tension mode over a temperature range from —150 to
100 °C. Analyses of the loss tangent (tan ¢) were recorded auto-
matically by the system. The heating rate and frequency were fixed
at 2°C/min and 1 Hz, respectively. FTIR spectra of the polymer
blend films were recorded using the conventional KBr disk method.
A THF solution containing the blend was cast onto a KBr disk and
dried under conditions similar to those used in the bulk prepara-
tion. The film used in this study was sufficiently thin to obey the
Beer-Lambert law. FTIR spectra were recorded using a Bruker
Tensor 27 FI-IR spectrophotometer; 32 scans were collected at
a spectral resolution 1cm~L Because polymers containing OH
groups are hygroscopic, pure Ny gas was used to purge the spec-
trometer’s optical box to maintain the sample films’ dryness.
Generalized 2D correlation analysis was performed using the 2D
Shige software developed by Shigeaki Morita (Kwansei-Gakuin
University, Japan). In the 2D correlation maps, white-colored
regions are defined as positive correlation intensities; shaded
regions are defined as negative correlation intensities.

The spherulite growth rate was determined using an Olympus
polarized light microscope (Japan) equipped with a Mettler FP90
heating stage and photographed with a CCD camera. Each sample
was sandwiched between two thin glass slides, melted for 10 min
on a hot stage at 80 °C, and then transferred as quickly as possible
onto another hot stage preheated to the desired value of T.. The
samples were crystallized isothermally at a given value of T to
monitor the growth of the spherulite as a function of time. The
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Scheme 2. C=0 groups of OA-POSS interacted with the CH, segments of PEO.
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radial growth rate of the PEO spherulite was calculated from the
slope of the line obtained from a plot of the spherulitic radius
versus time.

3. Results and discussion
3.1. Syntheses of POSS derivatives

At 1:8 molar ratios of QsME to the vinyl monomers, the
hydrosilylations yielding OS-POSS and OA-POSS [Scheme 1(a) and
(b), respectively] were complete after 4 h, as adjudged by moni-
toring the disappearance of the signals of the Si-H groups (FTIR:
2134 cm~'; 'H NMR: 4.7 ppm) in the reaction mixtures. OS-POSS
and OA-POSS were purified through evaporation of the residual
volatile styrene and 4-acetoxystyrene, respectively, under vacuum.
The acetoxyl hydrazinolysis [Scheme 1(d)] with hydrazine mono-
hydrate can be used to selectively deprotect acetyl groups. Grati-
fyingly, applying acetoxyl hydrazinolysis to OA-POSS at 25 °C for
2 h provided OP-POSS in high yield. Fig. 1(A) displays MALDI-TOF
mass spectra of OS-POSS, OA-POSS, and OP-POSS, obtained using
2,5-dihydroxybenzoic acid as the matrix. We observe mono-
disperse mass distributions of the sodiated molecular ions at
1873 g/mol for [0S-POSS + Na]™, 2337 g/mol for [OA-POSS + Na] ™,
and 2001 g/mol for [OP-POSS + Na]*; the good agreement between
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Fig. 1. (A) MALDI-TOF mass spectra of (a) OS-POSS, (b) OA-POSS, and (c) OP-POSS and
(B) 'H NMR spectra of (a) QgM§, (b) 0S-POSS, and (c) OA-POSS in CDCl3 and of (d) OP-
POSS in CD30D.

the experimental and calculated molecular masses confirms the
well-defined structures of OS-POSS, OA-POSS, and OP-POSS.
Fig. 1(B) displays '"H NMR spectra of QsMY, 0S-POSS, OA-POSS, and
OP-POSS. The hydrosilylations resulted in the formation of
B [RSiCHCH,R’] and o [RSiCH(CH3)R’] linkages, where R is the POSS
core and R’ is the organic functional group. The molar ratios of B to
o linkage were 2.22:1 and 1.82:1 for OS-POSS and OA-POSS,
respectively, according to integration of the signals for the protons
on the benzylic carbon atoms marked b (2H, B-side groups) and
b’ (1H, a-side groups). Thus, MALDI-TOF mass spectrometry and 'H
NMR spectroscopy confirmed that the POSS products were pure,
but comprised several structural isomers.

3.2. POSS-based polymer nanocomposites

3.2.1. DSC analyses

In general, DSC analysis is one of the most convenient methods
for determining the miscibility of blend systems. DSC can deter-
mine whether one or two values exist for Tg: a single value of Ty is
the most conventionally used criterion for establishing the misci-
bility of polymer blends; an immiscible polymer blend exhibits
more than one value of T;. The miscibility of most polymer/nano-
particle blend systems has not been studied using DSC because
most of these nanoparticles have been inorganic materials that do
not display a glass transition at relatively lower temperatures
(<400 °C). We obtained conventional second run DSC thermo-
grams of OP-POSS, OA-POSS, OS-POSS, and PEO as shown in Fig. 2;
the glass transition temperatures of these pure components were
18, —14, —51, and —45 °C, respectively. Interestingly, even though
the molar masses of OP-POSS, OA-POSS, and OS-POSS are only 1978,
2314, and 1850 g/mol, respectively, they displayed single-T
behavior during the second heating scan. Although pure OP-POSS,
OA-POSS, and OS-POSS can be considered as oligomers of poly-
(vinyl phenol), poly(acetoxystyrene), and polystyrene, respectively,
in which the degree of polymerization of the functional POSS
derivatives is only 8, their glass transition temperatures are
significant lower than those of their corresponding typical high-
molecular-weight polymers [47]. Tables 1 and 2 summarizes the
thermal properties of these three POSS-related composites.

The melting temperature of the PEO component decreased upon
increasing the OP-POSS and OA-POSS contents in the blends, but
the addition of OS-POSS did not feature such a linear trend. This
phenomenon suggests that the presence of OP-POSS or OA-POSS in
the blend hindered the crystallization of PEO—a typical phenom-
enon for a miscible blend in which the glass transition temperature
of the amorphous polymer is higher than that of the crystalline
component. In addition, the magnitude of the melting temperature
depression of a crystalline polymer blended with an amorphous
polymer can reveal important information regarding the miscibility
and the polymer-polymer interaction parameter [48]. The melting
temperatures of miscible polymer blends are generally depressed
for both morphological and thermodynamic reasons. Therefore, we
conclude that the relative strength of the interactions of the POSS
derivatives with PEO follows the order OP-POSS > OA-POSS.

All of our OP-POSS/PEO and OA-POSS/PEO blends exhibited
a single glass transition temperature over the entire blend
composition. A single value of T, strongly suggests that these blends
are fully miscible and possess homogeneous amorphous phases. In
addition, the values of T of the OP-POSS/PEO and OA-POSS/PEO
blends shifted to lower temperatures upon increasing their PEO
contents. The upturn in the values of T at higher PEO contents is
due, however, to crystallization of PEO during quenching. This
phenomenon suggests not only that crystallization of PEO in the
blends can the change the amorphous phase but also that the
crystalline PEO can act as a physical cross-linking point that may
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Fig. 2. The DSC scans of PEO blends with different compositions of (a) OP-POSS/PEO (b) OA-POSS/PEO, and (c) OS-POSS/PEO blends.

hinder the molecular mobility of the amorphous phase [49]. The
DSC thermograms of the OS-POSS/PEO blends, however, display
two values of T (see the inset to Fig. 2), implying that they were
phase-separated in the amorphous phase. As a result, we conclude
that OP-POSS and OA-POSS are miscible with PEO, whereas OS-
POSS is not.

3.2.2. DMA analyses

DMA allows the molecular relaxation behavior of small chain
segments to be detected and, as a result, the phase heterogeneity
can be detected on smaller scales than they can be when using DSC.
We performed DMA measurements to further investigate the
miscibility of our POSS/PEO blends. The apparently contradictory
result between DSC and DMA, in terms of the values of T;, may be
understood by considering the different experimental probe sizes.
DMA is capable of identifying compositional heterogeneity on the
scale of ca. 5 nm, whereas DSC is sensitive to heterogeneity only on
a scale of >20 nm; i.e., heterogeneities on smaller dimensions will
be averaged out by this probe [50]. We observed single values of T
in the DMA analyses of the OP-POSS/PEO and OA-POSS/PEO blends,
with a narrow Ty breadth [Fig. 3(a) and (b)]; in contrast, two values
of Ty and a broad T breadth appeared for the OS-POSS/PEO blend
[Fig. 3(c)], indicating that OS-POSS is immiscible with PEO, whereas

Table 1
Thermal properties of OS-POSS, OA-POSS, OP-POSS and PEO used in this study.

Sample Molar mass  Decomposition Glass transition

Mn (g/mol)®> Onset (°C)>  Char® (wt%) DSCY(°C) DMA® (°C)
0S-POSS 1850 461 38 -51 —49
OA-POSS 2314 443 60 —-14 —4
OP-POSS 1978 551 70 18 19
PEO 20000 301 0 —45 -21

2 Obtained from MALDI-TOF mass spectra.

b Recorded at 20 wt% loss.

¢ Obtained from TGA thermograms (heating rate: 20 °C/min).

4 Obtained from the second run of DSC thermograms (heating rate: 20 °C/min).
€ Obtained from the first run of DMA analysis (heating rate: 2 °C/min, 1 Hz).

and OP-POSS and OA-POSS are miscible with it, on the molecular
scale—a conclusion that is consistent with our DSC analyses.

3.2.3. TGA analyses

Fig. 4 displays TGA thermograms of OP-POSS, OA-POSS, and OS-
POSS and their corresponding blends with PEO. Of these three
amorphous POSS derivatives, OP-POSS possesses the highest
thermal stability: an onset point at 551 °C (at 20 wt% loss) and
a char yield of 68.7 wt%, which is higher than its 51.6 wt¥% siloxane

Table 2
Thermal properties of OP-POSS/PEO, OA-POSS/PEO and OS-POSS/PEO blends.

POSS/PEO T, (°C) T (°C) AHm (J/g) T4 (°C) Char (wt%)

DSC DMA

Pure PEO  —45.0 —21 683 1683 3081 0
OP-POSS/PEO

10/90 -22 -6 638 1456 3726 73
20/80 ~14 -9 631 1208 3862 122
30/70 -15 ~12 60.2 67.2 3907  17.2
40/60 -21 ~11 583 45.1 3917 249
60/40 -33 - - - 3953 369
80/20 —11 - - - 4161 485
100/0 18 19 = = 551.0  70.0
OA-POSS/PEO

10/90 —27 -10 646 1553 3788 42
20/80 -22 -10 637 1332 3789 80
30/70 -19 -1 61.8 1085 3826 139
40/60 ~14 -3 61.1 953 3871 193
60/40 ~11 - 58.7 66.4 3644 279
80/20 -31 = 58.0 35.0 3971 449
100/0 —14 -4 - - 4428 600
0S-POSS|PEO

10/90 53 —45 —47 -27 645 1586 3163 84
20/80 53 —47 -47 -27 643 1348 3681  10.1
30/70 53 48 -48 -27 637 1282 3834 17.3
40/60 52 44 —49 28 656 90.8 3734 187
100/0 —51 —49 = = 4617 380

2 Obtained from TGA thermograms (20 wt% loss during heating rate: 20 °C/min).
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Fig. 3. DMA analyses of PEO blend with different compositions of (a) OP-POSS/PEO (b) OA-POSS/PEO, and (c) OS-POSS/PEO blends.

content. Thus, it appears that decomposition of the organic
components of OP-POSS promoted further siloxane degradation,
resulting in the higher char yield. OA-POSS and OS-POSS have
relatively lower char yields (60.0 and 38.0 wt%, respectively)
because their phenol units tend to form aromatic char structures,
rather than small molecular vapors, at temperatures above their
decomposition temperatures. Degradation of PEO occurs from its
chain ends at its decomposition temperature, resulting in low char
yields. After incorporating our three POSS derivatives into the PEO
matrix, the char yields and decomposition temperatures of these
PEO/POSS blends increased upon increasing the POSS content. The
decomposition temperatures of the OP-POSS/PEO blends exhibited
the most significant increases relative to those of the OA-POSS and
0S-POSS composite systems. Furthermore, the char yields of the
miscible blends of OP-POSS and OA-POSS with PEO exhibited

linearity with respect to the theoretical values, whereas the
immiscible OS-POSS/PEO blends did not display any regular trend.
In these polymer POSS nanocomposites, the POSS units could
evolve into a ceramic superficial layer during the earlier stages of
combustion because of the nature of the low surface energy of the
siloxane structure of POSS [35]; this ceramic layer would protect
the underlying material by limiting heat transfer and hampering
the diffusion of oxygen and the evacuation of combustible prod-
ucts, in analogy with the behavior of layered silicates [51,52].

3.2.4. FTIR spectroscopic analyses

Infrared spectroscopy is a highly effective means of investigating
specific interactions between polymers. It can be used to study the
mechanisms of interpolymer miscibility, through the formation of
hydrogen bonds or dipole-dipole interactions, both qualitatively
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Fig. 4. TGA thermal grams of PEO blend with different compositions of (a) OP-POSS/PEO (b) OA-POSS/PEO, and (c) OS-POSS/PEO blends.
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Fig. 5. Infrared spectra of blend of at room temperature in the (a) and hydroxyl stretching of OP-POSS/PEO blend and (b) carbonyl stretching of OA-POSS/PEO blend.

and quantitatively. Here, we discuss only the intermolecular
interactions within the OP-POSS/PEO and OA-POSS/PEO blend
systems because no specific interactions exist between the OS-
POSS and PEO segments. Fig. 5(a) presents scale-expanded IR
spectra (2700-4000 cm™!) of various OP-POSS/PEO blends at room
temperature. Pure OP-POSS displays two distinct bands in the
hydroxyl (OH) stretching region: a broad band centered at
3350 cm~! and a small shoulder at 3525 cm™ !, corresponding to the
multiply hydrogen bonded and free OH groups, respectively. The
peak frequency of the former broad band shifted to lower wave-
number upon increasing the PEO content. Meanwhile, the intensity
of the signal of the free OH group decreased gradually—disappearing
eventually—upon increasing the PEO content, as expected. This
behavior reflects a new distribution of hydrogen bonds, resulting
from competition between OH-OH and OH-ether interactions.
It also reveals that the OH-ether interactions predominated in PEO-
rich blends; therefore, it is reasonable to assign the band
at 3200 cm™! as the signal of the OH groups hydrogen bonded to

()1

i @
2800+

2600 -
2400
2200+

2000

1800-%3 —

1800 2000 2200 2400 2600 2800

the ether groups. The frequency difference (Av) between the signals
for the hydrogen bonded and free OH groups can be used to eval-
uate the average strength of these intermolecular interactions [53].
Indeed, we calculated that OH-ether inter-association
(Av=325cm~!) was stronger than OH-OH self-association
(Av=175 cm™ 1) in this system—a result that is consistent with the
Painter-Coleman association model prediction [53].

Fig. 5(b) displays scale-expanded IR spectra (1680-1800 cm™!)
recorded for neat OA-POSS and various OA-POSS/PEO blends at
room temperature. We assign the signal at 1760 cm™' to the
absorption of the free carbonyl (C=0) groups of OA-POSS; its half-
width increased upon blending with PEO. Therefore, we suspect
that weak hydrogen bonding existed between the C=0 groups of
OA-POSS and the methylene (CH,) groups of PEO, as we have dis-
cussed previously [41]. Fig. 6(a) presents the synchronous 2D
correlation maps in the range 1600-3200 cm™ . The bands associ-
ated with OA-POSS in this spectral range, at 3037, 2924, 2849, and
1760 cm™?, are due to C-C aromatic, CH, CH,, and C=0 stretching

PE)

b

2800 —@ S 5(0;
|

2600
2400
2200+

¢
2000 ﬂ

wl_ 4

1800 2000 2200 2400 2600 2800

Fig. 6. The synchronous (a) and asynchronous (b) 2D correlation map of OA-POSS/PEO at 1750 cm~'-3000 cm™! region.
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different compositions (c) OA-POSS/PEO and (d) OP-POSS/PEO blends.

vibrations, respectively. The only signal arising from pure PEO
appears for CH, stretching vibrations at 2884 cm™'. We observe
two positive cross-peaks, indicating that the C=0 groups of OA-
POSS interacted with the CH; segments of PEO through weak
hydrogen bonds, but with different contributions from various
chains. In addition, the asynchronous 2D correlation maps in the
range 1700-3200 cm™~ ' [Fig. 6(b)] reveal that these two cross-peaks
have opposite phases. Thus, we conclude that the OA-POSS and PEO
units were reoriented relative to one another on the molecular level
because of C=0O groups of OA-POSS interacted with the CHj
segments of PEO, as depicted in Scheme 2, with the rate of reor-
ientation the CH; units of OA-POSS varying with respect to the type
of PEQ, indicating that two types of microenvironments existed in
these binary blend systems. In total, the 2D map reveals that the
intensity of the band at 1760 cm™! increased prior to that at
2884 cm~! upon increasing the PEO content [46]. Thus, it appears
that dipole-dipole interactions of the C=0O groups of OA-POSS
existed in the first step and then the C=0 groups of OA-POSS
interacted with the CH; segments of PEO in the second. From these
FTIR spectroscopic and DSC analyses, we conclude that the
hydrogen bonding interactions between OP-POSS and PEO are
stronger than those in the OA-POSS/PEO blend system.

3.2.5. Isothermal crystallization kinetics
Fig. 7(a) displays typical isotherms obtained when plotting

relative crystallinity (X;) against time for pure PEO, OA-POSS/

PEO =20/80, and OP-POSS/PEO=20/80 at a crystallization
temperature of 319 K. The half-time of crystallization (tqy2) is
defined as the time required for half of the final crystallinity to be
developed. We analyzed the crystallization kinetics of the PEO

blends using the Avrami treatment [54]:

log[ — In(1 - X;)] = log k + n log(t) (1)
where X; is the weight faction of material crystallized after time t, n
is the Avrami exponent (the value of which depends on both the
nature of the primary nucleation and the growth geometry of the
crystalline entities), and k is the overall kinetic rate constant (which
depends on the rates of nucleation and growth). The values of k and
n can be calculated from the intercept and slope of Equation (1).
Fig. 7(b) reveals that linear relationships exist between
log[-In(1 — X;)] and log t for pure PEO, OA-POSS, and OP-POSS of
the same composition at the crystallization temperature of 319 K.
Fig. 7(c) and (d) display plots of t1); versus T for the OA-POSS/PEO
and OP-POSS/PEO blends. For the sake of brevity, we do not present
the values of k, n, and t1), in this paper, but we note that (i) non-
integer values of n occurred in almost all cases resulting from mixed
growth or surface nucleation modes and (ii) the values of k
decreased upon increasing the content of the hydrogen bond donor
and the crystallization temperature. Molecular mobility is the
controlling factor at lower crystallization temperatures; at higher
crystallization temperatures, the process is controlled by nucleation,
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such that k decreases with increasing T.. Most importantly, these
results indicate that the overall crystallization rate decreases in the
order OP-POSS/PEO > OA-POSS/PEO, which is consistent with the
order of the strength of hydrogen bonding.

3.2.6. Spherulite growth kinetics

The spherulite growth kinetics in miscible blends of crystalline
and amorphous polymers has been reported [55]. The Lauritzen-
Hoffman theory has been used widely to study the crystallization
kinetics in miscible blends of crystalline polymers [56]. In this
study, we used a polarizing optical microscope to determine the
spherulite growth rates of PEO blends. Fig. 8(a) displays polarized
light micrographs of the OA-POSS/PEO = 30/70 blend from the melt
at an isothermal temperature T, of 40 °C for various time intervals.
It is clear that the crystal grew with a spherulite morphology. A
positive Maltese cross pattern is evident, indicating that the
spherulite radius was aligned along or perpendicular to the orien-
tation of the crystalline molecular axis. The dimensions of the
crystallites are very sensitive to the crystallization temperature and
time. For brevity, Fig. 8(b) presents plots of the spherulite radius
versus time only for pure PEO, OA-POSS/PEO = 30/70, and OP-POSS/
PEO =30/70, which were crystallized at 40°C. The solid lines
represent the best least-squares fit to the data. It is clear that
a linear increase in the radius occurred with time until the spher-
ulite impinged on others, with the slopes of the lines increasing in

100w

100um
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—@— OA-POSS/PEO = 10/90
—A— OA-POSS/PEO = 20/80

40 4
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/>
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the order pure PEO > OA-POSS/PEO > OP-POSS/PEO. Fig. 8(c) and
(d) display the dependence of G on T¢ for pure PEO and various OA-
POSS/PEO and OP-POSS/PEO blends; they indicate that the spher-
ulite growth rate decreased upon increasing the content of the
hydrogen bond-donating POSS at a given value of T.. The presence
in the blends of hydrogen-bonding POSS having higher values of T
significantly decreased the rate of PEO crystallization, as expected.
Furthermore, the reduction in the spherulite growth rate also
decreased upon increasing the crystallization temperature. Simi-
larly, these results also indicate that the spherulite growth rate
decreased in the order OP-POSS/PEO > OA-POSS/PEO, again
consistent with the order of hydrogen bonding strength. In general,
there are three main factors dictating the depression of the crys-
tallization rate in miscible crystalline polymers: (i) a decrease in the
segmental mobility of the crystalline polymer transporting across
the liquid-solid interface because of the higher value of Ty of the
blends, (ii) a dilution effect that reduces the number of crystalliz-
able segments at the surface of the growing spherulite, and (iii)
a decrease in supercooling resulting from the depression in the
melting point [57].

The interaction energy density parameters, calculated from the
melting depression of PEO using the Nishi-Wang equation [48],
followed the order OP-POSS/PEO > OA-POSS/PEO, implying that
the degree of supercooling was inversely proportional to the
hydrogen bonding strength at a constant crystallization
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Fig. 8. (a) Polarized light micrographs of OA-POSS/PEO = 30/70 blend at 46 °C for various times, (b) radius of spherulite as a function of time at 46 °C for pure PEO, OA-POSS/
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temperature. Therefore, the crystallization rate depression we
observed in this study is consistent with the degree of super-
cooling. Nonetheless, Wang and Jiang [58] found that the depen-
dence of the decrease in the crystallization growth rate on the
glass transition temperature in SAN/PCL blends dominated over
the polymer-polymer interaction parameter based on the Flory-
Huggins theory. The glass transition temperatures of the OP-POSS/
PEO and OA-POSS/PEO blend systems were almost identical, sug-
gesting that they did not play the main role in determining the
crystallization kinetics in these two blends featuring hydrogen
bonding interactions. Therefore, it seems that the hydrogen
bonding strength or the polymer-polymer interaction parameter
is more important than the chain mobility in hydrogen bonded
PEO blend systems.

The Lauritzen-Hoffman model, described below, can be used to
analyze the spherulite crystallization behavior of homopolymers
and some crystalline/amorphous polymer blends. We used it to
analyze the spherulite crystallization behavior of PEO blends. The
equation is

G = Gy exp {R(T—UTW )] exp [/;IA%'} (2)

where Gy is the front factor, U is the activation energy for the
segment diffusion to the site of crystallization, R is the gas
constant, T, is the hypothetical temperature below which all
viscous flow ceases, Ky is the nucleation parameter, /AT is the
degree of supercooling (equal to T9 —T;), and f is a correction
factor [equal to 2Tc/(T9, + T¢)]. We treated the parameters U* and
T. as variables to maximize the quality of the fit to Equation (2).
In this study, we used the Williams-Landel-Ferry (WLF) values of
U (4120 cal/mol) and T.. (Tz=51.6) [59]. The nucleation param-
eter Ky is given by [60]

Ke — 77T 3)

where b is the thickness of a monomolecular layer, ¢ is the lateral
surface free energy, o, is the surface free energy of chain folding,
Ahg is the heat of fusion per unit volume, TY is the equilibrium
melting temperature, and kg is the Boltzmann constant. Typically,

the value of nn is 4 in regimes I and III, but 2 in regime II. Often, it is
most convenient to rearrange Equation (2) as

u Ky
RT-T.) ~ MG~y

A plot of the left-hand side of Equation (4) versus 1/T.(AT)f gives
a line having a slope equal to -Kj. Figs. 9(a) and 9(b) display the
growth rate data for pure PEO and OA-POSS/PEO and OP-POSS/PEO
blends of various compositions, plotted according to Equation (4).
Table 3 summarizes the values of K obtained from Fig. 9. In this
study, we assign the regime to be regime III at ca. 40-50 °C [26]. The
derived value of K, can be used to calculated . and the work of chain
folding g for PEO, employing a thickness b of 0.465 nm [61], the value
of TS, of 72.9 °C determined in our previous study [49], and a value of
Ahy of 2.13 x 10° erg/cm? [61]. The lateral surface free energy o may
be estimated by the Thomas-Stavely relationship [62]:

InG+ (4)

g = abg <Ahf) (5)

where « is an empirical constant, usually assumed to be 0.1 for vinyl
polymers and 0.25 for high-melting polyesters [63]. Because a low
melting point polymer, such as PEO, has a long run of CH; groups,
much like PE, a value of 0.1 is recommended. We obtained a value of
oe for pure PEO of 30.67 erg/cm?, which agrees well with the value
reported previously [60].

Table 3 also lists the values of Kg(IIl) and ¢, for various blend
compositions. Both values increased upon increasing the content of
OA-POSS, indicating that the ability of PEO to crystallize increased
accordingly. Similar decreases in surface free energy of chain folding

Table 3
Comparison of K; and surface free energies of chain folding for OA-POSS/PEO and
OP-POSS/PEO blends.

0A-POSS/PEO K (II) x 10~* o, OP-POSS/PEO Kg (1II) x 104 o,

(deg?) (erg/cm?) (deg?) (ergfcm?)
0/100 6.68 30.7 0/100 6.68 30.7
10/90 6.17 284 10/90 6.20 285
20/80 455 20.9 20/80 7.13 3238
30/70 3.69 17.0 30/70 7.16 33.0
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Fig. 10. The DSC scans of (a) OA-POSS/PEO and (b) OP-POSS/PEO blends with different composition at cooling rate —5 °C/min from 100 to —50 °C.

have also been observed for PAS/PEO and PBzMA/PEO blend systems
upon increasing their PAS and PBzMA contents, respectively [41,64].
This result indicates that the amorphous component of the OA-POSS
reduces the surface free energy of chain folding and provides the
driving force for the crystallization of PEO. Note, however, that the
surface free energy of chain folding decreases only upon increasing
the OP-POSS content up to OP-POSS/PEO = 10/90; from that point on
it increased—a phenomenon that has also been observed in
phenolic/PEO, phenolic/PCL [65], and PVPh/PCL blend systems. In
a previous study [57], we found that if the inter-association equi-
librium constant is larger than the self-association equilibrium
constant, the surface free energy in the polymer blend is larger than
that in the pure crystalline homopolymer—as in the case for
phenolic/PCL, PVPh/PCL, and phenolic/PEO [64] blend systems,
which are similar to the OP-POSS/PEO blend system because the
OH-ether interaction between OP-POSS and PEO is stronger than
the self-association OH-OH interactions of OP-POSS. Conversely, the
surface free energy in polymer blends having a relatively weaker
interaction is smaller than that in the pure crystalline homopolymer,
as in the case for PVC/PCL [57], SAN/PCL [57], PAS/PEO [41], and
PMA/PHB [57] blends—a phenomenon that we also observed in our
OA-POSS/PEO blend system. A recent theoretical model has pre-
dicted [66] that a miscible blend of polymers featuring a relatively
large difference in Tg, and exhibiting weak intermolecular interac-
tions will exhibit two dynamic microenvironments: one near the
mean blend mobility and the other close to that of the component
having the lower value of T. In our 2D FTIR spectroscopic analysis
above, we observed two cross-peaks having an opposite order of
intensity, indicating that the micro phase separation occurs as
aresult of two different motions in this binary OA-POSS/PEO blend.
The amorphous component of AS-POSS may play a role as a nucle-
ation agent to reduce the surface free energy of chain folding and
provide the driving force for the crystallization of PEO.

Fig. 10 presents the DSC thermograms of pure PEO and the
OA-POSS/PEO and OP-POSS/PEO binary blends, recorded using
a slowcooling rate (5°C/min) to determine the crystallization
temperature. The crystallization temperature of the OA-POSS/PEO

blend in Fig. 10(a) is relatively high and it displays a small crystal-
lization peak, which is also higher than that of the virgin PEO, an
indication of fast nucleation due to the OA-POSS nanoparticles
behaving as nucleating agents [67]; this behavior has also been
observed in PP/POSS composites [68]. Beck reported that a good
nucleation agent can decrease the value of g, [69]. A foreign surface
can decrease the nucleus size required for crystal growth because
the creation of an interface between the polymer crystal and the
substrate may be less hindered than the creation of the corre-
sponding free polymer crystal surface. The grafting of AS-func-
tionalized POSS nanoparticles in the PEO main chain can lead to
a better dispersion of POSS nanoparticles in the PEO matrix,
thereby decreasing the work required to create a new surface. In
addition, the crystallization temperatures of the OP-POSS/PEO
binary blends underwent an initial increase and then decrease
upon increasing the OP-POSS content, which shows a similar trend
with .. This result reveals that the OP-POSS units could penetrate
into the lamellar regions of the PEO matrix. Therefore, we can
consider that this binary OP-POSS/PEO blend is miscible in its
amorphous phase. In this blend system features strong hydrogen
bonding, the surface free energy of chain folding increases upon
increasing the content of OP-POSS. This behavior is probably
related to the fact that, during crystallization, OP-POSS may readily
form physical cross-links with PEO molecules, thereby favoring the
formation of large loops on the surface of the PEO lamellar crystals
[70]. Thus, the surface enthalpy term overwhelms the surface
entropy of chain folding because of the presence of strong hydrogen
bonding between the OP-POSS and PEO units.

4. Conclusions

We have prepared three polymer-like amorphous POSS deriva-
tives—OS-POSS, OA-POSS, and OP-POSS—through hydrosilylation.
The intermolecular interactions between these POSS derivatives
and PEO segments have a great effect on the thermal properties and
miscibility behavior of their blends. The strongest hydrogen
bonding interactions occurred between OP-POSS and PEO; as such,
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their blend displayed superior thermal properties. The addition of
an amorphous hydrogen-bonding POSS nanoparticle into PEO
depressed the rates of both overall crystallization and spherulite
growth—to a greater extent with OP-POSS/PEO than with OA-POSS/
PEO, consistent with the relative intermolecular hydrogen bonding
strengths.
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