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Abstract

Porosity in polymer parts is often desired to improve mechanical properties. Individual
pores must be small enough that bulk mechanical properties are retained but significant enough to
reduce the density of the material. Filler materials can be incorporated into polymer matrices and
subsequently removed to create voids. The materials used to create the voids are known as pore-
formers. The present research aims to create spherical pores in a silicone matrix by inserting and
removing core materials or fillers post-cure. A method was developed to incorporate pore formers
into an uncured polymer resin and remove the materials from the matrix. Polyethylene Glycol
(PEG) and Polylactic Acid (PLA) microspheres are created and incorporated into silicone matrices
as pore formers. Microspheres with controllable size distributions are formed via ultrasonic spray
pyrolysis and emulsion formation. Microspheres are removed from the matrix by solvent
extraction and calcination. PLA microspheres were modified by hydroxyl addition to the surface
to study their solubility in water. PEG-PLA block copolymers are also synthesized and
investigated, comparing their physical and chemical properties to the monomers to identify
whether the block copolymer microspheres will be more easily removable than their monomeric
microspheres. Moreover, other properties including thermal stability, rheology, and mechanical
response are studied. The present dissertation provides a comprehensive understanding of the
synthesis and characterization of PEG and PLA-based pore formers, toward the future

development of feedstock for additive manufacturing porous structures.
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CHAPTER 1
Introduction
Polymers are a class of macromolecules that have existed from the inception of life on

the planet (e.g., carbohydrates) and continue to evolve into more complex forms [1]. Polymers
exist in natural and synthetic forms, primarily characterized by long-chain repeat units of
monomers. Over the last century, polymers have evolved from cheap plastics to key
manufacturing components across various fields, from the automotive industry to
pharmaceuticals [2, 3]. Polymers can be synthesized and controlled to have the desired properties
for specific applications while exhibiting properties superior to that of classical materials such as
glass, wood, and metals [4, 5]. Among the various forms of polymers, the present work focuses

on polymeric foams.
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Figure 1. Strength vs. Density of various material classes [6].
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Polymeric foam materials are prevalent in several applications and serve various
functions notably in machine systems including the distribution and relieving of stress,
mitigating effects of shock and vibration, accommodating dimensional changes caused by
thermal variations, and maintaining the position of surrounding parts by applying the appropriate
spring force [7-10]. Foams made from polysiloxanes are particularly interesting due to their
relatively high thermal stability and chemical resistivity. Traditionally, siloxane pads and
cushion materials have been molded similarly to many other materials [11, 12]. However, there
has recently been shift to additive manufacturing to control mechanical properties. Even with the
varied options for direct ink write lattice structures, the desired density and stiffness are not
always achievable by changing the print structure alone. With the shift to additive manufacturing
processes where 3-D structures are built layer by layer with each layer being 200 microns or less
[13], there is a need for pore formers with average sizes in the range of 5-100 microns. This size
range is consistent with the strand size and small enough not to contribute to clogging issues
during printing. Polymeric spheres on the micron scale (otherwise known as microspheres) are
potential candidates for this objective. Another requirement is suitable matrix materials
compatible with the pore formers. Polymer matrix materials are being considered to embed the
pore formers in a compatible polymer matrix and remove the pore formers during processing,
thus resulting in porous structures. A fundamental material and process understanding of the pore
former and polymeric matrix materials is needed and is focused on the present work. A polymer
matrix of interest is polydimethylsiloxane (PDMS). PDMS is a commonly used polymer in
several applications. It possesses unique properties such as thermal stability, low glass transition
temperature and high chemical resistance [ 14], making it a choice material for direct ink-write

applications.
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1.1 Research Problem — Significance and Relevance

Pore former materials can be embedded in polymer matrices and removed during post-
processing, resulting in the formation of porous structures. Pores in polymeric foams control the
physical and mechanical properties such as the density and yield stress. Chemical blowing agents
are typically used for creating irregularly shaped cellular structures. There are applications,
however, that require well-defined pore structures, in which case pore formation via chemical
blowing agents may not be ideal. Removable polymeric microspheres as pore formers, unlike
chemical blowing agents, provide the option of having good control over the size, shape, and
porosity of polymer parts, with the added benefit of repeatability in pore formation. However,
polymeric microspheres are not readily available, and methods to prepare them are not always
intuitive. A repeatable method for making microspheres that fall within the desired size range
must be developed to ensure that the process for synthesizing microspheres can be scaled
successfully. Developing a process for making polymeric microspheres that act as pore formers
in a polymer matrix would allow for porous structures that are more controllable in the porosity
distribution. The density reduction of materials from void creation can be predicted more
quantitatively by identifying the mass fraction of pore formers to incorporate into the polymer
matrix before curing. Pores created in this manner can be more evenly distributed, each with
similar morphology. The pore former microspheres can also be loaded into a direct ink-write
polymer ink for 3-D printing applications, given that the microsphere sizes will be smaller than
the thickness of each printed layer.

Polylactic acid (PLA) and polyethylene glycol (PEG) emerge as forerunners among
polymers that can be used to form microspheres. Polylactic acid and polyethylene glycol are

biocompatible and used in various biologically related applications, notably drug delivery and
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drug encapsulation. Such characteristics makes PLA and PEG biologically inert. PLA is also
biodegradable, and PEG is chemically inert. PLA and PEG can be dissolved easily in organic
solvents, and bulk PLA and PEG can be converted into particles with varying morphologies
(microspheres, nanoparticles, etc.). Physical properties of PLA and PEG, such as melting
temperature, can also be altered, given the appropriate chemistries. PLA and PEG can also form
amphiphiles since they are hydrophobic and hydrophilic respectively. Diblock and triblock
copolymers consisting of PLA and PEG can be formed, further allowing for other applications
that benefit from the hydrophilic and hydrophobic block(s) [15].
1.2 Research and Dissertation Focus
The present research and dissertation focus on synthesizing and characterizing PLA and PEG-
based pore formers. Key contributions and findings include:

e Developed a method of modifying PLA to make it easily removable from a matrix.

Investigations focused on:

o Surface modification

o Block Copolymerization

e Demonstrated synthesizing solid and core-shell microspheres with a narrow size
distribution efficiently using methods such as Ultrasonic Spray Pyrolysis, bulk emulsion

process, etc. The present research focused on the following:

o Solid Polylactic acid (PLA) microspheres

o Solid modified PLA microspheres

o Solid PEG microspheres
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e Creating porosity in a silicone matrix and porous silicon material structures through

o Pore formers:

= Solid PEG microspheres

= Solid PLA microspheres

=  Modified PLA

o Pore removal

= (Calcination

=  Water bath Sonication

=  Solvent extraction

e Analysis and Characterization of Synthesized Materials:

Research investigations studied extensively material characteristics, and their analysis,
including before and after microstructures after the removal of pore-formers through
characterization techniques including:

o Imaging: Optical Microscope, scanning electron microscope (SEM), to obtain

information on morphology and size of particles.

o Particle Size Analysis with the Malvern Instrument and/or microscopy images to

analyze the particle size distribution of pore former materials.

o Fourier Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic

Resonance (NMR) for chemical identification
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o Thermal Analysis (Thermogravimetric Analysis (TGA), Differential Scanning
Calorimetry (DSC)) to assess particles’ decomposition profile and heat flow

profile respectively.

o Rheology characterization to analyze changes when adding microspheres to
uncured resin is an essential consideration for feedstock in additive manufacturing

porous structures.

o Dynamic Mechanical Analysis (DMA) studied the changes in mechanical

properties of cured materials, with and without porosity.

1.3 Microsphere Formation

This section addresses the methods used for polymer microsphere formation including the factors
that inform each synthesis pathway. The polymer must be dissolved in a solvent prior to the
microsphere process, and as such, solvent selection is the first step to making microspheres.
Microspheres were prepared primarily by two methods, namely Ultrasonic Spray Pyrolysis
(USP) and Single Emulsion method.

1.3.1 Polymer Solubility

The solubility of precursor solution is very crucial to any synthesis process. Uniform
dispersion of the precursor molecules ensures that similar properties of the microparticles are
formed after the curing process. The precursor solution comprises the material (in our case,
polymer) we wish to synthesize microparticles out of and the solvent. This solution is atomized
at ultrasonic frequencies in the Ultrasonic Spray Pyrolysis process. As a result, the choice of

solvent for this process is important. The precursor solution’s atomization depends on its
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concentration and chosen solvent. In a multiphase system with more than one precursor, a
solvent that selectively dissolves each precursor material must be identified and selected for
solubilizing each component of the system. For example, researchers identified toluene as a
solvent that can dissolve both polydimethylsiloxane (PDMS) and polyethylene glycol (PEG) and,
as such, can be used as the solvent of choice in making PDMS-PEG core-shell microspheres [14,
16]. In Currie et al., it was discovered that in a di-block copolymer system, when the solvent
chosen dissolves only one polymer and not the other, the polymer tends to form micelles,

resulting in very inhomogeneous structures [17].

Following the prior literature, the present research investigated potential solvents that can
observably solubilize the precursors and were selected as the media for the microsphere
formation process. These solvents are identified by conducting a simple solubility test. Small
amounts of the candidate precursor are added to small amounts of various solvents to determine
whether they will dissolve. Tabulated results from these studies are included and discussed in

Chapter 3 of this document.

1.3.2 Emulsion Formation

An emulsion is achieved by mixing two immiscible liquids in equilibrium, most
commonly an oil and water phase [18]. These systems are not spontaneous and are
thermodynamically unstable. The system separates into two phases when two immiscible liquids
are added together. The lighter-density oil phase remains above the settled higher density water
phase for water and oil. These systems can be engineered and varied to have various properties.
High shear mechanical mixing, for instance, can be introduced into the system to break up the

phases, but upon reaching thermodynamic equilibrium, the phases separate once more. However,
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a third phase (amphiphile) can be introduced into the system to stabilize it. The amphiphiles
(known as emulsifiers) may significantly decrease the interfacial tension of the two liquids,
leading to mixing and ultimately stabilizing the system [18]. For a stabilized emulsion system,
there is always a bulk and a dispersed phase. The dispersed phase is always distributed “in” the
bulk phase. Emulsions can also be categorized as macroemulsions or microemulsions based on
the size of the droplets formed.

1.3.2.1 Single Emulsions

Emulsions, whereby only two phases exist, are called Single Emulsions. There are generally two
types of single emulsions: water-in-oil (W/O) and oil-in-water (O/W). “Single emulsions” are so
termed because the systems comprise a single dispersion and bulk phases. Single emulsion
systems can be created in a straightforward approach that has been implemented in various
applications, from pharmaceuticals to drug delivery applications. Figure 2 below is a graphical

depiction of a single emulsion process.

SINGLE
EMULSION °
® . PLA dissolved
. in DCM
[ ]
P , Droplet of PLA
dissolved in DCM
- (dispersed oil phase) Homogenous W/0
o © . emulsion
Water containing
O O = PVA emulsifier (bulk
S @ phase)
@
3
Polar head (circle) Droplet of PLA
and nonpolar tail of ;. 1ved in DCM B : o
emulsifier earranging o
(surfactant) surfactant

molecules around
single droplets

Figure 2. Single Emulsion Formation
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The present work focused on the formation of macro- and microemulsions. For
microemulsions, emulsifiers are generally used as surfactants [ 18]. Figure 3 highlights some
examples of microemulsions. The parameter g is a geometric parameter, describing the size of

the polar region of the stabilizing amphiphile. When g>/, the micelles present are reverse

micelles.
P o ( —QQ Q

Ay et

bicontinuous (middle phase)
microemulsion

O/W microemulsion W/O microemulsion

Figure 3. Consideration of packing geometry for the formation of microemulsions. [18]
Emulsions (particularly O/W emulsions) have been used to form polymeric micro- and
nanoparticles [18-20]. The oil phase typically consists of the polymer(s) dissolved in the
appropriate solvent, and the aqueous phase contains the emulsifier. In the case of drug delivery,
the oil phase also contains the drug to be encapsulated. The oil phase is then dispersed into the
aqueous phase and stirred. The mixture is then heated to evaporate the solvent, and the micro- or
nanoparticles are formed. As a general rule of thumb, the solvent of the polymer has to be
immiscible with the emulsion solvent, and its boiling point has to be lower than that of the
emulsion solvent to ensure complete evaporation [21]. This process is generally called the
emulsification solvent evaporation method. Instead of evaporation, the solvent may be removed
either by extraction [16] or dialysis [22]. The drug is encapsulated after the solvent has

evaporated for drug delivery applications.
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In some cases, the particles are obtained by freeze dehydration [22] or spray drying for large-
scale processes [19]. In other instances, after evaporation of the solvent, more water may be
added to the mixture under constant stirring to harden the particles being formed [21]. Particles
may be separated from the mixture by filtration (for microparticles) or centrifugation (for both

micro- and nanoparticles).

The emulsion solvent evaporation method has been used in making micro- and
nanoparticles of PLA and copolymeric versions of PLA [20-22], mainly for drug delivery
applications. In most of these applications, polyvinyl alcohol (PVA) is used as an emulsifier in
the aqueous phase of the emulsion. However, it may be replaced with other materials to enhance
the biocompatibility and efficiency of the drug delivery process [19]. This method was explored

in the present work, as it appears to be straightforward, and materials are available.

1.3.2.3 General Synthesis Considerations

An essential aspect of emulsion formation is the mechanism of mixing. The bulk and dispersed
phases are generally known beforehand. Depending on the system, the surfactant/emulsifier is
also chosen [23]. The mixing mechanism chosen, however, is dependent on the mixing time, the
desired particle size and size distribution, and the viscosity of the phases present. Higher mix
speeds generally produce smaller particle sizes and narrower size distributions [24]. High shear
mixing leads to the formation of microspheres within a matter of minutes [25]. Magnetic stirrers
can generate relatively small particles but may not be as efficient in generating a narrow
distribution and do not constitute a high amount of shear mixing. Overhead mixers provide high
shear and mix speeds, but too high speeds may destroy the morphology of the formed particles in

the emulsion. On the other hand, Planetary mixers can form emulsions within a short time with a
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narrow size distribution and operate at high speeds without added shear that may deform the

formed particles.

1.3.3 Ultrasonic Spray Pyrolysis

According to the International Union of Pure and Applied Chemistry (IUPAC)
Compendium of Chemical Terminology, pyrolysis is the thermal decomposition of materials at
elevated temperatures in an inert atmosphere. When the material undergoing thermal
decomposition is an aerosol, the process is termed spray pyrolysis. Spray Pyrolysis can be a
continual process, making it a preferred method for synthesizing nanoparticles and thin films
[26]. Spray Pyrolysis is widely used in producing films and powders [27]. Several spray
pyrolysis techniques vary by the nebulization method, as shown in table 1. Generally, for spray
pyrolysis, the droplets are created from a precursor solution, which contains material(s) to be
thermally decomposed. Spray pyrolysis has been used to synthesize porous, solid, and core-shell
organic and inorganic materials [6]. (For more details on materials and compounds made via
spray pyrolysis, please refer to [6] and the references therein). However, spray pyrolysis is not to
be confused with ultrasonic spray pyrolysis (USP), where the materials, though also subjected to
elevated temperatures, do not undergo thermal decomposition. The high-temperature
environment in USP is used to cure the polymers, thereby solidifying them. In USP, ultrasonic
nebulization is used for droplet creation due to the narrow distribution and droplet size. A direct

correlation exists between the droplet size and particle size via the equation
1

b - MD;C\3 )
P~ \100p, W
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where D, is the average particle diameter, Dy is the average droplet diameter, M is the molecular

weight of the precursor, C is the concentration of the precursor, and p,, is the product density
[28].

Ultrasonic Spray Pyrolysis (USP) is a novel method used to synthesize fine powders in
the industry [29]. Compared with other manufacturing and synthesis approaches, such as
chemical vapor deposition (CVD), USP is a more efficient and controllable way of producing
micro and nanoparticles with a narrow size distribution. USP processes can also occur under
ambient temperature conditions and do not require a vacuum.

Table 1.

Nebulization methods commonly used in spray pyrolysis. [14]

Nebulization Average Droplet Droplet Size Gas Flow Droplet
Method Diameter (um) Distribution Rate Delivery Rate
Jet 10-1000 Broad Low High
Air-assisted <1000 Broad High High
Rotary 10-1000 Broad Low High
Electrostatic 0.01-1000 Very Narrow Low Low to High*
VOAG 20-400 Very Narrow Low Medium
Ultrasonic 10-1000 Medium Low Medium
(Nozzle)
Ultrasonic :
1-10 Narrow Low Medium
(Submerged)

*Small size has low delivery rate, large size has high delivery rate
**VOAG: vibrating orifice aerosol generator

In USP, droplets from a precursor solution are created by ultrasonic atomization using a
piezoelectric transducer. The precursor solution is usually prepared at < 20wt.% of precursor to

solvent ratio. The ultrasonic nebulizer is submerged in the liquid, operating at frequencies
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between 1.6MHz and 2.4MHz [14]. Figure 4 schematically illustrates a lab-scale USP setup

employed in the present study.

[«

t
Temperature D

control /

1] T8

Controlled Bubblers
Nitrogen Flow

Inlet
[ Particle
generator

Tube Furnace

Figure 4. Ultrasonic Spray Pyrolysis — Lab setup.

In ultrasonic spray pyrolysis, the materials do not undergo decomposition in the furnace. The
solvent in each droplet is evaporated, leaving the remaining solid polymer material. Each droplet
acts as a reaction vessel, preventing agglomeration and coalescence. The droplets are cross-
linked and densified in the furnace, forming cured solid particles [14]. The particles are then
collected in bubbler tubes and later separated from the solution by centrifugation, filtration, or
other separation mechanisms. Core-shell architectures can form when a nebulized solution
contains more than one precursor and phase separation occurs [14].

Figure 5 illustrates a setup from the literature that employed a variation of USP setups to
improve throughput and to create core-shell structures. A USP setup with two separate gas inlets

and two furnaces was used by KoSevi¢ et al. to reduce Platinum in forming Pt/TiO2 core-shell
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powders [30]. In another research, two atomizers, each with its oxygen gas inlet, were
incorporated into the ultrasonic spray pyrolysis setup to optimize the synthesis of TiO2/RuO»

core-shell particles [31].

Zone 1 Zone 2

Figure 5. Experimental set-up used for ultrasonic spray syntheses (a) gas flow regulation of N»
and H> (b) ultrasonic generator with precursor solution (c) gas inlet 1, N> (d) gas inlet 2, Ha, (e)

furnace 1, (f) furnace 2, (g) gas outlet and (h) collection bottles [30].

1.4 Microsphere modification

In this section, we discuss how polymeric microspheres can be modified. The modifications alter
properties such as hydrophobicity/hydrophilicity, crystallization temperature, decomposition
temperature, immunotoxicity, and the mechanical properties of the synthesized polymer. The
functional groups in polymers allow for surface modification, polymer grafting, and block
copolymerization, among others. We will be focused on surface modification and block
copolymerization.

1.4.1 Surface Modification

Polymers possess many excellent bulk properties making them suitable for many applications. In

some cases, however, polymers may not possess the surface properties desired. Surface
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modification becomes necessary then to make polymers entirely suitable for applications.
Surface modification could be as straight forward as adding a coating to the surface. For
instance, in Scanning Electron Microscope (SEM) applications, a metallic coating is applied to
materials to improve the image's resolution. This coating does not affect the bulk properties of
the material being imaged. Pores may also need to be created on the polymer surface to increase
the material’s surface area and/or make materials suitable for applications such as scaffolding
[32] and drug delivery [33]. Notably, hydrophobic polymers can be surface modified to make
them less hydrophobic. To achieve this, functional groups like a carboxylic group (-COOH), a
hydroxyl group (-OH), or an amine group (-NH>) are added to the surface of the polymer via
polymer chemistry. Depending on the material, the surface of a given polymer material with a
hydrophobic surface can be made hydrophilic in a few ways. Polyesters, for instance, can be
surface modified by hydrolyzing the material with a base solution like sodium hydroxide to add
hydroxyl groups to the surface [34]. Chen et al. surface-modified electrospun poly-I-lactic acid
(PLLA) nanofibers by adding carboxylic groups to the surface plasma, in this case, for cartilage
tissue engineering) [35].

Plasma treatment using oxygen gas is also an effective method to introduce oxygen-
containing functional groups onto polymer surfaces [35]. In some applications, amine groups or
other variations are added to the surface of materials to functionalize them via amination
chemistry [36]. Amines may be used as a linkage in the formation of copolymers. In Yi et al.,
amines were used to link magnetic nanoparticles with glutaric dialdehydes and combined with
lipase enzymes used as electrocatalysts for oxygen reduction reactions (ORR) [37], as shown in

Figure 6. The reactivity of amines allows for a range of applications to be possible. In addition to

NSC-614-5159 03/2023: Unclassified Unlimited Release



17

modifying a polymer’s surface hydrophobicity/hydrophilicity, surface modification alters the

surface charge of the polymers. Zeta potential allows us to ascertain this.

@)

3. NH,-MNPs 3. GA-MNPs

1. Reverse micelles 2. GA-MNPs in micelles 3. Lipase combination 4. L-MNPs

oH o 0 ; .
O'V‘ 3 Hofsj‘rJ\/NHz .V. . HMH ? :TX-100 ?‘-"-OC'B"O' U: Candida rugosa lipase

OH

Figure 6. (a) Schematic showing the synthetic steps of the Glutaric Dialdehyde modified
magnetic nanoparticles (GA-MNPs). (b) Synthesis of lipase-immobilized magnetic nanoparticles
(L-MNPs) through the nonionic reverse micelle method. [37]

The Zeta potential of a particle in solution is a measure of the electric potential at the plane
(slipping plane) that separates the mobile fluid from the fluid that remains static on the particle.
Zeta potential values are either positive or negative, indicating the net charge on the surface of
the particles. The higher the zeta potential, the more unstable the particle is; hence, the higher the
possibility of flocculation or agglomeration. The zeta potential, therefore, allows us to study the

changes in surface properties of the modified microspheres.
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1.4.2 Block Copolymerization

A copolymer is a polymer formed when two (or more) different monomers are linked in
the same polymer chain [38]. Homopolymers, however, are formed similarly but with just one
monomer. Copolymers harness the properties of each monomer, producing a polymer that has
superior properties to the constituent monomers. An example is the fluoropolymer ethylene-
tetrafluoroethylene, which has better electrical, mechanical, and chemical properties than its
constituent monomers, tetrafluoroethylene, and ethylene [39]. Several rubber derivatives such as
acrylonitrile butadiene styrene (ABS), styrene-butadiene rubber, styrene-acrylonitrile, and
styrene-isoprene-styrene are also copolymers that are widely used in several applications [40].
There are four types of copolymers stemming from the monomer arrangement: namely
alternating (A-B-A-B-A-B-A-B), random (A-A-B-B-B-B-A-B-A-A-B-B), block (A-A-A-A-A-
A-B-B-B-B-B-B), and graft copolymers (nonlinear block copolymers), with A and B as
monomers. The focus of this section is block copolymers. Block copolymers are composed of
two or more distinct homopolymers [41], arranged in a block-like manner, as described above.

Block copolymers can be fabricated in many ways. The most straight forward approach
for making block copolymers is by the living or controlled polymerization of monomer A
followed by the living or controlled polymerization of monomer B [42]. Free radical addition
polymerization is a standard method for doing so. However, in some cases, the homopolymers
already exist and need to be joined together to form the block copolymer. Functional groups at
the end groups of the individual polymer chains allow for the covalent coupling of the
homopolymers to form the block copolymer. Other methods employed in making block
copolymers include ionic polymerization, metal-catalyzed polymerization, ring-opening

polymerization, solution polymerization, change of mechanism polymerization, etc.
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There are several reasons why researchers would want to join two or more distinct
polymers, but a prominent among them is amphiphilicity. Amphiphilic block copolymers have
been widely studied due to their ability to self-assemble as micelles. These structures interest
researchers due to unique features such as their “nano size, core-shell architecture, and good
thermodynamic stability in physiological conditions” [43]. In biomedical applications, the
homopolymers forming the block copolymers are chosen such that the hydrophobic and
hydrophilic constituent polymers are biodegradable and biocompatible, respectively [43]. The
nanoscale hydrodynamic radii of block copolymers upon self-assembly make them ideal for
nanoscale applications, such as forming block copolymer-based thin films and nanotubes [41].

PLA-PEG is an amphiphilic block copolymer synthesized in literature via ring-opening
polymerization of lactide in the presence of PEG [22, 44]. In this diblock copolymer, PLA is the
hydrophobic part, whereas the PEG is hydrophilic. The reaction is catalyzed by Tin (II) 2-ethyl
hexanoate, stannous octoate (Sn(Oct)2) [22], or by the less toxic acetic acid bismuth [45] at a

temperature of 110°C, as shown in Figure 7.
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0 CH,

mPEG Lactide mPEG-PLA-OH

Figure 7. Synthesis scheme of mPEG-PLA. [44]
The block copolymer has also been synthesized, starting with glycol and lactic acid via anionic
ring-opening polymerization, with 3,3-diethoxypropanol as an initiator [46]. The monomer:
initiator: catalyst ratio (where applicable) can be modified in each case to create varying

structures such as A-B-A triblock copolymers or star-shaped polymers [44-46]. These methods
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were explored during the present work for the PEG-PLA system. In addition, the synthesis of
PEG-PLA amphiphilic copolymers using PEG and PLA as the starting materials was explored.
The proposed method is conjugating amine-functionalized PEG and PLA via click chemistry.
Researchers have achieved significant success using click chemistry in the presence of an azide
group to conjugate PEG with materials such as graphene oxide (GO) nanosheets [47-49]. The
amine group will serve as the linkage between the two homopolymers. A conjugate process is a
novel approach to forming PLA-PEG copolymers. Most methods in the literature, even those that
involve click chemistry, form the diblock or triblock copolymers by ring-opening polymerization
of D/L- lactide monomers [50-52]. This approach, if successful, will be helpful in applications

where the constituent homopolymers already exist in polymer form.
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Figure 8. Dependence of melting point and degree of crystallinity of PEO/PMMA on the volume
fraction of PMMA [53].
With block copolymer synthesis, it is feasible to achieve materials with different thermal
properties and more suitable to a given process than homopolymers [54]. Figure 8 shows the
decrease in the melting point of a polyethylene oxide — polymethylmethacrylate (PEO-PMMA)

block copolymer as the volume fraction of PMMA is increased [53] from the literature. PEO has
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a melting point of about 68°C, whereas PMMA has a melting point of about 160°C. Researchers
have also found that the glass transition temperature and the melting point of a PLA/PEG block
copolymer are lower than those of pure PLA [55]. Therefore, a PLA-based block copolymer used
as a pore former could be more easily removed from a polymer matrix than PLA. The lower
melting temperature corresponds to a lower calcination temperature of the pore former, implying

a lower risk of degradation of the polymer matrix in the process.

1.5 Pore/Void Formation

Pore structures are often desired in materials to control their mechanical, electrical, and
thermal properties [7-10]. In some cases, pores are avoided at all costs. For many mechanically
intensive applications where malleability, ductility, and hardness are required, pores can initiate
crack propagation, in which case pores are not ideal. The pores are often the case with builds that
include metal parts in additive manufacturing. However, in other applications, voids are desired
to engineer material properties. The materials are typically polymers and, in a few instances,

ceramics.

1.5.1 Applications and Material Property Control

Research shows that controlling the number of voids in polymers directly impacts their density.
Significant work has been done on generating porosity in epoxy rubber and foams with cell-like
voids for various applications. Such applications include catalytic supports, lightweight
structures, and biological scaffolds [7]. Silicone has shown much promise in being a viable
candidate for creating voids in polymer matrices due to desirable properties such as flexibility,
thermal stability, and mechanical versatility. Among the number of applications for which

silicones are used, prosthetic materials remain dominant. Silicones, particularly
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polydimethylsiloxanes (PDMS), are biocompatible and ideal for making prosthetics, which may
be required to absorb saliva or other tissue fluids [56]. In Bernardo et al., silicones are used as a
preceramic for creating porous bioceramics (wollastonite-hydroxyapatite) [10], where silicone
polymers were loaded with micro-and nano-sized active and passive fillers, which were then
selectively decomposed upon pyrolysis in the formation of the bioceramic material [9, 10].
Silicone polymers may also be used as pore fillers, as in [8], where they are used to create and
study the distribution and stability of cellular voids in aluminum foam specimens [57]. Porous
PDMS sponges have also been shown to have structural advantages compared to bulk PDMS
that make them suitable for water/oil separation [58-60] and microfluidics [61, 62], among
others.

1.5.2 Pore Creation Methods

The most common pore-creation methods include templating and gas nucleation. Gas nucleation
is carried out by precipitation or by the use of chemical blowing agents [63]. Templating is an
umbrella term that describes structures created as place holders to generate pores. The template
is a part of the final structure of the part built, with the sole purpose of being removed to create
porosity. This templating is referred to as sacrificial templating. Templating may be hard, soft, or
self-templating [64]. Templating may be used to create hollow nanostructures for energy-related
applications and bulk materials. Pores can also be formed by adding hollow spherical particles
(micro balloons) to polymers. This method is prominent in direct ink-write additive
manufacturing. In Alison et al., hierarchical porous structures are created via sacrificial

templating with 3-D printing to produce cell-like structures in bulk, as shown in Figure 9 [7].
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Figure 9. Sacrificial Templating [7].

Pore sizes may range from the macro to the microscale. The ease of pore former removal, size
control, morphology control, and the impact the removal process has on the matrix material

determine how efficient a material will be as a pore former. As a pore former, silicone has

pore former removal by calcination may not be an ideal path if the matrix material is within the
decomposition temperature range of silicone. Pore formers may also be removed by solvent
extraction. The choice of solvent must be such that it selectively swells the polymer matrix and

dissolves the pore former without dissolving the matrix or changing its mechanical, physical, or

1.6 Characterization Techniques
Analytical instruments have been developed over the years to help scientists identify the
structural, physical, chemical, thermal, and mechanical changes that occur within a system after
any given process. These devices are used to characterize the processes to confirm whether the

intended purpose of an experiment was attained. The analytical tools described in this section
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controllable size and morphology but has a relatively high decomposition temperature. As such,
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help confirm the formation of modified polymers, assessing their physical, chemical,
mechanical, and thermal properties before and after incorporation into polymer matrices in the

present work.

1.6.1 Microscopy

There are two primary microscopy forms, namely optical and electron microscopy. Optical
microscopy is based on light, whereas electron microscopy is based on electrons. Scanning
Electron Microscopy is a form of electron microscopy, whereas confocal imaging is optical
microscopy.

1.6.1.2 Confocal Imaging — Keyence Microscope

Confocal imaging is a form of optical imaging whereby, unlike other optical spectroscopy
approaches, multiple mirrors with similar foci and radii of curvature are employed [65, 66]. The
Keyence Microscope uses confocal imaging. Marvin Minsky pioneered this method of imaging
in 1957. Confocal microscopy involves using both reflected and transmitted light to produce an
image. This increases the size range of materials that can be imaged via optical microscopy.
Images generated are two-dimensional images. The Keyence microscope is connected to a
computer with a graphic user interface and comes with lenses that have different magnification
ranges. The range of magnification varies from 100-1000x. The Keyence microscope can image
materials within a lower micron-size range, thus ideal for many biological specimens. However,
the capability begins to fail for materials on the nanoscale.

1.6.1.1 Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM) is used to investigate particles' morphology, size, and size

distribution by using secondary and backscattered electrons [67]. Unlike confocal microscopy,
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the principle of operation is electron-based. SEM can be used to obtain gray-scale three-
dimensional views of particles. SEM has been revolutionary in microcopy, considering up to
30,000x magnifications can be obtained and can be used to observe structures in the nanometer
range. The SEM generally comprises an electron source, lenses to focus the electron beam, scan
coils, an electron detector, a sample chamber, and a computer with a desktop for viewing the
sample chamber and the scanned images. The SEM allows the chamber pressure and voltage
(extra high tension) to be controlled. The SEM operates under a vacuum to limit the interference
of particles with the electrons.

In the next section we discuss techniques used to determine the chemical properties of a
given sample.
1.6.2 Chemical Analysis
This section focuses on the chemical analysis methods used in the characterization of
compounds. Poly-3-hydroxybutyrate (PHB) is used as an example chemical structure for the
purposes of this discussion. We discuss Fourier Transform Infrared Spectroscopy (FTIR) and
Nuclear Magnetic Resonance (NMR), and how each method provides specific information about

PHB’s chemical structure.

Figure 10. Chemical structure of poly-3-hydroxybutyrate.
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1.6.2.1 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) provides information about the functional
groups present in a sample based on the vibrational resonance of the bonds present [68] using
radiations in the infrared spectrum. FTIR is used for chemical identification. When an infrared
spectrum is passed through a sample, it absorbs a portion of the radiation and transmits the rest.
An absorption or transmission spectrum can be generated based on the sample scan. Different
chemicals absorb and transmit light based on the molecular structure and chemical bonding
present. As such, FTIR provides a molecular “fingerprint” and as such, is effective for chemical

identification [69].
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Figure 11. FTIR spectrum of poly-3-hydroxybutyrate [70].
Figure 11 shows the FTIR spectrum of poly-3-hydroxybutyrate. The y-axis represents the
percent transmittance, and the x-axis represents the wave number. Two characteristic peaks for
the above spectrum are observed, corresponding to specific rotations around carbon atoms. The
peak at 1724 cm™! corresponds to the C—O stretch of the ester group present in the molecular

chain of a highly ordered structure, whereas the peak at 1279 cm™ corresponds to the ester
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bonding [70]. For chemical identification, there are tables that relate bond configurations
(stretching, rotation, etc.) to absorption/transmission ranges.

1.6.2.2. Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectroscopy is “the absorption of radiofrequency radiation
by a nucleus in a strong magnetic field [71].” When a nucleus is brought into a magnetic field,
the nucleus absorbs the radiation energy, spins in alignment with the field based on the atomic
number and number of neutrons in the nucleus, remits the energy, and returns to a lower energy
state. Molecules comprise atoms, each with its nuclear composition and bonding. NMR s
therefore an efficient chemical identification tool. There are two common types of NMR, namely
carbon-NMR or proton ('"H) NMR, and the chemical species to be observed may determine

which approach will be expedient.

7 6 5 4 3 2 1 0 ppm

Figure 12. "TH-NMR spectrum of poly-3-hydroxybutyrate [70].
Figure 12 shows the NMR spectrum of PHB. This spectrum shows three characteristic signals.
The strong peak at 1.53 ppm represents the proton attached to the methyl group in the chemical.

The double peak at 2.75 ppm corresponds to a methylene group adjacent to an asymmetric
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carbon atom with a single proton. The third characteristic peak occurs at 5.52 ppm,

corresponding to a methylene group.

1.6.3 Thermal Analysis

1.6.3.1 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is another method used for sample characterization [72]. For
any TGA operation, a sample’s change in weight is observed as a function of temperature or time
(isothermal condition) as the sample is subjected to a controlled temperature profile under a
controlled atmosphere of nitrogen, air, or another gas [73]. In this document, all TGA analysis
are done in air. TGA data can also help determine which substances are still present within a
solid sample after an experiment to remove that component has been carried out. TGA can be
used in core-shell materials to confirm the presence of both materials and the removal of either
the core or shell material when heat is applied. This analytical characterization technique can
also be used to study the decomposition of a given material under a temperature ramp or
isothermal conditions over time.

1.6.3.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) shows any sample's heat absorption profile for a
specified temperature range. It calculates the apparent heat capacity of a macromolecule or
polymer as a function of temperature [74, 75]. Information such as the glass transition
temperature, crystallization temperature, sublimation temperature, melting temperature, enthalpy
change, entropy change, and change in material heat capacity can all be derived from the DSC by
analyzing the heat flow profile [75]. This information helps us understand materials' thermal
elasticity and plasticity, the various phases that can exist within a set temperature range, and the

crystallinity of materials with recurring heating and cooling cycles.
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1.6.4 Rheology

Rheology is a thermomechanical process used to study materials' flow and deformation [76].
These are translated as strain and strain rate measurements, analyzing the impact of an external
force (stress) upon an object. The stress, strain, and strain rate can be used to make predictions
about the mechanical behavior of the materials. A rheometer is used to perform rheology
measurements in a controlled environment. Three factors that most impact rheology are an
external force, internal structure, and environmental conditions such as temperature [77].
Rheology measurements are performed by placing the material between either two parallel plates
or two cones, confined to a spacing of about Imm [78]. Other fixtures may be available, suitable
for a specific sample, depending on the instrument used to perform rheology. For a given
polymer resin filled with pore fillers, rheology can be used to determine the extrudability of the
resin at different loading percentages for 3D printing applications. Rheology and understanding
the extrudability is the property of interest in the present work and has been investigated. Storage
modulus, loss modulus, viscosity, and angular frequency, among other variables can be obtained
from the rheometer.

1.6.5 Dynamic Mechanical Analysis

The Dynamic Mechanical Analysis (DMA) technique is a thermomechanical analysis tool used
to analyze a material's properties and variations due to temperature, time, frequency, stress, etc.
[79]. DMA studies a sample’s kinetic properties generated from its stress/strain relationship. This
versatile method allows polymer materials to be tested under varying load stresses for
compression, deflection, elongation, and tension. A DMA employs various deformation modes,
such as dual cantilever bending, 3-point bending, tension/compression, and shear, using a

sinusoidal source to study viscoelastic properties such as storage modulus, loss modulus, and
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loss tangent. This device is connected to a computer that generates x-y plots for the various tests
performed. The present work employed DMA to study the changes in the mechanical properties
of polymer blends before and after the removal of the pore filler.

1.6.6 Particle Size Distribution

The particle size distribution of the particles formed will be analyzed using a Malvern
Mastersizer 3000. Referred to as the “world’s leading particle size analyzer,” this analytical tool
uses light scattering and diffraction to measure the angular deflection of suspensions, emulsions,
and dry, dispersed powder samples [80]. The equipment is connected to a computer software that
displays the measured data points into graphs, tables, and other forms. The particle size analyzer

measures particle size and the particle size distribution of a given powder sample.

Figure 13. Malvern Mastersizer 3000 and its Accessories. [80]

From that information, powder properties such as flowability can be determined. The Malvern
Mastersizer can analyze both dry powder samples and powder samples dispersed in a non-

evasive solvent. In the case of the latter, accessories of the Mastersizer make that possible. When
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a sample is introduced into the Mastersizer, a laser beam passes through it. The intensity of the
scattered light varies depending on the size of the particles. The degree of refraction of each light
ray in the refracted beam is proportional to the sizes of the particles. The equipment uses this
knowledge to then compute the particle size and particle size distribution of the particles in the
sample [80].

In the next chapter, we discuss the two primary methods for preparing microspheres, namely
Ultrasonic Spray Pyrolysis (USP) and the Emulsion method. The methodology of microsphere
preparation along with how the resulting microsphere properties from each method differ, will be

examined.
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CHAPTER 2
Microsphere Formation
2.1 Introduction

Polymeric microspheres are prevalent in several applications. They are used as
absorbents, latex diagnostics, affinity bioseparators, pore formers, as well as drug and enzyme
applications [81, 82]. The choice of polymer for microsphere formation is dependent on its
intended purpose. In biologically related applications, for instance, the polymers must have a
suitable biocompatibility, bioavailability, biodegradability, and non-immunogenicity [19]. In
industrial packaging applications, properties such as gas permeability are desirable [83, 84].
Ideally, the polymers must be soluble and miscible in various solvents. In drug delivery
applications, the drug to be encapsulated within the core of a polymer as well as the polymer
itself must be soluble in the same precursor solvent, and hence, compatibility with more than a
few solvents becomes a prime factor for consideration [85, 86]. Polymer microspheres must also
possess the desirable thermal, mechanical, and chemical properties for the given application.
Among the homopolymers that have been studied, polylactic acid (PLA) and polyethylene glycol
(PEQG) exhibit properties that make them preferable across several applications.

Polylactic acid (PLA) is a material of interest in this research. PLA is among a class of
biopolyesters that are biodegradable and biocompatible [87, 88]. PLA has garnered significant
attention in recent decades, particularly in biomedical applications [89], pharmaceutical
applications, drug delivery applications [82, 90, 91] owing to its biodegradability and
biocompatibility [87]. PLA was discovered by notable Swedish scientist Carl Scheele in the
1700’s and used for the repair of mandibular fractures in dogs [92]. PLA has come a long way

since then. PLA, being a thermoplastic, is also used in packaging for bottling, plastic films,
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shrink wrapping, etc. [84]. PLA can be mass produced on a large scale, and is commercially
available in a wide range of molecular weights [87]. This aliphatic polyester can be synthesized
in several ways, using different precursors, but prominent among these is the ring-opening
polymerization of lactide. Figure 14 shows the various stereoisomers of PLA that can exist.

PLA has two enantiomers namely poly (1-lactid) acid (PLLA) and poly (d-lactic) acid
(PDLA), derived from the optical monomers I-lactide and d-lactide respectively. Another version
of the polymer, poly (d, I-lactic) acid (PDLLA) also exists and is completely amorphous unlike
PDLA and PLLA which are semi-crystalline and have similar physical and chemical properties
[86, 92]. In most cases, the polymer consists of a mixture of poly-d-lactide/poly-I-lactide and
poly-meso-lactide isomers [93]. The isomeric composition of the polymer provides variability in
the crystallinity of the polymer [87]. As such, PLA can be manufactured as soft and elastic
polymers or high strength polymers, depending on the intended application. In an amorphous

state, PLA remains thermally crystallizable, exhibiting slow crystallization kinetics [87].

O
H
07 Newey ?
H;( o, “—» e) \)l\
0 Y O n
H
0 O

LL-LA PLLA (isotatic)

0
H
0 o
HyC i ()\)J\
I 0
& : O n
H
S - 0

D,D-LA PDLA (isotatic)

0
H
o o
H,C B . |68
& O n
H
S 0

meso-LA PLDLA (syndiotatic)

Figure 14. Stereoisomers of PLA and their corresponding precursor Lactide molecules. [93]
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Table 2 shows PLA's typical thermal transition temperatures [87]. The thermal properties
shown in the table indicate that PLA remains solid at room temperature. This is desired for the
targeted applications. PLA has a relatively low thermal decomposition temperature, which can be
explored in the generation of porosity in thermally stable materials (e.g., silicone) by calcination.
PLA can also be degraded by hydrolysis or transesterification, owing to the presence of
carboxylic and ester groups, respectively [87]. The presence of these bonds also suggests that
PLA could either surface modified or conjoined chemically with other polymer chains to either
alter the surface properties of pure PLA (such as degree of hydrophobicity) [34, 35] or to
enhance its thermal and chemical properties [88, 94]. PLA is hydrophobic and can be
copolymerized with hydrophilic polymers to form amphiphiles, which can be further converted
to polymersomes [95], microspheres [96], and the like. In many drug delivery applications,
micro- and nanoparticles of PLA and copolymers of PLA (common amongst them being PLA-
PEG (polyethylene glycol), PLA-PEG-PLA, PLA-PLGA (polylactic-co-glycolic acid), PLA-
PVA (polyvinyl alcohol), among others) are used for encapsulation [19, 88, 89]. Due to its
moldability, PLA can also be fabricated as films, scaffolds, micelles, and micro- and
nanoparticles [92].

Table 2

Temperature range for PLA thermal transitions [97, 98]

Temperature Transition Temperature range (°F)
Tg; Glass transition temperature 50 - 80
Tm; Melt temperature 130-170
Ta; Decomposition Temperature 230 -260
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Polylactic acid can dissolve in various solvents that include chlorinated and fluorinated
organic compounds, tetrahydrofuran (THF), acetone, dimethylformamide (DMF), benzene,
pyrrolidine, benzylamine [99]. The choice of solvent for PLA may depend on the polymer’s
molecular weight, stereochemistry, and percent crystallinity. Amorphous PLA is easier to
dissolve than crystalline PLA [99]. The flexibility of PLA makes it an attractive candidate for
further research for several applications, including additive manufacturing and porous material
formation [41].

Polyethylene Glycol (PEG), like PLA, is a biocompatible polymer with applications
predominantly in the medical field and is synthesized by ring-opening polymerization [100].
Unlike PLA, PEG is highly hydrophilic and non-biodegradable. PEG is non-volatile, colorless,
inert, and non-toxic and is soluble in polar organic solvents, including benzene and chloroform,
as well as nonpolar solvents, such as carbon tetrachloride. Depending on the molecular weight,
PEG can exist as a liquid or a solid. PEG can also functionalize owing to the presence of the
hydroxyl group, thus allowing different chemistries like surface functionalization or block
copolymerization to be performed. Researchers have determined, for instance, that PEG can be
made degradable by functionalizing with PLA [101]. PEG has applications in two primary
industries: the medical and chemical industries. The medical industry uses PEG to manufacture
laxatives [102]. PEG, like PLA, is inactive in drug delivery applications. It is also used in protein
analysis via PEGylation [103] and gene therapy [104]. PEG is used as a binding and dispersion
agent in the chemical industry to prevent agglomeration [105]. PEG is also used as a hydrophilic
coating [106]. PEG, like PLA, can also undergo top-down manufacturing procedures to form

various micro- and nanostructures.
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PEG and particularly PLA microspheres are generally not produced for off-the-shelf or
commercial purchase. The thermal, mechanical, and biological properties of PLA and PEG
discussed, however, make them choice pore former candidates in the formation of evenly
distributed micropores in polymer matrices. As such, there is a need for readily available PLA
and PEG microspheres for such applications. In this chapter, we discuss simple approaches for
creating PLA and PEG microspheres.

Section 2.2 covers the formation of PLA and PEG microspheres using ultrasonic spray
pyrolysis (USP) whereas section 2.3 covers the formation of PLA microspheres using the single
emulsion method. Formation of PEG microspheres via the emulsion method is discussed in

section 4.2.

2.2 Ultrasonic Spray Pyrolysis (USP)
In this section, we will examine the formation of PEG and PLA microspheres. The prospect of
both PEG microspheres and PLA microspheres being formed via USP creates room for forming
PEG-PLA core-shell microspheres, much like PDMS-PEG microspheres.
2.2.1 Methodology and Setup

The setup shown in Figure 15 was used to produce polymer microparticles. The USP
setup comprises a bottle for the precursor solution, a quarter-inch tube connecting the precursor
bottle to the particle generator, a temperature source and control unit, a nitrogen flow inlet, a

tube furnace, and bubblers connected to the tube furnace by %:-inch tubing.
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Figure 15. Typical USP Setup

Polymers used to prepare microparticles via USP include polylactic acid (PLA), polyethylene

glycol (PEG), polydimethylsiloxane (PDMS), and polyvinylpyrrolidone (PVP).

Most of the polymers used in this process have molecular weights ranging from about
200 — 1200 g/mol, except for PLA, which has an average molecular weight of 100,000g/mol. In
the case of PEG/PVP microspheres and PEG-PDMS core-shell microspheres, the starting
solution for the USP process comprises a 1, 2, and 5 weight percent concentration of polymer in
solvent. Due to the extremely high molecular weight of PLA, a starting solution is prepared with
41g of the PLA pellets first dissolved in 800mL of dichloromethane (DCM). The precursor
solution for the USP process is prepared by diluting 20mL of the starting solution in 80mL of
DCM to meet the dilution requirement for USP.

The precursor solution flows continuously into the particle generator’s nebulizing
chamber, which has a volume of 30mL. The solution is nebulized at 2.5MHz. The fine mist
created from the nebulization is then carried upward by a nitrogen stream flowing at 0.6 slpm

into the tube furnace, set at the curing temperature of the precursor polymer. The solvent
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evaporates, leaving individual droplets acting like microreactors, which are then collected in test
tubes half-filled with a solvent that does not dissolve the polymer (e.g., hexane for PEG and di-
water for PLA). The microspheres are filtered out of the solution by centrifugation and afterward
washed and dried.

2.2.2 Results and Discussion

2.2.2.1 Formation of PEG microspheres

Particle Size Distribution for PEG 1000
microspheres - Ultrasonic Spray Pyrolysis

Frequency
w By
o o

N
o

=
o

| ‘lllllll_ - m

1012141618 2 22242628 3 3.2343.63.8 4 4244
Particle Size (micron)

o

Figure 16. SEM image of Polyethylene Glycol (PEG) microspheres (A), the microsphere

detection analysis of the SEM image of PEG 1000 microspheres via MATLAB (B) and the
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Particle Size Distribution of the PEG 1000 microspheres (C) prepared using Ultrasonic Spray
Pyrolysis.

Figure 16(A) shows the Scanning Electron Microscope image of PEG microspheres
prepared by ultrasonic spray pyrolysis. The formed microspheres shown in the image are
spherical. Figure 16(A) also shows that the particles retained the spherical morphology of
droplets throughout the USP process. From this, we conclude that the USP method successfully
produced spherical, monodisperse, PEG microparticles.

The sample collected from the USP process was limited in quantity and also slightly
agglomerated, and as such it both would not have been ideal for a Malvern particle size analysis
or a Dynamic Light Scattering (DLS) analysis. The SEM image, given that it is a 3-dimensional
depiction of the particles formed, is used to calculate the particle size distribution using
MATLAB.

To determine the size distribution of the PEG microspheres collected, a particle size
analysis of the SEM image was performed using a MATLAB image processing script which
detects and calculates the diameter of each particle. A graphical image of the result of the image
analysis program is shown in Figure 16(B), where the detected microspheres are shown as green
circles. A total of 269 spheres are detected, and the diameters of each of those microspheres are
calculated. The particles measured had a mean diameter of 1.69 um and a standard deviation of
0.51um. The MATLAB functions “imfindcircles” and “viscircles” were used to find and
calculate the diameter of the microspheres and circle the microspheres green, respectively.

The diameters calculated in MATLAB were exported to Microsoft Excel, and a
frequency distribution chart was generated, as shown in Figure 16(C). The graph shows that the

spheres are narrowly distributed within the size range of 1.1 - 4.3um, as seen in Figure 16(C).
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This depicts a relatively narrow distribution of uniform microspheres produced using ultrasonic
spray pyrolysis.

The Ultrasonic Spray Pyrolysis process also produced microspheres at a very low
efficiency. In the experiment described above, for 5g of PEG microspheres in the precursor, only
about 0.5g of microspheres were collected, accounting for about 90% loss of material. This
material loss is partly attributed to the rapid cooling of the topmost part of the heating chamber
(not visible in Figure 14). Upon inspection of the heating chamber post-process, it was observed
that some of the PEG microspheres clanged to the topmost part of the vertical heating chamber.
This region is not in direct contact with the heating element, and for PEG microsphere synthesis,
the chamber is set lower than 70°C. The surroundings can quickly cool the topmost part of the
vertical tube furnace and, as such, condenses the PEG droplets.

2.2.2.2 Formation of PLA microparticles
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Figure 17. PLA particles obtained from failed Ultrasonic Spray Pyrolysis
Measuring particle size and particle size distribution of such a small powder sample is not

feasible with the Malvern Mastersizer 3000 analytical tool, hence the need to use the MATLAB
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script in calculating the particle sizes. Following the successful production of uniform PEG
microspheres, we sought to produce PLA microspheres using the USP process. PLA was chosen
due to its desirable chemical and thermal properties and affordability/accessibility. A successful
USP synthesis with PLA would also pave the way for forming PEG-PLA core-shell
microspheres comprising a hydrophilic core and a hydrophobic shell. PLA microsphere
formation from the USP setup proved challenging, given that there is a concentration restraint on
the precursor solution. The procedure described in section 2.2.1 above was unsuccessful. The
starting solution did not form a mist like we would have expected. In the case of PLA, even with
a further dilution of the starting material, the concentration of the PLA precursor solution could
be above the maximum concentration of starting solution that the particle generator can nebulize
at 2.5MHz. The PLA grade used in this experiment has an average molecular weight of about
100,000 g/mol. PLA dissolved in DCM flows with a similar consistency as oil. As such, it is
feasible that PLA in DCM would only be atomized in a very dilute solution. In this case,
producing PLA microspheres may not be as efficient using the Ultrasonic Spray Pyrolysis
method. This needs to be investigated further. It could also be that for higher nebulization
frequencies, the PLA solution would have formed a mist and, consequently, would have been
able to prepare microspheres.

A successful, continuous USP production of PLA microspheres with a narrow
distribution can benefit many applications. Careful process analysis revealed that at the end of
the experiments, PLA particles were observed in the nebulization chamber of the USP after all
the solvent had evaporated. If the particles were microspheres, this could mean that some of the
precursor solution nebulized and, after solvent evaporation, fell back into the particle generator.

If this were the case, the particles would most likely be spherical, and this would have been an
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indication of whether the flow of the nitrogen through the vertical tube is laminar. SEM analysis
of the PLA particles (Figure 17) shows no indication of the formation of spherical PLA particles.
The absence of spherical particles in the SEM image in Figure 17 meant that the MATLAB
script used to calculate the diameter of each particle could not be used to calculate the sizes and
size distribution of the PLA microparticles.

The PLA samples collected were categorized as “starter” and “waste” microparticles.
During experiments, when the solution in the particle generator did not nebulize, the particle
generator was emptied, and the material was categorized as “waste.” It was then replaced with a
new, lower-concentration PLA-in-DCM solution. When this solution failed in the USP process,
it was collected and categorized as a ““starter.” The DCM solvent in the waste and starter samples
evaporated, leaving behind powdered PLA particles. The starter sample was measured to obtain
the SEM image in Figure 17. There was enough powder material from starter and waste samples

to conduct wet and dry particle size analyses using the Malvern Mastersizer 3000 analytical tool.
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Figure 18. Particle Size Distribution of the “starter” and “waste” PLA microparticles collected

during the USP process.
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Figure 18 shows the results of the particle size analysis of PLA microparticles using the
Malvern Mastersizer 3000. The wet analysis of the powder sample involves dispersing the
powder sample in a solvent that does not dissolve the material for the particle size analysis. In
contrast, for a dry analysis, the particle sizes of the particles are directly measured in the device.
The gas flow rate and the nebulization frequency used in producing PEG microspheres were also
used for PLA, so we expected to see particles in the lower micron range if microspheres are
indeed formed. This is, however, not the case as observed in Figure 18. USP creates particles
with a narrow distribution of sizes, but Figure 18 shows multimodal size distributions even for
the same sample. There was no evidence of significant microsphere formation from the Particle
Size Distribution data.

2.2.3 Conclusions

The ultrasonic spray pyrolysis method described above can successfully be used in creating PEG
microspheres, among others, with a spherical morphology and a narrow size distribution. This
method is, however, not efficient for mass production. Parameters such as the gas flow rate and
the nebulization nozzle type can be altered to optimize the conversion rate of the polymer
precursors into microspheres. Through this work, we also concluded that polymers with
molecular weights on the order of 10* or higher are not ideal for use as precursor polymers in the
formation of microspheres via USP.

Future work on the Ultrasonic Spray Pyrolysis setup would involve performing a
parametric study to investigate the impact of precursor concentration on atomization. The goal
would be to identify the threshold frequency above which the starting solution will fail to
nebulize. The impact of the nitrogen flow rate and the flow direction on the percent conversion

of starting material must also be fully understood.
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2.3 Single Emulsion
This section focuses on the formation of PLA microspheres using the oil-in-water (O/W) single
emulsion method. (A different approach is used to disperse PEG microspheres in a PDMS
matrix, and this is discussed in Chapter 4). PLA microspheres were prepared in a manner that the
experiments could be repeatable. Microspheres were prepared one batch at a time. PLA grade
4043D was used respectively in the production of microspheres.
2.3.1 Methodology and Experiment

The starting solution is prepared to make the PLA microspheres by dissolving about 40g
of the PLA pellets in 800mL of DCM to form oil-in-water (O/W) single emulsions. The oil-in-
water emulsion was prepared by dispersing SmL of the starting solution for every 200mL DCM.
The dispersion of the oil phase in the water phase was carried out by (1) using a magnetic stir
plate, (2) using an overhead mixer, as well as (3) stirring with a planetary (Thinky) mixer. In

each case, the microspheres were formed at room temperature.

Figure 19. The solvent removal process for Emulsion Formation
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The microspheres prepared by mixing with the magnetic plate were stirred at 1200 revolutions
per minute (rpm) for 60 minutes. The microspheres prepared by mixing with the overhead mixer
were stirred at the highest setting on the Hamilton Beach overhead mixer for 4 minutes per every
200mL emulsion system. The microspheres prepared using the planetary vacuum mixer were
prepared by mixing at 2000 rpm for 4 minutes under no vacuum. After dispersion, the
microspheres prepared are obtained by eliminating the organic phase. This is done by pouring
the 200mL emulsion into a 1L beaker filled with distilled water (shown in Figure 19) and chilled
2 hours. (In the absence of distilled water, deionized water can be used). The cold jar of water
extracts the solvent from the emulsion whiles solidifying the liquid microsphere droplets formed.
The microspheres are then obtained by vacuum filtration. After washing with deionized water,

the microspheres dried in a fume hood.

2.3.2 Results and Discussions

Figure 20 shows the flowchart used for the determination of the optimal operational parameters
that yield narrowly distributed microspheres with an average size of about 30 microns. The five
tunable parameters were namely surfactant type, surfactant concentration, mixing method,
mixing time, and mixing speed. To determine the optimal surfactant for our oil-in-water PLA
emulsion system, the mixing method was held constant (stir plate), whiles the surfactants shown
were dispersed in the bulk phase of the emulsion at the different concentrations shown. Among
the three surfactants, PVA was the only one that formed a stable, uniform emulsion system,
leading to the formation of microspheres. From literature, it was discovered that a 1% surfactant-
to-bulk solvent volume ratio would be ideal for the PLA microsphere emulsion system [107].
With the ideal surfactant and surfactant concentration determined, different methods of mixing

were employed, each with unique mixing parameters (time and speed).
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Figure 20. Process Parameter Flow Chart for PLA Microspheres Production
The analysis of how mix speed and mixing time impact the size and size distribution of the PLA

microspheres is discussed later in this sub-section.
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Different methods were explored for separating the microspheres from solution. After the
emulsion was formed, two approaches were employed with the aim of removing the organic
solvent (i.e. dichloromethane (DCM)) from the system, one at room temperature and the other at
an elevated temperature. The room temperature approach for removing the organic solvent
consisted of stirring the emulsion system overnight. The elevated temperature approach involved
using a rotary evaporator (Rotavap) set to 50°C to evaporate the DCM from the emulsion system,
since DCM has a significantly higher vapor pressure than water and boils at 39°C. Upon
filtration, the PLA microspheres formed during the emulsion process could not be retained.
There was also evidence of DCM traces in the filtrate. The PLA microspheres collected in both
cases were also not in solid powder form as was expected. As such, another separation method
was needed. A thermodynamic approach whereby a temperature drop was used to enhance
separation of the DCM from the rest of the mixture. The water bath shown in Figure 19 was used
to accomplish this. After emulsion formation, each 200mL emulsion was slowly poured into a 1L
beaker filled with 800mL of chilled deionized water. The cold water was used to extract the
DCM from the emulsion as well as solidify the PLA microspheres, which were apparently still in
liquid droplet form when we implemented the previous solvent removal methods. This process
took place for two hours, after which the liquid phase was decanted, and the PLA microspheres
at the bottom of each 1L beaker filtered via vacuum filtration and washed. The dried product
yielded powders with desired flowability. The high percent yields of PLA microspheres obtained

was an indication that the organic solvent was sufficiently separated from the rest of the system.

Figure 21 shows the Scanning Electron Microscope (SEM) images of the emulsion
microspheres prepared with the planetary mixer (A), a stir plate (B), and an overhead mixer (C).

SEM data is preferred for this data given that it is a sure way to determine whether or not
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microspheres were formed in the emulsion process. In each case, it appears the particles formed
are microspheres. TEM is also ideal for particle sizes that tend to the sub-micron range, which is
not the case with our data set. The ultimate goal of creating the microspheres is to remove them

from a polymer matrix, and as such, the only physical criterion for microsphere production is

that they are small enough for layer-by-layer direct ink-writing applications.

2021/07/29  12:43 HMM

400 pm
EHT =10.00 kv Mag= 157K WD =6.65 mm

300 pm

EHT =10.00 kv Mag= 191X ‘WD =4.95 mm

Figure 21. SEM images of (A) Thinky Mixer microspheres, (B) Stir plate microspheres and

(C) Overhead mixer microspheres.
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Figure 22. Particle Size Distribution of PLA Microspheres made with the Thinky Mixer (A) stir
plate (B) and an overhead mixer (C).

Microspheres are formed in each single emulsion process and have sizes in the micron
range. The sizes of the microspheres prepared via the single emulsion methods have diameters
one magnitude higher than those prepared via ultrasonic spray pyrolysis. In the emulsion

process, we can obtain up to 95% conversion of our polymers into microspheres.
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A comparison of the three mixing methods reveals a correlation between mix speed and
particle size. The speed of mixing for each of these methods also differs significantly. The
smaller spheres are mixed for a much shorter time in the planetary than the larger spheres

prepared on the stir plate.

The emulsion system takes longer to form on the stir plate. In addition, the planetary
mixer introduces a substantial amount of shear force, which directly impacts the size of the
microspheres, irrespective of the short mixing time. In each of these events, microspheres are

prepared one batch at a time.

Figure 22 shows the particle size distribution data for the PLA microspheres prepared
with the planetary (Thinky) mixer (A), stir plate (B) and the overhead mixer (C). This data was
generated using a MATLAB program according to what is described in section 2.2.2.1. A
comparison of the graphs in Figure 23 reveals that the microspheres prepared using the planetary
mixer are relatively more narrowly distributed than those prepared using the stir plate and the
overhead mixer.

In the emulsion processes, about 0.23g of PLA is collected for every SmL of the starting
solution. This represents over a 95% conversion of our starting PLA material into microspheres.
Whereas this represents a large number, we can only make as many PLA microspheres as
possible on a lab scale, given the amount of water needed to disperse even a small amount of
PLA/DCM from the starting solution. Figure 23 compares microspheres prepared on a stir plate,
mixed for 10, 30, and 60 minutes, all stirred at 1200rpm. The graph shows that the mixing speed
and particle size distribution are not strongly correlated. Each mixing speed shows similar
distributions across the particle size range shown. At longer mix times, however, more particles

are seen in the lower micron size range. The Hamilton Beach mixer used had three-speed
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settings. Microspheres were prepared with the highest mixing speeds, introducing the most shear
into the emulsions. When the emulsion is stirred for longer than 4 minutes, the formed
microspheres deform under the continuous shear applied. Mixing at the highest speed setting on

the overhead mixer for 4 minutes was the optimum mixing criteria for the overhead mixer.

Overlay of PLA microsphere data obtained from stir
plate mix speeds of 10, 30, and 60 minutes
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Figure 23. Overlay of PLA microspheres stirred at 10, 30, and 60 minutes on a stir plate.
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Figure 24. Particle Size Analysis of solid PLA microspheres stirred in a Planetary Mixer for 5

minutes.

NSC-614-5159 03/2023: Unclassified Unlimited Release



53

Figure 25. Optical Microscope image of PLA microspheres stirred with a planetary mixer for 5
minutes.

Figure 24 shows the particle size distribution of microspheres prepared using a planetary
vacuum (Thinky) mixer. The Malvern Mastersizer generated the particle size distribution shown.
The difference between Figure 24 and the one shown in Figure 22C is that the microspheres in
Figure 24 were stirred in the Thinky mixer for five minutes as opposed to 4 minutes of mixing
for the microspheres shown in Figure 22C. A comparison between the two distributions revealed
no significant impact of an increased period of mixing on the size distributions. Figure 24 is an
optical image of the microspheres prepared by stirring emulsion mixture for five minutes,
captured with a Keyence Microscope. This further shows that the particle size distribution
changes slowly with increased mixing time for a given mixing speed. The size range of the
particles would also suggest that a dynamic light scattering (DLS) approach would not be ideal,
since the microparticles are relatively large. Figure 26 compares the three different methods used
to prepare single emulsions. Out of these three methods, the overhead mixer appears to be the

best method for creating micron-sized spherical particles in a repeatable, efficient way.
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Figure 26. Overlay of the optimal size distributions obtained from the three mixing methods
(Stir plate, overhead mixing, and planetary mixer)

Table 3 compares all three mixing methods by comparing their process times, particle size range,
and particle size distributions. We deduce from the above results that planetary mixing is the
most efficient way to prepare small, monodisperse PLA microspheres. The table, along with the
particle size distribution graphs in Figure 20, further reveal that for each of these processes, there
are tunable parameters that directly impact the sizes and size distribution of the microspheres.
Mixing speed, length of mixing, the concentration of the starting solution, and even the
concentration of the precursor are all parameters that can be tuned to obtain a narrower
distribution of microspheres. This might take longer for mixing methods such as the stir plate,
but a narrower size distribution is theoretically attainable. Following the results, an emulsion was
prepared using the planetary mixer with all parameters remaining the same, except the mixing
time.

Figure
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Table 3. Comparison of Methods Used for Microsphere Synthesis

Overhead Planetary
Stir Plate
Mixer Mixer
Mixing/Process
10 30 60 4 10 3
time (mins)
Mixing speed
1200 “Hr- “Ir 2000
(rpm)
Particle Size 30-
34-129 | 37-124 | 25-125 | n/a 11-77
Range (microns) 130
Particle Size
polydisperse polydisperse monodisperse
Distribution
Not all the PLA
in the solution
All PLA in the emulsion become Microspheres
is converted into microspheres. are smaller,
Overall
microspheres; sizes are | The sizes of the | well-defined,
Comments
the largest among all spheres are and
other mixing methods. smaller than monodisperse.
those prepared
on the stir plate
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2.4 Conclusions

The results show that both ultrasonic spray pyrolysis and the emulsion processes consistently
produce spherical microparticles. It was determined that mixing time, the desired particle size,
the desired size distribution, as well as the viscosity of the phases present may influence the
method that is chosen to prepare microspheres. Of the methods discussed, Ultrasonic Spray
Pyrolysis is best for producing particles less than 10 microns, given the appropriate concentration
of the starting solution. In general, the single emulsion processes are ideal for producing
microspheres at high conversion rates for applications where a narrow particle size distribution is
not be a stringent requirement. The overhead mixer has the highest speed of the methods chosen
and 1s ideal for systems with at least one highly viscous phase, when the time of mixing is
constrained such that the formed microspheres are not destroyed, as was seen in Figure 22C.
Planetary mixers can form emulsions within a short time, producing microspheres with a narrow
size distribution. They can also operate at relatively high speeds (up to 2000 rpm) without added
shear from a blade that may deform the formed particles, which is the case for overhead mixers.

Higher mix speeds generally correlate to smaller particle sizes and narrow size distributions.
High shear mixing leads to the formation of microspheres within a matter of minutes. Emulsions
by magnetic stirring can generate relatively small particles but may not be as efficient in
generating a narrow distribution and do not constitute a high amount of shear mixing. When the
phases are uniform and have a low viscosity, however, uniform particles with a narrow size
distribution can be generated with this stirring method.

Planetary mixing proved to be most efficient of the three emulsion methods discussed for
emulsion preparation, given that it can be carried out in a short time, mixed with little to no

filming/crystallization of the PLA, while producing microspheres with a relatively narrow size
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distribution. The only downside to this method, along with the other methods described in this
chapter, is that each method is a batch process. A straightforward, scalable, continuous approach
for narrowly distributed microsphere production will be the focus of any future work.

Further studies can be done to determine precisely how various PVA surfactant ratios,
duration of mixing and speed of mixing impact the size of PLA microspheres. With enough data,
a factorial analysis method such as ANOVA (analysis of variance) or another statistical tool can
be used to determine which parameter or combination of parameters has the most impact on the

particle size and particle size distribution of PLA microspheres.
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CHAPTER 3
Polymer Modification

3.1 Introduction
In this chapter, we will discuss how polymeric microspheres can be modified. Such modification
may be desired to alter properties such as hydrophobicity/hydrophilicity, crystallization
temperature, decomposition temperature, and the mechanical properties of the polymer. The
functional groups in polymers allow for surface modification, polymer grafting, and block
copolymerization, among others. PLA is an asymmetric aliphatic ester with functional groups
that can be modified. The ring-opening polymerization of lactide to form PLA is also a reversible
process. As with esters, PLA can undergo hydrolysis to form an acid and an alcohol. Due to
PLA’s asymmetry, other variations of the polymer can be formed, namely PDLA, PLLA, and
PDLLA. This makes PLA highly functionalizable. PLA generally ranges from semi-crystalline
to amorphous, depending on the fraction of stereoisomers existing within the compound. In this
section, we will focus on click chemistry, surface modification, and block copolymerization of
PLA.
3.2 Click Chemistry/Polymer Grafting

Upon condensation, polynucleotides, polypeptides, and polysaccharides reversibly
produce smaller unit oligomers. The reverse reactions from the oligomers to
polysaccharides/polypeptides/polynucleotides occur in nature through the linking of smaller unit
molecules by way of carbon-heteroatom-carbon bonds [108, 109]. The term coined to represent
reactions that produce larger molecules by carbon-heteroatom connections among smaller
molecules is known as Click Chemistry. In the past two decades, researchers have found great

utility in this simple, straightforward synthesis approach that mimics reactions in nature for
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applications, mainly in drug delivery, where the molecules involved are complex. Click
chemistry reactions also occur at room temperature. Not every molecule with heteroatomic
bonds can be conjugated to form larger molecules by click chemistry. The Nobel prize for
Chemistry in 2022 was awarded to three scientists for discovering and pioneering Click
Chemistry reactions around the world [110]. Click chemistry reactions are energetic, and
reactions are limited to “spring-loaded” reactants [111]. In addition, reactions following the click
chemistry principle must be modular, broad in scope, give very high yields, be stereospecific,
involve benign reactants, and produce benign byproducts that are easily removable and
insensitive to oxygen and water [111]. The azide group is generally used in click chemistry
reactions as a linkage between two molecules. Cycloadditions of unsaturated species,
nucleophilic substitution, and non-aldol carbonyl chemistry are examples of reaction syntheses
that occur via click chemistry [111].

This section discusses a polymer-polymer reaction that mimics a typical click chemistry
reaction. This reaction involves a polymer grafting between PLA and PEG. To do this, we
obtained amine-terminated PEG to be reacted with PLA. The reaction between these two
homopolymers occurs through an amine linkage, including the formation of heteroatomic bonds,
as a candidate for a click chemistry reaction synthesis. The reaction discussed in this section
occurs at room temperature and is as such not energy intensive. N,N,N',N'-Tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate (TSTU) is used as a functional group activator to
improve the reactivity of the amine linkage.

3.2.1 Materials, Methodology, and Experimental Investigations
Materials needed include industrial-grade Polylactic Acid (PLA) 4043D obtained from Nature

Works, Dichloromethane (DCM) obtained from Cole-Parmer, N,N,N',N'-Tetramethyl-O-(N-
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succinimidyl)uronium tetrafluoroborate (TSTU), and amine-terminated Polyethylene Glycol

(PEG-NH>). The reaction described below is modeled after the click chemistry reaction outlined

in the article “Amphiphilic phospholipid-iodinated polymer conjugates for bioimaging” [112]
The starting solution prepared according to section 2.3 (41g of PLA dissolved in 800mL

of DCM) was used to prepare the appropriate mass concentration of PLA determined for the

41.02g
800mL

reaction (i.e., 1.25mg PLA). 0.5mL of this solution contains about * 0.5mL = 25.6mg of

PLA, assuming uniform mixing of the starting solution. To obtain 1.25mg of PLA from the
initial solution, the volume of solvent needed to dilute 0.5mL of the starting solution was

determined as follows:

(224 0.5mL) - 0.5mL = 10.2mL — 0.5mL = 9.7mL DCM (1)
1.25mg

A solution consisting of 0.5mL DCM containing 1.25mg PLA is prepared from the batch
PLA/DCM solution. Adding about 9.7mL of DCM to 0.5mL of the initially prepared PLA/DCM
solution should give us an approximately similar mass concentration. TSTU (functional group
activator) is slowly added, stirring the reaction mixture for 3 hours. 15.95uL. of PEG-NH> is
added to the solution and stirred at room temperature for 24 hours. The solution is then put into a

-20°C freezer overnight for polymer precipitation.
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3.2.2 Results and Conclusions

12 ‘ 10 ' 3 ' 5 ' 4 ' Z ‘ [
ppm

Figure 27. 'TH-NMR spectrum of the product resulting from click chemistry reaction between
PEG-NH; and PLA

Figure 27 shows the proton NMR spectrum of the click chemistry product of the reaction
described in section 3.2, with deuterated chloroform as the solvent. The peaks centered about 3.6
and 5.37ppm correspond to the O-CH> group in PEG-NH> and O-CH group in PLA, respectively
[113, 114] indicating the presence of both PEG and PLA blocks present in the product. The
intensity of the signal centered on 5.37ppm is indicative of a strong presence of PLA in the
sample that was measured in comparison to PEG — NH;. The spectrum does not, however, show
a peak around 1.53, which would correspond to the methyl groups in PLA. If the block
copolymer did form, this peak's absence could indicate that the methyl groups are shielded.

The successful PEG — PLA block copolymer synthesis would result in the formation of a

peptide bond between the amine end group in PEG and the carboxylic end group in PLA. The
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NMR spectrum shown is not sufficient for concluding that the bond formed. In general, for a
peak corresponding to the peptide bond to be observed in the NMR spectrum, the relative
concentration ratio of reactants must not exceed several orders of magnitude, which is precisely
the case with our system. The PLA molecule has a molecular weight of 10° g/mol, whereas that
of PEG-NHD: is less than 500g/mol. This disparity in molecular weight, despite a 1:1 mass ratio
between the polymers, makes it difficult to observe a representative peak in the NMR spectrum.
It was concluded that a lower molecular weight PLA would be required to establish the
peptide linkage. This knowledge about long chain PLA molecules informed the direction of the
block polymer synthesis discussed in section 3.3, as lower molecular weight PLA was used in

place of a diluted, low mass, high molecular weight PLA.

3.3 Block Copolymerization
This section presents a bulk method to polymerize D, L-lactide in the presence of Methoxy-PEG
(mPEG), to form a mPEG-co-PLA Diblock copolymer. mPEG is used to limit polymerization to
one side of the homopolymer, to form the diblock copolymer.
3.3.1 Materials, Methodology, and Experimental Investigations
The materials needed to perform the synthesis include methoxy PEG (mPEG) obtained from
Sigma Aldrich, a Drying agent, Toluene, Stannous Octoate, dichloromethane, Diethyl Ether, (D,
L)- lactide.

Methoxy PEG, mPEG, is initially recrystallized in Toluene two times for about 48 hours
prior to the experiment. Toluene is also dried using a drying agent. 0.05% w/w stannous octoate
in Toluene solution is prepared. mPEG and DL-lactide are added to a round-bottomed flask.

0.5mL of the stannous octoate/toluene solution is added to this mixture. The content of the flask
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is degassed for an hour with a nitrogen flow. The round-bottomed tube is then sealed under static
nitrogen and placed inside a silicon oil bath heated to 140°C and left to stir for 22 hours. The
formed polymers are then dissolved in DCM to purify, followed by precipitation using cold
diethyl ether.

3.3.2 Results and Conclusions

Figure 28 below shows the TGA data of the synthesized mPEG-PLA block copolymer. The two
decomposition regions correspond to the decomposition profiles of the monomer (D, L-Lactide)

and homopolymer (mPEG) that participated in the polymerization process.

MPEG_PLA 07182022_TGA

D,L-
Lactide

6)

Onset x 120.90 °C
80 End x 147.31°C

Change: 0.620 mg
Change (normalized): 14.896 %

Weight (9

mPEG

Onset x 333.66 °C
60 End x 335.71 °C
Change: 1.245 m
Change (normalized): 29.908 %

40

Temperature T (*C)

Figure 28. TGA data of the synthesized mPEG-PLAL block copolymer.
Figures 29-31 below show the FTIR spectra of the PLA-PEG block copolymer product, the
lactide monomer, and the mPEG homopolymer. The spectrum of the product (Figure 29) shows
characteristic peaks for both mPEG (Figure 30) and D,L-lactide (Figure 31), when compared
with Figures 30 and 31 respectively. The peaks in the lower wavenumber range for the BCP

product comprise an overlap between D, L-Lactide, and mPEG.

NSC-614-5159 03/2023: Unclassified Unlimited Release



64

527.58

929.73
858.61
766.89
——— 42015

BRGKER

1743.61
1537.66
— 1454 87
T— 1414.82
1288.90
1111.99
1050.25

0.6

04 0.5
| | I I

Absorbance Units
0.3

0.2

0.1

|
|
M|\
‘4"\‘//\\.‘ I‘ I\ | v
/
|

T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber ecm-1

0.0

Figure 29. FTIR absorbance spectrum of block copolymerization (BCP) product.

Peaks are observed around 2800 cm™ in all three spectra, and yet, they are all different in
nature. These peaks represent the C-H bond stretching, which is present in all molecules. These
peaks not being the same could be indicative of the fact that the C-H bonds in all three
compounds are all bound to different groups, and as such could serve as corroboratory evidence

of block copolymer formation.

In Figures 29 and 31, the peak at 1743 cm™! corresponds to the C=0 double bond in both
the PLA block of the copolymer and lactide. The signal in Figure 31 is stronger than in Figure
29. Lactide has two C=0O double bond units, which explains the intensity of the peak. The lower
intensity peak in Figure 31 shows that the C=0 bond stretching observed in the block copolymer
is not the same as that in D-L lactide, which could be an indication that lactide was ring-opened

and copolymerized unto mPEG. This however is not sufficient evidence for the claim.

NSC-614-5159 03/2023: Unclassified Unlimited Release



65

The weak intensity broad peak observed around 3500 cm™ in Figure 29 is likely from the -OH

end group of the unreacted mPEG chains. The formation of the block copolymer is corroborated

by an NMR spectrum analysis.
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Figure 30. FTIR Absorbance spectrum of mPEG
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Figure 31. FTIR absorbance spectrum of DL-Lactide
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Figure 32. '"H NMR spectra of both the mPEG-PLA block copolymer and mPEG.
Figure 32 shows the NMR spectra of the block copolymer product and mPEG. The NMR data

confirm the block copolymer’s formation, as noted in the literature. Characteristic peaks at be

[ppm]
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seen at 5.17ppm and 3.64 ppm correspond to PLA and mPEG, respectively. The peaks between

about 1.4 to 1.8ppm correspond to the ester group the block copolymer. The peaks recorded

between centered around 3.64 correspond to the O-CH»- bond in the PEG block of the

copolymer, and the characteristic peak at 5.17ppm corresponds to the -O-CH portion of the PLA

block [115]The yield recorded for this product was low. Out of the total 20g of reactants used in

the process, only about 1g of the reaction product was recovered.
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Figure 33. Chain length determination of 'TH-NMR data for mPEG-PLA Block Copolymer
Structure from peak integration
Figure 33 shows the Integration results of the 'H-NMR spectrum for the mPEG-PLA

block copolymer product. The analysis of the spectrum is based on the four distinct Hydrogen
atoms that found in the structure. The Hydrogen atoms are differentiated based on the type of
carbons they are bonded to as well as the block of the copolymer it corresponds to. The elements
are color coded in Figure 33 for easy identification. The methoxy end group of mPEG does not
participate in the polymerization process, hence the presence of only one unit of that hydrogen.
The green hydrogen is characteristic of the PEG block of the copolymer. The mPEG
[CH3(OCH2CH2),OH] used in this synthesis has an average number molecular weight of
2000g/mol. The molecular weight of the mPEG end groups (methane and hydroxyl) subtracted
from the molecular weight of the repeat unit is about 44g/mol. To obtain the number of repeat

units, we divide (2000-44 = 1956) by 44, which gives about 44.5. In terms of polymer chain
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length averages, this number is consistent with the number of units reported in the NMR data
analysis for the PEG block shown in Figure 33, which is an indication that mPEG was not altered
in the block copolymerization process. The objective of the synthesis was to polymerize D,L-
lactide unto mPEG without altering the PEG unit. Thus far, the data suggests that the latter part
of the objective was attained. The peaks corresponding to the Hydrogen atoms in the PLA block
were also integrated. It is determined from the data that six to seven units of D,L lactide was
polymerized unto mPEG. In the synthesis reaction, the reactants were combined in a 1:1 mass
ratio. The lactide was as a result the limiting reagent, given its higher number of moles. To
extend or reduce the chain length of the copolymer, the amount of lactide added can be adjusted
accordingly. If the block copolymer can be converted into microspheres, they can be directly
incorporated into a polymer matrix as pore formers. The experiment can be scaled up for

industrial production.

Figure 34 shows the DSC profile of the block copolymer sample. A peak temperature is
observed at 43.28°C. This temperature is lower than the melting temperature of the PLA
microspheres prepared (148.1°C). The block copolymers can be made into microspheres using a
melt emulsion process. Figure 35 shows that the particles are not microspheres but appear in the
lower micron-size range. This could also mean they might be more easily removable than PLA

from a polymer matrix.
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Figure 34. DSC profile of the mPEG-PLA block copolymer.

Figure 35. Microscopic image of mPEG-PLA block copolymerization product.
3.4 Surface Modification
The surface modification allows for the surface properties of polymers to be modified. Polymers

may exhibit desired bulk properties but may lack the surface properties that make them an ideal
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candidate for a specified application. Surface Modification seeks to change that. Polylactic acid,
for example, is a well-known biodegradable, non-toxic polymer used in many biological
applications but is hydrophobic. As an ester, polylactic acid has functional groups that make it
easy to surface modify and make their surfaces more hydrophilic. In this research, polymer
microspheres were surface modified by attaching hydroxyl groups to the surface, making them
more reactive in subsequent reactions. We also wanted to understand whether the polymer's bulk

properties are affected by surface modification.

3.4.1 Materials, Methodology, and Experimental Investigations
A 0.01M NaOH solution is prepared by dissolving 1g of NaOH in 800mL water. The already-

formed microspheres are mixed into the solution and remain in the solution overnight.

3.4.2 Results and Conclusions

Figure 36 shows the zeta potential measurement of PLA microspheres before and after being
surface modified with hydroxyl groups, measured in mV. The data shows that the average of the
absolute surface charge of the particles decreases with the addition of —OH groups, confirming
the successful attachment of the functional group. The lower magnitude of the zeta potential
measurements also shows that surface-modified microspheres are less likely to flocculate in
solution.

Figure 37 also shows the overlay of the absorption spectra of PLA and surface-modified PLA
microspheres. The broad peak centered at the wavenumber 3400 is a characteristic peak of the —

OH bond, observed in the surface-modified PLA spectrum and not in the original PLA spectrum.
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All other characteristic peaks associated with PLA are aligned in both profiles, indicating that

surface modification was achieved.

Zeta Potential Calculation for Polylactic Acid
Microspheres
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Figure 36. Zeta potential measurements of PLA microspheres before and after surface

modification
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Figure 37. FTIR overlay of PLA and surface-modified PLA microspheres
Surface-modified microspheres were incorporated into a PDMS matrix to investigate the change

in the hydrophilicity of PLA microspheres (since PLA is hydrophobic) and their thermal

properties. PLA microspheres that had not been surface-modified were also incorporated into a
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PDMS matrix as a control. TGA on the cured matrices was performed to investigate these
properties, as shown in Figure 38. The TGA showed that neither the thermal properties of the
matrix nor the filler material was impacted due to surface modification. The modified PLA
microspheres were also immersed in water to dissolve them. The microspheres did not dissolve.
This indicates that surface modification only impacts the material's surface properties, not bulk

ones.
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Figure 38. TGA overlay of pure and surface-modified PLA-loaded PDMS (Sylgard 184).

The successful modification of PLA microspheres is helpful for subsequent research. Hydroxyl
groups on the surface of microspheres may enhance the formation of core-shell particles, and in

the right reaction medium, block copolymers in the solution are formed.
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CHAPTER 4

Pore formation: Microsphere Incorporation
4.1 Introduction
The objective of this research remains creating porosity in polymers by embedding pore former
materials in the polymer additive manufacturing feedstock. Previous chapters covered different
methods for the synthesis and modification of PEG and PLA pore former microspheres. The
polymer microspheres are blended into matrices at 10%, 25% and 35% loading rates. PDMS
(Sylgard 184) is chosen as the matrix material for all applications in this chapter. Silicone is
chosen due to its prevalence in additive manufacturing applications, as well as its elastomeric
properties among others. Sylgard 184 is also an RTV silicone, and as such is easy to work with.
The rheological properties of the polymer blends are studied. The blended microspheres are then
removed from the polymer matrix by solvent extraction and by calcination. The polymer material
before and after microsphere removal is studied and characterized by optical imaging,
thermogravimetric analysis (TGA), and dynamic mechanical analysis (DMA). The changes in
the density and porosity of each polymer blend and each polymer are also investigated.
4.2 Microsphere incorporation into matrices
PLA and PEG microspheres are incorporated into PDMS matrices at different loading
percentages. This study is conducted to determine the impact of polymeric pore formers and the
porosity they create in matrices on the mechanical properties of the polymer matrix. At each
microsphere loading percentage, the pore fillers are introduced into the matrix and mixed using
the planetary vacuum mixer under vacuum to facilitate uniform mixing. The matrices are then

cured in an oven set at 212°F for 35 minutes.
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Figure 39. Plan for microsphere incorporation into Sylgard 184 matrix

Figure 40. Sylgard 184 matrix loaded with 0% (A) and 10% (B) PLA microspheres
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The cured polymer blends are then characterized. PDMS matrices will be loaded at 10, 25, and
35% with PLA, PEG, and modified PLA microspheres created in Chapters 2 and 3. In the case of
PEG, liquid PEG 200 was vigorously mixed into PDMS at the same loading percentages with a
planetary mixer and immediately cured, converting PEG microdroplets to PEG microspheres.
This alternative path was chosen to overcome the challenges associated with producing PEG

microspheres using the USP process and the oil-in-water single emulsion process.

4.3 Microsphere removal
Matrices loaded with PLA microspheres were imaged and weighed, then the microspheres were
removed. Three removal methods were employed in the removal of microspheres, namely water
extraction (leaching), DCM extraction, and calcination (bake-out). In the organic solvent (i.e.,
DCM) extraction, each sample is wrapped with perforated aluminum foil and suspended in a
beaker containing the extraction solvent. Water washing is carried out by suspending samples in
water in a centrifuge tube. The tube is then immersed in a water bath sonicator with sonication
turned on and the water set to 69°C. Both leaching methods are carried out overnight. The
calcination process is carried out by placing the loaded matrices in an oven set to a temperature
that removes the microspheres whiles keeping the matrix material intact for a period.
4.3.1 Organic solvent extraction

Figures 41 and 42 show the images of PDMS-PLA blends before and after removal of
PLA from the matrix by organic solvent leaching for 10 wt. % and 25 wt. % PLA respectively.
The solvent chosen was dichloromethane (DCM). In each case, a triplicate sample was used, in
addition to a neat sample containing no microspheres, to account for repeatability. The figures
show that DCM sufficiently leached the microspheres from the polymer blend, based on the

translucence of the polymer observed. It appears, however, that some of the microsphere
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aggregates trapped in the matrix are not removed. DCM swells PDMS and, as such, leaches the

microspheres from the matrix by dissolving it.

BEFORE

Figure 41. Optical microscope images of matrices before and after DCM extraction — 10% PLA
loading

BEFORE

Figure 42. Optical microscope images of matrices before and after DCM extraction - 25% PLA

loading
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After the extraction process, matrices expand due to swelling but return to their normal size after
all the solvent has evaporated. Matrices are placed in a vacuum oven overnight set to 60°C to
remove any remaining DCM. Figures 41 and 42 also show that there are no changes in the
volume of the matrices, and therefore, due to proportionality, any change in mass of each matrix
can be attributed to a change in density. The polymer blends with 10wt. % loading appear to be
more transparent than the 25wt. % blends, owing to more microspheres per cross-sectional area
in the case of the 25 wt. % loading of microspheres. In section 4.4, we observe that the increased
percentage of microspheres increases the silicone matrix's viscosity, storage, and loss modulus.
Tables 4 and 5 show that we cannot remove all the microspheres from the matrix in each case. In

the case of the 25% loading, we have a more consistent removal for each sample.

TGA - PLA microspheres in PDMS matrix - DCM extraction

Neat PDMS 25wt% PLAinPDMS ~ ——35wt% PLA in PDMS
100
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Figure 43. TGA — PLA microspheres in PDMS loaded at 0, 10, and 25wt.% with PLA
microspheres.
We also observe that the weight of the neat Sylgard reduces for the 25% PDMS-PLA blend. This

weight reduction could be accounted for by the presence of uncured Sylgard 184 still present in
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the matrix, which in turn gets dissolved by DCM in the curing process. Figure 43 is the TGA
data comparing the degradation rate of PLA-loaded PDMS matrices loaded at 0, 25, and 35
wt.%. If none of the microspheres are removed during solvent extraction without any change to
the original mass of the matrix, we should see a weight drop of 25% and 35% in the TGA data
corresponding to the removal of the same weight fraction of PLA microspheres. On the other
hand, if all the microspheres are removed with no change to the original matrix, we should
observe TGA profiles for the loaded matrices congruent to the neat sample. From the optical
images shown above, we learn that not all the microspheres are removed from the polymer
matrix. The relative degradation observed from the TGA results, in conjunction with the
evidence of PLA microspheres still present in the matrix, suggests that a portion of the matrix
was uncured, which then was dissolved by the DCM in the swelling process, and this disparity in
weight reflects largely as a false negative in the TGA data. This is more prominent in the matrix
with the 25 wt.% loading of PLA microspheres. The data in Figure 43 suggests that the fraction
of PLA remaining in the matrix is 25%, which does not support the visual evidence of
microsphere removal purported by Figure 42. If uncured portions of the matrix were present,
then that would imply a reduction of the weight of the matrix, and as such, an increase in the
weight fraction of PLA microspheres remaining in the matrix. The data for the 35wt% PLA
loading suggests that about 10wt% of PLA remains in the matrix after solvent extraction. This
amount may be impacted if a portion of the matrix material was dissolved in DCM as a result of

only partially curing.
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Figure 44. Images of 10wt.% PEG-loaded PDMS matrices before (left) and after (right) the

removal of PEG microspheres.
Figure 44 shows the images of PEG-loaded polymer matrices before and after the
removal of PEG microspheres at 10wt. % loading of PEG. The difference in translucence

between the left and right images provides visual evidence of microsphere removal.

The evasiveness of DCM, combined with its likelihood to dissolve uncured polymers and
difficulty removing all traces of it from the polymer matrix, calls for the exploration of other
solvent systems that are safer to work with and have the same efficacy as chlorinated organic
solvents. For future work, an in-depth solvent study based on the protocol described in

Vandenburg et. al [116] will be proposed.

4.3.2 Water extraction

Figure 45 shows the removal process by water extraction for a 10% loading. Samples were
suspended in water and placed in a water bath sonicator heated to 69°C overnight. The image
shows little to no change in the dispersion of fillers in the matrices, which is expected,
considering PLA does not dissolve in water. This is also observed for a 25% sample loading.

Tables 4 and 5 also show no significant change in the mass of the matrix before and after the
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removal process, showing that water extraction is not a viable method for microsphere removal.
The experiment was repeated for matrix loading with PEG and surface modified PLA
microspheres. The added hydrophilicity impacted the PEG microspheres slightly, but not as with

the organic solvent leaching, whereas similar results to Figure 45 was observed when the

matrices were loaded with surface modified PLA microspheres.

AFTER

Figure 45. Images of matrices before and after water extraction - 10% PLA loading
4.3.3 Calcination

BEFORE

Figure 46. Images of matrices before and after calcination - 10% PLA loading
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Samples were placed in an oven set to 572°F, consistent with the decomposition temperature of
PLA, overnight. However, these conditions led to the charring of the matrices, as observed in
Figure 46. A further analysis was performed, whereby the oven was set to 500°F, and the sample
was placed in an oven for three hours. This, too, led to the charring of the matrix. As a result,
isothermal thermogravimetric analyses were performed for both the PLA microspheres and the

PDMS matrix to comprehend better the thermal properties of both filler material and matrix.

Sylgard 184 Overlay

102

150°C
200°C
250°C
300°C

100 -
]

98 |

96 -|

Weight (%)

92 -

90

] Temperature T (°C)
190 150 150
88 ' f

T T z T T T
(1] 100 200 300 400 500 600

Time t (min)

Figure 47. Isothermal TGA data for Sylgard 184 at temperatures 150, 200, 250, and 300°C over
8 hours.

Temperatures were held at 200, 250, and 300°C for 8 hours, as reported in Figures 47 and 48. An
analysis of the isothermal study shows that the optimal temperature for conducting a calcination
experiment for microsphere removal from a PDMS matrix without degradation is at 150°C, but
PLA does not sublime at this temperature. An experiment was conducted for this system
whereby PDMS was placed in an oven for three hours at 300°C. PDMS was observed to be

brittle after this. Figure 47 shows that after 3 hours, PDMS undergoes about a 7% degradation of
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being brittle. It was therefore determined that calcination was not the most effective method for

removing PLA from the PDMS matrix.
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Figure 48. Isothermal TGA data for Polylactic acid at temperatures 150, 200, 250, and 300°C

over 8 hours.

Figure 49 shows the result of calcination of a PDMS matrix loaded with PEG microspheres at a
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Figure 49. 35 wt.% PEG in PDMS - after calcination

mass fraction of 35 wt.%. The matrix is placed overnight in an oven set to 150°C. The
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discoloration observed in Figure 49 may suggest some charring in the matrix material as was
observed with, but this is not the case. The polymer matrix maintains its malleability after cure.

An isothermal study was performed on PEG 1000, just as it was done for PDMS and PLA.

PEG - 1000 Overiay
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Figure 50. Isothermal Study of PEG 1000 at 150, 200, 250, and 300°C for 8 hours.
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Figure 51. TGA overlay of microsphere removal methods for 10wt.% PEG in PDMS.
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Figure 50 shows that at 150°C, PEG undergoes complete degradation. From Figure 47, PDMS
does not undergo any degradation at 150°C. This implies that in theory, we can completely
remove PEG from a PDMS matrix without altering the physical, and likely the mechanical

properties of the matrix material.

Figure 51 shows an overlay of TGA microsphere removal data of PDMS matrices loaded with
10wt.% PEG microspheres. Each removal method shown appears to remove PEG from the
matrix to a certain degree. Removal by calcination, however, is shown to be the most efficient

way for removing PEG from a PDMS matrix.

4.4 Characterization of Sylgard 184 matrix before and after microsphere removal

4.4.1 Rheology

Rheological studies were performed on uncured PDMS and PLA blends. PDMS matrices were
loaded with 10, 25, and 35 wt. % PLA microspheres, and the storage modulus, loss modulus, and
viscosity were observed. Frequency and Amplitude sweeps were performed on polymer blends at
room temperature. PDMS is a transparent polymer, so the translucence should be higher when
the microspheres are removed. Figure 52 shows the storage and loss modulus profiles for the
various polymer blends in a frequency sweep. Figure 52 shows a steady increase in the loss
modulus as the percent of loading increases at a constant rate. The storage modulus, however,
does not show a similar trend for each blend. The neat PDMS, 25 wt. % and 35 wt. % loading

shows an increasing trend in the storage modulus, just as we observe in the loss modulus.
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Overlay - Storage and Loss Modulus vs. Frequency
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Figure 52. Overlay — Frequency Sweep - Storage and Loss Modulus vs. Frequency
The 10 wt. % loading, however, appears to have a storage modulus higher than neat PDMS and
25 wt. % loaded PDMS, but still significantly lower than the 35 wt. % loading. This could be due
to the non-uniform blending of the PLA microspheres into the PDMS matrix. The storage and
loss modulus of the 35% loaded matrix is significantly higher than the other instances because it
is only a 10% increase from 25%.

Figure 53 shows the viscosity profile of the Sylgard 184 matrix as the concentration of
PLA is increased from 10% to 35%. The viscosity increases with an increasing number of
microspheres per cross-sectional area due to the higher loading. The viscosity is expected to be
constant across time, provided the polymers are uniformly blended into the matrix, in the case of
neat PDMS and 25 wt. % loading of the PDMS, this is achieved. In the case of the 10 wt. % and
35 wt. % loadings, the viscosities appear to decrease rapidly before attaining an almost constant

viscosity. The experiment was repeated for the 10% loading, and the results remained

unchanged.
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Figure 53. Viscosity of PLA microsphere-loaded Sylgard 184 matrix with respect to time
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The phenomenon observed is referred to as shear thinning, whereby polymer matrices appear to
decrease in viscosity over time under a periodic oscillation. This property is desired for 3D direct

ink-write applications.

Figure 54 shows the amplitude sweep for the four different loading conditions mentioned
earlier, showing the changes in the storage and loss modulus to the oscillation stress. Both
storage and loss moduli increase with increasing microsphere loading conditions. For 3-D
printing applications, it must be determined whether or not there is an optimal viscosity for

extrudability of the microsphere-loaded feedstock.

4.4.2 Density and Porosity

This section analyzes porosity's effect on the PDMS matrix's density. In section 4.3, we observe
the changes in the weight of the PDMS matrix due to the removal of loaded microspheres. A
change in the mass is directly proportional to the change in density for a given sample volume.
Table 4.

Mass of matrices before and after microsphere removal process: 10 wt.% PLA microsphere

loading
Water Extraction Calcination Solvent Extraction
Before After i Before After % loss Before After %
loss loss
Sample
1 0.973 0985 -1% 0.849 0.690 15.84% 1.064 0.962 10%
Sample
2 0.928 0.928 0% 1.030 0.838 19.24% 0.634 0611 2%
Sample
3 1.053 1.064 -1% 0.905 0.724 18.11% 1.290 1.245 5%
Neat
sample 1.053 1.053 0% 1.030 0.962  6.79% 1.053 1.053 0%
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As a result, the percent reduction in mass observed in section 4.3 correspond to the percent
reduction of the density.

Table 4 shows the changes in density of PDMS containing 10wt.% PLA microspheres
before and after microsphere removal. In theory, we expect to reduce the mass — and
subsequently the density — of the matrices by 10% if we selectively remove all the microspheres
in each sample. In the water extraction process, there is no evidence of PLA microsphere
removal from the matrix. The difference in density for the matrices that went through the
calcination process is further evidence of degradation of the matrix as observed in section 4.3.3.
DCM extraction appears to be the closest to being successful at removing microspheres. The
inconsistencies shown could be attributed to the fraction of uncured PDMS in each matrix, as
uncured Sylgard 184 dissolves in DCM. It is therefore likely that Sample 1 has a higher uncured
PDMS matrix content than samples 2 and 3. Similar trends are also seen in Table 5, when PDMS
is loaded with 25 wt.% of PLA.

Table S.

Density of matrices before and after microsphere removal process: 25% PLA loading

Wash-Out Solvent Extraction
Before After % loss Before After % loss
Sample 1 1.086 1.075 1.1% 1.200 1.109 9.1%
Sample 2 0.792 0.792 0.0% 1.154 1.075 7.9%
Sample 3 1.154 1.143 1.1% 1.154 1.075 7.9%
Neat
sample 1.268 1.268 0.0% 1.053 0.996 5.7%
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Table 6.

Changes in the density of PDMS matrices loaded with PEG microspheres before and after

microsphere removal

Water Extraction CaICIIlathfl (150 °C Solvent Extraction
overnight)
Before After e Before After 7 Before After e
loss loss loss
PEG
200 -
25% 1.426 1.381 4.53% 1.160 0.941 21.90% 1.109 0.905 20.37%
PEG
200 -
35% 1.075 1.041 3.40% 1.324 1.036 28.86% 1.222 0.795 42.72%

Table 6 shows the changes in density of PEG-loaded PDMS matrices as different removal
methods are applied for 25% and 35 wt.% PEG microspheres. Water extraction appeared to be
the least effective method for microsphere removal, even though PEG is a hydrophilic polymer.
Solvent extraction of PEG from the PDMS matrix proved to be effective. The 42% loss reported
for the 35 wt.% PEG loading is evidence that there remains a fraction of the PDMS that remains
uncured and is as such dissolved during the extraction process. Calcination at 150°C overnight
appears to be the most effective method for removal of PEG microspheres, with almost all the
PEG microspheres being removed in each case. The temperature of calcination chosen was
informed by the isothermal study discussed in section 4.3.3.

4.4.3 Dynamic Mechanical Analysis

Figure 55 shows a compression DMA analysis of the PDMS-PLA blends loaded at 10 wt. % for
the various pore former removal processes. For this test, the storage modulus was measured as
oscillatory stress was applied to each sample. Three porous samples representing two of the three

removal methods were used for each test. The graph shows that the mechanical behavior of each
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material remains unchanged from one sample to another. A lower storage modulus is recorded

for the neat PDMS compared to samples loaded with microspheres.
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Figure 55. DMA Compression Analysis - Storage Modulus vs. Oscillation Stress for the 10%

PLA-in-PDMS microsphere-matrix blend

Figure 56 shows the changes in strain rate with respect to temperature under a constant
stress condition. The purpose of this test was to identify whether the resulting porosity changed
the elasticity of the matrix material at varying temperatures. In Figure 56, we observe that the
result of both solvent extraction techniques does not significantly change the internal structure
and properties of the polymer matrix. The glass transition temperatures reported for each test
under the same strain are identical. In the case of the calcinated sample, however, it is apparent

that the polymer matrix is destroyed in the process of removing the pore materials.
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Figure 56. Strain rate vs. temperature under constant stress for 10% PLA-in-PDMS
microsphere-matrix blend
The density reduction does not lead to a reduction in the storage modulus of the polymer
matrix, as seen in section 4.4.3. We show that we can change the polymer matrix's density

without changing the polymer's other physical and mechanical characteristics.
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CHAPTER 5

Conclusions
Pore former materials can be used to decrease the density of silicone materials without
altering their physical properties. With silicone being a polymer, polymers are an ideal
choice of pore formers. The polymer pore former must be chosen so that it can be easily
made into microspheres in the 5—100-micron size range and easily removable from a polymer
matrix. The matrix material properties and the pore former material properties are variables
to consider in pinpointing the ideal pore former removal method. In general, solvent
leaching/extraction and calcination/baking out are methods used in removing pore fillers. The
polymer primarily used in this work was polydimethylsiloxane (PDMS). Polymers are unique
in that for a given compound, the length of the polymer chain directly impacts the material's
physical properties. Higher molecular weight polymers of the same material have higher
viscosities and, in some cases, exist as a solid under room temperature conditions. For
polyethylene glycol (PEG), PEG 200 and PEG 400 exist as liquids, whereas PEG 1000 and
PEG 6000 (higher polymer chain length) exist as solids at room temperature. PDMS is an
elastomer and increases viscosity as the polymer chain length increases. The silicone
elastomer primarily used as a matrix material for this work was SYLGARD™ 184, which is
a two-part system mixed in a 10:1 ratio and can be cured under varying conditions.
SYLGARD™ 184 has a viscosity of 3500cP and has cure times ranging from 48 hours at
room temperature to 10 minutes at 150°C. Polylactic acid (PLA) (Mn: 100,000 g/mol) and
PEG 200 (Mn: 200 g/mol) were chosen as the pore former materials. The 4043D PLA is in
pellet form and was converted into microspheres using a single oil-in-water emulsion

method. The formed microspheres are then blended into the PDMS matrix. The PEG, being a
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liquid, was mixed into the SYLGARD™ 184, stirred rigorously and uniformly using a
planetary vacuum mixer, and then cured immediately after. PLA and PEG have different
physical and thermal properties.

PEG is hydrophilic, whereas PLA is hydrophobic. As such, for a given matrix, the
removal methods of the fillers will differ. Leaching the PEG filler out of the matrix material
using water is effective due to the hydrophilicity of PEG. In contrast, this process would not
work if PLA was the filler material. The solvent chosen for leaching should swell the
polymer matrix and selectively dissolve the filler material. Dichloromethane dissolves both
PLA and PEG and swells SYLGARD™, making it an ideal solvent for the leaching process.
After solvent treatment, the samples are kept in a vacuum oven overnight at 60°C to remove
any remaining solvent from the matrix. The bake-out method of pore former removal is
effective when the pore former can sublime out of the polymer matrix at a temperature that
does not, in turn, degrade the matrix. This method successfully removed low molecular
weight PEG from the SYLGARD™ matrix at 100°C overnight. In the case of PLA, however,
at 300°C for 3 hours, the PLA was charred in the matrix. The matrix experienced about 3%
degradation, causing the material property to change from elastomeric to brittle. In the
solvent extraction methods of removing pore formers, the mechanical properties were
unaltered, and the density of the polymer matrix was reduced.

A PEG and PLA block copolymer was also synthesized as a possible pore former
material. The intent was to synthesize a material with both PEG and PLA properties,
intending to make a more easily removable material. The block copolymer formed was,
however, insoluble in water and, once blended into the matrix, interfered with the curing

process of SYLGARD™ 184. The formed PLA microspheres were also surface modified
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by—OH functionalization, aiming to modify the microspheres' chemical and thermal surface
properties. This surface modification, however, did not make the PLA microspheres more
hydrophilic or change the thermal properties of the microspheres.

Future work will focus on maximizing the removal of pore former materials from the
polymer matrix. Chapter 4 of this dissertation shows that even the most effective removal
methods do not entirely remove all pore formers. Microspheres will also be incorporated into
other PDMS matrices to study their removability using the various pore removal methods.
Since the block copolymers have a low melting point, they can potentially be used in a melt
emulsion synthesis to create microspheres, which might blend more easily into the polymer
matrices, and, subsequently, be more easily removable from the matrix. Work will also be

done to increase the yield of polymerization products significantly.
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