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ABSTRACT

Pieper, Robert Joseph, Ph.D., Department of Coatings and Polymeric Materials,
College of Science and Mathematics, North Dakota State University, September
2010. Surface Property Modification of Coatings via Self-Stratification. Major
Professor: Dr. Dean C. Webster.

Biological fouling occurs everywhere in the marine environment and is a
significant problem for marine vessels. Anti-fouling coatings have been used
effectively to prevent fouling; however, these coatings harm non-targeted sea-life.
Fouling-release coatings (FRC) appear to be an alternative way to combat fouling.
FRC do not necessarily prevent the settlement of marine organisms but rather
allow their easy removal with application of shear to the coatings surface. These
coatings must be non-toxic, non-leaching, have low surface energy, low modulus,
and durability to provide easy removal of marine organisms. Here the goal is to
develop FRC based on thermosetting siloxane-polyurethane, amphiphilic
polyurethane, and zwitterionic/amphiphilic polyurethane systems. A combinatorial
high-throughput approach has been taken in order to explore the variables that
may affect the performance of the final coatings. Libraries of acrylic polyols were
synthesized using combinatorial high-throughput techniques by either batch or
semi-batch processes. The design of the experiments for the batch and semi-
batch processes were done combinatorially to explore a range of compositions
and various reaction process variables that cannot be accomplished or are not
suitable for single reaction experiments. Characterization with Rapid-GPC, high-
throughput DSC, and gravimetrically calculated percent solids verified the effects

of different reaction conditions on the MW, glass transition temperatures, and



percent conversion on the different compositions of acrylic polyols. Coatings were
characterized for their surface energy, pseudobarnacle pull-off adhesion, and were
subjected to bioassays including marine bacteria, algae, and barnacles. From the
performance properties results the acrylic polyol containing 20% hydroxyethyl
acrylate and 80% butyl acrylate was selected for further siloxane-polyurethane
formulation and were subjected to the same physical, mechanical, and
performance testing. Amphiphilic copolymers based on PDMS molecular weight
and the addition of PEG based polymer blocks on the properties of acrylic-
polyurethane coatings were explored. The key properties screened were surface
energy, determined by contact angle measurements using water and methylene
iodide, dynamic water contact angle, and pseudo-barnacle adhesion properties.
Coatings were generally stable and showed an increase in water contact angle
following water immersion. After water immersion the coatings, in general, had
lower pseudo-barnacle adhesion due to possible surface rearrangement. Coatings
were also evaluated against several marine bacteria, algae, and barnacles. The
synthesis of a new amphiphilic macroinitiator via Michael Addition reaction of APT-
PDMS and PEA-6 and subsequent reaction with ATRP initiator produced the
macroinitiator for the synthesis of a novel zwitterionic/amphiphilic penta-block
copolymer. The penta-block copolymer was reacted with an acrylic polyol (80%
butyl acrylate, 20% 2-hydroxyethyl acrylate) and an aliphatic isocyanate to form a
crosslinked coating system. The data from all of the biological assays indicates
that the novel coatings are able to resist fouling and have low fouling adhesion for

the broad variety of fouling organisms tested.
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CHAPTER 1. GENERAL INTRODUCTION

The research presented in this dissertation involves the development and
synthesis of fouling-release siloxane acrylic-polyurethanes, amphiphilic acrylic-
polyurethanes, and zwitterionic/amphiphilic acrylic-polyurethane coating systems
for marine application. Experimental coatings were characterized by surface
energy and pseudo-barnacle adhesion and the promising candidates were used
for further analysis with analytical tools and biological workflows to understand
their different structure-property behaviors and their interactions as well as
performance against marine organisms.
1.1. Overview of Anti-fouling and Fouling-Release Coatings

Biological fouling occurs everywhere in the marine environment and is a
significant problem for marine vessels. Some of the most common biological
fouling sites are ship hulls, propellers, heat exchangers, water cooling pipes and
even ballast water. All of which results in a large number of undesirable effects on
the ships’ operational performance and capabilities. Biological fouling results in
frictional resistance and increased hull roughness which leads to increased fuel
consumption decreased maximum attainable speed and promotion of corrosion.
The increase in roughness and weight may result in an increase of fuel
consumption by as much as 40% and overall voyage cost of up to 70%." Another
consequence of biological fouling is the frequency of cl'eaning and dry-docking,
resulting in wasted time and natural resources. In addition, during hull repair and
during dry-docking, much chemical waste is produced and pollutes the

environment. One other consequence of biological fouling is the introduction of



invasive and non-invasive species into environments where they do not actually
belong."?

1.1.1. The process of marine biofouling

The marine environment is very complex and still not well understood.
More than 4,000 species have been identified as foulants that are involved in
biological fouling processes, which is a small number in comparison to the known
marine species. Temperature, salinity, water flow, and type of micronutrients in
the water control the type and number of foulants and only those foulants that
have the ability to adapt to the varying environment can adhere strong enough to
avoid being washed off. The fouling process has been considered to consist of

four main stages as shown in Figure 1.1.
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Figure 1.1. The process of biofouling (Reproduced from Reference 1)

The first stage is the adsorption, formation and growth of a conditioning film
by dissolved organic molecules, such as proteins and polysaccharides that are

present in the marine environment. In around a minute these organic molecules



quickly accumulate on the surface forming the conditioning film. The second
stage is the settlement and growth of microorganisms, such as bacteria and
diatoms to the conditioning film, producing a primary slime film; this film takes 1-24
hours to develop. The third stage is the addition of algal spores and marine fungi,
which continue to attach to the slime film and create a foundation for the
macrofoulers to attach, usually 'occurring within the first week immersion. The final
stage is adhesion of tertiary colonizers which are marine invertebrate larvae of
macrofoulers such as barnacle cyprids, tube worms, mollusks, and bryozoans,
which take place after 2-3 weeks of immersion. However, different species of
marine organisms appear to respond differently when considering settlement,
which does not make this initial fouling process develop in a random fashion.
Instead, conditions must be favorable for the settlement of the primary and
secondary colonizers, including proper pH, humidity and nutrient availability.

1.1.2. Development of anti-fouling coatings

For more than 2000 years the disadvantages of marine biofouling have
been recognized and attempts at combating biofouling have been divided into two
main approaches: anti-fouling coatings and fouling-release coatings. Anti-fouling
coatings prevent the growth of marine organisms by typically using toxic
compounds, whereas, fouling-release coatings do not necessarily inhibit
settlement of m'arine organisms, but limit the ability of the fouling organism to form
a strong adhesive bond to the coating surface. Ideally the speed of the vessel

would create enough shear to dislodge the organisms from the coating.*



The best solution to combat biological fouling has been the use of tributyltin
(TBT) containing compounds and tributyltin self-polishing copolymer (TBT-SPC)
anti-fouling coatings. The binders for these paints are primarily acrylic copolymers
containing pendant side chains of tin acrylate coupled to the backbone by an ester
linkage, which are hydrolyzed by water to form carboxylic groups causing the
copolymer to become soluble and release tin-containing toxins. Self-polishing
behavior of the paints is achieved through the erosion process of the polymeric
binder, enabling the release of incorporated biocides at a constant rate. When in
contact with seawater, the coatings exhibit a thin surface erosion zone controlled
by hydrolysis/erosion that leads to a constantly polished surface. TBT-SPC’s have
been very effective in combating marine fouling by the slow release of TBT
compounds slowly into the surrounding marine environment.®° However, the
release of TBT compounds persists in the water and cause deformations of non-
targeted sea-life by entering into their food chains. Therefore, The Marine
Environmental Protection Committee (MEPC) of The International Maritime
Organization (IMO) proposed the deadline of January 1, 2003, prohibiting the
application of new TBT containing coatings and the second deadline of January 1,
2008, for complete removal of TBT containing coatings from all marine vessels.*®

Another approach in anti-fouling marine coatings industry is the use of tin-
free ablative coatings technology. Ablative binder systems that incorporate
cuprous oxide have been used because it is a more environmentally friendly
coating. Similar to self-polishing coatings, the composition of these ablative tin-

free coatings consists of crosslinked polymeric networks made from polymers with



hydrolyzable functional groups. Once hydrolyzed, these functional groups release
small molecules and create a hydrophilic site on the polymer backbone. Once the
polymer backbone accumulates an adequate number of hydrophilic sites, it
becomes water soluble and is washed away from the coatings surface, taking with
it any marine organisms attached. Cu-acrylate coatings where the copper
complex is bound to an acrylic matrix have shown to be active up to three years.1
The advantage of copper compounds when compared with other pigments is its
low solubility, because of this insolubility, the copper precipitates rapidly
decreasing its toxicity.

Another research area in anti-fouling marine coatings is the use of co-
biocides or booster biocides to prevent marine fouling. Biocides can be classified
under two main categories: booster biocides and natural biocides. The basis of
the use of booster biocides comes from their biocidal activates towards organisms
such as bacteria and to kill marine organisms that cuprous oxide does not. The
most commonly used booster biocides are the non-metal based herbicides Irgarol
1051, Diuron, Sea-nine 211, Kathon 5287, Chlorothalonil, Dichlofluanid, Thiram,
and metal-based biocides Zinc pyrithione, Ziram, Maneb, and Zineb. The booster
biocides antifouling coatings have been formulated directly with the paint
ingredients, adsorbed on to a carrier (nanoparticles), and sometimes attached to a
polymer backbone.! The concept of natural biocides comes from observations in
nature where the surface of some marine organisms maybe completely fouled
while other organism’s surfaces are fouling-free. This natural anti-fouling concept

has created interest in categorizing the secondary metabolites that might repel or



inhibit fouling organisms. Researchers have directed efforts into extracting
compounds from numerous marine organisms such as marine algae,7'9

101 and mussels.” Studies suggest that many marine organisms

sponges,
release metabolites that deter settlement of other fouling organisms. The
secondary metabolites include terpenoids, steroids, fatty acids, aminoacids,
heterocyclics, aceogenins, alkaloids, and polyphenolics which, if extracted, could
be used as natural, environmentally benign biocides to prevent marine fouling.
One of the challenges to incorporate natural biocides into anti-fouling coatings is
the addition of them without affecting their biocidal activity and, all the while,
keeping the integrity of the anti-fouling coating.™®
1.1.3. Development of fouling-release coatings
One promising technology currently commercialized in the response to the
need for a nontoxic coating alternative to toxic anti-fouling paints is that of fouling-
release coatings.  The advantages of using fouling-release coatings over anti-
fouling coatings are; “direct fuel savings of 4% due to improved smoothness and
less fouling, extended dry-docking intervals, improved plant utilization, and savings
on the reduced transport of fuel to the bunkering ports”.'*
Brady has reported the desirable factors in a fouling-release coating as
e “A flexible, linear backbone which introduces no undesirable
interactions;
e A sufficient number of surface-active groups which are free to move to

the surface, there to impart a surface energy in a desired range;

e Low elastic modulus;



e A surface which is smooth at the molecular level, to avoid infiltration of a
biological adhesive leading to mechanical interlocking;

e High molecular mobility in the backbone and surface active sidechains;

e A thickness which controls the fracture mechanics of the
interface;.

e Molecules which combine all of the above factors, and are physically
and chemically stable for prolonged periods in the marine
environment”.®'®

These factors are needed to better understand and apply the underlying
principles of the composition and structure to improve on the design and
manufacturing of fouling-release coatings.

The mechanisms by which marine organisms initiate adhesion is by
producing an adhesive that wets the substrate that allows the organism to spread
upon it, either singly or in combination of chemical bonding, electrostatic
interaction, mechanical interlocking, and/or diffusion.’® So, when developing
fouling release coatings it's important to keep marine organism adhesive from
wetting the surface and spreading over it. The Baier curve illustrated in Figure 1.2
demonstrates the generalized observation between the critical surface free energy
and the relative 'amount of bioadhesion. This curve shows that surfaces with a
surface free energy of 23-25 mN/m are least prone to foul, which is equal to the

curves minimum. This minimum of the curve occurs close to the surface energy of

polydimethylsiloxane (PDMS)."
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Figure 1.2. The empirical relationship between
surface energy and relative bioadhesion.
(Reproduced from Reference 16)
For this reason, PDMS has low bioadhesion as a result of the capability of
the marine adhesive to slip on the polymer surface. It has been demonstrated

that relative bioadhesion does not correlate with surface energy or modulus

alone; it does, however, correlate better as a function of the square root of the

product of critical surface free energy (7.) and elastic modulus (E), as shown in

Figure 1.3. The minimum in adhesion corresponds with the lowest value of the
elastic modulus, but does not correspond with the lowest surface energy,
confirming that modulus is, at the very least, as important as surface energy in
determining the performance of fouling-release cAoatings.4 A very important
concept in foulant removal is the fracture mechanics of the foulant at the

interface.

.......
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Figure 1.3. Relative adhesion as a function of the square root

of the product of elastic modulus and surface energy.
(Reproduces from Reference 4)

An important model in measuring the mechanism of removal of marine
coatings is the pseudo-barnacle adhesion test illustrated in Figure 1.4. The
pseudo-barnacle adhesion test is different from the conventional pull-off adhesion

test by attempting to mimic barnacle adhesion and release."”

Metal

|
Stud l!:j
Adhesive\l

Pseudo-barnacle adhesion

Figure 1.4. Schematic representation
of the pseudo-barnacle adhesion test.




The important concepts regarding fouling-release coatings have been
identified by early work done by Kendall. Kohl and Singer have investigated the
relationship between pull-off force and coating thickness based on Kendall's
equation and emphasized the important factors in a fouling-release coating as
coating thickness, surface energy, and elastic modulus which all contribute to
lower adhesion."” Since thickness is not an intrinsic property and easy to adjust
depending on application method, the important concepts to focus on when
‘formulating a fouling-release coating are low surface energy and low elastic

modulus.

1/2
P s mz(zwaKt j

t*

Where P. is pull off force, K is bulk modulus of the coating, a is radius of the
stud, t is the thickness of the coating, and w; is Dupre’s work of adhesion between
the epoxy and the top coat.

Elastic modulus, also known as Young’s modulus, is a measure of the
stiffness of the material. The higher the value of Young's modulus, the more
resistant the material is to mechanical stretching. Young’s modulus is measured

by the stress applied to the material divided by the strain of the material:
EF=0oc/¢,
where o is tensile stress and ¢ is tensile strain.
When the material is exposed to cyclical or repetitive of stress and strain,

Young’s modulus has two components which are storage modulus and loss
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modulus. Storage modulus is the energy stored during deformation, and the loss
modulus is a measure of the energy converted to heat.'

E'=E +iE",
Where E" is Young’s modulus, E is the storage modulus, and E is the loss
modulus.

Surface energy can be defined as the work required to increase the surface
area of a substance by unit area. In other words, when a surface is created, the
disruption of chemical bonds at that surface is the measure of surface energy. At
the molecular level, being present on the surface is less favorable. Bulk material
would not exist if being on the surface were more favorable. Every material has
different surface energies because each material has different bond strength.
Surface energy of solid materials is usually measured by contact angle method

using Young's equation as seen in Figure 1.9.

Vapor

Yiv
Liquid

/YSI
ST

Solid

9 AN ‘y
7 sV
/

}/lvcosezysv_ysl

Figure 1.5. Young'’s equation for the static contact angle
of a liquid drop on a surface.
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In Figure 1.5, ¥}, ,7, and Y are the surface tension of the solid, liquid

and solid-liquid interface, reépectively. 6 is the so-called contact angle and is the
angle drawn from the tangent line from the surface. There are several common
methods to calculate surface energy including Zisman, Lewis acid base/van Oss-
Good-Chaudhury, Wu, and Owens-Wendt, to name a few. The most widely used
‘method in industrial research to calculate surface energy of the solid polymer is
the Owens-Wendt method. In the Owens-Wendt method, contact angles of water
and methylene iodide are used to calculate surface energies. Contact angle is
measured from the tangent to the solid interface at the contact line. Surface
energy usually has two components; polar/hydrogen bonding component and
London-Van der Waals/non-polar/dispersive forces component. For the Owens-
Wendt method the polar/hydrogen bonding component is measured with the water
contact angle and the London-Van der Waals/non-polar/dispersive force

component is measured with methylene iodide contact angle:'®
d h
y=v Tr
where Y is surface energy, }/d is the surface energy component from dispersion

forces and 7/h is the surface energy component of hydrogen bonding.

The understanding of contact angle can be very difficult when it comes to
the measurement on real surfaces. Experimentally, as the contact liquid volume is
increased the contact angle value that is seen increases and ultimately reaches a
maximum value. This maximum contact angle value is called the advancing

contact angle. Similarly, when the contact liquid volume is decreases the contact
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angle value that is seen decreases and ultimately reaches a minimum value. The
minimum contact angle value is called the receding contact angle. The difference
between advancing and receding contact angles is called the contact angle
hysteresis.?°

Advancing contact angle using water (as the test liquid) to the surface
measures the hydrophobicity of the surface because water is dispensed on the
surface. In contrast, receding contact angle using water (as test liquid) measures
the hydrophilicity of the surface because water is aspirated from the surface. The
contact angle hysteresis gives information about the difference between
hydrophobicity and the hydrophilicity of the surface. Therefore, contact angle

2122 |t has been

hysteresis gives an idea about the stability of the surfaces.
reported that the lower the contact angle hysteresis of a coating, the better the
coatings performance in terms of fouling-release properties, this is because
hysteresis appears to be a direct indication of the resistance to liquid or adhesive
surface penetration and reconstruction.?®

The complexities of the surfaces, roughness, impurities in medium, and
type of contact angle to be used depending on the surface contact angle
measurement and interpretation have not been understood. Wynne et al. and
others have reported that impurities present in the test liquid can reduce the
~contact angle and skew the information about the contact angle as well as surface
energy.?*?® The most common and practical method to measure contact angle is

taking a side view picture of a drop and evaluating the contact angle from the

picture.?® The understanding of the relationship between the advancing/receding
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contact angles, the dependence of the interfacial tension of the solid-liquid
interface on the surface tensions of the solid and the liquid, and the need to
develop standard surfaces for comparing and calibrating contact angle
measurements. A lot of progress is still needed in measurement and interpretation
of contact angles for complete understanding of surface energies of solid
materials.

As previously stated, the performance of fouling-release coatings depends
on the surface energy, elastic modulus, and thickness of the coating based on the
Kendal equation. Coatings with lower surface energies demonstrate better
release because the lower surface energy results in reduced intermolecular
attractive forces. Lower elastic modulus also results in lower adhesive strength.
Lower pseudo-barnacle adhesion can also result from the lowering of the coatings
modulus due to an increase in temperature since modulus is a function of
temperature.?’  Also, according to the Kendall equation, an increase in film
thickness results in a decrease in pseudo-barnacle adhesion since coating
thickness is a function of pull-off force.

Recent studies have shown that pseudo-barnacle adhesion not only
depends on the elastic properties of the coating but the geometric properties as
well. Chung and researches presented a model where the film thickness was
denoted as h and the radius of the stud was denoted as a.® A thick film was
described as film thickness being much greater than radius of the stud (a/h«1).
From this model it was found that in thick coatings, pseudo-barnacle adhesion

depends on elastic modulus and the radius of the stud:
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P, ~(E/a)",
where P. is pseudo-barnacle adhesion, E is elastic modulus, and a is the radius of
the stud.

The model also looked at thin coatings which were described as film
thickness being much less than radius of the stud (a/h »1). In thin coatings,
pseudo-barnacle adhesion depends on elastic modulus and the thickness of the
coatings:28

P ~(E/n)",
where P. is pseudo-barnacle adhesion, E is elastic modulus, and h is the
thickness of the coating.

Several studies have been reported on the release behavior of coatings. It
has been stated that permanent adhesive bonding can be reduced by increasing
the mobility of the surface which results in lower pseudo-barnacle adhesion.
Additionally, release properties can be enhanced by creating a smooth coating
surface. Coatings with rough surfaces have voids were the adhesive can
penetrate resulting in mechanical interlocking. Poly(dimethsiloxane) (PDMS) has
a very low glass transition temperature, so at normal temperatures the molecules
on the surface slide over one another. The sliding molecules result in surface
instability and it's because of this surface instability that helps to lower the pseudo-
barnacle adhesion.?

PDMS is one of the most widely used silicon based polymers. PDMS has
received a lot of attention since its commercial introduction in the 1940s and
industrially, one billion kg of silicones are produced each year. PDMS has several
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unique properties including its particularly low glass transition temperature (-120
°C), good oxidative, thermal, and UV stability, hydrophobicity, biocompatibility,
high gas permeability, chemical compatibly, and low surface energy. The most
distinctive property of PDMS is its viscoelastic behavior over a range of
temperatures. These unique properties of PDMS have resulted in a broad set of
applications, which include electrical insulation, biomaterials, and aerospace

research.’**" The chemical structure of PDMS can be seen in Figure 1.6.

CHs CHs CHs

S! O (ll O) Sli O

| |

CHs CHj CHj

Figure 1.6. Chemical structure of poly(dimethylsiloxane).

PDMS has found widespread use in marine coating applications due to its
specific properties including its low surface energy and low modulus. Studies on
PDMS have been concentrated on filled and crosslinked PDMS and thermoplastic
PDMS-polyurethanes. However, there have been problems encountered with
PDMS such low adhesion to primer, insufficient mechanical properties, and the
changes of properties especially in PDMS-polyurethanes. In thermoplastic PDMS-
polyurethane, good initial properties have been obtained, but after water
immersion, the properties changed because of migration of the hydrophobic
urethane groups to the surface, changing the materials from a hydrophilic silicone-

like surface to a hydrophobic polyurethane-like surface.®* It is because of these

16



problems that PDMS is usually modified to get practical properties.®**® Studies
have been conducted in order to combine the fantastic properties of PDMS with
other polymeric systems by functionalizing,®” block copolymerizing,®® grafting,*
blending,*® and crosslinking.*’

1.2. Summary of Self-stratified, Siloxane-urethane, Amphiphilic, and
Zwitterionic/amphiphilic Coatings

1.2.1. Self-stratified coatings

Self-stratifying coatings are coatings that are applied in a single step but
phase separate into two or more distinct layers that have different functions within
the coating.*? The concept of self-stratification was first introduced in 1976 by W.
Funke. The coatings used for the study consisted of incompatible polymer blends
which were dissolved in either solvents or melted on a substrate.*® The coatings
then stratified into a double or multilayer coating where each layer was formed
with a distinct polymer.**** There are several factors that affect self-stratification
including the degree of incompatibility, glass transition temperature, molecular
weight, type of solvent, and surface energy.

Self-stratified coating structures can occur via two possible actions. They
can form two sharply separated homophase layers or partially separated when
one layer overlaps with the other.*® Another self-stratification system observed
occurred during the crosslinking reaction of a semi-compatible resin with a
thermosetting component.*’

Self-stratifying coatings have two main advantages. The first one is the

economic advantage where the application of two-coats can be achieved in one
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process. In this manner, considerable time and labor cost savings can be
achieved. In addition, the amount of the losses during paint application can also
be reduced. This can be very significant in exposed or hazardous operations.
The second advantage is the formation of bonding between two layers. The
bonding between the two layers should be stronger in the self-stratification
approach than that between separately applied coatings because of the possibility
of interlocking during stratification. Thus, use of self-stratified coatings ultimately
eliminates the risk of intercoat adhesion failure. One route to self-stratification is a
self-stratifying coating in which primer and top-coat are applied in one single step
but then phase separate into two layers. The bottom layer will provide good
adhesion to substrate as well as corrosion resistance. The top layer will provide
decorative properties and environmental protéction. It has been shown that self-
stratifying coatings provide a number of properties such as improvement of
corrosion protection by adhesion durability, selective penetration into porous
substrates, and finally upgrading a number of surface properties including gloss,
wear-resistance, and anti-friction.*? 485"

1.2.2. Siloxane-polyufethane coatings

Siloxane-polyurethane coating systems were developed to combine the
physical and mechanical properties of both polysiloxane and polyurethanes in a
hybrid coating system. In this case, the thermoplastic polyurethane elastomers
are based on soft segments (polysiloxanes) and hard segments (polyurethanes)
which results in heterogeneous microstructures due to the thermodynamic

incompatibility of the soft and hard segments. The combination of the two
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segment properties into one system have many advantages over their individual
segment properties including low temperature flexibility and superior heat
resistance, as well as an increase in abrasion resistance.’> Applications for such
coatings were quickly found in the areas of antithrombogenic coatings,
biocompatible materials, flexible paper coatings, and water and oil repellent
coatings for textiles, glass, and ceramics due in part to the siloxane enriched
coating surface.®?°?

Crosslinked siloxane-polyurethane coatings exhibited a self-stratifying
mechanism via various driving forces (molecular weight, surface energy, type of
solvent, etc.) during film formation. A key driving force in the siloxane-
polyurethane self-stratification was the low surface energy of the siloxane phase
separating into a low surface energy, low modulus PDMS top layer, and a tough,
durable polyurethane lower layer.*¥-51%4-62

Siloxane-polyurethane copolymers are also being evaluated for use as anti-
fouling and fouling-release coating systems. Several studies have used low
surface energy poly(dimethyl siloxane) (PDMS) elastomers in fouling-release
marine coatings, where fouling organisms adhere weakly and under suitable
hydrodynamic conditions or by water jet cleaning “release” from the coating. 3+%2
However, due to the amphiphilic nature of the adhesivés produced by biofoulers,
these types of coatings are not always effective in preventing adsorption of marine
organism. While some species, such as Ulva, are easily removed from

63,64

hydrophobic surfaces, others, such as diatoms show strong adhesion to

65,66

hydrophobic surfaces. Thus, it appears that a single substrate chemistry
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cannot be utilized single-handedly in designing multipurpose marine coatings for .
all forms of biofouling, including Ulva and diatoms."®

1.2.3. Poly(ethylene glycol) and zwitterionic polymers and coatings

Amphiphilic substances are designed to have both hydrophobic and
hydrophilic moieties on one compound. It has been recognized in the research
community that poly(ethylene glycol) (PEG) and zwitterionic based materials are
commonly used as nonfouling materials because of their protein resistance
properties. They have gained popularity for use in non-fouling biomaterials based
on the idea that surfaces with amphiphilic compounds will form nanoscale
heterogeneities, creating a surface topography that is unsuitable for the
proliferation and adsorption of proteins and marine micro-foulers.®”"”

Prior research suggests that the protein resistance of PEGV may possibly
relate to its hydrophilicity or hydration. In truth, the mechanism of the protein
resistance of PEG remains unclear. In a steric repulsion model, the protein
resistance is attributed to the compression or the conformational entropy loss of
PEG chains as the protein approaches the surface, which leads to repulsive
protein-PEG interactions. The protein resistance of short PEG chains can be
interpreted in terms of the water barrier theory, where PEG chains are assumed to
create a strong surface hydration layer via hydrogen bonds, forming a physical
barrier to prevent direct contact between the protein and the surface.?®7577
The realization that there are desirable surface properties associated with

both extremes of wettability has led several groups of researchers to the

development of amphiphilic coating materials incorporating both hydrophobic and
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hydrophilic moieties. Motivation has been driven by the desire to produce a
universal antifouling and/or fouling-release coating capable of resisting settlement
(attachment) as well as the ability to readily release a wide a range of fouling
organisms. With this in mind, Gudipati and coworkers produced surface-tethered
hyperbranched polymers containing both fluorinated and PEGylated groups.”
These materials were characterized by both low protein adsorption and high
fouling release at an optimal composition of hydrophobic and hydrophilic
monomers. More recently, Ober and co-workers reported on the development of
a polystyrene block-poly(acrylic acid)-derived surface-active block copolymer with
amphiphilic ethoxylated fluoroalkyl side chains capable of both resisting settlement
(attachment) and enhancing the release of zoospores as well as improving the
release of sporelings (young plants) of the green alga Ulva and the diatom
Navicula and also deterring the settlement of barnacles.”’”® Additionally, a similar
functionalized amphiphilic polystyrene block copolymer containing ethoxylated
fluoroalkyl side chains has been reported by Martinelli and coworkers to have the
potential to control algal settlement and release.®® The antifouling and fouling
release properties of these coatings are attributed to the very low interfacial
energy with water because of the PEG groups, the nonadhesive nature due to the
fluoroalkyl groups, and the environmentally responsive dynamic switch in surface
wettability due to conformational changes in the amphiphilic side chains.?®7""

In addition to PEG-based materials, it has also been recognized in the
research community that zwitterionic based materials are also commonly used as

nonfouling materials because of their protein resistance properties.®¢”78% QOne
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type of zwitterionic material that belongs to the polybetaine polymers is
sulfobetaine (SBMA) polymers, in which both cationic and anionic groups are on
the same monomer residue.”® It is believed that the nonfouling properties of a
surface are from their functional groups and their surface packing.®®¢”7%% Chang
and coworkers have designed diblock copolymers with fixed polypropylene
backbones and a range of chain lengths of polysulfobetaine poly(SBMA)
synthesized via ATRP.”® The copolymers were absorbed on to methyl (CHj3) -
terminated self-assembled monolayers (SAM) and nonspecific protein absorption
was compared.?® In another study done by Cheng and coworkers, long chain
poly(SBMA) were grafted on to SAMs via ATRP and studied for long term and
short term protein adsorption as well as biological evaluation of SAMs surface
properties over time.®” It was found that the Ionger chain length of the zwitterionic
moiety greatly effected the reduction of protein adsorption due to surface
palcking.67 It should be pointed out that previous studies have focused on
materials and surfaces to resist nonspecific protein adsorption from single-protein
solutions or human plasma. However, controlling biofouling in marine
environments poses great challenges because of the variety of fouling organisms
(which all have different mechanisms of adhesion), the complexity of the
environment, and the need for a long-life coating.
1.3. The Combinatorial/High-throughput Approach to Polymer Synthesis,
Coating Formulation, and Their Characterization

Combinatorial/ high-throughput experimentation can be defined as a

technique to design and execute a large number of experiments very quickly and
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screen them for useful properties. Another definition of combinatorial/high-
throughput experimentation (CHTE) is the rapid execution of experiments using
integrated robotic systems, data processing, and control software to screen
libraries of candidate compounds. Recently, researchers’ demonstrated a CHTE
process using drop-based microfluidics allowing 1,000 times faster screening (100
million reactions in 10 hours) at 1 millionth the cost using 107 times the reagent
volume than conventional techniques.®® CHTE has been used widely in
pharmaceutical research for over three decades, however, presently the use of
CHTE has found application in materials chemistry and coatings science.?% Due
to the complexity of coating systems that might include more than one crosslinker,
polyol, catalyst, solvent, surface modifier, pigment, pigment dispersants, and other
additives, the use of CHTE can help to understand the role of these individual
components, their interactions with each other, and provide a better understanding
of structure-property relationships. CHTE has the potential to accelerate research
in coatings science by increasing the number of screened coating formulations in a
short period of time by exploring a large compositional space resulting in targeted
properties. In addition, the use of CHTE can generate an enormous amount of
data to help better understand the coatings structure-property relationships.
Because of the large amount of data that can be produced using CHTE, it is
imperative that the initial step to any CHTE is the design of experiment (DoE). A
proper DoE not only provides a lot of information but can also save an enormous
amount of time. Just as important is the analysis of the data, and a number of

different approaches have been reported in data analysis including software
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packages such as Spoftfire and DesignExpert which are available to assist data
analysis. Recently, several examples have been reported where CHTE have been
used in polymer synthesis and coatings formulations and analysis, from controlled
free-radical polymerization, and synthesis of nanoscale material to photo
degradable material and kinetic studies of heterocyclic chemical compounds.®*%°
Overall all, the main goals of CHTE in a research setting are to speed up the
design of new materials, faster optimization and characterization of materials, and
to have a better understanding of structure-property relationships.

The scope of the research reported in this dissertation was to explore the
synthesis of tough and durable fouling-release marihe coatings for underwater
marine applications. For this reason, siloxane-polyurethane, amphiphilic-
polyurethane and zwitterionic/ amphiphilic-polyurethane systems were studied in
detail. The formulations have then been applied in array format to substrates,
some which use CHTE to deposit the coating. The coatings systems in general,
used an isocyanate crosslinker, functional siloxane oligmers, acrylic polyol, pot-life
extender, and a blend of solvents. PEG was crosslinked into the functional PDMS
for the amphiphilic system, which was then used as a macroinitiator for the
controlled free-radical copolymerization of the sulfobetaine, resulting in the
zwitterionic/amphiphilic coating system. The siloxane-polyurethane system is
thought to self-stratify after application resulting in PDMS top-layer and
polyurethane under-layer. This self-stratification mechanism was further studied
using a copolymer of PDMS/PEG, were the copolymer was chemically crosslinked

in the hopes that the PDMS would bring the hydrophilic PEG moiety to the surface
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resulting in amphiphilic surface heterogeneities. The amphiphilic coating system

was systematically studied by adjusting the molecular weight of both the PDMS

and PEG using CHTE. The zwitterionic moiety was chemically bound to the

amphiphilic copolymer (adjusted PDMS molecular weights) with the same self-

stratification mechanism in mind where the resulting coating surface would now

have both zwitterionic and amphiphilic complexities. The resulting coatings were

analyzed for their surface energy and pseudo-barnacle adhesion and the

promising candidates were used as candidates for further analysis with analytical

tools and biological workflows to understand their different structure-property

behaviors and their interactions as well as performance against marine organisms.'
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF ACRYLIC POLYOL
LIBRARIES BY HIGH THROUGHPUT METHODS

2.1. Introduction

Known since the 1970’s with the onset of hydroxy functional acrylates,
acrylic polyols are a special group of amorphous polymers obtained by radical
copolymerization of acrylic monomers, such as acrylic and methacrylic acids and
esters, which have been known since the middle of the nineteenth century.’
Acrylic monomers and their analogous methacrylic monomers are highly reactive
which results from unsaturated terminal sites within their structure. The source of
hydroxyl groups in these acrylic polyols was the utilization of hydroxyethyl acrylate
as the comonomer. Figure 2.1 illustrates the acrylic and methacrylic monomers
used to obtain desired properties in the synthesis of the acrylic polyols for the
experiments in this chapter.

0 0
/\/\/\/\/\/\Ok( A5
Ethyl Methacrylate

Lauryl Methacrylate T =208 K (-65°C)
Tg =338 K (65°C)

0

0 0]
8 P OJJ\/ /\/\OJK{ HO\/\ OJJ\/
Butyl Acrylate Butyl Methacrylate Hyroxyethyl Acrylate
T,= 219K (-54°C) Ty = 293K (20°C) T, =258 K (-15°C)

Figure 2.1. Monomers used as raw materials in acrylic polyol syntheses, labeled
by name and glass transition temperatures of the homopolymers.
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These monomers offer significant advantages as an additive in copolymer-
based finishes in coatings including flexibility, weatherability, internal plasticization,
and abrasion resistance. Hydroxyethyl acrylate monomer adds important
properties on the polyol products including improved adhesion to substrates, and
sites for crosslinking.

A process for industrial production of acrylate esters? and methyl
methacrylate® was developed by researchers at Rohm and Haas in 1928 and
1927, respectively. The use of these polyacrylates and polymethacrylates
increased rapidly in many fields of application as new methods were developed for
producing (meth)acrylic acid and (meth)acrylic esters.* The polymerization of
acrylates and methacryaltes can be carried out easily due to their carbonyl groups
being adjacent to a vinyl group. Radical polymerization is almost exclusively used
to produce polyacrylates and polymethacrylates, however, polymerization can also
be initiated photochemically by ultraviolet radiation (UV) or electron beams (EB),
as well as ionic (particularly anionic) polymerization.® Due to the exothermic
nature of the polymerization of acrylates and methacrylates, the heat of the
reaction must be removed in order for the process to be controlled effectively.®’

Another factor (and just as important) in understanding the polymerization
of acrylates and methacrylate is the familiarity of the radical and monomer
reactivity. Despite the fact that great progress has been made since the early
1980s in understanding radical and monomer reactivity, researchers continue to
use models about radical and monomer reactivity from the sixties and seventies.?®

The typical convention to study the reactivities of monomers and radicals have
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been the use of copolymerization data. It was these studies, as well as earlier
work that have led to the current structure in which researchers think about radical
and monomer reactivities. There are four factors that govern the reactivity: (1)
polar effects, (2) steric effects, (3) (resonance) stabilization effects, and (4)
thermodynamic effects.® First, polar effects are very important in radical reactions
due to nucleophilic radicals reacting with electrophilic monomers (and vice versa).
Next, the most obvious observation that steric effects play an important role in
radical reactions is in the most common propagation reaction, the head-to-tail
addition; whereas the head —to-head addition hardly ever occurs. Additionally,
several studies have indicated, with few exceptions, that 1,2-disubstituted alkenes
do not homopolymerize, but easily copolymerize, which may be attributed to steric
hindrance.”® However, it has been shown that cycloalkenes readily polymerize
due to the relief of ring strain by either ring opening metathesis polymerization
(ROMP) or through the double bond.""® Subsequently, stabilization effects can
arise if the unpaired electron in the monomer radical is delocalized, the radical will
be relatively stable and thus will lead to relatively low reactivity. Alternatively, the
monomer will be more reactive if the addition of a monomer will lead to a radical
that has a highly delocalized electron. Finally, the thermodynamic effects can be
attributed to the lowering or increasing of the reaction barriers due to differences in
the relative energy barriers between monomer and polymer.'®"’

The free radical polymerization of acrylic and methacrylic monomers which
occurs in a chain reaction consisting of three steps: initiation, propagation and

termination, illustrated in Figure 2.2.8 The initiation step involves two reactions.
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The first step, a radical is produced by the homolytic decomposition of I to yield a
pair of primary radicals where k; is the rate constant for the initiator dissociation.
The second step involves the addition of this radical Ie to the first monomer

molecule (M) to produce the initiating radical I-Me where k; is the rate constant for

Initiation:

Kq

) 2 le Primary Radical

I— Me Initiating Radical

Propagation:

kp nM
— Me - lf‘% Mk Me  Propagating Radical
Termination: Combination

F- M MM oMM %I k‘/' Iff MJFHMM~MM{M%|
td I%M}HMMH M=MJ[M }nu

Disproprotionation

Figure 2.2. General schematic of free radical polymerization mechanism.
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the second step in the initiation process. In general, chain propagation consists of
the growth of I-Me by the successive addition of monomer molecules (M) where k,
is the propagation rate constant. Rapid chain propagation produces high
molecular weight polymer, but at some point the propagating polymer chain stops
growing and terminates. Deactivation of the propagating chain occurs by the
bimolecular reaction of propagating radicals by combination or disproportionation.
In termination by combination, two propagating radicals react with each other,
where ki is the combination termination rate constant, to form a dead polymer.
Termination by disproportionation involves an abstractable g-hydrogen from one
radical center to another radical center to form two dead polymer chains, one
saturated and one unsaturated, where kiy is the rate constant for termination by
disproportionation.

Chain transfer (CT) can also occur in conventional free radical
polymerization. In general, chain transfer is a chain-stopping reaction. It occurs
during the reaction of a propagating radical with a transfer agent to yield a dead
polymer and a new radical, and this new radical can reinitiate polymerization
During this process, the degree of polymerization decreases and the number of
polymer molecules increases, however, the effect on the polymerization rate is
dependent on whether the rate of reinitiation is comparable to that of the original
propagating radical. It should be noted that chain transfer can occur to all the
substances present in the polymerization system (initiator, monomer, polymer, and
solvent). Depending on the initiator, chain transfer can accelerate the generation

of initiating radicals by induced decomposition, such éT occurs with peroxide
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initiator, as well as azo initiators (azobisisobutyronitrile, AIBN), however, CT to

t.101820  Chain transfer to

aliphatic azo initiators are believed to be insignifican
monomer involves a propagating polymer chain transferring a g-proton to
monomer, resulting in the formation of terminal saturation in the ponmer.21 The
chain is not terminated by this since a new propagating species is regenerated,
however, CT to monomer is the principle reaction that limits the maximum
molecular weight that can be achieved by a given monomer. Chain transfer to
polymer results in the formation of a radical site (backbone radical center) on a
polymer chain that may be capable of polymerizing monomers to produce a
branched polymer. If the reactivity of the polymer radical is high, intramolecular
chain transfer or backbiting may occur as well. Previous studies have shown that
chain transfer to polymer plus termination by combination, can lead to gelation
under certain circumstances. Consequently, the properties of the polymer can be

2223 Apother possible

greatly reduced because of the possibility of branching.
chain transfer reaction is the chain transfer to solvent in solution
polymerizations.?*?® Here, the polymer radical removes a proton from a solvent
molecule yielding a terminated polymer molecule and a new free radical. If the
free radical formed in the chain transfer reaction adds readily to the monomer,
then a new chain is immediately begun. These chain transfer reactions do not
affect the over-all rate of polymerization, they simply reduce the average molecular

weight of the polymer formed, and the solvent acts as a “regulator” of

polymerization. However, if the free radicals formed from the solvent molecule do
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not add readily to monomer, then they will accumulate in solution, destroy reaction
chains and reduce the over-all rate of polymerization.

Due to the exothermic nature of conventional acrylic free radical
polymerization, an uncontrolled acceleration in the rate of polymerization at high
conversion, better known as the “Trommsdorff effect”, can occur. This effect can
cause problems within both an industrial and scientific context ranging from

product mixture to reactor explosion.?”?®

The actual cause of the gel (or
Trommsdorff) effect has been debated over the last 50 years and various theories
have emerged 2°*° | however, it is believed that the gel effect is due to a reduction
in the termination rate coefficient at higher conversion because of an increase in
viscosity (chain entanglements hinder diffusion of macroradicals through the
reaction mixture). Since the concentration of radicals is determined by balancing
the rates of initiation and termination, a decrease in the termination rate will
increase the concentration of radicals and accelerate propagation. As stated
previously, free radical polymerizations are exothermic and cause increases in tAhe
reaction temperature which further enhances the initiation and can result in an
uncontrolled process.

Among all the issues/problems that can occur in free radical polymerization,
controlling polymer composition and molecular weight or molecular weight
distribution is of primary importance. From an industrial standpoint, many of these

1-
3 350

polymer products are prepared via heterogeneous (emulsion, suspension) r

36-40

homogeneous (bulk, solution) polymerization in a wide range of process

configurations from tubular to well-mixed tanks that may be continuous, batch, or

39



semi-batch. (continuous, batch, or semi-batch are the three major classifications of
chemical processes based on the method in which reactants are added to the
reaction vessel).

In a batch process, all of the reactants are added to the reaction vessel
prior to starting the polymerization. During the polymerization, no material is
added or removed from the reaction vessel. Although batch polymerizations are
the simplest to run, they offer the léast amount of control. It is important to keep in
mind those polymerizations with more than one monomer that the consumption
rates of the different monomers will be governed by the monomers respective
reactivities. The resulting products may have broad polydispersities and become
inhomogeneous. Also, in batch polymerization, reactant concentrations change
throughout the polymerization causing the phenomenon of molecular weight
distribution (MWD) drift leading to very broad distributions in the final product. An
advantage of batch polymerization is the ability to be flexible and readily adaptable
to new products for operations where changes to the formulation or polymerization
conditions are common.

Semi-batch processes (also known as semicontinuous) are similar to batch
processes, the only difference is that reactants and/or products can be added or
removed during the polymerization. At the beginning of a semi-batch
polymerization, a portion of the total reactants are charged to the reaction vessel.
Once the polymerization is started, reactants are added systematically to control
the desired properties or the reaction rate. Usually, monomer(s) or initiators are

fed to the reaction vessel at a finite time or over the course of the polymerization;
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this addition can be stopped or started at any desired time. This technique is used
most commonly to control product composition or reaction rate, which leads to
reduced composition drift because the concentration ratio of the respective
monomers are held nearly constant by a predetermined feeding rate.5%7

The molecular weight and composition ratio can also be controlled by
adding initiator and monomers at starved conditions. “Starved” conditions refer to
a reaction system where the concentration of reactants is very low and the
reactant consumption rate is equal to the addition rate. This is achieved by
selecting a readily decomposing initiator, while the monomers are fed in the
desired ratio to provide composition control which leads to the mean chain length
being a ratio of monomer to initiator. The initiator used in the solution
polymerizations of the monomers in this chapter was Vazo 67, illustrated in Figure
2.3. Vazo 67 has a decomposition half-life (t=1/2) of 10 hours at 67°C.*"™*
Polymerizations are often conducted at temperatures within 10°C of the half-life

temperature of the initiator, but can be operated at higher temperatures.

Commonly, only a small amount of initiator is required in most chain reactions

CHj CHa

/\(ls—N———N—(L/\

CN CN
2-azobis (2-methylbutanenitrile)
Vazo 67

Figure 2.3. Initiator used in free radical
polymerization of acrylic polyol libraries.
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typically 1-5 wt% relative to the total charge of reactants.

Since some free radical polymerizations are fast, larger scale operations
can lead to the heat of polymerization not being transferred out of the reaction
vessel safely. To help eliminate this problem usually a portion of the total
monomer charge is initially fed into the reactor vessel and the remainder of the
monomer is added at a rate that is compatible with the heat removal capacity of
the cooling system. At starved conditions, the monomer concentration is low at
any given time which minimizes the event of a thermal runaway reaction.
However, there is a potential concern while operating at starved conditions that the
polymer concentrations may become high resulting in chain transfer to polymer
reactions which can have a significant effect on the overall product properties.

The final industrial chemical process is called a continuous process. During
this process all reactants are fed continuously to the reactor vessel and any
unconsumed reactants and products are removed continuously. Most continuous
processes are operated at “steady state” conditions. Steady state generally
means that all reactant concentrations and process conditions are independent of
time, thus, it is an autonomous system. This has a huge benefit on certain
properties. Since concentrations are held constant throughout the process, there
is no MWD drift or composition drift, which leads to the narrowest possible
molecular weight and MWD.

The work done in this chapter will focus primarily on acrylic polyol solution
free radical polymerization using a Symyx batch reactor system and a semi-batch

automated parallel reactor system. The use of parallel and combinatorial
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experiments are ideal areas for polymer research due to the fact that many
parameters, both composition and process variables, can be varied during the
synthesis resulting in the identification of compositions having unique properties

%0 The rationale for the batch

and possible structure-properties relationships.
polymerizations was to explore the use of high throughput methods for the
synthesis of polymers using free radical polymerization. Another reason was to
select acrylic polyols for use as candidates in the siloxane-polyurethane coatings
systems. In contrast, using conventional laboratory methods, only a few selected
compositions can be explored, which might result in missing important properties
of those polymers. The objective of using the Chemspeed experiments was to
demonstrate how this reactor system can be used in the exploration of acrylics
synthesized using a semi-batch process, which is the process commonly used in
industry. As stated previously, there are some advantages to running acrylic free
radical polymerizations at a semi-batch process such as better MWD control, as
well as enhanced reactor temperature control which eliminates possible runaway
reactions. With the use of the Chemspeed Autoplant A100™ process variables
can be explored simultaneously in one experiment or in just a few experiments.
This gives the ability to do reactions much more efficiently and possibly do
experiments that would not be possible if the time and resources were not
available. Another advantage of using a computer-controlled, automated reactor

system is that every experiment is carried out using a programmed set of process

steps and conditions, avoiding human variability.
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By using the Symyx batch reactor system and the semi-batch automated
parallel reactor system, large amounts of data can characterized énd collected
where the data can then be stored and one can begin to create a database of
important polymer properties as a function of composition. The database of
structure-property relationships on multiple (co)polymers systems can be of great
importance to the scientific community, giving important information that can be
used to further develop new polymer systems or optimize systems already
present. For researchers in the field, it can help by eliminating compositional
space in their respective experimental design and focus (or narrow) their
screening of tailo-made polymer systems for certain structure-property
relationships.

Overall, the aim of this study was the design, synthesis via batch and semi-
batch solution free radical polymerization and characterization of acrylate
polymers using combinatorial/ high-throughput and automated parallel reactor
methods. With the use of the Chemspeed Autoplant 100™ for the polymerization,
variations in process parameters, i.e. — reaction temperature, rate of monomer and
initiator addition, agitation speed, etc were conducted. It was demonstrated that
acrylic polyols can be synthesized by free radical polymerization with
combinatorial/high-throughput and automated parallel reactor system and that
there was good correlation among the replicates. The progress of the
polymerization could be followed by sampling the reactor contents periodically,
providing valuable information regarding conversion and molecular weight as a

function of time. The acrylic polyols were characterized by Rapid-Gel Permeation
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Chromatography (RGPC) for molecular weight and polydispersity information,
Differential Scanning Calorimetry (DSC) was used for glass transition temperature
data, and percent solids and percent conversion was used for tracking completion
of the reaction.
2.2. Experimental

2.2.1. Chemicals and reagents

Butyl methacrylate (BMA), n-butyl acrylate (BA), ethyl methacrylate (EMA),
2-hydroxyethyl acrylate (HEA), and lauryl methacrylate (LMA) were obtained from
Aldrich and used as received. Toluene was obtained from VWR and purified by a
solvent purification system. The free radical initiator, 2-azobis (2-
methylbutanenitrile) (Vazo 67) was obtained from DuPont.

2.2.2. Polymer characterization

A TA Instruments Q1000 DSC with an autosampler accessory was used for
the T, determinations. The samples were dried and then subjected to heat-cool-
heat cycle from -65 °C to +150 °C by ramping 20 °C per minute for both heating
and cooling. The second heating cycle was used to determine the T, T4 was
determined from the midpoint of the inflection. Symyx Rapid GPC with an
evaporative light scattering detector (PL-ELS 1000) equipped with two PLgel
mixed-B columns (10 um particle size) was used for molecular weight analysis.
Solutions of 1 mg/mL sample in THF were prepared before the run; calibration was
carried out with polystyrene standards and THF was used as the eluent at 45 °C at
a flow rate of 2.0 mL/min. The molecular weight and PDI were determined with

Epoch software (Symyx, Inc.) using polystyrene or poly(methyl methacrylate)
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standards. Percent solids were determined gravimetrically and the percent
conversion was then calculated from the percent solids results. Library Studio was
used for designing acrylic polyol polymer libraries for the Symyx combinatorial
synthesis. The software allows for both full factorial and statistical experimental
design. The library designs are stored in a cdmmon database. For the Symyx
polyol polymerization study, 6x4 arrays of experiments were designed.’®*’

2.2.3. Symyx combinatorial polymer synthesis

Synthesis library designs were done using Library Studio software (Symyx,
Inc.). The software allows both statistical and full factorial experiment designs and
these designs are stored in a common database. All solution polymerizations
were carried out in a Symyx batch reactor system.>' The Symyx batch reactor
system is comprised of a dual-arm liquid dispensing robot housed inside a glove
box under dry nitrogen. The robot dispenses liquids according to Library Studio
designs. The three center wells in the synthesis platform holds arrays of reaction
vials, and up to 288 simultaneous 1-mL reactions could be run in the batch mode
with magnetic stirring and heating up to 120 °C. 8-mL vials in 6 X 4 arrays were
used for the synthesis of the acrylic polyols. A stock solution of Vazo 67 (10%) in
purified toluene was prepared for the synthesis experiments. Acrylate monomers,
solvent and initiator were dispensed into 24 vials (with magnetic stirbars) using a
dual-arm liquid robotic pipette, sealed, and heated for 500 minutes. The samples
were cooled to room temperature inside the glove box, taken out and

characterized.
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2.2.4. Automated parallel polymer synthesis

Automated acrylic polyol synthesis was done using a Chemspeed Autoplant
A100™, shown in Figure 2.4.>%* The system used in this study consists of 12
Process Development (PD) units. (The system can be fitted with up to 20 PD
units.) Each PD unit contains two 100 mL stainless steel reactors mechanical

stirring up to 600 rpm and reflux cooling.

Figure 2.4. Chemspeed Autoplant A100™ (left) and PD Unit (right)

The temperature in each reactor can be controlled independently over a
range of -10 to 250 °C. Solid and liquid reagents can be automatically charged to
each reactor by an overhead gravimetric solid and powder dispenser and a 4-

channel liquid handling needle head. In these experiments, the system was setup
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to operate in semicontinuous mode. Thus, one of the 100 mL vessels in the PD
unit is designated as the reactor and the other as the feed vessel. A third 50 mL
feed vessel is also present in each PD Qnit. Prior to the beginning of the
polymerization the reactor vessel is charged initially with solvent and the other 100
ml feed vessel is charged with the monomers and the 50 ml feed vessel is charged
with the initiator solution. The contents of the two feed vessels are then fed slowly
to the reactor using two syringe pumps on the PD unit. In this mode, up to 12
reactions can be conducted simultaneously and both compositional variations as
well as process variations can be explored. Several different inline real-time data
analysis factors, such as temperature and stirring, can be monitored for all of the
12 PD units. Gas supply for inertization using nitrogen can be done up to 20 bar
working pressure. The synthesizer is equipped with a four-needle liquid handling
system with four syringes (1-10 mL) to accurately dispense different volumes of
stock solutions and samples. The entire system is self-contained inside a pseudo-
glove box.
2.3. Results and Discussion

There are two parts to this study; the first part was to investigate molecular
weight, polydispersity, and glass transitions temperatures of the combinatorial free
radical polymerization of libraries (one library = 24 unique acrylic polyol
compositions) of acrylic polyols with different mole ratios of HEA, BA, EMA, BMA,
and LMA, the second part investigated the use of parallel reactors in the
polymerization of acrylic polyols adjusting processes variables such as reaction

temperature, monomer and initiator feed times, adjusting percent solids and
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initiator concentration, and oscillating reactor temperature in real-time. The
second study is important from an industrial perspective because the use of the
parallel reactors can mimic the processes of large scale industrial reactors and the
results can be useful in better understanding the reaction kinetics of the acrylic
polyol polymerization under those conditions.

2.3.1. Solvent and initiator study on the batch free radical

polymerization of an acrylic polyol using combinatorial methods

This objective of this study was to better understand the molecular weight
effects by changing the amount of solvent (effects on % solids) in the composition
of the acrylic polyol and changing the concentration of initiator, which can then be
used to set the solvent and initiator levels for the other batch/semi-batch
polymerization experiments. The range of the amount of solvent used was 50-
70% and the initiator concentration ranged from 1-4%/wt. The acrylic polyol
composition (20% HEA, 20:80 (BA:EMA)) was held constant for all initiator/solvent
combinations in this study, thus eliminating the composition variable and strictly
focusing on the effects of the different solids levels and initiator concentration.
This is true for the constant reaction temperature as well. The acrylic polyols were
produced by free radical polymerization using combinatorial techniques resulting in
12 acrylic polyols with the same compositions. The polymerization consisted of 1-
4%/wt initiator, 50-70% solvent resulting in 30-50% (theoretical) solids, and the
reaction temperature was set to 95°C. Samples from each reactor were
characterized by RGPC to obtain the MW and PDI and percent conversion was

determined gravimetrically. It is readily known that adjusting the initiator and
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solvent content of the solution polymerizat'ion of acrylic polyols can greatly affect

the molecular weight. The RGPC molecular weight results for the acrylic‘polyol

library can be seen in Figure 2.5.
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Figure 2.5. Rapid GPC molecular weight data from the batch solvent/initiator study
for the acrylic polyol library comprised of 20% HEA and 20:80 (BA:EMA) with a

range of 1-4%/wt initiator and 30-50% solids.
The overall trend seen from the MW data is the decrease in the acrylic
polyol MW with the increase in both the level of initiator and amount of solvent.

The decrease in MW with the increase in initiator level occurs with the increase in
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free radicals in solution, thus creating more propagating radical chains that create
lower MW chains before terminating. In the same regards, increasing the amount
of solvent in the polymerization also lowered the MW. This occurred because of
the chain transfer to solvent effect where the radical on the propagating polymer
chain removed a proton from the solvent molecule yielding a terminated polymer
chain and a new radical essentially regulating the polymerization and reducing the
overall MW. The highest MW of 96 kDa was observed with 1% initiator and 50%
solvent. The lowest MW of 20 kDa was shown with 4% initiator and 70% solvent.
A linear trend in MW is shown going from the lowest percent of initiator to the
highest, as well as going from the lowest percent solvent to the highest percent
solvent. The 50% solvent acrylic polyols had the highest overall MW, ranging from
96 kDa to 34 kDa. Subsequently, the 70% solvent acrylic polyols had the lowest
overall MW, ranging from 48 kDa to 20 kDa.

Analyzing the data closer reveals that the largest change in MW was due to
the initiator rather than the percent solvent. With an increase from 1% initiator to
2% initiator, a decrease in MW from 96 kDa to 68 kDa for the 50% solvent polyols,
a difference of 28 kDa, the 60% solvent polyols showed a difference of 22 kDa,
and the 70% solvent polyols showed a difference of 15 kDa. The MW difference
from the increase in initiator from 2% to 3% and 3% to 4%, regardless of percent
solvent, greatly decreased. The difference in MW for the 50% solvent polyols for
2% to 3% and 3% to 4% initiator were both 17 kDa. The difference in MW for the
60% solvent polyols for 2% to 3% initiator was 10 kDa and 3% to 4% initiator was

14 kDa, similarly with the 70% solvent polyols showed a difference in MW of 6 kDa
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and 7 kDa for 2% to 3% and 3% to 4% initiator, respectively. However, the 1%
initiator row going from 50% solvent to 70% solvent showed a decrease in MW
with a difference of 48 kDa, the difference in MW decreased as the percent
initiator was increased for the other initiator percents; 2% initiator was 35 kDa
difference, 3% initiator was 24 kDa, and 4% initiator was 13 kDa for the difference
in MW when observing the increase in percent solvent according to Figure 2.5.
Polydispersity data for the study illustrated in Figure 2.6 showed that all
acrylic polyols were within the range of 2.0 to 2.8. The polyols polymerized using

1% and 2% initiator had the lowest PDls at 50% solvent of ~2.
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Figure 2.6. Polydispersity data from the batch solvent/initiator study for the acrylic
polyol library comprised of 20% HEA and 20:80 (BA:EMA) with a range of 1-4%/wt
initiator and 30-50% solids.
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When the solvent was increased for the 2% initiator polyols, PDI increased to 2.5.
Polyols polymerized using 3% and 4% initiator had PDIs of 2.3-2.7 regardless of
the amount of solvent. An interesting trend observed was at 70% solvent all
polyols had the same PDI of ~2.5. The MW data from the solvent /initiator study
indisputably shows the effects of initiator concentration and percent solvent on the
MW for the solution polymerization of acrylic polyols.

It shows that both the increase in percent initiator and percent solvent
lowers the MW of the acrylic polyols polymerized by a batch-type method
considerably.

2.3.2. Free radical polymerization study of acrylic polyols comprised

of HEA, BA, and EMA using combinatorial methods

The first acrylic polyol library comprised of three monomers, HEA, BA, and
EMA, were produced by batch free radical polymerization using combinatorial
techniques resulting in 24 unique acrylic polyol compositions. The polymerization
conditions consisted of 4%/wt initiator, 50% solids, and a reaction temperature of
75°C. HEA was varied from 5 to 20 percent to provide a range of hydroxyl
equivalent weight from 488 g/mol to 2324 g/mol. A combination of BA ar;d EMA
were varied by a range of ratios from 100:0 (BA:EMA) to 0:100 (BA:EMA). The
acrylic polyol composition is illustrated in Figure 2.7 in a 4X6 array library format.
The 24 acrylic polyols were synthesized in a single experiment using the Symyx
automated batch synthesis system. The RGPC molecular weight data for the

library can be seen in Figure 2.8. As the amount of EMA is increased, the MW
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values of the acrylic polyols decreased as expected due to BA terminating

primarily by combination.*®

BA:EMA
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Figure 2.7. 4X6 array library format of acrylic polyol composition consisting of
HEA, BA and EMA.

The termination reactions of the acrylic polyols play a large factor in the MW
as is evident by the copolymers comprised of BA and HEA having MW of 160-180
kDa, while the polyols consisting of EMA and HEA have MW of 70-100 kDa,
almost a decrease of 100 kDa. The lower amounts of HEA in the acrylic polyols
have very little effect on the overall molecular weight, however at 20% HEA and a
higher amount of BA there is a significant drop in the MW, this may be due in part
to the higher degree of hydrogen bonding with HEA resulting in lower MW gelled
particles which can sometimes result in a false MW reading from the RGPC. Also,

due to the higher percent of HEA the viscosity of the polyol increased which may
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contribute to the higher MW seen for all the acrylic polyols with the 20% HEA
composition, this phenomenon is known as the autoacceleration effect, where the
increase in viscosity reduces the termination rate coefficient. Since the reaction
temperature was 75°C, the half-life of the free radical initiator (Vazo 67) is 2.31
minutes, which results in higher MW due to the propagating radical to remain
active longer (before terminating) than it would at higher temperatures. This is due
to the stability of the free radicals at lower temperatures which induce the

decomposition of the initiator thus; the decomposition rate is dependent on the
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lifetime of the radicals in the system.
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Figure 2.8. Rapid GPC molecular weight data for acrylic polyol library comprised
of HEA, BA, and EMA.
This gel effect phenomenon can be seen more apparent in the

polydispersity data shown in Figure 2.9. Similar to the molecular weight data in
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Figure 2.8 for the BA and HEA acrylic polyol compositions, the higher amounts of
BA and HEA polyols result in considerably higher polydispersities compared to the
acrylic polyols with the composition of EMA instead of BA. This is possible due to
the same reason the MW’s are higher for those acrylic polyols, where chain

entanglements hinder the diffusion of macroradicals leading to gelled products

with large polydispersities.®"®2
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Figure 2.9. Rapid GPC polydispersity data for acrylic polyol library comprised of
HEA, BA, and EMA.

The impurities and ethylene glycol diacrylates present in HEA can causes
the formation of gelled and branched products which contain a wide range of
molecular weights in each of those specific acrylic polyols. When characterizing
the gelled polyols via RGPC, only the soluble portion of the polymer is being

characterized resulting in lower MW and higher polydispersity shown in Figure 2.8
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and 2.9, respectively. As the ratio of EMA is increased the polydispersity
decreased, a similar trend seen with the molecular weight data.
DSC measurements of the acrylic polyol library were made for further
characterization. In Figure 2.10, the glass transition temperatures of the
theoretical acrylic polyols (based on the Fox equa’tion)63 and experimental acrylic
polyols of HEA, BA, and EMA are shown. Overall, there is a general trend of
increasing Tgs with increase of EMA in the acrylic polyol composition. The
experimental acrylic polyols with the composition ratio of 100:0 (BA:EMA)
produced the lowest Tgs, ranging from -43°C with 5% HEA to -30°C with 20%
HEA. The increase in the amount of HEA causes a slight increase in Tgs due to the
increase in hydrogen bonding. As the amount of EMA is increased in the
composition of the acrylic polyol, the T4 increases in a rather systematic way,
however, there is a convergence of the Tgs at the ratio 40:60 (BA:EMA) indicating
that at this point, regardless of the amount of HEA, all have the same relative Tgs
(similar convergence was observed for the theoretical Tgs). Another interesting
trend observed from Figure 2.10 is after the convergent point the acrylic polyols
with the lower HEA content have higher Tgs than those with higher percents of
HEA, which is the opposite of what was seen before the convergence point. The
T, values of the experimental polyols showed correlation with the theoretical Tgs.
There were some differences at the 0:100 (BA:EMA) where the theoretical Tgs
were slightly lower than the experimental Tgs. This may be due to molecular
weight effects and/or the heating rate on the DSC which can have

significant effects on the Tq. If a slower heating rate was set on the DSC it might
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Figure 2.10. DSC (a) theoretical and (b) experimental glass transition temperature
data for acrylic polyol library comprised of HEA, BA, and EMA.

58




be possible to get lower Ty values that might correlate better with the theoretical Tg
values. Percent conversion was determined from the results of the percent solids
which was calculated gravimetrically and showed that all acrylic polyols had
conversions above 95%, with a range of 95.3%-99.1%.

2.3.3. Free radical polymerization study of acrylic polyols comprised

of HEA, BA, and BMA using combinatorial methods |

The next acrylic polyol library comprised of three monomers, HEA, BA, and
BMA, were produced by free radical polymerization using combinatorial
techniques resulting in 24 unique acrylic polyol compositions. The acrylic polyol

composition is illustrated in Figure 2.11 in a 4X6 array library format.

BA:BMA

10

% HEA

15

20

Figure 2.11. 4X6 array library format of acrylic polyol composition consisting of 5-
20 % HEA, and ratio of 100:0 to 0:100 (BA: BMA).
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The change from EMA to BMA was done with the understanding that this
would modify the Tgs of the library since the Ty of BMA is 45°C less than EMA due
to the longer alkyl chain increasing mobility of the polymer thus, decreasing the T,.
The polymerization conditions consisted of 4%/wt initiator, 50% solids, and a
reaction temperature of 95°C, which was increased from 75°C to look at the
effects of temperature on the MW. HEA was varied from 5 to 20 percent to
provide a range of hydroxyl equivalent weight from 581 g/mol to 2324 g/mol. A
combination of BA and BMA were varied by a range of ratios from 100:0 (BA:EMA)
to 0:100 (BA:EMA). The 24 acrylic polyols were synthesized in a single
experiment using the automated batch synthesis system.

The RGPC molecular weight results for the library can be seen in Figure
2.12. As the amount of BMA is increased, the MW values of the acrylic polyols
decreased as expected due to BA terminating by combination and BMA
terminating predominantly by disportionation.16 Similar to the pervious study, the
termination reactions of the acrylic polyols play a large factor in the MW evident by
the copolymers comprised of BA and HEA having MW of 110-125 kDa. The
polyols consisting of BMA and HEA have MW of 20-30 kDa, a decrease of 100
kDa is observed over the compositional space, this is once again similar to the
acrylic polyol library study using EMA. Overall, the amount of HEA in the acrylic
polyols has a small effect on the overall molecular weight, however there is a slight
increase in MW (~10K/ BA:BMA composition) as the HEA is increased, which
seems to be a common trend throughout the acrylic polyol library. Also,
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comparing the GPC results of 100:0 (BA:BMA) to Figure 2.6 of a similar
composition (EMA v. BMA) showed a significant drop in MW due to the higher
reaction temperature and thus a lower half-life (1.13 min) of the Vazo 67 indicating

the termination of the propagating species sooner than in the previous acrylic

polyol study.
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Figure 2.12. Rapid GPC molecular weight data for acrylic polyol library comprised

of 5-20 % HEA, and ratio of 100:0 to 0:100 (BA: BMA).

The polydispersity data for the acrylic polyol library is illustrated in Figure
2.13. Similar to the molecular weight data in Figure 2.12, the BA and HEA acrylic
polyol compositions have considerably higher polydispersities compared to the
acrylic polyols with the composition of BMA and HEA. PDIs for the BA and HEA
compositions ranged from 13-16, significantly higher than the composition with

80:20 (BA:BMA) which had a PDI range of 5-7. This may be due to the increase in
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viscosity due to the hydrogen bonding of HEA and the high molecular weight of the
acrylic polyol. With the addition of BMA, even in a small amount, allowed for the
lowering of the viscosity of the solution polymerization thus allowing for better
control of the MW and as a result the PDI was much lower. As the amount of BMA
was increased the PDI eventually reached a minimum of ~3 and showed a rather
tight grouping regardless of the amount of HEA throughout the entire library

compositional space.

16 7
14 A
—— 5% HEA
12 - +10%HEA
—d&— 15% HEA
210 7 —8—20% HEA
:
Q 8 A
0
(m)
> 6 1
)
o
4 =
2 -
0

100:0 80:20 60:40 40:60 20:80 0:100
Percent of Butyl Acrylate to Butyl Methacrylate

Figure 2.13. Rapid GPC polydispersity data for acrylic polyol library comprised of
5-20 % HEA, and ratio of 100:0 to 0:100 (BA: BMA).

In Figure 2.14, both theoretical and experimental glass transition
temperatures were calculated for the acrylic polyols comprised of HEA, BA, and
BMA. Overall, there is a general trend of a linear increasing of the Tgs with an

increase of BMA in the acrylic polyol composition. Acrylic polyols with the
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Figure 2.14. DSC (a) theoretical and (b) experimental glass transition temperature
data for acrylic polyol library comprised of 5-20 % HEA, and ratio of 100:0 to 0:100

(BA: BMA).
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composition ratio of 100:0 (BA:BMA) produced the lowest Tgs, ranging from -45°C
to -35°C with 5% HEA through 20% HEA, respectively. The increase in HEA
causes a slight increase in Tgs due to the increase in hydrogen bonding. As the
amount of BMA is increased in the composition of the acrylic polyol, the Tgs
increase in a generally linear way, however, there is a convergence of the Tgs at
the ratio 20:80 (BA:BMA) indicating that at this point (~0°C), regardless of the
amount of HEA, all have the same relative Tgs. Another interesting trend
observed from Figure 2.14 is after the convergent point the acrylic polyols with the
lower HEA content have higher Tgs than those with higher amount of HEA, which
is the opposite of what was seen before the convergence point. These similar
trends are also seen in the previous acrylic polyol library using EMA instead of
BMA. The most interesting trend is the convergence point of 0°C, which was the
same for the previous library. An observation when comparing the theoretical Tgs
to the experimental Tgs was the convergence point was -20°C for the theoretical
polyols and was once again 0°C for the experimental polyols. Also, the
experimental Tgs for the higher ratios of BA were lower than the theoretical values.
Similar to the previous study, this may possibly be from the molecular weight or
structure of the experimental acrylic polyols resulting in higher values. These
higher values may also be from the speed of the heating rate of the DSC
experiment.

Percent conversion for the experimental acrylic polyols were determined

from the results of the percent solids which was calculated gravimetrically and
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showed that all acrylic polyols had conversions above 96%, with a range of 96.4%-
98.7%.

A similar library was designed using the same three monomers (HEA, BA
and BMA). In this acrylic polyol library the percent HEA was increased to a range
of 15-40% and the BA:BMA ratio was changed to the range of 100:0 to 50:50 as
shown in the 4X6 array library format in Figure 2.15. The objective of this study
was to better understand the effects of an increase of HEA in composition and

also to give another acrylic pelyol library with a range of Tgs and modulus.
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Figure 2.15. 4X6 array library format of acrylic polyol composition consisting of 15-
40 % HEA, and ratio of 100:0 to 50:50 (BA: BMA).

The polymerization conditions consisted of 4%/wt initiator, 50% solids, and

a reaction temperature of 95°C. HEA was varied from 15 to 40 percent to provide
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a range of hydroxyl equivalent weight from 290 g/mol to 775 g/mol. A combination
of BA and BMA were varied by a range of ratios from 100:0 (BA:BMA) to 50:50
(BA:BMA). The 24 acrylic polyols were synthesized in a single experiment using
automated batch synthesis system. The results of this acrylic polyol library are
explained in Chapter 3 of this dissertation.

2.3.4. Free radical polymerization study of acrylic polyols comprised

of HEA, BA, and LMA using combinatorial methods
The next acrylic polyol library comprised of three monomers, HEA, BA, and LMA,
was produced by free radical polymerization using combinatorial techniques
resulting in 24 unique acrylic polyol compositions. The acrylic polyol composition
is illustrated in Figure 2.16 in a 4X6 array library format. The polymerization
conditions consisted of 4%/wt initiator, 50% solids, and a reaction {emperature of
95°C. HEA was varied from 5 to 20 percent to provide a range of hydroxyl
equivalent weight from 581 g/mol to 2324 g/mol. A combination of BA and LMA
were varied by a range of ratios from 100:0 (BA:LMA) to 0:100 (BA:LMA). LMA
was chosen for this study to better understand the effect of using a monomer with
a much lower T4 on the overall acrylic polyol compositions Tgs.

The RGPC molecular weight results for the acrylic polyol library can be
seen in Figure 2.17. As the amount of LMA is increased, the MW values of the
acrylic polyols decreased as expected due to BA terminating by combination. '
Similar to the pervious study, the termination reactions of the acrylic monomers
play a large factor in the MW evident by the copolymers comprised of BA and HEA

having MW of 90-145 kDa.
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Figure 2.16. 4X6 array library format of acrylic polyol composition consisting of 5-
20 % HEA, and ratio of 100:0 to 0:100 (BA: LMA).

The polyols consisting of LMA and HEA have MW of 30-70 kDa, a decrease
of 60 kDa is observed over the compositional space, this is once again similar to
the acrylic polyol library study using EMA and BMA. Overall, the amount of HEA
in the acrylic polyols has a larger effect on the overall molecular weight than the
previous studies. The 20% HEA seems to have the largest effect by having the
larger of the MWs in comparison to the rest of the library which has a common
trend of a tighter MW grouping throughout the acrylic polyol library with the 5-15%
HEA compositions.

The polydispersity data for the acrylic polyol library is illustrated in Figure
2.18. Showing a similar trend to the molecular weight data in Figure 2.17, the BA

and HEA acrylic polyol compositions have considerably higher polydispersities
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compared to the acrylic polyols with the composition of LMA and HEA. PDls for
the BA and HEA compositions ranged from 12-14, significantly higher than the first
composition with 80:20 (BA:LMA) which had a PDI range of 6-8. This may be due
to the increase in viscosity due to the hydrogen bonding of HEA and thus the high

molecular weight of the acrylic polyol.
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Figure 2.17. Rapid GPC molecular weight data for acrylic polyol library comprised
of 5-20 % HEA, and ratio of 100:0 to 0:100 (BA: LMA).

With the addition of BMA, even in a small amount, allowed for the lowering
of the viscosity of the solution polymerization thus allowing for better control of the
MW and as a result the PDI was much lower. As the amount of LMA was
increased in the acrylic polyol compositions the PDIs eventually reached a
minimum convergence of ~3 and showed a rather tight grouping regardless of the

amount of HEA throughout the entire library compositional space. The exception
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Figure 2.18. Rapid GPC polydispersity data for acrylic polyol library comprised of
5-20 % HEA, and ratio of 100:0 to 0:100 (BA: LMA).

being similar to the results seen in Figure 2.18, in which the polyols with 20% HEA
showed a minimum PDI of ~5.

Figure 2.19 illustrates the DSC measurements of the glass transition
temperatures of the theoretical and experimental acrylic polyols comprised of
HEA, BA, and LMA. Overall, there is a general trend of a linear decrease of the
Tgs with an increase of LMA in the acrylic polyol composition which is expected
since the T4 of LMA is -65°C compared to BA which has a T4 of -54°C. Acrylic
polyols with the composition ratio of 0:100 (BA:LMA) produced the lowest Tgs,

ranging from -56°C to -64°C with 5% HEA through 20% HEA, respectively. The
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Figure 2.19. DSC theoretical (a) and experimental (b) glass transition

temperature data for acrylic polyol library comprised of 5-20 % HEA, and ratio of
100:0 to 0:100 (BA: LMA).
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increase in percent HEA causes a slight increase in Tgs due to the increase in
hydrogen bonding and having the highest of the homopolymer Tgs of -15°C. This
can be seen with the 5% HEA acrylic polyol compositions having an average of
10°C lower Tgs than the compositions with 20% HEA indicating that the BA and
LMA have a much larger effect on the overall Tgs. Also observed is that as the
percent of LMA is increased in the composition of the acrylic polyol, the Tgs
decrease as expected. The theoretical Tgs for the acrylic polyol showed a linear
decrease with an increase in the ratio of LMA. Compared to the results from the
experimental Tgs, there was a similar decrease in the Tgs, however due to possible
molecular weight effects, structure of the acrylic polyol, and the heating rate of the
DSC, the experimental Tgs slightly different than the theoretical values.

A similar acrylic polyol library to the previous study was comprised of the
same three monomers, HEA, BA, and LMA, and was produced by free radical
polymerization using combinatorial techniques resulting in 24 unique acrylic polyol
compositions. The acrylic polyol composition is illustrated in Figure 2.20 in a 4X6
array library format. The polymerization conditions consisted of 4%/wt initiator,
50% solids, and a reaction temperature of 95°C. HEA was increased in this study
providing a range of 10 to 40% percent thus; provide a range of hydroxyl
equivalent weight from 290 g/mol to 1162 g/mol. A combination of BA and LMA
were varied by a range of ratios from 100:0 (BA:LMA) to 0:100 (BA:LMA). By
increasing the HEA percent for this study the objective was to better understand
the effects on the overall Tgs of the acrylic polyol library. lllustrated in Figure 2.21

are the RGPC molecular weight results for the acrylic polyol library.
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Figure 2.20. 4X6 array library format of acrylic polyol composition consisting of 10-
40 % HEA, and ratio of 100:0 to 0:100 (BA: LMA).

As the amount of LMA is increased, the MW values of the acrylic polyols
decreased as expected due to BA terminating by combination'® however, due to
the significant amount of hydrogen bonding with the higher percent HEA
compositions and subsequent increase in viscosity the acrylic polyols have lower
MW. The acrylic polyols with said compositions actually formed gels so only the
soluble fraction was analyzed, which may have contributed to the lower MWs. The
gelled polymer did not allowing for adequate mixing during the reaction and thus
retarding the radical species during the propagation step of the polymerization and
terminating the polymer resulting in lower MW acrylic polyols. As described, the
termination reactions of the acrylic polyols play a large factor in the MW evident by
the copolymers comprised of 30% and 40% HEA having MW of 80 and 90 kDa,
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respectively. The acrylic polyols consisting of 10% and 20% HEA and 100:0
(BA:.LMA) resemble the same MWs from the previous study as expected with
values of 120 kDa for 10% HEA and 165 kDa for 20% HEA. With the addition of
LMA into the compositions the acrylic polyols the general trend of decreasing MW
was observed, similar to pervious study with LMA, as well as the study with EMA
and BMA. Overall, the amount of HEA in the acrylic polyols has a larger effect on
the overall molecular weight than the previous studies. The 40% HEA seems to
have the largest effect by having the larger of the MWs ranging from 230 kDa to
125 kDa as the amount of LMA is increased to 0:100 (BA:LMA). Another
observation is the larger separation of MWs between the percentages of HEA in

the acrylic polyol compositions when compared to Figure 2.17 from the previous

study.
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Figure 2.21. Rapid GPC molecular weight data for acrylic polyol library comprised
of 10-40 % HEA, and ratio of 100:0 to 0:100 (BA: LMA).
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The polydispersity data for the acrylic polyol library is illustrated in Figure
2.22. Showing a similar trend to the molecular weight data in Figure 2.21, the BA
and HEA acrylic polyol compositions have considerably higher polydispersities
compared to the acrylic polyols with the composition of LMA and HEA. PDls for
the BA and HEA compositions ranged from 12-14, significantly higher than the first
composition with 80:20 (BA:LMA) which had a PDI range of 6-8. This may be due
to the increase in viscosity due to the hydrogen bonding of HEA and thus the high

molecular weight of the acrylic polyol. With the addition of BMA, even in a small
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Figure 2.22. Rapid GPC polydispersity data for acrylic polyol library comprised of
10-40 % HEA, and ratio of 100:0 to 0:100 (BA: LMA).
amount, allowed for the lowering of the viscosity of the solution polymerization

thus allowing for better control of the MW and as a result the PDI was much lower.
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As the amount of LMA was increased in the acrylic polyol compositions the PDlIs
eventually reached a minimum convergence of ~3 and showed a rather tight
grouping regardless of the amount of HEA throughout the entire library
compositional space. The exception being similar to the results seen in Figure
2.15, in which the polyols with 20% HEA showed a minimum PDI of ~5.

Figure 2.23 illustrates the DSC theoretical and experimental measurements
of the glass transition temperatures of the acrylic polyols comprised of HEA, BA,
and LMA. Overall, there is a general trend of a linear decrease of the Tgs with an
increase of LMA in the acrylic polyol composition which is expected since the Tq of
LMA is -65°C compared to BA which has a Tq4 of -54°C. Acrylic polyols with the
composition ratio of 0:100 (BA:LMA) produced the lowest Tgs, ranging from -56°C
to -64°C with 5% HEA through 20% HEA, respectively. The increase in percent
HEA causes a slight increase in Tgs due to the increase in hydrogen bonding and
having the highest of the homopolymer Tgs of -15°C. This can be seen with the
5% HEA acrylic polyol compositions having an average of 10°C lower Tgs than the
compositions with 20% HEA indicating that the BA and LMA have a much larger
effect on the overall Tgs. Another observed trend is that as the percent of LMA is
increased in the composition of the acrylic polyol, the Tgs decrease as expected.
The overall change in Tgs are all 0°C from 100:0 to 0:100 (BA:LMA) for 10, 20
30, and 40% HEA this is due to both BA and LMA having very low Tgs, thus there
isn’'t a dramatic effect on the acrylic polyols Tgs from 100 wt% BA to 100 wt%

LMA. The theoretical Tgs for this study followed the same trend seen in Figure
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Figure 2.23. DSC theoretical (a) and experimental (b) glass transition temperature
data for acrylic polyol library comprised of 10-40 % HEA, and ratio of 100:0 to
0:100 (BA: LMA).
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2.19, with a decrease in Tgs with the increase in LMA. An observation when
comparing the experimental Tgs to the theoretical Tgs is the values are similar.
The major differences seen with the experimental values are most like due to
molecular weight effects, structure of the acrylic polyols, and the heating rate of
the DSC. These variables would lead to variations in the experimental Tgs when
compared to theoretical values that were calculated by use of the Fox equation.

Overall the acrylic polyols comprised of HEA, BA, and LMA showed a
decrease in MW with an increase in LMA in the composition consistent with
previous findings due to the termination reaction of BA by combination. The data
supports these observations for polydispersity as well. The DSC data indicates
that BA and LMA had little effect on the overall Tgs; HEA played a much larger role
in the determination of the polyols Tgs due to its higher Tq when compared to the
Tgs of BA and LMA.

The characterization results from the FRP of the various acrylic polyols
done on this first part of the study were useful in selecting the acrylic polyol
libraries to be used in the formulations of the siloxane-acrylic-polyurethane
coatings systems described in the next chapter.

2.3.5. Systematic measuring of percent conversion and MW of acrylic

polyols using the Chemspeed Autoplant A100™

The second part of the study consisted of using the Chemspeed Autoplant
100™ for the free radical polymerization of acrylic polyols using a semi-batch
process, which is the process most commonly used in industry. The main

objective of this study was to better understand the capabilities of the Chemspeed
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by exploring the effects of key process variables on the outcome of the acrylic
polyol polymerizations. Several experiments were conducted to test these
process variables. The first experiment consisted of measuring the PDI and MW
systematically throughout the course of the semi-batch FRP of the acrylic polyols.
The second experiment comprised of varying the percent solvent and percent
initiator in the FRP of acrylic polyols, similar to the batch process experiment done
in the first part of this study. Since the Chemspeed has the ability to be
programmed to automatically adjust the feed time of the reactants into the reactor
vessel The third experiment involved adjusting the monomer feed time during the
FRP while keeping the initiator feed time constant. The fourth experiment was
similar to the previous experiment except the initiator feed time was adjusted and
the monomer feed time was held constant. The final experiment incorporated the
ability of the Chemspeed to be programmed to oscillate the reaction temperature
of each PD unit separately. In this case the reaction temperatures were oscillated
at either 95+5°C, 105+5°C, 95+10°C or 105+10°C during the FRP of the acrylic
polyols.

The experiments used in this study consist of the use of 12 Process
Development (PD) units located on the Chemspeed platform. Each PD unit
contains two 100 mL stainless steel reactors one utilized for the polymerization
and the other for holding the monomer feed solution. A third 50 mL feed vessel is
also present in each PD unit and was used for the initiator solution, which was cold
when dispensed into the feed vessel. All PD units were set to a mechanical

stirring of 200 rpm and in order to keep the monomer solution cold, reflux cooling
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was incorporated for the monomer feed vessel and set at -10°C. The liquid
reagents (toluene, monomer solution, and initiator solution) were automatically
charged to each reactor and feed vessels via the 4-channel needle head. Several
different real-time data analysis factors, such as temperature and stirring, were
monitored for all of the 12 PD units. Nitrogen was used to purge the reactor
vessel after the toluene was charged into each reactor vessel.

In this study the acrylic polyol free radical polymerization comprised of 20%
HEA and 80% BA, initiator (Vazo 67) concentration of 4%, and 50% solids, was
done using a Chemspeed Autoplant A100™. lllustrated in Figure 2.24 is the
design of the experiment (DOE). The study was duplicated with reactors 1-6 being
the exact same reactions as reactors 7-12, respectively. Essentially the
Chemspeed platform was split in half so that six reaction temperatures could be
reproduced twice in one run. The temperature in each reactor was programmed

and controlled independently ranging from 70°C to 120°C.

90°C

©

80°C 100°C
2 4

80°C 100°C
8 10

Figure 2.24. Schematic representation of the Chemspeed Autoplant A100™
platform indicating reaction temperature and miniplant location for the acrylic
polyol “kinetics study.”
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The PD units are labeled with their respective locations and reaction
temperatures depending on programmed location on the Chemspeed platform.
The contents of the two feed vesselé were then fed into the reactor vessel at a rate
of 0.18 ml/min for the monomer and 0.04 ml/min for the initiator solutions using the
two syringe pumps on the PD unit. Depicted in Figure 2.25. is a graphical timeline
of events for the FRP of the acrylic polyols. After the toluene was charged to the
reactor vessels, heating and stirring was started and a wait time of ten minutes
was incorporated so that each reactor could reach and maintain the stability of the
respective reaction temperature. Once the temperature was stable the pumps
began to feed both the monomer and initiator solutions into the reactor vessel.
The feed time for both feed vessels were set to 180 minutes with a total reaction

time of 300 minutes.

Rxn Temp, 70-120°C

Sampled, \ Initiator/Monomer,
30 min interval 180 min feed time

\

Time (min) 300 min

Figure 2.25. Graphical timeline of events for the systematic measuring of PDI and
MW for the FRP of acrylic polyols.
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For each polymerization, aliquots were taken from the reactor vessels every
30 minutes during the reaction and continued at that interval until the reaction time
was complete.

The samples were characterized by RGPC and percent conversion. The
RGPC molecular weight results of the acrylic polyols from reactors 1-6 can be
seen in Figure 2.26. The y-axis was set to match the MW data from reactors 7-12
illustrated in Figure 2.27 for a better comparison on the reproducibility of the study.
A general trend that is observed is the decrease in MW with an increase in
reaction temperature. This trend is consistent with the free radical initiators half-

life at the given reaction temperatures.
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Figure 2.26. Rapid GPC molecular weight data from kinetics study of the acrylic
polyol "library indicating miniplant reactors 1-6, reaction temperature, and 30
minute sample intervals over the entire reaction time.
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At 70°C the half-life of the free radical initiator (289 min) is the longest
compared to the other reaction temperatures; because of this the initiator
generates radicals at a slower rate, so there are less radical to initiate the

monomer, leading to higher MW. Another trend observed is the large MW

difference between the reaction temperatures of 80°C and 90°C.

There is a drop-off of nearly 20 kDa between 80°C and 90°C. This
indicates that between 80°C and 90°C the half-life of the initiator is much lower
causing the radicals to persist for a much shorter time, thus creating much lower
MW acrylic polyols. The half-life of the initiator at 80°C is 74 minutes compared to

21 minutes for 90°. It can be observed from the graph from Figure 2.27 that Vazo
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Figure 2.27. Half-life of Vazo 67 at various
reaction temperatures.
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67 readily decomposes at higher temperatures leading to a shorter half-life, which
can have a great effect on the molecular weight of the polymer. Since this
polymerization is done in a semi-batch mode the polymer MW is well controlled
due to the constant control of the concentration ratio of the reactants through
predetermined feeding times. Since this study was to better understand the MW
and PDI effects using a semicontinuous process on the FRP of acrylic polyols, an
observation can be seen in the MW results; already seen after 30 minutes into the
polymerization, the acrylic polyols have essentially the same MW throughout the
rest of the reaction time. This observation suggests that the monomer
consumption rate is equal to the addition rate resulting in a mean chain length
being a ratio of monomer to initiator providing constant composition control.5*
Taking a closer look at this trend of a consistent MW throughout the entire
reaction shows that the MW for the reaction temperatures ranging from 70°C to
90°C actually decrease as the reaction progressed to the end. The most dramatic
Mw change came from the 70°C temperature. At 70°C, the MW at 30 minutes was
38 kDa, over time the MW decreased to 22 kDa; this trend is most likely due to the
amount of solids in the reactor at any given time. lllustrated in Figure 2.28 are the
theoretical percent solids as a function of time assuming 100 percent conversion.
This observation is consistent with the MW results from the solvent/initiator study
previously analyzed in 2.3.1. This same trend can be seen at 80°C, where the
MW decreased from 32 kDa to 27 kDa. At the higher reaction temperature of
110°C and 120°C, the MW stayed the same throughout the entire reaction. The

MWs were within the variability of the RGPC.
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Figure 2.28. Graphical representation of the acrylic polyol theoretical percent
solids as a function of time.

The RGPC molecular weight results of the acrylic polyols from reactors 7-
12 can be seen in Figure 2.29. A general trend that is observed is the decrease in
MW with an increase in reaction temperature, similar to Figure 2.26. Once again,
at 70°C the MW is the highest from all other reaction temperatures. Another trend
observed is the large MW difference between the reaction temperatures of 70°C
and 80°C. There is a drop-off of nearly 24 kDa between those temperatures, which
is an even larger MW difference than what was found in Figure 2.26. This
indicates that between 70°C and 80°C there is a large influence on the reaction
temperature control and thus the half-life of the initiator, as a result, creating much
lower MW acrylic polyols. The same observation that was seen in Figure 2.26 was
seen with Figure 2.29 in the MW results; already seen after 30 minutes into the

polymerization, the acrylic polyols have essentially the same MW throughout the
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rest of the reaction time. This general observation should be consistent for both

MW results since they are replicates of the same reactions.
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Figure 2.29. Rapid GPC molecular weight data from kinetics study of the acrylic
polyol library indicating miniplant reactors 7-12, reaction temperature, and 30
minute sample intervals over the entire reaction time.

Figure 2.30 shows the temperature log for the PD unit at 80°C at position 8.
The fluctuation in MW could be due to the poor temperature control of the reactor
vessel where the temperature drastically lost control at ~ 180 minutes and

continued to fluctuate until ~270 minutes. At 80°C and 90°C the MW decreased

slightly, starting at 26 kDa and decreasing to 23 kDa at 80°C and 14 kDa
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decreasing to 12 kDa at 90°C, a trend that is consistent with the MW data from

Figure 2.26.
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Figure 2.30. Representation of Chemspeed experimental and programmed

reaction temperatures for the 80°C PD unit #8 over the course of the FRP of

acrylic polyols.

If the MW data from Figure 2.26 and 2.29 are compared a noticeable
difference is observed. The most obvious trend, or difference, is the overall MW
for most reaction temperatures in Figure 2.26 are noticeably lower. Starting with
the MW data at 70°C, there is a difference of 28 kDa between miniplant 1 and
miniplant 7 (Chemspeed platform illustrated in Figure 2.24). As the reaction
temperature is increased the difference in MW between the replicates become
smaller; 80°C had a difference of 4 kDa, 90°C was almost the same, 100°C was
1.5 kDa, 110°C was almost the same, 120°C was exactly the same. These

differences indicate that “tuning constants” (based on internal algorithms in the

hardware of the Chemspeed) for temperature control for the reactor vessels were
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correctly tuned at the higher temperatures reactors. It may be necessary to tune
the lower temperatures reactors. The graphs representing the temperature logs in
Figure 2.31 better clarify this finding.

As observed in Figure 2.31, the reactors 7-12 are closest to the cryostat

(cooling system) for the Chemspeed which could make controlling the lower
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Figure 2.31. Graphical representation of reaction temperature logs for PD unit 6
(a) and PD unit 12 (b) at 120°C.
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temperature reactions easier than compared to reactors 1-6, which are further
from the cryostat and the reactors may require tuning. This evident from the tight
temperature control on PD unit 12 was compared to the control on PD unit 6. A
possible reason for the lacking control is once the liquid used in the reflux cooling
reaches the 1-6 those reactors it was already warmed due to previously cooling
reactors 7-12. If this is true, than reactors 7-12 in this study give the most reliable
data since the internal reactor vessel temperature was probably much closer to the
original reaction temperature set for the study.

The conversions (based on theoretical solids, Figure 2.28) of monomer to
polymer are represented in Figure 2.32 and 2.33 for reactors 1-6 and reactors 7-
12, respectively. A general trend obse&ed from both graphs is the almost linear
increase of percent conversion over time. At approximately 180 minutes for both
graphs the percent conversion reaches a plateau around the range of 88-100%
conversion, where it maintained that conversion or increases slightly until the
reaction was over, at this point the percent solids is theoretically 50%.
Coincidentally the feed time for the initiator and monomer solutions was 180
minutes which is why the high conversion was reached at that time interval, since
the total volume of both solutions‘ were dispensed and the temperature was
maintained for another 120 minutes for a total reaction time of 300 minutes. At the
first sample interval of 30 minutes conversion was in the range of 10-30%
conversion, lower percent conversions were obtained with the lower reaction
temperatures and increased with the increase in reaction temperature. This

percent conversion/ reaction temperature trend continues to the next sample
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interval at 60 minutes, but the sample intervals thereafter don’t follow that same
observed trend. The exception is seen In Figure 2.33, where the polymerization at
70°C does, in fact, continue that trend. Overall, the percent conversion for the
data in Figure 2.31 has a tighter grouping of the sample intervals for each reaction
temperature when compared to the data in Figure 2.33. This may be due to the

temperature control of the reactor vessels 1-6, as previously reported in this study.
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Figure 2.32. Monomer conversion data from kinetics study of the acrylic polyol
library indicating miniplant reactors 1-6, reaction temperature, and 30 minute
sample intervals over the entire reaction time.

lllustrated in both Figure 2.32 and 2.33, after the completion of the
dispensing of both the initiator and monomer solution into the reactor vessel some

of the conversions happen to increase above 100%, which is theoretically

impossible.
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Figure 2.33. Monomer conversion data from kinetics study of the acrylic polyol
library indicating miniplant reactors 7-12, reaction temperature, and 30 minute
sample intervals over the entire reaction time.

This may be due to solvent leaking out of the reactor over the course of the
reaction. The MW and percent conversion data from this kinetics study
demonstrated that using the Chemspeed Autoplant A100™ could create the
appropriate conditions for a true starved-feed reaction. MW for all acrylic polyols
was rather constant throughout the entire reaction time. The conversion increased
linearly until the feed times of the monomer and initiator solutions were completed,
at that point the conversion reached a maximum and leveled off until the reaction
was complete.

2.3.6. Solvent and initiator study on the semi-batch free radical

polymerization of an acrylic polyol

This study was used to better understand the molecular weight effects by
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changing the percent of solvent (effects on % solids) in the composition of the
acrylic polyol and changing the concentration of the percent of initiator. The range
of the percent of solvent used was 50-70% and the initiator concentration ranged
from 1-4%/wt. The acrylic polyol composition (20% HEA, 80% BA) was held
constant for all initiator/solvent combinations in this study, thus eliminating the
composition variable and strictly focusing on the effects of the different percent
solids and initiator concentration, this is true for the constant reaction temperature
through the entire polymerization as well. The polymerization conditions consisted
of 1-4%/wt initiator, 50-70% solvent resulting in 50-30% solids, respectively, and
the reaction temperature was set to 95°C.

The temperature in each reaction reactor was controlled independently at
95°C. Depending on location on the Chemspeed platform the locations of the PD
units and their respective percent initiator and percent solvent are illustrated in the

DOE of this study in Figure 2.34.
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Figure 2.34. Schematic representation of the Chemspeed Autoplant A100™
platform indicating location of percent initiator and percent solvent for the acrylic
polyol semi-batch “solvent/initiator study.”
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The contents of the two feed vessels were then fed into the reactor vessel
at a rate of 0.18 ml/min for the monomer and 0.01, 0.02, 0.03, or 0.04 ml/min for
the 1, 2, 3, 4% initiator solutions, respectively using the two syringe pumps on the
PD unit. After the toluene was charged to the reactor vessels depending on the
percent solvent, heating and stirring was started and a wait time of ten minutes
was incorporated so that each reactor could reach and maintain stability of 95°C.

Once the temperature was stable the pumps began to feed both the
monomer and initiator solutions into the reactor vessel. The feed time for both
feed vessels were set to 180 minutes with a total reaction time of 300 minutes.
Samples from each reactor were obtained at the end of the reaction and were
characterized by RGPC to obtain the MW and PDI and percent solids was
determined from the percent solids calculated gravimetrically.

This solvent/initiator study explores the difference between batch and
semicontinuous reactions comparing the results seen in section 2.3.1. lllustrated
in Figure 2.35 are the MW results from the study using the Chemspeed Autoplant
A100™. The overall trend seen from the MW data is the decrease in the acrylic
polyol MW with the increase in both the percent initiator and percent solvent
similar to what was observed in section 2.3.1. This follows the FRP theory where
the MWoc1/A(1), where | is the initiator concentration. The highest MW of 92 kDa
was observed with 1% initiator and 50% solvent. The lowest MW of 41 kDa was
shown with 4% initiator and 70% solvent. The 50% solvent row of the acrylic

polyols had the highest overall MW, ranging from 92 kDa to 55 kDa.
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Subsequently, the 70% solvent row acrylic polyols had the lowest overall MW,

ranging from 78 kDa to 41 kDa.
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Figure 2.35. Rapid GPC molecular weight data from the semi-batch
solvent/initiator study for the acrylic polyol library comprised of 20% HEA and 80%
BA with a range of 1-4%/wt initiator and 50-70% solvent.

It was observed that the largest change in MW was due to the solvent. This
trend is due to the chain transfer to solvent effect where the radical on the
propagating polymer chain removed a proton from the solvent molecule yielding a

terminated polymer chain and a new radical essentially regulating the

polymerization and reducing the overall MW.
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The MW difference from the increasé in initiator from 2% to 3% and 3% to
4%, regardless of percent solvent, decreased, similar to the results found in Figure
2.22.

Unlike the results of the batch experiment, this study found that the MW
difference when looking at the solvent amount, as the variable, was much less in
the decrease of MW. The 1% initiator row going from 50% solvent to 70% solvent
showed a decrease in MW with a difference of 14 kDa, this is a drastically lower
change in MW than what was previously seen in Figure 2.22.

The polydispersity data from this study is illustrated in Figure 2.36 shows

that all acrylic polyols ranged from 1.54-1.85.
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Figure 2.36. Polydispersity data from the semi-batch solvent/initiator study for the
acrylic polyol library comprised of 20% HEA and 80% BA with a range of 1-4%/wt
initiator and 50-70% solvent.
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The overall trend that is seen is the slight decrease in PDI with the increase in
solvent amount. The polyols polymerized using 1% initiator had the highest PDI of
1.85 at 50% solvent; this was also the highest MW polyol as well. As the solvent
was increased the PDI decreased to 1.68 using 60% solvent and 1.54 using 70%
solvent. This was consistent with the other levels of initiator. The reason for the
overall decrease in PDIs with the increase in solvent amount for all the polyols is
due to a possible combination of chain transfer to solvent, which would result in
lower Mw and the FRP being performed using a semi-batch process which would
control the Mw by holding the concentration ratio of monomer nearly constant.
Figure 2.37 illustrates the difference in PDls, comparing the difference from the

batch process to the semi-batch process.
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Figure 2.37. Difference in PDIs for the batch versus semi-batch process for the
solvent/initiator study.
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An initial observation seen in Figure 2.36 is the significant difference in
PDIs for the 70% solvent reactions; this is mostly due to the lack of reactant
concentration control of the polymerization during the batch process. There was
also the possibility of chain transfer side reactions occurring during the batch
process which would lead to higher PDlIs as well.

However, because of the low concentration of reactants there is another
concern that arises from higher solvent content in free radical polymerization of the
acrylic polyols and that concern is the conversion of monomei to polymer. The

percent conversion data from the acrylic polyols are illustrated in Figure 2.38.
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Figure 2.38. Conversion data from the semi-batch solvent/initiator study for the
acrylic polyol library comprised of 20% HEA 80% BA with a range of 1-4%/wt
initiator and 50-70% solvent.
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The general trend observed from the percent conversion data is with the
increase in amount of solvent there is a dramatic decrease in conversion. At 50%
solvent (50% solids) the acrylic polyols showed the highest percent conversion
due to a concentration effect of reactants within the reactor vessel; less solvent will
give a higher overall concentration of reactants since the concentration of
reactants were constant for all reactions, but the amount of initial solvent was not.
A trend within the 50% solvent reactions was an increase in percent conversion
with the acrylic polyols as the amount of initiator was increased. This increase is
due to the higher concentration of radicals formed, thus, converting more
monomer to polymer. A significant decrease in conversion was seen with the 60%
solvent reactions. The conversion stayed the same with 3% and 4% initiator,
resulting in a 56% conversion for both. The 70% solvent gave the lowest overall
percent conversion ranging from 28% to 37%, based on the amount of initiator.
The same conversion trend seen with the 50% solvent was also seen with 70%
solvent, were the conversion increased with the increase in initiator concentration.
The conversion results illustrated in Figure 2.38 prove that low solids content
results in low conversion of the acrylic polyols in a semi-batch free radical
polymerization.

Even though the acrylic polyol composition was slightly different than the
study illustrated in section 2.3.1, the MW data from the solvent/initiator study
shows, without a doubt the effects of initiator concentration and percent solvent for
the solution polymerization of acrylic polyols and this study shows good correlation

and reproducibly of the MWs when compared to the batch study (2.3.1) from the
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results in Figure 2.24. Also, using the semi-batch method had better control of the
MW compared to the batch method used in study 2.3.1, but because of this, the
percent conversion for the higher solvent content reactions resulted in very low
conversion.

2.3.7. Monomer feed time study on the semi-batch free radical

polymerization of acrylic polyols

This study was used to look at the molecular weight effects and percent
conversion by having a range of feed times of the monomer solution (while
keeping the initiator feed time constant) of the acrylic polyol and incorporating a
range of reaction temperature within each monomer feed time.

The locations of the PD units and their respective reaction temperatures

and monomer feed times are illustrated in the DOE in Figure 2.39 and further

explained in the graphical timeline of the study in Figure 2.40.

95°C
240 min

85°C 95°C\ (105°C\ (105°C
210 min/ \ 180 min 180 min / \ 240 min

85°C
180 min

85°C
240 min

75°C
180 min

Figure 2.39. Schematic representation of the Chemspeed Autoplant A100™
platform indicating location of reaction temperature and monomer feed time for the
acrylic polyol semi-batch “monomer feed time” study.

The feed times of the monomer were varied either to 180, 210, or 240
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minutes, while the initiator solution (4%) feed time was kept at 180 minutes for all
reactions in this study. The reaction temperatures were programmed to 75°C,
85°C, 95°C, or 105°C depending on the programmed location of the reactors on
the Chemspeed platform.

The acrylic polyol composition (20% HEA, 80% BA, 50% solids) was held
constant for this study, thus elevating the composition variable and strictly focusing
on the effects of the monomer feed time and reaction temperature.

The contents of the two feed vessels were then fed into the reactor vessel
at a rate of 0.18, 0.16, or 0.14 ml/min for the monomer feed times of 180, 210, or
240 minutes, respectively and 0.04 mi/min for the initiator solution using the two

syringe pumps on the PD unit.

Rxn Temp, 75, 85, 95,105°C

Temp

Initiator, 180 min feed time /

Monomer, 180, 210, and 240 min feed time >

Time (min) 300 min

Figure 2.40. Graphical timeline of events for the FRP monomer feed time study of
acrylic polyols. :
Once the toluene was charged to the reactor vessels and nitrogen purged

the headspace of the reactor vessel, heating and stirring was started and a wait
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time of ten minutes was incorporated so that each reactor could reach and
maintain stability at the reactors respective reaction temperature. Once the
temperature was stable the pumps began to feed both the monomer and initiator
solutions into the reactor vessel at their respective feed times; the total reaction
time was set to 300 minutes. Samples from each reactor were obtained at the end
of the reaction and were characterized by RGPC to obtain the MW and percent
conversion was calculated gravimetrically.

The MW results of the acrylic polyols from the monomer feed time study is
illustrated in Figure 2.41. The overall trend observed from the MW results is the
decrease in MW with the increase in reaction temperature. The lowest reaction
temperature of 75°C showed the highest overall MW of the acrylic polyols when
comparing reaction temperatures. The feed time of 180 minutes at 75°C resulted
in a MW of 59 kDa, which is similar to the MW obtained in the study in section
2.3.5 with similar acrylic polyol composition and reaction conditions. However,
when the feed time of the monomer was increased to 210 minutes and 240
minutes, remembering that the initiator feed time was held constant at 180
minutes, the MW increased significantly to 100 kDa and 104 kDa, respectively.
This is due to the decrease in monomer concentration during the longer feed
times. Also, since the reaction temperature is lower the half-life of the initiator is
longer than at the higher temperatures. This temperature dependence on the MW
is shown when the temperature is increased to 85°C. This trend was also

observed in Figure 2.41, with a significant drop in MW compared to 75°C, the
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monomer feed time of 180 minutes gave a MW of 44 kDa, when the feed time was
increased to 210 minutes the MW decreased to 36 kDa but increased when the
feed time was increased to 240 minutes to 39 kDa.

The small variation in MW regardless of the feed times is due to the higher
reaction temperature reducing the half-life of the initiator consequently consuming
the monomer resulting in lower MW polyols. This observation continued to holds
true when the reaction temperature was increased to 95°C and 105°C. MW of the
acrylic polyols at 95°C were 25 kDa, 24 kDa, and 22 kDa for the 180 minutes, 210
minutes, and 240 minutes monomer feed times, respectively. The MW was the
lowest at 105°C, showing a slight decrease from 17 kDa at 180 minutes to 15 kDa

at 240 minutes.
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Figure 2.41. Rapid GPC molecular weight data from the semi-batch monomer
feed time study for the acrylic polyol library comprised of 20% HEA and 80% BA.
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The percent conversion data from the monomer feed time study for the
acrylic polyols are illustrated in Figure 2.42. The general trend observed from the
percent conversion data is with the increase in the monomer feed time there is a
decrease in conversion regardless of the reaction temperature. The 180 minutes
monomer feed time for acrylic polyols showed the highest conversion most likely
due to the feed rates of both the monomer and initiator solutions were the same

leading to similar concentrations of both in the reactor at any given time.

Reaction Temperature
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Figure 2.42. Conversion data from the semi-batch monomer feed time study for
the acrylic polyol library comprised of 20% HEA and 80% BA.

For example, the reaction temperature of 75°C and monomer feed time of
180 minutes showed the highest percent conversion of 91%. The percent

conversion for the polyols at 75°C decreased to 85% at 210 minutes feed time and
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78% at 240 minutes feed time, the decrease in conversion is due to the amount of
initiator available to decompose into new radicals with the extended monomer feed
and thus an increase in the monomer concentration, resulting in not all monomer
being converted to polymer.

MW for all acrylic polyols followed similar trends seen previously when
reaction temperatures are increased and the conversion decreased linearly with
the increase in feed times of the monomer.

2.3.8. Initiator feed time study on the semi-batch free radical

polymerization of acrylic polyols

This study was used to look at the molecular weight effects and percent
conversion by having a range of feed times of the initiator solution (while keeping
the monomer feed time constant) of the acrylic polyol and changing the reaction
temperature within each initiator feed time. The locations of the PD units and their
respective reaction temperatures and initiator feed times are illustrated in the
experimental design in Figure 2.43. The feed times of the initiator were varied
either to 180, 210, or 240 minutes, while the monomer solution feed time was kept
at 180 minutes for all reactions in this study. The reaction temperatures were
varied as well, 75°C, 85°C, 95°C, or 105°C depending on the programmed
location of the reactors on the Chemspeed platform. The acrylic polyol
composition (20% HEA, 80% BA) was held constant for this study, thus elevating
the composition variable and strictly focusing on the effects of the monomer feed

time and reaction temperature.
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85°C 85°C 95°C

180 min 240 min 240 min
85°C 95°C 105°C 105°C
210 min 180 min 180 min 240 min

Figure 2.43. Schematic representation of the Chemspeed Autoplant A100™
platform indicating location of reaction temperature and initiator feed time for the
acrylic polyol semi-batch “initiator feed time” study.

75°C
180 min

Figure 2.44 illustrates the graphical timeline of the initiator feed time study
reaction. The contents of the two feed vessels were then fed into the reactor
vessel at a rate of 0.18, 0.16, or 0.14 ml/min for the initiator feed times of 180, 210,
or 240 minutes, respectively and 0.018 ml/min for the monomer solution using the
two syringe pumps on the PD unit. Several different inline real-time data analysis
factors, such as temperature and stirring, were monitored for all of the 12 PD units.
Once the toluene was charged to the reactor vessels and nitrogen purged the
headspace of the reactor vessel, heating and stirring was started and a wait time
of ten minutes was incorporated so that each reactor could reach and maintain
stability at the reactors respective reaction temperature. Once the temperature
was stable the pumps began to feed both the monomer and initiator solutions into
the reactor vessel at their respective feed times; the total reaction time was set to
300 minutes. Samples from each reactor were obtained at the end of the reaction
and were characterized by RGPC to obtain the MW and percent conversion was
calculated gravimetrically.
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Rxn Temp, 75, 85, 95,105°C

Temp

monomer, 180 min feed time/

Initiator, 180, 210, and 240 min feed time .
Time (min) 300 min

Figure 2.44. Graphical timeline of events for the FRP monomer feed time study of
acrylic polyols.

The MW results of the acrylic polyols from the initiator feed time study is
illustrated in Figure 2.45. The overall trend observed from the MW results is the
significant decrease in MW with the increase in reaction temperature. The lowest
reaction temperature of 75°C showed the highest overall MW of the acrylic polyols
when comparing the other reaction temperatures. The feed time of 180 minutes at
75°C resulted in a MW of 87 kDa, which is similar to the MW obtained in the study
of similar acrylic polyol composition and reaction conditions (section 2.3.5).
However, when the feed time of the initiator was increased to 210 minutes,
remembering that the monomer feed time was held constant at 180 minutes, the
MW increased to 940 kDa and at the 240 minutes initiator feed time a significant
increase in MW was observed at 144 kDa. This is due to the decrease in initiator
concentration during the longer feed times because as the initiator is consumed by

the monomer any radical chains still propagating will increase the MW by possibly
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grafting onto already formed polymer. Also, since the reaction temperature is
lower the half-life of the initiator is longer than at the higher temperatures.

The results are consistent with what was observed with the same reaction
temperature from the monomer feed time study shown in Figure 2.41. The small
variation in MW regardless of the feed times is due to the higher reaction

temperature reducing the half-life of the initiator.
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Figure 2.45. Rapid GPC molecular weight data from the semi-batch initiator feed
time study for the acrylic polyol library comprised of 20% HEA and 80% BA.

The initiator forms free radicals upon decomposition from heating at the
higher reaction temperatures and instantly forms low MW propagating chains or
the possibility of chain transfer from solvent or polymer could occur as well as

other side reactions from impurities in the monomer.
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The percent conversion data from the initiator feed time study for the acrylic

polyols are illustrated in Figure 2.46. The general trend observed from the percent

conversion data is with the increase in the initiator feed time there is a linear

decrease in conversion regardless of the reaction temperature. The 180 minutes

monomer feed time for acrylic polyols regardless of reaction temperature showed

the highest percent conversion (83% at 85°C, 87% at 95°C , and 86% at 105°C )

which is due to the proper conditions for a starved-feed reaction. The reaction

temperature of 75°C and monomer feed time of 180 minutes showed the highest

percent conversion at 98%.
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Figure 2.46. Percent conversion data from the semi-batch initiator feed time study

for the acrylic polyol library comprised of 20% HEA and 80% BA.

The percent conversion for the polyols at 75°C decreased to 70% at 210

minutes feed time and 59% at 240 minutes feed time, the decrease in conversion
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is due to the lower concentration of initiator versus monomer concentration at the
extended feed times resulting in not all monomer being converted to polymer. The
highest percent conversion was seen once again with the 180 minutes monomer
feed time for all reaction temperatures which is consistent with previous studies of
similar composition and reaction conditions. The decrease in conversion with the
increase in monomer feed time were similar for 85°C, 95°C, and 105°C reaction
temperatures. At the 210 minutes feed time the conversion decreased similarly for
the those reactions and was reported at 76% for 85°C, 73% for 95°C, and 73% for
105°C. When the feed time was increased to 240 minutes the conversion
decreased again to 64% for 85°C, 66% for 95°C, and 64% for 105°C.

If the results from the similar reactions conditions are compared to the
monomer feed time study from Figure 2.42, its observed that the initiator feed time
study has higher overall conversion, this is due to the higher concentration of
monomer in the reactor vessels being converted to polymer, where the monomer
feed time study had opposite results due to the higher concentration of initiator in
the reactor vessels. However, the low conversion percentage is not all that
surprising when comparing radical lifetimes to the composition rates of the
reaction. As stated previously, at longer feed times for the initiator the
concentration will be low and there is a possibility that the reaction is operating at
or near starved conditions. If that is the case there is the concern that the polymer
concentration may become high which would result in chain transfer to polymer at
longer feed times and higher temperatures. Another possibility for the low

conversion is the rates of initiation and termination are not balanced, so if the
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termination rate increases a decrease in the concentration of radicals would slow
down the propagation rate.

The MW and percent conversion data from the initiator feed time study
demonstrated that using the Chemspeed Autoplant A100™ confirmed that an
increase in initiator concentration compared to monomer concentration in the
same reaction results in low percent conversion.

MW for most acrylic polyols followed similar trends seen previously when
reaction temperatures are increased, the exception was the 240 minutes feed time
at 75°C where there was a large increase in MW. The conversion decreased
linearly with the increase in feed times of the initiator consistent with previous
results.

2.3.9. Oscillating reaction temperature study on the semi-batch free

radical polymerization of acrylic polyols

This study was used to look at the molecular weight effects and conversion
of acrylic polyols by introducing oscillating reaction temperatures during the
polymerization, mimicking the possible temperature variation of industrial large
scale acrylic polyol synthesis. lllustrated in Figure 2.47 is a graphical timeline of
FRP events for the oscillation reaction temperature study.

The feed times of the monomer and initiator solutions were kept at 180
minutes for all reactions in this study. The reaction temperatures were oscillated
by either £5°C or +10°C for 95°C and 105°C in the reactors on the Chemspeed
platform as depicted in Figure 2.47. The acrylic polyol composition (20% HEA,

80% BA) was held constant for this study, thus elevating the composition variable
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and strictly focusing on the effects of the oscillating reaction temperatures The
experiment was done in triplicate, which can be seen in the DOE in Figure 2.48.
The temperature in each reaction reactor was programmed and controlled
independently from 95°C+5, 95°C +10°C, 105°C +5°C or 105°C +10°C depending
on location on the Chemspeed platform. The oscillating frequency was set to

either increase or decrease to the respective programmed temperature every 30

minutes.
9545, 95410, 105+5, 105+10°C

A
Q.
z
— \

Initiator/Monomer, 180 min feed time/
- >

Time (min) 300 min
Figure 2.47. Graphical timeline of events for the FRP oscillation reaction
temperature study of acrylic polyols.

The contents of the two feed vessels were then fed into the reactor vessel
at a rate of 0.18 ml/min for the monomer and 0.04 mi/min for the initiator solution
using the two syringe pumps on the PD unit. Once the toluene was charged to the
reactor vessels and nitrogen purged the headspace of the reactor vessels, heating

and stirring was started and a wait time of ten minutes was incorporated so that
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each reactor could reach and maintain stability at the reactors respective reaction

temperature.

95+10°C) (95+10°C) (105+5°C) (105+10°Q
4 6 8 10

Figure 2.48. Schematic representation of the Chemspeed Autoplant A100™
platform indicating location of oscillating reaction temperature for the acrylic polyol
“oscillating reaction temperature study.”

Once the temperature was stable the pumps began to feed both the
monomer and initiator solutions into the reactor vessel at their respective feed
times and the oscillation of the respective temperatures began; the total reaction
time was set to 300 minutes. The oscillating temperatures were set to change at
30 minute intervals. Samples of each reactor were characterized by RGPC to
obtain the MW and percent conversion was determined by the percent solids
results calculated gravimetrically.

The MW results of the acrylic polyols from the oscillating reaction
temperatures study is illustrated in Figure 2.50. The overall trend observed from
the MW results is the decrease in MW with the increase in reaction temperature.
The lowest reaction temperature of 95°C+5°C showed the highest overall MW of
the acrylic polyols when comparing the other oscillating reaction temperatures.

The reaction temperature of 95°C+5°C resulted in an average MW of 60 kDa.
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However, there was an increase in the MW from PD unit 2 and 3 at that same
reaction temperature. A graphical representation of the temperature log for PD
unit 3 is depicted in Figure 2.49. This MW variation is most likely due to the
reactor vessels having less temperature control during the lower oscillating
temperatures (£5°C), where the theoretical temperature was undershot during the
reaction, thus a lower reaction temperature resulted in higher MW polyols as the
result. The temperature was undershot most likely because those PD units need
to be tuned. When the temperature log of the Chemspeed was analyzed, the
average temperature of PD unit 1 was 95.1°C, however, PD unit 2 had an average
temperature of 94.6°C, and PD unit 3 had a slightly less average temperature of
93.8°C, these results would be in agreement with the increase in MW for those

reactions.
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Figure 2.49. Temperature log for PD unit 3 at 95+5°C comparing the programmed
temperature oscillation to the experimental temperature oscillation.
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Figure 2.50 depicts the RGPC results for the oscillating temperature study.
The reaction temperature of 95°C+10°C resulted in an average Mw of 52 kDa,
which is reasonable because the oscillating temperature is set +5°C warmer than
the previous oscillating temperature resulting in a higher end temperature, which
lowers the half-life of the initiator and consequently lowers the MW of the polyol.
At 105°C+5°C the average MW was 37 kDa, which was lower than the previous
reaction temperature MW results, consistent with the higher reaction temperature
conditions result in lower MWs. However, when looking at the MW data from
105°C+10°C the average MW increased to 42.5 kDa. This was unexpected since
all previous studies show an increase in reaction temperature should decrease the
MW. This increase in MW was possibly due to the Chemspeed temperature

control undershooting the low end of the oscillation as depicted in Figure 2.48.

Reaction Temperature

Wo5+5°C HW95+10°C [M105+5°C [105%+10°C

1 2 3 4 5 6 7 8 9 10 11 12
PD Unit

Figure 2.50. Rapid GPC molecular weight data from the semi-batch oscillating
reaction temperature study for the acrylic polyol library comprised of 20% HEA and
80% BA.
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Table 2.1 describes the average reaction temperatures analyzed form the
temperature logs. It was evident that the average temperature of the reactions
involving the 105°C+10°C study showed an average of 104°C, while the average
temperature of the reactions involving the 105°C+5°C study showed an average
of 107°C.

Table 2.1. Average reaction temperatures from the oscillating reaction temperature
study, described by PD unit location and overall average per reaction temperature.

9515°C 95%10°C 105+5°C 105£10°C
1=95.1°C 4=95.7°C 7=107.8°C 10=104.7°C
2=94.6°C 5=94.8°C 8=107.2°C 11=104.2°C
3=93.8°C 6=95.3°C 9=106.7°C 12=103.6°C
Average Average Average Average
temp.=94.5°C temp.=95.3°C temp.=107.2°C temp.=104.2°C

These results are consistent with the finding in Figure 2.50, where the MW
was lower for 105°C+5°C compared to the MWSs for 105°C+10°C. Figure 2.51
depicts the graphical representation of the temperature log files for PD unit 7 from
the 105°C+5°C experiment and PD unit 12 from the 105°C+10°C experiment.
| The percent conversion data from the oscillating temperature study for the
acrylic polyols are illustrated in Figure 2.52. The general trend observed} from the
percent conversion data for this study was that all PD units had relatively similar
percent conversions regardless of the oscillating reaction temperature.
The acrylic polyols from the 95°C+5°C reaction temperature had an average
percent conversion of 93%. There was a slight increase in percent conversion
from PD unit 1 to PD unit 3, which correlates with the MW data from Figure 2.41.

The acrylic polyols polymerized under the 95°C+10°C reaction temperature
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Figure 2.51. Graphical representation of the temperature log files for (a) PD unit 7
from the 105°C+5°C experiment and (b) PD unit 12 from the 105°C+10°C
experiment.
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conditions had an average percent conversion of 95% with not much derivation
from the average from PD units 4-5; a slight increase in percent conversion from
the previous oscillating temperature conditions possibly due to the better
temperature control between PD units 4-6.

The polymerization of the acrylic polyols with the 105°C+5°C reaction
temperature conditions also had an average percent conversion of 95%. A slight
difference in conversion of the acrylic polyols is observed between PD units 7-9
possibly due to the difference in average temperature for each of the PD units.
The acrylic polyols prepared under the 105°C+10°C reaction temperature

conditions had an average percent conversion of 93%.
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Figure 2.52. Conversion data from the semi-batch oscillating reaction temperature
study for the acrylic polyol library comprised of 20% HEA and 80% BA.

Overall, the percent conversion for this study had a range from 91% to 98% with
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an average of 94%, which demonstrated that, regardless of the oscillating
temperatures, good conversion was maintained.

The oscillating temperature study demonstrated that using the Chemspeed
Autoplant A100™ for temperature process variation could be achieved effectively.
The MW data confirmed the temperature effects on the polymerization of the
acrylic polyols by decreasing the MW with the increase in temperature. The
experiment demonstrated good conversion for the entire study regardless of the
oscillating temperatures. This study also showed that the Chemspeed has some
difficulty controling and maintaining a stable temperature when the set
temperatures are oscillating at small intervals (15°C), but showed better control
with larger intervals (£10°C), tuning of the reactors is needed. This study also
showed that even slight variations in process temperature can have an effect on
the resulting molecular weight of the polymer produced.

2.4. Conclusions

Libraries of acrylic polyols were synthesized using combinatorial high-
throughput techniques by either batch or semi-batch processes. The experiments
for the batch and semi-batch processes were done combinatorially to explore a
range of compositions and various reaction process variables that cannot be
accomplished or are not suitable for single reaction experiments. Characterization
with Rapid-GPC, high-throughput DSC, and gravimetrically calculated percent
solids verified the effects of different reaction conditions (temperature, initiator and
monomer concentration, and percent solids) on the MW, glass transition

temperatures, and percent conversion on the different compositions of acrylic
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polyols. Using the combinatorial high-throughput approach, several different

studies of the synthesis of the acrylic polyols were done in a very short amount of

time (24 unique acrylic polyol compositions per experiment for batch process and

12 PD units x 5 studies =60 experiments of varying process variables for the semi-

batch processes of acrylic polyols using the Chemspeed). Scientists can therefore

explore a large number of composition and process variables in a short period of

time, resulting in obtaining a large amount of data. This data can be characterized

where structure-property relationships can be determined and those results can be

stored in a database for use in the design of future experiments.
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CHAPTER 3. COMBINATORIAL APPROACH TO STUDY THE EFFECTS OF
ACRYLIC POLYOL LIBRARY COMPOSITIONS ON THE PROPERTIES OF
CROSSLINKED SILOXANE-POLYURETHANE FOULING-RELEASE
COATINGS

3.1. Introduction

Fouling-release coating technologies are currently under development in
response to the need for a non-toxic coating alternative to toxic antifouling paints.”
® These coatings do not inhibit settlement of marine fouling organisms, but limit
the ability of the fouling organisms to form an adhesive bond to the coating
surface. Thus, low levels of shear are able to dislodge the organisms from the
coating. Poly(dimethylsiloxane) (PDMS) elastomers are used most often in
fouling-release coatings due to their low surface energy, high elastic modulus, and
low glass transition temperature. However, PDMS elastomers are mechanically
weak, easily damaged, and are challenging to adhere to marine corrosion primers.

We have been exploring the use of self-stratified crosslinked siloxane-
polyurethane coating systems as an alternative to silicone elastomer fouling-
release coatings.” Self-stratification is controlled by surface energy, phase
separation, and the viscosity of the components of the coating formulation.® "2
These siloxane-polyurethane coatings will stratify into a soft, rubbery top layer
formed by the PDMS, while the polyurethane will form a tough lower layer.
Isocyanate may also react with residual hydroxyl groups on the epoxy corrosion
primer providing improved adhesion. Crosslinking helps to stabilize the system
against rearrangement when the coating is immersed in water. A conceptual
diagram is provided in Figure 3.1.

In this coating system there are a large number of variables which are
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expected to play a role in the formation of the self-stratified morphology and

impact the physical and mechanical properties.

Siloxane

) %

Figure 3.1. Conceptual diagram of the stratified
siloxane-polyurethane coating system.

Thus, in order to efficiently explore a number of variables over a wide
compositional range, we have used a combinatorial and high throughput approach
to explore key variables. We have explored several formulation variables
including the effect of solvent and crosslinker on the formation of stable self-
stratified coatings,” and have synthesized libraries of 3-aminopropyl terminated
PDMS, and poly(e-caprolactone) (PCL)-PDMS-PCL triblock copolymers in order to
explore the effects of PDMS molecular weight, PCL block length, and amount of
PDMS polymer in siloxane-polyurethane coatings.'®'* Researchers have also
synthesized novel hydroxyalkyl carbamate terminated PDMS polymers and block
copolymers and explored the effect of key variables on performance
properties.'*16
In the previous experiments researchers had used a polycaprolactone triol

as the organic polyol in the siloxane-polyurethane coating system. It is expected

that the properties of the bulk polyurethane coating will have a major effect on the
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fouling-release properties of the system, since in PDMS elastomer systems the
bulk modulus has been found to have a significant impact on the release
properties.* 1821

Acrylic polyols have been favored for most aliphatic polyurethane systems
because of their superior weathering, low cost, hydrolytic stability, and low
isocyanate demand.??> Since a wide range of compositions can be synthesized
having varying hydroxyl functionality and glass transition temperature, acrylic
polyols in the siloxane-polyurethane coating system synthesized by free-radical

solution polymerization of acrylate monomers shown in Figure 3.2, can be used to

vary the bulk properties of the coating.

o) O o
/\/\O )v NN o HO\/\O/U\/
Butyl Acrylate Butyl Methacrylate Hyroxyethyl Acrylate
T,= 219 K (-54°C) T, = 293 K (20°C) T, =258 K(-15°C)

Figure 3.2. Monomers used in acrylic polyol synthesis, labeled by name and glass
transition temperatures.

Thus, the objective of this research was to explore the effect of the bulk
properties on the surface and fouling-release properties of the siloxane-
polyurethane coating system. An acrylic polyol library of systematically varying
composition was synthesized, characterized, and formulated into a siloxane-
acrylic-polyurethane coating. The coatings were screéned for key properties to
determine if there are significant trends. Key laboratory screening properties were

surface energy and pseudobarnacle pull-off adhesion.
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To provide improved hydrolytic stability as well as the ability to control the
bulk properties of the coatings a first library of acrylic polyols were synthesized
and formulated into siloxane-polyurethane coatings. In those experiments, it was
found that the fouling-release properties varied significantly as a function of acrylic
composition. Coatings that were based on a low Ty polyol containing butyl
acrylate and 20 percent hydroxyethyl acrylate formed siloxane-acrylic-
polyurethane coatings having low bioadhesion with respect to Ulva spores.

Following the analysis of the data on the first library of experimental
coatings, a second library was formulated focusing in detail on the compositional
space of the first library; additional laboratory bioassays for characterization of the
properties of the coatings were also implemented. Coatings from the second
library were subjected to laboratory screening using two important marine fouling
algae, a diatom Navicula and sporelings (young plants) of the green seaweed
Ulva.'® 2 Diatoms are unicellular algae that readily form yellow-brown colored
biofilms, often referred to as ‘slime’, on illuminated submerged surfaces and are of
importance from a fouling perspective because they adhere very strongly fo

fouling-release coatings.?**°

The green seaweed Ulva comprises the most
widespread species of alga that fouls man-made structures in the marine
environment. Dispersal occurs through the settlement (attachment) of motile
zoospores on surfaces, which germinate into sporelings (young plants) and
ultimately grow into mature plants. The attachment strength of Ulva sporelings is

low on fouling-release coatings'® In addition, the coatings were also screened

using several assays developed to challenge the coatings with marine bacteria.?°
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3.2. Experimental

3.2.1. Chemicals and reagents

Butyl methacrylate (BMA), n-butyl acrylate (BA), 2-hydroxyethyl acrylate
(HEA), dibutyltin diacetate (DBTDA), 2,4-pentanedione, and methyl isobutyl
ketone (MIBK) were obtained from Aldrich. DABCO K-15 was obtained from Air
Products. Toluene was obtained from VWR and purified by a solvent purification
system. The free radical initiator, 2-azobis (2-methylbutanenitrile) (Vazo 67) was
obtained from DuPont. Aliphatic polyisocyanates based on hexamethylene
diisocyanate trimer, Tolonate HDT and HDT 90 (90% solids in a blend of butyl
acetate and aromatic hydrocarbon) were obtained from Rhodia. Polyurethane
grade methyl n-amyl ketone (MAK) was supplied by Eastman Chemical. DC 3140
and T2 Silastic, products of Dow Corning Corporation, were received from
Ellsworth Adhesives and used as silicone controls. DC 3140 and T2 Silastic were
solvent reduced with MIBK and called Silicone A and Silicone B, respectively. 3-
aminopropyl-terminated PDMS (M,~10,000 g/mol) was synthesized and used as
prepared.” A stock solution of 0.75 wt. % DABCO K-15 in MAK was used to
prepare formulations. The polyurethane (PU) standard was composed of
polycaprolactone and polyisocyanate and was used as a standard for the
bioassays. All other reagents were used as received. The siloxane acrylic-
polyurethane coatings had a final solids content of 60%.

3.2.2. Polymer synthesis

Synthesis library designs were done using Library Studio software (Symyx,

Inc.). The software allows both statistical and full factorial experiment designs and
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these designs are stored in a common database. In the studies, 6 X 4 arrays of
experiments were designed. In order to provide a range of Tgs and crosslink
densities, a library of acrylic polyols was designed using Library Studio based on
BA, BMA, and HEA. A range of hydroxyl equivalent weights were obtained by
adjusting the weight percent of HEA from 5% to 20% in the first library and 15% to
40% in the second library. The balance of the first acrylic polyol polymerization
consisted of BA, BMA, plus four levels of HEA as shown in Table 3.1.

Table 3.1. First library design for the synthesis of
acrylic polyols with HEA, BA, and BMA.

Array Position | HEA (%) | BA (%) | BMA (%)
A1l 5 95 0
A2 5 76 19
A3 5 57 38
A4 5 38 57
A5 5 19 76
A6 5 0 95
B1 10 90 0
B2 10 72 18
B3 10 54 36
B4 10 36 54
B5 10 18 72
B6 10 0 90
C1 15 85 0
C2 15 68 17
C3 15 51 34
C4 15 34 51
C5 15 17 68
C6 15 0 85
D1 20 80 0
D2 20 64 16
D3 20 48 32
D4 20 32 48
D5 20 16 64
D6 20 0 80
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In addition, a second acrylic polyol polymerization consisted of BA, BMA,
plus six levels of HEA as shown in Table 3.2. The objective of the second acrylic
polyol polymerization was to formulate siloxane acrylic-polyurethane coatings with
higher hydroxy equivalent weights and thus, higher crosslink densities. This was
done by narrowing the compositional space of the first library acrylic polyols
experimental design.

Table 3.2. Second library design for the synthesis
of acrylic polyols with HEA, BA, and BMA.

Array Position | HEA (%) | BA (%) | BMA (%)
A1 15.00 85.00 0.00
A2 20.00 80.00 0.00
A3 25.00 75.00 0.00
A4 30.00 70.00 0.00
A5 35.00 65.00 0.00
A6 40.00 60.00 0.00
B1 15.00 72.25 12.75
B2 20.00 68.00 12.00
B3 25.00 11.25 32.75
B4 30.00 10.50 59.50
B5 35.00 9.75 55.25
B6 40.00 9.00 51.00
C1 15.00 59.50 25.50
C2 20.00 56.00 24.00
C3 25.00 52.50 22.50
C4 30.00 49.00 21.00
C5 35.00 45.50 19.50
C6 40.00 42.00 18.00
D1 15.00 42.50 42.50
D2 20.00 40.00 40.00
D3 25.00 37.50 37.50
D4 30.00 35.00 35.00
D5 35.00 32.50 32.50
D6 40.00 30.00 30.00

All solution polymerizations were carried out in a Symyx batch reactor

sys’tem.27 The Symyx batch reactor system is comprised of a dual-arm liquid
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dispensing robot housed inside a glove box under dry nitrogen. The robot
dispenses liquids according to Library Studio designs. The three center wells in
the synthesis platform holds arrays of reaction vials, and up to 288 simultaneous
1-mL reactions could be run in the batch mode with magnetic stirring and heating
up to 120 °C. 8-mL vials in 6 X 4 arrays were used for the synthesis of the acrylic
polyols. A stock solution of Vazo 67 (10%) in purified toluene was prepared for the
synthesis experiments. Acrylate monomers, solvent and initiator were dispensed
into 24 vials using a dual-arm liquid robotic pipette. Solutions were mixed with a
magnetic stir bar and heated to 95 °C for 10 hours. The polymer library was
synthesized in a single run to yield 24 acrylic polyols. Conversion was high
(>97%) and the polyol solutions were used without additional purification.

Figure 3.3 depicts the 24 sample array template that was used to describe
the first acrylic polyol synthesis library as well as the siloxane-polyurethane
coating formulations made from the first acrylic polyol library.

lllustrated in Figure 3.4 i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>