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ABSTRACT

Modification of materials properties such as surface energy, wettability, ability to
absorb, contain or release specific type of chemicals enables practical application of these
materials in various scientific and engineering set-ups. However, designing protocol that
could be easily adapted for different situations and simultaneously unlock multiple
variations of the resulting properties is a non-trivial task. This dissertation is devoted to
application of glycidyl methacrylate-based graft copolymers for the purposes of surface
modification, establishing fundamental trends and dependencies of this process and
exploring the possible range of applications. These materials have extremely valuable
property to undergo controllable post-synthetic modifications including surface attachment
and cross-linking. Deep understanding of the relationship between structure, properties and
composition of these polymeric materials was made possible with the current study and
can play pivotal role in introducing GMA-based functional interfaces into industrial

practice.

First part of this dissertation is focused on GMA-copolymer films prepared by
“grafting to” method. As I have demonstrated, such nanoscale layers are promising
elements of photonic sensors leading to creation of new generation of highly selective
devices. Photonic technologies represent state-of-the-art answer to chemical weapon
proliferation and ensure safety and security of global population, which necessitates
research in highly responsive but stable and reliable polymer films for chemical detection.

Here, | show that GMA-copolymer films are not only able to fulfill this task, but also can



be actuated in a special way that allows them to operate as post-exposure sensing elements
recording information of the chemical exposure. This groundbreaking finding has clear and
evident applicability, but also great fundamental value as the investigation that | have

performed gives new insights on the metastable polymer networks.

Second part of the dissertation is devoted to GMA-copolymers prepared by
“grafting through” method which results in water-soluble polymers that enable use of
GMA-based reactions in aqueous environment. This not only reduces the use of organic
solvents in polymer processing, but also opens new venues of modification of objects such
as enzymes that would not be able to be processed otherwise. Through the rigorous study
of the synthesis and relevant properties, | have identified the possible range of resulting
properties and highlighted composition-dependent trends which serve as a practical guide
for preparation of copolymers with desired properties. | demonstrated the applicability of
GMA-copolymers for preparation of thermally-stable polymer-enzyme conjugates,
mechanically resistant drug-loaded coatings, chemical sensors and preparation of

transparent conductive coatings using graphene oxide as a precursor.

Overall, this dissertation provides novel insights on surface modification of various
materials and actualizes the role that GMA-based copolymers can play. Unique
combination of fine control over surface properties and preparation practicality makes

these materials a novel technological solution for advanced functional interface design.
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CHAPTER 1. INTRODUCTION

1.1. Introduction

This dissertation is devoted to the synthesis and characterization of graft
copolymers containing epoxy monomeric units and their utilization for surface
modification. The major goal of this work is to establish a structure-composition-property
relationship and explore the applicability of graft copolymers as a versatile tool for
controlling the surface and interfacial properties of various materials as well as establish

new applications for grafting technology.

The reactive epoxy rings presented in the structure of the copolymers allow for the
reactions with nucleophiles such as carboxyl, amino and hydroxyl groups. This enables the
copolymers to react with the organic and inorganic surfaces and undergo cross-linking
forming stable covalently attached networks. However, as the novel materials and
technologies emerge, the issue of their realization in actual environments and conditions
requires more variability and tunability of the coatings used for the surface modification.
An additional complication that represents a significant challenge for materials scientists
and engineers is that some practically important systems require water solubility and/or
compatibility. Biomedical systems are one of the prominent examples of such behavior as
they are able to successfully operate in a very narrow window of temperatures, pressures
and solution compositions. Thus, in order to create a next generation of polymer surface

modification agents, one has to consider three requirements of the proposed coating:



- the ability to control over its properties is a way that can delivers wide variation of the
achieved properties through the identical procedures.

- the ability to use the reactivity of the coating within the actual systems of interest.

- the ability to use the similar modification protocols for a variety of substrates in a

streamlined cost-effective procedure

Polyglycydyl methacrylate (PGMA) naturally satisfies these requirements as it is
able to permanently bond to ceramic, metal and polymer surfaces due to intrinsically
presented nucleophilic groups on their surface using “grafting to” method that implies
creation of chemical bonds between reactive polymer of the substrate. In the case of the
chemically inert materials, an air plasma exposure or chemical activation (piranha solution
or base) can be used as a pre-treatment measures. This core property of PGMA is important
for this work and serves as a primal motivation to focus on this particular polymer system
in my dissertation. While grafting the polyglycydyl methacrylate macromolecular chains
from the surface in the context of surface-initialed polymerization is indeed a well-explored
path in research papers, its practicality is hindered by the certain limitations. First, “grafting
from” set-up requires the substrate to be within the reactive media that may cause conflict
with its functionality and represent somewhat of a technical challenge, while “grafting to”
technique can be combined with any physical deposition method (spin-coating, drop-

casting, dip-coating, spray coating).

Surface-initiated polymerization in the form of atom-transfer radical
polymerization (ATRP) offers certain level of control over the polydispersity and structure

of the coating. However, this control is limited to short chains only as otherwise the



reaction takes longer times, in addition, ATRP causes some concerns when applied to
biological systems due to the usage of copper catalyst. Most importantly, “grafting from”
requires the presence of the anchored initiator on the substrate surface while PGMA can
interact with a surface directly in a one-step procedure and then undergo surface “grafting
to” modifications. These considerations prompted me to explore the usage of pre-emptively
synthesized PGMA and GMA-containing copolymers for the purposes of surface

modification as opposed to the in-situ polymerization.

The previous studies on PGMA-based materials were mainly focused on thin
polymer brushes and the physical and chemical peculiarities of their behavior. For instance,
as the new chemical sensor set-ups are rising to their prominence, the call for the new
methods of tailoring their response and maximizing the useful signal has to be answered.
Enrichment polymer layers that effectively concentrate the analyte of interest in the vicinity
of the sensor element by swelling in its vapors are a viable solution to this challenge.
However, this application requires usage of thicker films (100 — 1000 nm) with adjustable
chemical affinity that can be tailored to be more sensitive to specific chemicals. Biomedical
systems are yet another example of the application that is very demanding in terms of the
property variability. For instance, the hydrophobicity of the coatings plays crucial role in
its interaction with human body and protein adhesion. In this regard, the special focus of
this dissertation will be made on exploring the ways to diversify thickness and the chemical

composition of the grafted coatings beyond levels of 10-100 nm typically used.

Finally, this dissertation considers the ability to use reactivity of PGMA in certain

systems imposing a number of requirements on the polymer coating. Specifically, water-



soluble poly(oligo(ethylene glycol) methyl ether methacrylate) (OEGMA) copolymer with
glycidyl methacrylate maintains the reactivity towards nucleophilic chemical groups which
opens up opportunities for ecologically friendly surface modification performed in aqueous
media rather than in organic solvents. It is demonstrated that this copolymer is able to

covalently bind to colloid substrates dispersed in water under ambient conditions.

The present dissertation is structured as follows. Chapter 2 will introduce the basic
fundamentals of the polymer grafting technology as well as provide with an in-depth
analysis of the recent trends and most important areas of application with a special
emphasis put on GMA and OEGMA as building blocks for surface modification. Next
three chapters consider synthesis, structure and properties of GMA copolymers obtained
by “grafting to” approach. Chapter 3 is dedicated to the synthesis of such materials and
one of their main functional characteristic — swelling in the vapors of volatile organic
compounds. Chapter 4 will explore the usage of these materials for the purposes of
chemical sensing and the pathways to increase the stability of copolymer-based devices to
gamma irradiation. Chapter 5 is going to be centered on a fundamentally new material
called nanofoam which is a metastable GMA copolymer film. This chapter will also display

its high potential to serve as a post-exposure chemical sensor.

Water-soluble GMA copolymers synthesized by “grafting through” method will be
discussed in three following chapters. Chapter 6 will consider the synthetic aspects of the
copolymerization as well as outline the relationship between the composition and
properties of the product. Chapter 7 will introduce the applications of these materials for

the surface modification of the solid surfaces for the purposes of chemical sensing and



orthopedic implant coating. Finally, Chapter 8 will highlight the modification of colloid
objects such as graphene oxide and proteins for the purposes of hydrophilic/hydrophobic

compatibilization and thermal stabilization, respectively.



CHAPTER 2. LITERATURE REVIEW

2.1. The overview of polymer grafting for surface modification

Organic polymers are a versatile class of materials that find their applications in
adhesives, binders, industrial coatings, varnishes, fibers, resins, composite materials,
filtration membranes, active components of solar cells and sensors to name a few.'* The
possibility to alter their basic properties by an appropriate selection of synthesis, processing
and modification protocols is a fundamental basis for a widespread usage of polymers that
is further expanding as new approaches and findings emerge. One of the most powerful
pathways to broaden the spectrum of polymer properties is preparation of graft-
copolymers. In this scenario, the initial polymer molecule that may or may not be a part of
a cross-linked network is augmented with another polymer chain. This way the properties
of two individual components are combined within the same material. The resultis a unique

combination of behaviors designed according to fit the application.

A special case of grafting is the modification of the material surface. In this case,
the bulk properties such as mechanical moduli, electronic structure and porosity can be
effectively utilized in a system that imposes certain prerequisites for the event happening
at the interface. Most common surface properties include, but are not limited to wettability,
swellability, morphology, cytotoxicity and mechanical robustness. Polymer grafting in
principle allows for the fine control over these qualities thus attracting keen interest from
very distant disciplines within materials science community. The overall number of

research papers dedicated to the polymer grafting is enormous and keeps on growing.



However, the citation clustering analysis is capable of providing a clearer overview on the
issue. Figure 2.1 displays the citation map generated using Web of Science search engine
using search words “polymer grafting surface modification”, “anchoring polymer layer”,
“adhesion improvement polymer grafting”, “polymer brush modification surface grafting”

spanning from 2000 to 2017 and processed using in VOSviewer.
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Figure 2.1. The citation map generated using search words “polymer grafting surface modification”, “anchoring polymer
layer”, “adhesion improvement polymer grafting”, “polymer brush modification surface grafting” spanning from 2000

to 2017.



It is quite clear that this topic is naturally separated into a number of distinct clusters
where the items (individual publications) heavily cite each other while mentioning of the
items in other clusters is less pronounced. Clusters may correspond to a certain group of
scientists creating a research topic, collaborating or competing within a field. In this
dissertation | use this citation map to provide a detailed review of the most important
research papers in the field and characterize the scope of the studies relevant at this

moment.

Alternative method of investigating and visualizing the citation space is the
keyword analysis (Figure 2.2). Using the same selection of papers as before, it is possible
to map the keywords most commonly occurring together as well as color the nods of the
graph (this time corresponding to the certain keyword) according to the year of publication.
Now it is possible to see the main trends of the research in this area. The central nod of this
graph is occupied by the atom-transfer radical polymerization which is a powerful
technique that provides the ability to synthesize surface-attached polymers of controlled
configuration, composition and polydispersity. The related topic of brushes which are
polymer chains densely bonded to the interface is also in the center of attention of these
studies. Note that the terms like adhesion, adsorption, coatings, interface and self-
assembled monolayers are expected in the paper selection with the search words given.
Interestingly enough, another heavily used keyword is nanoparticles. While it is too general
to discern between various applications of such structures, it indicates the strong tendency
of the grafting studies to facilitate the operations with nanoscale objects as opposed to

being applied to the solid surfaces exclusively.
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Figure 2.2. The keyword map generated using search words “polymer grafting surface modification”, “anchoring
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polymer layer”, “adhesion improvement polymer grafting”, “polymer brush modification surface grafting” spanning from

2000 to 2017 and colored according to the cluster assignment.

The specific topics that are being investigated in details over the last 17 years
include a very diverse group of fields outlining the interests of industry as well as basic
research community. Keywords belonging to the same topic tend to appear in the papers

together providing an overall understanding of the goals, methods and objects of the



respective studies. Another useful method of representation of this data is to color the nods

according to the dates of publication (Figure 2.3).
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polymer layer”, “adhesion improvement polymer grafting”, “polymer brush modification surface grafting” spanning from

2000 to 2017 and colored according to the year of publication.

Novel classes of composites including nanocomposites (yellow) are a large area of

interest due to opportunities that these materials may open for applications demanding the

10



combination of light weight and good mechanical performance. New generation of carbon
systems such as nanotubes and graphene sheets are closely connected to this topic (dark
yellow). It is worth noticing that investigation of the carbon nanostructure modifications
by polymer grafting methods is a very recent trend (Figure 2.3). The flexible electronics
and electrode design prompt the search for the methods of synthesis and optimization of
the materials performance. Thus, the electrochemical reduction and conducting polymers

is another important area of application for grafting (blue).

The improvement of adhesion between surfaces done by plasma treatment,
irradiation-related techniques and graft copolymerization is large field of interest with clear
applications in materials compatibilization (green). As the demand for purification and
filtration systems is constantly increasing in the modern world, the improvement of current
ultrafiltration membranes (orange) is starting to gain momentum. One the most recent
trends is tackling the fouling issue when the membrane pores are getting blocked hence
decreasing its performance. By controlling the adhesion between the surface of the material
and the particles participating in the filtration, it is possible to regulate this process. The
modification of the membrane interface by the means of polymer grafting is a very

advantageous solution.

A close topic which, however, spans way further than membrane science only, is
protein adhesion and repellency (pink). The poly(ethylene glycol) is a non-cytotoxic water-
soluble polymer that is a key component of many systems where the need for protein
repellency is strongly pronounced. Biomedical applications (purple, blue and light blue) of

polymer grafting are neighboring fields that are of particular practical interest as the
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advances in this fiend my significantly improve the current state of biotechnology and
patient quality of life. Finally, there is a large cluster of keywords (red) that corresponds to

the general properties of the grafted polymer layers and their physical properties.

In summary, a brief analysis of the literature of the topic of polymer grafting reveals
that there are numerous fields that request advances in surface properties delivered by the
means of polymer grafting. One of the strongest advantages of this approach is that once
the basic procedure is established, it can be successfully transferred between different
systems with some minor case-specific adjustments. However, besides development of
general modifications protocols, one needs to recognize the current trends and demonstrate
the applicability of these protocols for the demands of the day. In turn, it will ensure that
particular method of surface modification by graft-copolymers is going to be able to serve
the challenges that are going to arise in the future. This consideration has shaped the
contents of the current dissertation to contain as the investigation of fundamental properties
of PGMA graft-copolymers and pathways to their synthesis and property control, as the

examples of their usage in the practice.

The following sections of the literature review will be dedicated to the description
of the basic principles of polymer grafting as well as detailed analysis of the relevant

studies on the topic of graft copolymer surface modification.

2.2. Basic concepts of polymer grafting

As it has been indicated before, the general idea of graft-copolymer is the

combination of the main chain and the pending chain of different natures to obtain the
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desired materials property. However, this configuration may be achieved in different ways
that provides certain level of flexibility when designing the graft-copolymer for a specific
case. There are three methods to achieve this architecture of the copolymer commonly
referred to as “grafting from”, “grafting to” and “grafting through”.> Each of them has

certain advantages as well as drawbacks which are going to be specified below.

“Grafting from” is a strategy of graft-copolymer synthesis that implies the
polymerization of the grafted chain initialed by the active moieties presented on the main

chain (Figure 2.4).%8

Figure 2.4. The schematics of the “grafting from” concept.

This concept has certain advantages that make it extremely prominent solution for
many tasks that rise in the research. First, it is applicable to a wide variety of monomers,
essentially, the macroinitiator (the main polymer chain) is a subtype of initiators. While
the Kinetics of this process may differ from the most common cases of polymerization
reaction due to the hindered diffusion of the monomers,® the process may proceed yielding
the growth of the pending polymer chain. Second, using some modern techniques of

controlled radical polymerization such as atom-transfer radical polymerization and
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reversible addition-fragmentation chain transfer, it is possible to generate the pending
chains with very low size distribution.® Third, these techniques allow for the preparation
of the pending chains composed of blocks of different monomers.t! However, this
technique has several limitations that stand in the way of its usage for certain systems.
“Grafting from” involves the reactive media that in-situ polymerization is occurring in,
which may constitute an issue for substrates that are sensitive to the environmental
conditions. Most prominent examples of these systems are biological systems that may or
may not preserve their activity upon being subjected to the conditions required for the
polymerization. Another crucial challenge is the necessity to have the polymerization
initiator on the main chain or on the surface being modified. Usage of reactive silicon
compounds is a very common solution for the modification of solid surfaces.'? Finally, as
the process of pending chain growth takes place during the modification, which may take

long time and hence be impractical as the scale of operation increases.

“Grafting to” is another technique involving grafting of the pre-emptively
synthesized oligomers or polymers possessing the reactive end group to the reactive main

chain (Figure 2.5).1314
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Figure 2.5. The schematics of the “grafting to” concept

This method is associated with certain processing conveniences. Most importantly,
the processes of pending chain synthesis and the attachment to the main chain are separated
in space and time. This eliminates the issue of compatibilization between the reaction
conditions of these two processes and as long as the oligomer with reactive end group is
available. In this case, controlled polymerization techniques may be used during the first
step, in fact, the pending chain of any nature can be considered making the diversity of the
modifications available truly uncontested by any other grafting method. Typically, click-
chemistry or usage of epoxy rings in the main chain structure are employed in such post-
polymerization modification of the main chain. However, the “grafting to” technique is
also subject to a number of constraints. The availability of the reactive oligomer and its
price definitely have to be thoroughly reviewed before the implementation of the protocol
can be favored. Most importantly, as this process requires a reaction, the issues of reactive
oligomer diffusion becomes a serious problem that may manifest itself as the passivation
of the surface by very reactive end group or general dewetting issue both of which stand in

the way of oligomer diffusion into the bulk of the polymer being modified.
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“Grafting through” is one more approach for the synthesis of graft-copolymers®®.
In this case, the copolymerization of the macromolecular monomers is considered®

(Figure 2.6).

_ l :}_;1#“\{

Figure 2.6. The schematics of the “grafting through” concept, left — surface-bound carbon-carbon double bonds, right —

macromonomer polymerization

Just like in the case of “grafting through”, the variety of the pending chains is
limited only by the availability of the macromonomers. Aside from that, the appropriate
selection of polymerization conditions can construct virtually any distribution of the
pending chains. However, if the “grafting through” techniques proceeds through the
macromonomer of very high molecular weight or through the surface-attached
macromonomer, the growing chain may experience significant steric hindrance while
entering the polymer coil. This not only slows down the reaction but potentially can

completely halt it.

It is necessary to mention that usage of these approaches is not mutually exclusive,
for example, a copolymer prepared using “grafting through™ approach can be successfully

attached to the surface in “grafting to” protocol or macromonomer polymerization can be
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initiated from the substrate. Although this factor potentially may introduce certain level of
ambiguity to the methodology of the synthesis associated with the respective technique, it
is substantial that all these approaches have the same general purpose which is a
combination of various polymers in a single material with main chain-pending chain
molecular architecture. In the particular instant of PGMA-based systems, the pivotal ability
of epoxy groups to participate in post-polymerization modifications including cross-

linking is retained and inherited by corresponding graft-copolymers.

2.3. Representative examples of polymer grafting applications

2.3.1. Composite and nanocomposite preparation

As various nanostructured materials enter the realm of practical applications, the
engineering aspects of their functionalization become crucially important for further
advances in this field of materials science.!” Scaling down the elements of electronic
devices,8 creating new generations of composites'® and electronic materials?®-?2, exploring
the opportunities presented by the exfoliated layered systems?-?* are the key topics of the
day. Specifically, nanostructured allotropic modifications of carbon are in the focus of
special attention. However, their dispersibility in various media is limiting its processing
and overall applicability. There are two general approaches that are employed to perform
surface modification of nanoscale objects?®: physical sorption and chemical bonding. For
example, dopamine is able to undergo polymerization on a variety of organic and inorganic
substrates including carbon fibers?® and then subsequently serve as an anchor layer for the

further reactions. This strategy using non-covalent interactions can be utilized even in the
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absence of active groups. However, in many practical cases the presence of the chemical
bonding can provide better stability of the coating and more robust interface as it can be
finely tuned for a specific case of the surrounding matrix.?” This is where the versatility of
surface modification performed by polymer grafting comes into play where the small
alterations to the general protocol can yield surfaces with different properties. An
additional activation of the substrate may be needed to provide chemical groups for
polymerization initiation (“grafting from”), propagation (“grafting through”) or post-
synthetic reaction (“grafting to”). Figure 2.7 displays a typical example of such activation.
As the surface of native titanium dioxide cannot directly interact with polyethylene glycol
(PEG), it was first coated with plasma-polymerized n-allylamine polymer. The amino
groups that were formed during this process reacted with PEG dialdehyde resulting in
covalent attachment of the polyethylene glycol chain. Another method employed to
perform surface activation is a non-specific oxidation of inert surfaces®. However, some
materials, such as graphene oxide, silica nanoparticles or nanofibrillated cellulose readily
possess the chemical groups that are capable of taking part in the reactions. The reactive
silanes?®, azides®, diamines®, epoxy rings*? and norbornenes® are frequently used to
introduce the chosen chemistry of interest. Surface-initiated ATRP3** or “grafting to”%®

modification can be performed on the next step finally delivering the desired functionality.
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Figure 2.7. Scheme for the tailoring of the surface functionalities on TiO2 nanotube films: a) bare TiO2 nanotube arrays,
b) plasma polymerization of n-allylamine polymer (AAPP), c) electrostatic adsorption of poly(sodium styrenesulfonate
(PSS) on AAPP and d) covalent attachment of polyethylene glycol (PEG) on APPP . The picture is adopted with

permission from 25,

2.3.2. Polymer grafting for filtration membranes

Membrane technologies is one of the most practically important fields of chemical
engineering, as the growing population of a rapidly urbanizing world demands large
amounts of clean water, which intensifies search for new highly-efficient methods of water
purification and desalination.>” Another vitally crucial applications of membranes are
protein solution concentration and biomedical separation. The optimization of their
operation includes the increase in selectivity and flux that can lead to more efficient and

cost-effective filtration. The key mechanisms of filtration membrane performance losses
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include fouling®® (physical blocking of the flux by the particles presented in the solution)
and chain and polar group reorientation in the surface region®® which makes one-time
plasma treatment insufficient for the long-term durability of the polymer membranes. For
example, long-time performance of modified membranes can be drastically improved with
polymer coating as exemplified in Figure 2.8. The flux through the membrane is one of
the most fundamental characteristics of a membrane and is vitally important to applicability
of a given prototypes in practice. Consequently, polymer surface modification can heavily
contribute to making filtration more attractive from technological and economical points

of view.

In order to combat these effects, the surface of the membrane is coated with the
hydrophilic  polymers which makes attachment of hydrophobic particles
thermodynamically unfavorable®. Polar macromolecules such as PEG*, zwitter-ionic
polymers*?*3 and polyelectrolytes* are used in order to provide the prevent clogging of
the pores and increase the lifetime of the filtration elements. One of the interesting aspects
of the membrane polymer grafting is that radiation of UV light are often considered to be
the initiators of the polymerization®. Photoinitiator entrapment may be performed as a
surface pre-treatment*® which ensures that the protocol of the membrane modification is
scalable. However, ATRP is still a viable technique that is used when the exploring new
options of surface property tailoring, for example, it can be used to synthesize ion-exchange

membranes using the commercially available microporous membranes as a precursor?®.
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Figure 2.8. Flux through uncoated (open squares) and 1 wt.% PEBAX 1657-coated (black squares) SWC4 membranes

during treatment of an oil/surfactant/water emulsion. Data are plotted on a semi-logarithmic scale. The coated membrane

maintains a slower rate of flux decline than the uncoated sample, resulting in consistently higher flux values after 15

days. The picture is adopted with permission from 38,

2.3.3. Biomedical applications of graft-copolymers

Active usage of polymer grafting for the filtration membranes for hemodialysis

(“artificial kidney” systems) suggests that the same concept can be applied to the

modification of biological implants and targeted drug-delivery.*”-*® Encapsulation of the

active compounds® can significantly improve its efficiency as the transport and stability

issues are resolved by polymer modification and can help to provide visual information
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about distribution of certain types of cell in a living organism. These systems,®'"2 however,
are subject to rigorous studies investigating their biocompatibility and addressing the
possible concern of toxicity towards the human organism. This significantly limits the
range of chemistries that can potentially be a part of biomedical device. The use of
oligo(ethylene glycol) methyl ether methacrylate-based polymer systems has become
prominent in the recent years as polyethylene glycol is one of a few polymers that pose no
danger and are routinely used in food industry.>*°> PEG-coated nanoparticles can go
through the body and if the loading of these structures is fluorescent, it is possible to
provide the actual information about their distribution as they pass through living organism
(Figure 2.9). Such insights are extremely valuable for visualizing medically-relevant

information and designing safer and more efficient treatment for various diseases.

1h 7h 24h 48h 120h 144h

Figure 2.9. Fluorescence images (200 ms integration time, color scale with contrast fixed between 1836 and 59,641) are
recorded at different times after injection and superimposed to visible light images (in white and black) for three types
of fluorescent lipid nanoparticles coated with PEG. The picture is adopted with permission from 50 and highlight the

tumor in a mouse.
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2.3.4. Polymer grafting for sensing applications

Determination of specific analytes presence and concentration remains among the
most demanded tasks in the area of analytical chemistry, which is important for research
laboratories, industrial processing control, homeland security, defense and environmental
monitoring. Modern science accommodates extremely sensitive and reliable means of
analysis like mass-spectrometry, enzyme-linked immunosorbent assay (ELISA) and X-ray
photoelectron spectroscopy (XPS), which can be used for precise qualitative and
quantitative analysis of wide range of compounds.>®->® However, those techniques may
require elaborative sample preparation and vast amount of energy to operate. Also the
instruments employed are expensive and ponderous, which is utterly undesirable for such
applications as volatile compounds field monitoring, disposable biological tests, and lab-
on-a-chip designs. This provides the demand for small devices with low power
consumption and low production and operation cost which can effectively determine

certain chemical or group of chemicals.%%-5!

There are several numerical parameters that characterize the performance of a
sensor. The first key parameter is selectivity that displays the sensor ability to differentiate
between various analytes.®? According to specific requirements of the analytical task high
selectivity (e.g. to a single analyte in the presence of similar ones) or threshold selectivity
limited to certain class of objects is needed. Another important characteristic of the sensing
device is sensitivity,534 which is the ratio of the produced signal to the value of initial
input. Other important characteristics are limit of detection (LOD)% and limit of

quantification (LOQ)% which stand for the minimal input signal that can distinguish the
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presence of the analyte from its absence and the minimal input signal above which
qualitative comparison of the two input signals by the value of output signal is available,
respectively.®”-% Noise intensity which reflects the level of random fluctuation of the signal
intrinsic to the analytical device. Those parameters of sensor system are determined by
both sensor design and fundamental characteristics of an active material which provides

the response.

The general concept of polymer surface modification applied for the sensor
development has one significant advantage: the ability to transfer the successful solution
found for one sensor system into another.®® Here, enrichment polymer layers increase the
local concentration of the analyte and/or provide the desired range of selectivity. The
fundamentals of the improvements of the response observed in this case is based on the
changing physical properties of the EPL associated with the swelling, which can be picked

up by an appropriate set-up.

This naturally leads to a large number of sensing approaches that utilize changing
mechanical, electrical and optical properties of the polymer. Quartz microbalance’®"2 and
microcantilever”™ arrays are powerful techniques that allow for monitoring of the
mechanical properties which changes as a result of polymer incorporating the solvent
molecules and undergoing the plasticization. The changes of optical properties such as UV-
Vis absorbance and photoluminesence’ " or infrared absorbance’® can be used for the
sensor design as the swelling may manifest itself in the alteration in the spectra in the
corresponding region of electromagnetic radiation (an example of EPL for FTIR-based

sensing set-up is shown in Figure 2.10). The evanescent wave propagating from the crystal
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detects changes in FTIR absorption, and if the polymer layer is swollen with chemical
vapors, the signal is going to be much stronger than if the crystal would directly interact
with the atmosphere with no coating. In essence, polymer layers act as enthalpic trap

attracting chemical in concentrations higher than in surrounding medium.

Monitoring the electrical properties such as capacity’’-® or resistivity’ or creating
the electrode ion-selective coatings using the graft polymers®-82 is another viable strategy
as it allows to readily use the electric signal in the circuit without the necessity of

converting it.

.

;

Ewanescent wave

Figure 2.10. The ATR-FTIR sensor. Enrichment of chlorinated analytes in the polymer-coating medium. The evanescent

wave concept. The picture is adopted with permission from 8,
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2.4. Poly(glycidyl methacrylate) for surface modification

Poly(glycidyl methacrylate) is an excellent starting point for surface modification
and creation of enrichment polymer layers.3#% It is available through radical
polymerization and it can be copolymerized with other monomers. The epoxy groups of
the synthesized product can react with nucleophilic groups leading to opening of the epoxy
ring enabling covalent binding to the surface and post-synthesis modification. Once the
PGMA layer has been prepared, its composition can be modified thus tuning the ability to
respond to different VOC of interest. “Grafting to” offers significant flexibility of the
modification agent and the volume fraction of this agent in the resulting film. However, it
is crucial to be able to control this process in order to achieve the better control over the

properties of the sensor.

Previous work done in Dr. Luzinov’s group has thoroughly characterized the
grafting of polymer chains to thin PGMA layers, however, in order to fulfill the sensitivity
requirement, the enrichment polymer layer needs to have higher thickness that also depend
on the application. Most importantly, PGMA epoxy groups can react with nucleophilic
groups (such as hydroxyl, carboxyl and amino) which opens wide opportunities for post-
synthesis modification.?-! As the opening of an epoxy group by a nucleophile generates
hydroxyl group, PGMA can be thermally cross-linked forming stable permanent network

layer.92%3
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2.5. Oligo(ethylene glycol) methyl ether methacrylate for

“grafting through”

Poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) has drawn
significant attention over the recent years due to its thermosensitivity,®* protein
repellency,® and ability to compatibilize materials with water.*® OEGMA monomers bear
reactive methacrylate fragment that is capable of undergoing polymerization while
oligo(ethylene glycol) provide water compatibility to the synthesized molecule. Thus,
POEGMA can be considered as a comb-shape graft copolymer where oligo(ethylene
glycol) is grafted to the methacrylate backbone. The balance between hydrophilic and
hydrophobic parts of the molecule results in thermal switching properties that strongly
depend on the side chain length.%® It is well established that poly(ethylene glycol)
demonstrates low toxicity and does not trigger immune system response,®” which facilitates
the use of POEGMA for biological applications,®® 11 Amphiphilic POEGMA-based
systems show high potential to be an efficient platform for drug delivery®>1% and

immobilization of biomolecules.1®

2.6. Summary.

The natural versatility of polymers expanded by grafting finds numerous
applications in such relevant fields as composite materials, filtration technologies,

biomedical applications as well as sensor design. Among other platforms, PGMA and
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POEGMA-based systems are especially promising as they provide access to easily

controllable post-synthesis modifications and water-solubility.
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CHAPTER 3. SYNTHESIS OF PGMA GRAFT

COPOLYMERS BY “GRAFTING TO” METHOD

3.1. Introduction

Polymers are one of the most versatile classes of materials that can be successfully
used for novel sensor development. The chemical composition, crystallinity and
mechanical properties of polymers can be altered in a well-controlled manner, they can be
easily deposited by spin or dip coating solution or ink jet printing. Taking into account that
polymers can also be chemically modified providing desired functional groups on the

surface, they seem to be the perfect candidates for advanced device design.

The concept of enrichment polymer layer (EPL) that effectively increases the local
concentration of the analyte at the surface of the sensing element has been recently
introduced for the purposes of online monitoring.! Sensors for detection of chemicals in
the environment have important and unique applications in law enforcement,?
manufacturing,* and homeland security.>® Sensing films or their arrays are typically
needed to reach the required level of detection by selectively attracting analytes to the
sensing element via physical/chemical interactions. In order to fulfill this role, polymer has
to demonstrate significant swelling in the VOC of interest. Thus, the ability to adjust the
EPL composition is crucial for their practical application. The thickness above the polymer
coil monolayer can also improve the sensitivity of the device making more functional

volume available to the interrogation. For example, photonic resonators that have
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demonstrated to be a highly promising platform for volatile organic compound detection
are capable of probing space located within the evanescence wave region.”® The exact
value of the depth of penetration depends on the refractive indices of the materials
employed, specified in the case of silicon nitride and polymers, it has the values of 100-
200 nanometers. This prompts the creation of thicker EPLs that could maximize the useful
signal at the detector. In order to tackle this challenge, the thicker PGMA-based layers
modified by “grafting to” approach as prospective EPLs have been put in the focus on this

study.

This chapter focuses on the investigation of the details of the three-component
gradient grafted film synthesis. The “grafting to” method (see Figure 3.1) has been used
to modify the poly(glycidyl methacrylate) network with carboxy-terminated polystyrene
and hydroxyl-terminated poly(2-vinyl pyridine) that were chosen because of their high
ability to interact with aromatics and polar compounds, respectively. The key parameters
responsible for the control over the melt grafting process have been calculated and the
morphology-related peculiarities of three-component film swelling and collapse have been

identified.

Figure 3.1. The scheme of “grafting to ” method: a new polymer enters cross-linked network (blue).
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3.2. Materials and methods

3.2.1. Materials

Glycidyl methacrylate (97%), azoisobutyronitrile (AIBN), poly(ethylene glycol)
dimethyl ether (PEG) with number average molecular weight, Mn = 1,000 g/mol, sulfuric
acid, and hydrogen peroxide (30%) were purchased from Sigma-Aldrich. Monocarboxyl-
terminated PS with Mn = 2,000 g/mol and hydroxyl-terminated P2VP with Mn = 4,000
g/mol were purchased from Polymer Source Inc. Higher molecular weight non-reactive PS
(Mn = 170,000 g/mol) was purchased from Sigma-Aldrich. One-sided polished silicon
wafers with a thickness of 500 um were purchased from University Wafer. All solvents

used in this work were purchased from VWR International and used as received.

3.2.2. Synthesis of PGMA

PGMA has been prepared by free-radical polymerization. MEHQ inhibitor
remover beads were added to GMA prior to synthesis. It has been filtered through the 0.2
um syringe filters and placed alongside with MEK and AIBN initiator in a round bottom
flask. The solution was kept under nitrogen purge for 45 min and then immersed into a
water bath preheated to 50 °C. The overall monomer concentration was 0.5 mol L™ and the
AIBN concentration was 0.01 mol L. The polymerization reaction was terminated after
1.5 h by opening flask to the ambient atmosphere and removal the reactor form the water
bath. The resulting product was precipitated by diethyl ether, centrifuged and redissolved
in MEK. This procedure was repeated three times in order to remove unreacted monomers

and initiator. Gel permeation chromatography (Water Breeze) has been used to measure
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PGMA molecular weight and polydispersity index which were found to be
Mn=510,000 g/mol and PDI=2.2. Polystyrene monodisperse standards have been used

for calibration.

3.2.3. Formation of three-component gradient films

Polished silicon wafers have been cleaned in an ultrasonic bath, immersed into hot
piranha solution (sulfuric acid, hydrogen peroxide 3:1 mixture) for 30 min and then
thoroughly washed with distilled water. Mayer Feintechnik dip coater, model D-3400 dip-
coater has been used to deposit PGMA films from 1.5 wt% solution in chloroform. The
polymer layers have been annealed at 130°C in vacuum oven and then washed with pure
chloroform in order to remove ungrafted polymer. The typical sample size was 20x20 mm.
PGMA-coated wafers have been further dip-coated into 1.2% monocarboxy-PS and 0.3%
non-reactive high molecular weight PS. After evaporation of the solvent, the samples were
placed on the temperature gradient stage® (Figure 3.2) with the temperature varying from
100 °C to 150 °C. After 6 h, the PS grafting samples were removed from the stage and
thoroughly washed with chloroform (three to four times) to remove any ungrafted PS.
P2VP coating has been applied by dip-coating of the PS-modified PGMA films 1.5%
monohydroxy-P2VP and 1.5% PEG chloroform solution. Samples were further annealed
on the gradient stage turned 90° from the direction used for the previous modification stage.
The gradient stage temperature was set to range from 80 °C to 130 °C. Six parallel films

have been prepared to collect larger sampling statistics.
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Figure 3.2. The scheme of the thermal stage used to prepare the gradient samples (designed by Anna Paola Soliani).

3.2.4. Atomic force microscopy

Dimension 3100 atomic force microscope (Digital Instruments) has been used to
characterize the morphology of the PGMA layer before and after polystyrene grafting.
Samples were analyzed in tapping mode at the scan rate 1 Hz.

3.2.5. Measurement of the film thicknesses

Spectroscopic reflectometry was performed with a home-built reflectometer (based
on the EDMUND Industrial optic spectrometer, Figure 3.3) at an angle of incidence of 0°.
Wavelengths ranging from 400 nm to 1000 nm were used. The thicknesses and refractive
indices of the films were calculated by fitting experimental reflectance using Fresnel

equations.'® The reflectometer has a 2D scanning feature.
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Figure 3.3. The scheme of home-built ellipsometer: 1) motor stage controllers, 2) motors, 3) translation stages, 4)

waveguide, 5) spectrometer, 6) light source

Specifically, it consists of two T-Cube DC Servo motor controllers connected to a
computer via USB and controlled by a LabView graphical user interface, two Thorlabs
Z825B motors, two Thorlabs 25 mm motorized translation stages, a waveguide, a BWTEK
BRC115P-V-ST1 Exemplar spectrometer, which is also connected to the computer via
USB and controlled by the LabView graphical user interface, and a light source. A Si wafer
was used for calibration of the optical system at the beginning of the measurement. Fitting
of the reflectivity data used an empirical Sellmeier refractive index model*! with two
parameters. Thickness and light source overall intensity drift correction are two other
variables, so the total fitting process estimates best fit based on four parameters. A total of
440 points on a 20x20 mm scan with 1 mm resolution were measured with 20 ms

acquisition time per point. The polymer films were measured at 2 mm resolution on a
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10x11 scan four times, and the resulting thicknesses were averaged using Dixon’s Q-

criteria (90% confidence) to exclude outliers.

3.3. Modification of thick PGMA films by “grafting to” method

3.3.1. The motivation for the study

Poly(glycidyl methacrylate) is well-known material for the creation of surface-
attached anchoring layers.'? Its unique ability to interact with nucleophilic groups through
the opening of the epoxy rings provides the polymer with the ability to covalently bind to
surfaces. In case of ultrathin films the coating is consisted of polymer molecules spread on
the interface. It is essential that not all the epoxy groups are consumed during this process
and the resulting anchoring layer can be further modified by grafting. The reactivity of this
layer is determined by mobile “loops” which are parts of polymer chain are extended from
the interface as opposed to “train” sections directly bound with the surface.'®* While this
approach is a viable solution for the advanced and versatile surface functionalization,41®
the usage of these films for sensing applications require more variability of the layer itself

as well as generally thicker layers.

Grafting is a flexible tool for performing polymer modification.!® While PGMA
provides the structural integrity of the surface-attached cross-linked layer, its affinity
towards the analytes of interest can be tuned by the means of post-deposition modification.
As it was previously demonstrated,!” low molecular weight compounds can be easily
grafted to the PGMA cross-linked network through vapor or melt procedure. However,

when the polymer chain is used for modification of a thicker PGMA film via grafting, the
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system is getting more complicated as miscibility of two chemically different polymers as
well as transport phenomena can completely halt the grafting reaction. In this dissertation,
I investigate how to overcome these difficulties and design protocol that would result in
controllable high-efficiency modification of the initial PGMA surface-attached film using
two polymers — polystyrene and poly(2-vinyl pyridine). While PGMA shows strong
swelling in some solvents like acetone or chloroform, addition of PS and P2V/P is expected
to provide the EPL some affinity to aromatic compounds and polar compounds capable of

forming the hydrogen bonds, respectively.

3.3.2. The preparation difficulties of the “grafting to” protocol in the case of
thicker films

It is essential that the “grafting to” process consists of two steps - diffusion and
consequent chemical reaction. As the vapors or molten low molecular weight chemicals
swell the polymer layer, hydroxyl, carboxyl and amino groups start to interact with PGMA
through nucleophilic epoxy opening. End-functionalized polymers are capable of
interacting with oxirane rings in a similar fashion, however, the transport of the chains to
the reaction site may be significantly hindered. In essence, grafting of polymer and
oligomer molecules has another dimension of preparation difficulty. Moreover, these
difficulties also differ depending on the system investigated, hence, it is hard to design a
single universal protocol that would work for any initial layer thickness and polymer
grafted. In this dissertation | tackled grafting of P2VP and PS due to their expected effect
on the EPL affinity to a given set of chemicals. As it turns out, the grafting of these two

polymers is not a trivial synthetic task. As PGMA layers have relatively large thickness
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(more than polymer chain monolayer), the desired pattern of the grafting include uniform
penetration of the new polymer chains inside the already formed network (Figure 3.4).
Grafting of polymer studied here is challenging as the requirements of uniformity (PS) and

penetration (P2VP) are somewhat difficult to achieve during the “grafting to” process.

Carboxy-terminated reactive polystyrene and PGMA have significant difference in
surface energy which causes molten layer of PS to deteriorate into droplets. This leads to
non-uniform modification of the initial layer and disrupts the modification process (Figure
3.4). However, this effect can be mitigated by the usage of high-molecular weight
polystyrene that does not participate in reaction by itself but rather provides the molten
polymer layer with dewetting delayed due to the high viscosity of high molecular weight
PS. This stabilizes the layer of molten polystyrene and allows for efficient diffusion of PS-

COOH into PGMA network.
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Figure 3.4. “Grafting to”: PGMA network (blue triangles) is modified with a polymer chain (red circles). Self-catalytic

grafting and dewetting prevent deep modification of the network.



On the other hand, grafting of P2VP is complicated by self-catalytic grafting.
Specifically, the polymer itself promotes opening of the epoxy rings thus the grafting
becomes controlled by the diffusion rather than by the reaction rate. Initial experiments
showed that 10 nm increase in layer thickness due to P2VP grafting happens quickly and
in a reproducible manner, however, as the penetration of the chains into the network is
blocked (Figure 3.4), the higher grafting efficiencies cannot be achieved without additional
measures. This effect is very characteristic for thicker PGMA films, so in order to promote
the diffusion and slow down the reaction hydroxyl-terminated polymer is used instead of
carboxy-terminated one. In addition, the synthesis is done in the media of molten
polyethylene glycol dimethyl ether. At the grafting temperatures (70°C and above) PEG
melts and does not evaporate serving as a solvent that decreases the activity of hydroxyl
groups. Using this approach, it is possible to perform uniform efficient grafting of the

PGMA base layer.

These examples highlight that the fundamental understanding of the underlying
physical processes is essential to design an efficient protocol for “grafting to” PGMA

surface-attached networks.

3.3.3. Control over the grafting process: the “grafting to” activation energy

Once the general grafting procedure has been established, the methods to control
this process were put in the scope of the research. Preparation of grafted films with specific
grafting extent is necessary for advanced design of EPLs and manufacturing of sensors
with desired properties. Such control can be achieved by control of the reaction temperature

assuming that the kinetics of grafting is Arrhenius-like.
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Figure 3.5. The Ahrennius plot of the thickness profile of PGMA (a) on the piranha-treated silicon wafer and the grafted

thickness of PS and P2VP (b) on the uniform PGMA layer.

To obtain such information about the grafting process, the application of a
temperature gradient to the film during the grafting process can be successfully used. As it
is shown on Figure 3.5, this approach indeed yields gradient of the grafted thickness. This
data is valuable for the establishing control over the grafting procedure: by selecting an
appropriate temperature of the process one can regulate the grafting thickness. When it is
plotted in Arrhenius coordinates (thickness logarithm versus inverse temperature), the
effective activation energy of the grafting process can be extracted by performing the linear

fit of the experimental data.

Grafting of PGMA to piranha-activated silicon wafer has activation energy of 9.5
J/mol. The grafting of PS-COOH and P2VP-OH into the 100 nm thick PGMA base layer
has activation energies of 106.8 J/mol and 6.0 J/mol, respectively. These values are in well
correspondence with the nature of both processes: as pyridine rings of P2VP promote the

reaction with the epoxy, activation energy is significantly decreased as compared to non-
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catalytic PS-COOH grafting. Thus, the key parameters that allow for precise control over

the modification process and create a two-component gradient film have been verified.

3.3.4. Preparation of two orthogonal chemical gradients.

EPLs with chemical composition varying across the surface are extremely valuable
tools for observation of the trends of composition-dependent behavior. In this case, using
gradient of polymer grafting | am going to track swelling in different VOCs to characterize
the response of designed sensor layer. The modification of PGMA film can be done
sequentially. Here PS gradient is created according to the findings presented earlier and
then P2VP gradient is applied at 90°C angle so directions of the two gradients are
orthogonal. This way the composition of the points varies across the sample which gives
more data regarding the swelling phenomena. Figure 3.6 displays the typical picture of
thickness profile of the base PGMA layer (Figure 3.6a), PS grafted layer (Figure 3.6b)
and P2VP grafted layer (Figure 3.6¢) which was applied on the (PS)/PGMA polymer film.
As it turns out, the resulting P2VP gradient is not orthogonal to the PS gradient: apparently,
the increase in PS content promotes the P2VP grafting. Indeed, grafted P2VP thickness
increases with grafted PS thickness until certain point, after which it gradually declines
(Figure 3.6d). Such an unusual behavior can be explained by taking into an account the
peculiarities of modified PGMA films swelling, which is going to be discussed in Chapter
4. The transport and distribution of the substances used for modification plays crucial role

in the determining the outcome of grafting.
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Figure 3.6. The typical thickness map of grafted PGMA layer (a) and the gradients of grafted thicknesses of PS (b) and

P2VP (c). The modification of (PS)/PGMA with P2VP: P2VP grafted thickness vs PS grafted thickness.

3.4. Structure of the PGMA films modified by “grafting to

method”

The preparation of the PGMA base layers in this study has been done by dip-coating

of the piranha pre-treated silicon wafers in the chloroform solution of PGMA followed by
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annealing at elevated temperature and removal of the ungrafted polymer. The morphology
of this film is uniform as indicated on Figure 3.7a. It is essential that the resulting PGMA
layer is an attached to the surface cross-linked network. The curing process is initialed from
the surface where hydroxyl groups of activated silicon wafer open the adjacent epoxy rings
of glycidyl methacrylate units. This yields a chemical bond with the surface and formation

of another hydroxyl group that in its turn is capable of reacting with epoxy groups as well.

As the result, PGMA consists of densely cross-linked “stems” where polymer
chains are tightly bound by a series of cross-links propagating from the silicon wafer into
the surface of polymer layer. These “stems” are separated by “strands” of non-cross-linked
PGMA that have low amount of cross-links and demonstrate high mobility. When the PS-
COOH grafting is performed, these loose sections of polymer chains are the ones where

polystyrene is being predominantly grafted to.
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Figure 3.7. The morphology of PGMA (a) and polystyrene-modified PGMA (b) layers and their respective shematic

representations (c, d).

The “stems” of heavily cross-linked material take extended conformation allowing
“strands” to react with carboxyl groups of polystyrene. Subsequently, the resulting films
show much higher roughness (Figure 3.7b) highlighting the “strand” areas where grafting
is more efficient. The cartoon on Figure 3.7c,d demonstrates the basics of the PGMA
cross-linked layer structure and the product of its modification by PS-COOH. Note, that
both PS and P2VP used for modification have molecular weight lower that corresponding

critical entanglement molecular weights.
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Figure 3.8. (a) Thickness of the representative three component gradient grafted layer versus surface coordinate. (b)

1000

FTIR spectra of one-component dip-coated films (made of PGMA, PS, and P2VP) and the gradient polymer layer at
different locations. The approximate location on the gradient film is marked on (a). The peaks marked are: (1) C-H

stretching: 2930 cm?, (2) carbonyl: 1730 cm), (3) C-H bending overlapping with aromatic C=C and C=N stretching:
1400-1500 cm™, (4-5) C-H bending: 750 and 700 cmt)
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Figure 39. AFM (1x1 microns)
topographical images for the gradient
grafted layer at different locations. The
approximate location on the gradient film is

marked on Figure 3.8(a).

A Fourier transform infrared spectroscopy (FTIR)
analysis of the resulting gradient film confirmed (Figure
3.8b) that the chemical composition significantly varies
across the film. In fact, the ratios between intensities of
the major IR absorption peaks, such as C—H stretching
(2930 cm™), carbonyl (1730 cm '), C—H bending
overlapping with aromatic C=C and C=N stretching
(1400—-1500 cm '), and C—H bending (750 and 700 cm
1), are unique for different locations of the three-
component grafted film. There are at least five principal
compositional areas that can be virtually identified on the
sample (Figure 3.8) with PGMA/PS/P2VP ratios roughly
on the level of: (1) 10/1/2, (2) 10/2/1, (3)10/5/3, (4)
10/20/6, and (5) 10/20/4. Atomic force microscopy
(AFM) images of the three-component film (Figure 3.9)
clearly show that these areas possess somewhat similar
surface morphologies. In general, the AFM route-mean-
square (RMS) roughness of the grafted films is on the

level of 7-20 nm with a higher roughness in the areas
with higher PS and P2VP contents indicating higher
roughness is connected with the mutual immiscibility of

the PS, P2VP, and PGMA macromolecules.
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3.5. Conclusions

In this chapter the preparation of the PGMA-based graft copolymer film has been
studied in details. The 2D scanning reflectometer set-up has been constructed for the
acquisition of big data arrays of polymer layer thickness. The formation of surface-attached
cross-linked layer and its subsequent modification has been characterized on each step of
the process. As it turns out, the process of the three-component gradient film preparation
can be controlled by the annealing temperature variation across the sample and can be
roughly expressed in terms of Arrhenius activation energy. The “grafting to” procedure
was found to generate non-uniformities across the modified surface. The PGMA-based
network consist of densely cross-linked “stems” and loose heavily modified “strands”,
which is a key finding that dictates the properties of EPLs and hence influences the

performance of the sensor assembly.
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CHAPTER 4. SWELLING ABILITY AND GAMMA-
RADIATION ROBUSTNESS OF GRAFT COPOLYMERS FOR VOC

SENSOR COATING

4.1. Introduction

Organic polymers possess unique functionalities and physical properties that can
be utilized for a number of electronic and optical applications, ranging from memory
devices to optical sensors.’® As electronic/optical systems are scaled down to
micron/submicron sizes, it has become critical to employ uniform, stable, and precisely
located nanoscale polymer films in these devices.®* 8 1014 Tg this end, chemically grafted
polymer layers have recently been explored in the fabrication of components for a number
of electronic and optical systems.® 1% 1317 Covalent bonding to the substrate prevents the
delocalization of the nanoscale polymer films, as a result of temperature/environmental
variations and fluctuations. To this end, this chapter focuses on practical aspects of
polymer-based sensor design. As the primary function of enrichment polymer layers is to
be able to swell in the vapors of the volatile organic compounds, the detailed investigation
of three-component EPL ability to respond to vapors of acetone, toluene, methanol and
chloroform has been done.

Moreover, for a number of applications, functional polymer films must be designed
to operate in challenging environments, such as high-energy gamma-ray radiation. lonizing
radiation is well recognized for influencing mechanical properties, chemical composition,

molecular weight, and the cross-linking extent of irradiated polymers.'®*® The effects of
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irradiation on a number of polymers are known and understood. For instance, polymers
such as polystyrene, aromatic polyamides, and polysulfones possess significant resistance
to radiation damage, but others like polypropylene and poly(meth)acrylates will readily
degrade upon exposure to ionizing radiation.?>?* However, the radiation stability of
ultrathin grafted polymer films has not been thoroughly investigated, nor have effective
mitigation strategies been outlined for these films. This is in spite of the fact that nanoscale
polymer films have been considered to be employed in gamma-ray irradiation dosimetry.?
27 Therefore, in order to identify the application range for the systems containing grafted
films, it is important to determine their radiation stability. In particular, this range is crucial
for the devices being employed in orbiting satellites, defense related applications, and the
devices located in the vicinity of nuclear facilities or radioactive objects.?®?® To this end,
this chapter also considers the influence of gamma-ray irradiation on submicron polymer
grafted films, and explores avenues for improving their stability towards radiation.

In terms of applications, the polymer thin films employed in sensor devices for the
detection of chemical and biological substances are in the focus of this chapter.3-32 In fact,
it is well established that EPLs deposited on the surface of (optical) sensors can
significantly improve their analytical performance, by attracting compounds of interest and
increasing their local concentration in the vicinity of the sensing elements.? 333 The
effective and reliable functioning of an EPL is dependent on two main factors: the
permanency of the chemical structure and the ability to absorb a significant amount of the
chemical of interest through swelling. Both of these parameters can be significantly

affected by an EPL’s exposure to gamma radiation, which is known to cause polymer cross-
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linking (decreasing its ability to swell), as well as significant changes in the polymer
chemical structure and molecular weight.

PGMA belongs to the methacrylate polymer family, which is notoriously unstable
when exposed to ionizing itradiation.?* The effects of gamma-ray irradiation on the PGMA
material and PGMA ultrathin films in terms of their chemical composition and swellability
(cross-linking) are being thoroughly investigated. Then, the grafting of low molecular
substances and polymers, as well as the incorporation of nanoparticles, is shown to
significantly increase the stability of the nanoscale PGMA layer towards ionizing radiation.

Once the principal trend the preparation of the three-component PGMA-based
graft-polymer layers and their stability towards gamma-radiation has been investigated, I
studied the response of EPL on sensor elements, optical resonators. Here, the evanescent
wave racetrack photonic resonators are used to create the sensing device. These structures
have shown high potential for the creation of novel generation of chemical sensors.*® In
this chapter, the coating of the resonators with PGMA-based EPL is being performed as

well as characterization of its signal drift due to the gamma radiation.

This way, this chapter will provide a comprehensive knowledge about the
fundamentals of PGMA-based graft copolymer film response, its viability for the operation
in a challenging environment and the functioning of the EPL on the actual sensor element.
These devices are able to show strong response after large doses of gamma-radiation and

provide the capability of chemical vapor online monitoring.
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4.2. Materials and methods

4.2.1. Materials

The PGMA was synthesized according to the procedure described in Chapter
3. Gel permeation chromatography (Water Breeze) has been used to measure PGMA
molecular weight and polydispersity index which were found to be Mn=510,000 g/mol
and PDI=2.2. Polystyrene monodisperse standards have been used for calibration.
Glycidyl methacrylate (97%), azoisobutyronitrile (AIBN), poly(ethylene glycol) dimethyl
ether (PEG) with number average molecular weight, Mn = 1,000 g/mol, sulfuric acid, and
hydrogen peroxide (30%) were purchased from Sigma-Aldrich. Monocarboxy-terminated
PS with Mn = 2,000 g/mol and hydroxyl-terminated P2VP with Mn = 4,000 g/mol were
purchased from Polymer Source Inc. Higher molecular weight non-reactive PS (Mn =
170,000 g/mol) was purchased from Sigma-Aldrich. The dimethylphenylsilanol (DMPS)
and 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPQO) were purchased
from Sigma Aldrich. The Au nanoparticles were purchased from Nanoprobes. They are
stabilized with 1-mercapto-(triethyleneglycol)methyl ether and have diameters of 5£1 nm.
The sulfuric acid and hydrogen peroxide were purchased from Sigma Aldrich and
LabChem Inc., respectively, and mixed at a 3:1 ratio to prepare the “piranha’ solution.
The synthesis of the BaF2 nanoparticles was conducted by Katie R. O’Donnell working
under Dr. Luiz Jacobsohn at Department of Materials Science and Engineering in
Clemson University, according to the procedures described elsewhere.®’-38 In brief, the
synthesis was carried out via the solution precipitation method, using ammonium di-

noctadecyldithiophosphate (ADDP) as a ligand. A solution of the host and rare earth,
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RE dopant metal nitrates dissolved in water was added to a solution of NH4F dissolved
in 1:1 ethanol:water, together with ADDP, to form nanoparticles in suspension. The
barium fluoride nanoparticles have an average size of 30 nm. One-sided polished silicon
wafers with a thickness of 500 um were purchased from University Wafer. All solvents

used in this work were purchased from VWR International and used as received.

4.2.2. Formation of three-component gradient films and the thickness
measurement
The preparation of three-component graft-copolymer films and the thickness

measurement have been described in detail in Chapter 3.

4.2.3. Solvent exposure of the gradient nanofoam films

The swelling of the three-component polymer layers has been performed according
to the following procedure: the sample was put inside the glass reflectometer cell and
scanned, then the selected solvent (toluene, methanol, acetone or chloroform) in a bucket
has been placed in the cell. After 20 min exposure, the sample was scanned again. The ratio

of the thicknesses after and before the solvent exposure yielded the swelling ratio.

4.2.4. Fabrication of films for the radiation exposure studies

A dip-coating process from solution was employed to deposit a precursor polymer
film on the silicon wafers using a dip-coater D-3400 (Mayer Feintechnik). Prior to the dip-
coating, the silicon wafers were first cleaned in D.I. (deionized) water for one hour using
an ultrasonic bath, then placed in a piranha solution (3:1 concentrated sulfuric acid/30%
hydrogen peroxide) at ~ 80 °C and sonicated for one hour, and finally rinsed several times

with D.l. water. The polymer solutions for the coating were prepared with
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concentrations of 0.5%, 1%, 1.5%, and 2 % w/v PGMA and 2% w/v PS. Chloroform
was used as the solvent for all polymers. The polymer layers were deposited on the
silicon surface by dip-coating at 320 mm/min.

In general, the PGMA layers were fabricated according to the previously published
procedure.®*#0 Layers were annealed for 3 h at 130°C in a vacuum oven, to anchor them to
the silicon wafer. After annealing, the samples were rinsed 4 times with chloroform to
remove any ungrafted polymer. For the PS grafting, the procedure described in detail
elsewhere was followed.*® In brief, the carboxy terminated PS (70%) was mixed in
chloroform with high molecular weight PS (30%), to avoid dewetting during the polymer
attachment. The mixture was dip-coated above the already grafted PGMA layer. Next, the
PS was incorporated into the PGMA layer via melt grafting at 130°C for 3 h. After
annealing, the samples were rinsed 4 times with chloroform to remove any ungrafted
polymer. To obtain the 4-amino-TEMPO/PGMA and DMPS/PGMA grafted layers, the
procedure described in detail elsewhere was followed.** Briefly, 4-amino-TEMPO and
DMPS were vapor-grafted into an already grated 70 nm PGMA layer at 130°C for L hina
Schlenk tube. Next, the films were thoroughly washed with chloroform in order to remove
any ungrafted substances. To obtain the nanoparticlessPGMA films, barium fluoride and
gold particles were dispersed in a PGMA chloroform solution, and dip-coated on the silicon
wafer surface. The dry w/w contents of the barium fluoride and gold in the polymer films

were 40% and 16%, respectively.
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4.2.5. Characterization of the films during the radiation robustness study.

Changes in the polymer layer thickness were registered with ellipsometry in order
to estimate the extent of the grafting. The cross-linking extent of the nanoscale layers was
estimated by solvent vapor swelling, and monitored by in-situ ellipsometric measurements.
For the swelling analysis, the following procedure was utilized.**2 It was conducted
by placing the wafer covered with the films in a closed cell with a bucket of analyte.
Ellipsometry was performed with a COMPEL automatic ellipsometer (InOmTech, Inc.), at
an angle of incidence of 70°. The refractive index for the layers was assumed to be 1.5.
Atomic force microscopy (AFM) studies were performed on a Dimension 3100 (Digital
Instruments, Inc.) microscope. The tapping mode was used to image the surface
morphology of the PGMA and PS/PGMA films, using silicon tips with spring constants of
50 N/m at scan rates in the range of 0.51 Hz.

Differential scanning calorimetry (DSC) (Model 2920; TA Instruments) was
carried out at a heating rate of 20°C/min. The FTIR spectra of the polymer nanoscale
layers on 0.5 mm thick Si wafers were acquired using Thermo Nicolet 6700 FTIR
spectrometry, equipped with the transmission accessory. A clean Si wafer from the
same batch was used as a baseline for the transmission measurements, and 256 scans
were averaged. For acquiring the ATR FTIR spectra of the bulk PGMA, the Thermo
Nicolet Magna 550 FTIR spectrometer with the Thermo-Spectra Tech Endurance
Foundation Series Diamond ATR accessory was used, and 16 scans were averaged.

An ATR correction and baseline correction were performed using Thermo Scientific
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OMNIC software, versions 8.0 and 6.1. Deconvolution of the peaks and peak
integration were completed using Origin MicroCal 6.1.

4.2.6. Irradiation

A Gammacell 220 gamma research irradiator, which produces energies gamma
rays with energies equal to 1.17 and 1.33 MeV during %°Co decay, was used to irradiate
the polymer samples studied here. The dose rate was 7 krad/min calibrated with respect
to the water. Absorption lengths for gamma-ray irradiation in this range are much
larger than the thicknesses of the samples tested. Therefore, that the damage can be
considered to be produced homogeneously throughout the material. The irradiation of
the samples has been performed by Qingyang Du and Vivek Singh at Massachusetts

Institute of Technology under the guidance of Dr. Agarwal.

4.2.7. Coating of photonic racetrack resonators.

Fabrication of SiNx resonators followed the standard Si microfabrication processes
and also has been performed by Qingyang Du and Vivek Singh. Thin film nitride was
grown onto silicon wafers with 3 um thermal oxide using LPCVD. Photolithography was
performed on an i-line stepper to define the resonator patterns in SiNx, Subsequently, the
patterns were transferred to the film by a reactive ion etch using a mixture of CF4 and CHF3
gases. The as-fabricated silicon nitride waveguide has dimensions of 800 nm (width) and
400 nm (height), the radius of the resonator is 50 um. 3 sensors consisting of 4 arrays with
coupling gap varying from 600 nm up to 900 nm have been made. PGMA base layer was
applied to all three resonators. Polystyrene and poly(2-vinyl pyridine) were grafted to the

PGMA base layers on the respective sensors.
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4.3. Results on the swelling of the PGMA films modified by “grafting to

method”

As swelling of the enrichment polymer layers in analyte vapors is directly related
to their primary function to attract chemicals, its composition dependence has to be studied
in detail. Three-component gradient films that have been described in Chapter 3 were used
for the investigations. Here, | discuss the behavior predicted by the theory describing

swelling of surface-attached network and explain the observed deviations.

4.3.1. Swelling of surface attached polymer networks.

The introduction of chemicals into the EPL leads to the change of its dielectric
permittivity, density, Young’s modulus and refractive index that can be detected with an
appropriate sensor device. Essentially, EPL is an enthalpic trap where the energetically
favorable interactions between solvent molecule and polymer result in solvent
concentrating within the functional film. Thus, the phenomenon of swelling is defined by
the balance between the elastic energy of deformed polymer network that opposes the
swelling and the free energy of mixing which favors the swelling.*? Thus, the investigation
of the swelling of three component EPL film is necessary to establish its practical
applicability for sensing application. In order to study this, the thickness at the point across
the three-component films in dry state and in methanol, toluene, acetone and chloroform
vapors was measured. This solvent selection provides good insight on the affinity of the

EPL towards hydrogen bond-forming analytes (methanol), aromatic compounds (toluene)
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and polar chemicals (acetone). Chloroform interacts well with a very wide range of

polymers, so swelling it its vapor reflects the general ability to expand.
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Figure 4.1. Swelling of the ungrafted polymers in methanol, acetone, toluene and chloroform vapors (a). The polystyrene
of the selected molecular weight dewets in chloroform vapor as a result of swelling, so while the exact swelling extent
of swelling cannot be measured, it is estimated to be very high. The composition-dependent pattern of the swelling of

three-component graft-copolymer films in vapors of methanol (b), acetone (c), toluene (d) and chloroform (e).

According to the theory of swelling of thin surface-attached polymer networks*>43
swelling extent a which is a ratio of thicknesses before and after solvent exposure, it must

be strongly affected by the Flory-Huggins parameter y which varies across the film with
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the composition (Nc is the number of segments between crosslinks, d is the number of

dimensions that the network can expand to).

L —1/(d+2)
OC{(J/Z—Z)NJ ©)

All three polymers used here have close glass transition temperature (80°C for
P2VP, 56°C for PGMA and 79 °C for PS of selected molecular weights) which is well
above room temperature. As the solvent is introduced into the polymer film, the
plasticization of the EPL occurs. The swelling of the ungrafted polymers was characterized
in order to probe their ability to interact with vapors of solvents of varying thermodynamic

affinity (Figure 4.1a).

It is clearly seen that methanol show significant swelling extent only for P2VP,
toluene — for P2VP and PS while acetone and chloroform show similar response
(polystyrene swells so well in chloroform vapors that even thick films dewet from the
silicon wafer surface). So basing on the theory, points on the film with high P2VP and PS

content should show maximum swelling for methanol and toluene, respectively.

4.3.2. Swelling of PGMA-based networks

Figure 4.1b-e shows the “sweet spot” at 0.5 PS — 0.1 PVP — 0.4 PGMA which
shows maximum swelling for all solvents. While this observation is indeed contradicting
to the theory, one must consider the assumptions that have been done in order to derive the
theoretical equations. Specifically, the equation considers expansion of the network with

uniform cross-linking density. However, in our case an essentially phase separated system
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is observed where tightly cross-linked “stems” and loose “strands” predominantly affected
by grafting coexist. Swelling of these “strands” generates little mechanical stress as no
entanglements of the PGMA chains or grafted PS/P2VP chains hinder chain mobility.
Initially, the increase of the grafted polymers volume ratio promotes swelling as more PS
and P2VP chains are available for the interaction with the solvents diffusing into the
polymer layer which would not normally cause swelling of pure PGMA layer. Figure 4.2
displays the relationship between grafted thickness of polymers and the swelling extent in
toluene, acetone, methanol and chloroform. As evident from the graph, at certain grafting
level the density of PS and P2VP chains becomes so high that they start to compete for the
space with the solvent molecules. This result in the initial increase of the swelling with the
grafted thickness followed by slow decline which is well observed for methanol and
acetone that peak at 100-150 nm grafted thickness. The same trend was observed for P2VP
grafting into PS-modified PGMA network, as the first stage of the “grafting to” process is
the transport of the chemicals into the polymer layer, it is directly related to the swelling

and it governed by the same principles.

When the “overall expansion extent” is plotted as the ratio of sum of the grafted
thickness and the thickness gained by the exposure to the vapors (Figure 4.2, red lines),
for all of the solvents this “overall expansion” reaches maximum value of 0.8-1 and then

levels off highlighting the competition between grafted chains and the solvent.
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Figure 4.2. Swelling of the three-component films in toluene (a), acetone (b), methanol (c) and chloroform (d) as a
function of grafted thickness (PS+P2VP) (black lines). The swelling calculated considering the grafted polymer (red

lines).

Thus, the general tendencies of the three-component EPL swelling in vapors of
volatile organic compounds have been identified. As it turns out, the structure of PGMA-
based network consisting of tightly cross-linked “stems” and mobile “strands” plays a
decisive role in its expansion. Increase of the volume fraction of the grafted chains

facilitates swelling until they start to compete with the solvent molecules for the space.
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This leads to the formation of a “sweet spot” that shows maximum swelling for all studied

solvents regardless of their nature.
4.4. PGMA stability to gamma radiation

To obtain the EPL thin layer, the PGMA is initially deposited on the sensor
elements by dip-coating, spin-coating, or drop-casting from solution, and annealed at
elevated temperatures.’®? The polymer films are anchored via the “grafting to”
approach.** During annealing, in addition to a surface functional groups-epoxy reaction, a
cross-linking reaction between the epoxy groups occurred. In essence, the PGMA layer is
fabricated as a thin internally cross-linked film, covalently bound to the surface using its
epoxy group functionalities.***® The epoxy groups of the PGMA not involved in the
reaction with the surface and cross-linking can be used for the grafting of other polymer

chains, to modify the chemical composition of the nanoscale film.

Typically for polymers exposed to gamma-ray irradiation: (a) bond cleavage
resulting in molecular weight decrease, (b) cross-linking of the polymer molecules leading
to network formation and an increase in molecular weight, (c) carbon dioxide release
because of carbonyl groups elimination, and (d) double bond formation that occurs as the
result of radical recombination can be expected.’® In this respect, the closest analogue to
PGMA, the gamma-ray radiation stability of which has been rigorously studied, is
poly(methyl methacrylate) (PMMA).? 470 PMMA has been extensively used as an

engineering plastic, organic glass, and a positive photoresist for electron beam
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lithography.?* It is well documented that the radiation stability of PMMA is low in

comparison with many other polymers.

4.4.1. Radiation stability of bulk PGMA

It is necessary to point out that the data on the gamma-ray irradiation stability of
PGMA has not been reported in the scientific literature. Therefore, to understand the
behavior of the PGMA nanoscale films upon their exposure to ionizing radiation, the
influence of gamma-ray irradiation on the PGMA bulk material was first studied. Figure
4.3a displays the ATR FTIR spectra of the bulk PGMA samples subjected to different
doses of irradiation. First of all, the development of the conjugated ester was observed
(peak at 1280 cm™) during the PGMA material irradiation. In addition, the dose increase
causes the intensive formation of carbon-carbon double bonds, which is indicated by the
presence of an IR peak located at 1640 cm™. This process is well documented for PMMA
degradation under irradiation.? %153 The formation of conjugated esters occurs when a
hydrogen atom is abstracted from the cut polymer main chain, and the resulting radical

undergoes [B-scission, resulting in the formation of a neighboring double bond and ester
group.

With respect to the molecular weight, two main effects of ionizing irradiation on
polymers have been identified: (a) chain scission decreasing molecular weight, and (b)
cross-linking increasing molecular weight.>* Extensive cross-linking also leads to the
formation of a non-soluble fraction (gel-fraction) of polymer material. When the well-
studied PMMA is exposed to gamma-ray irradiation, it experiences an extensive main-

chain scission/decrease in molecular weight. The polymer is not capable of cross-linking.>*
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% It is necessary to highlight a significant difference between the PGMA and PMMA
macromolecules, which is the presence of reactive epoxy groups in the PGMA structure.
Under irradiation a certain amount of epoxy groups is consumed, as indicated by the

decreasing of the 900 cm™ band (Figures 4.3a,b).
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Figure 4.3. Gamma-radiation effects on bulk PGMA. (a) FTIR spectra of bulk PGMA samples before and after irradiation
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It is improbable that the epoxy groups are reacting with the radical species formed
during the irradiation, since the PGMA is routinely obtained (including this work) by
radical polymerization, which implies no interaction between the oxirane group and
polymer chain carrying radical. Therefore, the nucleophile-type initiation of the epoxy
polymerization with alcohol and/or carboxyl groups®’ is responsible for the decrease in the
epoxy group concentration. In fact, in the PGMA FTIR spectra, the presence of a small
amount of hydroxyl groups was observed in the 3500 cm™* spectral region (Figure 4.3a).

The presence of the hydroxyl signal in the spectra indicated that prior to the
irradiation, a small fraction of (a) epoxy groups in the macromolecules was opened,
yielding hydroxyls, and/or (b) glycidyl methacrylate groups were hydrolyzed yielding
carboxylic groups. During irradiation, the increased mobility of the (newly formed by chain
scission) short chains facilitates the reaction between the hydroxyl and epoxy groups, since
the shorter chains are less restricted from reptation movements than the original “frozen”
below glass transition temperature (Tg) long chain.>® The process is also driven by the
increase in the concentration of the hydroxyl groups in the course of irradiation (Figure
4.3a). In the irradiated PMMA samples, a similar increase in the hydroxyl functionalities
was observed, and suggested to originate from the oxidative degradation of the polymer.?*

In principle, these FTIR results indicate that under irradiation, PGMA
simultaneously undergoes bond cleavage/chain scission and cross-linking via the epoxy
groups. Both processes change the chemical nature of the polymer, but influence its
physical behavior in opposite directions: (a) cross-linking leads to an increase in the

effective molecular weight, formation of the network, and decrease in the mobility of the
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macromolecule constituting material, while (b) bond cleavage/chain scission leads to a
decrease in the effective molecular weight and an increase in the mobility of the
macromolecule constituting material. It is necessary to point out that the level of cross-
linking can be critical for the polymer layer employed as the EPL, since the extensive cross-
linking decreases the ability of the enrichment layers to swell and attract the compounds of
interest to the sensor elements.

In order to evaluate the level of the PGMA cross-linking, the amount of the gel-
fraction in the irradiated material was determined as a function of the gamma-ray
irradiation dose. It was found that a dose increase up to 5 Mrad leads to an increase in the
gel-fraction (Figure 4.3c). A further dose increase does not produce a significant change
in the gel-fraction. Therefore, it appears that the cross-linking dominates the bond cleavage
until reaching a dose of 5 Mrad. The thermal behavior of the irradiated polymer to reveal
additional details of the degradation processes was studied. Figure 4.3d shows the results
of the DSC measurements of the PGMA glass transition temperature, which mostly reflects
changes in the level of cross-linking and the molecular weight of the polymer chains. The
Tg rises from 68°C to 75°C at the initial (1 Mrad) stage of the radiation treatment. Further
irradiation leads to a gradual Tg decrease, which reaches 59°C after a dose of 30 Mrad.
This result indicates that, initially, the formation of the polymer network hinders the
mobility of polymer chains, and increases the thermal energy required to achieve long-
range chain motions. However, when the dose reaches 5 Mrad, the chains in the network
are cleaved to a certain extent, removing the excessive restrictions imposed on the chain

movements by the cross-linking. The resulting effect is the growing number of shorter
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chains within the network with a lower Tg. These data shows the critical importance of
monitoring the chemical composition of the nanoscale polymer layer, as well as its ability

to swell when the radiation dose increases.

4.4.2. Radiation stability of PGMA nanoscale films

50 nm PGMA layer grafted to a silicon wafer was used to study the influence of
radiation on chemically grafted nanoscale films. First, within the range studied (dose up to
15 Mrad) the thickness of the film is unchanging. This result indicates that a measurable
amount of the gaseous products is not formed during irradiation. In order to monitor the
chemical changes of the irradiated PGMA nanoscale films, FTIR analysis before and after
each step of the irradiation treatment was performed for the grafted layers (Figure 4.4a-c).
The number of carbonyl groups in the films slightly increases under gamma-ray irradiation
(Figure 4.4a,c). It was documented that both the loss of carbonyls (primarily caused by —
COOH group elimination) and formation of new ketone carbonyls can occur under

irradiation.*’- 51

As for the bulk PGMA, the formation of a conjugated ester (peak at 1280 cm™) and
double bond (peak at 1640 cm™) upon irradiation (Figure 4.4a,b) was observed. According
to the infrared data, gamma-ray irradiation also induces the formation of hydroxyl groups
in PGMA, while the intensity of the oxirane (epoxy) ring vibration (ca. 900 cm™) gradually
decreases (Figure 4.4c). This observation corresponds to the epoxy ring opening,
accompanied by a hydroxyl peak appearing at ca. 3500 cm™. The area of the epoxy peak
located at 900 cm™ decreases 6 times for pure PGMA nanofilm after 15 Mrad, while the

OH peak gradually increases with the increasing dose. The increase in the intensity of the
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OH peak is in agreement with results previously reported for ion irradiated amorphous
carbon thin films.%® This supports the mechanism of the epoxy rings opening being directly
related to the hydroxyl-mediated reaction. In general, the FTIR results show that the
radiation induced degradation of the PGMA grafted layer follows the same pathway as the

degradation of the bulk polymer.

Additionally, it was investigated how the extent of the PGMA film swelling in
acetone vapor (the ratio between the thickness of the swollen film to its initial thickness)
changes as a function of the radiation dose. The measurements allow the estimation of the
level of the film cross-linking. Figure 4.4 shows that the swellability of the film in acetone
gradually decreases with the dose. The results clearly indicate that gamma-ray irradiation
causes significant cross-linking of the 50 nm PGMA films. It was reported that gamma-ray
irradiation can increase the surface roughness of the polymer materials.®® Therefore, in
order to investigate the surface morphology change in the irradiated PGMA nanofilms, the
samples were imaged by AFM in the tapping mode (Figure 4.4e). The surface morphology
of the irradiated polymer layers was found to be uniform and even, while the PGMA films
remained smooth throughout the irradiation process, showing no discernible changes up to

at least 15 Mrad.

In general, irradiation has a significant effect on the chemical composition and
swelling extent of the nanoscale PGMA films. The changes definitely decrease the sensing
ability of the PGMA based EPLs; therefore, strategies to increase the radiation stability of

the PGMA based nanoscale films need to be identified.
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4.5. Mitigation strategies for nanoscale PGMA films

The general approach for the mitigation of the radiation effect on the PGMA
nanoscale films is depicted in Figure 4.5. It is well known that gamma-ray irradiation
initially causes the formation of radicals that are further involved in multiple reactions,
including interactions with the oxygen present in the air, chain transfer reactions by

hydrogen abstraction, and termination by recombination or disproportionation?*.

gamma radiation gamma radiation

formation of radicals polymer with radical scavengers

thermal rélaxation or emitted light

radical transfer inside the polymer layer radicals are scavenged and polymer is protected

Figure 4.5. The strategy of gamma-radiation damage mitigation for the grafted polymer layers: radical scavengers are

protecting polymer by terminating radical propagation within the film.

These processes cause critical morphological, topological, and chemical changes,
thus, extensively alternating the properties of the polymer materials. In order to mitigate
the outcome of the irradiation on the polymer films, free-radical scavengers can be
introduced into the film. In this scenario, when a radical reaches the scavenger, more stable
species with negligible propagation constants are formed, which further react, resulting in
the formation of stable compounds. In other words, the presence of stabilizers alternates

the pathway of the polymer film interaction with gamma radiation, providing significant
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resistance towards radical-induced degradation. In this work, several strategies for radical

scavenging were explored.

4.5.1. Grafting of PS to PGMA film

In order to increase the stability of the PGMA film towards ionizing radiation, it
can be modified with further grafting of the macromolecules that are robust against the
radiation. Polystyrene (PS), where the presence of the aromatic rings provides effective
scavenging of the radicals, has high resistance towards the radiation,>- 61 which makes it
a perfect candidate to be a stabilizer. For instance, for the poly(methyl acrylate)-PS
copolymer, in-situ radical monitoring demonstrated that the concentration of radiation-
induced radicals drops 6 times when the copolymer composition is changed from pure
poly(methyl acrylate) to PS.®? Chain scission and radiation-induced cross-linking (which
are mutually opposite processes) are the general mechanisms of PMMA and PS
degradation, respectively. It was confirmed, by evaluating the radiation yield (per 100eV
absorbed), that the PS tends to be cross-linked, while the chain scission is observed to be
almost 4 times less for the polymer.> It is apparent that the PS macromolecules can be
used to improve the PGMA stability towards radiation.

In order to modify the PGMA film, monocarboxy-terminated PS was deposited by
dip-coating, and then melt-grafted (~ 25 nm) via a reaction between the carboxylic and
epoxy groups into a pre-annealed PGMA (~25 nm) layer. In order to avoid dewetting, high
molecular weight polystyrene was introduced into the grafting mixture. In addition to the
ellipsometry measurements, the presence of aromatic double bonds (peaks at 1490 cm™*

and 1450 cm™) in the FTIR spectra of the grafted film confirmed the anchoring of the PS
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chains (Figure 4.6a). The resulting grafted films were subjected to 1, 5, and 15 Mrad of
gamma-radiation, and were characterized with FTIR, AFM, and ellipsometry. It appeared
that the incorporation of polystyrene into the PGMA layer achieves the goal of increasing
the radiation stability of the film in terms of swelling (cross-linking). For the PS/PGMA
layers, the extent of swelling does not decrease, even after a 15 Mrad dose (Figure 4.6b).
It appears that the effective scavenging of the radicals by aromatic rings in the PS-modified
films prevents the macromolecules constituting the layer from intensive cross-linking.
The FTIR data also indicates the efficiency of the grafted polystyrene chains as
stabilizers for the PGMA nanofilms. According to the infrared data, gamma-ray irradiation
leads to the decrease of hydroxyl groups, aliphatic carbon-carbon double bonds, and the
disappearance of the epoxy groups (Figures 4.6a, ¢, and d). It is necessary to point out
that the hydroxyl peak areas normalized to the PGMA content are almost 2 times lower for
the PS/PGMA, which indicates that free radicals can be effectively captured by aromatic
rings. This conjecture is confirmed by the fact that the PS/PGMA nanofilm demonstrates
only twofold oxirane ring intensity loss after 15 Mrad. As consistent with the changes in
the 1640 cm™ carbon-carbon double bond peak area, polystyrene suppresses the double
bond formation by a factor of 4 (Figure 4.5c and Figure 4.6¢). As for the PGMA films, no
change in the carbonyl ester peak and a gradual increase in the carbonyl ketone peak (1710
cmt) were observed for the PS/PGMA film. The area of the aromatic double bonds (peaks
at 1490 cm™ and 1450 cm™) stays constant within the statistical errors. Therefore, the
polystyrene benzene rings are not affected by gamma-ray irradiation to the extent

detectable by FTIR.
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The surface morphology of the PS/PGMA films was followed in the course of
gamma-ray irradiation. It was observed that the PS/PGMA polymer layer shows
significantly higher surface roughness in comparison with the base PGMA layer; however,
the film is uniform at the micron level and no dewetting was observed. As it turns out, the
surface morphology of the (PS)/PGMA films was not affected by gamma-ray irradiation,

even at a 15 Mrad dose (Figure 4.6e).

Dose PGMA PS/PGMA DMPS/PGMA | 4-Amino-TEMPO/PGMA | Au NPs/PGMA | BaF, NPs/PGMA

Carbonyl x10?

0 10.64 | 0.39 | 11.40 | 0.06 | 11.75 | 0.75 21.01 1.38 9.92 1.79 8.59 0.48

1 10.69 | 0.08 | 12.00 | 0.03 | 11.81 | 0.60 19.34 0.87 10.04 1.77 8.69 0.29

15 12.78 | 2.18 | 14.40 | 0.26 | 13.35 | 0.83 20.96 0.81 10.68 2.09 9.64 0.08
Epoxy x10°

0 7.60 0.42 6.16 1.13 3.10 0.29 0.60 0.09 5.19 0.51 4.23 0.68

1 7.82 0.55 6.09 1.19 2.29 0.37 0.50 0.11 5.20 0.42 3.93 0.76

15 2.06 0.19 3.26 1.00 n/a - n/a - n/a - n/a

Hydroxyl x103

0 0.61 3.71 n/a - 10.47 | 2.60 10.67 3.14 n/a - n/a
1 n/a - n/a - 16.96 | 3.52 12.50 4.15 1.08 0.53 0.78 0.00
15 13.54 | 0.07 8.21 4.29 | 18.78 | 0.90 7.49 4.46 3.40 0.23 17.66 2.52

Aliphatic carbon-carbon double bond x103

0 n/a - n/a - 0.02 0.01 n/a - n/a - n/a
1 n/a - n/a - 0.08 0.06 n/a - 0.23 0.15 n/a
15 5.00 0.63 1.24 0.04 0.95 0.29 n/a - 3.57 0.48 1.98 0.25

Conjugated ester x103

0 0.23 0.12 n/a - 0.10 0.04 n/a - 0.33 0.09 0.36 0.07
1 0.21 0.12 0.11 0.05 0.29 0.09 n/a - 0.45 0.11 0.43 0.06
15 2.20 0.31 0.61 0.16 0.58 0.04 0.04 0.09 1.51 0.23 0.96 0.13

Table 4.1. The areas of peaks of interest for PGMA, Au NPs/PGMA, BaF2 NPs/PGMA, (PS)/PGMA, (DMPS)/PGMA and (4-
Amino-TEMPO)/PGMA enrichment polymer layers before irradiation and after 1 and 15 Mrad. Averaged values of the peak areas are
given in bold on the left and corresponding standard deviations are given in italic on the right.
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4.5.2. Grafting of P2VP to PGMA film

As the structure of P2VP is similar to polystyrene, it is reasonable to expect
somewhat close protective action when P2VP is grafted to PGMA nanoscale layer. In order
to investigate this, (P2VP)/PGMA films have been subjected to gamma irradiation to study
the changes in chemical composition and swelling. Similar to the irradiation of unmodified
PGMA, the development of the conjugated ester (peak at 1280 cm™) during irradiation is
observed. The formation of carbon-carbon double bonds (indicated by the presence of an
IR peak located at 1640 cm™) points out the hydrogen atom abstraction from the polymer
main chain, followed by B-scission resulting in the formation of a neighboring double bond
and ester group. The epoxy groups are also consumed, as indicated by the decreasing of
the 900 cm® band he amount of hydroxyl groups increasing with the dose was observed in
the 3500 cm™ spectral region. The protective effect of PVP is well-pronounced — the
intensity of carbon-carbon aliphatic double bond for (PVP)/PGMA films normalized by
PGMA content is 2.7 times lower than in case of unmodified PGMA films. However,
polystyrene is still more efficient additive - intensity of carbon-carbon aliphatic double
bond is 5.6 times lower than in case of unmodified PGMA films and the epoxy groups are

still present even after 15 Mrad while (PVP)/PGMA completely loses them at this dose.

As evident from the Figure 4.7, the swelling in acetone decreases as the radiation
dose increases which is a result of radiation-induced cross-linking. Unmodified PGMA
film loses 61% of its swelling ratio after 15 Mrad of gamma radiation (as it was show

during the second year) while (PVP)/PGMA loses only 48%. This is a demonstration of
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the protective action of PVP which is, however, lower than PS where no swellability loss

was observed.
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Figure 4.7. Gamma-radiation effects on PGMA enrichment polymer layer modified with P2VP: FTIR spectra before

irradiation after 1 and 15 Mrad gamma irradiation (a). Swelling extent in acetone vapour upon gamma radiation (b).

4.5.3. Grafting of hindered amines to PGMA film
The addition of hindered amines, which arrest the radical driven degradation of polymers,
is widely used for the UV/light stabilization of polymers.®3%° Therefore similar strategy
was employed to increase the ionizing radiation stability of the grafted PGMA films. The
mechanism of hindered amine action is complex, and involves multiple steps of radical
coupling and regeneration. Since gamma radiation directly creates free-radicals, hindered
amine light stabilizers (HALS) may be extremely effective in preventing the damage to the
polymer film. For example, polypropylene stability towards gamma-ray radiation can be
significantly increased by the addition of bis(2,2,6,6-tetramethyl-4-piperidinyl)

decanedioate or bis(1,2,2,6,6- pentamethyl-4-piperidinyl) decanedioate at the 0.125%
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level.%® HALS are scavenging radicals via the formation of nitroxide radicals, which then
react with radicals formed as a result of irradiation.% In this respect, 4-amino-TEMPO, a
stable nitroxide radical possessing an amino group was selected to employ for the PGMA
grafted layer stabilization. This group is necessary for the covalent anchoring of the
molecule to the PGMA chain via the group reaction with the epoxy groups of PGMA.

The 4-amino-TEMPO was grafted into the PGMA layer by vapor grafting. It is
necessary to point out that the grafting density was rather high. Specifically, the initial
thickness of the PGMA layer, measured using the ellipsometer, increased from 70 nm to
160 nm. The modification of the PGMA layer has significantly decreased the extent of the
acetone swelling (Figure 4.8a). This effect is observed because of the 4-amino-TEMPO
primary amine group, which is capable of reacting twice with the epoxy rings, increasing
the level of the film cross-linking.

According to the FTIR spectroscopy data, 4-amino-TEMPO is highly efficient in
terms of protecting the film from changing its chemical composition: the formation of
carbon-carbon double bonds was not observed, and the formation of conjugated esters is
negligible (Figure 4.8b, Table 4.1). This type of behavior was assigned to the effective
radical recombination of the free radicals formed as result of irradiation, and the stable free
radicals grafted to the PGMA. The efficiency of radical scavenging is extremely high, so
the chain scissions are arrested; however, the cross-linking density grows, which is
reflected by the drastic decrease in swelling ability, even after 1 Mrad. This important fact

shows the low efficiency of the HALS and their derivatives as enrichment polymer layer
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stabilizers, since the excessive cross-linking leads to a decrease in the EPL’s ability to

interact with volatile organic compounds.
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4.5.4. Radiation stability of DMPS-stabilized PGMA films

The usage of low molecular weight compounds containing aromatic structures®’

grafted to the main chain of the polymer being stabilized is a fruitful approach that can lead

to decreased cross-linking levels. Moreover, multiple studies show the efficiency of

phenylsiloxane-based compounds as active layers or modifiers for use in sensor

applications.®®"° The high affinity of these polar polymers to the nitro compounds, coupled

with relative hydrophobicity, represents significant interest in the creation of new

generations of explosive detection systems. As such, phenylsiloxane/phenylsilane (e.g.

DMPS) may be an effective ionizing radiation resistance additive for the polymer layer,

which simultaneously increases the affinity of the polymer layer to the polar compounds.
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To this end, DMPS was grafted into the PGMA nanoscale layer using the same
procedure as the one used for the 4-amino-TEMPO. The initial thickness of the PGMA
layer, measured by the ellipsometer, increased from 70 nm to 85 nm (or by 20%) during
vapor grafting, via the reaction of the silanol group of DMPS with the epoxy group of
PGMA. It was found that the DMPS modification increases the extent of acetone swelling
for the PGMA nanolayers (Figure 4.9a). First, the results indicate that there is no
significant additional cross-linking of the film associated with the DMPS anchoring. The
swelling increase was associated with the increased polarity in the films after grafting, due
to the formation of a significant amount of hydroxyl groups, which is evident from the
FTIR spectra (band located at 3500 cm™).

The grafted DMPS turned out to be an efficient ionizing radiation protection
additive. In general, the additive significantly suppresses the formation of double bonds
(Figure 4.9b), thus preventing the chemical radiation-induced changes of the chemical

composition of the EPL. However, slight increase in the bands located at 1280 cm™ and
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1640 cm™ was still observed as the irradiation dose increased. It was also found that the
area of the carbonyl peak increases following the same trend as the non-modified PGMA
layer (Table 4.1). The area of the hydroxyl group increases, while the epoxy peak ceases
to exist after a 15 Mrad dose. The opening of the oxirane ring leads to the formation of new
hydroxyl groups, in addition to the ones that have already been presented in the films after
DMPS grafting.

The evaluation of the swelling in acetone was conducted in order to estimate the
cross-linking suppression activity of the DMPS. It was found (Figure 4.9a) that irradiation
significantly decreases the swelling and, therefore, increases the level of the cross-linking.
In fact, the acetone swelling of the DMPS/PGMA film after 15 Mrad is almost the same as
that for the non-modified PGMA film. Therefore, the DMPS does not provide significant
protection from cross-linking, while arresting the C=C bond formation.

4.5.5. Incorporation of gold and BaF, nanoparticles into the PGMA film

Inorganic nanoparticles are another promising class of candidates for the protection
of the polymer nanoscale layers from free-radical attacks. For instance, it is known that the
addition of nanoparticles to the polymers increases their thermal stability. Zinc oxide,
polyhedral oligomeric silsesquioxane (POSS), carbon nanotubes/nanoparticles, and clay
particles have been intensively studied for this purpose.” The thermal stability increase of
PMMA, modified with AIOOH, Al20s, TiOz, and Fe203 nanoparticles, is related to the
following factors: the restriction of chain movements, trapping of the radicals by the

surface of the nanoparticle, and chemical bonding to the metal oxide surfaces via
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methoxycarbonyl groups.’ The presence of the free-radical scavenging ability encourages

the use of inorganic nanoparticles for polymer film stabilization.
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Figure 4.10. AFM of hydrid enrichment polymer layers. (a) Au NPs/PGMA before irradiation; (b) Au NPs/PGMA after

1 Mrad irradiation; (c) BaF2 NPs/PGMA before irradiation; (d) BaF2 NPs/PGMA after 1Mrad irradiation.

It is known that gold nanoparticles are capable of generating short-lived radicals by

abstracting halogen or protons, with consequent scavenging of the formed radical species.”
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This effect hinders the Au nanoparticle-related organic catalysis, while providing the
evidence of a strong radical affinity towards the gold surface. In order to investigate the
stabilizing activity of the gold nanoparticles, hybrid organic/inorganic Au NPs/PGMA
films were prepared. The concentration of the nanoparticles in the film was 16% w/w (1.3%
v/v). According to the AFM imaging, the films have a smooth morphology (Figure 4.10),
and the nanoparticles are evenly distributed across the film. In general, the particles
demonstrated limited potential for polymer film protection against ionizing radiation.
Specifically, the swelling of the hybrid films does not change significantly at a small
radiation dose (1 Mrad), but drops significantly after 15 Mrad of gamma-ray irradiation
(Figure 4.11a). At the high dose, the carbon-carbon double bonds are intensively formed,

as well as the hydroxyl groups (Figure 4.19b).
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Figure 4.11. Gamma-radiation effects on hybrid 5 nm Au nanoparticlessPGMA polymer layer. (a) Swelling extent in

acetone vapor for Au NPs/PGMA nanofilms upon gamma radiation; (b) FTIR spectra of Au NPs/PGMA film before

irradiation, after 1 and 15 Mrad.

Additionally, scintillator nanoparticles (BaFz) were tested, which convert high

energy ionizing radiation into light, as radiation stabilizers for the grafted nanoscale

88



polymer layer (characteristics of the nanoparticles are provided in SI). The PGMA/BaF:
film contains approximately 40% w/w (12% v/v) nanoparticles, which are distributed
within the films in small agglomerates. At the lower (1 Mrad) dose, these hybrid nanoscale
films demonstrated a certain stability towards gamma-ray irradiation. For the higher
irradiation dose (15 Mrad), the extensive formation of the double bonds (Figure 4.12a), as
well as film cross-linking (Figure 4.12b), was clearly observed. An increase in the
carbonyl peak area also occurs while the irradiation dose increases (Table 4.1). Thus, the
BaF2 nanoparticles are actually protecting the film from gamma-ray irradiation; however,

this effect is weaker than that for the (macro)molecular stabilizers.
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Figure 4.12. Gamma-radiation effects on hybrid 30 nm BaF2 nanoparticless/PGMA polymer layer. (a) FTIR spectra

before irradiation, after 1 and 15 Mrad gamma irradiation; (b) Swelling extent in acetone vapour upon gamma radiation.
4.5.6. Comparison of the radiation stabilizer efficiencies
According to the comparative normalized FTIR spectra (Figures 4.13a and 4.13b),
the stability of the nanoscale film stabilizers is estimated as the area of the carbon-carbon

double bond formation changes in the following order: 4-amino-
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TEMPO>DMPS>PS>BaF2 NPs>P2VP>Au NPs>pure PGMA. Whereas the cross-linking
suppression activity changes in a different order (c): PS>>DMPS~BaF2NPs~AuNPs~pure
PGMA=P2VP>>4-amino-TEMPO. Despite the fact that the DMPS and 4-amino-TEMPO
provided more significant protection against the radiation-related chemical changes, PS is
a more promising candidate for the sensing application, because it is not undergoing
extensive cross-linking, even after the high dose (15 Mrad), and continues to show the
same swelling extent as the non-irradiated film.

However, since the EPLs are intended for use in chemical detection systems, the
changes in the chemical affinity of the PS/PGMA layers should be estimated, to evaluate
the probability of false-positives and false-negatives in the EPL-based sensors. In order to
do this, the irradiated and non-irradiated (PS)/PGMA films were exposed to a group of
solvents with different polarities. In the experiment, the estimated affinity of the film
towards acetone, chloroform, and toluene does not change significantly upon irradiation
(Figure 4.13d). However, the PS/PGMA layer shows a significant increase in the polar
ethanol and decrease in the non-polar hexane swelling extent upon irradiation. These
results indicate that chemical changes influence the nanoscale polymer layer response, after
gamma-ray irradiation. Specifically, the formation of the hydroxyl groups increases the
polarity of the nanoscale film, which is responsible for the observed changes in the extents

of the ethanol and hexane swelling.
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4.6. Coating of the racetrack resonators with EPLs.

Once the principal stability of EPL has been thoroughly investigated, it is possible

to study the performance of the actual sensors and their stability to gamma irradiation. This

is the final goal of the Defense Threat Reduction Agency-sponsored grant and important
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advancement for the field of photonic circuits. Here we used photonic racetrack resonators
manufactured by Qingyang Du at Massachusetts Institute of Technology under the
guidance of Dr. Agarwal. The thickness of the polymer layers was 100 nm (PGMA-coated
sensor), 195 nm ((PS)/PGMA-coated sensor) and 125 nm ((PVP)/PGMA coated sensor).
Then each sensor was subsequently cleaved into 4 individual arrays of waveguides The

irradiation and optical measurements also have been conducted by Mr. Du.
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Figure 4.14. The shift of resonant frequency of the uncoated and PGMA, (PS)/PGMA, (PVP)/PGMA-coated resonators.
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As it is shown on Figure 4.14, irradiation of the uncoated resonator causes strong
resonant peak shift due to the changes to the silicon nitride that the waveguide is made of.
This effect in intrinsic to the sensor system, however, damage dealt to the polymer layer
can cause additional shifts as the refractive index of the EPL is changed as a result of
irradiation. In fact, PGMA-coated resonators show very large drift of resonant frequency
while (P2VP)/PGMA and (PS)/PGMA-coated devices have much higher robustness which
is consistent with the previous findings. The presence of resonance shift raises as important
issue that gamma-radiation affects the reading of the sensor which calls for additional
measures in order to avoid false negatives and false positives during sensor operation in
the field. Apart from the actual sensor that can be exposed to volatile organic compounds
the complete analytical set-up requires a sealed backup. This backup sensor must have the
same structure and be isolated from the environment, however, it must not be shielded from
gamma radiation. During the measurement the readings of the backup sensor must be taken
into an account during the processing of the actual environmental sensor data so the effects

of the gamma radiation will be compensated at any dose.

4.7. Conclusions

In this chapter the general trend in composition-dependent graft copolymer film
swelling and gamma-radiation stability have been outlined. The study of the swelling of
the three-component films in vapors of solvents of different chemical nature demonstrated
that increase of the grafting extent promotes swelling of “strands” resulting in formation

of “sweet spot” on the composition diagram that has maximum swelling in any solvent
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studied here. The influence of gamma-ray irradiation on nanoscale PGMA grafted films
have been investigated, and the avenues for improving their stability towards ionizing
radiation were identified. First of all, it was determined that for pure PGMA layers, a
significant level of cross-linking was observed due to irradiation. The cross-linking is
accompanied by the formation of conjugated ester, carbon double bonds, hydroxyl groups,
ketone carbonyls, and the elimination of epoxy groups. PS, P2VP, DMPS, 4-amino-
TEMPO, BaF2, and gold nanoparticles were incorporated into the films, and were found

to mitigate different aspects of the radiation damage.

Also, this chapter reports graft-copolymer coatings of actual photonic resonators
which is driven by the practical applications and necessity to characterize the device and
its response as a whole. Nitride resonators coated with PGMA, (PS)/PGMA, (PVP)/PGMA
have been irradiated and the resonator peak shift has been determined as the dose increased
from 1 to 15 Mrad. This is crucial for the analysis of the data recorded on the resonators

subjected to gamma irradiation.
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CHAPTER 5. SYNTHESIS AND SENSING
PROPERTIES OF GRAFT COPOLYMER NANOFOAM

LAYER

5.1. Introduction

The previous chapters of this dissertation were dedicated to synthesis and
swellability of multicomponent PGMA-based graft copolymer network. The combinatorial
approach used there can in principle be used to investigate other properties of such
materials, including the collapse of the metastable state referred to as nanofoam in the
present chapter. Besides applications in sensor technologies that are discussed here, it
provides a new prospective on the fundamental properties of PGMA networks modified by

“grafting to” method.

The vast majority of sensor devices, and, therefore, sensing films, are designed to
allow the online monitoring to give a rapid response in the presence of an analyte. The
ability of the polymer films to recover their initial pre-exposure properties is considered to
be one of the key features of the devices while irreversibility is commonly viewed as a
drawback.2 However, there is also a significant demand for systems employed for off-line
sensing, where the occurrence of a chemical event can be detected and analyzed post-
factum. In this case, the information can be recorded through the occurrence of a chemical
reaction®® or long-lasting physical changes in the structure of the active sensor material.>

10 For instance, off-line sensing systems are essential in situations where chemical
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events/incidents might occur but no power and/or connectivity are available. These systems
are also important when forensic evidence (e.g. environmental monitoring or international
treaty verification) is needed. This requires the development of sensors/sensing polymer
films that are capable of accumulating essentially an encrypted signal and be readable in a
post-exposure regime. It is necessary to point out that the current polymer materials being
developed for off-line sensing are tailored very specifically to identify certain chemical
events. Therefore, in order to detect new substances or chemical events, alternative
polymer films or film arrays have to be developed and tested. To this end, an original and
effective approach to the fabrication of polymer films that are able to record the presence
of a variety of volatile chemical compounds in an off-line regime is reported here. The film
is made of gradient polymer nanofoam, a tunable sensing material with structurally built-

in sensing and recording capabilities.

In general, the nanofoam film is a surface-grafted cross-linked polymer network in
a metastable extended configuration that can relax back a certain degree upon exposure to
external stimuli. Recently, a uniform (without a chemical composition gradient) fabrication
of the nanofoam and its response to temperature variation has been reported.!* Specifically,
the grafted nanofoam was shown to possess the behavior of a shape-memory material?
exhibiting gradual mechanical contraction at the nanometer scale as the temperature was
increased. By modification of the nanofoam with polymer grafting, an absolute nanoscale

mechanical response of the porous polymer film can be tuned.

Since the contraction of the nanofoam is caused by forces associated with

conformational changes of stretched macromolecular chains, it became obvious that the
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relaxation of the chains can be caused similarly by plasticization of the extended grafted
polymer chains with the volatile chemical compounds absorbed by the nanofoam.'® The
degree of the chain relaxation is associated with the thermodynamic affinity between the
polymer chains and the volatile compounds. Therefore, the key point in the design of the
detecting/monitoring platform reported here is the grafted nanofoam that has prescribed
chemical gradients and, therefore, also possesses a gradually changing local affinity to
volatile substances along the surface. On exposure to specific analytes, the film locally and
irreversibly changes its internal structure at the nanolevel. The structural transformation
resulting from the exposure causes significant changes in the thickness and density profile
of the polymeric film, which in turn affect local optical properties such as refractive index
and optical absorption. The changes in local film morphology under exposure are
irreversible and provide a permanent record or ‘fingerprint’ for the chemical event of
interest. This permanent modification in the film nanostructure can be directly detected via
changes in the film surface profile and/or the optical characteristics of the light propagating
in the waveguide. It is important to highlight that the initial surface profile and structure of
the nanofoam film is encrypted by the unique conditions that were used to fabricate the

nanoporous film and practically impossible to be replicated without prior knowledge.

Specifically, in this chapter | have used the three-component gradient PGMA-based
coatings described in previous chapters to prepare nanofoam. | have followed the patterns
of collapse of the extended conformation as a result of exposure to chemical vapors and

demonstrated that these patterns are, in fact, solvent-specific. In collaboration with Dr.
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Kimerling’s group from MIT, I have demonstrated the working example of nanofoam-

based sensor where an array of photonic microdisk resonators acts as a sensing element.

5.2. Materials and methods

5.2.1. Foaming of the PGMA-based polymer thin films

The foaming was conducted inside a foaming stage, which consists of a vacuum
chamber where swelling and solvent sublimation takes place, and a copper temperature-
regulated table that was cooled with liquid nitrogen. The table was equipped with a
thermocouple that was used to control the temperature of the sample. The gradient films
were swollen in a solvent good for all polymers (chloroform) and placed on the
temperature-regulated sample table to freeze in their swollen state. The foaming stage was
kept at —90 °C using liquid nitrogen, with the subsequent solvent removal (sublimation)

done under reduced pressure (50 mTorr).

5.2.2. Solvent exposure of the gradient nanofoam films
The samples were exposed to saturated vapors of one of three solvents, toluene,
methanol, or acetone, for 40 min. The film thickness profiles were measured and then the

samples were re-foamed. A total of three exposures were done for each solvent.

5.2.3. Preparation of silicon nitride microresonators

Fabrication of the SiNx resonators followed the standard Si microfabrication
processes.™® Thin film nitride was grown onto silicon wafers with 3 um thermal oxide using
LPCVD. Photolithography was performed on i-line stepper to define the resonator patterns

in the SiNx. Subsequently, the patterns were transferred to the film by a reactive ion etch

103



using a mixture of CF4 and CHF3 gases. The fabricated silicon nitride waveguide has
dimensions of 800 nm (width) by 400 nm (height), and the radius of the resonator is 50
um. Fabrication of the SiNx resonators has been performed by Qingyang Du and Vivek

Singh working under supervision of Dr. Agarwal and Dr. Kimerling in MIT.

5.2.4. Polymer coating of the silicon nitride photonic resonators

The PGMA layer was deposited on the surface of all three resonator arrays used in
this study by dip-coating. PS and P2VP were grafted to the PGMA layers on the surface of
respective resonators following the procedure analogous to the one used for the gradient
preparation. To reach a high level of grafting, the PS was grafted at 150 °C and the P2VP
was grafted at 120 °C. Each layer was subsequently foamed and cleaved into four
individual arrays of waveguides so that each array could be exposed to the corresponding

solvent.

5.2.5. Optical transmission measurement

All transmission measurements were performed on a Newport waveguide
measurement system with a tunable laser (1525-1610 nm) coupled to the input facet and a
LUNA Optical Vector Analyzer (OVA) coupled to the output facet of the devices with low
loss, lens-tip optical fibers. The optical transmission spectrum was characterized on a
Newport Auto Align workstation and an optical vector analyzer (LUNA Technologies
OVA-5000) with a built-in tunable laser. Near-infrared wavelength light was coupled in
and out through the bus waveguide using a tapered lens-tip fiber. All measurements were
performed at a constant temperature of 19.7 + 0.2 °C. The resonator samples were placed

on a static stage while the input and output fibers were on precise software-controlled,
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motorized three-axis stages that allow movements as small as 10 nm. The input fiber was
aligned by observing the waveguide mode exiting the output facet using an infrared (IR)
camera. The output fiber was then aligned using an optical power meter to read the power
being coupled out of the output facet. These measurements have been performed by
Qingyang Du and Vivek Singh working under supervision of Dr. Agarwal and Dr.
Kimerling in MIT. The resulting pre-exposure and post-exposure spectra for each
waveguide were plotted together. Lorentz peak function was used for the fitting of the
corresponding peaks using Origin 2016 software. The peak shift was calculated as the
difference between the Lorentz fit centers of the nanofoam spectra before and after

exposure. The peak shift values for waveguides of the same array were averaged.

5.3. Gradient nanofoam film: principles of formation and

operation

The fabrication of the gradient nanofoam film is achieved in four major steps
(Figure 5.1). Firstly, a film made of polymer possessing epoxy groups in monomeric units
is deposited on a surface. Secondly, the film is cross-linked via a reaction of the epoxy
groups to create a coating that is non-soluble yet is able to swell. Next, the film is grafted
with different polymers capable of reacting with the remaining (unreacted) epoxy
functionality. The extent of the film reaction with each polymer is dependent on the spatial
location within the film. In essence, a gradient film whose chemical composition varies in
two directions isd generated. In this way every point of the film possesses its own unique

composition. Finally, the film is submerged in a solvent or solvent mixture so that it swells
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and is freeze-dried under reduced pressure. Thus, following the removal of the solvent(s)

by sublimation, a nanoporous polymer film is obtained.

The resulting film is below the glass transition temperature (Tg) at the temperatures
of operation and possesses the behavior of a nanoscale shape-memory material, which
exhibits mechanical action under external stimulus (Figure 5.1). More specifically, the
coating (which is not in thermodynamic equilibrium in the porous state) is able to
‘remember’ its original non-porous shape determined by the network elasticity. Exposure
of the film to a chemical vapor that interacts with the macromolecules in the film causes
plasticization of the film. As soon as the macromolecules attract a sufficient amount of the
target chemical, the Ty of the polymer chains decreases. Therefore, the chains become
mobile and the film shrinks. Since the film possesses a graded chemical composition,
different locations of the film interact in different ways with the target chemical.
Specifically, certain regions of the film that have a higher thermodynamic affinity to a
chemical shrink to a higher extent, creating a unique thickness pattern for that specific
chemical (Figure 5.1). The resulting changes in local film morphology are irreversible and

provide a permanent record or ‘fingerprint’ for the chemical event of interest.

The obtained record is encrypted by the knowledge of: (i) unique conditions that
were used to fabricate the nanoporous film and (ii) level of the film response upon chemical
vapor exposure. In fact, the nanofoam film is produced in two principal steps: synthesis of
the gradient polymer film, followed by freeze-drying of the film swollen in a solvent (or
solvent mixture). Therefore, the initial surface profile and level of response of the film to

the presence of chemical vapors is encrypted by an operator via: (a) film composition at
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nano/micro/macro-levels controlled during synthesis; (b) solvent composition, which
controls the degree of film swelling prior to and during freeze drying; and (c) freeze-drying
conditions, which include pressure and temperature. Indeed, during the preliminary studies
it was experimentally determined that these are the parameters controlling the nanofoam
morphology and behavior. All of these manipulations are practically impossible to replicate

without prior knowledge of the procedures.
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Figure 5.1. Schematic for the nanofoam film synthesis and operation. Once foamed, the gradient polymer layer can

collapse in a solvent-specific way creating unique permanent pattern.

In general, the concept of encryption presumes the presence of the ‘message’,

protected by the ‘key’, which should be known to decipher the ‘massage’. In this case, the
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“message” is the history of the chemical vapor exposure that leaves the unique signature
of nanofoam collapse. The ‘key’ is the knowledge of the pattern produced as nanofoam is
exposed to particular chemical vapor. Once the film collapses upon exposure to a chemical
vapor, the only way to erase the pattern is via heating the film to above Ty or exposing it to
a number of solvents to collapse the surrounding region entirely. These manipulations

would provide a clear and definite record of tampering with the device.

5.4. Formation of the nanofoam film

Figure 5.2. Thickness of the representative gradient grafted layer versus surface coordinate before (bottom) and after

(top) the foaming.
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The foaming consisted of swelling the grafted polymer layer in chloroform

followed by freeze-thawing and sublimation of the solvent. Chloroform was selected as it

- before foaming after foaming

3 i
“ @
o
&

Figure 5.3. AFM (1x1 microns) topographical images

Point 2

Point 5

for the gradient grafted layer at different locations
before and after the foaming. The approximate

location on the gradient film is marked on Figure 3.6.

is a good solvent for all three polymers
constituting the film and can be frozen at —59 C,
an experimentally reachable temperature. To
swell the polymer film, a small amount of the
solvent was placed drop-wise on the film
surface. Next, the sample was cooled to freeze
the chloroform. Finally, the solvent was
sublimated under reduced pressure. From visual
inspection it was clear that the transparent
grafted film became opaque after the solvent
sublimation. The loss of transparency indicated
a scattering of light because of pore formation.
Figure 5.2 shows the thickness map of the
typical fabricated nanofoam gradient polymer
films in comparison with a map of the film
before the foaming procedure. The thickness of

the gradient film (measured by reflectometry)

increased in all compositional areas by 17 + 4%. AFM imaging showed a significant

change in morphology of the gradient film after the foaming (Figure 5.3).
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Specifically, a formation of pores and a corresponding increase in film roughness
were observed. RMS roughness of the film increased from 7—20 nm to 12—27 nm due to
development of the open pores within the layer. To identify whether the grafted nanofoam
had pores throughout the film, an experiment to visualize pore locations in the grafted
nanofoam layer was conducted. Specifically, a ‘nanotomography’ approach was utilized to
analyze the inner structure of the grafted film after solvent sublimation.'* ** This approach
IS based on a step-by-step air plasma etching of the film with a subsequent step-by-step
AFM analysis of the etched surface, after which the morphology inside the film is revealed.
Low-power air plasma (at 1 minute intervals) was used to etch the film. Reflectometry
measurements were used to track the thickness of the etched polymer film after each step.
Results of the experiment are presented on Figures 5.4 and 5.5. The AFM imaging
revealed that, in fact, pores were situated not only on the surface but also throughout the
foamed layer. The sizes of the interconnected and open pores inside the film were estimated

to be between 10 nm and 200 nm.
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Figure 5.4. Thickness of the nanofoam polymer layer in course of the plasma etching at different points on the gradient

sample indicated on Figure 3.8.
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Figure 5.5. AFM images of the nanofoam gradient film before and in course of the plasma etching at different points on

the gradient sample indicated on Figure 3.6.
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5.5. Operation of the nanofoam film as a sensing/recording

element

In order to characterize the response of the gradient nanofoam polymer layer to the
vapors of volatile organic compounds, the nanofoam samples were exposed to methanol,
toluene, or acetone. The solvents were selected based on their affinity to the
macromolecules constituting the gradient nanofoam.'®>® Acetone was selected as it is a
good solvent for PGMA and a moderate solvent for PS and P2VP. Toluene was chosen as
it is a good solvent for PS, moderate for PGMA, and bad for P2VP. Methanol was selected
as it is a good solvent for P2VP, but bad for the other two components. This set of solvents
covers predominantly van der Waals, polar, and hydrogen bonding between a solvent
molecule and polymer layer. After the exposure, the samples were evacuated from the
solvent vapor and allowed to dry overnight. Next, their thicknesses were mapped using the
scanning reflectometer. The extent of collapse at any one point of the sample is defined by

a dimensionless parameter alpha:
a=1- (dexposed - dinitial)/(dfoamed - dinitial) (1)

where dinitial, dfoamed, and dexposed are the initial thickness of the film at the given point, the

thickness after foaming, and the thickness after exposure to the solvent vapors,
respectively. A higher value of the parameter alpha indicates a higher degree of collapse
of the nanofoam. Specifically, the parameter reflects the relative value of the film collapse

normalized by the thickness gained during foaming, or it shows the fraction of the added
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(via foaming) thickness that is gone as the result of the vapor exposure. This parameter was
selected as it allows a straightforward comparison of degree of collapse for points on the

nanofoam with different absolute thicknesses.
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Figure 5.6. Collapse extent (@) of gradient nanofoam film caused by exposure to vapors of toluene, methanol and

acetone. Three solvent generate drastically different patterns of collapse. The data was averaged for 3 parallel gradient

samples.

Figure 5.6 shows the collapse extent (a), equal to O for the non-exposed gradient
nanofoam (Figure 5.6a) and the nanofoam exposed to toluene, methanol and acetone
(Figures 5.6b, 5.6¢, and 5.6d) averaged from 3 parallel experiments. As it is evident from

Figure 5.6, each solvent generates its own pattern of collapse, which is defined by the
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interplay between the thermodynamic affinity of the solvent to the polymer layer and the
grafting density of PS and P2VP. The observed film collapse is permanent and does not
change with time at room temperature. The obtained result clearly demonstrates that the
nanofoam gradient polymer film can be used for off-line sensing and encrypted recording

of chemical events and differentiation between them.

In order to perform a more detailed investigation of the composition-dependent
nanofoam response, the collapse data was plotted in a triangular diagram (Figure 5.7). One
could expect that, for example, the PS-rich regions would interact with toluene more
efficiently than the rest of the film and cause stronger collapse. As it turns out, the
nanofoam collapse follows another pattern. The comparison with the swelling phase
diagrams (Figure 4.1) indicates that high values of the swelling in a specific solvent
observed at a given point on the film do not correspond to the higher values of the
nanofoam response to the same solvent. One could hypothesize that swelling of the foamed
structure is a necessary pre-requisite for the collapse of the nanofoam as it is essentially a
plasticization phenomena, however, the increase of PGMA content leads to increase of
parameter a for all the studied solvents while the increase of PS and P2VP content lead to
decrease of the film responsiveness (Figure 5.8). The individual plots reflect the collapse
of three-component nanofoam in a specified vapor as a function of the grafted thickness
for PGMA, PS and P2VP. The overall behavior of the collapse is generally very similar for
the chemicals studied: the high PGMA content promotes collapse, PS content acts in the

opposite direction. This phenomena clearly demonstrates that the volumetric expansion of
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the graft-copolymer network due to sorption of chemicals is not directly related to the post-

exposure response of the nanofoam.
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Figure 5.7. Composition-dependent collapse of the three-component nanofoam in methanol (a), acetone (b) and toluene

(c) vapors.

The possible explanation of this effect is that PGMA-based graft-copolymer films
are essentially nanostructured materials composed of “stems” and “strands” (Figure 5.9).
The deformation of “strands” generates little mechanical stress, which promotes their

swelling, however this portion of the network apparently is not associated with the
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formation of any metastable states of the polymer conformation. On contrary, “stems” are

intrinsically stiffer, and their limited mobility at temperatures below glass transition is a

primal reason for the nanofoam being metastable at room temperatures. The solvent

molecules interacting with the “stem” polymer chains plasticize it and cause the collapse

of the polymer film. However, there is a heavy competition between “stem” and “strands”

for the inclusion of the solvent molecules, and as the amount of grafted material is

. . L. « "
increased, the solvent molecules tend to be incorporated within “strands”.
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The grafted chains, P2VP and PS, offer great variability of the polymer affinity to
the various solvents, and as the swelling of these regions leads to little elastic stress, more
solvent molecules are presented in the “strands”. Consequently, “stems” do not effectively
interact with the solvent and their structure is not altered during the exposure. This explains
why the PGMA-rich regions of the nanofoam show more collapse then the strongly
swelling “sweet spot” region: there is little enthalpic trap for the solvent to interrupt the
plastification of the metastable network. This is a very important notion for the future
practical application of the nanofoam for the novel sensor applications: the post-exposure

response is a function of the most mechanically strained region capable of being is a

metastable state.

collapse

Figure 5.9. The schematic representation of the three-component polymer network undergoing swelling and foaming.
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5.6. Monitoring of nanofoam collapse with microring resonators

Sensing/recording nanofoam films were prepared and interrogated on the surface
of microring optical resonators (Figure 5.10). Microresonators are extremely sensitive to
perturbations in the refractive index of their surroundings as well as any changes in optical
absorption.'® 1718 They offer two different modes of detection that can be exploited for
various monitoring applications. As shown in Figure 5.10c, a change in the refractive
index of the surroundings is reflected as a shift in the resonant peak position while the
introduction of optical absorption leads to a change in the peak height or extinction ratio.
An effective surface modification of the arrays of optical resonators via grafting of
nanoscale polymer films for sensing applications was recently demonstrated.*> ° In this
work, nanofoam films (single composition, without a gradient) were prepared on the
surfaces of optical resonators and the refractive indices of the films were measured before
and after exposure to the solvent vapors. The custom arrays of microring resonators (made
of infrared transparent silicon nitride) were fabricated on silicon wafers covered with 3 um
of thermally-grown SiOz. Figure 5.10a shows a microphotograph of the resonators. The
diameter of a microring resonator is 100 um (0.1 mm). The size of the typical nanofoam
film made in this work is on the order of 20x20 mm. Therefore, the array, in principle, can
allow optical interrogation of the refractive index and optical absorption at different

locations on the nanofoam film.
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Figure 5.10. Optical micrographs of the microdisc resonators (a) as fabricated and (b) modified with PS/PGMA grafted
layer. (c) The microresonator resonance peak alteration in case of changing refractive index (shift) and infrared absorption

(peak damping). (d) Example of change in spectrum of the microring resonator covered with nanofoam.

Figure 5.10b shows that a typical grafted layer quite evenly covers the optical
devices. Each larger array with a foamed polymer layer was cleaved into four identical
waveguide arrays. The transmission spectrum of each waveguide on the array was acquired
before exposure to any solvent to characterize the spectra of the foam coating. Optical
testing demonstrated that the devices were not destroyed during the modification (polymer

layer deposition and foaming) procedure.

Then, the four arrays of microring resonators were exposed to vapors of methanol,
acetone, toluene, or chloroform. Vapor contact lasted for 1 h and then the samples were
left in ambient air overnight to allow the solvent to fully evaporate. The resonance peaks

were subsequently recorded again and compared with the recordings acquired before the
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solvent exposure. Also, to obtain the optical characteristics of the collapsed (non-foamed)
grafted layers, the refractive index was measured for the samples that were rinsed in
chloroform and then dried. The data obtained was averaged for the waveguides of the same
array as it was found that the coupling gap had no systematic effect on the peak shift. A
typical result of these measurements is presented in Figure 5.10d. It is evident that the
refractive index changes significantly when the grafted layer is foamed and exposed to a

solvent.
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Figure 5.11. Results of optical transmission measurements for the microring resonators covered with 3 different

nanofoams exposed to four different solvent vapors.

Figure 5.11 summarizes the results of the measurements for the different
nanofoam/solvent vapor combinations. In fact, the volatile organic compounds generate a
solvent-specific refractive index change that varies with the chemical composition of the

nanofoam film. As evident from the comparison between the solvent responses, it is
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possible to generate unique solvent signatures using three channels of information: PGMA,
PS/PGMA, and P2VP/PGMA-coated resonator response. This is a direct demonstration of
the ability of microring resonator arrays covered with nanofoams to record the presence of
chemicals for further detection in a post-exposure regime. It was also found that the most
sensitive to the exposure of the solvents (used in this work) are microring resonators
covered with PGMA and P2VP/PGMA nanofoams. On the other hand, the resonators
covered with PS/PGMA nanofoam shows lower level of optical response. Since the
collapse of the nanofoam is dependent on the film composition and grafting density it is
foreseen foresee that by adjusting those parameters optical response of the resonators can

be tuned to obtain higher sensitivity to exposure to a particular chemical vapor of interest.

5.7. Conclusions

In conclusion, it was demonstrated that the gradient grafted nanofoam films are
able to record the presence of volatile chemical compounds in an off-line regime. Namely,
exposure of the nanofoam polymer layer to the solvent vapors causes a controllable
collapse of the porous structure that is found to be dependent on the chemical nature of the
nanofoam. The collapse is irreversible and solvent-specific, allowing for the use of the
nanofoams in the recording of chemical events. The sensing/recording nanofoam films can
be prepared and interrogated on the surface of microring optical resonators. It was
determined that exposure of the microring resonators covered with the nanofoam films to
solvent vapors generates a solvent-specific refractive index change that varies with the

chemical composition of the nanofoam film. The collapse of the metastable nanofoam
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network is associated with structural changes in the “stems”, so PGMA-rich regions
demonstrate stronger response for all studied solvents. This provides new insights on the

fundamentals of the nanofoam physics and the mechanism of its collapse.
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CHAPTER 6. GMA-BASED GRAFT COPOLYMERS BY

“GRAFTING THROUGH” METHOD

6.1. Introduction

“Grafting through” in a form of copolymerization of macromonomers is a very
promising strategy to synthesize functional GMA-based copolymers. In this chapter, |
present synthesis and basic properties of such materials which builds a solid fundament for

their applications discussed in the following chapters.

The modification of surfaces and colloidal structures allows for the fine tuning of
their properties, which becomes crucially important for design and compatibilization of
components within complex functional systems. The natural variability of substrates and
diversity of the desired properties call for methods of surface modification that could
deliver required characteristics to a wide range of materials in the most straightforward and
cost-effective way. To this end, grafted polymer layers have drawn considerable attention
due to the ability to control surface properties of modified substrates, robustness of the
layers, and diversity of chemistries suitable for the layer formation.t1° Despite the fact that
significant advancements in synthesis of the grafted polymer layers have been made over
the recent years, the developed protocols of interface modifications face challenges when
being implemented in large-scale manufacturing set-up. Indeed, typical grafting procedure
is a multi-step process where every stage inevitably imposes limitations on the nature of

substrate, generates solvent/chemical waste and complicates the overall operation. Thus,
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there is a demand on environmentally-friendly surface modification protocol with a
minimum number of technological steps. To this end, we have demonstrated that using
reactive copolymers functional grafted polymer layers can, in principle, be obtained in a
single step from water or with minimal use of solvents and without post-processing rinsing.
Specifically, the present chapter focuses on a cross-linkable amphiphilic (statistical)
copolymers (Figure 6.1) containing oligo(ethylene glycol) methyl ether methacrylate
(OEGMA), glycidyl methacrylate (GMA), and lauryl methacrylate (LMA), which can be
straightforwardly covalently attached to a number of solid surfaces and colloidal objects.

PGMA P(GMA-LMA) P(GMA-OEGMA) P(GMA-OEGMA-LMA)
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Figure 6.1. Structure of polymers synthesized in this work from the following monomers: glycidyl methacrylate (GMA),

lauryl methacrylate (LMA), and oligo(ethylene glycol) methyl ether methacrylate (OEGMA).

The selection of monomers for the making copolymers with tailored affinity is
based on their complementary functionality. Poly(oligo(ethylene glycol) methyl ether

methacrylate) (POEGMA) has drawn significant attention over the recent years due to its
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thermosensitivity, protein repellency, and ability to compatibilize materials with water.*"
7" Indeed, OEGMA monomers bear reactive methacrylate fragment that is capable of
undergoing polymerization while quite long oligo(ethylene glycol) side moiety provides
water compatibility to the synthesized macromolecule. Thus, POEGMA can be considered
as a comb-shape graft copolymer where oligo(ethylene glycol) side chains are densely
grafted to the methacrylate backbone. The balance between hydrophilic and hydrophobic
parts of the molecule results in thermal switching properties that strongly depend on the
side chain length.t® It is well established that poly(ethylene glycol) demonstrates low
toxicity and does not trigger immune system response, which facilitates the use of
POEGMA for biological and biomedical applications.!*'’ Poly(glycidyl methacrylate)
(PGMA), which is insoluble in water, found applications for the efficient “grafting to”
modification of various surfaces.’®?* GMA can be easily copolymerized with various
monomers through solution free-radical copolymerization. Most importantly, epoxy
groups of GMA can react with nucleophilic groups (such as hydroxyl, carboxyl and amino)
which opens wide opportunities for post-synthesis modifications.? 22" As the opening of
an epoxy group generates a hydroxyl group, PGMA can be thermally cross-linked forming
stable permanent network layer.*® 2% 2 [auryl methacrylate has been employed as
hydrophobic/lyophilic and low-Tg/crystallizable component in a number of studies®®=! and
selected here to tune the hydrophilic/hydrophobic balance of the resulting copolymers.

In this chapter, the copolymers have been synthesized by free-radical
polymerization. To this end, | have performed a detailed investigation of the

copolymerization of GMA, OEGMA and LMA. | have identified reactivity ratios in this

126



system, which are necessary for the control of the copolymer composition. The thermal
properties, surface energy and water solubility of the series of copolymers have been
characterized. It is demonstrated that these materials can be straightforwardly grafted to
macroscopic surfaces or colloidal objects from melt and solution to form functional

coatings.

6.2. Materials and methods

6.2.1. Materials

Glycidyl methacrylate (97%), azoisobutyronitrile (AIBN), poly(ethylene glycol)
methyl ether methacrylate (average Mn 950, containing 100 ppm MEHQ and 300 ppm
BHT as inhibitor), lauryl methacrylate and inhibitor removers (replacement packing for
removing hydroquinone and monomethyl ether hydroquinone (MEHQ) and replacement
packing for removing tert-butylcatechol (BHT)) were purchased from Sigma-Alrdich. All

solvents used here were purchased from VWR International and used as received.

6.2.2. Synthesis of the binary copolymers

MEHQ inhibitor remover beads were added to GMA and LMA prior to the
synthesis. MEHQ and BHT inhibitor remover beads were added to OEGMA dissolved in
methyl ethyl ketone (MEK) prior to synthesis. Solutions then have been filtered through
the 0.2 pm syringe filters. The resulting monomers as well as pure solvent and AIBN
solution were purged under nitrogen for 45 min and then added in proper amounts to vials
in the nitrogen-purged glovebox. These vials have been sealed with a septum and then

immersed into a water bath preheated to 50 °C. Overall molar monomer concentration was
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0.5 mol L and the AIBN concentration was 0.01 mol Lt. GMA/OEGMA synthesis was
terminated after 1.5 hours, OEGMA/LMA after 2 hours and GMA/LMA after 5 hours. The
resulting copolymers were precipitated by diethyl ether, centrifuged and redissolved in
MEK. This procedure was repeated three times in order to remove unreacted monomers

and initiator.

6.2.3. Synthesis of the terpolymers and homopolymers

Homopolymers (PGMA, POEGMA) and copolymers were synthesized by solution
free-radical polymerization. Monomers were prepared using the same technique as during
the study of binary systems. The charged LMA:OEGMA:GMA molar ratio was 0:0:100,
0:100:0, 0:80:20, 12.5:75:12.5 and 20:60:20 respectively. The overall monomer
concentration was 0.5 mol L™ and the AIBN concentration was 0.01 mol L. The solution
was kept under nitrogen purge for 45 min and then immersed into a water bath preheated
to 50°C. The polymerization reaction was terminated after 1.5 h by opening flask to the
ambient atmosphere and removal the reactor form the water bath. The product of the
reaction was purified using the same technique as for the study of the binary systems. In
order to prepare P(GMA-OEGMA) copolymer with lower molecular weight carbon

tetrabromide (0.02 mol L) was added to the reaction mixture.

6.2.4. Analysis of the copolymer composition

Nuclear magnetic resonance (*H NMR) analysis was done using Bruker AVANCE-
300 spectrometer and TopSpin 1.3 PL4 software and processed with Delta 5.0.4 software.
The copolymer composition was also investigated by Attenuated Total Reflectance Fourier

Transform Infrared Spectroscopy. Thermo Nicolet Magna 550 FTIR spectrometer with the
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Thermo-Spectra Tech Endurance Foundation Series Diamond ATR accessory was used,
and 16 scans were averaged. An ATR correction and baseline correction were performed
using Thermo Scientific OMNIC software version 8.0. Data processing and plotting was

completed using Origin MicroCal 9.

6.2.5. Analysis of the copolymer thermal properties

Differential scanning calorimetry (DSC) (Model 2920; TA Instruments) was
carried out at a heating/cooling rate of 20 °C/min. The temperature range of the experiment
was set from -100 °C to 100 °C. The samples were heated, cooled and the reheated again.
The second heating was used to measure the glass transition temperature and meting point.

The glass transition is reported as the inflection point on the heat flow graph.

6.2.6. Analysis of the copolymer molecular weight and water compatibility

The dynamic light scattering has been used to estimate the molecular weight of the
synthesized polymers. Malvern Zetasizer ZS Dynamic Light Scattering and Zeta Potential
(DLS-Zeta) instrument was utilized to characterize the size of polymer coil in water and
methy| ethyl ketone and estimate the molecular weight. A set of monodisperse polystyrene
standards with molecular weights ranging from 200 up to 3000 kDa dissolved in methyl
ethyl ketone was used for calibration. The resulting data was fitted with a linear function
in MW0%5-size coordinates. It was further recalculated into the molecular weight using
NMR data regarding copolymer composition. Atomic force microscopy was performed
using Bruker multimode 8, tapping mode. Samples have been deposited by spin-coating on
the mica surface. The AFM micrographs presented here were further processed using the

grain analysis module in the Gwyddion modular program for SPM. Analysis of water and
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hexadecane contact angles has been done using KRUSS DSA10 drop shape analyzer at 20

seconds after droplet deposition on the grafted copolymer surface.

6.2.7. Grafting of copolymers to silicon wafer surface

The polymer layers were deposited and grafted according to a previously published
procedure.?! In brief, highly polished, single crystal, undoped silicon wafers (University
Wafer: <100>, 10000-20000 ohm-cm, 500 um) were used as a substrate. The wafers were
cleaned in “piranha” solution (3:1 concentrated sulfuric acid/30% hydrogen peroxide) for
4 h, and then rinsed several times with deionized water. After rinsing, the substrates were
dried under a stream of dry nitrogen. Copolymers were deposited on the surface of the
clean dry wafers by dip coating (Mayer Feintechnik dip coater, model D-3400) from MEK
solution. After evaporation of the MEK, the samples were placed on the temperature
gradient stage?! with the temperature varying along the stage surface for different times.
After the grafting, the samples were removed from the stage and thoroughly washed to
remove any ungrafted copolymer. The film thickness was investigated by home-built
scanning spectroscopic reflectometer.?! A total of 114 points on a 6x19 mm scan with 1
mm resolution were measured with 10 ms acquisition time per point. The thicknesses at
the points exposed to the same temperature have been averaged for each copolymer film

and then subsequently plotted in the Origin 9.0 software.
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6.3. Free-radical copolymerization of GMA, LMA and OEGMA

GMA provides the copolymers with the ability to bind with the surfaces and cross-
link in a one-step procedure, while OEGMA and LMA deliver compatibility of the
modified object with hydrophilic and hydrophobic surfaces/media, respectively. Through
composition, the properties of the copolymers can be finely tuned for a specific application.
In order to obtain precise control over this process, it was necessary to identify the
reactivity ratios for the monomers participating in copolymerization reaction. It is well
established that the monomer composition in the feed and in the synthesized polymer are
generally different because of different ability of the monomers to attach to a growing
polymer chain.® Classical Mayo—Lewis equation considers this effect, and the process of
(free-radical) copolymerization generally can be described in terms of reactivity ratios ri2

and ra1.

Here, | have identified three pair of reactivity ratios for each of the GMA-OEGMA,
LMA-OEGMA and OEGMA-LMA binary systems. For GMA-OEGMA and GMA-LMA
systems four copolymers were prepared with 0.2, 0.4, 0.6 and 0.8 GMA molar fraction in
the feed. For OEGMA-LMA system LMA molar fraction was ranged from 0.1 to 0.3. To
establish the ratios the composition of the synthesized copolymers they were investigated
with nuclear magnetic resonance (NMR) and further analyzed with Finemann-Ross,
inverted Finemann-Ross and Kelen-Ttdos plots (see below). These methods are commonly
used to extract the reactivity ratios from the experimental datasets.®® In brief, the

composition of the copolymers is plotted against the monomer ratio in the feed in a certain
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system of coordinates, which is different for each method. The linearization of these data
allows for the calculation of the reactivity ratios which should be reasonable close for all

three methods. The composition of the copolymers synthesized in this work is listed in

Table 6.1
Copolymer OEGMA fraction LMA fraction GMA fraction
P(GMA-OEGMA) molar weight molar weight molar weight
P(Ggs-O15) 0.15 0.54 - 0.85 0.46
P(G73-O2) 0.27 0.71 - 0.73 0.29
P(Gé1-O30) 0.39 0.81 - 0.61 0.19
P(G34-Oge) 0.66 0.93 - 0.34 0.07
P(GMA-LMA)
P(Ges-L17) - 0.17 0.27 0.83 0.73
P(Ges-L3s) - 0.35 0.49 0.65 0.51
P(Gag-Lsa) - 0.54 0.68 0.46 0.32
P(Gazs-L7a) - 0.74 0.84 0.26 0.16
P(GMA-OEGMA-LMA)
P(G15-Os6-L19) 0.66 0.90 0.19 0.07 0.15 0.03
P(G2s-Osg-L16) 0.56 0.87 0.16 0.01 0.28 0.06

Table 6.1. The composition of the copolymers synthesized here.
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Figure 6.2. Fourier-transform infrared spectra of P(GMA-LMA) (a) and P(GMA-OEGMA) (b) copolymer systems.

Fourier-transform infrared spectroscopy is generally a powerful tool for
characterization of polymer materials, so it can be compared to NMR to confirm the
correctness of the composition analysis. Figure 6.2 and Table 6.2 displays the IR data for
polymers in GMA/LMA and GMA/OEGMA series normalized by the intensity of the ester
peak (1730 cm™). The ether peak at 1100 cm™ is clearly pronounced in GMA/OEGMA
samples which corresponds to the increase of PEG content. The epoxy peak (900 cm™) is
heavily overlapping with other peaks for these samples, however, in case of GMA/LMA
the peak is clearly visible and its area decreases with GMA content. While the results of
FTIR and NMR analysis match quite closely, however, as NMR is more quantitative than
FTIR, in this study it will be primarily relied on. In general, FTIR data coincides with the

NMR results.
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GMA/LMA GMA/OEGMA
LMA C-H Epoxy Ester OEGMA C-H Ester Ether
content stretch (900 cm™ (1730 cm™  content stretch (1730 cm™ (1100 cmr
(~3000 h h (~3000cm~ Y h
cm?) h
0.17 34.2 3.2 29.1 0.15 64.4 30.7 83.4
0.35 51.1 2.3 27.4 0.27 127.9 331 140.7
0.54 71.6 1.6 26.6 0.39 189.5 26.5 210.8
0.74 89.1 0.7 249 0.66 262.2 24.6 282.8

Table 6.2. The areas of the key peaks in FTIR spectra.

Once the composition of the copolymers is identified, the reactivity ratios have to be

calculated. Parameters X and Y are defined as follows: 32

where

,_ 4]
M, ]

X+l
1+, X

o« IMJ]
and [M.]

(2)

(3)

Constants kij reflect the rate constant for the reaction of monomer j with a growing polymer

chain terminated with monomer i, [M1] and d[Mi] are molar concentrations of monomer i

in the feed and in the polymer respectively. In the case of unknown reactivity ratios, the X

and Y values have to be experimentally identified for a series of copolymerization with

varying monomer feed ratios. In order to calculate riz and rz1 from this dataset the

parameters G and H are defined as follows:

R TS
Y Y
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Fineman-Ross method (Figure 6.3a) can then be used to find the reactivity ratios using the

equation (5):

G=Hr,—r,; (5)

Alternatively, inverted Finemann-Ross method (5) (Figure 6.3b) can be utilized:

=l =17
H H (6)

Yet another method is Kelen-Tudos method (6) (Figure 6.3c):

=(r, +ry/a)é—r,, /o, Where 7
12 21 21
a+H oa+H = i (8)
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Figure 6.3. Finemann-Ross (a), inverted Finemann-Ross (b) and Kelen-Tiidos (c) plots reflecting copolymerization of

binary systems. The resulting reactivity ratios are presented for OEGMA/GMA (d), LMA/GMA (e) and LMA/OEGMA

(f) monomeric pairs.
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Here Hmin and Hmax are minimum and maximum H values for a series of
copolymerizations. By linear fitting of the experimental data in the corresponding
coordinates (H-G for Finemann-Ross, 1/H-G/H for inverted Fineman-Ross, n-& for Kelen-

Tidos) the ri2 and r21 values can be calculated.

The reactivity ratios for GMA/OEGMA system were determined to be rema=1.4
and roeema=0.3, for GMA/LMA rema=1.2 and r.ma=0.7 and for LMA/OEGMA rLma=0.6
and roeema =0.4 (Figure 6.3d-f). In a general case, the reactivity ratio indicates the
tendency of the growing polymer chain terminated with the certain type of monomer to
interact with the same type of monomer. The ri2 value above 1 indicates tendency of the
monomer 1 to participate in homopolymerization over heteropolymerization with
monomer 2, while ri2 below 1 points out an opposite trend. All three monomers studied
here belong to the methacrylate class of monomers which implies that the stabilization of
the monomer radical is roughly the same, however, their diffusion properties are vastly
different due to the difference in the molecular weight. This leads to GMA being the most
active monomer in these systems, while LMA and especially OEGMA show suppressed
reactivity during the copolymerization. This effect has been previously demonstrated for
macromonomer copolymerization and specifically for OEGMA copolymerization with 2-
vinyl pyridine.®® Interestingly enough, OEGMA 300 has been shown to be more reactive
than OEGMA 1100 highlighting the influence of molecular weight on the reactivity of the

polymer.33
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Composition Feed Calculated Experimental
(measured by NMR)

P(G15-Os6-L19)

GMA 0.10 0.20 0.15
OEGMA 0.80 0.65 0.66
LMA 0.10 0.15 0.19

P(G2s-Os6-L 16)

GMA 0.13 0.23 0.28
OEGMA 0.75 0.60 0.56
LMA 0.13 0.17 0.16

Table 6.3. The composition of the terpolymers prepared in this work.

Using the reactivity ratios we predicted the terpolymer compositions using

copolymerization equations.®? d[Mi] and [Mi] are the fractions of monomer i in the
copolymer and in the feed, respectively and rij is the reactivity ratio between

monomers i and j.

d[M,]:d[M,]:d[M,]=
{1, 1, 001, )

r-31r21 r21r32 r31r23 rlZ r-13

:[le{[Mll+[M2]+[M3]H[M2]+M+M}: (9)

I’.12 I’.31 r-12 r-32 r-32 r13 21 r-23

:[Mg]{[Mll JIMT [MslH[Ml]+ [M,] +M}

r13r21 r-23r12 r-l3r-23 r31 r-32
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The calculated compositions quite closely matched the experimentally measured
ones (Table 6.3). The observed deviation lies within 5% and is typical for the calculations
involving reactivity ratios. It is evident that the detailed analysis of the copolymerization
between GMA, LMA and OEGMA monomers allows for the controlled synthesis of the

copolymers with a particular composition.

Atomic force microscopy performed by Dr. Nataraja Sekhar Yadavalli working
under the supervision of Dr. Minko in University of Georgia reveals (Figure 6.4) that
copolymers [as exemplified by P(Gss-Oss)] have linear structure, beside randomly
distributed side chains no branching is observed. 75 macromolecules have been analyzed
and found that the average contour length of this copolymer molecule is equal to 497+216
nm. The contour length L of the polymer molecule can be expressed mathematically as

follows®*:

L=2X,d sin(%), (10)

where Xn is the number average degree of polymerization, d — the length of carbon-carbon
bond (0.154 nm) and 109.5 degrees is the angle between two bonds in the case of sps-
hybridized carbon atom. The number average degree of polymerization and molecular

weights are and Mna=1334 kg mol respectively.
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Figure 6.4. Atomic force microscopy topographical image of P(Ges-O34) copolymer solvent casted on mica surface

The weight average degree of polymerization and molecular mass were found to be
2677 and Mw=1.807 kg mol~, respectively, which yields the polydispersity index 1.36.
These values are in good agreement with the molecular weight values obtained by dynamic
light scattering (DLS, see below). The difference between the data calculated using two
methods is originating from a) the difference between expansion factors for poly(GMA-
ran-OEGMA) and polystyrene that was used for DLS calibration and b) the small sampling
size of the AFM visualized chains (75 molecules). The end-to-end size and radius of
gyration of the poly(GMA-ran-OEGMA) molecules on the surface (2D-chain
conformations) were found to be 225+123 nm and 88+40 nm respectively. The ratio of
those values was found to be 2.56 which is very close to V6 = 2.45 which is predicted for

an ideal linear chain.
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6.4. Molecular weights and degrees of polymerization of GMA,

LMA and OEGMA copolymers

The molecular weight of the surface coating agent play crucial role in their
performance and the properties of the resulting layer. Thus, a detailed investigation of the
degrees of polymerization is essential for the usage of poly(GMA-ran-OEGMA-ran-LMA)
copolymers in practical application. Even though expansion factor for polystyrene and
poly(GMA-ran-OEGMA) in methyl ethyl ketone may by different, the calibration curve
can be used to estimate the range of poly(GMA-ran-OEGMA) molecular weight by
dynamic light scattering (DLS). It yields the hydrodynamic radius Rwu, which is
proportional to the square root of the number of the monomeric units in the chain (Xn) (b
is the carbon-carbon bound bond length, Mes is the molecular weight of polystyrene

monomeric unit).*

1/2
% :16(%J —bx11’2 (11)
2R, =1.152 +0.043- (X, - M ;)2 (12)

Figure 6.5a displays the degrees of polymerization of the copolymers in three
binary systems calculated using this relationship. It is evident that products of LMA/GMA
and OEGMA/GMA reactions have about 500-1500 units while decreasing of GMA content
leads to increase of degrees of polymerization up to 2000-3000. LMA/OEGMA system is

generally characterized by higher values reaching 7000 which decreases when more LMA
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is presented in the copolymer. These trends are stemming from the steric hindrance of the

termination step during the macromonomer radical copolymerization.®
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Figure 6.5. Degrees of polymerization (a) and molecular weights of GMA/OEGMA, GMA/LMA and LMA/OEGMA

copolymers

Using the NMR data regarding copolymer composition, degrees of polymerization
can be converted to molecular weights (Figure 6.5b) by multiplying the Xn by the average

molecular weight of a monomeric unit (M(i) is a molecular weight of a monomer i):

The resulting values can be finely tuned during the reaction using chain transfer
agents (CTAS) that can effectively decrease the obtained degrees of polymerization of the
product. Carbon tetrabromide was found to be an efficient CTA that decreased the
molecular weight of poly(GMA-ran-OEGMA) with 0.66 OEGMA fraction (poly(Gas-Oss)

copolymer ) by a factor of 10 while the composition remained the same.
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6.5. Thermal characteristics of the copolymers

Thermal properties of polymers such as glass transition (Tg) and meting
temperature (Tm) significantly affect the parameters for the polymer grafting, since
polymer solubility and diffusion are involved in the anchoring process. To this end,
Deferential Scanning Calorimetry (DSC) studies for the synthesized copolymers have been
performed (Figure 6.6). It is well established that thermal properties of statistical
copolymers are related to the thermal properties of homopolymers made of the monomers
constituting the copolymers.®

The properties of the homopolymers are following. PGMA does not exhibit any
crystallinity, while glass transition temperature is found to be ~ 75 °C. PLMA is a
semicrystalline polymer®” with Tm at ~ -26 °C and Ty at ~ -50 °C.® To determine the
thermal characteristics for OEGMA homopolymer POEGMA was obtained using the same
radical polymerization procedure as was used to synthesize the copolymers. DSC indicated
that POEGMA is a semicrystalline polymer with Tg~ -60°C and Tm = 26°C. It is necessary
to point that crystallinity for the atactic PLMA and POEGMA is originating from
crystallization of the high molecular weight side-groups. Therefore, the copolymers can
retain this side-group crystallization or the crystallization observed for the homopolymers
can disappear as a result of the copolymerization. Tq for the statistical copolymers have to
be somewhat between Tq of PLMA/POEGMA and Ty of PGMA and related to weight

fractions of the monomeric units in the copolymers.®
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only guide for eyes, (c) exemplary DSC curves for PGMA, P(Gz4-Oss), P(G26-L74) and P(G15-Oes-L19).

The analysis of DSC curves is shown in Figure 6.6. There is no crystallinity
observed for P(GMA-LMA) copolymers (Figure 6.6c). The glass transition for the

copolymers is observed to gradually decrease from 55°C to -10°C with increasing LMA

143



content from 0.15 to 0.74 molar fraction (from 0.27 to 0.84 weight fraction) (Figure 6.6a).
LMA side-chain related thermal transition was also observed when LMA mole fraction
equal to 0.54 and 0.74 (0.68 and 0.84 weight fraction) at about -60 °C. This transition is to
a certain extent below Ty for LMA homopolymer. This transition is associated with onset
of lauryl side-chains movement. On the contrary, P(GMA-OEGMA) copolymers
demonstrates crystallinity originating from the side groups when OEGMA molar fraction
is above 0.15 (0.54 weight fraction) (Figure 6.6b,c) with Tm approximately the same as
the one for POEGMA. P(GMA-OEGMA) copolymers have Tq between -40°C and -60. Tqg
is dominated by OEGMA because of the high monomer weight fraction. The transitions
for terpolymer P(Gi1s-Oss-L19) synthesized here possess thermal properties, which are close
to the properties of P(GMA-OEGMA) copolymers with glass transition at ~ -31 °C and
melting temperatures at ~ 32 °C (Figure 6.6c). The properties of the terpolymer are
dominated by OEGMA because of high weight fraction (0.9) of the monomeric unit in the
macromolecule. It is obvious that the surface modification by the melt “grating to”” method
has to be conducted above Tg¢ for P(GMA-LMA) copolymers and above Tm for OEGMA

containing copolymers.

6.6. Grafting from melt

Here, 1 have used ‘“grafting to” approach for surface modification using the

copolymers synthesized.?’ This method involves reaction of functionalized polymers with
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complimentary functional groups located on the substrate surface. The major advantage of
the “grafting to” technique over other methods is that the polymer chains can be carefully
characterized prior to attachment resulting in well-defined grafted layers. Furthermore, the
“grafting to” technique is often less challenging from a chemical standpoint because it does
not involve elaborate synthetic protocols. In this method processes of synthesis and
modification are separated in space and time thus the conditions of the synthesis are no
longer restrained by substrate and chemical proficiency of the operator. Surface
modification with these copolymers is a straightforward process, where the copolymer,
dissolved in water or solvent can be deposited as a film on a surface by dip-coating, spin-
coating, spray-coating or drop-casting. The copolymer concertation and processing
parameters are dictating the film thickness. The resulting layer then is anchored to the
surface and cross-linked by annealing in order to ensure the effective surface binding and
stability in liquid media. The kinetics of this process is a key component enabling for the
synthesis where all deposited polymer is grafted and cross-linked, and therefore, grafted
film does not require post-treatment with solvents to extract unbounded polymer.

GMA contains the reactive epoxy groups that allows for surface binding through
reactions with nucleophilic groups on the substrate of the modification.?’ Such chemical
groups as amino, carboxyl and hydroxyl groups that are commonly found on the various
surfaces can promote the opening of the GMA epoxy rings. In case when the surface lacks
the required groups the plasma treatment can be conducted to initiate the binding with the
polymer.3®4% Once the GMA has reacted with the surface, it can further undergo cross-

linking through the following mechanism: the opening of an oxirane ring creates newly
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formed hydroxyl group that can further react with the neighboring epoxy groups. Thus, the
process of GMA-based copolymer surface modification is essentially the same for a variety
of the objects and can be easily transferred between different types of substrates.?’ The
formation of a non-soluble covalently attached layer is proceeding from the surface and
propagates into the polymer bulk. Since this process is temperature dependent (similarly to
the curing of the epoxy resin), the duration of the surface modification and the temperature
of this process are two primary parameters influencing the resulting thickness of the
coating.

Figure 6.7 displays the kinetics of the Si wafer modification with copolymers
P(G34-Oe6) and P(G1s-Oss-L19) conducted at 80 °C. The thickness of the layer deposited
initially on the wafer by dip-coating is ~150 nm. It is evident that upon fast reaction with
the hydroxyl groups located on the surface and formation of the initial 200 nm thick layer
the reaction proceeds further in a decelerating fashion. However, by selecting a proper
period of annealing it is possible to fully graft and crosslink film of several hundred nm. In
general, from multiple grafting experiments using combinatorial approach (employing
temperature gradient stage)?®? an empirical conclusion has been made that there is a
certain threshold grafting temperature. Below this temperature it is impossible to obtain
the grafted film with non-extractable by solvent polymer, even if the grafting is conducted
for several days. For PGMA homopolymer used in this work it is ~90°C. There is also
threshold time that is needed at threshold temperature to reach the complete grafting/cross-

linking for submicron film with any thickness. For PGMA the threshold time at 90°C is
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about 2 hours. Addition of LMA increases this temperature by 35 degrees to about 120-

125°C (Figure 6.8a).
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Figure 6.7. Grafted fraction (thickness of the grafted film/thickness of the deposited film) versus grafting time
dependence for P(Ges-Os4) and P(Gis-Oss-Lig). Thickness of the initially deposited copolymer film - 150 nm.

Temperature — 80°C.

The threshold time is also increased to about 4 hours for the GMA-LMA
copolymers. Entirely different dependence is observed for GMA-OEGMA copolymers,
where with OEGMA addition the threshold time is increased to 10-16 hours. At the same
time the threshold temperature is significantly (10-30 °C) decreased when OEGMA is
incorporated into the copolymer chain (Figure 6.8b). It was found that the process of the

(complete) grafting/crosslinking can be well controlled.
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For instance, Figure 6.8c,d illustrates how the variation of the grafting temperature

at constant time influence thickness of the grafted layer. Indeed, grafting of P(GMA-

OEGMA) and P(GMA-LMA) binary copolymers is strongly promoted as the temperature
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increases. However, since the grafting of the submicron films depends on multiple
parameters (e.g. concentration and spatial distribution of GMA units in the copolymer;
diffusion rate of the macromolecules, chain segments and side groups; rate and extend of
the reaction between substrate surface and GMA groups) at this time comprehensive
description of the observed dependencies cannot be made. However, effective
combinatorial methodology to determine threshold temperature and time for the

copolymers has been identified.

6.7. Surface energy and wettability

In the next step wettability and surface energy were determined for the grafted
copolymer films with the submicron thickness on the level of 200 — 800 nm. The water
contact angle (WCA) and hexadecane contact angle (HCA) were measured. In turns out
that hexadecane virtually completely wets all the studied copolymer and PGMA films
yielding extremely low contact angle. WCA for PGMA homopolymer film was found to
be about 75°. As it can be anticipated, WCA is systematically increasing with LMA
fraction (Figure 6.9a) and decreasing with increasing OEGMA fraction (Figure 6.9b).
Specifically, addition of OEGMA monomeric units decreases the contact angle to up to
30°, while LMA addition increases WCA to as high as 100°. It is obvious that for
copolymers containing all three monomeric units the contact angle can be tuned between
30 and 100 °. For example, for the grafted film made of P(G1s-Oss-L19) copolymer WCA
is equal to 74°. Using WCA values derived from this experiment and assuming that HCA

is effectively zero, the surface energy of the coatings can be calculated:*
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Yu(1 + cosb,) = ZJ évf + 2\/ ivh

Yi2(1 + cos;) = 2\/ dvh + ZJ (87

Ys =v¢ + 97!

(14)

where ys and yi are the surface tensions of the solid and liquid, respectively. The subscripts

d and p correspond to dispersion and polar components of the surface tension, respectively.

Surface free energy (ys) and its polar (y?) and dispersion (y&) components of the surfaces

were determined using two sets of contact angle measurements of water and hexadecane.

The ylp and ¥ components of liquids shown in Table 6.4 were used in the calculations.
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Vld le Vi
hexadecane 26.35 0 26.35
water 21.8 51 72.8

Table 6.4. The ¥} and y§ components of liquids.*?

As shown in Figure 6.9a,b the surface energy values for the grafted films range
from 27 up to 62 mJ m2. Terpolymer P(G1s-Oss-L19) has the surface energy of 36.4 mJ m-
2, The obtained results demonstrate the tunability of the resulting properties of the

copolymer coatings.

6.8. Water solubility

The copolymers reported in this work can be anchored to colloidal objects from
solution as well. In this method of surface modification the copolymer solution is added to
a colloidal suspension first. After the grafting, the colloidal objects are evacuated by
centrifugation and redispersed in fresh solvent. Although the surface modification with the
copolymers can be conducted from a number of solvents, grafting from water is practically
very interesting as it is preferred solvent for biomedical applications and from ecological
points of view. Therefore, water solubility of the copolymers containing OEGMA has been

evaluated.
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We found that the copolymers could be transferred to water from MEK solution
and dissolved as individual chains and/or in micellar form. DLS studies showed that
increasing OEGMA content leads to progressively better water solubility as the intensity
of the DLS peaks related to single molecules rather than micelles is increasing (Figure
6.10a). P(Gss-O15) with low OEGMA fraction leaves undispersed flakes in concentrated
water solutions. Moreover, as indicated by the comparison of the hydrodynamic diameters
(Figure 6.10Db), this polymer has more affinity to MEK rather than the water as the size of
the coil is larger in this organic solvent.®® The P(GMA-OEGMA) copolymers with higher
OEGMA content have excellent compatibility with water as they show higher tendency to
dissolve as single molecules and have high chain expansion parameter (larger size of

polymer coil) in water (Figure 6.10b).
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Figure 6.10. Results of DLS measurements for P(GMA-OEGMA\): (a) - % of single macromolecules signal in DLS by
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ketone.
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Terpolymer P(G1s-Oss-L19) containing all three monomers (GMA/OEGMA/LMA)
is soluble in water as well. The increase of the hydrodynamic diameter of the terpolymer
macromolecules from 739 nm in MEK to 167+32 nm in water clearly indicated significant
affinity of the copolymer to water.® The ability of P(GMA-OEGMA-LMA) copolymer
(containing hydrophobic LMA) to dissolve in water is essential to the process of surface
modification as it opens venues to reduce the use of potentially environmentally hazardous

solvents
6.9. Conclusions.

Synthesis and properties of novel amphiphilic cross-linkable poly(GMA-ran-
OEGMA-ran-LMA) copolymers have been performed. Specifically, reactivity ratios in
GMA/OEGMAJ/LMA free-radical copolymerization and trends in thermal properties,
solubility and graftability of the copolymers in this system have been identified. The
kinetics of the surface modification for these copolymers for melt and solution-based
grafting has been characterized. These results compose a detailed guide through the
synthetic procedure that is vital for preparation of a product with desired specific
characteristics. These copolymers are a flexible tool for advanced surface modification that
is available through simple solution free-radical copolymerization, has minimal
requirements for the substrate and can be applied in a controllable fashion through the

simple one step procedure delivering desired properties.
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CHAPTER 7. APPLICATION OF FUNCTIONAL
PGMA-BASED GRAFT COPOLYMERS OBTAINED BY
“GRAFTING THROUGH” METHOD FOR SURFACE

MODIFICATIONS

7.1. Multi-frequency volatile organic compound sensing

In Chapter 6 | have provided a detailed guide on how to synthesize PGMA-based
copolymers by polymerization of GMA, OEGMA and LMA and characterized thermal
properties, graftability, molecular weights, water solubility and surface energy of these
materials. Such tunability of copolymer properties can be successfully used for many
practical applications. Specifically, in this chapter | am going to be investigating two

examples of surface modification: sensor design and regulation of cell adhesion.

In Chapter 4 and 5 | have demonstrated principles on how PGMA-based films can
be used as active enrichment layers in sensor design. In those chapters | focused on
copolymers prepared by “grafting to” technique. However, P(G34-Oss) copolymers made
by “grafting through” method also can be used for detection of volatile organic compounds.
In collaboration with Yongzhi Shao and Zhe Chen working under supervision of Dr.
Pingshan Wang from Clemson University Department of Electrical and Computer
Engineering we were able demonstrate effective detection of several volatile organic

compounds (VOCs) over a broad frequency range with a simple RF (radio frequency)
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interferometer, which uses polymer coated coplanar waveguides (CPW A and CPW B,

Figure 7.1) as the detection electrodes.

We also show that different VOCs induce different frequency responses, which may be
further explored to enhance selective VOC sensing. The results indicate that RF
interferometer based broadband measurements are promising to provide a new approach

for VOC detection and identification.

70 nm layer of P(Gs4-Oses) copolymer is used as a sensing layer due to its ability of
polyethylene glycol monomeric units to interact with a wide range of chemical
compounds.t? As it turns out the polymer coating is stable during ~ 8 months testing
period, consistent with our previous results.®> Currently, we have experimented at least

hundreds of sensing cycles, the polymer is still effective.
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Figure 7.1. a) A layout of two coplanar waveguides used for VOC measurements, b) a typical reponse of the resonator

after the exposure of the sensors to VOC vapor.
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7.1.1. Materials and methods

Sensor coating

The copolymer prepared by free-radical polymerization using glycidyl
methacrylate and oligoethylene glycol methacrylate (average Mn 950) monomers which
was described in Chapter 6. Prior to the grafting, the CPWs were cleaned in air plasma
with the input power of 30W for 15 minutes. The copolymer was deposited from 1.5%
solution in chloroform by dip-coating at 320 mm/min and annealed for 4 hours at 120 °C
in the oven. The ungrafted copolymer was been washed in chloroform. This procedure

resultd in approximately 70 nm thick P(Gss-Oes) copolymer coating on the CPWs.
Measurement set-up

This work has been done in tight collaboration with Yongzhi Shao and Zhe Chen
working under supervision of Dr. Pingshan Wang from Clemson University Department

of Electrical and Computer Engineering.

VOC gases, i.e. ethanol, acetone, and isopropyl (IPA) in this work, are evaporated
from VOC liquids. The liquids are stored in a bottle, which is placed in a thermal bath. Dry
nitrogen (with 99.9997% N2 and 0.41 ppm moisture) is used as the carrier gas to dilute
VOC gas concentration, i.e. Ci= F1xVpi/(F1+F2), where Ci is the concentration of the i*"
VOC component, F1 and F2 the flow rates in the two channels, and Vpi=vpixxi with vpi the
partial vapor pressure of the i VOC and xi its molar fraction. The use of two mass flow
controllers (MFCs) is to help monitor and maintain a constant flow rate, F=Fi+F2, in

measurements.
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7.1.2. Response of the polymer coated RF sensor

To demonstrate the viability of this approach, we have studied the responses of
copolymer-coated resonators to acetone, ethanol and isopropyl alcohol. The sensor in
enclosed container was subjected to the VOC-enriched nitrogen with on-line recording of
the sensor response. Each set of measurements takes 6-30 minutes depending on VOC
gases and the targeted concentration level. Once the protocol of measurements has been
established, the dependency between the concentration and the resonance shift was

investigated.

Figure 7.2 summarizes acetone and IPA measurement results with CPW B, which
has ~ 5 times longer sensing electrodes than CPW A. A 5-time longer sensing zone enables
5-time larger phase shifts, and 5-time larger frequency shifts. For the shorter CPW A, the
achieved LOD is ~ 600 ppm for ethanol, ~ 270 ppm for acetone and ~ 330 ppm for IPA at
9.29 GHz. The 5 times longer CPW B has ~ 4 times lower LODs at ~ 11 GHz due to the

use of traveling waves for sensing.
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Figure 7.2. Measured CPW B responses at different frequencies and VOC concentration levels for (a) acetone, and (b)

IPA. The curves are obtained from binomial data fitting.
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7.1.3. The summary of radio-frequency results

A simple RF interferometer for multi-frequency VOC measurements from ~ 2 GHz
and 11 GHz has been demonstrated. Two CPWSs are built with conventional
micromachining techniques and used as RF sensing electrodes. P(Gss-Oss) copolymer was
coated on the electrodes to adsorb and concentrate VOCs for their enhanced sensing.
Harmonic frequency operations were exploited to characterize ethanol, acetone and IPA
vapors at concentration levels down to ~ 200 ppm. The measurement results depend on RF
frequency, VOC species, concentration levels, and CPW devices, which may be exploited

for better sensor selectivity operation

7.2. PGMA-based copolymer coating of surgical implants.

In order to demonstrate the applicability of copolymer coating for the control over
the biological processes, we have focused our research on the osteoblast attachment. The
clinical implication for controlling osteoblast adhesion and spreading is of critical
importance.* Many orthopaedic implants are made of titanium, cobalt chromium, or
stainless steel, which are relatively biologically inert materials. Some implants, especially
those used in joint replacement, rely on osseous integration (bone growth directly onto or
into the implant surface) to provide the proper functioning of the implant and withstand the
repetitive mechanical stress, while walking.® Once osteoblasts adhered to the implant
surface, an enhanced proliferation, production of extracellular matrix and mineralization

occur. Therefore, there is a specific interest in bioactive coatings that can be deposited onto
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implants in order to enhance osteoblast adhesion and at the same time decreasing bacterial
adhesion.®

The bioactive coatings must resist sheer stress, prevent bacterial adherence, and be
both osteoinductive and osteoconductive.” Osteoinductive materials help to recruit local
stem cells and induce osteogenesis, while osteoconductive materials promote osteoblast
differentiation and proliferation. In another scenario, surgeons might wish to prevent
osteoblast adherence since some implants are to be taken out within a few weeks to months
from the patient’s body. Such examples are Kirschner wires or external fixation pins used
to help with deformity correction or temporary stabilize fractures or arthrodesis.® Usually
these implants interact with both the internal and external environment. Therefore, an
implant is needed that can withstand bacterial adherence to prevent infection (since it is
interacting with the environment), while preventing local on-growth of osteoblasts, so that
it may be easily removed in the outpatient setting.® Polymer-coatings on implants provide
a unique opportunity to regulate the internal and external environment of the implant to

ensure surgical success.

7.2.1. Materials and methods
This work has been done in tight collaboration with Dmitry Gil working under
supervision of Dr. Vertegel from Clemson University Department of Chemical and

Biomolecular Engineering.
K-wire modification and results visualization

Prior to the modification, the wires were activated in air plasma with the input

power of 30W for 15 minutes. For coating, 1 ml of monolaurin solution in ethanol (10
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mg/ml) was transferred into a sterile centrifuge tube with a cleaned K-wire. After 10 min,
the wire was removed from the solution and air-dried for 10 minutes at room temperature
under sterile conditions. Uncoated control wires were prepared by incubating in pure

ethanol for 10 min followed by air-drying for 10 min, similarly to the coated wires.

Polished silicon wafers prepared as specified above were coated with polymer
solutions in MEK via dip-coating and annealed for 4 h at 130 °C (PGMA and P(Gzs-L74))
or at 80 °C (P(Gss-Oss) and P(G15-Oe6-L19)). The resulting films were mashed in pure MEK
in order to remove the ungrafted polymer. Same procedure was applied to the actual K-

wires.
Cytotoxicity of the PGMA-based coatings

In addition, the viability of osteoblasts attached to the samples was assessed by the
LIVE/DEAD® assay according to the protocol described elsewhere?® Four replicates were

performed for each of the time points.
In vitro evaluation of antibacterial activity

The antimicrobial activity of monolaurin-coated wires was evaluated against S.
aureus (ATCC® 14775), S. epidermidis (ATCC® 12228) and Methicillin-resistant

Staphylococcus aureus (MRSA, ATCC® 33591).
Studies of planktonic bacteria

Bacteria have been cultured in soy broth until reaching the stationary phase. Coated

and plain wires were placed into a sterile test tube containing 1 ml of 10 CFU/ml bacterial
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suspension. Samples under study were kept at 37 °C under mild shaking. The aliquots of
bacterial suspension were analyzed by the spread-plate method according to the ISO

4833:2.
Analysis of adherent bacteria

The biofilm formation was quantified using crystal violet assay (CV assay) as
described by Kobayashi et al.'° Optical density of the resulting solution was measured at

590 nm using a microplate reader (Bio-Tek Synergy HT, Winooski, VT).

7.2.2. Regulation of cell adhesion with PGMA-based copolymers

Considering the unique properties, tunability and versatility of the copolymers
studied herein, multiple applications of the material can be envisioned. For example, it can
be used as a bioactive coating for medical devices. As was mentioned before, the
hydrophilic and hydrophobic properties of the copolymers can be precisely controlled by
changing the ratio between the monomers constituting the copolymers. Interactions of
human body with an implant are largely determined by the level of hydrophobicity of its
surface.!! In particular, it was shown that numerous processes, including protein
adsorption, cell adhesion and osseointegration, occur more likely on moderately
hydrophobic surfaces.*? On the other hand, a large body of evidence suggests that the use
of the surfaces with pronounced hydrophilic properties completely eliminates protein
adsorption and, therefore, prevents cell adhesion. With this in mind, in the present work
we hypothesized that cell attachment to the polymeric coating can be controlled by tuning

the ratio between the components in the copolymers.
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Figure 7.3. The scanning electron micrographs of the osteoblasts attached to the silicon wafers coated with PGMA (a),

P(Ga26-L74) (b), P(G15-Oes-L19) (c) and P(Gss-Oes) (d).

In order to demonstrate the ability to finely tune cell adhesion, mouse osteoblasts
were cultured in the presence of silicon wafers coated with PGMA homopolymer,
poly(GMA-ran-LMA) with 0.74 LMA mole fraction (P(Gz6-L74)), P(G1s-Os6-L19)and
P(Gs4-Oess) copolymers. Cells were allowed to adhere to the surfaces; osteoblast attachment
was assessed by means of SEM (Figure 7.3) and the LIVE/DEAD® assay (Figure 7.4).
SEM studies revealed different levels of cell adhesion and protein adsorption to the

polymeric coatings.
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Figure 7.4. Fluorescent microscopy images of the osteoblasts attached to the silicon wafers coated with PGMA (a),

P(G26-L74) (b), P(G15-Oss-L19) (c) and P(Gz4-Oes) (d). The cells were stained with Calcein AM and Ethd-1 prior to

visualization. Osteoblasts stained green are viable, while those stained red are dead.

The osteoblast attachment and spreading was shown for PGMA and P(Ga2s-L74)
coatings. At the same time, little to no evidence of cell adhesion was observed for the
P(Gss-Oe6) coating. Moreover, in the latter case the surface of the sample was found to
repel proteins, in contrast to the PGMA and P(G26-L74) coatings. These samples appeared
to be covered with thick and developed layers of proteins that are, apparently, secreted by

attached osteoblasts. The P(G1s-Oss-L19) coating represents an intermediate case: although,
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osteoblast attachment was evident from the images and the cells exhibited conventional

morphology, no proteins were adsorbed on the surface.

Proteins tend to have high affinity towards hydrophobic surfaces, facilitating cell
adhesion and spreading. Considering strong hydrophobic nature of PGMA and P(Gz6-L74)
coatings, the obtained results were not unexpected. At the same time, it is well-known that
PEGylated surfaces possess strong protein- and, as a result, cell-repulsive properties.
Therefore, no adhesion of osteoblasts on the P(Gss4-Oss) coating is, apparently, due to the
high percentage of PEG-containing components. Since the P(Gi15-Oss-L19)system exhibit
lower content of PEG, osteoblasts were able to adhere and spread across the surface.
However, due to the low work of adhesion, this system was still demonstrating protein-
repulsive properties. These findings allow for fine control over the cell adhesion that can

be tuned depending on the current application.

7.2.3. Cytotoxicity of PGMA-based coatings

The LIVE/DEAD® assay was used to assess the number and viability of osteoblasts
attached to the polymeric coatings. The results are presented on Figure 7.4. These images
confirmed the results of SEM and revealed a large number of cells attached to the PGMA
and P(Gze-L74) coatings, while only a few osteoblasts adhered to the surface of the P(Gss-
Oess) samples. In the case of P(Gis-Oss-L19) coating, the number of cells lodging the sample
was higher than for P(Gss-Oss). However, compared to PGMA and P(Gzs-L74) coatings,
the P(Gis-Oss-L19) polymer system exhibited significantly less adherent cells,

demonstrating moderate cell-repulsive properties. It is important to emphasize that all four
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polymer systems demonstrated high biocompatibility and low cytotoxicity resulting in little

to no evidence of non-viable osteoblasts attached to the samples.

The MTT assay was conducted in order to monitor the effect of the PGMA/POEGMA
(P(Gs3s-Oss)) coatings on the osteoblast proliferation rate. The results (Figure 7.5) were
compared with plain tissue-grade polystyrene. Absorbance at 570 nm reflects cell count
and as evident from the analysis, the difference between the control and studied samples
was not found to be statistically different (p-value>0.05, for n=6 samples). Hence, multiple
evidences suggest that polymer coatings are non-cytotoxic which confirms the findings

observed with LIVE/DEAD® assay.
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Figure 7.5. The results of MTT assay for PGMA and PGMA/POEGMA (P(G3s-Oes)).
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Overall, these results demonstrate that poly(GMA-ran-OEGMA-ran-LMA)-based
coatings offer high variability of its cell adhesion properties achieved through the one-step

process of deposition and annealing while showing no signs of cytotoxicity.

7.2.4. The in-vitro evaluation of biological activity of PGMA-based coated
implants

The characterization of mechanical stress

As the K-wires are going to undergo mechanical shear stress in the body during
their operation, they must preserve their antibacterial properties after being subjected to
this stress. In order to investigate this effect the K-wires were dragged through the Septa
and the resulting force was measured using the Instron machine. The wires were dragged
with different rates (1, 5 and 8 mm/s). Average value of shear stress is essentially
independent on the speed and is ca 0.5 MPa (Figure 7.6). Here the force measured by

Instron has been divided by the inner area of the hole in the septa.
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Figure 7.6. The shear mechanical stress imposed to the K-wire dragged through septum.
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Analysis of planktonic bacteria

Monolaurin is a naturally occurring antibiotic that shows significant promise in the
combating bacterial contamination that happens when the orthopaedic implants are inserted
into the human body. The analysis of the planktonic bacteria demonstrates the ability to
bacteria to grow in the regions within the vicinity of the implant. This is an important
characteristic as in a body the bacterial grow must be suppressed on only directly on the
surface of an implant but also in the surrounding space. The analysis of planktonic bacteria
consists of determining the highest concentration of bacteria that cannot proliferate due to
antibacterial activity of the coating. Once the maximum concentration is established, the

kinetics of this process must be investigated with viability curves.

ML concentration No polymer No polymer P(G15-Oe6-L19)

dragged through

the septa
1 =6*10° 0 =6*10°
3 ~7*108 0 ~8*10’
5 ~6*106 0 ~7*108
10 ~8*106 0 ~2*10°

Table 6.1. The analysis of the planktonic bacteria on the coated K-wires.

According to the results, K-wires coated with P(G1s-Oss-L19)/ML possess excellent
antibacterial activity against planktonic SA. Moreover, it was shown that even after being
dragged through septa P(G1s-Oss-L19)/ML coated samples are capable of inhibiting up to

2*10° CFU of SA. At the same time, it was shown that the ML coated wires are capable of
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Planktonic bacterial count,

CFU/mI

killing “only” 8*10° CFU. Furthermore, ML coating does not possess mechanical stability
and can be easily peeled off when exposed to shear stress. A total number of 9 replicates
were performed for each concentration. Given the results shown above, the wires were
coated using 10%ML/5% P(Gis-Oss-Lig)solutions in order to get the samples with the

highest antibacterial activity.
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Figure 7.7. The bacterial viability curves for S. aureus and MRSA.

Bacterial viability curves that demonstrate the kinetics of the bacterial proliferation
are presented on Figure 7.7. As can be seen, the P(G15-Oss-L19)/ML coating is capable of
inactivating more than 10° CFU of bacteria, in contrast to the ML coating. Moreover, it was
noticed that the activity of the coating against MRSA is higher than that against SA.
Another interesting finding is that the P(G15-Oss-L19)/ML coating does not kill all the
bacteria. There are always ~100 bacteria left in the vials and this number remains over at

least 24 hours.

For the following experiments the ML sample has not been dragged through the

septum. The Figure 7.8 compares the planktonic antibacterial activity of the ML and P/ML
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wires after being stored for 5 days at 50°C (which corresponds to 45 days at RT). Samples
were exposed to 10° CFU of S.aureus. As can be seen, ML-coated wires loose their
antibacterial activity over time, Concurrently, when polymer layer is added, the
antibacterial activity retains (though a mild drop of one was noticed). The observed drop

is, apparently, caused by the degradation of monolaurin.
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Figure 7.8. Planktonic bacterial count for coated wires before and after storage.
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Figure 7.9. Adherent bacteria on the wires
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The obtained results (Figure 7.9) demonstrate that although the monolaurin coating
is utterly efficient against adherent S. aureus, it lacks the mechanical stability — after being
dragged through a rubber septa, the samples lose their antibacterial activity against

adherent bacteria. In contrast, the samples coated with ML/P demonstrate an excellent

antibacterial activity even after being exposed to the shear stress.

A

Figure 7.10. SEM of K-wire: (a) coated with ML, (b) coated with ML after being dragged through septa, (c) coated with
ML+PLA, (d) coated with ML+PLA after being dragged through septa, (e) coated with ML+ P(G1s-Oss-L19), (€) coated

with ML+ P(Gs4-Oes) after being dragged through septa
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The results of the SEM imaging (Figure 7.10) confirmed pronounced antibacterial
activity of ML/ P(G1s-Oss-L19)coated wires that were exposed to the shear stress. Again,
ML-coated wires did not retain its antimicrobial properties. For these studies, the wires
coated with PLA+ML were also tested and used as a reference. Initial experiments showed
that PLA+ML coating is not mechanically stable. However, after the coating protocol was

optimized, PLA+ML coating was capable of withstanding the shear stress.

7.25. The summary of results for PGMA-based copolymer coatings for
biomedical applications.

The investigation PGMA-based copolymers usage for biomedical applications
clearly demonstrated that these materials can be used to ensure the mechanical stability of
antibacterial coatings while showing no signs of being cytotoxic. This is a highly promising

result that opens wide opportunities for another practical applications of these materials.

7.3. Conclusions for the modification of surfaces using GMA-

based copolymer obtained by “grafting through” method

It has been demonstrated that GMA-based copolymers obtained by “grafting
through” method via copolymerization with macromonomers has be attached to surfaces
in a similar manner as well-studied PGMA by thermal-activated grafting. Due to large
variability of these copolymers, it is possible to regulate biologically-relevant properties

such as cell adhesion, create drug-loaded coatings and utilize them for sensor design.
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CHAPTER 8. APPLICATION OF FUNCTIONAL
PGMA-BASED COPOLYMERS BY “GRAFTING
THROUGH” METHOD FOR MODIFICATION OF

COLLOIDAL PARTICLES

8.1. Graphene oxide functionalization, deposition and thermal

reduction

The scope of the objects for the modification by PGMA-based copolymers is not
limited to solid surfaces only. Colloidal particles can be modified with copolymer as well.
As it was established in Chapter 6 the surface energy of copolymers can be finely tuned
within a wide range. Once the modified particles have the proper values of surface energy,
they will tend to not aggregate and spread uniformly. This principle can be used for the
preparation of highly conductive coatings using flakes of graphene oxide as a precursor.
The interest in this material is mainly due to its physical and electrical properties: high
carrier charge mobility (conductivity on the order of 10° S cm™), outstanding mechanical
(1 TPa Young’s modulus, high flexibility) and optical (90% transmittance for
corresponding sheet resistance of 20 Q sq!). To this end, reduced graphene (rGO) based
films have not yet approached pristine graphene in terms of its conductive properties,
although its optical properties showed a great promise.! Reasons for that are the quality of
individual rGO sheets and properties of the entire layer. The increased electrical resistivity

originates from the residual sp® regions, nanoscopic defects in atomic arrangements,*
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irregular distribution of sheets and multiple in plane (edge-to-edge) as well as plane-to-
plane (stacking) contacts.® Therefore, to obtain highly conductive rGO film useful for
electronic application it is very crucial to achieve ordered and controlled sheet packing of

graphene oxide.

8.1.1. Materials and methods
This work has been done in tight collaboration with Mykhailo Savchak working

under Dr. Luzinov’s supervision.

Preparation of graphene oxide sheets modified with P(G34-Oss) and P(Gis-Oss-L19)

copolymers

The graphene oxide (GO) aqueous suspension was prepared by Hummers method.®
The as-synthesized graphene oxide suspension was purified by water rinsing and
ultracentrifugation (10000 rpm for 1 hour) for five times to remove the electrolytes and
protons. GO water suspension (~ 3 mg ml™) was mixed with water solution of P(Gz4-Oss)/
P(G15-Oss-L19) (~ 5 mg ml) in mass ratio 1:6, so to have polymer in abundance. The
mixture has been rigorously shaken for 15 minutes and then it was kept at room temperature
on an orbital shaker. After at least 4 hours GO sheets were evacuated from the solution by
centrifugation at 10000 rpm for 5 minutes and rinsed 3-4 times with DI water to remove
unattached polymer chains. Then this suspension was centrifuged at 1000 and 500 rpm for
15 min at least two times in order to get rid of all flocculated sheets. To achieve the very
dense packing of graphene oxide sheets on any substrate it is necessary to let the colloidal

suspension stabilize not less than one week.
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Analysis of kinetics of graphene oxide modification

To reveal thermal decomposition behavior of graphene oxide before and after
modification with P(Gs4-Oss) and P(Gi1s-Oss-L19) TGA was performed using a Q-5000 TA
Instruments and AutoTGA 2950HR V5.4A under N2 environment from room temperature
to 600 °C using a ramp rate of 15 °C mint. To study the adsorption kinetics 3 mg ml* of
concentrated water solution of adsorbent (GO) was mixed with 5 mg ml™* P(Gss-Oss) or
P(G15-Oes-L19) in water in ratio 1:6. Such system was held at constant room temperature.
Then the suspension was gently evacuated after 20 minutes, 1, 2.5, 4.5 hours of adsorption

and rinsed it well with DI water at least 3 times.

8.1.2. Modification of graphene oxide for the deposition of the uniform layers

Atomic force microscopy has been performed by Mykhailo Savchak working under
Dr. Luzinov’s supervision to determine the thickness of individual GO sheet modified with
P(Gs4-Oss), P(G15-Os6-L19). Cross-sectional analysis revealed that thickness of pristine GO
sheet increased roughly by 1.5 nm for both P(Gs4-Oss) and P(Gis-Oes-L1g). It implies
polymer layer was indeed anchored to graphene oxide sheets. As it turns out, deposition of
pristine GO does not result in uniform coverage on the piranha-treated hydrophilic surface
(Figure 8.1a) and produces no coverage on the hydrophobic surface of silane-treated
silicon wafer (Figure 8.1b). In contrast, individual GO/P(G3z4-Oss) sheets were uniformly
distributed on the surface of hydrophilic SiO2 (Figure 8.1c). However, Figure 8.1d reveals
that GO/P(G3s-Oss) on hydrophobic surface resulted in non-uniform coverage and
crumpling of GO flakes, which may be due to poor adhesion of OEGMA units to the

hydrophobic surface and capillary forces from fast solvent evaporation.”® By using P(Gas-
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Oes-L19) copolymer it was possible to achieve formation of uniform layers on both
hydrophilic and hydrophobic surfaces (Figure 8.1e and 8.1f, respectively). Moreover, by
adjusting the GO/ P(G15-Oes-L19) concentration it is possible to deposit multilayer through
the single dip-coating which has not been seen for pristine GO and GO/P(Gs34-Oss). By
selecting an appropriate material for the modification of graphene oxide it is possible to

tune its compatibility with the surfaces of drastically different hydrophilicity.

Figure 8.1. Atomic force microscopy of pristine graphene oxide deposited on hydrophilic (a) and hydrophobic (b)
surface, GO/P(Gz4-Oss) on hydrophilic (c) and hydrophobic (d) surface and GO/ P(G15-Oes-L19) on hydrophilic (e) and

hydrophobic (f) surface. The size of the scans is 30x30 um, height bar is 30 nm (a, c), 2 nm (b), 70 nm (d, e, ).
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8.1.3. Kinetics of graphene oxide modification.

In order to confirm that P(Gss-Oes) and P(G15-Oss-L19) have been grafted on GO
sheets, thermogravimetric analysis (TGA) was conducted by Mykhailo Savchak working
under Dr. Luzinov’s supervision to study the thermal stability and adsorption kinetics of
GO/P(G34-066) and GO/ P(G1s-Oss-L19). The samples are heated to 600 °C at a rate of 15
°C/min in a nitrogen atmosphere. From Figure 8.2a, it can be observed that pristine GO is
not thermostable: mass loss of GO started already below 100 °C, which is attributed to the
volatilization of stored water in its z-stacked structure.® The main weight loss of GO around
200 °C is caused by the decomposition of labile oxygen-containing functional groups
yielding CO, CO: and steam.’® The overall weight loss of pristine GO at 500 °C is 40%.
The curve of P(Gss-Oss) shows a fast weight reduction at about 350-400 °C, while P(Gis-
Os6-L19) starts to lose weight already at 150 °C (which may be attributed to the release of
trapped) and decomposes entirely at 440 °C. As for GO/P(G3z4-Oes) and GO/ P(G15-Oes-
L19), about 70% weight fraction loss is observed from 200 to 500 °C (Figure 8.2b,c), which
is due to the decomposition of polymer and some oxygen functional groups on GO sheets.
Based on the area under the corresponding derivative curves (Figure 8.2b,c, insets it was
found that after first 20 minutes there was adsorbed approximately 47% of P(Gss-Oss) and
53% of P(G15-Oss-L19) to the surface of GO sheets. After 4.5 hours 52% of P(G34-Oss) and
58% of P(G15-Oes-L19) was observed. It suggests that adsorption process is very fast at
initial stage. Also, P(G1s-Oss-L19) unlike P(Gss-Oss) has higher affinity for adsorption to

GO sheets, since its additional LMA side-chain can directly attach to the hydrophobic sites
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on GO. Before TGA experiments each sample was thoroughly rinsed with DI at least three

times to remove all unattached polymer.
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Figure 8.2 Thermogravimetric analysis of P(Gss-Oss), P(G1s5-Oes-L19) polymers and pristine GO (a). Kinetics of

adsorption of P(Gs4-Ogs) () and P(G1s-Oss-L19) (C) copolymers to GO sheets.

It suggests that adsorption process is very fast at initial stage similar to what is
observed for the melt grafting. Also, P(Gis-Oss-L19) unlike P(G3s-Oes) has higher affinity

for adsorption to GO sheets since its additional LMA side-chain can directly attach to the

hydrophobic sites on GO.
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8.1.4. Electrical properties

In order to directly assess the extent to which the GO samples have been reduced
and a defect repair degree!*? electrical conductivity measurements were performed by
Mykhailo Savchak working under Dr. Luzinov’s supervision. 34 measurements on about
15 different samples consisted of sequentially deposited r(GO/P(G34-Oss)) conjugate,
polyacrylic acid and another layer (GO/P(Gs4-Oss)) that were deposited on undoped
Si/SiO2 substrates and thermally carbonized at 1000 °C in nitrogen flow. The defects in the
graphene oxide double layer are getting “healing” through the formation of carbon radicals

similar to what was observed for CVD of hydrocarbons.!14

Two-point transport measurements indicated an average sheet resistance 1200 Q/sq
(by a multimeter) and 1508 Q/sq (from I-V measurements) at room temperature, which
resulted in an average conductivities of 2424 S/cm and 3605 S/cm respectively. Thermal
reduction of GO/PAA/GO films resulted in better graphitization of graphene sheets and
hence further increased conductivity values than for rGO, r(GO/P(G34-Oss)) or rGO/PAA
films. Notably, electrical conductivity values for the bi-layer film is one of the highest

reported results'®2 obtained under the similar thermal treatment conditions.

By selecting the appropriate copolymer for the modification, it is possible to
achieve a uniform monolayer free of crumbles, wrinkles and sheet overlapping. This allows
for consequent thermal reduction that yields highly conductive films of reduced graphene
oxide. The technique of colloid substrate modification with PGMA-based graft copolymers
can be transferred to other layered systems to compatibilize them with the surface they are

applied to.
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8.2. Polymer Cocoons for Thermal Stability of Mesophilic

Enzymes over 100°C

Enzymes are poised to become major commercial catalysts for sustainable chemical
technologies, in food industry, biofuel production, deactivation of toxic materials and
chemical weapons, laundry, cleaning of oil spills, biosensors, medicine, and many other
applications owing to their unparalleled catalytic efficiency and substrate specificity.?’3
However, quite often the industrial adaptations of biocatalysts are hurdled by the fact that
the majority of enzymes can function only at mild aqueous conditions similar to biological
cell environment while many industrial processes and real life applications are known to
inflict harsh processing conditions such as variations of temperature, pH, solvents, and the
high concentration of reactants.®>*® Enzymatic industrial processes tend to be expensive
due to a short life-span, poor resiliency and low reusability of biocatalysts. Long-term
enzyme thermal stability is vital to harness their catalytic performance beyond their natural

environment.34-%7

Herein, a reported original conjugation strategy has a potential to become a virtually
universal thermal stabilization approach for a range of enzymes. The method is based on a
spontaneous formation of a semipermeable single polymer molecule cocoon enveloping
the enzyme. The cocoon is permeable for substrates and products. It was found that the
enzymes stabilized by the cocoon retained their biocatalytic activity after exposure to the

temperatures well above 100 °C. Indeed, the enzyme-cocoon conjugates extended the
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temperature range of thermal stability up to 150 °C in the case of Hen Egg-White

Lysozyme.

8.2.1. Materials and methods
This work has been done in collaboration with Dr. Nataraja Sekhar Yadavalli

working under the supervision of Dr. Minko in University of Georgia.

Materials

Lysozyme is a 14.3 kDa enzyme that is found in orthologous forms in many
different organisms. One of the best-studied forms is found at relatively high amounts in
hen egg-white. To estimate the activity levels of lysozyme-PL conjugate at the elevated
temperatures, the EnzChek® lysozyme assay kit (Catalog # E22013) purchased from the
ThermoFischer Scientific was used. The assay measures lysozyme activity down to 20
U/mL on Micrococcus lysodeikticus (new name: Micrococcus luteus) cell walls, which are
labelled to a high degree that the fluorescence is quenched. Active Isyozyme hydrolyzes
the B-(1-4)-glucosamine linkages, relieving the quenching and yielding an increase in the

fluorescence that is proportional to lysozyme activity.

8.2.2. The basic concept of the polymer cocoon

The basic architecture of the enzyme-polymer conjugate is explained on Figure
6.6. The enzyme is fortified by conjugation with water-soluble polymer ligand P(Gs4-Oss)
that has been described in details in Chapter 6. P(Gss-Oss) is designed to impose on the
enzyme a broad range of intermolecular forces and covalent bonding in order to stabilize

the favorable molecule conformation of the protein. This required a combining of reactive
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epoxy functional groups and oligomeric polyethylene glycol (OEGMA) side groups in the
P(Gss-Oes) structure. Epoxy functionalities react with multiple amino groups of lysine
(Lys) monomeric units of the enzyme (Figure 8.3) creating an enzyme-polymer covalent
conjugate (EPC) wrapping the enzyme molecule into a cocoon-like structure. OEGMA
side chains rally multiple hydrogen bonding to provide the stabilizing effect of the
polymeric cocoon. At the same time, OEGMA fragments secure solubility of the
copolymer in aqueous solutions, steric stabilization of EPC, and favorable local EPC

environment for the enzyme biocatalytic behavior as discussed below.

This design was verified for two examples of Hen-Egg White Lysozyme. The
selection is based upon their three dimensional structural analysis for the availability of
surface Lys functional residues, their distance from the active site, and spatial location of
disulfide bridges. For both enzymes, it was found a very favorable distribution of Lys
residues (Figure 8.3) for the formation of the targeted cocoon structure and uphold of

catalytic activity of the reactive site.
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Figure 8.3. (1) Schematic representation of the enzyme (E) and polymer ligand (P(Gss-Oss), PL) conjugate (EPC)
formation at 25 °C. (I1) Polymer ligand (P(Gss-Oss)) — a random copolymer of glycidyl methacrylate (GMA) and

oligo(ethylene glycol) methacrylate (OEGMA).
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8.2.3. The study of enzyme thermal stability

The LPCs were evaluated by Dr. Nataraja Sekhar Yadavalli working under the
supervision of Dr. Minko in University of Georgia for their biocatalytic performance upon
incubation at elevated temperatures using fluorescence based biocatalytic activity assays.
A comparison of catalytic activity of native enzymes and their P(Gss-Oss) conjugates
undoubtedly demonstrates that the EPCs improved the rate of enzyme activity by
severalfold as shown on Figure 8.4 in terms of relative fluorescence counts (cumulative
activity). The native lysozyme completely denatured at 80 °C, while LPC outperformed

and demonstrated excellent levels of activity up to 150 °C (nearly 100 % at 100 °C).
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Figure 8.4. Comparison of biocatalytic activity of the native lysozyme (0.44 uM) and LPC at elevated temperature (bio-
assay: 1h at 45 °C) and an incubation period of 1h is used for all samples up to 110 °C; 45 min for 120 °C; 30 min for
110 °C and 15 min for 140 °C and 150 °C. Cumulative activity: the black solid and cyan pattern bars correspond to the
native lysozyme and LPC, respectively. The data sets inside orange highlighted regions (*) labelled ‘ref” represent the
activities of native lysozyme and the LPC at 45°C without prior incubation at elevated temperature and used as a reference

point to compare with the activity of samples at elevated temperatures
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8.2.4. Summary of enzyme thermal stabilization

An effective conjugation approach to enzyme stabilization with a polymer ligand
was demonstrated. At high temperatures, a number of hydrogen bonds remains high and
conformational changes in the protein remains low, indicating a high degree of resilience
of the secondary structure and thereby contributing to the high rates of relative activity.
Despite challenges of vulnerable conformations of enzymes the conjugates demonstrate an
unmatched ability to stabilize enzymes allowing to reach much higher temperatures than
in previously proposed stabilizing methods.®! The polymer ligand creates a cocoon-like
structure by engulfing the enzyme into the stabilizing polymeric environment and
significantly improves its efficiency and the thermal stability. The stabilization effect is
originated from the deployment of a delicate synergetic combination of a strong covalent
binding to the protein globule and multiple weak hydrogen bonding between the cocoon
and protein. The stabilizing effect is preserved in the powdered lyophilized conjugates

making the proposed method promising and virtually universal for many applications.
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CHAPTER 9. CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE STUDIES

Graft copolymers are a very promising tool for surface modification which can
provide materials in a complex system with the desired properties on the interface.
However, to expand the area of their practical applicability, the modification protocols
have to be scalable but at the same time tunable. Within the present dissertation | have
focused on the development of such approach using GMA-based graft copolymers. These
materials can form surface-attached cross-linked networks capable of undergoing further

chemical reactions and show great variability of properties.

In the first part of the study, Chapters 3-5, | have investigated GMA-based graft
copolymer films synthesized by “grafting to” method. | have demonstrated the challenges
that post-synthetic modification of a polymer network can face as well as designed the
efficient methods to bypass these complications for grafting of polystyrene and poly(2-
vinyl pyridine) into PGMA films. | have demonstrated the unexpected swelling behavior
of the resulting films and provided the qualitative explanation of the observed phenomena.
The gamma-radiation stability of these nanoscale layers has been identified as well as the
pathways to mitigate the damage done to the ability of the films to interact with volatile
organic compounds. These findings are required for advanced design of a new generation
of photonic sensors that could operate in extreme environments. Finally, | have
demonstrated a prototype of nanofoam-based sensor and showed a proof-of-concept for

qualitative analysis of chemical vapors in post-exposure regime.
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At the same time, the optimization of the response of the nanoscale sensor coating
towards specific analytes (such as actual agents of chemical warfare and/or explosives) and
testing the radiation stability of the operation of the sensor as a whole are necessary. From
fundamental standpoint, a theoretical quantitative description of swelling of the polymer
graft-copolymer nanolayers and the composition-dependent collapse of nanofoam coatings
should be performed to have better general understanding of these systems and design
nanolayers with customized response. Finally, a large library of both swelling and
nanofoam collapse caused by different chemicals for different polymer systems needs to
be created to enable the use of nanofoam-based sensors for the field operations. This
dissertation paves to way for further engineering efforts to improve the performance of

such systems and apply them for combating the proliferation of dangerous compounds.

The second part of the dissertation, Chapters 6-8, reveals the potential of “grafting
through” process to prepare copolymers to control the surface properties of both solid
surfaces and colloid objects. | have developed a series of water-compatible copolymers
that retain the basic reactivity of PGMA but can be used in an aqueous process. | have
performed a detailed study of the composition-dependent properties in this system
including thermal properties, surface energy, water solubility and kinetics of melt-grafting.
I have demonstrated that such systems can be used to control materials wettability using
the deposition of modified graphene oxide as an example to yield transparent conductive
coating. At the same time, GMA copolymers show no signs of cytotoxicity and can be used
to control cell adhesion, moreover, they are a highly-promising platform for mechanically

robust drug-loading. In addition, GMA-copolymer can provide enzymes with
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unprecedented thermal stability through simple one-step conjugation. In a broader
prospective, GMA-based copolymers can be used in a one-step process to compatibilize

the interfaces and are especially interesting for biological applications.

Future studies for graft copolymers synthesized by “grafting through” procedure
should be concentrated on theoretical explanation of thermal stabilization observed for
polymer-enzyme conjugates and creation of the predictive models. Stability to pH and non-
aqueous solvents should be investigated as well as it can significantly boost the processing
windows for industrial processes involving selected enzymes. As GMA-based copolymers
were showed to be extremely effective for the design of mechanically resistant drug-loaded
coatings, their action needs to be verified during in-vivo animal studies. Also, other drugs
can be investigated for the loading into copolymer layers. If the results are promising, these

findings should be considered for commercialization.
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