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ABSTRACT

Preparation and characterization of tin fluorophosphate glass (Pglass) matrix
nanocomposites incorporating polyhedral oligomeric silsesquioxane (POSS) were
investigated on the structural, thermal, morphological, mechanical, and rheological
properties. Various processes including synthesis, extrusion and sintering processes were
applied to prepare the nanocomposite samples, and a series of characterizations were
performed to enhance a comprehensive understanding of POSS/Pglass system. Another
application of POSS with hydrophobic functional groups on the well-structured nanoscale
silicate cage with three silanol groups was investigated to present the feasibility to use
POSS molecule as a coating material on the surface of the hydrophilic inorganic glass. In
addition, Poly(ethylene terephthalate) polymer matrix composites incorporating Pglass
was studied to present the benefits of the Pglass with ultra-low glass transition
temperature.

Obtained nanocomposites via one pot synthesis method using Pglass and trisilanol
phenyl POSS (TSP-POSS) showed significant increase of glass transition temperature
(Tg) due to the bulky POSS molecules. The synthesized nanocomposites were effectively
mixed in the carbon crucible by gases produced during the process, resulting in
homogeneous dispersion of POSS in the Pglass matrix, showing transparent optical
property and improved rheological, mechanical, and thermal properties. While during the
extrusion process mechanical force was used to homogeneously mix the TSP-POSS in
the Pglass matrix, determining highly porosity due to the function of a foaming agent of
POSS. The studies revealed tunable morphology with respect to the amount of POSS and
the extrusion conditions. 2°Si Solid state NMR showed that after extrusion process silanol



groups of TSP-POSS are all consumed by condensation reaction, consistent with the
result of NMR analysis using the Pglass matrix nanocomposites prepared by sintering
process. POSS molecules effectively were dispersed in the Pglass and chemically reacted
with Pglass molecules lead to ingenerate the increase of Tg and increased chemical
stability of nanocomposites compared to that of pure Pglass.

The novel approach using POSS molecule which is grafting hydrophobic function
groups on the core, are utilized to lead increased hydrophobicity of the glass surface. To
mimick a lotus leaf with a combination of roughness and low surface energy, the micro-
sized Pglass particle and hydrophobic POSS were used. Contact angle of the obtained
surface-modified hydrophobic Pglass showed significant improvement compared to bulk
pure Pglass. The umbrella effect of the long alkyl chains on bulky POSS core effectively
covered the hydrophilic Pglass surface and significantly improved water repellency of the
surface of bulk Pglass. In addition, Pglass/PET hybrids were successfully prepared using
a mixing process. Various characterizations were performed to understand structure-
property correlation in the hybrids with respect to amount of Pglass in the PET and
experimental conditions. The investigation of morphological, structural, rheological, and
crystallization properties revealed unique properties of Pglass/PET hybrids, attributed to
the plasticizer and nucleation effects of polydispersed Pglass particles as well as the

increased interfacial interaction between two components in the hybrids.
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CHAPTER I - INTRODUCTION

1.1 Thesis Organization

This thesis consists of seven chapters. Chapter 1 is a summary of literature on
organic polymer matrix composites and inorganic tin fluorophosphate glass (Pglass)
matrix composite materials with the various preparation methods, characterizations, and
properties. In addition, the principles of surface modification using polyhedral oligomeric
silsesquioxane (POSS) for hydrophobic property is reviewed. Mainly, the scientific study
and information related with POSS/Pglass composites in addition to Pglass/PET hybrid
will be discussed including the introduction of POSS and Pglass. Chapter 2 is a published
journal article in Journal of Non-Crystalline Solids, which showes the effect of addition
of POSS molecules in the inorganic Pglass matrix composites using one pot synthesis
method. Chapter 3 is a published journal article in Materials Letters, which examines the
unique effects of the amount of POSS and process conditions in the Pglass matrix and for
the porous structure of composites prepared by extrusion in the melting condition.
Chapter 4 discusses the thermal, physical and structural studies of POSS/Pglass
composites prepared by the sintering method. Chapter 5 examines another aspect using
Pglass and POSS materials to achieve nature-inspired hydrophobic modification using
POSS on the hydrophilic glass surface via dip coating method. Modified hydrophobic
surface structure-property relationship was investigated including the effect of surface
roughness on the hydrophobicity. Chapter 6 is a published journal article in Polymer,
which mainly discusses unexpected effects of Pglass in organic polymer matrix on the
crystallization and rheological properties characterized by solid-state NMR and
rheometer, respectively. Finally, Chapter 7 presents a summary of conclusions of the
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thesis and the future works to be conducted on intensive study related with current topics
and the extension of new topics.
1.2 Literature Review

Polymer materials remarkably replaced many materials such as natural organic
materials and metals. New applications of polymer materials dramatically increased over
the last several decades because of the advantages of polymer materials in processing,
cost, and light weight [1-3]. However, there was a limitation of polymer for the high-
performance applications due to the lower mechanical properties such as modulus,
toughness, and strength compared to metals and ceramics. In addition, there are needs of
new materials for new advanced technologies recently developed, requiring various
specific properties such as thermal, morphological, rheological, optical and mechanical
properties. Polymer composite technology is a suitable approach to prepare new materials
with improved properties [4-7] for the new applications with the needs from industry and
scientific research with synergetic properties [8]. Simply, more than two polymers can be
mixed to obtain new materials with predictable combined properties of each pure
component [9, 10]. However, there is a limitation to satisfy the various needs of
complicated and advanced applications with this simple method.

Hybrid types of composites are widely studied and developed to prepare new
materials due to their remarkable enhanced benefits, satisfying the needs from various
advanced applications in the industrial and scientific areas. Organic/inorganic hybrid
materials are common types of composite materials which can achieve various tailorable
properties with various fillers [11] and preparation techniques [12]. In general, polymer
composite materials are defined as combined materials with matrix materials of organic
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polymers and fillers including carbon nanotubes, carbon fibers, graphene, exfoliated
layered silicates and inorganic particles (e.g. glass, SiO», Al.O3, CaCO3) which can
improve the composites’ properties not to be obtained by either component (i.e. matrix
and filler) [13-16]. There are several main key factors about fillers which can influence
the properties of the organic polymer matrix composite. First, the size of fillers in the
organic polymer matrix is closely related with the interface area between matrix materials
and fillers. Conventionally, the size of filler was microscale; however, nanoscale fillers
are widely utilized due to the advantages of their small size, so called “nano-effect”
studied by many researchers [17, 18]. Second, the dispersion of fillers in the organic
polymer matrix is critical. Therefore, many researchers applied various techniques to
improve the dispersion ability of fillers in the matrix [19, 20].

There are many methods in preparation of composites including in-situ
polymerization, mixing in melt states, and other techniques (e.g. extrusion and solution
method) [21-23]. Some researchers used only one technique while many researchers
utilized combinations of each technique rather than only one method to achieve better
dispersed composites with improved properties [24]. First, in-situ polymerization is the
most common technique in preparation of composites [25]. For better dispersion of fillers
in monomers before polymerization, an additional technique can be applied such as
stirring and sonication [26]. In addition, the homogeneous dispersion of fillers in the
matrix was enhanced by the surface modification of fillers to improve the compatibility
between matrix molecules and fillers [27]. Second, mechanical mixing in the melt state is
an effective method to disperse the fillers in the polymer matrix. The mechanical mixing
process can be performed using a mixer and an extruder with mechanical shear forces, in
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addition to hot-pressing with a compressor [28]. There are many other effective methods
to prepare polymer composites including covalent functionalization, solution method,
grafting and combinations of each method listed. The combination of more than two
methods listed is efficient to produce the complicated material structures and improved
properties for advanced and elaborate applications [29-32].

Obtained composite materials are analyzed and studied using various
characterizations to comprehend the properties of prepared composite materials in-depth.
Mechanical, thermal, viscoelastic, morphological, and crystalline properties are critical in
defining material structures and fundamental properties. Mechanical properties consist of
modulus, toughness, and strength properties, which are crucial mechanical properties for
replacement of metal by polymer composite materials prepared by the addition of fillers
with high modulus [18, 33]. Thermal properties include thermal stability, melting and
glass transition temperature generally improved by addition of fillers in the polymer
matrix, attributed to good compatibility between matrix and filler [28, 34]. Viscoelastic
properties such as storage modulus and viscosity in a composite system generally
increase with increasing filler content due to intercalation, cross-linking, and interaction
on the interface between matrix and filler materials [20, 35]. Morphological properties
are a key factor to determine various material properties due to close relation with each
other [36]. The effect of the addition of fillers in the crystallization of the polymer
composites can be characterized by DSC and NMR [37, 38]. The crystallinity is closely
related with surface property, degree of dispersion, and size and amount of fillers in the

polymer composites [39].



In the current study, polyethylene terephthalate (PET) polymer was utilized as an
organic matrix polymer material. PET polymer is widely used in fibers, films, bottles and
various injection molding industries for packaging, electrical and automotive applications
due to its remarkable properties such as optical clarity, chemical resistance, and thermal
stability [40]. However, PET polymer has been limited in wide industrial applications due
to a relatively low crystallization rate [33, 41]. To improve the properties of PET polymer
such as mechanical, thermal, crystallization and morphological properties, various fillers
including SiOg, clay, CNTs, and glass were applied in the PET polymer matrix [42-45].
In addition, PET has a melting temperature (Tm) around 250 °C, which is enough
temperature to make Pglass melt and mix with melted PET polymer during the mixing
process.

Inorganic phosphate glass as a filler in the organic polymer composites has been
continuously studied in Otaigbe research group. Pglass has unique properties of low glass
transition and excellent chemical and physical properties such as non-toxic, low process
temperature similar to an organic polymer, chemical durability, flame resistance, optical
clarity, and chemical durability [46-51]. In the current study, Pglass is used as a filler in
PET organic matrix material. Pglass is reviewed to understand and predict the behavior in
the polymer matrix system in the literature. Tick [52, 53] proposed new phosphate glass
which has an ultra-low glass transition temperature. The recent research on the tin
fluorophosphate glass (Pglass) with the specific composition of 50% SnF» + 20% SnO +
30% P2Os has been carried out by many researchers [46, 47, 54]. Pglass is believed to
have a polymer-like chain structure attributed to the phosphate glass network (sp3 hybrid
orbital formation) [50, 55]. These phosphate anion tetrahedra structures were named (Q')
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as shown in Fig. 1.1 according to the number of bridging oxygens. However, the chain
structure of the Pglass is relatively smaller than polymer chains attributed to the fluorine
in the Pglass molecules. Pglass networks can be disrupted by fluorine, and bridging
oxygens in the phosphate glass is replaced by non-bridging fluorine, resulting in smaller
molecules and ultra-low glass transition temperature [56, 57].

Ultra-low glass transition temperature and process temperature of Pglass facilitate
blending of Pglass with organic polymer materials using conventional processing
instruments including mixer and extruder [48]. Pglass with low Tg4 can be prepared using
a specific procedure reported in the literature [52]. Usually, the Pglass/polymer hybrid
materials were prepared by mixing the prepared Pglass and various organic polymers in
the mixer (i.e. Polydrive® Melt Mixer) at the temperature around the melting temperature
of an organic polymer (180 °C ~ 250 °C). Recently, hybrid materials prepared in melt-
states of Pglass and various organic polymer materials were studied by many researchers
[46-48, 54, 58-60]. Rheological, mechanical, thermal and crystalline properties of
Pglass/polymer hybrids were investigated with respect to the matrix materials and
processing methods. Urman et al. [36] reported that Pglass concentration significantly
effects both shear and elongational viscosity. Adalja et al. [54] observed that the shear-
thinning characteristics of the Pglass-LDPE hybrids were enhanced due to the addition of
Pglass, indicating that there are nonlinear chemical and physical interactions between
Pglass and LDPE molecules. Urman et al. [46, 61] showed the results of the decrease of
Tg up to 10°C with increasing Pglass content in the polyamide 6 matrix in DMA analysis.
This indicates the plasticizing effect of Pglass in the polyamide 6 matrix and the

structural change of Pglass/polyamide 12 hybrids, which occurs in hybrids containing >
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2 vol% Pglass at above 220°C. This result is attributed to the microstructure change
caused by the enhanced interactions between two compatible pure materials. In addition,
polymer crystallinity was decreased with increasing Pglass concentration in the hybrid
composite materials [60, 62] because the molecular motion of the polymer chains
surrounding inorganic filler phase was hindered by inorganic Pglass molecules, resulting
in a decrease in molecular relaxation of the organic polymer [63].

Inorganic glass or glass-ceramic matrix (i.e. glass-ceramic, soda-lime glass,
borosilicate glass, and phosphate glass) composites can be prepared with filler materials
such as carbon nanotubes, graphene, and carbon fibers with high modulus to achieve
significant improvement in their thermal stability, electric insulation, corrosion
resistance, and mechanical properties such as strength, toughness, and hardness [64-66].
Even if inorganic glass-ceramic materials showed good mechanical properties, there are
intrinsic disadvantages of brittleness. Moreover, glass-ceramic materials generally show
poor tensile strength and low resistance to mechanical and thermal stress [67]. To
overcome this limitation, many researchers contributed to the research using composite
technologies with incorporation of fillers having higher mechanical properties. Many
researchers tried to prepare the glass or glass-ceramic matrix composites using nanofillers
including CNTs, nanosized SiC, Al2Os, graphene and carbon fiber [66, 68-71]. The
incorporation of carbon fiber and CNTs significantly improve the mechanical properties
attributed to the putout and debonding mechanism in the inorganic glass-ceramic matrix
composites [72-77]. Boccardi et al. [78] introduced glass matrix composite with a porous
glass foam structure to be used in the catalyst, membrane, and biotechnology
applications. It is worthy to note that the compositions and sample preparation are
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essential in determination of functionality of glass-ceramic matrix composites, which is
closely related to the structural and morphological properties of composites. In the
current study, instead of using Pglass as a filler, Pglass was used as a continuous matrix
material for inorganic Pglass matrix nanocomposites to obtain improved thermal,
rheological, and mechanical properties rather than pure Pglass. The current Pglass matrix
nanocomposites are prepared via one pot synthesis, extrusion, and sintering methods with
POSS at remarkably lower temperatures compared to other glass-ceramics and
borosilicate matrix composites already mentioned.

POSS is a unique material widely utilized as a nanoscale filler in the composites
[79-83]. POSS is a hybrid material with inorganic and organic parts in one structure [84],
which generally has silicon-based cages (closed or open) and organic functional groups
grafted on the cages as shown in Fig. 1.2 [85]. This core cage with silicon and oxygen of
the POSS molecule shows excellent thermal, mechanical and oxidative stability [83, 86-
88]. The nanostructured POSS materials can be utilized as a bridging material in the
surface modification between inorganic and organic materials due to their well-defined
inorganic/organic segments. POSS incorporated polymeric matrix composites were
prepared using various preparation methods such as blending, copolymerization, and
grafting [34, 89-93] for the polymeric matrix composites with the improved properties
including thermal, rheological and mechanical properties. Zhao et al. [34] reported that
the obtained trisilanolphenyl-POSS and polycarbonate matrix composites have good
compatibility, resulting in transparent sample with 5 wt.% POSS content. In addition, the
tensile and dynamic mechanical modulus were increased with the increase of the amount
of POSS content. To my knowledge, this is the first comprehensive study on inorganic
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Pglass composites incorporating POSS, which might be a basis for future investigations
on the inorganic matrix materials incorporating POSS as a nanoscale filler.

Glass-ceramic matrix composites can be prepared through many different
preparation methods such as extrusion [94, 95], sol-gel [96-98], hot-pressing [99], and
sintering process [72, 100]. The extrusion method has an enhanced benefit on continuous
production with low cost. However, there is a limitation of high processing temperature
for glasses. Hot-pressing is widely utilized to produce the ceramic composites due to
benefits on the reduction of the porosity and improvement of the mechanical properties of
composite materials. The sol-gel method is more suitable than other methods for the
preparation of thin films for surface coating. One of the effective methods is the sintering
process to prepare inorganic composites by the addition of filler materials in the glass-
ceramic powders for regenerating the bulk glass-ceramic materials. Fig. 1.3 showed the
SEM micrograms of the fracture surface of borosilicate glass matrix composite samples
prepared by the sintering process with CNTs [72]. In the sample prepared by one-step
process as shown in Fig. 1.3(a), the CNTSs are clearly visible with not completely sintered
glass grains, while the two-step sintered composite with intermediate stage at 400°C in
Fig. 1.3(b) showed better dispersion of CNTs due to the improved sintering process.

In the current study, there are three methods used in preparation of inorganic
Pglass matrix composites incorporating POSS. First, the one pot synthesis method was
used to chemically synthesize POSS and Pglass composites via a chemical reaction
between POSS and Pglass, which have reactive hydroxyl functionalities, respectively,
indicating that chemical synthesis process is potentially useable in preparation of
composites with POSS and Pglass molecules. Second, the extrusion method was
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conducted to prepare inorganic Pglass matrix composites incorporating POSS. In general,
the extrusion method for preparation of composites is a common method for polymeric
matrix materials such as PP, PE and PET materials for the applications of the packaging
industry [101, 102]. On the other hand, the extrusion process was applied to prepare
porous glass foam materials for the applications such as biotechnology, catalyst, and
membrane [78]. Minay and co-workers [70] reported that glass matrix composites
reinforced with Al.Oz platelets were prepared using recycled TV set screen glass by
extrusion process. Relatively high process temperature is a disadvantage in the usage of
conventional processing instruments for normal inorganic glass materials. However,
Pglass has an outstanding advantage on processing temperature, which is in the range of
processing temperature of general organic polymers. Effective dispersion of the
nanoscale POSS using the extrusion process will provide an increase in interfacial surface
area between inorganic glass and POSS in nanocomposites, which will improve nano-
effect in the composites [35].

This current study is the first approach to prepare inorganic porous Pglass matrix
composites using POSS as a filler with a function of a foaming agent similar to calcium
carbonate which is generally utilized to generate the gas phase in the composites [103].
Pglass with ultra-low processing temperature is an appropriate inorganic material for the
extrusion process using conventional instruments to produce the composites with unique
porous property with the addition of POSS. Third, the sintering method was applied for
the preparation of inorganic glass matrix composites using Pglass powder as a matrix and
POSS as a filler. Glass matrix materials generally exhibit ordinary Newtonian liquids at
high temperature as elucidated by Ross et al. [104]. Therefore, the viscous flow sintering
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process can be considered as a method to prepare the inorganic glass matrix composites
through the regeneration of the bulk materials from the powder with fillers [100]. The
compatibility of Pglass and POSS due to the hydrophilic functional groups of each
component will help the mixing process with POSS and Pglass.

Based on the unique property of POSS, which has both silanol groups and
hydrophobic functional groups, POSS can be considered as a potential material for
hydrophobic surface coating on the hydrophilic surface which attracts water causing
corrosion on the metal surface, resulting in a malfunction of the electronic device.
Hydrophobicity is a very critical property in advance research and industrial applications
including anti-corrosion, anti-fouling, and self-cleaning applications related with surface
energy and structure [105-109]. Hydrophobic surface can be achieved by the combination
[110] of low surface energy materials including alkyl chains [111, 112] and fluorinated
functional groups [105, 113] in addition to surface roughness [114-117]. Based on
Young’s equation [118], the contact angle (0) of a water droplet on the flat solid surface

can be calculated using equation (1)

Ysv — Vst (1)
Yiv

cosO =

where, ysy, ¥s1., and y, indicate the interfacial free energies per unit area of the solid-
gas, solid-liquid, and liquid-gas interfaces, respectively. However, surface roughness, the
other crucial factor for hydrophobicity, is not considered in this equation. Wenzel [119]

and Cassie et al. [120] proposed models showing the relationship between roughness and
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water repellency. Wenzel [119] proposed the equation (2) modified from the Young’s

equation (1), which includes the effect of surface roughness on the substrate.

cos 8 = Ry cosb, 2)

where, 6, is the contact angle for a smooth flat surface, Ry (>1) is a roughness factor
defined as the ratio of the solid-liquid area (AsL) to its projection on a flat plane (Are), Rf

= Ast/Arpr and @ is the contact angle for a rough surface. Based on this equation (2),
when 6, is greater than 90° the water repellency is increased as the Ry is increased. On
the other hand, when 6, is smaller than 90° the water repellency is decreased as the Ry is
increased. However, Wenzel could not explain the effect of roughness with air trapped in
the surface for the water repellency. Cassie et al. [120] proposed a new model

considering the air captured on the surface as follows:

cosf' = ficosf, + f, cosb, 3

where 0' is the contact angle of a rough hydrophobic surface with trapped air, which is
the combination of a surface area fraction f; with a contact angle 6, for the water-solid
surface and the other surface area fraction f, with a contact angle 6, for the water-air
surface.

The difference between the Wenzel and Cassie model was illustrated in Fig. 1.4,
showing the difference in two models due to the presence of the trapped air on the rough

surface. Many studies were conducted to investigate the fundamental principle of
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hydrophobicity of the surface and tried to mimick the lotus leaf for achievement of
superhydrophobicity [121-123]. For example, Yuan et al. [121] successfully produced a
stable super-hydrophobic PVC film showing 157 + 1.8°, mimicking the surface structure
of a natural lotus leaf by the nanocasting method using PDMS layer as a negative
template. Liu et al. [122] fabricated the superhydrophobic surface structure by plating
nano-C/Ni and nano-Cu/Ni two-layer coating on carbon steel substrate. Obtained surface
showed 155.5° attributed to the micro/nano scale roughness with coating of
perfluorooctyl trimethoxysilane, mimicking a lotus leaf. Barthlott et al. [123] studied an
anti-adhesive property against particulate contamination of a hydrophobic surface. This
self-cleaning mechanism is attributed to the “Lotus effect” of superhydrophobic property
of the surface.

After investigating the hydrophobic microstructure of a lotus leaf in nature as
shown in Fig. 1.5, many researchers [124-126] studied various types of structural effects
on the hydrophobicity. For example, Onda et al. [127] reported that they made a super-
water-repellent surface (contact angle: 174°) with a fractal surface using alkylketene
dimer, indicating that the fractal surface structure was remarkably effective on the
achievement of hydrophobicity. Bittoun et al. [128] reported that sinusoidal topography
with multiscale roughness is beneficial to achieve the lower wetted area and the higher
contact angle. Drelich [129] studied the wetting and spreading phenomena on
heterogeneous solid surface having microscopic, nanoscopic, and molecular
heterogeneities. Based on the theoretical study on a lotus leaf and the structural
relationship between the surface micro/nano-structure and water-repellency, enormous
efforts were devoted to fabricating the artificial hydrophobic rough surfaces by various
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methods [117, 130, 131]. Lau et al. [132] used carbon nanotube to fabricate a rough
matrix using plasma enhanced chemical vapor deposition (PECVD). Erbil et al. [133]
successfully re-formed superhydrophobic i-PP having high roughness, which can be
utilized for coating on a wide variety of substrates including glass slides, aluminum foil,
stainless steel, Teflon, high density polyethylene, and polypropylene. In addition,
lithography [134] and multilayer [135] methods were used to fabricate the rough surface
as well.

However, there is a limitation of preparation of higher contact angle with only
roughness. The rough surface with hydrophilic property needs to be modified or coated
with low-surface-energy materials having fluorinated functional groups or long alkyl
chains to achieve a higher contact angle [136, 137]. It is worthy to note that increase of
roughness is more effective for the improvement of hydrophobicity when there are
already low surface energy materials on the solid surface. To impose hydrophobicity on
the hydrophilic glass surface, organic-inorganic hybrid materials with organic
hydrophobic functional groups for hydrophobicity and inorganic functional groups to
react with the glass surface are useful. In this case, POSS can be utilized as a bridging
material between the inorganic surface of glass and hydrophobic functional groups
grafted on the core of POSS molecules because the unique inorganic cage structure
includes silanol groups at the core. Various organic functional groups can be grafted on
the inorganic silicate cage which is either closed or open [85, 138]. The open type of
POSS cage has generally three silanol groups while the closed type has none. The open
type of POSS with hydrophobic functional groups, such as long alkyl chains or
fluorinated functional groups [105, 139] is an appropriate material to coat the hydrophilic
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glass surface for achievement of hydrophobicity because the open type of POSS has
reactive silanol groups for the chemical and physical bonds with glass materials. In the
current study, roughness of bulk Pglass was prepared by grafting micro-size Pglass
particles on the surface of bulk Pglass by grafting process (fusion) between bulk Pglass
and Pglass particles using instant high temperature.

As discussed in the literature [46, 48], Pglass has an ultra-low T4 and lower
processing temperature compared to silicate-based glasses. This unique property can be
used in wide applications of Pglass such as optoelectronics, bioengineering, protective
coatings and sealant for adhesion between metals or glass materials in very low
processing temperature, which is a unique advantage of Pglass distinguished from other
glass materials with higher processing temperatures. Hydrophobically surface-modified
Pglass might be used with enhanced benefits on applications of coating to protect
hydrophilic metals and micro/nanoscale electronic devices [140] from corrosion [141,
142] caused by water.
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Figure 1.1 Phosphate tetrahedral sites that can exist in phosphate glasses.

reproduced with permission from (Ref 50). Copyright (2000), Elsevier
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Figure 1.2 Schematic structures of (a) closed-POSS (b) open-POSS (R: various
functional groups)

reproduced with permission from (ref 85). Copyright (2009), John Wiley and Sons
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Figure 1.3 SEM micrographs of the fracture surface of pressureless sintered samples: (a)
one-step sintered sample showing CNT agglomerates around not fully sintered glass
grains (b) two-step sintered sample.

reproduced with permission from (Ref 72). Copyright (2005), Elsevier.

Figure 1.4 Filling the liquid up to a rough surface through the solid substrate: (a) Wenzel
model and (b) Cassie model with air trapped on the surface. (R is the radius of the
circular contact area between solid and liquid.)

reproduced with permission from (Ref 117). Copyright (2011), Elsevier
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Figure 1.5 Superhydrophobic surface in nature. (a) lotus leaves show self-cleaning
properties (b) SEM image of the surface structures on the lotus leaf. (The scale bar of the
image (b) represents 20 um)

Fig. 1.5(a) is reproduced with permission from (Ref 126). Copyright (2007), Royal Society of Chemistry. Fig. 1.5(b) is

reproduced with permission from (Ref 123). Copyright (1997), Springer Nature
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CHAPTER II - SYNTHESIS AND CHARACTERIZATION ON NOVEL
PHOSPHATE GLASS MATRIX NANOCOMPOSITES CONTAINING
POLYHEDRAL OLIGOMERIC SILSESQUIOXANE WITH IMPROVED
PROPERTIES
Published Manuscript

Kyoungtae Kim, Todd M. Alam, Joseph D. Lichtenhan, Joshua U. Otaigbe. "
Synthesis and characterization of novel phosphate glass matrix nanocomposites
containing polyhedral oligomeric silsesquioxane with improved properties.” Journal of
Non-Crystalline Solids 463 (2017): 189-202.

Abstract

The preparation and characterization of novel tin fluorophosphate glass (Pglass)
matrix nanocomposite materials containing nanoscale trisilanolphenyl polyhedral
oligomeric silsesquioxane (POSS) prepared via classical glass synthesis was investigated
to accelerate efforts to develop novel hybrid Pglass/POSS nanocomposites with enhanced
benefits in suitable diverse applications. The glass transition temperatures (Tg) of the
obtained nanocomposites ranged from 121.6° to 147.6°C to an extent that depends on the
nano-POSS concentrations (< 10 wt.% POSS) in the nanocomposites. The obtained
scanning electron microscopy with energy-dispersive x-ray spectroscopy and atomic
force microscopy results confirmed the homogeneous molecular level dispersion of the
POSS cages in the continuous Pglass matrix of the nanocomposite. Chemical reaction (or
bonding) between the constituents of the nanocomposites was confirmed by Fourier
transform infrared spectroscopy, X-ray photoelectron spectroscopy, and nuclear magnetic
resonance spectroscopy. The rheological (storage and loss modulus) and nanomechanical
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(elastic modulus) properties of the nanocomposites significantly improved with
increasing nano-POSS concentrations up to 10 wt.% POSS. The molecular dispersion of
the POSS and its strong physicochemical interaction with the continuous Pglass matrix
can be tailored to satisfy requirements of a number of optomechanical applications where
the pure glass is not useable.

2.1 Introduction

Due to their design flexibility, improved performance properties, and relative ease
of processing, nanocomposites composed of a continuous polymer matrix incorporating
inorganic fillers such as exfoliated layered silicates, alumina, carbon fibers, carbon
nanotubes and borosilicate glasses have spurred significant academic and industrial
research interests in exploring feasibility of their uses in a wide range of diverse
application areas like automotive, aerospace, and packing applications [1-9]. In general,
composites materials can be prepared by physical mixing [9] or chemical (sol-gel)
reactions [10] between the composite matrix and filler materials as previously reported
in the literature.

Nanocomposites can be defined as matrix materials (e.g. glass-ceramics and
polymers) that are chemically or physically combined with relatively small
concentrations of nanofillers (e.g., carbon nanotubes, graphene, exfoliated layered
silicates) to produce materials with improved mechanical and melt rheological properties.
Nanocomposites include hybrid composite materials in which at least one of the phases
has nanometer length scale dimensions that facilitate significant improvement of the
limited properties of the continuous matrix materials in the nanocomposites. The reported
enhanced nanoscale size effects in nanocomposites avoid the disadvantages and
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limitations of traditional microcomposites [11, 12]. It is worthy to note that as the size of
the nanofiller decreases, the interaction between the nanoscale dispersed fillers and the
continuous matrix materials in the nanocomposite increase significantly, and in turn,
leads to mechanical and melt rheological properties by several orders of magnitude. The
molecular size similarity between the nanofiller and matrix materials and the relative
increased surface area allows efficient control of morphology and physical properties
such as chain motion and glass transition temperature (Tg) of the nanocomposite
materials.

In traditional polymer matrix composites, glass and carbon fibers with micrometer
length scales are widely used as fillers to improve thermal, mechanical and chemical
resistant properties of the continuous polymer matrices in the composites. Recently,
phosphate glasses (Pglass) have been investigated as filler materials in polymer matrices
[9, 13-18] because they have unique properties of low-Tg and excellent desirable
properties like chemical durability, intrinsic flame resistance, higher thermal expansion,
optical clarity, non-toxic, low process temperature and biocompatibility [19-23]. In the
current study, inorganic phosphate glass is used as the continuous matrix to yield
optomechanical phosphate glass matrix nanocomposites that are somewhat similar to
glass-ceramic matrix nanocomposites reinforced with nanofillers such as carbon
nanotubes and nanosized SiC with improved mechanical properties reported in the
literature [24-29]. Note that the current Pglass matrix hanocomposites are made via a one
pot synthesis method at remarkably lower temperatures than that used for making glass-

ceramics and borosilicate matrix microcomposites already mentioned.
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In contrast to the current study, other researchers have reported incorporation of
ceramic fillers in the form of addition of carbon or silicon carbide particles or fibers into
borosilicate glass matrices to produce glass matrix composites with improvements in
performance in applications such as structural components for high temperature and
impact resistant panels, which in itself is noncompliant as a result of elasticity and
thermal expansion coefficient mismatch of the composite constituents. The current study
explores the feasibility of an alternative radical approach of incorporating silicon in the
form of special nanoscale POSS molecules as an integral part of Pglass short-range and
intermediate-range (i.e., chain) structures which would preserve the favorable rheological
properties of the POSS/Pglass nanocomposite dispersion in the liquid state during
processing and compliance of the POSS/Pglass matrix nanocomposite film or thick sheet
while significantly lowering its surface tension properties. The resulting POSS/Pglass
matrix nanocomposite materials should possess mechanical and melt rheological
properties such as a combination of transparency (optical clarity), improved thermo-
mechanical properties, and lower surface tension than that of current pure Pglasses and
borosilicate glass matrix composites reported in the literature [25, 26, 28-39] for potential
uses in security glazing, armor structures, monitoring windows and impact resistant
transparent panels. While the POSS/Pglass matrix nanocomposite materials and
processing technology reported in the current study are different from conventional
ceramic matrix composites (CMCs) and melt blending of polymer matrix nanocomposites
and composites (PMCs) to maximize properties, it is hoped that the reported obtained

results of the current study may shed light on the molecular dynamics of CMCs and
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PMCs in general during processing at the nanometer length scales, a subject of current
intense study by academic and industry researchers [40, 41].

The polyhedral oligomeric silsesquioxane (POSS) used as nanofiller materials in
the current study represent a unique nanochemical materials platform that have been
widely studied and found to be highly effective nanofiller in different composite
materials reported in the literature [42-46]. It is worthy to note that POSS is composed of
well-defined silicon-based nanoscale cage structures that possess incompletely condensed
or completely condensed frameworks having the form of SiO1s. In addition, this
intermediate silicon-oxygen framework consisting of rigid crystalline silica-like cage
structures shows excellent thermal, flammable resistance and oxidative stability [42, 47-
49]. POSS can be incorporated into polymeric matrices by several methods such as
grafting, copolymerization and blending [50-56]. Further, POSS is an excellent nanofiller
which includes inorganic and organic parts in one structure which can show organic-
inorganic hybrid properties. POSS can be used as nanofiller to improve limited properties
of Pglass, such as thermal and mechanical properties.

The phosphate glass used as a matrix material in the current study has remarkably
low glass transition and processing temperatures as compared to silicate-based glasses.
As previously reported, inorganic phosphate glasses are usually considered as polymeric
materials because of their chain structures similar to polymer structure [21]. The basic
structure of phosphate glass networks is based on the phosphate anion tetrahedron [23],
which is denoted by Q', where the ‘i’ is the number of bridging oxygens on the unit
structure of the phosphate anion tetrahedral structure. There are various phosphate glasses
compositions reported in the literature including different alkali metals, e.g. Li, Na and K,
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that are the crucial part of phosphate glass network formation [20]. One of these
compositions is alkali zinc phosphate glass (AZP) which shows chemically durable
properties and has the following composition: XM20 + yZnO + zP,0Os (where x<0.25,
y<0.5, 0.29<z<0.5), M is an alkali such as Li, Na and K, and numbers are in mole
fractions) [21]. AZP glasses have high T4 values as compared with that of tin
fluorophosphates (TFP) glasses [19], which shows very low T values ranging between
90°C and 140°C and favorable rheological properties similar to that reported in the
current study. The low-Tg, favorable rheological properties and other desirable
characteristics of the TFP glasses make them promising materials for a wide range of
uses in diverse application areas, including optoelectronic components,
biomedical/bioengineering, and protective coatings. To our knowledge, there is no prior
reported research study on POSS/Pglass matrix hanocomposites as in the current study,
making it easy to say that the current work is important and timely and may provide a
basis upon which future studies on the interesting concept of phosphate glass matrix
nanocomposites can be launched.

This study is part of a long-range research project aimed at developing novel
opto-mechanical glass matrix nanocomposites with controllable chemistry and properties
(e.g., strength and light transmittance) for diverse applications, and at discovering novel
tunable structure-property relations for the nanocomposites. It is worthy to note that the
glass and POSS synthesis parameter space is potentially broad because it is a function of
the reactive hydroxyl functionalities of the glass composition and the various chemical
functionalities of the prescribed POSS chemistry. The POSS chemistry platform is a
diverse nanochemical platform that is chemically tailored to be compatible with
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appropriate chemicals and materials as already mentioned. By working with the industrial
manufacturer of these innovative POSS nanochemicals, it is reasonable to expect that a
range of chemical reaction mechanisms will result from this long-range research project
that is likely to yield special products with controllable properties to meet the vast
requirements of diverse applications. While the current work is focused on low-Tg Pglass
and POSS systems as a proof of concept of the novel glass matrix nanocomposites
materials platform, it is hoped that the work described here will provide a fundamental
basis for a better understanding of application of the novel materials chemistry strategy to
other glass chemistries and of new facile methods of modifying the properties of pure
glasses at molecular length scales with enhanced benefits including several orders of
magnitude improvement in their reinforcing ability of pure glass and pure polymer
matrices than traditional glass fibers and particles with micrometer length scales.
2.2 Experimental methods
2.2.1 Materials and preparation of nanocomposites

Trisilanol phenyl POSS (TSP-POSS, C42H33012Si7, solid powder) was supplied by
Hybrid Plastics Co., Ltd. Analytical grade reagents used {i.e., tin(Il) oxide (SnO), tin(Il)
fluoride (SnF2) and ammonium dihydrogen phosphate ((NH4)H2PO4)} were purchased
from Sigma-Aldrich and used as received. The neat tin fluorophosphates glass
(hereinafter referred to as Pglass) and Pglass matrix nanocomposites incorporating POSS
was synthesized with molar composition 50SnF> + 20SnO + 30P20s and various
concentrations of POSS ranging from 0 wt.% to 10 wt.% via a one pot chemical synthesis
method. The chemical structures of the Pglass [9] and TSP-POSS are shown in Fig. 2.1.
The synthesis method was conducted using analytical grade powders of SnF», SnO,
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(NH4)H2PO4, and TSP-POSS in the required stoichiometric ratios that were
homogeneously mixed in a mortar. The obtained mixtures were subsequently melted in a
carbon crucible at a temperature of 430°C for 30 min in a furnace. The resulting melts
were poured into a pre-shaped steel mold at ambient temperature to yield glass disk
specimens with 10mm diameter and 2 mm thick dimensions as depicted in Fig. 2.2. The
obtained samples were subsequently annealed around their glass transition temperature
ranging from 130 — 160°C for 90min depending on the POSS content in the
compositions. A portion of the obtained sample was ground into powder and then sifted
through a sieve with 150 um mesh for thermal and chemical characterizations. In a
second preparation method, 5 wt.% POSS and premade Pglass particles were manually
ground and mixed, heated in a carbon crucible maintained at 300°C for 10 min in the
furnace, and subsequently cooled down to ambient temperature. The morphology and
dispersion of the POSS in the Pglass matrix nanocomposites will be compared as a
function of the preparation method used (i.e., synthesis method and physical blending).
2.2.2 Measurements

2.2.2.1 Differential Scanning Calorimetry (DSC)

A DSC (PerkinElmer Pyris Diamond® DSC) equipped with an intracooler and a
computer for data acquisition and analysis was used in a dry nitrogen atmosphere to
determine the glass transition temperature (Tg) of the samples. Approximately 150
micrometer glass particle size weighing about 15 mg were used for the DSC
measurements in the temperature range from 30°C to 180°C and a 10 °C/min heating rate
in an alumina crucible under a nitrogen atmosphere. The samples were subjected to a
heat-cool-heat cycle, with cooling accomplished by intracooler cooling system prior to
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reheating. The glass transition temperature data obtained in the second heating run are
reported in this article.
2.2.2.2 Thermogravimetric analysis (TGA)

TGA was carried out on the samples using TA instrument Q500® operating from
30°C to 600°C at a heating rate of 10 °C/min with 20mL/min N2 sample purge flow to
investigate the thermal stability of the samples. The thermal degradation temperature was
taken as the onset temperature of thermal degradation using the universal analysis
software from TA instruments.
2.2.2.3 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR)

ATR-FTIR measurements were conducted on a Fourier transform spectrometer
(Thermo Scientific Nicolet 6700%) equipped with Smart iTR™ Attenuated Total
Reflectance (ATR) Sampling Accessory having a single bounce diamond crystal, at an
ambient condition in the frequency region from 650 - 4000 cm* for each sample. In all
cases, 32 scans at a resolution of 4 cm™ were used to record the spectra. The desired
amount of the samples was ground to a fine powder (less than 150 [1m particle size) and
analyzed on the diamond ATR surface.
2.2.2.4 Atomic force microscopy (AFM)

Surface topography of the samples was characterized by AFM (a Dimension Icon
AFM, Bruker) in tapping mode for both height and phase image using RTESPA300®
probe with a spring constant (k) of 40N/m attached to a silicon tip (antimony (n) doped
Si) to analyze the fracture surface of bulk Pglass and nanocomposites samples. AFM
measurements were performed to quantify the difference between the neat Pglass and the
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POSS/Pglass nanocomposites. To investigate the surface topography of POSS/Pglass
nanocomposites, the samples were fractured using a diamond glass cutter and the smooth
fractured surfaces were used for the AFM experiments. The PeakForce Quantitative
Nanomechanical Property Mapping (QNM) mode [57, 58] was performed to measure the
moduli on the fracture surfaces of the samples, using the modulus data of polystyrene
film as the reference. The elastic modulus was fitted with the Derjajuin-Muller-Toporov
(DMT) model [58, 59] using Nanoscope Analysis software (Bruker).

2.2.2.5 X-ray photoelectron spectroscopy (XPS)

XPS spectra were obtained using a Kratos AXIS 165® spectrometer equipped
with monochromatic Al-Ko X-rays at 12 kV and 12 mA as the excitation radiation in
UHV, 5x107 torr. The cross-sectional surfaces of the bulk Pglass and naocomposites
samples were analyzed because fractured cross section surface is compositionally most
representative of the bulk of the samples. To reduce surface charging on the glass
samples, a charge neutralizer was used. The O 1s spectra collected from the Pglass and
nanocomposites samples were fit using a Gaussian curve-fitting method in ORIGIN®
software.
2.2.2.6 Scanning electron microscopy (SEM) - Energy Dispersive X-ray
spectroscopy (EDX)

To investigate the morphology of the POSS-containing Pglass matrix
nanocomposites, the samples were fractured and coated with silver using a Quorum
Emitech K550X sputter coater to make the samples conductive. A Zeiss Sigma VP® field
emission scanning electron microscope (SEM) operating at 20kV with an attached
energy-dispersive X-ray spectroscopy (EDX) having a Thermo Scientific UltraDry EDX
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detector was used to obtain the morphology and elemental compositions with NSS3®
micro-analysis software on the surfaces of the fractured neat Pglass and nanocomposites
incorporating POSS.
2.2.2.7 Transmission electron microscopy (TEM)

TEM measurements were performed (Zeiss 900®) with an acceleration voltage of
50 kV to identify the POSS molecules in the nanocomposites. Specimens for TEM were
prepared by addition of Pglass nanocomposite particles (Max. 53 um diameter) in an
epoxy resin matrix which was cured for 36 hr at 70°C. The samples were cut and trimmed
using a microtome blade and the specimen sections were placed in 200 mesh copper grids
for observation.
2.2.2.8 Melt rheology

Rheological behavior of the samples was studied using an Anton Paar Physica
MCR501® with a 25mm diameter parallel-plate geometry at temperatures ranging from
270°C to 290°C. A linear strain of 1% was used for all the small-amplitude oscillatory
shear tests based on the result of a strain sweep test to determine the linear viscoelastic
region. Dynamic frequency sweep tests over a frequency range of 0.1 — 200 rad/s were
carried out on the samples. All the rheological experiments were conducted in a nitrogen
atmosphere to preclude oxidative degradation of the samples. The obtained data
replicated to within about 10% from sample to sample
2.2.2.9 Solid-state NMR

Solid-state 3P magic angle spinning (MAS) NMR spectra of the samples were
obtained on a Bruker Avance 111 600 (14.1 T) NMR instrument using a 4 mm broadband
MAS probe spinning at 12.5 kHz following standard acquisition conditions and *H
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decoupling. The 1D direct polarization (DP) NMR spectra were obtained using a single
pulse Bloch decay with a 240 s recycle delay with 16 scan averages, while the 1D *H-3!P
cross polarization (CP) MAS NMR where obtained using a 1 ms contact timeand a2 s
recycle delay, and 8K scan averages. The 3P NMR chemical shift was referenced to the
external secondary standard (NHs)H2PO4 & = 0.8 ppm with respect to phosphoric acid & =
0 ppm. The **F MAS NMR spectra were obtained on a Bruker Avance 111 400 (9.6 T)
NMR instrument using a 2.5 mm broadband MAS probe spinning at 25 kHz. A rotor
synchronized Hahn Echo with a 120 s recycle delay were used to obtain the 1D °F NMR
DP spectrum. The *°F chemical shift was referenced to the secondary standard ammonia
trifluoro acetate 6 = -72 ppm with respect to CFClz 6 = 0 ppm. Deconvolutions were
performed in DMFIT [60] .
2.2.2.10 Experimental error analysis

The reported experimental data are obtained from at least three samples and the
obtained data are reported as averages with standard deviations and shown as error bars
in the relevant tables and figures, respectively.
2.3 Results and discussion
2.3.1 Thermal properties

The thermal stability of the samples is depicted in Fig. 2.3 showing the TGA
curves of the neat Pglass and the nanocomposites samples. Within the experimental
temperature range tested (i.e., 30°C to 600°C), there is no significant difference in the on-
set temperature of thermal degradation between the neat Pglass and nanocomposites.
Clearly, the initial thermal degradation respectively occurred at 367°C and 365°+5°C for
the neat Pglass and nanocomposites as Fig. 2.3(b) shows. All the samples showed only
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4+1 wt.% of decomposition at elevated temperature 600°C. The observed relative
insignificant effect of POSS on the thermal stability of the samples is ascribed to
formation of new P-O-Si or Sn-O-Si bonds via condensation reaction between -OH in the
POSS and -OH in the Pglass during the synthesis of the samples [61, 62] that are
relatively thermally stable like the Si-O-Si bond in the POSS and P-O-P or P-O-Sn in the
Pglass.

The glass transition temperatures (Tg) of the samples were obtained via DSC as
already described in the experimental section. The Tg of the neat Pglass was found to be
121.6°C and the T4 of the nanocomposites steadily increased with increasing POSS
content (up to a Tg = 147.6°C for 10 wt.% POSS nanocomposite) as shown in Fig. 2.4.
This observation indicates a significant influence of POSS on the glass transition
relaxation process in the Pglass matrix of the nanocomposites that is attributed to the
bulky structure of POSS molecules like other researchers have reported in the literature
[45]. In general, POSS has rigid silsesquioxane cages at the center of molecules and
organic groups around the cages. The interaction of the organic groups around the cages
and matrix materials is known to strongly influence POSS nanocomposites properties
including glass transition temperature. In addition, the open cage type structure of POSS
used in this study has silanol groups that can be reactive via condensation reaction [62]
with other -OH groups of Pglass, providing chemical bonds between POSS cage and
Pglass matrix materials. This suggests that the bulky and rigid POSS molecules are
grafted onto the main chains of the Pglass thereby causing the observed increase of glass
transition temperature of the Pglass matrix nanocomposites via restriction of Pglass
chains mobility.
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2.3.2 Chemical structure analysis

The chemical structure of the samples was probed by FTIR, XPS, MAS NMR
following standard methods reported in the literature as already described in the
experimental section. The FTIR spectra of the samples in Fig. 2.5 clearly shows a peak
around 1070cm™ that is assigned to the Sn-O-P linkage and P-O" stretching vibration,
which is composed of the phosphate linked to a non-bridging oxygen in the Pglass
structure [63-66]. This peak is relatively broader as the amount of POSS is increased in
the nanocomposites due to the formation of new chemical P-O-Si bond assigned to 1160
cm® [61]. The bond just mentioned results from condensation reaction of -OH in the
POSS and -OH in the Pglass during the chemical synthesis of the samples. The additional
peak of Si-O-Si symmetric stretching occurring at 1100 cm™ is ascribed to the core cages
of POSS [61]. The peak near 1015 cm™ is associated with the (-POs)? end groups which
becomes broader as the amount of POSS in the nanocomposite is increased [67]. This last
observation is probably caused by the overlapping of the 1015 cm™ peak with the Si-O
stretching vibration peak assigned to 1028 cm™ from the POSS structure [68]. The peaks
near 920 cm™* and 740 cm™ are respectively due to the P-O-P asymmetric and symmetric
stretching vibrations [63, 66]. As expected, location and intensity of these two P-O-P
peaks are not changed by the presence of POSS in the nanocomposites, indicating that the
main structure of the Pglass is not changed significantly during the synthesis of the
hybrid POSS/Pglass nanocomposites samples. In addition, the peak near 840 cm™ is
assigned to the stretching mode of P-F bond, which is the terminal bond in the Pglass
structure [66, 69]. These P-F bonds are diminished as the amount of POSS in the
nanocomposite is increased. This last observation is conjectured to be caused by the
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bonding competition between F and Si-O to phosphorous that leads to a decrease in the
P-F bonds due to its replacement by the new P-O-Si bonds in the nanocomposite samples.
It is worthy to note that the above FTIR results provide confirmatory evidence of
formation of chemical bonds between Pglass and POSS under the synthesis conditions of
the samples used in this study.

Oxygen 1s X-ray photoelectron spectroscopy (XPS) was used to measure the ratio
of the non-bridging oxygen to bridging oxygen in the Pglass and nanocomposites. The O
1s spectra of the neat Pglass and nanocomposites incorporating 5 wt.% POSS are
deconvoluted to reveal the peaks that contain two main components representing non-
bridging oxygen (NBO) and bridging oxygen (BO) in the Pglass (see Fig. 2.6). Brow et
al. [70] reported results of a high ratio of NBO to BO (19:1) in the O 1s spectra of
50SnF»-20Sn0-30P20s glass. In addition, Wagner et al. [71] reported the result of 7.8%
oxygen atoms over the BO bonds in the same Pglass composition. According to our data
in Fig. 2.6(a), 5.1% of BO and 94.9% of NBO are observed in the neat Pglass used,
which is consistent with the result reported by Brow et al. [70]. In addition, the observed
spectrum for the neat Pglass has a peak centered near the lower binding energy 531.3 eV
for the BO and the other peak is centered near 529.8 eV for the NBO in the neat Pglass,
respectively [72]. In the Pglass, the BO are associated with P-O-P linkage and the NBO
are associated with terminal oxygen [73] such as P-O including P-O-Sn and Sn-O-Sn. As
reported in the literature [74, 75], P=0 and non-bridging P-O are not resolvable and the
intensity of the XPS spectra of these oxygens is referred to as the NBO because of the
peaks assigned to double-bonded (P=0) oxygens are nearly coincident with the NBO.
Brow [76] reported that P=0 bonds are not expected to be detected separately in the O 1s
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spectra because P=0 could be found only in the ultraphosphate compositions (e.g. (P20s)
> 50mol%) in the XPS analysis. As shown in Fig. 2.6(b) the ratio of BO to NBO in the 5
wt.% POSS nanocomposites indicate a significant 40% increase from 5.1% of the neat
Pglass. This result is probably caused by the BO in Si-O-Si of POSS and the new Si-O-P
linkage between Pglass and POSS in the nanocomposites. Onyiriuka [74] reported that
the BO of Si-O-Si and the NBO (e.g. Si-O-M") can be distinguished by the O1s XPS
spectrum similar to the oxygen in the Pglass, and other researchers have reported BO
peaks centered near 531 eV for Si-O-Si that overlaps the binding energy of P-O-P linkage
[77]. Overall, the obtained 40% of BO can be explained by several bridging linkages like
the P-O-P, Si-O-Si and Si-O-P linkages that possibly belong to the BO in the 5 wt.%
POSS nanocomposite sample. Clearly, the above results confirm the desirable chemical
reaction between the POSS and the Pglass as a facile method of incorporating molecular
silica into the chemical structure of the Pglass matrix nanocomposite with enhanced
benefits described later.

Lastly, the chemical structure was characterized using both °F and 3P solid-state
nuclear magnetic resonance (SSNMR). Fig. 2.7(a) shows the °F MAS NMR for Pglass
with increasing concentration of POSS. The spectra are dominated (~88 %) by a
resonance at = -58 ppm (and associated spinning sidebands) which has been assigned to
a P-F environment [78]. There is also a F environment observed at 6 = -48 ppm (11%)
assigned to SnF species [79] and a minor species at & ~-120 ppm (~1%) assigned to a F
in a mixed tin oxide environment (spectral deconvolutions are shown in Fig. 2.7(b))
These results show that there are no large changes in the F environments and that the P-F
linkage is retained in the glass structure during the formation of the nanocomposites.
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The 3P MAS NMR (Fig. 2.7(c)) and *H-3'P CPMAS NMR spectra (Fig. 2.7(d)) show the
central isotropic resonance shift region for samples with the addition of the POSS into the
Pglass matrix nanocomposite. These spectra are assigned to the overlapping Q* and Q°
species at 6 = -18.8 and -11.3 ppm., where the numbers 1 and 0 indicate the number of
bridging oxygen connected to phosphorous in the Pglass structure [9, 23]. A few
comments are warranted on these resonance assignments. It has been previously argued
that substitution of a F for a bridging O within the phosphate polyhedron has minimal
effect on the 3P chemical shift for metaphosphate Q? species (two bridging oxygens and
two non-bridging oxygens per phosphate or one bridging oxygen, one fluorine and two
non-bridging oxygens per phosphate), while formation of a terminal P-F leads to the
depolymerization of the Q? phosphate [80, 81]. For pure tin phosphate glasses xSnO (1-
X)P20s the Q? phosphate species was observed between & = -35 and -32 ppm [82, 83],
arguing that Q? phosphate species (fluorinated or non-fluorinated) are not present in the
TFP glass. For pure tin phosphate glass the Q' and Q° phosphate species were reported
between 6 =-20 and -15 ppm and & = -11 and -9 ppm, respectively [82]. The assignment
of the broad resonance observed at § = -18.8 ppm to a (-OP(O")2F) Q* phosphate species
is consistent with the assignment previously reported for TFP glasses and composites
[84]. The minor resonance at & = -11.3 ppm in the pure TFP glass is assigned to
orthophosphate Q° phosphate species.

These NMR results show that there are no huge structural or chemical changes in
the Pglass structure except for a minor increase in the 6 = -11.3 ppm resonance with the
increasing POSS addition. This is clearly evident in Fig. 2.7(e) where a spectral
deconvolution is shown. The relative concentration of the Q* to Q° phosphate species of
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all the chemically synthesized samples being displayed in Table 1 for easy comparison.
Note that as the amount of POSS in the nanocomposite increased the ratio of Q° to Q!
increased, indicating that shorter inorganic Pglass chains are formed with the addition of
POSS, or that this increase in the 8 = -11.3 ppm resonance may reflect direct bonding
between POSS and the TFP glass. The reaction between -OH of Pglass and -OH of POSS
would result in the formation of P-O-Si linkages that are predicted to occur with a 3P
chemical shift near 6 = -10 to -12 ppm [85]. In this study there is not a distinct peak for
this proposed linkage species. The *H-3'P CPMAS NMR spectra (Fig. 2.7(d)) are similar
to the DP 3!P MAS NMR spectra, but are much weaker, representing only ~2% of the
total 3P signal. Also, note that with increasing POSS concentration there is an emphasis
of the § = -11.30 ppm in the CPMAS 3P NMR. These CPMAS results demonstrates that
for the original TFP glass there is low water and OH concentrations, confirming
previously reported excellent durability for this glass composition. These results are
remarkably consistent with the FTIR data already described.
2.3.3 Melt rheology

As shown in Fig. 2.8 the neat Pglass and nanocomposites revealed a Newtonian
behavior (or constant viscosity with shear rate) under steady shear flow conditions at
270°C except the low shear rate region of the neat Pglass [17]. As the amount of POSS
increased in the nanocomposites, the viscosity of the nanocomposites gradually
increased. The obtained results showed that addition of POSS in the nanocomposites
gave higher viscosity due to the influence of the bulky POSS molecules in the liquid
Pglass matrix [45]. It is noteworthy that this result is consistent with the FTIR and XPS
analysis already discussed in the previous sections. The significantly low viscosity
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observed for the neat Pglass at the low shear rate may be due to the test instrument
limitation in the very low viscosity regime. The significant increase in the viscosity of the
Pglass matrix with small additions of POSS is remarkable and may provide a facile
method of changing the deformation and flow properties of glass matrix nanocomposites
during shaping and forming while still preserving the optical properties of the glass as
already mentioned.

Complex viscosities of the neat Pglass and nanocomposites under small amplitude
oscillatory shear flows are shown in Fig. 2.9(a). As expected, this figure shows an
increase in the complex viscosity with increasing amount of POSS in the nanocomposites
in the whole frequency range tested. In addition, Newtonian fluid behavior was observed
for all the samples under the reported test conditions. As shown in Fig. 2.9(b, c), it can be
seen that addition of POSS causes an increase in both the dynamic storage and loss
moduli, respectively. The data scattering observed in the low frequency region for the
neat Pglass and nanocomposite (2 wt.% POSS) may be due to instrument limitation in the
very low storage modulus regime that is characteristic of the samples. Fig. 2.9(d) shows
the so-called Han plots for the samples [86, 87], which shows the relation between
storage modulus and loss modulus at similar frequency. The slope of the storage modulus
versus loss modulus significantly decreased as the amount of POSS increased in the
nanocomposites as clearly evident in Fig. 2.9(d). It is worthy to note that the change of
slope in this figure indicates significant difference in the structure of the nanocomposites
composed of the matrix and filler materials at a fixed temperature [86]. It is well know
that the rheology of non-entangled melts like the current Pglass melts is well described by
a modified Rouse theory [88]. Using this theory the rheological characteristics of alkali
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zinc phosphate (AZP) glass was interpreted as undiluted organic polymers of low
molecular weight as previously reported [89, 90]. The dynamic storage modulus and
dynamic loss modulus of the current samples are expected to be predicted by this theory.
Briefly, the Rouse model describes the complex dynamic viscosity according to the

following equation;

N
pRT Tp
M 1+ iwt,

)

n"(w) =

Here, the materials have a density p, molecular weight M, and a set of relaxation times

{11, T2, T3, ..., TN} at absolute temperature T and angular frequency ®. Here, R is the

ideal gas law constant and { = v —1. This result simplifies with one relaxation time t:

PRT T

(@) = M 1+4iwt

(2)

The o dependence at any T can be summarized with two fit parameters 1, and t. Here, a

zero shear viscosity 1, was defined by Sammler et al. [90] as.

pRTT 3)

No
By following the definition,

(@) = In"(w) lexp{—¢, (w)} (4)

where,
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¢y (w) = tan" Y wrt} (5)

The magnitude of the complex viscosity is given as

In* ()] = no{l + (wr)?}~/2 (6)

As reported by Adalja et al. [91], the 1-parameter Rouse model (equation 6) for the
dynamic shear data of the Pglass agrees very well at low values of the angular frequency,
but significant deviation appeared in the higher frequency region. Therefore, the 2-
parameter Rouse model was applied in the current study consistent with the assumption
of two kinds of units in the Pglass. The 2-parameter Rouse model more accurately
models the frequency dependence of the complex viscosity according to the equations
below [91]. In the 2-parameter Rouse model, the complex viscosity as a function of

frequency can be described as

" _ pRT{ T1 Ty }
(@) = M (1+iwty * 1+ iwt, (7)
and two constants with the units of viscosity
pRT T4 pRTt,
M= and 1, = 7 (8)
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Equations (7) and (8) can be combined to give the magnitude of the complex viscosity as

the following equation (9):

" _ N1 N2 2 M7y N7z |° v
In*(w)| = {[1 ¥ (01,)2 + 1+ (sz)z] +w? 1+ (wty)? + 1+ (CUTZ)Z] } ®)

As shown in Fig. 2.10 the theoretical predictions of equation (9) show agreement with the
obtained experimental data. The t; and ); values are shown in Table 2 for the neat Pglass
and nanocomposites. The fitting was carried out using Origin® software.

As shown in Fig. 2.11 the viscosity of the neat Pglass and all nanocomposites
samples having different POSS concentrations decreased as the temperature increased,
facilitating the processability of the materials at elevated temperatures. To determine the
flow activation energy of the neat Pglass and hanocomposites in the range of temperature
explored, an Arrhenius type equation was applied over the specific experimental
temperature range due to the restriction of using WLF equation at temperatures close to
the glass transition temperature [91]. The Time-Temperature Superposition shift factor

ap can be described as follows

o =T10(T)
r No(To)

(10)

Here, To is reference temperature, 280°C, and shift factor a; can be fitted with

temperature according to the following equation:
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AH/1 1
ar = exp (o (7 - T—0>] (11)

where, AH is the flow activation energy and R is the universal gas constant. Equation (11)

can be rewritten as follows.

1 _ AH (1 1)
08T = 5303R\T T, (12)

The activation energies (AH) were calculated from slopes (AH/2.303R) of lines in Fig.
2.11(b) as indicated by equation (12), using the experimental data for each sample
displayed in Fig. 2.11(a); and the calculated activation energies is shown in Fig. 2.11(c).
It is clearly evident from Fig. 2.11(c) that the flow activation energy of the samples is
independent of the POSS concentration within the range explored. This observation is
thought to be beneficial in the shaping and forming of products made from the
nanocomposites
2.3.4 Morphological analysis

Figure 12 shows SEM micrographs of the fracture surfaces of the neat Pglass and
nanocomposites containing 10 wt.% of POSS prepared via chemical synthesis as already
described. Clearly, the samples showed featureless morphologies with no discernable
microscale aggregation or phase separation in the POSS/Pglass matrix nanocomposites,
confirming the homogeneous molecular-level dispersion of POSS in the Pglass matrix.
Note that the white speck on the surface of the sample on the SEM images in Fig. 2.12 is

shown for contrast and to show the remarkably smooth and homogeneous surface of the
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sample. As shown earlier in Fig. 2.2, the nanocomposites were observed to be clearly
transparent indicating that the POSS is chemically reacted with the Pglass to yield a
hybrid POSS/Pglass nanocomposite. This last point is supported by Fig. 2.13 that shows
mapping images of elements (white spots) by SEM-EDX on the fracture surface of Pglass
matrix nanocomposites incorporating 10 wt.% POSS. Clearly, Fig. 2.13(c) and (d) shows
that the carbon (C) and silicon (Si) of the POSS are homogeneously dispersed in the
Pglass matrix composed of P (and O, Sn, H and F, not shown).

AFM was used to investigate nanoscale morphology of the fracture surface of
Pglass and nanocomposites and the obtained results are in Fig. 2.14. This figure shows
homogeneously dispersed biphasic nanostructure as the concentration of the POSS in the
nanocomposite is increased from 5 wt.% to 10 wt.%(see Fig. 2.14(d-f)). This nanoscale
structure facilitates the observed transparency and enhanced rheological properties of the
nanocomposites.

In order to compare the structure of the chemically synthesized hybrid

POSS/Pglass nanocomposite with that of the physically blended premade Pglass and
POSS blend as described in the experimental section 2.1, the morphology of the latter
was investigated, and the obtained result is shown in Fig. 2.15. As expected, this figure
clearly shows segregated POSS structures attached to the surface of the Pglass matrix as
depicted in Fig. 2.15(a). This observation is corroborated by Fig. 2.15(b) which shows
TEM image of aggregated nanostructured POSS molecules attached to the surface of the
Pglass matrix in the nanocomposite. Note that the structure of the physically blended
nanocomposite is remarkably different from that of the chemically synthesized
nanocomposite (Fig. 2.12) as already described. Based on all the obtained results of this
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study a conjectured chemical bonding structure of the synthesized POSS/Pglass
nanocomposite is depicted in Fig. 2.16. The current study will provide a basis for further
elaboration of the proposed chemical structure model just mentioned and a better
understanding of the structure-property relations of the novel nanocomposites materials
platform in a future proposed study.
2.3.5 Nanomechanical properties

As a first step towards assessing the effect of the POSS on the mechanical
properties of the POSS/Pglass nanocomposite, the nanomechanical properties of fractured
surfaces of the neat Pglass and nanocomposites were investigated using AFM QNM™
(PeakForce™ Quantitative Nanomechanical Mapping) mode as already described in the
experimental section [57-59, 92]. The obtained results are summarized in Fig. 2.17 for
easy comparison. To obtain the elastic modulus of the samples, the experimental data
curve was fitted with the Derjaguin-Muller-Toporov (DMT) model [59, 93]. Here, the

elastic modulus is given by
4 3
F =2 EVRA® + Foan (13)

where F is the force, R is the tip radius, d is the deformation, and Fagn is the maximum
adhesion force. As clearly shown in Fig. 2.17(d) the addition of POSS to the Pglass
matrix increased the surface modulus of the nanocomposites. Fig. 2.18 shows the average
and standard deviation of the obtained moduli for five profiles on each sample. The

average modulus increased from 1.55 GPa to 6.28 GPa as the amount of POSS was

60



increased from 0 wt.% (neat Pglass) to 10 wt.% TSP-POSS. Overall, the results of this
study point to novel “transparent” glass matrix nanocomposites with enhanced benefits
for a number of wide ranging uses in applications, including biomedical engineering, thin
films and coatings.
2.4 Conclusion

It can be concluded from the results of this study that novel POSS/Pglass
nanocomposites can be prepared by chemically reacting the raw materials of Pglass and
neat POSS using a glass synthesis and quench method to yield novel transparent glass
matrix nanocomposites with improved controllable properties. Incorporation of the POSS
in the Pglass matrix nanocomposite increased the glass transition temperature of the
nanocomposite, suggesting that the relatively bulky POSS molecules reduce mobility of
Pglass chains in the nanocomposites. The observed improved melt viscoelasticity of the
nanocomposites is thought to be crucially important and desirable in the shaping/forming
of parts from the nanocomposites and their use. Spectroscopic analysis of the samples via
ATR-FTIR, XPS confirmed the chemical reaction of the POSS with Pglass matrix to
yield novel transparent POSS/Pglass nanocomposite with excellent homogeneous
distribution of the nanodispersed POSS phase with enhanced benefits for diverse
applications already mentioned. The nanoscale dispersion of the POSS in the
POSS/Pglass nanocomposite was confirmed by the obtained AFM and SEM-EDX data.
Solid-state NMR data showed that the ratio Q° to Q! increases slightly as the addition of
POSS was increased in the Pglass matrix, suggesting that the average length of the Pglass

chains in the nanocomposites is smaller than that of the neat Pglass.
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Nanomechanical properties of the fractured surface was investigated using AFM
PeakForce Quantitative Nanomechanical Mapping (QNM) mode and the obtained results
showed increased elastic modulus of nanocomposite surface with increasing
concentration of the uniformly nanodispersed rigid POSS molecules in the
nanocomposites. This study provides the first ever fundamental information on novel
phosphate glass matrix nanocomposites incorporating POSS dispersed at the molecular
level to yield interesting hybrid POSS/Pglass materials with enhanced benefits like
optically transparency and improved stiffness (or modulus) that may be useful in a wide
range of industrial applications such as biomedical device, optoelectronic components,
impact resistant transparent panels and bioengineering.
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Figure 2.1 Structure of (a) Pglass and (b) TSP POSS

Figure 2.2 Comparison of synthesized Pglass matrix nanocomposites incorporating TSP-
POSS prepared by the synthesis method described in the text; (a) neat Pglass, (b) 5 wt.%
TSP-POSS, (c) 10 wt.% TSP-POSS.
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Figure 2.7 (a) °F DP MAS NMR spectra, (b) deconvolution showing the different F
environment, (c) 3'P DP MAS NMR spectra and (d) *H-3!P CPMAS NMR spectra of
nanocomposites prepared by synthesis method, along with the (e) deconvolution of the
TFP glass spectra into assigned Q° and Q! phosphate environments (ssb = spinning side
bands).
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Figure 2.12 SEM images of fracture surface of (a) the neat Pglass and (b) Pglass matrix
nanocomposites incorporating 10 wt.% TSP-POSS prepared by synthesis method.

Figure 2.13 (a) SEM image and SEM-EDX mapping images of each element (b) P,
phosphorous; (c) C, carbon; (d) Si, silicon on the fracture surface of the Pglass matrix
nanocomposites incorporating 10 wt.% TSP-POSS prepared by synthesis method (black
background and white spot for each element)
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Figure 2.14 AFM height images (2um x 2um) on the fracture surface of (a) the neat
Pglass, (b) 5 wt.% TSP-POSS and (c) 10 wt.% TSP-POSS incorporated Pglass matrix
nanocomposites; AFM phase images of (d) the neat Pglass, (€) 5 wt.% TSP-POSS and (f)
10 wt.% TSP-POSS incorporated in the Pglass matrix nanocomposites.
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Figure 2.15 (a) SEM image of the physically blended 5 wt.% POSS/Pglass sample
showing POSS aggregation (arrows) and (b) TEM image of attached POSS on the surface
of heterogeneous POSS/Pglass physically blended 5 wt.% POSS/Pglass sample.
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Figure 2.16 The plausible structure of Pglass/TSP-POSS nanocomposites prepared by the
synthesis method described in the text (see Fig. 2.1(b) for the chemical structure of

POSS).
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Table 2.1

The deconvolution of 3P DP MAS NMR data on nanocomposites prepared by synthesis

method.
Neat Pglass (%) 5 wt.% TSP-POSS (%) 10 wt.% TSP-POSS (%)
Q° 205+1 2571 27.1+1
Q1 795+1 743 +1 729+1
Table 2.2

Fit parameters obtained from the 2-parameter Rouse model used for prediction of the

complex viscosity as a function of the frequency

M1 T1 N2 T2
Neat Pglass 2.33 -2.32 22.63 -0.00076
2 wt.% TSP-POSS 6.66 2.44 43.89 -0.00095
5 wt.% TSP-POSS 36.86 2.81 97.62 0.0016
7 wt.% TSP-POSS 27.14 1.72 144.92 -0.0015
10 wt.% TSP-POSS 56.86 4.28 233.23 -0.0012
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CHAPTER III - NOVEL POROUS BIOABSORBABLE PHOSPHATE GLASS
MATRIX NANOCOMPOSITES INCORPORATING TRISILANOLPHENYL
POLYHEDRAL OLIGOMERIC SILSESQUIOXANE PREPARED BY EXTRUSION
Published Manuscript

Kyoungtae Kim, Imane Belyamani, Joshua U. Otaigbe. "Novel porous bioabsorbable
phosphate glass matrix nanocomposites incorporating trisilanolphenyl polyhedral
oligomeric silsesquioxane prepared by extrusion.” Materials Letters 210 (2018): 186-190.
Abstract

Phosphate glass matrix nanocomposites containing trisilanolphenyl polyhedral
oligomeric silsesquioxane (POSS) were investigated for the first time to accelerate efforts
to develop novel hybrid phosphate glass/POSS composites with enhanced benefits. Tin
fluorophosphate glass (Pglass) having ultra-low glass transition temperature (Tg) was
utilized as the matrix material in extrusion at relatively low processing temperature (i.e.,
270 £ 10°C) compared to that of typical borosilicate and sodalime glasses. The resulting
nanocomposites materials were highly porous due to evaporation of condensed water
produced in situ from polysiloxane condensation reaction between the Pglass and POSS
during the extrusion process. As the amount of POSS was increased in the Pglass matrix
material, the glass transition temperature was significantly changed by the bulky POSS
molecules. The novel porous nanocomposites should find a number of uses in
applications at elevated temperatures where conventional organic polymer foam materials

are not useable.
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3.1 Introduction

While novel bioabsorbable phosphate glass-polymer composites [1] and porous
scaffolds [2, 3] with enhanced benefits have been reported in the literature, to our
knowledge, the work described in this article is the first reported study that demonstrated
feasibility of making porous glass matrix nanocomposites using extrusion processing
(traditionally used for organic polymer processing) that takes advantage of the relative
low-cost and high efficiency in distributing the nanofiller materials in the glass matrix
materials [4]. The improved nanofiller dispersion of the trisilanolphenyl polyhedral
oligomeric silsesquioxane (TSP-POSS) used here translates to an increase in interfacial
surface area of the nanocomposite and improved nano-reinforcement and biomedical
function [5]. Other researchers have reported borosilicate glass matrix composites [6]
and porous glass foam materials with uses in membrane, catalyst and biotechnology
applications with improved properties [7].

In the current study, TSP-POSS was incorporated for the first time into a
phosphate glass (Pglass) matrix to yield functional micro(nano)structured porosity
without using foaming agents such as calcium carbonate to generate the gas phase during
the processing [8]. It is worthy to note that phosphate glass was selected for this study
because it is the lowest glass transition P-glass (ca. ~100°C) with optimal combination of
water resistance and desirable rheological characteristics, as well as, complete and

congruent biodegradation and biocompatibility as previously reported [1, 9].
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3.2 Experimental
3.2.1 Materials

The Pglass was synthesized with a molar composition of 50SnF, + 20SnO +
30P20s by heating, in a furnace maintained at 430°C, a mixture of the stoichiometric
amounts of the initial raw materials in an appropriate high-temperature crucible for 30
minutes [9].

Pure Pglass and two different amounts of TSP-POSS (~ 10 wt.%) were used and
manually mixed using a mortar and pestle. Trisilanol phenyl POSS (TSP-POSS,
Ca2H38012Si7, Hybrid Plastics) was used. Analytical grade reagents, Tin(1l) oxide (SnO),
tin(I1) fluoride (SnF2), ammonium dihydrogen phosphate ((NH4)H2PO4) were purchased
from Sigma-Aldrich and used as received.

3.2.2 Extrusion Processing

The desired amount of Pglass powder and POSS powder was mixed manually and
continuously introduced into the feed-throat of a MiniLab® twin-screw extruder and
conveyed by the extruder screws through the extruder slit die of 1 mm diameter to yield
the glass matrix nanocomposite containing POSS. Specifically, the extrusion process was
carried out using a twin-screw extruder (HAAKE Minilab, Thermo Electron Corporation)
with the extruder chamber temperature maintained in the range of 260°C to 280°C. The
tubular die extension (70x20x30mm, lengthxheightxwidth), wrapped with heating tape,
was equipped around the extruder exit die and the temperature (140°C) was fixed via a
digital temperature controller to avoid drastic temperature decrease of the samples at the
die exit upon contact with ambient air. The screw speed was maintained between 65 and

80 rpm. The obtained composite materials were homogeneously mixed and a portion of
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them was ground to powder sieved through a mesh size of 150 um for thermal and
chemical characterizations.
3.2.3 Measurements

Glass transition temperature (Tg) was characterized by differential thermal
analysis (PerkinElmer Pyris Diamond® DSC) equipped with an intracooler in a dry
nitrogen atmosphere with glass sample particles (< 150 um) in the temperature range
from 30°C to 180°C and 10 °C/min rate. The reported T4 data were obtained in the second
heating cycle to remove effects of processing history. The result is given as the mean
value of at least two measurements. A Zeiss Sigma VP field emission scanning electron
microscope (SEM) operating at 20kV with an attached energy-dispersive X-ray
spectroscopy (EDX) having a Thermo Scientific UltraDry EDX detector was used to
investigate the morphology and elemental compositions of the surface of fractured pure
Pglass and Pglass nanocomposites incorporating POSS using NSS3® micro-analysis
software. The surface of the glass sample was coated with silver using a Quorum Emitech
K550X sputter coater to render it conductive.

3P NMR spectra were obtained on a Bruker Avance® 111 600 (9.6 T) NMR
instrument using a 4 mm broadband MAS Probe spinning at 12.5 kHz. A single pulse
Bloch decay with a 240s recycle delay was used to obtain the 1D spectra. The 3P
chemical shift was referenced to (NH4)H2PO4 6 = 0.8 ppm with respect to phosphoric
acid & = 0 ppm. *C Solid-state NMR and Solid-state CP/MAS 2°Si NMR spectroscopy
was performed on a Varian UNITY INOVA® 400 spectrometer using a standard
Chemagnetics 7.5 mm PENCIL™.-style probe. The samples were loaded into zirconia

rotor sleeves, sealed with Teflon™ caps, and spun at rate of 4.0 kHz. The standard cross-
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polarization/magic angle spinning (CP/MAS) technique was used with high-power
proton decoupling implemented during data acquisition. The data acquisition parameters
were as follows: The *H 90° pulse width was 5.5ps, the cross-polarization contact time
was 1ms, the dead time delay was 6.4us, and the acquisition time was 45ms. An overall
recycle delay of 12 seconds between scans was utilized. The number of co-added scans
was 2048. Peaks were referenced externally to the upfield peak of adamantine (29.5
ppm).

Solid-state CP/MAS °Si NMR spectroscopy was performed on a Varian
UNITYINOVA® 400 spectrometer using a standard Chemagnetics 7.5 mm PENCIL-style
probe. The samples were loaded into zirconia rotor sleeves, sealed with Teflon™ caps,
and spun at rate of 3 kHz. The data acquisition parameters were as follows: A *H 90°
pulse width was 5.5us, a cross-polarization time was 5ms, and a dead time delay was
6.4ms, and the acquisition time was 45ms. The overall recycle delay was 12 seconds,
and a *H decoupling field of 45.5 kHz was implemented during data acquisition. The
number of co-added scans was 512 for the POSS sample and 29,800 for the extruded
nanocomposite material. The NMR peaks were referenced externally to the downfield
peak of tetrakis(trimethylsilyl)silane (-9.8 ppm). The porosity of samples was estimated
by comparing measured density to theoretical density of composites.

3.3 Results and discussion

Fig. 3.1(a) illustrates how the TSP-POSS was dispersed in Pglass matrix via
mechanical mixing and hydrogen bonding in the extrusion process, allowing
condensation reaction between TSP-POSS and Pglass and between two of each material,
that produced water vapor inside of the Pglass matrix, transforming into homogeneous
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porosity in the nanocomposites. As the amount of POSS was increased in the Pglass
matrix materials, the T4 increased until it finally disappeared as shown in Table 1. This
observation suggests that either the glass changed to a glass-ceramic or the T4 value of
nanocomposites probably occurred at higher temperature, where thermal degradation
prevented its determination. The obtained results suggest that mobility of the Pglass
chains is restricted by the addition of the relatively bulky POSS molecules, leading to a
decrease of mobility of the Pglass chains that was signaled by the observed increased Tq
[10]. The extruded pure Pglass and nanocomposites materials are shown in Fig. 3.1(c).
The molecular structure and miscibility of the nanocomposites and its constituents
were analyzed via solid-state NMR studies. 2°Si CPMAS NMR was conducted to obtain
the local structural information between the Pglass and pure POSS as shown in Fig.
3.2(a). This figure shows that there are two sharp peak areas between -64 ppm and -82
ppm corresponding to T» and Ts sites, indicating silicon connected to hydroxyl group
(i.e., opened silicon) and silicon unconnected to hydroxyl group (i.e., closed silicon),
respectively [11]. Disappearance of T and the peak around -80 ppm are attributed to
disappearance of silanol groups via condensation reactions between the nanocomposites
constituents. In addition, the °Si spectra considerably broadened due to the reduction of
crystallinity of POSS caused by molecular-level dispersion in the nanocomposites. The
13C spectra shown in Fig. 3.2(b) indicate sharp signals corresponding to four phenyl
carbons at para (a, 132 ppm), meta (b, 128 ppm), ortho (c, 136 ppm) positions, and
phenyl carbon attached to silicon oxide moiety of the POSS cage (d, 130 ppm) in the pure

POSS [11]. In contrast, the broad signal shown in the nanocomposites samples indicates a
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reduction of crystallinity and homogeneous dispersion of POSS throughout the Pglass
matrix.

The stack plot of the isotropic resonance shift obtained from DP/MAS and
CP/MAS in 3P NMR for the extruded nanocomposites is shown in Fig. 3.2(c). Upon
addition of the TSP-POSS in the Pglass matrix, the ratio of Q° to Q* (where the numbers
0 and 1 indicate the number of bridging oxygen connected to phosphorous in the Pglass
structure) increased as shown in Table 1, indicating that the Pglass chains changed from
pyrophosphate to orthophosphate due to the addition of TSP-POSS [9]. Note that for the
Pglass nanocomposites containing identical TSP-POSS concentration, changing the
extrusion processing conditions did not reveal a significant shift of isotropic resonance in
3P NMR, indicating that the effect on the Pglass structure of the amount of TSP-POSS
used is more significant compared to that of the change of extrusion processing
conditions used.

The fracture surface of the extruded pure Pglass showed little bubbles (or voids)
caused by evaporation of bound water and entrapped air during the extrusion process as
shown in Fig. 3.3(a). The nanocomposites contained relatively more porosity (Table 1)
that was augmented by increased amount of POSS as shown in Fig. 3.3(b-d) due to in situ
condensation reaction between the nanocomposites constituents [12]. Fig. 3.3(e-h) shows
the distribution of each element in the samples characterized via SEM-EDX analysis on
the fracture surface of the extruded nanocomposites incorporating 10 wt.% POSS.
Clearly, the phosphorous from Pglass and the carbon and silicon from TSP-POSS are

distributed homogeneously in the nanocomposite samples in nanoscale.
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3.4 Conclusion

This study demonstrates for the first time the feasibility of facile preparation of
highly porous Pglass matrix nanocomposites incorporating POSS by extrusion
processing. The significant porosity in the samples is ascribed to evaporation of in situ
condensed water between hydroxyl groups of the Pglass and POSS during the extrusion
process. The solid-state NMR data analysis confirmed the chemical functionality of the
porous POSS/Pglass nanocomposites, excellent dispersion of the POSS, and associated
increase in the interactions between the Pglass and POSS in the new nanocomposites
with enhanced benefits in a wide range of potential applications such as biomedical and
tissue engineering, heterogeneous catalysis, membrane, and composites, where existing
materials cannot be used.
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Figure 3.1 (a) The expected macroscopic structure, (b) DSC thermograms, and (c)
pictures of Pglass/TSP-POSS nanocomposites prepared by extrusion.
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Figure 3.2 (a) 2°Si spectra of TSP-POSS, (b) 3C CPMAS spectra of TSP-POSS and *3C
CPMAS and DPMAS spectra of Extr4 sample and (c) 3P DP/MAS (left) and 3P
CPMAS (right) spectra in (A) Extrl, (B) Extr2, (C) Extr3, and (D) Extr4 samples in solid
state NMR analysis; (Extrl: pure Pglass with 260°C/65rpm, Extr2: 5wt.% POSS with
260°C/65rpm, Extr3: 5 wt.% POSS with 280°C/80rpm, Extr4: 10 wt.% POSS with
260°C/65rpm).
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Figure 3.3 SEM images of fracture surface of extruded Pglass and Pglass composite
incorporating POSS; (a) Extrl, (b) Extr2, (c) Extr3 and (d) Extr4, and (¢) SEM image and
EDX mapping images of each element; (f) phosphorous, (g) carbon and (h) silicon in the
10 wt.% POSS incorporated Pglass matrix nanocomposite (white is background the color
spots are elements in the EDX images shown in f, g, h).
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Table 3.1

Glass transition temperature and the deconvolution of 3P DPMAS solid state NMR data

on neat Pglass and nanocomposites prepared by extrusion method.

DSC NMR Measured Theoretical )
Sample . ] Porosity (%)
T4 (°C) Q° Q! Density (g/ml) | Density (g/ml)
Extrl 124.2+0.8 22.0+1 780+1 3.39£0.07 3.75 9.7+19
Extr2 146.3£1.3 27.3+1 72.7+1 0.65+0.03 3.63 822108
Extr3 151.0+0,9 285+1 715+1 0.71+0.03 3.63 80.6+0.8
Extr4 No Ty 37.1+1 629+1 0.85+0.09 3.52 75.8+24

Note: Porosity: (1-(measured density / theoretical density)) * 100
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CHAPTER IV — PHOSPHATE GLASS MATRIX COMPOSITES INCORPORATING
TRISILANOL PHENYL POLYHEDRAL OLIGOMERIC SILSESQUIOXANE
PREPARED BY VISCOUS FLOW SINTERING METHOD WITH ENHANCED
BENEFITS
Manuscript submitted to Journal of Non-Crystalline Solid
Kyoungtae Kim, William L. Jarrett, Todd M. Alam, Joshua U. Otaigbe
Abstract

The effect of mixing and sintering processes to prepare tin fluorophosphate glass
(Pglass) matrix composites incorporating trisilanol phenyl polyhedral oligomeric
silsesquioxane (TSP-POSS) was investigated by comparing manual and suspension
mixing, one-step and stepwise sintering processes to explore the structure dynamics and
physical properties in the composites as a function of the different process conditions
used. Energy Dispersive X-ray analysis confirmed optimal homogeneous dispersion of
the TSP-POSS molecules in the composites prepared by the suspension method. The
observed increase of glass transition temperature and the reduction of non-bridging bonds
in the composites are believed to be the reason for the effective dispersion of TSP-POSS
molecules in the composites. The chemical reaction between the TSP-POSS and Pglass
was strongly influenced by the mixing/dispersion and sintering processes investigated.
13C cross polarized magic angle spinning (CP MAS) solid state nuclear magnetic
resonance (NMR) spectroscopy confirmed the chemical stability of the TSP-POSS during
the sintering process at elevated temperatures. In addition, a chemical reaction between
the TSP-POSS and Pglass was evidenced by 2°Si CP MAS NMR analysis. This study will
provide a better fundamental understanding of the effective dispersion mechanism of the
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TSP-POSS molecules in the Pglass matrix that will facilitate tailoring the
physicochemical properties of the composites with addition of various small
concentrations of TSP-POSS for a number of applications where the pure Pglass is not
applicable due to the intrinsic properties of the Pglass.
4.1 Introduction

Nanocomposites containing nano-sized fillers incorporated in organic/inorganic
polymer matrix have been great attention in the last 30 years in academic and industrial
research because synergistic combinations of matrix materials and small amount of fillers
have yielded materials with significant improvements in mechanical, thermal, chemical,
barrier, and rheological properties [1, 2]. In addition, the nanocomposites physicochemical
properties can be tailored and optimized to address the needs for specific end use
applications. In this context, nanocomposites with desirable properties incorporating a
number of different types of nanofillers such as carbon nanotubes [3, 4], graphene [5],
carbon fibers [6, 7], alumina [8, 9], and layered silicate [10, 11] have been reported in the
literature. The special properties of polymer nanocomposites are usually dictated by the
combined relatively large interfacial area between the matrix and nanofiller materials that
is facilitated by good homogeneous dispersion of the nanofilles in the continuous matrix,
resulting in formation of chemical bonds, strong physical interaction, and desirable
structure/properties correlation [12, 13]. It is worthy to note that nanoscale materials have
a large surface area, which can create new and improved physical and chemical interactions
with nanocomposite matrix material at the interface, resulting in the special properties
already mentioned [1]. Significant academic and industrial research studies aimed at
exploring feasibility of their uses in a wide range of diverse application areas like
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automobiles, aerospace components, and packing applications are currently under
investigation [14, 15].

Using those fillers, inorganic glass/ceramic matrix (i.e. borosilicate glass, soda-
lime glass, phosphate glass, alumina, and glass-ceramic) composites can be prepared as
well. Inorganic glass/ceramic matrix composites were developed to improve their
mechanical properties such as toughness, strength, and hardness in addition to their
intrinsic properties such as thermal stability, corrosion resistance, porosity, and electric
insulation [16-19]. Even though the glass-ceramic matrix materials have outstanding
mechanical resistance, there is a limitation on some applications due to the brittleness of
the glass-ceramic matrix. Significant efforts to overcome these limitations were explored
using reinforcement technology with high modulus fillers such as carbon fibers and carbon
nanotubes (CNTSs). Significant improvements in the mechanical properties have been
achieved [20-23] attributed to the debonding and putout mechanism of carbon fibers and
CNTs in the glass-ceramic matrix materials [24, 25].

Glass-ceramic matrix composites incorporating fillers are prepared not only to
improve the mechanical properties such as toughness and strength, but also thermal,
structural, and optoelectronic properties. Balaji et al. [26] reported the fabrication of a
photoreactive single wall (SW) CNT/(Pb, Zn)-phosphate glass composite functioning as
an efficient photo-carrier generator possibly to be used as a UV-Vis light sensor and a
photocurrent converter. Kim et al. [27] reported that polyhedral oligomeric silsesquioxane
(POSS) incorporated phosphate glass composites were prepared by extrusion technique,
showing impressive porosity (82%) in the composites, which might be utilized as a
heterogeneous catalysis, as a membrane, and in biomedical engineering. In addition,
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devoted efforts for various applications using glass-ceramic matrix composites, such as
tissue engineering and use as heat exchangers, have been provided by other researchers
[28, 29].

The functionality of glass-ceramic matrix composites mainly depends on
compositions and preparation methods determining their structural and morphological
properties, which are closely related with other essential characteristics of composite
materials. There are several methods for the preparation of glass-ceramic matrix
composites including hot-pressing [30, 31], extrusion [27, 32], sol-gel [33-35], and
sintering process [20, 36, 37]. Hot-pressing was widely used to fabricate the ceramic
composites because this method has benefits on the reduction of the porosity and
enhancement of the mechanical properties of result materials. The extrusion method has
an advantage on the series production of composites [32], and the sol-gel method is more
appropriate for the fabrication of thin films for surface coating [35]. Sintering processes
can also be used for the preparation of composites by the addition of filler materials in the
glass-ceramic powders during the regenerating process of the bulk glass-ceramics materials
[37].

In the current study, a facile viscous flow sintering process was pursued for the
preparation of composites using tin fluorophosphate glass (Pglass) powder as a matrix, and
trisilanol phenyl POSS (TSP-POSS) molecules as a filler. As elucidated by Ross et al. [38],
glass materials behave as ordinary Newtonian liquids at high temperature, therefore,
viscous flow sintering process should be considered for the Pglass powder materials.
Processing temperature ranging from 190°C to 250°C was applied to prepare
Pglass/polyamidel2 (PA12) hybrid composites determining the effective mixing due to the
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low viscosity of Pglass at the processing temperature. In addition, as explored by Kim et
al. [27, 39] TSP-POSS and Pglass molecules effectively mixed at 260°C and 430°C using
extrusion and one pot chemical synthesis methods, respectively. Based on literature, the
excellent mixing behavior of Pglass and TSP-POSS molecules is due to the hydrophilic
functional groups of each materials.

Inorganic phosphate glasses are considered as inorganic polymer materials due to
the their chain structures [40]. Their basic structure of phosphate-based anion tetrahedron
(Q', i is the number of bridging oxygen) has been studied, and phosphate glass can be
modified by the addition of various metals (i.e. Li, Na, K) as reported [41] for wide
applications such as optical implementations [42, 43], glass fibers [44, 45], glass-to-metal
seals [46, 47], nuclear waste storage media [48-50], solid electrolytes [51, 52], and
bioceramics [53, 54]. Pglass has a remarkably low glass transition temperature (Tg) in the
range from 90°C to 140°C, and a relatively low processing temperature compared to other
silicate and borate-based glass materials. This unique property of Pglass was utilized in
inorganic/organic polymer hybrids prepared by blending the polymer and Pglass in the melt
state. The hybrids show remarkable benefits including tunable morphologies and
microstructure due to the existence of a liquid state over the wide range of processing
temperature. The benefits of Pglass incorporated polymer composites may not be achieved
from the conventional polymer/polymer blending and other polymer/inorganic particle
composites [55]. Pglass was considered as a matrix material as well as a filler material for
the composites because the processing temperature for Pglass was similar to general
organic polymers [27]. For the same reason, instruments designed for organic polymer
processing can be utilized for Pglass processing.
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Recently, Pglass matrix composites were explored using one pot synthesis and
extrusion methods with POSS as a filler [27, 39]. It is a challenge to create a new type of
composite with inorganic Pglass matrix and POSS, a unique nanostructural material. POSS
can be tuned into these two types of materials such as inorganic nanoparticles or
organic/inorganic hybrid particles according to the functional groups grafted on the POSS
core. In addition, POSS can be utilized in tremendous applications in academic research
and industrial applications, both as an additive and a monomer for composites and
copolymers, respectively [56, 57]. In general, as shown in Fig. 4.1, TSP-POSS has a
spherical cage of SiO1 s (closed-POSS, (a)) at the core on which there are various functional
groups providing the possibility of physical and chemical interactions with other materials.
Moreover, TSP-POSS with silanol groups (open-POSS, (b)) shows compatibility with
Pglass, that facilitates homogeneous dispersion of POSS in the Pglass matrix due to the
functional groups of P-OH in Pglass and Si-OH in POSS via the chemical reaction between
these two materials [27].

The sintering methodology was applied to prepare the TSP-POSS/Pglass
composites because the process is facile and suitable to produce the inorganic matrix
composites using inorganic matrix materials in powder form. Dispersion of TSP-POSS in
the Pglass matrix was investigated according to the various processing conditions to
determine the relations between the properties of the composites and the process
conditions. It is hoped that the study will provide fundamental information about physical
and chemical relations between an inorganic phosphorous-based glass material and an
inorganic silicon-based filler material in the composites, which potentially can be
applicable to catalysis support, biomedical, and optoelectronic applications.
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4.2 Experimental methods
4.2.1 Materials and sample preparation

Tin fluorophosphate glass (Pglass) was prepared with molar composition of
50SnF, + 20SnO + 30P.0s using the analytical grade reagents: tin(1l) oxide (SnO), tin(I1)
fluoride (SnF2) and ammonium dihydrogen phosphate ((NH4)H2PO4) purchased from
Sigma-Aldrich. Trisilanol phenyl POSS (TSP-POSS, solid powder) was supplied by
Hybrid Plastics Inc. The mixture of ingredients of Pglass was melted in a carbon crucible
at 430°C for 30 min. The obtained melt was quickly poured into a pre-shaped steel mold
(19 mm diameter, 2 mm height) at ambient temperature and then annealed for 90 min at
130°C above the T4 estimated from differential scanning calorimetry (DSC) analysis. The
prepared Pglass bulk samples were pulverized using mortar and pestle to pass through a
75 um mesh sieve.

The mixture of pure Pglass and various concentrations of TSP-POSS ranging
from 0 wt.% to 10 wt.% were prepared by manual mixing with mortar and pestle. In
addition, the suspension mixing method was applied to effectively disperse the TSP-
POSS in the Pglass matrix as follows. Various amounts of TSP-POSS were dissolved in
15 ml of acetone followed by adding 5g of Pglass powder (< 75 um) in the TSP-
POSS/acetone solution, which was stirred using a magnetic bar for 30 min followed by
vortex mixing for 5 min. The acetone was evaporated under vacuum using a water
aspirator at room temperature. The obtained samples were subsequently dried in a
vacuum oven at 80°C for 1 hr. The aggregated TSP-POSS-coated Pglass was ground into

fine powder for other experiments and analyses.
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The powdered compacts in cylindrical shape of pure Pglass and TSP-POSS/Pglass
mixtures with 15 mm diameter and 3 mm in thickness were prepared by uniaxial cold
pressing under 50 MPa to increase the effect of diffusion of TSP-POSS and Pglass
molecules during the sintering process. The powder compacts were sintered using two
different methods. In the first method, a one-step viscous flow sintering process was
applied. Here, the 500 mg of obtained mixtures of TSP-POSS/Pglass using the manual
mixing and the suspension mixing, respectively, was placed on the metal mold with 15
mm diameter holes and then sintered using 300°C for 15 min. In the second method, a
stepwise sintering process from 30°C to 300°C was applied to improve the diffusion of
TSP-POSS in the Pglass matrix. The stepwise sintering process was applied as follows:
the temperature was increased from 30°C to 100°C, 100°C to 200°C and 200°C to 300°C,
consecutively at the rate of 7 °C/min, and there were 15 min isothermal steps at 100°C,
200°C and 300°C, respectively. A portion of a sample was fractured to investigate the
properties of the fracture surface and another portion of a sample was ground into fine
powder for the various measurements and analyses including DSC, XRD and NMR
described in the following section.

4.2.2 Measurements
4.2.2.1 Thermogravimetric analysis (TGA)

To investigate the thermal stability of the pure Pglass and Pglass matrix
composites incorporating TSP-POSS prepared by the different mixing methods and
processes already described, TGA was conducted on the samples using a TA instrument
Q500 operating from 30°C to 600°C at a heating rate of 10 °C/min with 50 ml/min N
sample purge flow.

110



4.2.2.2 Differential Scanning Calorimetry (DSC)

DSC analysis (TA Q100, TA Instruments) was carried out using the TSP-
POSS/Pglass mixture samples in the temperature ranges of 30° to 180°C and 30° to 300°C
with isothermal conditions maintained for 15 min at 180°C and 300°C, respectively, to
test the feasibility of the sintering process simulated in the DSC experiments. A 10
°C/min heating and cooling rate under a dry nitrogen atmosphere with the same sample
size of 5.5 = 0.5 mg was used to determine the glass transition temperature (Tg). To
investigate the thermal property of the obtained composites samples prepared by the
various conditions (i.e., mixing and sintering process), other DSC experiments were
carried out in the temperature range of 30° to 200°C at a 10 °C/min heating and cooling
rate with isothermal conditions maintained for 1 min at 200°C.
4.2.2.3 Scanning electron microscopy (SEM) - Energy Dispersive X-ray
spectroscopy (EDX)

SEM/EDX analysis was conducted using a Zeiss Sigma VP® field emission
scanning electron microscope (SEM) operating at 20 kV with an attached energy-
dispersive X-ray spectroscopy (EDX) having a Thermo Scientific UltraDry EDX
detector. Elemental compositions of the surface of the fractured samples were analyzed
using the NSS3® micro-analysis software. The surface of the fractured samples was
coated with silver using a Quorum Emitech K550X sputter coater to prevent charging of

the samples.
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4.2.2.4 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR)

ATR-FTIR spectra were measured on a Fourier transform spectrometer (Thermo
Scientific Nicolet 6700) equipped with Smart iTR Attenuated Total Reflectance (ATR)
and the sampling accessory having a single bounce diamond crystal. Spectra were
recorded over a frequency range of 650 - 4000 cm™, with a 4 cm™ resolution and 32 scans
for each sample at ambient conditions.
4.2.2.5 X-ray diffraction (XRD)

Wide-Angle XRD (WAXD) were performed on the samples via the transmission
mode on a laboratory beamline system (Xenocs Inc. Xeuss 2.0) with an X-ray
wavelength (1) of 1.54 A (Cu-Ka radiation). The powdered samples were kept under
vacuum to minimize air scattering. Diffraction images were recorded on a Pilatus 1M
detector (Dectris Inc.) with an exposure time of 30 mins and processed using the software
Foxtrot. The WAXD patterns were analyzed to determine crystallinity of the samples
after the addition of TSP-POSS molecules.
4.2.2.6 Solid-state NMR

Solid state 'P NMR spectra were obtained on a Bruker Avance 111 600 (14.09 T)
NMR instrument using a 4 mm broadband MAS probe spinning at 12 kHz. Both single
pulse Bloch decay spectra with a 240s recycle delay, and CP MAS spectra using a 1 ms
contact time were obtained. The 3!P chemical shift was referenced to NHsH,PO4 & = 0.8
ppm with respect to phosphoric acid § = 0 ppm. 2°Si CP MAS NMR spectra were
obtained on a Bruker Avance 111 600 (14.09 T) NMR instrument using a 4 mm broadband
MAS probe spinning at 4 kHz, using a 5 ms CP contact time. The 2°Si chemical shift was
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referenced to Octakis(trimethylsiloxy)-silsesquioxane (Q8MS8) with an offset of 6 =+11.5
ppm with respect to TMS (& = 0 ppm). *C Solid-state CP MAS NMR spectroscopy was
performed on a Varian UNITY INOVA® 400 spectrometer using a standard
Chemagnetics 7.5 mm PENCILTM-style probe. The samples were loaded into zirconia
rotor sleeves, sealed with TeflonTM caps, and spun at a rate of 4.0 kHz.

4.3 Results and discussion

4.3.1 Feasibility of the sintering process

DSC analysis was used to simulate a sintering effect in the mixtures of TSP-POSS
and Pglass on the glass transition temperature (Tg) as functions of the mixing methods
used (i.e. manual mixing and suspension mixing) and the amount of TSP-POSS. As
shown in Fig. 4.2 (a-b), the T4 of the mixed samples prepared by manual mixing and
suspension mixing of TSP-POSS and Pglass was not significantly changed as the amount
of TSP-POSS was increased. This is because the isothermal hold temperature of 180°C in
the DSC process was too low to either allow additional nano-scale mixing of TSP-POSS
and Pglass molecules or to induce the chemical reaction between these two materials. For
the processing temperature of 180°C, the difference of T4 between the manual and
suspension mixing comparing pure Pglass and the 10 wt.% TSP-POSS/Pglass composite
showed 1.7°C and 3.8°C., respectively, which is not a significant effect of the addition of
TSP-POSS molecules in the Pglass matrix.

On the other hand, For the samples processed at 300°C, the effect of TSP-POSS
concentration revealed a significant increase in Ty with increasing TSP-POSS
concentration, as shown in Fig. 4.2 (c-d). This result indicates that there was effective
dispersion of the TSP-POSS in the Pglass, along with the occurence of chemical reactions
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between the TSP-POSS and Pglass molecules. This result helps to elucidate the basis for
improvement of the thermal property of Pglass composites, which is consistent with
previous results reported by Kim et al. [39]. The Ty was measured at the second heating
cycle in the DSC process that is a standard method of DSC analysis. It is worth noticing
that during the first 300°C heating cycle in the DSC, there was a viscous flow mixing and
a chemical reaction between TSP-POSS and Pglass molecules which can change the glass
transition temperature of the mixed samples. As depicted in Fig. 4.2 (c-d), there is an
apparent difference of T4 between the samples prepared by manual mixing and suspension
mixing. In addition, the Ty was increased significantly with increasing amounts of TSP-
POSS.

The 10 wt.% TSP-POSS/Pglass sample prepared by suspension mixing showed a
Tg of 161.2°C, which is significantly higher than the 147.4°C of the sample prepared by
manual mixing. This result provides crucial evidence of the benefit of the suspension
mixing method for the following effective sintering process, because the Tg4 of the samples
prepared by the suspension mixing increased up to 35.9°C while the T4 of the samples
prepared by manual mixing increased up to 22.1°C compared to that of the pure Pglass,
respectively. In addition, the Tg4 of the samples increased because the number of chemical
reaction sites between the TSP-POSS and Pglass molecules increased as the amount of
TSP-POSS was increased. The mobility of the Pglass molecules that reacted with the bulky
TSP-POSS molecules decreased, resulting in the decrease of Tg. The thermal and structural
analysis of composites samples prepared by the different mixing methods is discussed in

the next sections.
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Fig. 4.3 shows SEM/EDX images of TSP-POSS in the mixed samples prepared
by the manual mixing and the suspension mixing methods, respectively. Micron-sized
TSP-POSS particles were manually mixed with Pglass particles as shown in Fig. 4.3(a).
On the other hand, The TSP-POSS molecules were bonded to the Pglass particles via the
suspension mixing process as already described in the experimental section. The SEM
image in Fig. 4.3(b) did not show microscale TSP-POSS particles. However, the TSP-
POSS molecules coated on the Pglass surface were revealed in the elemental EDX
mapping image shown in Fig. 4.3(c-d). In the EDX mapping images, most of the
mapping area of the phosphorous (P) element of Pglass in Fig. 4.3(c) was covered by the
silicon (Si) element of TSP-POSS in Fig. 4.3(d), indicating that the TSP-POSS molecules
covered the surface of Pglass particles where the potential reaction sites are located for
the condensation reaction between TSP-POSS and Pglass [27, 58].

4.3.2 Thermal analysis

Thermal gravimetric analysis (TGA) was carried out to characterize the thermal
stability of the mixed samples and the obtained one-step sintered composite samples of 5
wt.% TSP-POSS/Pglass prepared by the manual mixing method and the suspension
mixing method, respectively, as shown in Fig. 4.4. The mixed samples prepared by the
manual mixing and suspension mixing showed a similar proportion of decomposition in
the range of 30° ~ 600°C. while there is a significant difference in the decomposed
portion of the two different composite samples in the TGA analysis. In contrast to the
observed 7.5 wt.% decomposition of the sintered composites prepared by manual mixing,
only 4 wt.% of sintered composite prepared by suspension method was decomposed. It is
worth noting that the suspension mixing method is more effective to make thermally
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stable TSP-POSS/Pglass composite using the sintering process compared to the manual
mixing method.

The Ty was measured on the samples obtained from in the mixing method and
sintering process using Pglass and 10 wt.% TSP-POSS/Pglass composites and the
obtained results are shown in Fig. 4.5. This figure shows an effect of the sintering process
and the mixing method on T4 change of the obtained TSP-POSS/Pglass composites.
These results point to the efficiency of physical mixing and chemical reaction of 10 wt.%
TSP-POSS and Pglass in the composites. As already discussed (see Fig. 4.2), the mixing
process and the temperature are critical factors in the T4 change because these factors are
related to the conditions of the dispersion of TSP-POSS in the Pglass matrix and
chemical reactions between TSP-POSS and Pglass molecules. Compared to the Tg
(120.2°C) of the control Pglass, the Tq of the composite sample prepared by manual
mixing followed by the one-step sintering showed an increase of 12.6°C. When the
suspension mixing was applied instead of manual mixing, the T4 of the composite
increased up to 30.4°C compared to that of the control Pglass, which is 17.8°C larger than
the T4 of the sample prepared by the manual mixing, indicating that the suspension
mixing was relatively more efficient in the dispersion of TSP-POSS in the Pglass.

In addition, the stepwise process already described in the experimental section
was applied to increase the effectiveness of mixing and chemical reactions between TSP-
POSS and Pglass molecules in the preparation of the composites. As expected, the T4 of
the composite was significantly increased by 50.2°C compared to that of the control
Pglass sample as shown in Fig. 4.5, indicating that physical dispersion of TSP-POSS in
the Pglass matrix increased during the stepwise sintering process. Further, the chemical
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reaction between TSP-POSS and Pglass molecules was significantly increased due to the
increased processing time. As reported in the literature [39], the increase of Ty is
attributed to the addition of bulky TSP-POSS molecules on the Pglass molecules,
resulting in the restriction of mobility of Pglass molecules. Interestingly, the endothermic
heat flow change around the glass transition temperature of the composite samples in the
DSC analysis shown in Fig. 4.5 was reduced as the suspension mixing and stepwise
sintering were applied to the samples. This indicates that the glassy phase of the
composites was reduced due to the suspension mixing and the stepwise sintering process.
It is worthy to note that glass-ceramics materials were obtained from the mixture of pure
amorphous Pglass and TSP-POSS due to the addition of bulky TSP-POSS molecules
using the suspension mixing and stepwise sintering process.
4.3.3 Morphological analysis

Fig. 4.6 shows SEM micrographs of the fracture surfaces of one-step sintered pure
Pglass and composites prepared by the suspension mixing of TSP-POSS and Pglass
powder and one-step sintering process. The pure Pglass particles were viscous-flow
sintered and became the continuous body as shown in Fig. 4.6(a) due to the very low Ty
and flow temperature of Pglass. Kim et al. [39] reported the very low viscosity of pure
Pglass as 10 Paes at 290°C, which is the same viscosity of honey at room temperature.
However, it is seen that there are some discontinuous defects in the fractured surface of
the sintered pure bulk Pglass because there were air spaces between the glass particles
before sintering which produced voids in the sintered Pglass bulk. On the other hand, as
the amount of TSP-POSS was increased in the Pglass matrix, it is seen that porosity in
the fracture surface of composites was increased and the size of the voids became larger
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due to the water vapor produced during the sintering process. As discussed by Kim et al.
[27], the water vapor was produced via the condensation reactions between -OH of Pglass
and -OH of TSP-POSS molecules.

The distribution of TSP-POSS molecules in the Pglass matrix of the composites
prepared by suspension mixing method and one-step sintering process was investigated
using EDX elemental mapping analysis as shown in Fig. 4.7. The silicon (Si) element of
TSP-POSS in the composite (Fig. 4.7(b)) shows homogeneous distribution similar to
phosphorous (P) mapping of Pglass as shown in Fig 4.7(a), indicating that TSP-POSS
molecules are not aggregated in the Pglass matrix composites. Interestingly, the viscous
flow sintering process without an additional mechanical stirring process showed an
effective mixing of TSP-POSS and Pglass molecules due to the very low viscous of
Pglass at the sintering temperature. This result is consistent with the results of DSC
analysis showing significant change of Tg4 by the sintering process discussed in the
previous section.

The crystallinity of the pure TSP-POSS, the pure Pglass, and the TSP-
POSS/Pglass composite samples prepared by suspension mixing and stepwise sintering
was studied by WAXD. Their WAXD patterns and profiles are compared to investigate
the effect of the TSP-POSS molecules on crystallinity of the Pglass matrix in the
composites as shown in Fig. 4.8. The WAXD pattern and profile of TSP-POSS showed
obvious rings in the pattern and sharp peaks in the profile, respectively. The strong signal
of TSP-POSS represents high crystallinity, which is consistent with the results reported
for a similar structure of POSS in the literature [59-62]. The weak WAXD patterns of
Pglass indicates the amorphous nature of glass material, with a broad peak around 25°
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(20) that is consistent with the results of the broad peak at 20~30 ° (20) for phosphate
glasses reported in literature by a number of researchers [63-67]. The WAXD profile of
the composite sample incorporating TSP-POSS is quite similar to that of the amorphous
Pglass. There are slightly more scattering intensities in the WAXD pattern of the
composite compared to that of Pglass. However, there is not a significant difference in
the profile. This result indicates that the addition of TSP-POSS molecules in the Pglass
matrix prepared via the sintering process did not significantly change the crystallinity of
Pglass matrix composite. It is worth noticing that the opaque property of the composite is
not ascribed to the crystallinity of the composites, but it is instead due to the voids in the
composites.

It was also observed that the crystalline property of TSP-POSS is not shown in the
TSP-POSS/Pglass composites, which is different from the results previously reported in
the literature [59, 61]. For example, Zhao et al. [59] reported scattering results of
polycarbonate (PC) composites due to the addition of POSS, indicating that POSS keeps
its crystalline domains in the POSS/PC composites. Lai et al. [61] reported that POSS-
modified POSS/Polyurethane composites showed the same crystallinity of the POSS
component, indicating that POSS retains an ability to form a crystalline phase in the
organic polymer matrix composites. In contrast, there is not a significant crystalline peak
of TSP-POSS in our results, which indicates that TSP-POSS molecules lost their self-
assembling ability to produce crystalline phase in the Pglass matrix during the sintering
process. This is attributed to good dispersion of TSP-POSS in the Pglass matrix and

chemical reactions of TSP-POSS and Pglass.

119



4.3.4 Structural analysis

The FTIR analysis on the pure Pglass, TSP-POSS and the composites prepared by
the various methods used here are shown in Fig. 4.9. The FTIR spectra of pure Pglass
sample shows peaks around 920 cm, and 740 cm™ associated with the asymmetric and
symmetric stretching vibration of P-O-P, respectively [68]. Obviously, the peak of 920
cm™ assigned to asymmetric stretching vibration was not affected by the addition of TSP-
POSS because the P-O-P bond is chemically stable in the composites and there is not an
overlapped peak from the TSP-POSS molecules. However, the peak at 740 cm™ assigned
to symmetric stretching vibration of P-O-P showed an overlapping with the peak around
745 cm! associated with the out-of-plane deformation of phenyl groups of TSP-POSS
molecules [69], resulting in higher and broader peaks after applying the sintering process
due to the addition of TSP-POSS molecules in the Pglass matrix. Another peak around
695 cm! assigned to the out-of-plane deformation of phenyl groups appeared in all the
composite samples due to the addition of TSP-POSS molecules to the Pglass matrix,
which is evidence of the stability of TSP-POSS molecules in the composites.

The peaks near the 1015 cm™ and 1070 cm™ assigned to the (— PO3)? and P—O™
[70-72], respectively, incorporating non-bridging oxygen in the linkages became broader
due to the overlapping of peaks of Si-O stretching vibration assigned to 1027 cm™ [73]
and Si-O-Si symmetric stretching vibration associated with 1100 cm™ [58, 73]. In
addition, a new chemical bond of P-O-Si between TSP-POSS and Pglass assigned to
1160 cm™ and Si-phenyl group bonds deformation in TSP-POSS at 1137 cm™ [69]
resulted in the broader peak from 950 cm™ to 1150 cm™ of composites in Fig. 4.9(f)
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compared to the peak of the pure Pglass in Fig. 4.9(b). The reduction of the peak of P-F
assigned to 840 cm [70] is obvious in Fig. 4.9 as the sintering process and suspension
mixing were applied to the composites. This indicates that the P-F bond was decomposed
and it is believed to be replaced by another bond (P-O-Si or P-O-P) as previously
reported [39]. The peak of P-F in the composite in Fig. 4.9(f) is significantly diminished
compared to that of pure Pglass in Fig. 4.9(b), which is ascribed to the good dispersion of
TSP-POSS in the Pglass matrix and the effective chemical interaction between the TSP-
POSS and Pglass molecules during the sintering process similar to that obtained in the
synthesis method reported previously [39].

31p CP MAS NMR spectra are shown in Fig. 4.10(a). A broad asymmetric
resonance observed at & = -18 ppm, which can be deconvoluted into Q° and Q* phosphate
species assigned to the peaks between & = -11 and -9 ppm and & = -20 and -15 ppm,
respectively [39, 74]. The pure Pglass (al) has the narrowest line width, while the sample
(a2) prepared by manual mixing and one-step sintering has the largest line width,
showing an apparent shoulder around & = -11 ppm, which is a different result from other
composite materials (a3, a4). This result represents a large ratio of Q%Q* in the sample
(a2) compared to other samples. It is conjectured that the recombination of Pglass
particles were hindered by bulky TSP-POSS particles during the sintering process,
resulting in increasing the Q° portion in the composite. 13C CP NMR MAS spectra are
shown in Fig. 4.10(b), representing the peaks assigned to carbon atoms of phenyl groups
of TSP-POSS [75] within the composites, which indicates the thermal stability of TSP-
POSS molecules in the composites prepared by the viscous flow sintering process with
the relatively low temperature used.
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The 2°Si CP MAS NMR result is shown in Fig. 4.11. Disappearance of the peak of
Si in the T2 position (open-Si, R-Si(OH)-O2, R=phenyl) of all sintered samples indicates
that the trisilanol were all consumed by condensation reactions of TSP-POSS-Pglass or
TSP-POSS-TSP-POSS, which is consistent with the result as already discussed [27].
There are not significant differences in the chemical shifts and line widths of Si of T3
position (closed-Si,R-Si-Os, R=phenyl) between the three composites as shown in Fig.
4.11(a-c), indicating that all of them have very similar chemistries. However, the 2°Si CP
MAS NMR of the dehydrated TSP-POSS sample (Fig. 4.11(e)) was prepared from only
TSP-POSS molecules. The peak of Si in the T3 position in the dehydrated TSP-POSS
shows an apparent shift compared to the peak of Si in the T3 position in the composites,
indicating that the new Si environments in TSP-POSS-Pglass (Fig. 4.11(a-c)) are
different from the Si environments in the dehydrated TSP-POSS (Fig. 4.11(e)), consistent
with the formation of Si-O-P bonds in the composite versus Si-O-Si bonds in the
dehydrated TSP-POSS. It is worthy to note that TSP-POSS molecules are chemically
bonded to Pglass molecules during the sintering process based on the obvious NMR
result already discussed, which is closely consistent with the remarkable change of the
glass transition temperature of the composites compared to that of the pure Pglass.
4.4 Conclusions

It can be concluded from the results of this study that the increase of glass transition
temperature of the TSP-POSS/Pglass composites is attributed to the effective mixing and
chemical reaction between these materials. The sintering process worked efficiently in the
preparation of composites at the temperature of 300°C and verified in the DSC pre-test
data. The Ty of TSP-POSS/Pglass composite increased up to 50.2°C compared to that of
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the pure Pglass with the efficient suspension mixing and the stepwise sintering processes.
SEM and EDX analyses confirmed that there is not a microscale aggregation in the mixing
of these two materials using the suspension mixing and one-step sintering process.

The suspension mixing was effective on the TSP-POSS coating on the Pglass
particles before the sintering process as shown in the SEM analysis, resulting in improved
dispersion of TSP-POSS molecules in the composites. This effective mixing of TSP-POSS
and Pglass by the suspension method increased the interface area between TSP-POSS and
Pglass molecules, resulting in more condensation reactions in the composites. The obtained
composites showed improved thermal stability and higher glass transition temperature. In
addition, the stepwise sintering process as used here provided sufficient time for the
efficient mixing and chemical reaction between the TSP-POSS and Pglass molecules in the
preparation of TSP-POSS/Pglass composites.

The chemical bonds between the TSP-POSS and Pglass in the composites were
evidenced by the reduction of the peaks assigned to non-bridging oxygen and P-F bonds
in the obtained FTIR data. In addition, the difference of the 2°Si NMR resonances
assigned to the T3z (closed-Si) between dehydrated TSP-POSS and the composites
indicates that there is an obvious difference of chemical reactions between TSP-POSS—
TSP-POSS in the pure TSP-POSS and TSP-POSS—Pglass in the composites. It is worthy
to note that the sintering process is a facile and efficient method to prepare TSP-
POSS/Pglass composites due to the benefits of the good compatibility in the mixing
between the Pglass with ultra-low Ty and nanoscale TSP-POSS molecules in addition to
the chemical reactive sites in both materials. This study is part of a long-range research
on novel Pglass matrix composites incorporating POSS prepared via a one pot synthesis
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method and the extrusion method previously reported. These research efforts provide
fundamental information of POSS/Pglass composite systems that is directly applicable in
a wide range of scientific and industrial application areas such as heterogeneous catalysis,
optoelectronic components, bioengineering, and biomedical engineering.
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Figure 4.2 DSC thermograms in the range from 30°C to 180°C with isothermal conditions
of 15 min at 180°C for the mixture of POSS and Pglass prepared by (a) manual mixing
and (b) suspension mixing, and DSC thermogram for the same samples in the range from
30°C to 300°C with isothermal conditions of 15 min at 300°C prepared by (c) manual
mixing and (d) suspension mixing.
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Figure 4.3 SEM images of (a) manually mixed POSS and Pglass particles; (b) SEM
image and EDX mapping images of (c) phosphorous, (d) silicon on the POSS coated
Pglass using suspension method.
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Figure 4.4 TGA graphs for the thermal stability of the mixture of POSS/Pglass and the
one-step sintered POSS/Pglass composites incorporating 5 wt.% of POSS prepared by
two different mixing methods: (a) manual mixing and (b) suspension mixing methods.
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Figure 4.5 DSC thermogram of the pure Pglass and 10 wt.% POSS/Pglass composites
prepared by different methods as described in the graph.
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Figure 4.6 SEM Images of fractured surface on one-step sintered (a) control Pglass, (b) 1
wt.% POSS, (c) 5 wt.% POSS, and (d) 10 wt.% POSS composites prepared by
suspension mixing method using powder compacts.
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Figure 4.7 (a) SEM Images and EDX mapping images of each element (b) P,
phosphorous; (c) Si, silicon on the fractured surface on the 10 wt.% POSS composite
prepared using suspension mixing method and the one-step sintering process.
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Figure 4.8 XRD patterns and profiles of (a) pure TSP-POSS, (b) pure Pglass, and (c) 10
wt.% TSP-POSS/Pglass composites prepared by suspension mixing method and stepwise
sintering process.
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Figure 4.9 ATR-FTIR spectra of the samples: (a) pure TSP-POSS, (b) pure Pglass, (c) 5

wt.% POSS/Pglass composite with manual mixing and one-step sintering, (d)

10wt.%POSS/Pglass composite with manual mixing and one-step sintering, (e) 10 wt.%

POSS/Pglass composite with suspension mixing and one-step sintering, and (f) 10 wt.%
POSS/Pglass composite suspension mixing and stepwise mixing.
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Figure 4.10 (a) 3P CP MAS NMR spectra of pure Pglass and its composites: (al) pure
Pglass, (a2) 10 wt.% POSS with manual mixing and one-step sintering, (a3) 10 wt.%
POSS with suspension mixing and one-step sintering, and (a4) 10 wt.% POSS with
suspension mixing and stepwise sintering; (b) **C CP MAS NMR spectra of pure POSS
and composites: (b1) pure TSP-POSS, (b2) 10 wt.% POSS with manual mixing and one-
step sintering, (b3) 10 wt.% POSS with suspension mixing and one-step sintering, and
(b4) 10 wt.% POSS with suspension mixing and stepwise sintering.
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Figure 4.11 2°Si CP MAS NMR spectra of dehydrated POSS, pure TSP-POSS and 10
wt.% POSS/Pglass composites prepared by each method; (a) 10 wt.% POSS with manual
mixing and one-step sintering, (b) 10 wt.% POSS with suspension mixing and one-step
sintering, (c) 10 wt.% POSS with suspension mixing and stepwise sintering, (d) pure
POSS, and (e) dehydrated POSS.
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CHAPTER V — FACILE ROUTE TO NATURE INSPIRED
HYDROPHOBIC SURFACE MODIFICATION OF PHOSPHATE GLASS
USING POLYHEDRAL OLIGOMERIC SILSESQUIOXANE WITH IMPROVED
PROPERTIES
Manuscript submitted to Applied Surface Science
Kyoungtae Kim, Joseph D. Lichtenhan, Joshua U. Otaigbe
Abstract

Hydrophobic polyhedral oligomeric silsesquioxane (POSS) molecules were
utilized for the surface coating to improve the hydrophobicity of the surface of phosphate
glass (Pglass). To maximize the Pglass surface hydrophobicity, protrusions on the Pglass
surface were successfully prepared by Pglass glass particles on the surface of the bulk
Pglass to mimick the lotus leaf, which has a superhydrophobic surface. The results
showed that the combination of hydrophobic coating by POSS and improved roughness
prepared by Pglass particles with air trapped on the phosphate glass surface yielded
significantly increased hydrophobicity close to superhydrophobicity of lotus leaf.
Chemical stability tests using ethanol and acetone confirmed stability of POSS on the
Pglass surface. This result was supported by the XPS data showing an increase of
bridging oxygen on the Pglass surface due to the condensation reaction between the
hydroxyl functional groups of the Pglass and POSS. The relatively longer hydrophobic
functional group of isooctyl compared to that of the isobutyl on the POSS cages gave
larger contact angles than that of conventional silane, indicating that the POSS chemicals

used are able to effectively produce the so-called “umbrella effect” mechanism that
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covers the intrinsic hydrophilic surface of the phosphate glass using bulky molecules and
grafted hydrophobic POSS chemical functional groups.
5.1 Introduction

Water repellency of a solid surface is a very important property in fundamental
research and practical applications related to surface structures and properties [1-4].
Water-repellent surfaces are usually prepared by low surface energy materials including
alkyl chains [5-7] and fluorinated functional groups [4, 8, 9], showing higher contact
angles. In addition, the actual contact area between water and solid surface is a critical
factor that is strongly influenced by the surface roughness of solid materials. The contact
angle (0) between a flat solid surface and a liquid droplet is usually calculated using the

Young’s equation [10] as follows:.

VYsv — VsL )
YLv

cosO =

where, ysy, ¥s1., and y., indicate the interfacial free energies per unit area of the solid-
gas, solid-liquid, and liquid-gas interfaces, respectively. However, this equation is
applicable only to a flat surface without roughness. For rough surfaces, Wenzel [11] and
Cassie [12] proposed models showing the relationship between roughness and water
repellency. The Cassie model considered the air captured on the surface, which is a
critical factor to achieve a hydrophobic surface. The models just mentioned show that
hydrophobicity is governed by a combination of the low surface energy and surface
roughness on the solid materials [13]. A number of researchers [14-18] reported

application of the fundamental principle of the “lotus effect” to achieve improved contact
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angle and surface properties such as self-cleaning that is facilitated by water droplets
moving easily on the hydrophobic surface to remove the dust from the surface of a lotus
leaf. The authors just mentioned focused their research on low surface energy for
increased contact angle and on understanding the relation between surface roughness and
contact angle for hydrophobicity.

Other researchers have reported research efforts to achieve hydrophobic surface
properties by mimicking hydrophobic surface structures in nature and their theoretical
relationship between roughness of the surface and contact angle. For example, the effect
of fractal structure [19, 20], multiscale roughness [21, 22], molecular level heterogeneity
[23], and gravity [24] on hydrophobicity of surface have been studied to understand the
structure of hydrophobic surfaces. Based on these theoretical studies, researchers
fabricated artificial hydrophobic rough surfaces by various methods [25, 26]. Shibuichi et
al. [27] utilized alkylketene dimer (a kind of wax) to form a fractal surface to fabricate
effective roughness. Lau et al. [28] used carbon nanotube forest to structure a rough
matrix by mimicking the lotus effect using plasma enhanced chemical vapor deposition
(PECVD). In addition, other reported methods were used to fabricate rough surfaces
using polymer re-conformation [29], lithography [30], and a multilayer method [31].
Note that when a rough surface is not composed of low-surface-energy materials, the
surface is modified with low-surface-energy materials having long alkyl chain or
fluorinated functional groups to achieve a larger contact angle [32, 33]. According to the
Wenzel model [11, 34] as already mentioned, a surface with a contact angle less than 90°

will show decreased contact angle as the roughness increased, indicating that an increase
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of roughness is effective for achieving hydrophobicity when there are low surface energy
materials on the solid surface.

It is worthy to note that there are two key factors for developing
superhydrophobic surfaces. The first factor is the low-surface-energy materials with long
alkyl chains [6, 7] or fluorine functional groups [4, 8] and the second factor is roughness
which has a small ratio of contact area of the solid surface-water droplet compared to the
air-water droplet as already discussed. A combination of these two key factors yields
superhydrophobic surfaces by coating the low surface energy materials on the prepared
rough surface. The rough surface can be directly prepared either by using low surface
energy materials to achieve a superhydrophobic surface or by using certain materials
coated with low surface energy materials. The approach just described was used in the
current research.

Specifically, in the current research, hydrophobic polyhedral oligomeric
silsesquioxane (POSS) was utilized to coat the rough surface of tin fluorophosphate glass
(Pglass) that was previously prepared by grafting microsize (<75 um) Pglass particles.
Note that Pglass has ultra-low glass transition temperature (Tg) and processing
temperature compared to that of silicate based glasses [35, 36]. The low Ty is a desired
property for a wide range of applications of Pglass such as optoelectronics,
bioengineering and protective coatings. In addition, the viscosity of Pglass is known to
drop remarkably at relatively low temperature, an attribute of the Pglass that is highly
desirable during the Pglass processing. For example, the viscosity of Pglass (10 Pa-s) at
290°C is same as that of honey at room temperature. Further, at 270°C the viscosity of
Pglass is less than that of Ketchup (50 Pa-s) at room temperature [35], which is a special
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intrinsic property of Pglass that is remarkably different from that of other inorganics like
borosilicate glass material. To create a hydrophobic surface of the inorganic Pglass of this
study, special organic-inorganic hybrid materials (e.g. POSS) were selected to bridge the
gap between Pglass surface and hydrophobic organic functional group. Note that POSS
has been widely used for bridging materials between organic and inorganic materials [37-
39] due to its special chemical structure of (RSiO1.5)n where R is generally organic
functional groups grafted on the 3-dimensional inorganic silicate cage which is either
open or closed [40]. Pglass coated by hydrophobic POSS is expected to be useful in a
number of applications including optoelectronics and protective coating application.
After coating hydrophobic POSS on the surface of Pglass, the coated Pglass can
effectively protect the substrate from water, air that can cause surface corrosion, and
electrical short on the surface of metals and electronic devices. This facile method used in
the current study to increase roughness of the Pglass surface using Pglass particles
described here will provide a fundamental basis for a better improvement of surface
roughness. In addition, the feasibility of creating a hydrophobic coating with a number of
POSS chemicals on the inorganic Pglass was evaluated in detail in this study.
5.2 Experimental methods
5.2.1 Materials and sample preparation

Tin fluorophosphate glass (Pglass) was synthesized with molar composition
50SnF>+20Sn0O+30P20s using analytical grade reagents (i.e. tin(1l) oxide (SnO), tin(11)
fluoride (SnF2) and ammonium dihydrogen phosphate ((NH4)H2PO4)), which were
purchased from Sigma-Aldrich and used as received. The mixture of reagents were
melted in a carbon crucible under the conditions reported in the literature [35, 41]. The
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molten materials in the furnace were poured onto a metal mold to yield disk-shaped pure
bulk Pglass samples. In addition, some of the pure Pglass samples were annealed at
200°C and 250°C up to 30min for characterizations of the surface of bulk Pglass after the
prescribed thermal treatments just mentioned.

Subsequently, a portion of the bulk Pglass samples was ground into particles and
then sifted with a sieve of 75 um mesh size. To introduce a rough surface on the bulk
Pglass, a disk shape of the bulk Pglass was placed on the Pglass powder in a glass bottle
as depicted in Fig. 5.1 and rubbed about 5 times followed by tapping gently to remove the
excess Pglass particles locally attached to the bulk Pglass (i.e., those particles that are not
bonded via hydrogen bonds to the bulk Pglass surface). A torch flame was subsequently
utilized to graft the H-bonded Pglass particles onto the bulk Pglass at elevated
temperature to increase the roughness of the bulk Pglass. The Pglass particles and the
surface of bulk Pglass were fused by the torch flame instantaneously.

Three types of POSS chemicals (i.e. trisilanol phenyl POSS (TSP-POSS),
trisilanol isobutyl POSS (TSB-POSS), trisilanol isooctyl POSS (TSO-POSS)) used in this
research were supplied by Hybrid Plastics Inc. These POSS samples with prescribed
alkyl functional groups were used in this research to increase the hydrophobicity of the
surface of Pglass. The bulk Pglass with the increased surface roughness using the grafted
Pglass particles were coated with each POSS by dip coating. Both the bulk Pglass with
fused (or grafted) Pglass particles and the pure bulk Pglass with smooth surface were
dipped in a POSS/acetone solution in the concentration range of 0.1% - 5.0% w/v
(POSS/acetone), followed by the condensation reaction at 170 ~ 250°C for 15 min in the
furnace. A vacuum was applied for 2 hours at 110°C to dry and increase the condensation
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reaction between P-OH of Pglass and Si-OH of POSS. In addition, three different
concentrations (0.5%, 1.0% and 5.0% wi/v) of TSP-POSS/acetone solution were utilized
for TSP-POSS coating on the smooth surface of bulk Pglass to investigate the change of
hydrophobicity of the surface of pure bulk Pglass as a function of the amount of POSS on
the Pglass samples with smooth surface.

In another experiment, Isobutyl trimethoxy silane (IBTM-silane) (supplied by
Gelest Inc.) was utilized as a control for coating the Pglass surface to compare the
hydrophobicity among the surfaces coated by IBTM-silane, TSB-POSS, and TSO-POSS.
The Pglass bulk samples were dip-coated in the water/ethanol (1:1) solution including
hydrolyzed IBTM-silane. Note that for the silane coupling agent, the silanol formation
via hydrolysis is necessary because silanes need to be hydrolyzed to have hydroxyl group
for physical and chemical interaction with hydroxyl groups of Pglass. In addition, the
140°C condensation temperature was applied because of the low evaporation temperature
(154°C) of IBTM-silane. A molar concentration of 6.32 x 10~ mol/L (equivalent to a
concentration of 0.5% w/v) was used for all the three samples (i.e. samples dip-coated
with IBTM-silane, TSB-POSS, and TSO-POSS).

5.2.2 Characterizations
5.2.2.1 Scanning electron microscopy (SEM) — energy dispersive X-ray spectroscopy
(EDX)

The surface modified bulk Pglass with Pglass particles and POSS were
characterized using SEM and EDX to investigate the morphology and the distribution of
elemental composition of the surface. The surface of the samples was coated with silver
using Quorum Emitech K550X sputter coater to decrease the electric charge on the
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surface of the samples. FEI Quanta 200 scanning electron microscope (SEM) operating
with 20 kV and energy dispersive X-ray spectroscopy (EDX) was carried out on the
samples with Thermo Scientific NSS Spectral Imaging System with NSS 2.2 X-Ray
Microanalysis Software.
5.2.2.2 Contact angle

Water contact angle measurement was carried out via the sessile drop technique
using FTA200 optical contact angle measurement system (FTA Inc.) connected to
Prosilica GC750 camera (Allied Vision Technologies). The obtained data from the
contact angle measurements were analyzed with FTA32 software. A sessile drop of 10 pl
of distilled water was deposited with a syringe on the surface of the pure bulk Pglass and
the surface-modified bulk Pglass with Pglass particles for roughness and POSS molecules
for hydrophobicity in air at room temperature. To reduce the influence of the size
difference of the water drop, the contact angle measurement was started within 5 s after
depositing the water drop on the surface of samples. Contact angles were measured 5
times at one point within 5s and repeated for a minimum of at least 3 different points for
each sample. The average and standard deviation of these data were calculated and
reported in this manuscript.
5.2.2.3 Chemical stability of POSS-modified surface.

Chemical stability tests of the POSS-modified surface of the bulk Pglass with
Pglass particles were performed by observing the relationship between the change in the
time evolution and the water contact angles. The contact angles of the surface-modified
samples with the three types of POSS (i.e. TSB-POSS, TSO-POSS, and TSP-POSS) were
measured and the samples were subsequently immersed into acetone and ethanol solvents
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for 10 min and 60 min, respectively, to dissolve the POSS molecules. The immersed
samples were shaken about 10 times in the solvents before being taken out and then dried
in the atmosphere for 5 min and followed by vacuum drying for 1 hr at 110°C to
evaporate the solvent completely.

5.2.2.4 Chemical stability of POSS-modified surface.

XPS spectra were obtained on the rectangular samples (1 cm x 1 cm x 2 mm)
using a Kratos AXIS 165 spectrometer equipped with monochromatic Al-Ko X-rays at
12 kV and 12 mA as the excitation radiation in UHV, 5 x 107° Torr. A charge neutralizer
was utilized to reduce surface charging on the surface modified Pglass samples with
POSS. The obtained spectra were fit and deconvoluted using a Gaussian curve-fitting
method in Origin software (OriginLab Corp.).

5.3 Results and discussion
5.3.1 Characterization of pure Pglass surface

A glass surface such as calcium phosphate glass generally has hydrophilic
properties with contact angles of about 20 ~ 60° due to the hydrophilic [42-44]. The tin
fluorophosphate glass (Pglass) showed about 80° of contact angle due to the fluorine in
the Pglass composition as shown in Fig. 5.2. The Pglass containing fluorine has a unique
fundamental advantage of less hydrophilic surface compared to that of other typical
hydrophilic glasses [44]. The migration to surface of fluorinated compound with
hydrophobic property is well known [4, 45, 46]. For example, Tan et al. [47] reported
results of phase separation of fluorinated urethane phase to the surface of the bulk
samples due to the low surface energy of fluorinated segments, which is consistent with
the result reported by Chapman et al. [48]. The authors just mentioned reported the
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alignment of fluorocarbon segments of polymer chains on the surface of polymer
materials due to the low surface energy of fluorinated side chains. In addition, Clifford
[49] reported that phosphate and fluorine cause phase separation in the glass phase.
Further, Vogel [50] reported that replacement of oxygen ion by fluorine ion increased the
phase separation in silicate glass.

We found an evidence supporting less hydrophilicity of the surface of bulk Pglass
according to the distribution of Pglass compositions. Fig. 5.3 (a-b) showed the
composition analysis results by EDX on the surface of bulk Pglass and the Pglass
particles from the inside of the pure bulk Pglass, respectively. This figure indicates that
there is a significant difference of fluorine composition between the surface of bulk
Pglass (16.3 wt.%) and the Pglass particle (9.7 wt.%) from the inside of bulk Pglass. This
difference of composition of fluorine element is conjectured to be the result of the
movement of the hydrophobic fluorinated Pglass molecules to the surface of bulk Pglass.
Fluorine in the glass generally disrupts the glass network and replaces bridging oxygen
by non-bridging fluorine, which might produce relatively small fluorinated Pglass
molecules, and facilitate the phase separation tendency in Pglass materials [49, 51].

As shown in Fig. 5.4 the XPS spectra of Sn describes the ratio of Sn-F.O and Sn-
O2F on the surface of Pglass and the fracture surface of Pglass. According to this figure,
the ratio of the amount of Sn-F20 to Sn-OzF is 1.6% to 98.4% on the fracture surface of
the bulk Pglass, indicating that the Sn atoms connected with one fluorine is a major
portion of the inside of the bulk Pglass, which is consistent with the result reported by
York-Winegar [52]. However, the XPS data obtained from the surface of the bulk Pglass
showed 45.5% to 54.5% for Sn-F,0 to Sn-O2F, indicating that there is more Sn
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connected with two fluorine atoms on the surface of bulk Pglass. These results suggest
that the Pglass molecules with tin connected with two fluorine atoms were phase-
separated and moved to the surface of Pglass during the synthesis and cooling process
because the molecules with more non-bridging fluorine are small and hydrophobic as
already discussed. Overall, the Pglass showed less hydrophilicity due to the fluorine
elements on the surface different from other glasses which have very strong hydrophilic
surface. It is plausible to propose that the fluorinated Pglass molecules prepared by
replacing bridging oxygen with non-bridging fluorine are phase separated in the samples,
causing less hydrophilicity on the surface of the bulk Pglass.
5.3.2 Effect of POSS coating on hydrophobicity of the smooth Pglass surface

As already mentioned, Pglass has a hydrophilic surface because the contact angle
is about 80° less than 90°, which means that the surface cannot repel water completely.
To improve hydrophobicity of the surface of bulk Pglass, various concentrations of TSP-
POSS in acetone were applied for hydrophobic coating on the bulk Pglass using a dip
coating method because TSP-POSS is known to exhibit hydrophobic properties as
reported in the literature [53, 54]. The obtained contact angle data are listed in Table 1 for
the surface of the uncoated Pglass and coated Pglass with various TSP-POSS
concentrations. The contact angles gradually increased from 81.6° to 91.3° with
increasing TSP-POSS concentration from 0% wi/v to 5.0% w/v (POSS/acetone). A
contact angle of more than 90° was achieved using TSP-POSS coating on the bulk Pglass.
To protect metal substrates or electric circuits in electronic devices completely from the
water vapor, improved hydrophobic surfaces are desirable. Note that superhydrophobicity
can be generally achieved by the combination of low surface energy property of surface
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material and surface roughness. According to the Wenzel model [11, 34] (modified from
Young’s equation), for a water droplet in contact with a homogeneous rough surface

without air pockets, the contact angle is calculated by this equation (2) below.

cos 6 = Ry cosb, (2)

where, 6, is the contact angle for a smooth surface, 6 is a rough surface, and R (> 1) is
a roughness factor defined as the ratio of the solid-liquid area (AsL) to its projection on a

flat plane (Arp), Rr= AsL/Arp. Based on the Wenzel model, hydrophobicity of a smooth
surface with a contact angle greater than 90° will be improved as the Ry is increased. In
contrast, the contact angle for the rough surface will be decreased with increasing Ry

when 6, is less than 90°. The calculated contact angles from equation (2) are listed in
Table 2.

To achieve superhydrophobic surface on the Pglass using hydrophobic POSS, the
roughness should be applied on the bulk surface and more hydrophobic POSS will be
more effective according to the Wenzel model. The TSB-POSS and TSO-POSS used
here are good candidates due to their hydrophobic functional groups (i.e., isobutyl and
isooctyl, respectively). Three different POSS (TSP-POSS, TSB-POSS, and TSO-POSS)
were coated on the smooth surface of bulk Pglass using the dip coating process already
described in the experimental section. As expected, the contact angle of the surface of
bulk Pglass coated with TSB-POSS and TSO-POSS are found to be larger than that of the
TSP-POSS coated sample. The TSB-POSS and TSO-POSS-coated surfaces showed

contact angle of 95.2° + 0.79° and 95.3° + 1.29°, respectively, which is larger than 91.6° +
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1.21° obtained from the TSP-PQOSS as shown in Fig. 5.5. These contact angles (greater
than 90°) have potential ability to yield superhydrophobic surface with roughness as
predicted by the Wenzel model (equation (2)), (see Table 2).
5.3.3 Effect of applying roughness on the surface of bulk Pglass using Pglass
particles

Surface roughness is a critical factor to achieve superhydrophobicity on the
surface of materials as reported by many researchers [10, 19, 27, 32, 55, 56]. Cassie et al.
[12, 57, 58] reported that air pockets in the surface can effectively enhance the

hydrophobicity of a rough surface according to the following equation (3):

cosf' = ficosf; + f, cosB, 3

where, the contact angle 6’ of a rough hydrophobic surface with trapped air is the
combination of a surface area fraction f; with a contact angle 6, for water-solid surface
and the other surface area fraction f, with a contact angle 8, for water-air surface,
indicating that £, represents the area fraction of trapped air. Equation (3) can be modified

by assuming the water contact angle for air is 180° [10, 57] as follows:

cos@' = ficos0; + (1 — f;) cos 180° 4)

cosfB' = ficosB; — (1—f)) (5)

where, f;+ f,=1 and the equation can be rewritten as following:
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cos@’' = ficosb; — f, (6)

where, 8’ is the contact angle of a hydrophobic rough surface composed of two different
materials (i.e. solid and air), f; and f, are the fractions of solid surface and air in contact
with water droplet, respectively, and 6, is the contact angle for the water-solid surface.
The dependence of the contact angle on the fraction of solid surface in contact with water
droplet is presented in Fig. 5.6 as calculated from equation (6) (Cassie model). This
model implies that even if the contact angle of the smooth surface is less than 90°, it can
achieve the superhydrophobicity with a small number of f; with air trapped in the
surface. The actual contact angle data obtained from the samples modified with the three
different POSS samples used in the current study are shown together in Fig. 5.6, which
indicates that the roughness (f1) of the samples is 0.3 ~ 0.4. This result suggests that
contact angles can be increased if the roughness of the samples has a f1 value smaller than
0.3. Overall, the contact angle would significantly increase with decreasing f;, indicating
that the decrease of contact area between solid and water droplet on the hydrophobic
rough surface with air trapped would increase the contact angle.

Note that hydrophobicity is the combination of hydrophobic materials and rough
surface with air pockets in the surface as reported in the literature. TSB-POSS and TSO-
POSS were applied in this study to achieve relatively smaller surface energy due to the
alkyl chains on the POSS cage with the roughness of the surface of bulk Pglass. As
already described in Fig. 5.1 in the experimental section, the micro-sized (<75 um) Pglass
powder was applied on the bulk Pglass and fused (or grafted) on the bulk surface using a

torch flame. The instantaneously melted Pglass particles and the bulk Pglass surface were
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fused together and connected chemically as shown in Fig. 5.7. The micro-sized
protrusions formed by Pglass particles enhanced the roughness of the surface of bulk
Pglass for hydrophobicity. Fig. 5.8 shows effects of POSS type and concentration on the
contact angles of the samples with the rough surfaces. The obtained maximum contact
angles of the POSS-coated samples were obtained at a concentration of 0.5% w/v
(POSS/acetone), showing 125.7°, 130.7°, and 138.2° of contact angles prepared by using
the TSP-POSS, TSB-POSS, and TSO-POSS, respectively. This result shows a significant
improvement in the contact angle of the samples with rough surfaces compared to that of
the samples with the smooth surface shown in Fig. 5.5. There is a significant change of
the contact angle due to the roughness increase with trapped air in the surface of Pglass as
expected. These results confirm that the hydrophobic property of the surface is the result
of a combination of the surface energy of materials and the roughness with trapped air on
the surface.

Another result illustrating the critical effect of roughness for hydrophobicity is
shown in Fig. 5.9, indicating that higher concentration of POSS on the surface of bulk
Pglass decreased the hydrophobicity significantly reported earlier in Fig. 5.8. For
example, the concentration of 0.5% w/v TSP-POSS achieved 125.7° while 5.0% w/v
TSP-POSS yielded a contact angle of only 96.4° contact angle. The roughness of the bulk
Pglass surface with 0.5% w/v TSP-POSS shown in Fig. 5.9 (a) was greater than that of
the bulk Pglass surface with 5.0% w/v TSP-POSS as shown in Fig. 5.9 (c), which
indicates that the relatively thick POSS layer covered a small size of protrusion and
reduced the roughness of the surface, resulting in a decrease of the contact angle. The
EDX data (Fig. 5.9 (b)) with 0.5% w/v TSP-POSS showed that the compositions of
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elements at positions #1 and #2 are quite similar to each other, indicating a homogeneous
coating. However, in Fig. 5.9 (d) with 5.0% w/v TSP-POSS the compositions of carbon
and silicon elements from POSS molecules at position #1 (i.e. C=23.2 %, Si=1.3 %) are
larger than that of position #2 (i.e. C=18.4 %, Si=0.7 %), indicating that more POSS was
coated on the surface of the bulk Pglass than on the surface of the protrusion. This result
is another evidence of the thick POSS coating on the bulk Pglass surface, causing the
decrease of the roughness of the surface of samples and the associated reduced contact
angles.

Fig. 5.10 (a) shows the morphology of the POSS-modified surface of bulk Pglass
with increase of the roughness using Pglass particles, which is remarkably similar to the
morphology of the surface of the lotus leaf [6, 15]. This obtained nature-inspired surface
effectively enhanced hydrophobicity of the surface of bulk Pglass. Furthermore, if the f;
value of solid-water contact ratio can be reduced with regular and sharp protrusion of
Pglass particles on the bulk Pglass surface, superhydrophobicity with more than 150° of
contact angle could be achieved in this system using hydrophobic POSS. The illustrative
schematic description in Fig. 5.11 shows the microstructure of the surface of bulk Pglass
with protrusion prepared using Pglass particles as already described. This rough surface
shown was coated by TSO-POSS and has trapped air. The water droplet could not contact
directly with the surface of bulk Pglass due to the hydrophobic isooctyl chains on POSS
cages on the protrusion of Pglass particles and the trapped air on the surface.

5.3.4 Chemical stabilization of POSS on the bulk Pglass surface

Chemical stability tests were conducted using acetone and ethanol to investigate

the stability of the coated POSS on the surface of bulk Pglass. Acetone was used as a
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solvent in TSP-POSS, TSB-POSS, and TSO-POSS solutions due to acetone’s
outstanding ability to dissolve POSS. In addition, the surface of bulk Pglass was
completely wetted by acetone because acetone has both polar and nonpolar properties.
The contact angle of the hydrophobic bulk Pglass samples with roughness and
hydrophobic POSS was measured after chemical stability tests using the acetone and
ethanol for 10 min and 60 min. Before taking samples from each solvent after the test
time, the samples were shaken vigorously. The contact angles measured in the chemical
stability test using acetone and ethanol solvents from 0 min to 60 min are listed in Table
3. Note that the contact angles of samples in the stability test in the acetone and ethanol
did not change significantly, indicating that POSS molecules coated on the Pglass are
stable due to the chemical bonds between the hydroxyl group of Pglass and POSS as
expected, and as previously reported by other researchers [35, 59, 60]. Chemical reaction
between Si-OH of 3-((methacryloyloxy) propyl) trimethoxysilane (MEMO) and P-OH of
2-(methacyloxyloxy)ethyl phosphate (EGMP) resulting in formation of P-O-Si bonds by
thermal curing at 120°C was reported by Kannan [59]. In addition, Styskalik et al.
reported that P-O-Si bonds are formed by the condensation of Si-OH and P-OH at 150°C,
which is a lower temperature than 170°C ~ 250°C applied for the condensation reaction
between POSS and Pglass in our experiments.

The XPS O 1s spectra was conducted to estimate the ratio of the non-bridging
oxygen (NBO) to bridging oxygen (BO) on the surface of pure Pglass and POSS-coated
Pglass. Generally, the BO is related to P-O-P linkage and the NBO is associated with
terminal oxygen such as P—O ~including P-O-Sn in the Pglass as discussed by Brow et
al. [61]. The obtained XPS O 1s spectra was deconvoluted to show the peaks that
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represent BO and NBO as shown in Fig. 5.12. The obtained data show that 64.9% of BO
and 35.1% of NBO are observed on the surface of pure Pglass. After TSP-POSS coating
on the bulk Pglass, the BO was increased to 70.0% and NBO was decreased to 30%. This
finding is attributed to the formation of new chemical bonds of P-O-Si increasing BO and
decreasing NBO, which is consistent with the result of chemical stability of POSS on the
surface of Pglass. In addition, a portion of BO signal from the POSS-coated Pglass
sample might be due to the BO in Si-O-Si of POSS as reported in previous research [35].
Interestingly, the ratio of BO to NBO was 64.9% : 35.1% in the O 1s spectra of the pure
bulk Pglass surface in our results which is different from the results of 5%:95% reported
by York-Winegar et al. [52] and 5.1%:94.9% reported by Kim et al. [35] on the fractured
surface of pure bulk Pglass. As already discussed, we believe that phase separation
occurred during the melting and cooling process of Pglass and the relatively hydrophobic
molecules with BO were phase-separated to the surface of the pure bulk Pglass.
5.3.5 Umbrella effect of POSS for hydrophobicity

The water repellent property of POSS-coated Pglass was increased due to the
hydrophobic functional groups (i.e. phenyl, isobutyl, and isooctyl) on the POSS cage. To
further investigate the chemical structure effect of the coating materials for
hydrophobicity, a fixed molar concentration of IBTM-silane and TSB-POSS was applied
on the bulk Pglass, and then the contact angle was measured. Note that TSB-POSS and
IBTM-silane both have isobutyl functional groups. Fig. 5.13 shows an increase of contact
angle that is consistent with the structural effect of hydrophobic molecules on the bulk
Pglass. In fact, the contact angle of a water droplet on TSB-POSS-coated sample (131.0°)
showed higher than that of the IBTM-silane coated sample (126.3°), indicating that there
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is a structural effect of functional groups for hydrophobicity. The bulky POSS molecules
can cover a relatively wide area of the hydrophilic substrate and have higher contact
points with water droplet in the contact angle measurement in agreement with the so-
called “umbrella effect” reported in the literature [62-66]. As expected, the longer alkyl
functional groups (isooctyl, 138.2°) apparently produced a larger contact angle than that
of the shorter alkyl functional group (isobutyl, 131.0°) due to the higher contact point
between the relatively longer isooctyl functional groups and water droplets (see Fig.
5.13).

5.4 Conclusions

The results of this study showed that it is possible to significantly improve
hydrophobicity of Pglass surface using various POSS chemicals with hydrophobic
functional groups such as phenyl, isobutyl, and isooctyl on the POSS cage and Pglass
particles for increase of roughness. Interestingly, the surface of pure bulk Pglass showed
a less hydrophilic property compared to that of typical glasses (e.g. borosilicate glasses)
due to the fluorine in the Pglass molecules. The combination of the increased surface
roughness using Pglass particles and low surface energy from the hydrophobic POSS
produced significantly improved hydrophobicity close to superhydrophobicity on the
surface of bulk Pglass as predicted by the Cassie model, which considers trapped air in
the surface of substrate.

The chemical stability test using acetone and ethanol showed that the POSS
samples used here were strongly chemically bonded to the surface of Pglass. Acetone
used as a solvent in POSS/acetone solution for dip coating of Pglass did not change the
hydrophobicity of the Pglass surface, indicating that POSS and Pglass were chemically
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bonded via a condensation reaction between Si-OH of POSS and P-OH of Pglass as
supported by the observed increased ratio of BO to NBO due to the obtained Si-O-P
bond. It was observed that bulky POSS molecules with low surface energy functional
groups and longer hydrophobic alkyl chains increased the contact angle because they can
cover the hydrophilic surface effectively. This study showed that nature-inspired Pglass
surface morphology, resembling lotus leaf, was successfully prepared by using Pglass
particles for roughness and hydrophobic POSS for low surface energy. This result is
theoretically consistent with that predicted by the Cassie model, which considers air
trapped in the surface. Hydrophobically coated Pglass with ultra-low T4 and low
processing temperature has the potential to be efficiently used as a sealant and a coating
material to protect metal substrates and electronic devices from corrosion and electric
short circuits due to water vapor and liquid water, indicating that the materials of this
study might be useful for a wide range of industrial applications such as electronic
device, biomedical applications, and optoelectronics.
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Figure 5.3 EDX results of the surface of (a) the pure bulk Pglass and (b) the Pglass
particle as described in the text.
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Figure 5.6 Contact angle (0') for hydrophobic rough surface with trapped air as a function
of the wetted solid surface area fraction (f1) for various contact angles with respect to the
Cassie model. (Superposition of actual contact angle data obtained from samples
prepared by the surface coating with A: TSP-POSS, e: TSB-POSS, m: TSO-POSS).
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Figure 5.7 SEM images of the surface of (a) the pure bulk Pglass, (b) the bulk Pglass with
particles, (c) the bulk Pglass with distribution of protrusions prepared by Pglass particles,
and (d) bulk Pglass fused with Pglass particles as described in the text.
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Figure 5.9 (a) SEM image and (b) EDX result on the surface of bulk Pglass coated with
0.5% wi/v TSP-POSS/acetone and (c) SEM image and (d) EDX result on the surface of
bulk Pglass coated with 5.0% w/v TSP-POSS/acetone.
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Figure 5.10 SEM image of (a) nature inspired hydrophobic Pglass surface modified by
Pglass particles for roughness and POSS coating for low surface energy, and (b) the
surface structure of lotus leaf having super-hydrophobicity. (Fig. 5.10(b) is reproduced
with permission from ref. 15. Copyright (1997), Springer Nature).
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Figure 5.11 Schematic description of microstructure of the surface of bulk Pglass with
protrusion, TSO-POSS coating, and trapped air for enhanced hydrophobicity.
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Figure 5.12 The XPS O 1s spectra of (a) the surface of pure bulk Pglass and (b) the TSP-

POSS coated surface of bulk Pglass.
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Figure 5.13 The structural effect on the contact angle of bulk Pglass as a function of the
coating materials of (a) IBTM-silane, (b) TSB-POSS, and (c) TSO-POSS.
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Table 5.1

Contact angle data on samples after POSS coating on the smooth surface of bulk Pglass.

Sample .
(TSP-POSS/acetone) Contact angle (°) Std
Pure TFP 81.6 2.64
0.1% w/v 84.8 231
0.5% wiv 91.6 1.21
1.0% w/v 89.4 1.93
5.0% w/v 91.3 0.34
Table 5.2

Calculated contact angle for rough surface (0) as a function of the roughness factor (Ry)

for various arbitrary contact angles for smooth surface (6o) from the Wenzel model.

Re (1) Rf(1.2) Rf (1.5) Rf(1.7) Rf(2.0)
Initial Angle (680)  Angle of rough surface (0)

50 50 39.5 15.4 <0 <0
70 70 65.8 59.1 54.4 46.8
90 90 90.0 90.0 90 90
110 110 114.2 120.9 125.6 133.2
130 130 140.5 164.6 > 180 > 180
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Table 5.3

Chemical stability of coated-POSS on the surface of bulk Pglass.

TSP-POSS, 0.5% w/v  TSB-POSS, 0.5% w/v  TSO-POSS, 0.5% w/v

Time
Acetone Ethanol Acetone Ethanol Acetone Ethanol
0mi 1253°+  124.8°+ 129.1°+ 128.0°+ 135.4°+  134.4°+
M 760 3.84° 1.03° 2.70° 1.51° 2.00°
10 mi 122.4°+  124.1°+ 128.7°+ 127.4°+ 135.1°+  134.8°+
M4 860 1.77° 1.20° 1.89° 1.69° 2.39°
60 m 125.1°+  1243°+ 128.4°+ 128.5°+ 133.4°+  134.5°+
A 3.56° 1.03° 1.95° 1.99° 5.05°
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CHAPTER VI - UNEXPECTED EFFECTS OF INORGANIC PHOSPHATE GLASS
ON CRYSTALLIZATION AND THERMO-RHEOLOGICAL BEHAVIOR OF
POLYETHYLENE TEREPHTHALATE
Published Manuscript
Kyoungtae Kim, Shahab Kashani Rahimi, Todd M. Alam, Eric G. Sorte, Joshua U.
Otaigbe, " Unexpected effects of inorganic phosphate glass on crystallization and thermo-
rheological behavior of polyethylene terephthalate.” Polymer 154 (2018): 135-147.
Abstract

The effects of ultra-low glass transition temperature (Tg) phosphate glass (Pglass)
on the thermal, morphological, rheological, mechanical, and crystallization properties of
hybrid Pglass/poly(eththylene terephthalate)(PET) were investigated. Nano- and micro-
scale distribution of the Pglass in the PET polymer matrix was observed. The
polydispersed Pglass in the PET matrix functioned as a nucleation agent, resulting in
increasing crystallization temperature. The Pglass in the PET matrix decreased the Tg,
indicating a plasticizing effect of the Pglass in the hybrids that was confirmed by the
significantly decreased complex viscosity of the PET matrix. In addition, with increasing
temperature, a non-terminal behavior of the viscoelastic properties occurred due to the
hybrid structural changes and improved miscibility of the hybrid components. Further,
the obtained solid-state variable temperature 3P and *H NMR results showed strong
Pglass concentration dependency of the interactions at the PET-Pglass interface.

6.1 Introduction

Conventional polymer matrix composites are composed of organic polymer

matrix and various fillers to improve their mechanical, thermal and rheological properties
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[1-3] and to cost-effectively meet the specific requirements of various industrial
applications [4, 5]. However, new technologies are growing fast and often require
optimized materials for specific applications where current traditional polymer
composites are not useable. Consequently, development of functional organic/inorganic
hybrids materials with prescribed properties and functions are needed for a number of
industrial uses. Note that hybrid materials are defined as materials with organic and
inorganic components, displaying better properties than that of the original components
[6-8]. In general, hybrid materials consist of organic polymer materials as the continuous
matrix and inorganic materials as the filler that are combined with physical mixing or
chemical reaction, resulting in new materials with a microstructure and physicochemical
interactions with enhanced benefits in the targeted applications [8].

Poly(ethylene terephthalate) (PET) is a semi-crystalline thermoplastic polyester
widely used in various applications such as fiber, films and various injection molded
parts due to its excellent physical properties including chemical resistance, optical clarity,
dimensional stability and high strength [9-11]. However, PET exhibits a relatively slow
crystallization rate and a low thermal distortion temperature, limiting its extensive
applications in injection molding and engineering plastic applications [12-14]. In order to
improve the thermal, morphological and mechanical properties of PET polymer matrix,
nanoscale materials such as CNTs [15], clay [16, 17], and SiO» [18] are incorporated into
the PET polymer matrix as reported in the literature.

Inorganic phosphate glass is typically used in optical and biomedical applications
due to their excellent mechanical property, optical clarity and biocompatibility [19, 20].
As an example, a new class of tin fluorophosphates glass (hereinafter referred to as
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Pglass) can be efficiently combined with organic polymer materials using melt
processing methods like extrusion and injection molding to prepare composite materials
with improved properties because Pglass has ultra-low T4 values between 90°C to 140°C,
which enables facile mixing and processing of the Pglass with polymer composite
components to achieve desired properties already mentioned [6, 19-21]. In this context,
Urman et al. [20] reported that Pglass in polyamide 6 affected the crystallization process
and properties such as the crystallization growth rate and the percent of crystallinity of
the polymer material. Guschl et al. [19] reported that Pglass in polypropylene (PP) and
polyethylene (PE) matrix changed the percentage crystallinity and onset temperature of
crystallization of the matrix polymers by acting as the polymer crystal nucleation agent in
the Pglass/polymer hybrid materials.

In the current study, Pglass was processed with PET using conventional polymer
processing methods in the liquid melt state due to the ultra-low Tg of Pglass [22]. The
morphology of cryo-fractured surfaces of the hybrids and polymer crystals were
investigated using microscopic analysis techniques; and isothermal crystallization
Kinetics were characterized by differential scanning calorimetry (DSC) analysis to
understand the thermal behavior of the Pglass/PET hybrid system. The current study
reported here is focused on detailed investigation and analysis of effects of Pglass
molecules in the PET matrix on the thermal, morphological and thermo-rheological
properties of the hybrid materials. In particular, the distribution of nano- or micro-sized
Pglass particles was investigated to understand the origin of the unique mechanical,
crystallization, and rheological properties, making it possible to discover and control
mechanisms that develop on nanometer length scales, influence the microscale, and
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impact the macroscale. Typically, a molecular level mixture of matrix polymers and
fillers prepares a large fraction of filler molecules interacting with polymer molecules,
which leads to strong interfacial interaction between filler molecules and matrix polymer
molecules. In this study, molecular dispersed Pglass molecules are effectively able to
increase the polymer-Pglass particle interfacial area, improving a function of Pglass
molecules as a nucleation agent and solid state mechanical properties as well as
modifying the rheological properties. In addition, the effect of Pglass content and its
correlation with temperature on the rheological and dynamic mechanical properties of the
hybrids under test conditions that the materials are likely to encounter during use are
discussed. It is hoped that this study will provide a better understanding of the
Pglass/PET hybrid materials and other similar organic/inorganic hybrid materials in
general.
6.2 Experimental methods
6.2.1 Materials and preparation of hybrids

The PET (obtained from DAK America) used in this study has a melting point of
240°C and intrinsic viscosity of 0.79 + 0.02 dl/g. Analytical reagent grade tin(Il) oxide
(SnO), tin(I1) fluoride (SnF2) and ammonium dihydrogen phosphate ((NH4)H2POa4) were
purchased from Sigma-Aldrich and used as received to prepare the tin fluorophosphates
glass used in this study. The tin fluorophosphates (Pglass) was synthesized with a molar
composition of 50SnF, + 20SnO + 30P20s at 430°C for 30min, to yield the Pglass with
ultra-low glass transition temperature (Tg) about 123°C [6]. The Pglass melt was taken
out of furnace (after Pglass synthesis) and subsequently poured into a pre-shaped steel

mold (19 mm diameter, 2 mm height) at ambient temperature to form solid chunks of
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Pglass. Then they were annealed around their glass transition temperature at 130°C for 90
min. The obtained sample was ground into powder using mortar and pestle and then
sifted through a sieve with 75 um mesh [23]. The Pglass/PET hybrids with various
desired concentrations of Pglass ranging from 0 wt.% to 50 wt.% were prepared using a
Thermo-Haake Polydrive® melt mixer equipped with roller rotors. In addition, samples
with higher concentration of 30 wt.% and 50 wt.% Pglass were prepared and used
exclusively for rheological characterization in order to magnify the effects of relatively
higher Pglass content in the polymer matrix. The obtained hybrid materials from the
Polydrive® melt mixer were cryo-fractured prior to morphological analysis. A portion of
the obtained hybrid materials was compression-molded using 40 MPa into thin films at
260°C and cooled down with 20 °C/min cooling rate for polarized optical micrograph
(POM). Some of thin films were ground into powder for ATR-FTIR and solid-state NMR
analysis. All the hybrid samples were dried over-night to constant weight in a vacuum
oven maintained at 80°C prior to testing.
6.2.2 Measurements
6.2.2.1 Thermal gravimetric analysis (TGA)

Thermogravimetric analysis (TGA) tests were performed on the samples using a
TA instruments Q500 equipment operating from 30°C to 600°C at a heating rate of 10
°C/min under a nitrogen atmosphere. Thermal decomposition temperature was defined as
the onset temperature of the thermal degradation of samples, which was obtained using

the universal analysis software from TA instruments.
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6.2.2.2 Scanning electron microscopy (SEM) and Energy Dispersive X-ray
spectroscopy (EDX)

The processed PET (control) and Pglass/PET hybrid samples were cryo-fractured
after immersion in liquid nitrogen and subsequently coated with silver using a Quorum®
Emitech K550X sputter coater to make the samples conductive for optimal observation of
the morphology of the fractured surface of the Pglass/ PET hybrids. A Zeiss Sigma VP®
field emission scanning electron microscope (SEM) operating at 20kV with an attached
energy-dispersive X-ray spectroscopy (EDX) having a Thermo Scientific UltraDry EDX
detector was utilized to investigate the morphology and elemental compositions on the
surfaces of the fractured samples. The obtained elemental data were analyzed using
NSS3® micro-analysis software.
6.2.2.3 Scanning electron microscopy (SEM) and Energy Dispersive X-ray
spectroscopy (EDX)

TEM experiments were performed on a Zeiss 900® with an acceleration voltage of
50 kV to identify the homogeneous dispersion of nano- or micro-size Pglass particles in
the nanocomposites. The specimens for TEM were prepared by microtome sectioning and
the specimen sections were placed in 200 mesh copper grids for observation.
6.2.2.4 Polarized optical microscopy (POM)

The crystallization behavior of the hybrids was investigated using a Nikon
Optihot2® optical microscope equipped with a Metler Toledo® hot stage. A film sample
with about 60~70 um thickness was prepared by compression molding and sandwiched
between two glass plates. Subsequently, the sample was rapidly heated to 280°C and kept
at this temperature for 10mins to melt the residual crystals in the sample, and then the
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sample was rapidly cooled to the desired crystallization temperature to observe
isothermal crystallization behavior. The evolution of the morphology of crystalline
growth was observed using POM equipped with crossed polarizers after the isothermal
crystallization process for 30min at 226°C.
6.2.2.5 DSC measurements

Thermal and crystallization behavior of hybrids with various amounts of Pglass
concentrations (up to 15wt.%) were measured by DSC using a TA instrument Q100 in a
dry nitrogen atmosphere. The samples were subjected to a heat-cool-heat cycle; heating
rate of 10 °C/min from 30°C to 280°C with a 5 min isothermal condition at each selected
temperature; and then subsequently cooled to 30°C at a rate of 10 °C/min followed by
reheating at a rate 10 °C/min to 280°C. The peak of the crystallization temperature (Tp)
of the sample was obtained. In the case of the isothermal crystallization Kinetics
experiments, the samples were heated to 280°C at a rate of 10 °C/min and held at this
temperature for 10min to remove all previous thermal history, and then followed by rapid
cooling to the desired three different crystallization temperatures (T¢) ranging of 204° —
208°C for 20 min to achieve complete crystallization. Specimens weighing 4.5 + 0.4 mg
were used to eliminate temperature gradients in the samples.
6.2.2.6 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was carried out using the TA instrument
Q800 following standard procedures operating in the tension mode at a frequency of
1.0Hz with a pre-load of 0.01N. The temperature was scanned from 0°C to 180°C with 2

°C/min heating rate. The storage (E’) and loss (E”) moduli were measured as a function
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of temperature. The glass transition temperature (Tg) of the samples was defined as the
temperature at the peak of the loss modulus.
6.2.2.7 Rheological measurements

Rheological experiments were performed on a MCR501 rheometer (Anton Paar)
using a parallel plate geometry with plates of 25mm in diameter and a gap of 1 mm. The
frequency sweep experiments were performed using a 5% strain that was previously
found to be in the linear viscoelastic region and angular frequency in the range of 0.1 to
100 rad/s. All experiments were done under a dry nitrogen atmosphere to prevent or
minimize thermal degradation of the samples.
6.2.2.8 Solid state NMR

13C MAS NMR spectra were obtained on a Bruker Avance 111 400 (9.6 T) NMR
instrument using a 4 mm broadband magic-angle spinning (MAS) probe. The samples
were packed in 4 mm rotors. All spectra were obtained at room temperature and spinning
at 10-12 kHz. The cross polarization (CP) MAS (or CPMAS) NMR spectra were
obtained using a single pulse Block decay using a 1 sec recycle delay, a n/2 pulse, and a
CP contact time of 3 ms. The direct polarization (DP) MAS NMR spectra were obtained
with a recycle delay of 60 sec. The 3C chemical shift was referenced to
tetramethylsilane. All spectra deconvolutions were done with DMFIT software. Static *H
and 3P NMR spectra were obtained on a Bruker Avance 111 400 (9.6 T) NMR instrument
using a 7 mm broadband DOTY High Temperature Probe in the static mode. 1D NMR
spectra were obtained using a Hahn Echo with a 10 s recycle delay for *H and a 60 s

recycle delay for 3!P.
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6.3 Results and discussion
6.3.1 Thermal characteristics

Fig. 6.1 shows the nonisothermal crystallization behavior of the control PET and
hybrids samples containing three different amounts of Pglass at the cooling rate of 10
°C/min from the melting state. The figure indicates a gradual shift of the peak
crystallization temperature (Tp) to higher temperatures in the 204.6°C to 210.4°C
temperature range. This observation is attributed to the increasing amount of the Pglass in
the hybrids. It is worthy to note that the PET polymer crystallized at an early stage (i.e.,
higher temperature) of the cooling process because the dispersed molecular sized Pglass
particles functioned as nucleation agents in the PET matrix hybrids and found to be
consistent with previously reported results [23, 24]. In contrast, Liu et al. [25] reported
that the value of T, was not significantly influenced by the amount of Pglass in the PET
polymer matrix hybrids using a 10 °C/min of cooling rate. In addition, with a 30 °C/min
of cooling rate, Tp was decreased. Compared to previously reported work by Liu et al.
[27], using melt-blending process in a twin-screw extruder different from a batch mixer
in our study with regard to the residence time of the components in the mixing process,
this different result in the current study can be attributed to the effective dispersion of
Pglass utilizing the melt mixing process already described in the experimental section. In
addition, it is believed that the obtained hybrid materials showed heterogeneous
nucleation and crystallization behavior due to the polydispersed sizes of Pglass particles
in the PET matrix resulting in different rates of crystallization. The observed shoulder at

lower crystallization temperature represents this irregularity in the crystallization process.
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The crystallinity of the Pglass/PET hybrids were further investigated using solid
state 1*C NMR technique. The obtained NMR plots are shown in Fig. 6.2. In order to
assess the crystallinity of the samples, a combination of the peak and the shoulder of the
peaks in the range of 60-70 ppm were considered. This peak is associated with the methyl
groups of the aliphatic segment of the PET polymer. The main and shoulder were
deconvoluted into the individual construction peaks at 63 and 66 ppm which respectively,
correspond to trans and gauche configurations of the aliphatic segment. Using the
relative ratio of these peaks, the crystallinity index of the 10wt.% Pglass sample was
estimated as a trans/gauche ratio of 63/37, corresponding to 63% crystallinity or
“ordered” phase in the matrix [26]. This ratio is further reduced to 50/50 in the sample
with 50% Pglass. These results clearly show that with increasing Pglass concentrations,
the ratio of ordered (or crystalline) phase to less ordered structure is reduced, which is
associated with the reduction of overall crystallinity of the hybrid samples. This
observation will be further investigated and confirmed in the kinetic study and polarized
optical micrographs showing more defective crystals in the hybrid samples.

The thermal stability of the samples is depicted in Fig. 6.3 showing the TGA
curves of the control PET and the PET matrix hybrids incorporating Pglass. There is no
significant difference in the onset temperature of thermal degradation between that of the
control PET and hybrids at the experimental temperature range tested (i.e., 30 °C to 600
°C). Clearly, the residual amounts of samples after heating to 600°C increased as the
amount of Pglass was increased in the hybrids due to the addition of inorganic Pglass as a

filler, which is a non-decomposable inorganic material.
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6.3.2 Morphological analysis

Fig. 6.4 shows SEM photomicrographs of the cryo-fractured surface of the control
PET and Pglass/PET hybrids containing 5wt.% to 15wt.% of Pglass. As the amount of
Pglass was increased, the size and the number of droplets of Pglass in the PET matrix
increased, indicating a phase separation between Pglass and PET in the hybrids.
However, EDX analysis showed another interesting result that Pglass was dispersed in
nanoscale in the PET matrix. The EDX image in Fig. 6.5 shows the distribution of
phosphorus in the Pglass/PET hybrids, indicating presence of phosphorous not only as
discrete micro-size droplets of Pglass but also as droplets dispersed in the PET matrix
phase. Note that Pglass is distributed at both the microscale and nanoscale in the PET
matrix materials. In addition, it is noteworthy that the Pglass droplets prepared by droplet
coalescence were encased by PET polymer matrix due to the effective hydrogen bonding
interaction between the hydrogen donor in hydroxyl groups from the Pglass and oxygen
acceptor atoms in the ester from the PET polymer [20, 25, 27].

As shown in the EDX data of Fig. 6.5 (c), the PET matrix dominated region (point
#2) showed significant weight percent portion of fluorine (F), phosphorous (P), and tin
(Sn) elements of the Pglass due to the homogeneous nanoscale dispersion of Pglass in the
PET matrix that is ascribed to the low Tg4 of Pglass and the physical and chemical
compatibility between Pglass and PET matrix materials. These obtained SEM-EDX
results are supported by the TEM analysis shown in Fig. 6.6. This provides a direct
evidence of the nano- and micro-scale dispersion of Pglass in the PET polymer matrix via
the mixing process in the melt state of the two organic and inorganic components of the
hybrid materials studied. The good dispersion of Pglass in the PET matrix is attributed to
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the formation of hydrogen bonds between the hydrogen and carbonyl group of PET and
hydroxyl and fluoride of the Pglass.

The crystalline morphology for the control PET and its hybrids was investigated
using polarized optical microscopy (POM) analysis as shown in Fig. 6.7, which were
observed after completion of the isothermal crystallization of samples at the designated
crystallization temperature and cooling to the room temperature. As shown in Fig. 6.7 (a),
crystals with a spherulite morphology (Maltese cross pattern) are observed in the control
PET samples after isothermal crystallization. In contrast, for the 10wt.% Pglass/PET
hybrid (see Fig. 6.7 (b)), a relatively large number of discrete crystals were observed due
to the heterogeneous nucleation sites (Pglass particle surface) and subsequent
impingement of crystals during the growth process attributed to the close distance
between the crystals. It is worthy to note that the addition of Pglass increased the
heterogeneity of the polymer crystal growth in the hybrids is ascribed to crystal
nucleating effect of Pglass molecules in the hybrids as already described. This last
observation is consistent with the result of the shift of the peak of crystallization
temperature in the cooling process already mentioned. In addition, it was observed that
the increased heterogeneous nucleation obstructed the crystal growth, resulting in the
observed decrease of overall crystallinity of PET polymer in the hybrids as already
discussed.

6.3.3 Nucleation effect of Pglass in isothermal melt crystallization

Fig. 6.8 (a) shows the plot of relative crystallinity X(t) versus crystallization time
(min) for the isothermal crystallization of the control PET and its hybrids. The relative
crystallinity at time t, X(t) is defined as shown in Eq. (1) [28, 29].
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where H.(t) is the crystallization enthalpy at time t and dH,(t)/dt is the rate of heat
evolution. Fig. 6.8 (a) shows that the characteristic sigmoidal isotherms are shifted to the
left with increasing amount of Pglass in the hybrids, indicating a faster crystallization rate
caused by the addition of Pglass. Another critical parameter is the half-time of
crystallization (t12) indicating the time at which X(t) is 50% and G is defined as the
reciprocal of ti2 which represents the crystallization rate [30]. The ti2 can be directly

derived from experimental X(t) data or calculated using the following equation [31]:
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where n is Avrami constant and K is crystallization rate constant. To obtain the maximum

crystallization, the following equation can be applied as reported by Lin [32].

1/n

fmax = (nn_K1> ®)

The half-time of crystallization (t12), the reciprocal of ti (i.e., G parameter) indicating

crystallization rate, and the time for maximum crystallization, tmax, are summarized in
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Table 1. The Table shows that t1» of Pglass/PET hybrids decreased from 1.170 to 0.677
as the amount of Pglass increased from Owt.% to 15wt.%, indicating that the
crystallization rate (G) increased and the time for maximum crystallization (tmax)
decreased. This observed increase of crystallization rate in isothermal crystallization is
consistent with the results of Pglass/PP hybrid system reported by Guschl et al. [19] and
of clay/PET hybrid system reported by Wan et al. [16].

The characteristic sigmoidal isotherms were shifted to the right with increasing
crystallization temperatures (T¢) as depicted in Fig. 6.9 (a) and (b), indicating that the
crystallization rate becomes slower for both the control PET and the Pglass/PET hybrids.
Using these relative crystallization data, an Avrami analysis was carried out to investigate
the isothermal crystallization Kinetics for the samples. The general form of Avrami
equation [33-35] is

X(t) =1 — exp(—Kt") (4)

where n is an Avrami constant which is related to dimensional features of crystal
nucleation and growth and K is the crystallization rate constant related to nucleation and
growth rate of crystal in crystallization process. Eq. (4) can be written in another form

after taking logarithm two times as follows:

log { —In(1—-X(t)} =nlogt+log K (5)

Using the logarithm form of Avrami equation, Eq. (5), the plots of log { — In(1 — X(t))}

versus log t was obtained (see Fig. 6.10). The Avrami constant (n) and crystallization rate
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constant (K) were obtained from the slope and intercept of the straight line, respectively,
by fitting the data using the Avrami model. Rahimi et al. [28] separated the overall
crystallizations into three sections consisting of initial stage (hucleation), linear stage
(growth of crystallization), and final stage (impingement of crystallization) to focus on
the growth stage on the linear portion of Avrami plot. In the current study, the linear
stage was determined between 5% and 70% of relative degree of crystallization and the
Avrami graph was plotted using the linear range shown earlier in Fig. 6.8(b).

The obtained kinetic parameter data from the Avrami model analysis is
summarized in Table 1 for the isothermal crystallization of the Pglass/PET hybrids
incorporating various Pglass concentration. As proposed by Bian et al. [36], the Avrami
constant, n, is related to the number of growth points in crystal nuclei. Typically, n values
of the 2D lamellar crystals are 2 or 3, and the 3D spherulite crystals are 3 or 4. A
schematic diagram of the evolution of the spherulite crystal of PET was reported by Lee
et al. [37], showing that 3D spherulites are formed by the growth of branches of 2D
lamellae. In the current study, the n values were found to be about 3 or 4, indicating
formation of 3D spherulite crystals during the PET crystallization process. The kinetic
parameters obtained from the Avrami analysis of the data shown in Fig. 6.10 for the
isothermal crystallization of the control PET and 15wt.% Pglass/PET hybrids at three
different isothermal crystallization temperatures are listed in Table 2. Interestingly, the n
value of control PET is larger than that of its hybrids, indicating that incorporation of
Pglass reduces the dimensions of the PET crystals. In other words, the presence of Pglass
particles in the PET matrix results in development of less perfect spherulitic crystals. As
shown earlier in Fig. 6.7, It is worthy to note that there are more nucleation sites
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produced by Pglass molecules in the hybrids compared to that of the control PET which
is responsible for the observed increase of the crystallization sites and the associated
decrease of the crystal dimensions in the hybrids, as other researchers have previously
reported for similar systems [14, 18, 38]. As shown in Tables 1 and 2 the values of K and
G corresponding to the crystallization growth rates significantly increased due to the
decrease of the values of maximum crystallization time (tmax) and the half-time of
crystallization (t12)) as the amount of Pglass was increased. This indicates that nano- and
micro-scale dispersed Pglass particles in the hybrids effectively functioned as the
polymer crystal nucleation agents. In addition, the crystallization rate (i.e. K) decreased
as the crystallization temperature (T¢) increased from 204°C to 208°C both for the control
PET and 15 wt.% Pglass/PET hybrid. Clearly, this is due to the relatively slower
exothermal heat transfer during the crystallization at the higher temperature, resulting in
the observed increase of maximum crystallization time (tmax) and the half-time of
crystallization (ty2) shown in Table 2.
6.3.4 Mechanical properties

Dynamic mechanical analysis was carried out on the materials to investigate their
mechanical properties such as storage (E’) and loss (E”) which respectively indicates the
energy stored as elastic energy and the energy dissipated due to the friction of polymer
chain movement. Fig. 6.11(a) shows the variation of E’ versus temperature for the control
PET and its hybrids. The E’ increased with increasing Pglass content up to 15 wt.%,
indicating the stiffening effect of the inorganic Pglass molecules in the PET polymer
matrix. In addition, the increase of E’ was relatively higher at temperatures below the Ty
compared to that observed at higher temperatures in agreement with the previously
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reported results in the literature [20]. The E” plotted as a function of temperature is
shown in Fig. 6.11(b). This graph shows that the glass transition temperature (Tg) defined
as the maximum value of loss modulus slightly shifted to the left (i.e. decrease of Tg) due
to the addition of Pglass. This shows that the Pglass functioned as a plasticizer in the
Pglass/PET hybrids. This observed decrease of Tg is consistent with the previously
reported work by Urman et al [6] on polyamide matrix containing a Pglass filler. The
authors just mentioned that the plasticizing effect is caused by higher mobility of polymer
chains at the interfacial areas between the filler and matrix material in the hybrids [39,
40] due to the smooth surface of Pglass particles.
6.3.5 Rheological properties

The rheological properties of the Pglass/PET hybrids were studied using dynamic
small amplitude oscillatory shear rheology to assess the effect of microstructure
development and the potential effects of the interactions at the PET-Pglass interfacial
area on melt rheological properties. The variation of the complex viscosity versus angular
frequency is shown in Fig. 6.12 (a-c) for the pure PET, Pglass and the hybrids at different
temperatures of 255°C, 265°C and 280°C, respectively. This figure shows that the pure
Pglass exhibits a Newtonian behavior at all three temperatures studied [21]. This last
observation is ascribed to the relatively small size of inorganic Pglass chain segments.
The pure PET matrix shows a Newtonian behavior in the studied conditions.
Interestingly, with the addition of the Pglass, the complex viscosity of the hybrids
dropped to lower values compared to that of the neat PET and Pglass. As can be seen in
Fig. 6.12, with the addition of the 5 wt.% Pglass to PET, the sample showed relatively
lower complex viscosity values throughout the whole range of frequencies studied
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compared to that of neat components (i.e., PET and Pglass). With further increase in the
Pglass content, a further decrease in the viscosity values for 10 wt.% and 30 wt.% of
Pglass hybrids was observed. Note that the observed viscosity reduction of polymers with
addition of Pglass is similar to our previously reported systems of polyamide and Pglass
[21]. There are a number of possible reasons for such observation: firstly, it is believed
that the Pglass could potentially impose an interfacial lubrication effect due to the low
molecular weight and oligomeric nature of Pglass chains causing the PET chains to slide
pass each other. Secondly, the presence of Pglass could disrupt the chain entanglement in
the PET matrix which consequently promotes the viscous flow of the hybrid melt. This
non-Einstein-like decrease of viscosity in polymer melts due to the presence of
nanoparticulate inclusions have been previously reported in the literature by a number of
researchers [41, 42]. In addition, the strong interaction of Pglass with PET through
hydrogen bonding can disrupt the inter- and intra-molecular hydrogen bonding of the
PET chains, resulting in observed viscosity changes.

Here, we also speculate that Pglass may disrupt (depolymerize) the PET chains
through transesterification of the ester bond via the nucleophilic attacks of the anionic
form of the phosphate groups (PO4%) which reduces the molecular weight the PET and
subsequently reduces the melt viscosity. This hypothesis is currently under further
investigation that will be reported elsewhere. Note that the current Pglass/PET hybrids
show a different behavior at the terminal zone of the dynamic shear flow compared to
that of the pure components. The results show that, while the hybrid sample with 5 wt.%
Pglass exhibits a similar behavior to that of pure PET matrix, as the Pglass content is
increased, there appears to be a sharp increase in the complex viscosity in the low
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frequency region (o < 1 rad/s). This sharp increase in viscosity in the low frequency
range is clearly observed in the 10 wt.% Pglass/PET hybrid sample. However, this
observed viscosity increase is most significant in the 30 wt.% Pglass/PET hybrid. The
evolution of such nonterminality of complex viscosity is associated with the development
of an elastic structure and yield stress behavior [43-45].

In order to further elaborate on this observation, the variation of storage modulus
(G’) of the samples at all three different temperatures is shown in Fig. 6.13 (a-c). First, it
is seen that the G’ of the hybrids is lower than that of the pure component at 255°C which
is consistent with the lubrication effect as already described. Second, as the Pglass
content is increased in the hybrids from 5 to 30 wt.%, the G’ increased (relative to that of
the hybrids) which is due to the presence of the Pglass component, especially in the low
frequency region. In addition, the slope of the terminal zone of the hybrid samples shows
that with increasing the Pglass content, the slope of the G’ curve is reduced where the
frequency region of 0.1-0.5 rad/s was used. For example, the slope of the terminal zone
of the G’ for samples with 5, 10 and 30% Pglass are respectively 1.26, 1.11 and 0.89 at
255 °C. Same behavior is observed for the samples at higher testing temperatures. These
observations suggest that increasing the Pglass content is associated with enhancement of
elasticity within the PET matrix. In addition, is it seen that the increasing the temperature
results in further enhancement of elastic properties (especially by considering the low
frequency regions of the G’ curve) where the G’ of the 10 wt.% and 30 wt.% Pglass
samples at 280°C become higher than of the pure matrix. Typically, in particulate filled
systems the contributions of the elasticity of the particles (and potential 3D network

formation) combined with strong polymer-particle interactions can develop such solid-
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like behavior at low frequency regions of the G’ curve, however in the current system
since the Pglass is in liquid state, it is speculated that with increasing the temperature,
Pglass phase undergoes structural reorganization such as formation of intermediate-
ranged structures with significantly prolonged relaxation times. In addition, the
improvement of the compatibility of the Pglass phase with the PET matrix at higher
temperatures that results in enhancement of the interfacial interactions, is thought to be
another contributing factor in the observed melt elasticity and changes in the relaxation
behavior of the PET-Pglass hybrids.

The effects of composition and temperature on the compatibility of the hybrids
components can be further studied using the log G’ vs log G”, modified Cole-Cole plots
(or Han plots) which have been used in a number of previous studies on various polymer
blend systems [46]. The Han plots of neat PET and the Pglass/PET hybrids are shown in
Fig. 6.14 (a-d) at three different temperatures of 255°C, 265°C and 280°C. As can be
seen in this figure, for the neat PET, there is a temperature independence for log G’ vs
log G”. Interestingly, as the Pglass content is increased in the system from 5 to 30 wt.%,
the temperature independence of the Han plot is broken down. For the 5 wt.% Pglass, this
deviation is relatively less compared to that observed at higher concentrations, showing
good compatibility between the hybrid components and microstructure, indicating less
influence by the temperature. As the Pglass content is increased, especially for 30 wt.%
hybrid, there is a larger deviation of the Cole-Cole diagram from temperature
independence. This deviation is associated with a microstructure that is dependent on the
temperature. It is evident that with increasing Pglass content in the hybrids, the samples
become rheologically complex fluids with clear dependency on the temperature. In fact, it
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is believed that with increasing temperature, the interfacial interactions between the PET
and Pglass are strengthened, which can improve the miscibility of the components. Such
improvement of the interactions and interfacial miscibility could be a contributing factor
in the earlier observation that with increasing the temperature, the nonterminality of the
plots of n* and G’ versus frequency was promoted especially as the Pglass content was
increased in the blend.

6.3.6 Variable-temperature (VT) 3!P and *H solid state NMR.

The static variable-temperature (VT) 3P NMR for pure Pglass and two hybrids is
shown in Fig. 6.15. The local chain fluctuations of materials will produce signal
narrowing with increasing amounts of motion attributed to increased temperature [47, 48]
until the molecules are freely motioning like a liquid. It is obvious that pure Pglass
melted out to form sharp lines at high temperature as shown in Fig. 6.15(a) different from
that of the other two hybrids, showing broad peaks at high temperature. This result
indicates that Pglass in the hybrids did not melt in this temperature range and showed a
very minor reduction in linewidth with increasing temperature due to the addition of
Pglass causing interfacial interaction between PET and Pglass molecules.

In addition, Fig. 6.16 elucidates that average P linewidths of 50 wt.% Pglass
sample are smaller than that of 10 wt.% Pglass sample as the temperature increased,
indicating that Pglass molecules in 50 wt.% Pglass sample has more mobility than that of
10 wt.% Pglass. This result shows that with increasing Pglass content from 10 wt.% to 50
wt.%, the compatibility of the PET and Pglass phases reduces (i.e., the sample with lower
Pglass showed relatively stronger interfacial interactions at the interface of Pglass
droplets and PET matrix phase that restricts the molecular the molecular mobility of the
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hybrid components. At high Pglass concentrations, the PET and Pglass phases become
increasingly less compatible, generating more unfavorable interactions and associated
increased molecular mobility. This observation is consistent with the SEM images
showing relatively bigger Pglass droplets as the Pglass content was increased in the
hybrids. These larger droplets provide less interfacial area for PET-Pglass interactions
and consequently, the chain dynamics of the hybrids with higher Pglass concentration
and larger droplets shows the increased molecular mobility of the Pglass as evidenced in
the VT 31P NMR results. It is very interesting to note that pure Pglass showed
significantly increased mobility at higher temperatures while the nano- and micro-sized
Pglass particles dispersed in the PET matrix showed only a slight increase of motion with
increasing temperatures. This last result is attributed to the nano- and micro-scale
interfacial interactions between Pglass and PET molecules.

Further, the obtained VT *H NMR [47, 49] results are depicted in Fig. 6.17. In
this figure, the pure PET showed a relatively larger linewidth at lower temperature,
reflecting higher rigidity (due to higher crystallinity) in the pure PET compared to that of
the PET phase in the hybrids. At higher temperatures around melting point of PET, the
pure PET showed decreased linewidth compared to that of the hybrids, implying that the
mobility of the PET polymer chains near the Pglass molecules in the hybrids is restricted
by the Pglass molecules. It is worthy to note that the average H rigid linewidth of the
PET decreased slightly (i.e., increased chain mobility) with increasing Pglass content
from 10 wt.% to 50 wt.% due to the reduced compatibility and less favorable interfacial

interactions at higher Pglass concentrations together with the change in the morphology
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of the hybrids and formation of the larger Pglass droplets (i.e., less interfacial area) in the
PET matrix.
6.4 Conclusion

In this study, PET matrix hybrid incorporated with polydispersed ultra low Tg
Pglass was characterized by a number of characterizations and analysis methods to study
the physical properties of hybrids. The morphology of the fracture surface of samples was
investigated by the SEM. In addition, the dispersion of Pglass molecules in the PET
matrix was observed by EDX, which showed that Pglass was polydispersed in the PET
matrix hybrids. These results were confirmed by TEM analysis showing various sizes of
Pglass particles from nano- to micro-meter in the polymer matrix. In addition, the results
showed that the nanoscale and microscale dispersed Pglass in the hybrid materials
functioned as a nucleation agent based on the results that the peak of crystallization
temperature shifted to a higher temperature with increasing concentrations of Pglass in
the PET matrix during the non-isothermal crystallization at 10 °C/min cooling rate. In the
isothermal crystallization process, Avrami analysis showed that K (crystallization rate
constant) and G (reciprocal of t12) values increased as the amount of Pglass was
increased in the hybrids materials at the given specific isothermal crystallization
temperature, indicating that the addition of Pglass molecules in the hybrids enhanced
nucleation process and crystal growth rate. In contrast, crystallinity of the hybrids was
reduced as the amount of Pglass increased due to the defective crystals prepared by
heterogeneous nucleation of the Pglass particles.

The addition of Inorganic Pglass in the PET matrix caused the observed increase
of the storage modulus due to the stiffening effect of inorganic filler in the polymer
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matriX. It was also observed that Pglass functioned as a plasticizer in the hybrids. The
glass transition temperature was shifted to the left (i.e. decrease of Tg) in the reported loss
modulus data, indicating that Pglass functioned as a plasticizer, which would be caused
by higher mobility of polymer chains at the interfacial areas between the filler and matrix
material in the hybrids. Overall, it can be concluded from the results of this study that
Pglass molecules showed crystal nucleation activity, as well as, plasticizing effect in the
PET polymer matrix. This latter remarkable lubrication effect is consistent with the
obtained results of rheological properties of hybrids, indicating that the viscosity was
decreased as Pglass content in the hybrids increased. In addition, the observed
development of nonterminal behavior and the temperature dependence on the rheological
properties with increasing the Pglass content and temperature indicate that the Pglass
induces rheological complexity to the hybrid systems. Further, the variable temperature
NMR results showed a strong concentration-dependent interfacial interaction between the
Pglass and PET. These remarkable special properties of Pglass in the polymer matrix
hybrids will provide useful information for a better understanding of the fundamental
physical properties of Pglass/polymer hybrids for a number of application areas where
traditional polymer composites are not useable.
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Figure 6.1 The DSC thermograms of the peaks of the crystallization temperature (Tp) in
the PET matrix hybrids incorporating 0 — 15 wt.% Pglass.
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Figure 6.2 1*C DPMAS solid-state NMR spectra. (a) 10 wt.% Pglass composite and (b)
50 wt.% Pglass hybrids. Spectra were fitted for methylene resonance using
Gaussian/Lorentzian functions.
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Figure 6.3 1*C DPMAS solid-state NMR spectra. (a) 10 wt.% Pglass composite and (b)

50 wt.% Pglass hybrids. Spectra were fitted for methylene resonance using
Gaussian/Lorentzian functions.
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Figure 6.4 SEM images of fracture surface of (a) the control PET and PET matrix hybrids
incorporating (b) 5 wt.%, (c) 10 wt.%, and (d) 15 wt.% Pglass.
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Figure 6.5 (a) SEM image and EDX mapping images of (b) phosphorous (black
background and white spot for each element) on the fracture surface of 15 wt.%
Pglass/PET hybrids, and (c) elemental distribution analysis in two different regions in the
hybrids.

217



Figure 6.6 TEM image of nano- and micro-scale dispersed Pglass particles in the 5 wt.%
Pglass/PET hybrids (black spots: Pglass particles, white/gray area: PET polymer).

Figure 6.7 POM pictures of (a) pure PET and (b) 10 wt.%Pglass/PET hybrids
isothermally crystallized at 226°C after rapid cooling to crystallization temperature from
the melting state at 280°C.
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Table 6.1
Kinetic parameters from Avrami analysis for the isothermal crystallization of the

Pglass/PET hybrids incorporating various concentration of Pglass.

Sample T(C) n  K(min) b ™0 t,Min) G min")
Control PET 204 4113 0339 1216 1170  0.855
Swi.%PglassPET 204 3.546 0730 0995 0967  1.034
10wt.%PglassPET 204 3.621 1.128 0885 0857  1.167
15wt.%PglassPET 204 3769 2901  0.695 0677 1477

Table 6.2
Kinetic parameters from Avrami analysis for the isothermal crystallization of the control

PET and 15 wt.%Pglass/PET hybrids at indicated crystallization temperatures.

T (OC) n K(min-l) ey (D) £, (MiN) G (min-l)

204 4113 0339 1216 1170 0.855
Control PET 206 4.056 0256 1305 1253  0.798
208 3877 0135 1552 1487  0.672
204 3769 2901 0695 0677 1477
Pgﬁ:g};{% 206 3700 1172 0880 0850  1.176
208 3302 0887 0930 0910  1.099
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CHAPTER VII - CONCLUSIONS AND POTENTIAL FUTURE RESEARCH
CONSIDERATIONS

The dissertation investigates the novel inorganic phosphate glass matrix
nanocomposites incorporating POSS, in addition to the Pglass/PET hybrid material which
is an inorganic/organic hybrid showing unique properties different from conventional
polymer blends. The main focusof this study was to explore the preparation processes and
characterizations of new POSS/Pglass composite materials prepared by the Pglass with
the ultra-low glass transition temperature and POSS with nanoscale molecular structure.
POSS was successfully applied to the Pglass matrix as a filler and as a coating material to
achieve new and improved properties, using one pot synthesis, extrusion, sintering, and
coating methods. This result is mainly attributed to the liquid state of Pglass over the
process temperature. The homogeneously dispersed nanoscale POSS molecules increase
the interface area between POSS and Pglass phases, determining the tunable composite
material properties.

The inorganic Pglass matrix composites incorporating trisilanolphenyl polyhedral
oligomeric silsesquioxane (TSP-POSS) were successfully prepared by one pot synthesis
method. The obtained composites are still transparent with improved thermal,
mechanical, and rheological properties compared to the pure Pglass. It was found that Ty
of the nanocomposites gradually increased with increasing POSS contents up to 10 wt.%
compared to that of pure Pglass (from 121.6°C to 147.6°C), which indicates a significant
influence of bulky POSS molecules on the glass transition relaxation process in the
Pglass matrix nanocomposites, attributed to the chemical and physical interactions
between Pglass and POSS molecules. 3P CP MAS analysis revealed that, as the amount

227



POSS in the nanocomposites increased up to 10 wt.%, the ratio of Q° to Q* increased
from 20.5% to 27.1%. This result elucidates that the addition of POSS molecules in the
Pglass matrix cause the decrease of the molecular size of the Pglass because the bulky
POSS molecules are chemically and physically interacted with the Pglass molecules and
restricted the increase of the molecular size of Pglass during the synthesis process.

It is found that as the amount of POSS increased up to 10 wt.% in the Pglass
matrix nanocomposites prepared by synthesis method, the viscosity steadily increased,
attributed to the addition of bulky POSS molecules in the liquid state of Pglass matrix.
Han plot with storage modulus and loss modulus of pure Pglass and nanocomposites
shows temperature dependency on the structure of samples at the specific temperature.
The storage modulus of nanocomposites at the low frequency shows relatively higher
than that of pure Pglass, indicating that the addition of POSS increased the elastic
property of nanocomposites compared to that of pure Pglass. In addition, the complex
viscosities of nanocomposites were fitted properly with 2-parameter Rouse model on the
obtained nanocomposite samples, which is consistent with the NMR analysis showing
two different small sizes of structures such as Q° and Q' in the Pglass.

Analysis of morphology of the fractured surface of the pure Pglass and
nanocomposites showed smooth surfaces. On the other hand, AFM analysis with
nanoscale resolution on the fractured surface revealed the increased nanoscale granule
size on the fractured surface of nanocomposites due to the addition of POSS molecules
compared to that of the pure Pglass. In addition, it is seen that there are obviously two
phases on the fractured surface of the nanocomposites compared to a homogeneous one
phase on the fractured surface of the pure Pglass. Nanomechanical properties of the
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fractured surface of nanocomposites can be analyzed using AFM PeakForce Quantitative
Nanomechanical Mapping (QNM) with tapping mode. It is observed that as the amount
of POSS increased in the nanocomposites, the elastic modulus of the fractured surface of
the nanocomposites increased due to the homogeneously dispersed rigid POSS molecules
in the nanocomposites.

Extrusion process was used to prepare the glass matrix nanocomposites
incorporating POSS which plays an important role as a foaming agent in addition to a
filler material in the obtained nanocomposites. The obtained nanocomposites showed
highly porous morphology on the fractured surface compared to the extruded pure Pglass.
The morphology of the samples was tunable by an amount of POSS and conditions of
extrusion process including process temperature and screw speed. A small number of
voids are shown in the extruded pure Pglass due to a small amount of bounded water
while a large number of voids were formed in the nanocomposites due to in situ
condensation reaction between POSS and Pglass. Interestingly, the size of the voids in
the nanocomposites was larger due to a merger between bubbles during the extrusion
process with increasing screw speed and process temperature causing a higher
mechanical energy and lower viscous of the nanocomposites. On the other hand, with
increasing the amount of POSS in the nanocomposites, the number of voids became
larger and the size of voids was decreased due to homogeneous dispersion of POSS
molecules in the nanocomposites. In the solid-state NMR analysis, the complete
consumption of silanol functional groups of the POSS was observed indicating that most
of silanol groups were consumed via condensation reactions of POSS-Pglass and POSS-
POSS, producing water vapor in the nanocomposites. Analysis of 3P CP MAS showed
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the increase of the ratio Q%/Q* indicating that the addition of POSS molecules on the
Pglass matrix reduced Q! structure of Pglass consistent with the result in the one pot
synthesis system.

Incorporation of POSS in the Pglass matrix was carried out using the facile
sintering process. The prepared composites showed the improved thermal stability and
glass transition temperature with respect to a mixing method and a condition of sintering
process. The DSC analysis revealed that the glass transition temperature significantly
increased (50.2°C) due to the suspension mixing and stepwise sintering process, which is
ascribed to the effective dispersion of POSS molecules. The suspension mixing method
and the stepwise process efficiently facilitate the distribution of POSS molecules in the
Pglass particles, resulting in the increased glass transition temperature due to enhanced
interaction and chemical reaction between POSS and Pglass molecules. The result of the
WAXD analysis showed that opaque property of the composites is not attributed to
crystallinity of the composites. In addition, disappearance of crystallinity of POSS
molecules in the composites is an evidence of molecular structural change of POSS due
to the nanoscale distribution and chemical reactions in the composites. Investigation of
29Si CP MAS solid-state NMR on the obtained composites showed that the silanol groups
of POSS molecules completely consumed for the condensation reactions. Moreover, the
position of the peak of closed-Si in the dehydrated POSS sample is obviously different
from the position of the peak of closed-Si in the composites, indicating that the formation
of Si bonds with Pglass in the composite is different from Si bonds in the dehydrated

POSS.
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The hydrophobic surface modification of bulk Pglass using hydrophobic POSS
was studied to mimick a lotus leaf showing superhydrophobicity. The hydrophobicity is
mainly achieved by the combination of low surface energy of the surface material and
surface roughness. A combination of POSS with hydrophobic functional groups utilized
as a coating material for the low surface energy and microsized Pglass particles used for
rough surface on the bulk Pglass successfully achieved significantly improved
hydrophobic property of the surface of the bulk Pglass. This study revealed an increase in
contact angle from 81.6° on the pure bulk Pglass to 138.2° on the surface modified bulk
Pglass using Pglass particles for roughness and trisilanol isooctyl POSS (TSO-POSS) for
low surface energy. The investigation of chemical stability of POSS bonded to the
surface of Pglass by strong solvents (acetone and ethanol) shows that POSS and Pglass
were chemically bonded via condensation reaction. This result is supported by the XPS
analysis showing the increase of bridging oxygen on the POSS modified Pglass bulk
surface. POSS molecules with bulky and longer alkyl chains contributed to the higher
contact angles by covering hydrophilic glass surface and shifting the contact point
between water droplet and the hydrophobic surface higher from the surface of the bulk
Pglass, which is the so-called “umbrella effect”.

In addition, the properties of inorganic phosphate glass (Pglass)/organic polymer
hybrids prepared by a mixing process are investigated. Poly(ethylene terephthalate)
(PET) was mixed with Pglass in melt state, attributed to the ultra-low processing
temperature of Pglass compared to normal glasses (i.e., borosilicate glass). The nano- and
micro-scale dispersed Pglass particles in the composites were effectively investigated by
SEM/EDX and TEM analysis. The thermal observation of the hybrids using DSC
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revealed that polydispersed Pglass particles functioned as a nucleation agent, resulting in
a shift of the peak crystallization temperature (Tp). The interesting result was the
observation of the reduction of overall crystallinity of the hybrids with increasing Pglass
concentrations, which is associated with the heterogeneous nucleation and impingement
of crystals during the crystallization process, producing incomplete crystals in the
hybrids.

Rheological analysis of the Pglass/PET hybrids showed the viscosity drop due to
the interfacial lubrication effect in the hybrids. Pglass molecules might disrupt the chain
entanglement of PET polymer molecules, inducing an interfacial lubricant effect on the
hybrids resulting in the reduction of viscosity. Relationship between microstructure and
temperature of hybrids was investigated by using the Cole-Cole diagram as functions of
temperature and Pglass concentration. This result indicates that the interactions between
Pglass and PET molecules in the hybrids were significantly improved with increasing
temperature due to the enhanced miscibility of two components. Another analysis of
temperature effect on the structural properties of hybrids was studied using variable-
temperature (VT) solid-state NMR study. The mobility of pure Pglass observed in VT
31P NMR increased with increasing temperature up to 250°C while hybrids did not show
significant change in the mobility due to the interfacial interaction between Pglass and
PET molecules. The result acquired from VT 1H NMR showed that the mobility of the
PET polymer chains at the interface of the two components is restricted by the Pglass
molecules and is a function of Pglass concentration.

This dissertation will provide fundamental information for future studies related

to the inorganic glass matrix composites incorporating inorganic or hybrid type of filler.
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An understanding of the chemical structure and molecular scale distribution of filler in
the composites is essential to improve the properties of composites because physical
properties, such as thermal, mechanical, morphological, rheological, and crystalline
properties of composites, will be defined by their chemical structure and formation of
molecules. One of possible methods to investigate the effects of molecular structure of
the final materials properties is computer simulation, which can achieve synergetic results
with the empirical studies.

The work of hydrophobic surface modification using POSS on the Pglass could be
extended in order to study how to make better transparent and hydrophobic Pglass.
Materials and shapes of protrusion applicable on the Pglass surface could be selected and
developed to improve optical properties. Hydrophobic transparent glass will be widely
used for optical applications due to their self-cleaning function. The one pot synthesis and
sintering methods could be extended with POSS as a nanoscale filler to other glasses
including alkali zinc phosphate (AZP) glass, which have higher process temperature. This
unique material of POSS has a nanoscale inorganic core composed of silicon oxide,
which is thermally stable at the high temperature. Even though the grafted organic
functional groups on the core of the molecules would be decomposed, the spherical core
of POSS will be stable and implement the “nano effect” in the composites. Vacuum
process during the sintering process at high temperature would be applicable to prepare
transparent sintered composites without voids in the final materials. In addition, POSS
molecules would be tunable with inorganic functional groups for the improved thermal
stability at a high process temperature. Finally, the extrusion process used to prepare
highly porous POSS/Pglass composites would be extended to producing functionalized
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surface of porous glass-ceramic composites using modified POSS molecules for targeted

functions of heterogeneous catalysis and filter.
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