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Abstract

Non-vinyl-based ‘grafted from’ polymer brushes have generated much interest and growth
in the past decade due to the potential for stiffer backbones, long-range order, and new backbone
functional groups, compared to the traditional vinyl-based polymer brushes. This area of polymer
brushes has been spurred on by the recent advancements in the development of new polymerization
techniques, such as chain-growth condensation polymerization, that allow for the conversion of
traditional step-growth polymers into the required chain-growth polymers to form polymer brushes
via the ‘grafting from’ technique.[1] This exciting new category of polymer brushes forms semi-
flexible or rigid-rod structures that have potential in a variety of applications including organic
photovoltaics, organic light emitting diodes, tribological coatings, membranes for water
purification and desalination, membranes for fuel cells, high performance coatings, and biosensing
due to aromatic groups in the backbone, secondary bonding forces connecting chains, or
conjugated backbones.[[2],[3]] This review will focus on the synthesis and characterization of non-
vinyl-based polymer brushes, primarily prepared via the ‘grafting from’ technique, while also
including an overview of potential applications of these systems and highlighting prospective areas

for future developments.
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ADC, azelaoyl dichloride; AFM, atomic force microscopy; AIBN, azobisisobutyronitrile; AROP,
anionic ring opening polymerization, ATRP, atom transfer radical polymerization; BEMA, 2-
bromoethyl methacrylate; CGC, chain-growth condensation; CROP, cationic ring opening
polymerization, DAH, 1,7-diamineoheptane; DCM, dichloromethane; DMSO, dimethyl
sulfoxide; DP, degree of polymerization; dppe, 1,2-bis(diphenylphosphino)ethane; dppp, 1,3-
bis(diphenylphosphino)propane; DSC, differential scanning calorimetry; FTIR, Fourier-transform
infrared spectroscopy; GPC, gel permeation chromatography; Hs, thickness of the brush film; HCI,
hydrochloric acid; HF, hydrofluoric acid; Hm, thickness of the mushroom film; IR, infrared; XPS,
X-ray photoelectron spectroscopy; ITO, indium tin oxide; MLD, molecular layer deposition; Mn
number average molecular weight; Mw, weight average molecular weight; MWCNs-COOH,
carboxylic acid functionalized multiwalled carbon nanotubes; MWD, molecular weight
distribution; Na, Avogadro’s Number; NCA, N-carboxyanhydride; Ni(bipy)Cl, [2,2'-
bipyridine]dichloronickel(II); Ni(COD)(PPhs3)z, (cyclooctadiene)-
bis(triphenylphosphine)nickel(0); Ni(COD)2, bis(cyclooctadiene)nickel(0); Ni(COD)2/bpy,
bis(cyclooctadiene)nickel(0)/2,2'"-bipyridine; Ni(dppp)Cla, [1,3-
bis(diphenylphosphino)propane]dichloronickel(Il); ~ Ni(PPhs)s,  tetrakis(triphenylphosphine)-
nickel(0); NMP, nitroxide-mediated polymerization; OLED, organic light emitting diode; OPV,
organic photovoltaic; PANI; polyaniline; PDI, polydispersity index; PEG, poly(ethylene glycol);

PLA, poly(lactic acid); PPE, poly(phenylene ethynylene); PPO, poly(phenylene oxide); PPy,



polypyrrole; PVDF, poly(vinylidene fluoride); RAFT, reverse addition-fragmentation chain
transfer; Rg, radius of gyration; rms, root mean square; ROMP, ring opening metathesis
polymerization; ROP, ring opening polymerization; RT, room temperature; SCF, self-consistent
field; SEM, scanning electron microscopy; SI-ROP, surface-initiated ring opening polymerization;
SWCN, single walled carbon nanotubes; TDI; toluene 2,4-diisocyanate; TEM, transmission
electron microscope; Tg, glass transition temperature; TGA, thermal gravimetric analysis; THF,

tetrahydrofuran; UV-Vis, ultraviolet—visible; VDP, vapor deposition polymerization;

1. Introduction

The modification of surfaces with polymers is a field that has fascinated chemists and
physicists for over half a century due to the unique ability of polymers to control interfacial
properties.[4] Surface modification using polymers has been directly responsible for both the
expansion and improvement of existing technologies and the development of new technologies.[5]
This is nowhere more evident than in the establishment of technologies focused on nanometer
scale phenomena.[6] The development of cutting-edge nanotechnology relies not only on the
synthesis of materials of controlled size, shape, and structure but also on the development of
techniques to allow these nanomaterials to be integrated into advanced devices containing superior
function and properties.[[7],[8],[9],[10],[11],[12]] The development and use of new surface
modification techniques will enable the application of nanomaterials in the next generation of
electronic, photonic, and sensing devices, biological imaging and delivery systems, and functional
nanocomposites.[13] One of the most promising approaches for the rational assembly and
application of nanomaterials is modification of the surface of these materials by attachment of

polymer chains.[14] Of the many different surface modification techniques available, polymer



brushes have received considerable attention and have been used in applications ranging from

sensors to smart coatings.[15]

Polymer brushes are composed of polymers that are attached to a surface or interface by
either covalent attachment or through physical absorption from one end of the polymer and possess
a high enough grafting density that the polymer chains start compressing one another causing them
to stretch away from the surface.[[16],[17]] Over the past three decades, polymer brushes have
gone from a fundamental concept to being utilized for many different applications due to the
inherent flexibility in creating highly customized thin films in which thickness, chemical
composition, architecture, and overall function can be easily controlled.[[18],[19]] Some of the
applications of polymer brushes include control over wetting, lubrication, corrosion and colloidal
stability, ‘smart’ optical systems, microelectromechanical systems, textiles, biomedical surfaces,
patterned surfaces, protective coatings, hybrid solar cells, and surface electronic
properties.[[2],[16]] Despite the tremendous interest in polymer brushes, research and applications
have been primarily limited to polymers prepared via chain-growth polymerization techniques
involving, predominantly, vinyl-based monomers.[[14],[16],[19]] This is in part due to the
requirement that to prepare well-defined polymer brushes, a polymerization technique that
provides controlled polymer growth, narrow molecular weight distributions (MWDs), and that can

be effectively initiated from the desired substrate, is required.[20]

One emerging area of research in the field of polymer brushes is the use of non-vinyl-based
monomers. This research has been driven by the need to develop polymer brushes based on the
desire for polymer backbones with different functionalities and on the development of conjugated
and/or aromatic polymers for various applications, including organic photovoltaics (OPVs),

organic light emitting diodes (OLEDs), tribological coatings, membranes for water purification



and desalination, membranes for fuel cells, high performance coatings, and biosensing.[[2],[3]]
Some of the unique properties that separate these polymers from the traditional vinyl-based
polymers include conjugation in the polymer backbone, biocompatibility, high tensile strength and
modulus, improved thermal integrity, enhanced chemical stability, biodegradability, secondary
bonding forces, and a high degree of alignment.[[21],[22],[23]] This review will serve as a
summary of the recent work in the area of polymer brushes synthesized from non-vinyl-monomers,

primarily using the ‘grafting from’ technique.

2. Polymer Brushes

2.1 Surface Modification Using Polymers

While polymers can be used to modify a variety of different surfaces, there are two general

types of surface modification techniques: physisorption or covalent attachment. Of these
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structures using physisorption, the covalent attachment method will be the primary focus of this



review. There are two main methods for covalent attachment of a polymer chain to a surface or
substrate: the ‘grafting to’ method and the ‘grafting from” method (Figure 1).[24] The ‘grafting
to’ method involves a pre-synthesized polymer chain that is bound to the surface by reacting a
functional group on the polymer chain to a surface binding site. This method is extremely versatile
due to the wide range of polymers and surfaces that can be utilized. The main requirement is that
a reactive group must be present on the polymer chain, commonly as an end-group, to allow for
attachment to the substrate. Another advantage of the ‘grafting to’ method is that the polymer
chains can be fully characterized before they are attached to the surface. This is extremely
important when knowledge of the molecular weight, MWD, or functionality of the polymer is
critical to the application of the polymer-modified surface. The main disadvantage of the ‘grafting
to’ method is that it typically results in a lower grafting density.[25] The lower grafting density
comes from the fact that as polymers start binding to the surface they can sterically block reactive
sites. This steric hindrance makes it difficult for new polymers to reach the surface and can inhibit
the grafting density from reaching the values required for brush formation. Where the ‘grafting to’
technique works the best is with lower molecular weight polymers or surface applications that do
not depend on grafting density or require a polymer brush structure. Typically, lower molecular
weight polymers will result in a higher grafting density when using the ‘grafting to’ technique.
This relationship between molecular weight and grafting density is shown in Equation 1 where
grafting density (o, chains/nm?) decreases with increasing number average molecular weight (Mn)
at a fixed surface coverage (I', g/nm?). Surface coverage is given by Equation 2 where h is the
thickness of the polymer film and p is the density of the polymer being used.[26]

_I'Ny x 107%

v (1)

o



r=hp (2)

To overcome the limitation of lower grafting densities, the ‘grafting from’ method can be
used. The °‘grafting from’ method typically focuses on the use of living chain-growth
polymerization techniques to grow the polymer directly from the substrate. This is achieved by
surface-immobilizing an initiator on the substrate then polymerizing the desired monomer(s) from
that initiator. The use of surface-immobilized initiators and the ‘grafting from’ technique typically
allows for the preparation of polymer-modified surfaces with high grafting densities and has
generally become accepted as the most attractive way to prepare thick, covalently tethered polymer
brushes.[27] Because of this, polymer-modified surfaces prepared via the ‘grafting from’ method
will be the focus of this review. The downside to the ‘grafting from’ method is that, traditionally,
only polymerization techniques that involve a living chain-growth process can be employed to
grow thick, controlled polymer brushes. This has, for the most part, limited the types of polymers

that can be grown to those primarily from vinyl-based monomers.

2.2 Conformation of Surface-Immobilized Polymers

From the above discussion, it is clear that the conformation polymers adopt on surfaces is
critical in defining the type of polymer-modified surface produced. Surface-immobilized polymers
adopt different
conformations

depending on the

type of polymer

used, the grafting Pancake H _ Mushroom | | Brush-ike |

Figure 2. Scheme deplctmg the different conformations polymers can adopt when attached to
density, and any 2 surface.



intra- or inter-molecular forces between the polymer chains and the surface (Figure 2). As
mentioned previously, polymer brushes are composed of polymer chains present at a high enough
grafting density to force the chains to compress each other and extend away from the surface.
When this regime is achieved, new or improved properties can be obtained, such as ultralow
friction surfaces and auto-phobic behavior.[17] The conformation most commonly associated with
a polymer brush is a compressed random coil (Figure 2).[19] This conformation is conventionally
obtained by using polymers synthesized from vinyl-based monomers. The backbone of these
polymers is typically composed of single carbon-carbon bonds, which enhance the flexibility of

the polymer chains and result in the polymer chains adopting a random coil shape.

There are three main conformations that these random coils can adopt when attached to a
surface, all of which depend on the grafting density (Figure 2). In order to find the grafting density
of a surface-initiated polymer Equation 3 can be used where h is the film thickness, p is the density

of the polymer, M is the number average molecular weight, and Na is Avogadro’s number.[28]

number of chains hpN,
o= =

(3)

unit area M,
Y =onR; (4)

Another important parameter that is often used for comparing surface-initiated polymer
brushes is the reduced tethered density (X). £ is described by the number of polymer chains that
could fit the same space that an uncompressed polymer chain would possess under the same
conditions.[29] This is calculated from Equation 4 where Ry is the radius of gyration of a tethered
chain under the specific experimental conditions of solvent and temperature.[19] In an ideal
system, polymer brushes would be formed starting at X = 1 but in reality this occurs at a higher

value for random coil brushes (Figure 3). If X is lower than 5, meaning the distance between
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attachment sites is greater than the size of the polymer coil, then either a pancake conformation or

a mushroom conformation
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where the polymer lays flat results. Figure 3. Schematic of grafting density versus brush height in the

] ] transition from the mushroom regime to the brush regime.
Due to the typically lower grafting

density of polymer films prepared using the ‘grafting to’ technique, either a pancake or mushroom
conformation is often formed. When X is greater than 5, meaning the distance between attachment
sites is less than the size of the polymer coil, a brush conformation is observed. When this occurs,
the polymer chains try to avoid overlap by pushing away from the surface, resulting in a

compressed random coil polymer brush.

To find the scaling relationship of polymers in the brush and mushroom conformations,
Equations 5 and 6 can be used, where polymer chains consist of N statistical segments of diameter

a, Hm is the thickness of the mushroom film, and Hby is the thickness of the brush film.[28]

1

/
Hm~a(%) F NGO (5)
H, ~Na'/3 (6)

In Equation 5, the film thickness of polymers in the mushroom conformation can be seen to

increase with grafting density to the power of zero meaning the thickness is independent of grafting
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density. Whereas, in Equation 6, the thickness of films in the brush conformation can be seen to
scale with grafting density to a power of one third (Figure 3). This occurs due to chain and/or
steric interactions forcing the film thickness to increase with increasing grafting density in a brush.
It should be noted that the vast majority of brush conformation studies, both experimental and
theoretical, have been based off random coil polymers due to the fact that the majority of polymer

brushes have been prepared from polymers that adopt random coil structures.

A new area of interest within polymer brush research is incorporating polymers with stiffer,
more rigid backbones, such as polymers with aromatic groups in the backbone, conjugated
backbones, or backbones with different linking functionalities. These polymers make what are
called semi-flexible or rigid-rod polymer brushes and are believed to possess more long-range
order than compressed random coil brushes.[30] Despite the interest in these newer types of
polymer brushes, there have been few studies on their conformation. One study suggests a lower
¥, ~0.4, is needed to enter the brush regime for polypeptides when compared to brushes produced
from vinyl-based monomers.[31] As discussed earlier because of the predictions of stiffer

backbones and higher ordering, there is the potential for many new applications havebeen

coatings,—and-biesensing.[[2],[3]] Before delving into the different types of non-vinyl-based

polymer brushes that have been developed, the traditional methods to prepare conventional

polymer brushes will be briefly discussed.

2.3 Synthesis of Polymer Brushes

In order to obtain well-defined polymer brushes using the ‘grafting from’ technique, a

living chain-growth polymerization technique is most commonly used. Similar to conventional

11
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chain-growth polymerization, living chain-growth polymerizations are defined by the sequential
addition of monomers to the end of a propagating polymer chain. However, in a living system,
termination reactions are minimized to allow for the continued growth of the polymer chains. In
addition, if initiation is fast relative to propagation, the molecular weight will increase linearly
with conversion producing polymers with a low polydispersity index (PDI). This process is critical
in producing uniform, well-defined polymer brushes, because fast initiation relative to propagation
ensures that all chains are initiated at the same time and linear evolution of molecular weight results
in all the polymer chains growing at the same rate. The need for these properties has traditionally
excluded the step-growth polymerization techniques for the synthesis of polymer brushes, as these
techniques involve the random addition of monomer and/or oligomers, and the slow evolution of
molecular weight. In a step-growth polymerization, the polymer chains begin by growing slowly
with increasing conversion as dimers, trimers, etc. are formed. Once larger chains start reacting
with each other, the molecular weight grows rapidly at high conversion. The random reaction of
functional groups in step-growth polymerizations leads to molecular weights that are commonly
lower than those achieved via many of the chain-growth polymerizations and higher PDIs,
approaching 2.0 in an ideal system.[32] Because of this, the use of step-growth polymerization to
prepare polymer brushes is best suited for a ‘grafting to’ process, which typically results in lower
grafting densities and non-uniform films. Regardless of the polymerization technique used, the
formation of polymer brushes via the ‘grafting from’ technique requires the immobilization of
initiators on the surface to be modified, followed by surface-initiated polymerization. The
following discussion will briefly discuss these processes, as a more detailed discussion of these

topics can be found in recent review papers.[[24],[33],[34],[35],[36]]

2.4 Surface-Immobilization of Initiators

12
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Chemical attachment of suitable initiators to the surface of interest is critical to the
preparation of polymer brushes using the ‘grafting from’ technique. This has been shown to occur
from a wide variety of substrates, ranging from Br B%

organic to inorganic materials.[[33],[27]] One
Cl.

N
OH OH OH el Cl

S
o c"a o

of the most widely used methods for surface

immobilization of initiators is the use of

silanes.[34] Silanes have been shown to attach
o | <,
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O {
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Oxide —¢ ° Oxlide
functional groups. When oxide substrates are

not available, another popular method is the use Figure 4. Hydroxylated surface reactions with example
silane initiators used for ‘grafting-from’ surface initiated

of thiol groups to attach polymers to noble polymerization. [[24],[37]]

metals, such as gold. Polymer substrates have been used to make polymer brushes, but have had

issues due to the substrate dissolving, swelling, or breaking down.[37] One way to avoid these

issues is to produce a cross-linked curable polymer substrate. This limits the polymer dissolving

or breaking down and reduces swelling.[24] While other processes have been used to attach

initiators to surfaces, due to the prevalence of the use of silanes, these will be the focus of

discussion.

The attachment strategy for immobilization of silanes typically involves hydrolyzing
alkoxylsilanes or chlorosilanes with the oxide of interest. These oxide substrates are routinely
activated using acidic-based cleaning to increase the amount of hydroxyl groups on the surface.

This helps produce a more uniform coverage of the surface with the silane coupling agent. Silane

13
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coupling agents are comprised of two main functional groups. One functional group will initiate
the polymerization, while the other functional group is composed of a silicon atom that has
hydrolysable groups, such as alkoxy groups or chlorides, that can be used to attach the coupling
agent to a substrate. When the silane coupling agent gets near the substrate, the hydroxyl groups
on the surface act as nucleophiles, attacking the silicon atom to eliminate the alkoxy or chloride
leaving group (Figure 4). Comparing the different side products of this reaction, the alcohol from
the alkoxide makes for a more stable and/or typically less reactive leaving group compared to the
hydrochloric acid generated from chlorosilanes.[38] Another variable is how many hydrolysable
groups are available on the coupling agent. This can vary between one to three groups and the
number of groups has been shown to play a critical role in surface morphology.[39] These coupling
agents have been shown to form a siloxane bonds between silane coupling molecules linking them
together. The use of more hydrolysable groups increases the reactivity of the coupling reagent with
the surface but also results in the formation of aggregates on the surface. To negate this, it has been

shown that using less hydrolysable groups decreases aggregation.[40]

2.5 Living Radical Polymerization for Synthesizing Polymer Brushes

14



As mentioned previously, by far the majority of polymer brushes synthesized via the

‘grafting from’ technique have
utilized vinyl-based
monomers. These monomers
have been extensively studied
due to the existence of multiple
living chain-growth
polymerization techniques that
utilize them and produce well-
defined polymers, which is
essential for growing polymer
brushes.[[16],[19],[24]] While
a number of different living
polymerization techniques
have been used for the

synthesis of polymer brushes
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based on vinyl monomers, the majority have focused on the use of living radical polymerization

techniques, which include atom transfer radical polymerization (ATRP), reversible addition-

fragmentation chain transfer (RAFT) polymerization, and nitroxide-mediated polymerization

(NMP) (Figure 5). All of these techniques utilize an activation/deactivation mechanism, to

minimize termination reactions, and promote fast initiation relative to propagation to ensure the

preparation of living polymers with defined molecular weights and narrow MWDs.
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Polymer brushes prepared from vinyl-based monomers have been studied for application
in numerous areas, including control of wetting properties, prevention of nonspecific binding of
biomolecules, bio-adhesion, colloidal stabilization, resistance to fouling, polymer compatibilizers,
new adhesive materials, chromatographic devices, etch barriers, and many others.[[19],[16],[24]]
However, despite the large amount of work already performed utilizing these polymer brushes,
they continue to be investigated as researchers look to develop new structures, functionality,
architecture, and applications. Due to the wide spread use of these systems in polymer brush
synthesis, this review will not include a detailed background of the living radical polymerization
systems and the reader is directed to recent reviews of this topic for more

information.[[19],[16],[24],[27],[39],[25].[41],[42]]

3. New Polymerization Methods for the Synthesis of Polymer Brushes

As mentioned above, in order to obtain well-defined polymer brushes via the ‘grafting
from’ technique, a living chain-growth polymerization should be utilized. This requirement has
traditionally limited the types of polymer brushes that could be synthesized to those coming
primarily from vinyl-based monomers. In an effort to expand the field of polymer brushes prepared
via the ‘grafting from’ technique, there has been a search for new polymerization methods that
either follow a living chain-growth process or can be modified to do so. One of the most interesting
polymerization methods in this regard is chain-growth condensation (CGC) polymerization.
Yokozawa et al was the first to report CGC via substituent effect with polyamides, polyesters, and

polyethers.[[43],[44],[45]] A few years later, Yokozowa et al. and McCullough et al. separately

demonstrated catalyst transfer CGC of polythiophenes —seme—of-thefirst-workreporting new

chain-growth mechanism Their seminal work demonstrated that polymers. such
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as—Because of this seminal work, polyamides, polyesters, polyethers, and many different
conjugated polymers, which were almost exclusively prepared via step-growth polymerization,
could be transformed into well-defined polymers with narrow MWDs using a chain-growth
process. The conversion of traditional step-growth polymerizations into living chain-growth
polymerizations has the potential to significantly increase the application for these traditional step-
growth polymers due to the control of molecular weight, lower PDIs, and the new architectures

that can be prepared. This is particularly evident in the field of polymer brushes.

The underlying principle of the CGC polymerization technique centers on controlling the
polymerization so that monomer preferentially reacts with an initiator or propagating chain end
instead of other monomers. The two main CGC polymerization techniques are: catalyst transfer
polymerization and substituent effect chain-growth polymerization. The following discussion will
provide a brief overview of each of these techniques. For a more in-depth explanation of CGC

polymerization methods, there are a number of recent reviews.[[1],[49],[50],[51],[52]1,[53],[54]]

3.1 Catalyst Transfer Polymerization

Catalyst transfer polymerization, as the name suggests, utilizes a catalyst that stays on the
end of a propagating polymer chain to promote monomer insertion, converting a traditional step-
growth polymerization to a living chain-growth polymerization. Many new polymerization
techniques have been developed that utilize catalyst transfer polymerizations.[1] One of the most
popular methods is the use of Grignard monomers with nickel catalysts. This process has been
used to enable the chain-growth polymerization of many different monomers including thiophenes,
selenophenes, pyrroles, phenylenes, fluorenes, cyclopentadithiophenes, dithiosiloes,
bithienylmethylene, pyridines, benzotriazoles, thiazoles, and diaryl monomers.[3] Other types of

polymerizations that have been developed include Pd-catalyzed Suzuki-Miyaura coupling
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polymerization of acid ester monomers, Pd-catalyzed Mizoroki-Heck polymerization of p-
iodostyrene, transition metal-free polymerization of pentafluorophenyl, Negishi coupling
polymerization using zinc monomers with a Pd catalyst, among many others and have been

reviewed extensively.[[1],[49],[501,[51],[52],[53].[54]

The earliest work in this area was published by McCullough and co-workers when they
reported the metal catalyzed polymerization of 2-halo-3-alkylthiophenes transformed into a head

to tail polythiophene using Kumada coupling.[[55],[56],[57],[58]] This work was followed by

Yokozawa et al. who used a bromothiophene ligand
P
Grignard-type monomer with a nickel catalyst = Nio)
: CsH13
and lowered the PDI of the resultant o St /5\ e B,
Reductive elimanation Oxldatlve addition
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Figure 6. Reaction scheme showing a proposed

been widely used for developing a variety of mechanism for nickel catalyst "ring-walking" across the
aromatic backbone of polythiophene. [53]

transfer polycondensation (KCTP) and has

conjugated and aromatic polymers. One of the

unique aspects of Yokozawa’s discovery was control over the chain end group functionality. Using
this controlled functionality, block copolymers have been synthesized using ATRP, RAFT, and
NMP in conjunction with most types of catalyst transfer polymerizations.[1] An example of this
was shown by Ogino et al. who made a poly(3-hexylthiophene)-b-polystyrene block copolymer

using a Suzuki coupling reaction between the two presynthesized polymers, which were
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polymerized using Grignard metathesis polymerization and ATRP, respectively, for use in OPV

applications.[59]

The mechanism of catalyst transfer polymerization has been theorized to work by the
catalyst ‘ring-walking’ across the aromatic backbone to the end of the propagating chain (Figure
6).[53] When this occurs three steps take place: reductive elimination, oxidative addition, and
transmetalation. Computational work has demonstrated that these steps are more favorable
continually occurring on one chain end, rather than the catalyst complex leaving the chain end
altogether and reacting with a monomer in solution.[60] This ‘ring-walking’ step is predicted to
be favored by polarization of the pi-conjugated system from the electron withdrawing halide atom.
Computational studies by Zenkina et al. have shown a 2-3 kcal/mol stabilization as the nickel-
catalyst complex ‘walks’ towards the electron withdrawing bromide.[60] This ‘ring-walking’
differs from step-growth polymerization using these types of catalysts, in that the catalyst can
dissociate from the reactive site instead of staying on that propagating chain. The development and
application of the ‘ring-walking’ mechanism is responsible for converting step-growth
polymerizations into living CGC reactions, which has in turn made many new polymer brushes

possible.

3.2 Chain Growth Condensation Polymerization via Substituent Effects

CGC polymerization via substituent effects uses activation and deactivation, via induction
or resonance effects, to selectively activate the propagating polymer chain end to monomer
addition, after an initiation process, rather than the random reaction of monomer with monomer.
While different methods can be used to achieve this, typically control is obtained by removal of a
proton, via a strong non-nucleophilic base, from a functional group on one side of an aromatic

ring. This results in a strong electron donating group, with the increased electron density
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distributed through the ring via an inductive or resonance effect to stabilize or reduce the reactivity
of an electrophilic site attached to the aromatic ring. Typically, groups that are para and ortho to
each other use a resonance effect and groups that are meta to each other use an inductive effect.
Once monomer adds to the propagating chain end, the resultant functional group is weakly electron
donating, which increases the reactivity of the chain end, relative to monomer, and results in

selective reaction of the monomer with the propagating chain rather than between monomers.

CGC polymerization via substituent effects was first observed with para-substituted

monomers, such as 4-halothiophenols, 4-halo-2,6-dimethylphenols, the potassium salt of 4-fluoro-

. b
4'-hydroxybenzophenone, sodium 4- 2 ) 0

X
fluorobenzenesulfinate, \©\ O O
OH E o

methylphenyldichlorosilene with alkali metals, <
d

and  condensation  polymerization  of ° OH ) o

Me Na S\O' .
dibromomethane with bisphenol A (Figure /©/ Na

F

7)-[[61],[62],[63],[64],[65],[66]] These X
polymerizations proved difficult due to the low ©) ol f) Me Me Br~ “Br

1..Cl

Si
solubility of the polymer and the presence of @/ ~
HO OH

step-growth polymerization side reactions. In Figure 7. Some of the first monomers used when CGC

polymerization was observed. a) 4-halothiophenols b)
an ideal CGC polymerization reaction 4-halo-2,6-dimethylphenols c) 4-fluoro-4'-
hydroxybenzophenone d) sodium 4-
fluorobenzenesulfinate e) methylphenyldichlorosilene

monomer would only react with propagatin
Y propag & f) dibromomethane with bisphenol A. [49]

chain end. This occurs because after a
monomer reacts with an initiator or propagating chain the reactivity of the end group increases due

to the substituent effect. In most cases, the new functional group formed is significantly less
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electron donating than the previous negative charge on the monomer, which encourages monomer

reacting with propagating chains instead of monomer reacting with monomer.

Following on from this initial work, the activation/deactivation method has been developed
further, resulting in modern living CGC polymerizations that provide higher levels of control over
monomer reactivity and well-defined polymers. In addition to controlling monomer reactivity,
living CGC polymerizations require the addition of an initiator to provide fast initiation relative to
propagation and to effectively define the number of growing chains in the polymerization system.
The addition of an initiator is also important as it has been demonstrated that CGC monomers can
react with each other without an initiator, which results in a broadening of the MWD.[49]
However, as this reaction is slow relative to reaction with an effective initiator or the propagating
chain end, well defined polymers with a narrow MWD distribution can be achieved using a variety

of different monomers.

Well-defined aromatic polyamides, polyesters, and polyethers have all been produced
using CGC polymerization via substituent effects.[1] Polyamides have been formed using an ester
group that is either para, ortho, or meta to an amine group on an aromatic ring. Because the amide

less stable
bond is more stable than an o

more stable o ji

ﬁ\ . o ©
. /@AN 5 n N)LS base 0 nN ]
ester bond, the amine makes o o @ "o @4:- : )L{O @
R BzO R

for a good nucleophile and

the ester carbonyl acts as a o j\ N)LS
R = CgHyy L o
good electrophile in the R = (CHz)50(CH,);0CH; @ °

R

. better leaving group worse leaving group
nucleophilic acyl

substitution reaction to form Figure 8. Reaction scheme depicts CGC polyester formation comparing 3-

. acyl-2-benzothiazolone as a stable leaving group to the transesterification
the polyamide. The use of product as a less stable leaving group. [67]
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CGC polymerization via substituent effects for the preparation of polyesters is more complicated
due to ester bonds being more prone towards reaction with nucleophiles, resulting in
transesterification reactions during the polymer synthesis.[67] When a backbone ester bond is
broken this cleaves the polymer, lowering the molecular weight, and broadens the MWD. To avoid
this, a high concentration of initiator is often used, which limits the process to low molecular
weight polymers, and the reaction is carried out at lower temperatures.[49] The leaving group from
the nucleophilic acyl substitution reaction forming the polyester is also important and must be very
stable compared to a normal ester hydrolysis alcohol leaving group (Figure 8). For example, a 3-
acyl-2-benzothiazolone leaving group resulted in a low PDI polyester due to the 3-acyl-2-
benzothiazolone substituted carbonyl group possessing higher reactivity and a more stable by-
product compared to typical ester leaving groups. Unlike polyamides and polyesters, polyethers

have been formed strongly electron donating

0]
using  nucleophilic & 0@ L q\i@{
|
A0 )

aromatic substitution inactive

between a phenoxide electron withdrawing

o)
and an aryl halide. NOZQ@E;{C,@

reactive

These reactions are NO> 0
- o

performed at high

reactive

temperature and have

o (@)
'}l% >—4 o
been shown to R 0 NO; ‘@‘6( O
N
S Ko

produce  polymers

with narrow Figure 9. Hypothesized mechanism for the synthesis of polyamides via CGC polymerization using
substituent effects depicting inactive monomer, highly reactive initiator, and reactive propagation
MWDs.[50] chain end. [54]
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While a number of different polymers have been produced using CGC polymerization via
substituent effects, the majority of research by Yokozawa et al. has focused on producing aromatic
polyamides.[52] The synthesis of polyamides using CGC via substituent effects has three main
aspects to the proposed mechanism (Figure 9). First, a monomer with a secondary aromatic amine,
either para, ortho, or meta, to an ester group on an aromatic ring is used. A strong, non-nucleophilic
base is then used to deprotonate the amine, giving it a negative charge. Yokozawa theorized that
this charge deactivates the ester towards nucleophilic acyl substitution, through a resonance or
inductive effect, by making the carbonyl carbon less electrophilic. Once all monomers have been
deprotonated, an initiator with an electron withdrawing group, typically para to an ester group, is
introduced. The electron withdrawing group on the initiator pulls electron density away from the
ester carbonyl, via resonance, making it more electrophilic and, thus, more reactive towards
nucleophilic acyl substitution. The deactivated monomers readily react with the initiator, rather
than with each other, starting a propagating chain. The amide bond formed via addition of
monomer to the propagating chain is weakly electron donating, making the ester bond at the chain
end less electrophilic than the initiator but more electrophilic than the deactivated monomer. This
overall process allows for fast initiation compared to propagation, which produces a low PDI, and

selective reaction with the chain end, providing controlled molecular weights.

Research by Yokozawa et al. has attributed the success of CGC polymerization via
substituent effects in producing well-defined polymers of low PDI on the electrophilicity of the
ester carbonyl, which is modified by either a resonance or induction effect to alter its reactivity
towards nucleophilic acyl substitution.[1] Recent work done by our group has shown that the
basicity of the leaving group on the ester plays an equally important role in this process.[68] By

varying the basicity of the leaving group, the propagation rate constant of the monomer was shown
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to change by up to four orders of magnitude while maintaining a low PDI in the resultant aromatic
polyamide. The change in propagation rate constant was attributed to altering the activation energy
for elimination of the leaving group from the tetrahedral intermediate formed as part of the
nucleophilic acyl substitution mechanism. Decreasing the basicity of the leaving group lowers the
activation energy for the elimination process and, thus, increases the propagation rate constant. It
was also shown, using theoretical calculations, that these large changes in reactivity occurred with
minimal changes in the electrophilicity of the ester group carbonyl carbon. In fact, the most
reactive monomer, trifluromethylphenyl 4-(octylamino) benzoate, had the least electrophilic ester
carbonyl carbon when compared to the other monomers used in the study. From this work it is
apparent that the mechanism for CGC polymerization via substituent effects relies on a balance

between the reactivity of the ester carbonyl group and the basicity of the ester leaving group.

3.3 Ring Opening Polymerization

Before discussing different non-vinyl-based polymer brushes a brief overview of ring
opening polymerization (ROP) will be included as this technique has been extensively used to
form these types of polymer brushes. However, since the technique has been the topic of many
review papers, the reader is directed to these reviews for a more extensive discussion on the
topic.[[69],[70],[71]] Although ROP was used as early as 1907 to form polypeptides it has seen
significant growth in recent years.[72] There are four major mechanism to synthesize polymers
using ROP; radical ROP (RROP), cationic ROP (CROP), anionic ROP (AROP) and ring-opening
metathesis polymerization (ROMP).[71] ROPs have become very useful polymerization
techniques, in that, they have become widely used in both research and industry. For example, a
significant portion of engineering plastics are prepared from ROPs due to the many different

backbones that can be formed. Applications for ROP-based polymers range from industrial
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engineering plastics to biomedical uses.[70] Unlike condensation polymerizations or vinyl-based
radical polymerizations, the main driving force for ROP normally revolves around releasing ring
strain of cyclic monomers.[73] Most ROP monomers consist of heterocyclic compounds, which
gives them a high degree of polarization. This allows these rings to undergo heterolysis of a
functional group. This exact process depends on which type of ROP mechanism is being used
(Figure 10). For ionic ROP this typically involves a nucleophile or electrophile reacting with a
functional group to start the ionic polymerization. ROMP utilize unsaturated alicyclic monomers
which are polymerized using transition metal catalysts. RROP differs from the previous
mechanisms by being able to undergo ‘homolytic’ dissociation instead of using a requiring a

functional group and, in some cases, can be used with vinyl-based monomers.[70]

There are several reasons why ROP, specifically living ROP, makes for a good synthetic
route to make polymer brushes via the ‘grafting from’ technique. Arguably, the primary reason is

that the ROP synthetic routes typically provide good control over molecular weight and polymers

. M\
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forming polymer } L/b
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Figure 10. Reaction scheme showing general ring opening mechanism including a)
cationic ring opening polymerization of oxazoline monomer b) ring opening
metathesis polymerization of of a norbornene monomer c) radical ring opening
use as they are polymerization of a 2-methylene-1,3-dioxolane monomer. [70]

known for their ease of

commonly stable towards moisture and oxidation, which drastically simplifies reactions compared

to other air-sensitive polymerizations.[70] Another reason ROP is useful for surface modification
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is that, due to the ring opening nature of these polymerizations, polymer chain backbones with a
variety of different functional groups can be prepared compared to conventional vinyl-based
polymerizations. This significantly expands possible structures to those including polypeptides,
polyesters, polyamides, and polycarbonates, which are not possible with vinyl-based
polymerizations. As such, ROP can easily be used to form ‘grafting from’ polymer brushes with
unique backbone functionality, especially compared to living radical polymerization techniques
that commonly require stringent air free conditions and are limited to carbon-carbon

backbones.[74]

4. Non-Vinyl-Based Polymer Brushes

Many reviews have been written on polymer brushes that focus on polymers produced from

vinyl-based monomers so this review will focus non-vinyl-based brushes.[[16],[24],[19],[41],[39]]

this—review= Many types of non-vinyl-based polymer brushes have been synthesized, including

polynorbornenes, polypeptides, polyesters, polyoxazoline, polyaniline, polythiophenes,
polyfluorenes, polyphenylenes, poly(phenylene ethynlene), polypyrrole, polyisocyanate,
polyisocyanide, poly(phenylene oxide)s, and
polyamides.[[2],[21],[75],[76],[77],[78],[79],[801,[811],[82],[83],[841,[85],[86]] The following
section of this review provides an overview of these systems, in addition to a discussion on

theoretical studies focused on semi-flexible or rigid rod polymer brushes.

4.1 Semi-flexible Polymer Brush Theory

26



27

Before polymer brushes were prepared experimentally they were studied extensively via
theoretical studies.[87] While the vast majority of theoretical work examining polymer brushes
has focused on flexible polymers, typically prepared from vinyl-based monomers, recently there
has been an increasing number of studies looking at semi-flexible or semi-rigid polymer
brushes.[[23],[30],[88],[89]] Semi-flexible polymer brushes are predicted to have had many
unique and improved characteristics over existing brush architectures including tribological
properties, long-range order, and liquid crystallinity.[[23],[30],[90],[91]] As such, before
discussing the different types of non-vinyl-based polymer brushes that have been synthesized, an

overview of some of the predictions based on computational studies will be examined.

In 1994 Fleer et al. devised a self-consistent field (SCF) lattice model for polymer brushes
that incorporated chain stiffness and introduced neighboring bond correlation.[88] The polymer
brushes were viewed using Kuhn segments, which treat the polymers more on a course grain level
rather than an atomistic view. Chain stiffness was introduced by forbidding back folding of the
chain segments and introducing an energy difference between forward and perpendicular
conformations. From this, an increase in chain height was predicted when chain stiffness was
increased, which was directly proportional to the change in the Kuhn segments in the polymer
chains. An increase in brush density was also predicted from the introduced neighboring bond
correlation, which decreased the polymer brush height. When both the chain stiffness and
neighboring bond correlation were introduced together and compared to a normal freely jointed
chain polymer brush, with the same polymer end to end distance, very similar brush thicknesses

were observed due to these two parameters balancing each other out.

The same year, Fredrickson et al. examined the potential differences in semi-flexible

polymer brushes compared to flexible brushes.[23] For flexible polymer brushes, it has been
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demonstrated that a Gaussian model describes the flexibility of the backbone of the polymer chains
accurately.[87] However, this model does not effectively describe the rigidity seen in conjugated,
highly crystalline, or sterically affected semi-flexible polymer brushes. To account for this,
Fredrickson utilized a wormlike chain model instead of a Gaussian model. This proved to describe
these semi-flexible brushes in a way that accounted for stiffness of the backbone and allowed this
stiffness parameter to be changed. From this work Fredrickson was able to predict that introducing
a large amount rigidity or stiffness into a polymer brush gives very different properties from a
traditional flexible polymer brush model, such as strong orientation order, weak interpenetration,

and a strong interfacial tension.

In 1998 Pryamitsyn et al. studied compression and subsequent extension of two main chain
liquid crystalline polymer brushes facing towards one another.[90] The polymers brushes were

examined using a SCF approximation. When compressed the brushes showed interpenetration with

each other, forming one structure. Once the 2
chains underwent extension the polymers
stayed “glued” together, remaining in the same
structure as the compressed brushes. This
behavior is typical of liquid crystalline
polymers  where interactions between
neighboring chains is very high, which is one
of the major factors in obtaining a high degree

of strength.[92]

Figure 11. Illustration shows molecular simulation of
flexible vs semi-flexible polymer brushes under pressure.
a) flexible brush, b) flexible brush under compression, c)
semiflexible brush, d) semiflexible brush under
compression. [30], Copyright 2014. Reproduced with
contributed significantly to the computational permission from Royal Society of Chemistry.

The work of the Binder group has

28



29

chemistry of semi-flexible polymer brushes in recent years. Through his work, Binder has
discovered some unique findings, while also helping to cement other results.[[87],[30],[89]] One
of the unexpected discoveries was that when compressing both flexible and semi-flexible brushes,
of the same grafting density, the pressure needed to maintain the brush at a given degree of
compression for the flexible brushes was greater compared to the semi-flexible brushes (Figure
11).[30] This was attributed to the semi-flexible chains all moving together, or collectively tilting
in a common orientation, unlike the flexible chains, which moved closer towards one another with
no long range order. The added stiffness of the chains in the semi-flexible polymer brush makes
this motion possible compared to flexible chains that do not possess enough long-range order to
maintain a common tilt. This has implications for tribological polymer surfaces composed of semi-
flexible brushes, due to the low amount of force needed to maintain this degree of compression.
Another important discovery by Binder was that increasing polymer backbone stiffness drastically
increases the size of the random coil observed for a given polymer length, which lowers the
mushroom to brush crossover compared to flexible brushes.[89] Because of this higher stiffness,
weaker excluded volume interactions were observed allowing for some chain overlap, without
significant chain stretching, which added an ‘in-between brush’ regime. To establish the
differences in brushes, a semi-flexible random coil and a flexible random coil were both modelled
and the grafting density of each was slowly increased. This resulted in different regimes being
observed. It was shown that the semi-flexible random coils were much larger for a given molecular
weight compared to the flexible random coils. Once the grafting density was increased, these semi-
flexible random coils converted into the brush regime far before the flexible random coils did,

resulting in smaller grafting densities required for brush formation for semi-flexible brushes
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compared to flexible brushes. This importantly demonstrated that the grafting density needed to

make a polymer brush-like structure is decreased as chain stiffness increases.

These discoveries, based on theory, were an important step in pushing for the synthesis of
new types of non-vinyl-based polymer brushes. Without this groundbreaking work, semi-flexible
brushes may not have sparked the interest of the synthetic polymer brush community, as they have
today. The next sections will outline many of the advances that have been made making new types
of non-vinyl-based polymer brushes a reality. The following table summarizes the polymer

structures of the brushes that will be covered in the subsequent discussion and how they were

synthesized. (Table 1.)

epoxyisoindole-1,3(2H)-
dione)

Surface Initiated Structure Technique
Polymers
Polynorbornenes
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Polyaniline
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Table 1. Non-vinyl-based polymer brush structures discussed in this review with corresponding polymerization
methods used.
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from’ polymer brush but the exceedingly large time required to make polymer brushes of
reasonable thickness is a major disadvantage. The MLD process involves using bifunctional
molecules that do not react with themselves but can react with specific sites on the surface. One
layer of molecules is deposited on the surface at a time then repeated with the next molecule
(Figure 12).[[123],[124],[125]] This process continues until the desired thickness is achieved.
The most common way to prepare polymer brushes via MLD is by using vapor deposition. This
involves using a heated chamber that allows a substrate to be saturated with one of the bifunctional
molecules.[126] Once this molecule has fully reacted there is a purge period to remove the first
molecule then the next molecule is allowed to saturate the substrate. This is then repeated until the
desired number of repeat units has been added. Many different polymers brushes have been
prepared using the MLD process including polyamides, polyimides, polyureas, polyurethanes,

polythioureas, polyesters, and polyimines.[[123],[127],[128],[129],[130],[131],[132]]

One of the earliest examples of successfully growing a polyamide film via MLD was
performed by Okui et al. in 1996.[107] In order to form the polymer film, 1,7-diamineoheptane
(DAH) and azelaoyl dichloride (ADC) monomers were used to form a nylon 7,9 polymer film. A
vapor deposition reaction was utilized using an alternating condensation reaction of an acid
chloride with an amine and vice versa. Each monomer was evaporated separately, 25 °C for DAH
and 40 °C for ADC, and introduced into the chamber at different times. The vacuum chamber was
evacuated at 1x107 Torr before each deposition. A quartz crystal plate with amine groups on the
surface was used as the substrate. Each monomer was allowed to react for 850 seconds before the
next monomer was introduced. Using this method polyamide films of up to 40 nm were produced.
The films were monitored using transmission and reflective adsorption spectra from infrared (IR)

spectroscopy, which showed the polymers characteristic peaks. However, it is important to note
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that no grafting density was reported, and no other characterization was performed on the polymer
films. As such, it is difficult to conclude that a polymer brush regime for this structure was

obtained.

More recently Bent et al. made cross-linked polyurea films using MLD and demonstrated
improved strength compared to non-cross-linked polyurea films.[108] In order to make these films
silicon wafers were first treated with piranha solution followed by addition of 3-
aminopropyltriethoxysilane to add an initiator the surface. After this process, the monomers were
deposited in different chambers. 1,4-diisocynateobutane, diethylenetriamine, ethylenediamine
were kept at room temperature (RT) while triethylenetetramine and tris(2-aminoethyl)amine were
warmed in an oil bath to 40 °C. Cycles for the addition of monomer started with reacting the
isocyanate monomer followed by purging with nitrogen then reacting the surface with one of the
amine monomers. Each monomer cycle was given enough time to fully saturate the surface before
purging with nitrogen between cycles. Using this method, film thicknesses approached 50 nm
while showing characteristic IR peaks for the desired polymer, along with stoichiometric
compositions of cross-linked films, as determined using X-ray photoelectron spectroscopy (XPS).
In addition, X-ray reflectivity was used to show that the overall density of the polymer film was
increased by up to 50% as a result of cross-linking. Lastly, using vacuum annealing, the
decomposition temperature of the films was demonstrated to also increase by approximately 30
°C after cross-linking. This example highlights the potential non-vinyl-based polymer films
possess in being able to not only increase polymer density but also increase the thermal stability

of the resulting films.

The development of MLD was an important step forward in achieving new types of

polymer brushes based on non-vinyl monomers. Despite this advance, the MLD method presents
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many difficulties in producing well-defined polymer brushes, including variability in growth rate,
long overall reaction times, and self-limiting growth.[[125],[133]] Based on these restraints, by
itself, MLD has a limited use. One of the major uses that MLD does have is using it in conjunction
with atomic layer deposition to form organic and inorganic hybrid films.[126] This has many
applications but falls out of the scope of this review. Because of the issues with MLD, new
techniques have been explored to make similar types of polymer brushes while overcoming the

above issues.

4.3 Ring Opening Polymerizations

4.3.1 Polynorbornene

Polynorbornene brushes have many unique applications due to ease of synthesis, an
inherent flexibility in modifying the side chain off of the main monomer unit, the high degree of
film thickness possible, a heat resistance above 300 °C, and a relatively high glass transition
temperature (Tg), ranging from 134-325 °C, of the polymers that have been produced.[134] In
particular, modification of the base norbornene monomer side chain has been shown to tailor
properties for applications including electrochemical sensors, tribological films, patterned films,
antimicrobial surfaces, and metal insulator semiconductor devices.[[77],[93],[135],[136],[137]]
By far the most common technique used to synthesize polynorbornene brushes is ROMP, typically

with a ruthenium Grubbs catalyst.

One of the first examples using ROMP to make polymer brushes via the ‘grafting from’
technique was successfully demonstrated by Laibinis et al. in 2000.[77] In this work, a silane
initiator with a norbornene group was attached to a silica wafer followed by addition of a Grubbs

catalyst to react with the cyclic alkene group on the surface and activate the initiator towards
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polymerization (Figure 13). Using this method, polymer brushes were synthesized up to 90 nm in
thickness utilizing a variety of different monomers. The versatility of this method was also
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microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, ellipsometry, atomic force
microscopy (AFM), and XPS were used to characterize the surface and show characteristic
chemical compositions, production of desired patterns, defined film thickness, and low surface
roughness. However, no grafting densities were reported for the polymer films and the polymers
were not degrafted to characterize the molecular weight of the surface attached polymers. The
absence of both of these results, make it difficult to establish if the polymer film was actually in
the brush regime, however, this work was an excellent first step in demonstrating the ability to

produce non-vinyl-based polymer films via surface initiation of norbornene monomers.

In 2001, Lewis et al. reported the growth of polynorbornene brushes up to 5500 nm thick,
which represents one of the thickest polymer brushes published to date.[93] This was achieved by

varying the concentration of the norbornene monomer, bicyclo[2.2.1]hept-2-ene, from 0.01 to
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2.44 M and using a unique initiator-modified surface, which started directly from the silica surface.
The polymerization process was very similar to the Liabinis et al. surface-initiated polymerization
process but involved a different initiator. The surface-immobilized initiator was prepared by first
etching the silica (111) wafer with 49% hydrofluoric acid (HF) for 30 minutes then aqueous 40%
NH4F for 15 minutes. Once the silica surface was protonated to give silanol groups, a substitution
reaction with phosphorus pentachloride took place with trace amounts of benzoyl peroxide, to act
as a radical initiator, resulting in chlorine in place of the hydroxyl groups. The chlorinated surface
was then exposed to allylmagnesium chloride and then reacted with the ruthenium catalyst,
(cyclohexylsP)2Cl2Ru=CHPh, to attach it to the surface. The surface was subsequently cleaned
thoroughly and different concentrations of norbornene monomers were used to synthesize the
polymer brushes. The polymer brushes were grafted directly onto the silica (111) in order to obtain
more control over insulation properties for use in electrical device construction. SEM and
ellipsometry both confirmed the 5500 nm thickness while XPS confirmed the atomic composition
for each step of the synthesis. Again, no grafting density was obtained nor was polymer degrafted
for molecular weight characterization, however, this extremely thick surface-initiated film was a

novel step forward in the polymer brush field.

In 2018 Berron et al. showed that by cross-linking a polynorbornene brush it could
withstand solvent degradation much better than without cross-linking.[94] While surface-initiated
polynorbornene films have shown to be of value for a variety of applications, they have the
inherent weakness of being prone to solvent degradation. For example, in one study a
polynorbornene brush was shown to decrease in thickness by up to 93% when washing with
dichloromethane (DCM) at ambient conditions.[138] This degradation is hypothesized to be due

to the polymers allylic hydrogens being readily liable to oxidative degradation and cleaving from
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the surface. To overcome this, cross-linked polynorbornene brushes were prepared on a 200 nm
chromium layer, as an adhesion layer, and an 800 nm gold layer sputtered on a silica wafer. The
gold covered silica wafers were annealed at 220 °C, then placed in a solution of ethanol with 11-
mercapto-1-undecanol to form a SAM, and finally placed in DCM with 5 mM solution of trans-
3,6-endomethylene-1,2,3,6-tetrahydropthaloyl chloride to give a norbornene functionalized
surface. The initiated wafer was then activated with a 5 mM solution of a 1% generation Grubbs
catalyst in DCM, followed by washing with DCM to remove any unreacted initiator. The
polymerization was conducted with 0.5 mM of norbornene monomer and either 0.25 mol%, 0.5
mol% or 1 mol% of a dinorbornene cross-linker with reaction times ranging from seconds to up to
2 hours (Figure 14). The cross-linker used was two norbornene molecules with ester groups
directly attached to the norbornene molecules and 34 poly(ethylene glycol) (PEG) repeat units
between the ester groups. By adding the cross-linking molecule, the films decreased thickness
drastically compared to non-cross-linked norbornenes, approximately 30 nm compared to 1 um,
respectively. Due to this decrease, the lower 0.25 mol% solution of cross-linker was prioritized, as

it resulted in the thickest cross-linked polymer films of those prepared. No grafting density or
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molecular weight characterization was performed but, based off a previous study, an approximate

grafting density of approximately 10'2> molecules per cm? (which equates to 0.01 molecules per

nm?) of Grubbs catalyst was estimated.[139] Although this is a good number to report, this does

not directly correlated to polymer brush
grafting density, which is normally lower
than the density of initiating sites. When
cleaning the cross-linked polynorbornene
wafers compared to the un-cross-linked
polynorbornene wafers a decrease in
thickness of only 28% after 10 rinses,
compared to the original 73% decreased, was
observed. While the PEG cross-linker
demonstrated a decrease in thickness, future
studies using a more compatible cross-linker
or a more tolerant catalyst were predicted to
increase the brush thickness.[94] This study

does show proof of concept but in order to
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Figure 14. Reaction scheme shows the synthesis of a
random polynorbornene brush with crosslinked PEG chain
to help prevent solvent degradation performed by Berron et
al. [94]

solve some of the fundamental polynorbornene brush issues, such as film stability, the cross-linker

compatibility needs to be resolved along with better understanding of why the thickness decreases

in the first place.

In 2019 Jennings et al. made polynorbornene brushes with acid halide side groups that

could be easily modified post polymerization for a variety of applications.[95] This polymer

functionality has the advantage that it can easily react with water, alcohols, and amines to form
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carboxylic acids, esters, and amides, respectively, after polymerization is complete to tailor the
side chain properties. The films were prepared by adding a 100 A chromium layer and a 1250 A
gold layer on silicon wafers. The gold layer was then modified with a hydroxy-terminated SAM
layer using 4-mercapto-1-butanol. The hydroxy-terminated gold wafer was then exposed to the
trans-3,6-endo-methylene-1,2,3,6-tetrahydrophthaloyl chloride monomer in DCM to attach the
norbornene monomer to the surface. Finally, the wafer was exposed to a third generation Grubb’s
catalyst in DCM. To start the polymerization, a 65 °C chamber with pure liquid monomer was
preheated and the initiated wafer was placed inside and reacted with the vapor phase monomer.
After the polymerization was completed the wafer was cleaned with DCM to remove excess
monomer and the surface was immediately reacted with different molecules such as an amine,
water, or an alcohol. Polymerization reaction times ranged from 1-10 minutes and gave a max
thickness of 370 nm, as determined by profilometry. Modification of the acid chloride functional
group using water, ethanol, and ethylamine was confirmed using FTIR spectroscopy. In addition
to these molecules, the polymer brushes were exposed to more complex molecules, such as aniline
and 2-dimethyl-aminoethanol. Each molecule was shown to undergo complete reaction with acid
chloride the side groups using FTIR spectroscopy. Although this work demonstrated the ability to
prepare and modify functional polynorbornene polymer films, no molecular weight
characterization or thermal gravimetric analysis (TGA) was performed, so no grafting density was

reported to definitively show these films were polymer brushes.
4.3.2 Polypeptide

Polypeptide brushes are among earliest examples of brushes synthesized using non-vinyl-
based monomers via the ‘grafting from’ technique. These brushes utilize a surface-initiated ring

opening polymerization (SI-ROP) method from N-carboxyanhydride (NCA) monomers. Multiple
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comprehensive reviews have been written covering the leading research on this topic so this review
will only discuss the highlights.[[21],[96],[97],[98]] Polypeptide brushes have many exciting
properties that can be utilized in a variety of applications, including drug-delivery vectors, artificial
cells, biomaterials, micro-electronic devices, stimuli-responsive surfaces, energy capture/storage,
membrane technology, separation technologies, non-biofouling surfaces, antibacterial coating,
protein binding, immobilization, piezoelectric effects, and liquid crystal displays.[[21],[96],[97]]
These applications come from the unique properties of amino acids, such as biocompatibility and
the long range order of alpha helices and beta sheets that can be formed from polypeptides. Almost

all naturally existing and synthetic amino acids have been reported in making polymer brushes.[21]

Multiple ‘grafting from’ routes have been used to produce polypeptide brushes, including
solution polymerization, vapor deposition polymerization (VDP), and melt polymerization.
Solution polymerization is the most widely used technique and the simplest to perform. This
technique involves placing an initiator-modified substrate into a solution of monomer and directly
polymerizing from the surface. This technique has proven to be successful with a variety of
substrates and has been shown to be capable of producing polymers of difference architectures,
including block copolymers.[97] One of the major challenges of the solution polymerization
technique is the extremely high ratio of monomer concentration in solution to the concentration of
initiator on the surface. Because of this high ratio reproducibility of the technique can be a problem,
due to the sensitivity of the polymerization to impurities in the monomer and moisture in the
solvent, both of which limit the thickness of the grafted polymer film.[21] In addition to this, self-
initiated free polymer, formed in solution, can block surface sites by aggregating on the surface.
In contrast to solution polymerization, melt polymerization spin casts a monomer solution onto an

initiated substrate and subsequently removes the solvent used to spin cast the monomer. Next, the
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substrate and monomer are heated past the monomers melting point and the polymerization is
carried out in a bulk polymerization. This improves on solution polymerization by removing the
need for a solvent and reducing the moisture that can limit solution polymerizations. However,
this technique typically results in a large amount of thermally induced thermal-indueedself-
inttiated—non-grafted polymers produced in the bulk, which can block initiation sites from
continued growth, resulting in premature termination of the surface-initiated polymerization and
reducing the thickness and grafting density of the polymer film. VDP works by placing an initiated
substrate in a heated and depressurized chamber. Monomer is then allowed to vaporize and react
with the surface. This technique removes the moisture and monomer sensitivity that melt and
solution polymerizations experience. VDP has been used to prepare polypeptide brushes as thick
as 187 nm.[21] The main drawback to VDP is that not all amino acids can be used. The amino
acids that have been reported to work the best are the amino acids that form alpha helices and
parallel beta sheets. Antiparallel and random coil conformations have been reported to not be as

successful.[21]

There are Initiation co,
OH +
currently two main 0=
o NH NH,
R R R
olymerization 0 o o
poly NHz NH; NH; HN NH2 HN  NH, NH; HN  NH,
o)
) > - =
mechanisms for SI- ==
ROP to produced  Propagation HO Co;
=0 +
) HN HoN
polypeptide  polymer JR ?R
o o
. NH . P NH NH
brushes: 1) primary Rﬁ:o \H{O R—S: R:S;"
) )
NHpHN  NHp PN NH, HN  NH, NH, HN  NH,
amine-initiated NCA 0 ' '

polymerization; and 2) Figure 15. Reaction scheme shows initiation and propagation of SI-ROP utilizing a
primary amine-initiated surface and an NCA monomer. [21]
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organonickel catalyst-mediated NCA polymerization. Primary amine-initiated SI-ROP of NCAs
works by first attaching a primary amine to the desired surface (Figure 15). This primary amine
then acts as a nucleophile and reacts with an NCA forming a carbamic acid, thus starting a
propagating chain. The carbamic acid is not very stable and undergoes decarboxylation to generate
another primary amine, which continues the reaction.[21] The initiator’s primary amine is more
nucleophilic than the NCAs primary amine, causing a faster rate of initiation compared to
propagation, and results in a living chain-growth polymerization and polymers with a low PDI.
This polymerization is very accessible due to the ease of initiating a variety of surfaces but comes
with its challenges due to it being very sensitive to water and impurities. These can lead to side
reactions such as chain transfer, self-cyclization, and premature termination of the propagating
chain. Organonickel catalyst-mediated NCA polymerization has proven to work well in solution
polymerization and has been studied extensively.[21] However, utilizing this technique on surfaces
has proven more problematic due to difficulty in attaching the nickel catalyst onto the surface.
Two main methods for attachment of the catalyst have been developed (Figure 16). The first

method is called the “block copolymerization approach” and reacts a surface bound NCA with
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Figure 16. Reaction pathways using SI-ROP organonickel catalyst mediated NCA
polymerization using a) “block copolymerization approach”; and b) "alloc-amide

approach". [21]
reported to produce a

amide  approach” is

larger amount of grafted polymer and less free polymer, in addition to being a more straightforward
synthetic route.[140] However, neither of these methods work as well as the primary amine-

initiated SI-ROP and have only reported brushes up to 10 nm thick.[21]

4.3.3 Polyester (Polylactides, Polycaprolactones, and Polydioxanones)

Polyester brushes synthesized from lactides, caprolactones, and dioxanone are unique in
that they are easily biodegradable, have biocompatibility, and can be synthesized in a variety of
ways. Most of the applications of these polymer brushes arise from these characteristics and
include passivation of prosthetic devices and implants, coatings for drug delivery devices, surgical
sutures, and scaffolds for tissue engineering.[[141],[142]] These types of polymer brushes have
been shown to be synthesized using metal catalysts, enzymatic catalysts, and organic catalysts,

which has helped in expanding the applications further.[[75],[99],[143]]
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The first example of polyester brushes formed was from Abbot et al. in 1999.[75] In this

study e-caprolactone was grown from a primary alcohol on the surface of a gold-covered glass

slide using 3
Al
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Figure 17. Reaction scheme shows the first example of SI polycaprolactone
polymer brush synthesized by Abbot et al. starting from surface alcohol group to
activation with catalyst then propagation by addition of caprolactone monomer.
conjunction  with  the [75]

a free initiator was used in

surface initiator. To make the brushes, a thiol-based initiator with a primary alcohol was reacted
to a glass slide covered with 200 nm gold layer. To prepare for the polymerization, the diethyl
aluminum alkoxide initiators were prepared in inert atmosphere by first reacting the
triethylaluminium with benzyl alcohol in toluene then adding the initiator coated gold-covered
slide. After the triethylaluminium had reacted with the surface-attached alcohol, the toluene was
removed under vacuum. Dry toluene, e-caprolactone, and solution initiator were then added to the
initiated slides and reacted for 3 hours at 25-30 °C followed by quenching with acetic acid (Figure
17). The glass slides were washed with DCM, toluene, tetrahydrofuran (THF), and ethanol to
remove free polymer. The solution polymer was then precipitated from solution using methanol to
allow for further characterization. The thickness of the polymer brushes was compared to the
degree of polymerization (DP) of the free polymer and showed a linear correlation of DP with film

thickness. Uniform brushes up to 70 nm were achieved with this technique but no grafting density
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or grafted polymer molecular weight was reported to confirm a true polymer brush structure was
obtained. Because solution initiators were needed for control over the polymerization and
increased brush height, this technique is not ideal for easily growing polymer brushes due to the

need for extensive washing to remove physical absorbed polymer.

In 2001 Choi and Langer showed the first example of growing poly(lactic acid) (PLA)
brushes.[100] PLA brush growth was demonstrated from both gold and silica substrates. Similar
to Abbot, a primary alcohol was used as an initiator for the gold substrates, whereas a primary
amine initiator was used for silica substrates. The polymer brushes were grown by adding the
initiated wafers to a THF solution of Sn(Oct)2 and L-lactide, followed by heating to the desired
temperature. PLA is conventionally synthesized in this manner at 80 °C but due to thiol instability
on the gold substrates above 60 °C this reaction was carried out at 40 °C for 3 days. For the silica
substrates a reaction temperature of 80 °C was used and reactions were also carried out for 3 days.
Once the reaction times were completed the wafers were cleaned with DCM, ethanol, and water
and dried with nitrogen gas. Due to the lower reaction temperatures for the gold substrates a film
thickness of only 12 nm was reported, whereas, a thickness of up to 70 nm was reported for the
higher reaction temperature used for the silica substrates. No grafting density or molecular weight
characterization were reported for either substrate although, based off of AFM, the films visually
lacked uniformity, potentially suggesting a lower grafting density.[19] The root mean square (rms)
roughness of the 70 nm thick films was 38 nm and was hypothesized to be high due to PLA
possessing high levels of crystallinity, which could form aggregates instead of having a uniform
surface. As PLA has a Tg of 60 °C and a melting point of 190 °C, the brushes were annealed at
180 °C for 5 minutes followed by 130 °C for 2 hours to investigate the presence of aggregates.

After annealing, the rms roughness increased further to 52 nm and circular shapes were noticed in
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the AFM topography. This was presumed to be due to elongation structures of the PLA, which can
form lamella like structures. This demonstrated that by annealing the polymer brush, different

surface morphologies could be obtained.

In 2003 Choi et al. reported the first example of growing polyester brushes using an enzyme
catalyst.[99] The poly(e-caprolactone) and poly(p-dioxanone) brushes were grown off gold
substrates with a primary alcohol initiator. To synthesize the brushes the enzyme, lipase B, along
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Figure 18. Proposed mechanism by Choi et al. for enzyme surface-initiated
complex that possesses a polymerization to form a polyester. [99]

highly reactive ester group, which can either be hydrolyzed by water or by a hydroxyl containing
molecule (Figure 18). After drying, anhydrous toluene and monomer were sequentially added via
a syringe pump and the reaction took place at 55 °C for 24 hours. The substrates were then
sonicated for 5 minutes in solvent to remove any physically absorbed polymer. The solvents used
were DCM for poly(e-caprolactone) and 1,1,1,3,3,3-hexafluoro-2-propanol for poly(p-dioxanone).
The thickness of the poly(e-caprolactone) film was determined by ellipsometry and reported to be
93 nm with a rms roughness of 1 nm and the film showed the characteristic IR peaks for poly(e-

caprolactone). Although no grafting density or molecular weight characterization was performed
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on the films, solution polymer was prepared using the same reaction conditions to obtain an
approximation of the molecular weight and PDI. From this solution polymerization, a weight
average molecular weight (Mw) of 33,600 and a PDI of 1.93 was obtained using gel permeation
chromatography (GPC). Due to the higher PDI value, the uniform film coverage, as suggested by
the very low rms roughness, is unexpected but the authors note that this could be due to the polymer

brushes collapsing on the surface to give the appearance of uniform coverage.

4.3.4 Polyoxazoline

Similar to the polyesters reviewed above, polyoxazolines have become prevalent in
biomedical and pharmaceutical applications, including polymer—drug and polymer—protein
conjugates, self-assembled carriers for drug delivery, solid dispersions, hydrogels, antibiofouling
and antimicrobial surfaces, wound healing, and fluorescent imaging.[[144],[145]] Not only are
these polymers biocompatible but their properties are highly tunable depending on the synthesis
technique and the use of any post polymerization modifications. This allows polyoxazolines to
possess properties that range from amorphous polymers to semi-crystalline polymers with a Tg
ranging from below 0 °C to over 230 °C and melting points ranging from below 90 °C to over 300
°C, depending on the side chain that is used. In addition to this, polyoxazolines have highly tunable
hydrophilicity allowing for the preparation of a range of hydrophobic to hydrophilic polymers.[76]
Based on these properties, polyoxazoline brushes are promising due to the high levels of tunability

in being able to coat nanoparticles or substrates.[102]

Yoshinaga and Hidaka were the first to attempt to make polyoxazoline brushes in
1994.[146] Although the polymerization was difficult, they managed to grow octamers and
nonamers from silica nanoparticles covered with a polystyrene layer. One of the primary issues

encountered in this system was the polystyrene layer dissolving from the particles, as this layer
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was not cross-linked. In addition, it was believed that early termination resulted from water left
inside of the particles, which caused the formation of the observed low molecular weight oligomers

on the particles.

In 1998 Jordan and Ulman demonstrated the first example of a surface-initiated

polyoxazoline using a living cationic polymerization.[76] The polymer films were grown from

gold substrates using a oTly iﬁ}
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. Figure 19. Reaction scheme shows the first example of surface-initiated polymerization
was then activated of polyoxazoline by Jordon and Ulman starting with a surface alcohol, activating the
alcohol with triflate functional group, and, finally, the addition of monomer. [76]

with a

trifluoromethanesulfonic anhydride vapor to form a triflate functional group. The reaction vessel
was subsequently purged with nitrogen followed by addition of dry chloroform and the 2-ethyl-2-
oxazoline monomer being added at 0 °C. The reaction was heated to reflux and reacted for 7 days
after which time the reaction was terminated by addition of N,N-dioctadecylamine (Figure 19).
Using this technique, polymer films up to 10 nm were grown, which showed all the characteristic
IR peaks and had a similar contact angle when compared to spin coated films of the same polymer.
No molecular weight or grafting densities were directly reported but the films were compared to
films of the same polymer prepared via the ‘grafting to’ technique using FTIR spectroscopy. The
amide band on the surface-initiated film had a higher integral adsorption compared to the ‘grafting
to’ film of similar thickness, which was hypothesized to be due to a higher grafting density. To

estimate the molecular weight, a minimum DP of 26-28 was calculated using the distance of a fully
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stretched poly(2-ethyl-2-oxazoline) chain and the polymer brush thickness. Although both
calculations were approximations, they suggest that this technique produces polymer films with a
higher grafting density compared to the corresponding ‘grafting to’ films, which increased the

probability that the polymer films were in the brush regime.

In 2010 Bicak et al. used 2-bromoethyl methacrylate (BEMA) cross-linked particles to
grow poly(2-methyl-2-oxazoline) surface-initiated polymer brushes.[147] In this study the
bromine present on the surface of the cross-linked particles was used to initiate the 2-methyl-2-
oxazoline. This was achieved by starting with well-defined and cleaned BEMA particles of 210—
420 pm in size. The polymerization was carried out by adding BEMA particles, 2-methyl-2-
oxazoline, and acetonitrile to a reaction flask, which was then purged with nitrogen before being
heated to 110 °C for 24 hours. The reaction was then poured into water and the particles filtered
off. The particles were cleaned with water and ethanol and dried at 50 °C for 24 hours. The particles
were also modified after cleaning by adding the poly(2-methyl-2-oxazoline)-coated BEMA
particles to a solution of hydrochloric acid (HCI) and refluxed for 48 hours to reduce the backbone
amide to an amine. After the polymerization the particle weight increased by 62%, while also
showing the characteristic amide IR peaks associated with poly(2-methyl-2-oxazoline). Kinetic
studies showed first order kinetics suggesting that this polymerization has the characteristics of a
living chain-growth polymerization. Following amide cleavage of the original brushes, the FTIR
showed characteristic amine stretching and bending vibrations while the amide peaks disappeared.
Although no grafting density or molecular weight characterization was performed, SEM images
of the BEMA poly(2-methyl-2-oxazoline) covered particles were taken and showed uniform

coverage, which suggested that these brushes have a reasonably high grafting density.
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In 2016 the first polyoxazolines grown on silica nanoparticles using the ‘grafting from’
technique were reported by Bissadi and Weberskirch.[102] Similar to Bicak et al., the initiator for
the polymerization was a halide, in this case a chloride, and surface-initiated CROP was used. The
initiator used was ((chloromethyl)phenylethyl) trimethoxysilane, which was attached to the
surface of the approximately 53 nm silica nanoparticles. The polymerization was performed by
adding the initiator-modified silica nanoparticles and potassium iodide into anhydrous acetonitrile
and sonicating for an hour to exchange the chloride with the iodide ion on the initiator. Once
complete, the monomer, 2-methyl-2-oxazoline, was added to the acetonitrile solution and the
reaction was conducted at 120 °C while stirring, for varying amounts of time (Figure 20). Once
the polymerization was complete and cooled to RT, piperidine was added to terminate the reaction
and it was stirred overnight. The solvent and excess piperidine were then removed by reduced
pressure. Chloroform was used to dilute the mixture and it was then precipitated by ethyl ether and
collected via centrifugation. Using FTIR spectroscopy all the characteristic peaks for the
polyoxazoline were observed. Transmission electron microscope (TEM) was used to show a
uniform coating, of up to 3 nm in thickness, of the polymer brush around the nanoparticles. Unlike
previous studies, grafting density and molecular weight characterization was performed. In order
to find the grafting density and molecular weight of the polymer brushes, TGA was used to find
the percent weight loss for the polymer coating. NaOH was used to cleave the polymer from the
nanoparticles, which was isolated and then characterized using GPC, allowing for calculation of
the grafting density. GPC showed increasing molecular weight with reaction time and the
degrafted polymer that had low PDI values, suggesting that this system shows characteristics of a

living chain-growth polymerization. From these studies, polymer brushes with a maximum M of
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[102]
terminating agent was used to allow
for post polymerization modification. The brushes were modified with either fluorescein
isothiocyanate or folate, which are used as a fluorescent imaging molecule and cancer targeting
ligand, respectively. Because of the living chain-growth polymerization technique employed,

adding end capping agents like these are easily possible and can help expand the applications of

these systems.

In 2019, Wei et al. grew polyoxazoline off fluorescent hydroxyapatite nanoparticles to use
for biological imaging.[101] In this case, hydroxyapatite nanoparticles were modified using tosyl
chloride, as an initiator, in toluene and triethylamine. The initiator-modified hydroxyapatite
nanoparticles and 2-ethyl-2-oxazoline monomer were added to a Schlenk flask and underwent
three freeze-pump-thaw cycles. Acetonitrile was then added, and the mixture was stirred at 120 °C
for 8 hours to carry out the surface-initiated CROP. The solution was then quenched using a

methanol/NaOH solution. To remove excess monomer and any physically absorbed polymer, the
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solution was dialyzed in a methanol/NaOH solution and centrifuged. Using NMR spectroscopy,
FTIR spectroscopy, and XPS, characteristic peaks and corresponding atomic percentages of
polyoxazoline were observed, confirming the presence of a polymer layer on the hydroxyapatite
particles. TEM images take before and after polyoxazoline modification showed little change in
the particle size, suggesting that the polymer formed was of low molecular weight. TGA was also
used and showed a 33.9% weight loss of polymer in the 300-450 °C range. Based off this weight
loss, the authors estimated a molecular weight of 5,850 g/mol and a DP of 59. The polyoxazoline
modified particles were shown to disperse well in water, which is crucial for their biological
application, unlike the tosyl chloride-initiated hydroxyapatite particles. Cell studies were also
performed and showed excellent biocompatibility. This study, although missing grafting density
and direct molecular weight characterization, showed the first example of these polymers being
surface initiated from hydroxyapatite particles, which is promising for a variety of biological

applications.

4.3.5 Nylon

Nylons have long been known for their high degree of strength and applications that take
advantage of this property.[148] Because of their high strength, nylons typically possess resistance
to wear and abrasion, a low coefficient of friction, good resilience, and high impact strength, and
have long been used for applications in thermal protective clothing and firefighter suits, among
many other industrial applications.[149] Recently, using nylon in conjunction with other materials
to form composites has been of increasing interest.[ 150] As a result of this, research groups have
investigated using surface-initiated polymerization for the modification of carbon nanotubes, silica

nanoparticles, and carbon nanofibers with nylons.[[104],[105],[106]]
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In 2005, Sun et al. successfully utilize surface-initiated polymerization to modify carbon
nanotubes with nylon using surface-initiated AROP of caprolactam.[104] This was performed by
first activating the surface of the carbon nanotubes with caprolactams via reacting the single walled
carbon nanotubes (SWCN) with thionyl chloride at 70 °C to introduce acid chloride functional
groups. Once completed, the modified SWCNs were reacted with caprolactam at 110 °C for 24
hours. The particles were separated by filtration with polyvinylidene fluoride (PVDF) membranes
and extensively washed, to remove excess caprolactam, using Soxhlet extraction with chloroform.
The polymerization was then carried out with the cleaned SWCN-caprolactam activated material
using caprolactam as the monomer and sodium to initiate the polymerization under a nitrogen
atmosphere for 24 hours. To clean the composite particles, the SWCN-nylon particles were
dissolved in formic acid, precipitated in water, and filtered through PVDF membranes to remove
sodium, unreacted caprolactam, and any unattached polymers. Using NMR spectroscopy, the
SWCN-nylon particles were compared to commercially available 10,000 g/mol nylon 6 and
showed matching peak overlap. The particles were also examined using TGA and demonstrated
that 40 wt.% of the material was the SWCNs, indicating a high ratio of nylon to SWCN. SEM
analysis examined the particles before and after removal of nylon using TGA, however, it proved
difficult to see the SWCNs due to the large amount of modified nylon present until after the
removal process. AFM provided better characterization of the SWCN-nylon particles, as the
individual SWCNs were able to be observed. No grafting density or molecular weight data was
obtained for the grafted nylon, however, an approximate grafting density of activated caprolactam
initiator was reported at 1 caprolactam per 125 nanotube carbon atoms from the 7% weight loss of

the caprolactam obtained from TGA.
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In 2007, Li et al. demonstrated the
grafting of nylon from silica nanoparticles.[105]
This was performed by first modifying 20 nm
silica particles via reaction with toluene 2,4-
diisocyanate (TDI) at 80 °C in a nitrogen
atmosphere for 72 hours. The particles were then
cleaned, using centrifugation, and washed
several times with toluene to remove excess TDI.
To activate the particles, caprolactam was
reacted, under nitrogen, with the surface
immobilized isocyanate group in toluene at
reflux for 5 hours. The remaining caprolactam
was removed using a chloroform wash. The

polymerization was then carried out by adding
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caprolactam-initiated silica particles, Figure 21. Reaction scheme shows surface-initiated

caprolactam monomer, and sodium in a nitrogen al. [105]

nylon 6 from silica nanoparticles synthesized by Li et

atmosphere and sonicating at 80 °C for 30 minutes to disperse particles. The flask was then

transferred to an oil bath and heated at 170 °C for 6 hours (Figure 21). Similar to Sun et al.,

following polymerization the particles were dissolved in formic acid, precipitated in water and,

subsequently, filtered. The particles were then washed with methanol and dried. FTIR

spectroscopy of the particles showed both the characteristic peaks of nylon but also of the SiO2

particles. TGA analysis performed at each stage of the synthesis showed that approximately one

third of the silanol groups reacted with the TDI initiator and almost 100% of the TDI initiator
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reacted with the caprolactam activator. TGA showed the nylon polymer burned off from 400-500
°C and composed up to 98 wt.% of the modified particles, depending on the concentration of
monomer used. Differential scanning calorimetry (DSC) was performed on both the free polymer
and the grafted polymer and showed that both the Tg and crystallization temperature increased by
8 °C and 6 °C, respectively, for the grafted polymer. This was hypothesized to be due to the chains
possessing restricted movement because of one end being attached to the surface. To obtain the
molecular weight of the grafted polymers, they were degrafted from the particles using HF and
then characterized using viscometer measurements to find the viscosity average molecular weight.
The molecular weight analysis demonstrated a linear evolution of polymer molecular weight with
time, which is characteristic of a living chain-growth polymerization. Using this technique,
surface-initiated polymers with up to approximately 12,000 g/mol were grown. Although
molecular weight and TGA studies were performed, no grafting density for the modified particles

was reported.

More recently, Lu et al. used stacked cup carbon nanofibers to make hybrid polymer-
modified fibers to enhance the bulk properties of nylon 6.[106] The modified nanofibers were
produced by using nitric acid to add carboxylic acid groups to the surface of the nanofibers,
followed by reaction of the carboxylic acid groups with a difunctional isocyanate, and finally
reacting the exposed isocyanate group with caprolactam to activate the surface. Using both a
solution initiator and the initiator-modified carbon nanofibers in the polymerization allowed for
dispersed particles to be formed in bulk nylon and also allowed for the wt.% of carbon nanofibers
in the bulk polymer to be changed based off of the ratio solution initiator to initiator-modified
carbon nanofibers. FTIR spectroscopy, TGA, and TEM were used to confirm that the nanofibers

were modified with initiator but only mechanical tests were performed on the final nylon 6
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modified nanofiber composites. Because of this, it is difficult to determine the effectiveness of this
synthesis in producing well-defined polymer brushes. However, mechanical tests showed that the
stiffness was enhanced, in addition to a slight improvement in the degree of toughness. Separate
synthesis and testing of the modified nanofibers from the bulk nylon would be beneficial in
determining the characteristics of the polymer grown from the surface and how changing the

molecular weight of the attached polymer influences mechanical properties.

4.4 Catalyst Transfer Polymerizations

4.4.1 Polythiophene

Polythiophene, one of the most widely synthesized conjugated polymers, has shown a lot
of promise for conductive thin films and has potential for use in many applications, including
OLEDs for flat panel displays and lighting, field-effect transistors for display backplanes and
disposable electronics, photodetectors, OPVs, gas sensors, pH sensors, and lithium
batteries.[[151],[152]] There are many stand out characteristics that have made polythiophenes
popular for these applications, including tunable optical properties, tunable band gap, and
improved stability when compared to many other conjugated polymers.[153] The promise of these
polymer films is hypothesized to come from their potential for making low cost devices due to
polymer film flexibility, along with the low density, conformability, and versatility of these films.
Covalent attachment of conjugated polymers is thought to be a very important aspect of their
application due to the improved mechanical stability, efficiency of conductivity, and ease of
attachment to both organic and inorganic substrates.[111] Much of the early work in this field was
performed using the ‘grafting to’ technique, however, this work experienced the previously
discussed issues of low grafting densities and non-uniform films.[151] The ‘grafting from’

technique was later introduced, due to developments in catalyst transfer polymerization, and
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resulted in improvements by producing polymers with narrow MWDs and films with higher
grafting densities.[154] Many reviews on conjugated polymers, including polythiophene, have
been published. As such this review will specifically focus on the critical advances of using the
‘grafting from’ technique to produced conjugated polymer

brushes.[[3],[1511,[1541,[155],[156],[157],[158]]

The first example of a polythiophene polymer brush prepared using the ‘grafting from’
technique was performed by Kiriy et al in 2007.[80] This work was able to use the early work of

McCullough et al. and Yokozawa Br,
Br Ni(PPhs),

etal.[1] on solution polymerization O Br S

Ni{PPh3)4 CeHiz

using Kumada catalyst transfer and " esar |

directly translate it to the surface of

Br

silica wafers and glass slides. In CeHia  Ni(PPhals

order to obtain a nickel catalyst on

the surface as the initiation site, a 2

HCI

e ] > [ eear |

methacrylate) was deposited on the Figure 22. Reaction scheme of the first surface-initiated polythiophene
brush synthesis demonstrated by Kiriy et al. [80]

surface to be modified, followed by

nm layer of poly(glycidyl

a 30 nm layer of poly(4-bromostyrene). The bromine functional group was then reacted with a
tetrakis(triphenylphosphine)-nickel(0) (Ni(PPhs)4) complex to produce the surface immobilized
initiator (Figure 22). The Ni(PPhs)s complex represented a compromise between reactivity and
selectivity due to the alternative [1,3-bis(diphenylphosphino)propane]dichloronickel(II)
(Ni(dppp)Cl2) catalyst not being sufficiently reactive toward the non-active initiator’s aryl halide.

Following immobilization of the catalyst on the surface, the monomer 2-bromo-5-chloromagnesio-
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3-hexylthiophene was introduced and the polymerization proceeded. Brushes ranging from 40 to
70 nm in thickness were achieved using this technique. NMR spectroscopy and GPC were used to
identify the optimum reaction temperature, by characterizing the MWD of the produced polymers,
but the grafting density and molecular weight of grafted chains were not reported. This work
represented an excellent proof of concept and led the way in many regards to synthesizing future

polythiophene brushes.

In 2009 Locklin et al. was able to make a thiol-based initiator that directly attached to a
gold substrate for the synthesis of polythiophene brushes.[86] Instead of using a Ni(PPhs)4
complex like Kiriy, this work wused a more reactive (cyclooctadiene)-
bis(triphenylphosphine)nickel(0) (Ni(COD)(PPhs)2) complex, due to the Ni(PPhs)s complex
having insufficient reactivity when used with the thiol initiator. In order to prepare the surface for
the nickel complex, a glass slide was used as the base with a 10 nm chromium layer and a 100 nm
gold layer. Once the gold was cleaned, a thiol with an aryl bromide group was attached to the gold
substrate. The thiol-based initiator was prepared by reacting the aryl bromide with a solution of
bis(cyclooctadiene)nickel(0) (Ni(COD)2) and then reacting the complex with four equivalences of
triphenylphosphine to form the Ni(COD)(PPh3)4 complex. With this new initiator system, brushes
up to 36 nm thick were synthesized. Free polymer was also observed in solution, which was
believed to be due to the nickel catalyst undergoing chain transfer off the surface and into solution.
Once again, no grafting density or molecular weight characterization was obtained for the
polymers. AFM showed a surface with a rms roughness of 3.9 nm, which is lower than the gold
substrate used that had a rms roughness of 11.9 nm. However, the surface did show a globular
morphology, which was potentially due to a low grafting density or incomplete surface

coverage.[19] While it is difficult to determine if polymer brushes were formed in this system, it
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was the first example of an electroactive conjugated polymer grafted directly from a monolayer,

which was important in the advancement of the applications of these conductive brushes.

Further work by Kiriy et al., making hybrid polythiophene particles to use with solar cells,
demonstrated that reacting [2,2'-bipyridine]dichloronickel(II) (Ni(bipy)Clz2) with an aryl halide,
then switching the ligand with the better performing 1,3-bis(diphenylphosphino)propane (dppp)
or 1,2-bis(diphenylphosphino)ethane (dppe) ligands, worked significantly better than the
previously used Ni(PPh3s)s complex.[109] This was achieved by first reacting aryl halides attached
to 460 nm Stober silica particles with the Ni(bipy)Clz2 complex. Once the bipy ligand was replaced
by the phosphorous ligands of dppp or dppe, extensive washes were performed to remove any
excess nickel complex and ligand. Polymerizations were then conducted using a technique similar
to previous studies.[80] Of particular interest in this study was that it was the first example of
degrafting the poly(3-hexylthiophene) polymer chains and characterization of the grafting density
and molecular weight properties. With this new ligand exchange system, a grafting density of 0.28
chains/nm? was reported with a T value of 148, showing that these chains were in the polymer
brush regime. To find this value, HF was used to degraft the polymers from the silica particles.
The degrafted polymer chains were then analyzed by GPC to find a M 0f 43,000 g/mol and a PDI
of 2.6. Using SEM, a thickness of 20 nm was found for these brushes. In this work Kiriy et al. also
demonstrated that these hybrid polythiophene particles exhibited strongly altered optical
properties, including a red shift in absorption and fluorescence spectra, compared to physical
absorbed polythiophene-modified particles. This was hypothesized to occur due to stronger chain

interactions resulting from a high grafting density polymer film.

In order for polythiophene brushes to demonstrate their full potential in electronic devices,

control over thickness and a greater understanding of the effect of film thicknesses on the
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Ni(COD)/(PPh3)2 complex. A Figure 23. Reaction scheme showing surface-initiated polythiophene surface
initiation, initiator activation and switching of the nickel ligands for better
ligand exchange with dppp reactivity. Synthesis performed by Luscombe et al. [110]

was then carried out for improved polymerization results, similar to the process used by
Kiriy.[109] Once cleaned thoroughly, different concentrations of the monomer 2-bromo-5-
chloromagnesio-3-methylthiophene were added and polymerized (Figure 23). Polymer film
thicknesses of 30 - 265 nm were reported by changing the monomer concentration from 0.03 M to
0.18 M. Instead of using ellipsometry to determine the film thickness, AFM was used due to
difficulties in using ellipsometry on ITO substrates. In addition, AFM demonstrated that this
procedure produced rough films, with a rms roughness of 20 — 21 nm, which was attributed to a
low grafting density and the potential collapsed mushroom configuration of the attached polymer
chains. While this work was effective in showing that the thickness of the polymer films could be

controlled, no grafting density or molecular weight information was reported. However,
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importantly Luscombe also demonstrated that the electrochemical properties of the brushes were
stable and robust and that with varying thickness, control over work function was obtained, which

leads to numerous potential applications in electronic devices.

The same year as Luscombe’s work, Locklin et al. explored changing the normally used
nickel catalyst to a palladium catalyst in order to improve grafting density and film thickness.[111]
Palladium was first used in Kumada catalyst transfer polycondensation in solution by Yokozawa
and showed a reduced propensity towards disproportionation compared to nickel catalysts.[159]
This was proposed to be due to palladium having a weaker d-electron donating ability and a more
stable zerovalent oxidation state. In order to grow poly(3-methylthiophene) brushes, Locklin et al.
used an ITO substrate reacted with (4-bromobenzyl)phosphonic acid in ethanol overnight. Once
cleaned, the ITO slides were reacted with the bis(tri-tert-butylphosphine)palladium(0) in toluene
and heated to 70 °C for 3 hours. After cleaning again, the slides were reacted with the monomer
2-bromo-5-chloromagnesio-3-methylthiophene at 40 °C overnight. With this technique, polymer
films of up to 100 nm were formed. Using the palladium catalyst Locklin was able to double the
grafting density of the palladium initiators compared to nickel initiators, reporting 1.1 x 10'*
initiator molecules per cm? for palladium compared to 4.78 x 10'? initiator molecules per cm? for
nickel. No grafting density or molecular weight for the surface-initiated polymer chains were
reported, which could have helped determine whether this change in initiator concentration makes
a difference with polymer chain density. Although the grafting density of the polymer brushes was
not reported, ultraviolet—visible (UV-vis) spectrometry with p-polarized light showed that the
polymer films possess a perpendicular orientation to the substrate, which is predicted to be

important for electrical properties. In addition, from the UV-vis results Locklin hypothesized that
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the surface immobilized polymers had a sufficient grafting density to form a polymer brush

structure.

One of the primary challenges of preparing polythiophene brushes is getting the surface
ready for the surface-initiated polymerization. In 2014, Locklin et al. found a new approach to
simplify the process of substrate preparation and increase the grafting density, while still being
able to use a nickel catalyst.[112] This was achieved by first reacting a bromobenzene monolayer
with an arene diazonium salt on a gold surface. At this point the normal approach would be to
attach a nickel complex then do a ligand exchange in order to allow the polymerization to proceed
in a controlled manor. Instead of this, Locklin et al. attached a Ni(II) complex of Ni(dppp)Clz and
electrochemically reduced it to the Ni(0) species used for the polymerization. After reduction a
typical nickel catalyzed thiophene polymerization reaction, as previously reported by Locklin et
al., took place using the monomer 2-bromo-5-chloromagnesio-3-methylthiophene.[86] Films up
to 25 nm were reported using this new initiator system while maintaining a rms roughness of 5
nm. Using this new approach, the grafting density of the initiator was increased 6-fold compared
to other solution generated initiator complexes, 1.29 x 10'* initiator molecules per cm? for the
electrochemically reduced system compared to 4.78 x 10'3 initiator molecules per cm? for typical
solution generated nickel catalyst initiators. Although the initiator grafting density was found, no
grafting density or molecular weight for the surface-initiated polymer chains were reported, which
could have helped determine whether this change in initiator concentration makes a difference

with polymer chain density.

Tailoring the side chains of polythiophenes opens the system up to the use of new solvents
and functional groups, which can adapt the brushes for specific applications. In 2015 Kiriy et al.

incorporated a bromohexane side chain on the polythiophene brush without an adverse effects on
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the polymerization.[114] This polymerization process mimicked the previously discussed polymer
brush synthesis except that the new functionalized monomer, 2-bromo-5-chloromagnesio-3-
bromo- hexylthiophene, was used.[109] With this bromine functional group, a two-step
transformation of the bromine into an ionizable amine group was performed. The brushes produced
a 10% weight loss in TGA, which was similar to previous work without the bromine side chain
and correlated to a 25 nm thick film around the silica particle substrate. The introduced amine
group was shown to possess different optical properties, as determined from emission spectra, that
were subject to changes in the surrounding chemical environment and could make this system
useful for application as sensors. One of the main advances of this work is that it introduced a new

process to vary the functionality of surface-immobilized polythiophenes.

Another important advancement in polythiophene brushes was being able to reinitiate the
polymers to either increase the thickness of the polymer film or to make more advanced
architectures, such as block copolymers. This was first demonstrated by Locklin et al. in 2015
when, after cleaning a prepared poly(3-methylthiophene) brush and reacting the end group aryl
bromide with a nickel complex, reinitiation and further polymerization was shown to occur.[113]
To achieve this, ITO slides were modified with aryl bromides, the
bis(cyclooctadiene)nickel(0)/2,2"-bipyridine (Ni(COD)2/bipy) initiator system then attached, and
the previously discussed ligand exchange process with dppp performed. The ITO slide was then
introduced to the monomer, 2-bromo-5-chloromagnesio-3-methylthiophene, to start the
polymerization and produced the surface-immobilized polymer film. The slides were subsequently
cleaned extensively with THF and DCM before being reacted again with the Ni(COD)2/bipy
system. After this, the above process to provide the initiation site was again performed before new

monomer was added to allow the surface to be polymerized again. After repolymerization the
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brushes were again thoroughly cleaned. This method showed that re-initiation occurred for the
polythiophene brushes, but the rms roughness of the brush also drastically increased from 4 - 5 nm
after the first polymerization to 50 nm after the second. This was hypothesized to be due to uneven
re-initiation resulting in chains of different length on the surface. UV-Vis spectroscopy was also
used to show that the polymer molecular weight did increase after the second polymerization, as
opposed to reaction with new grafting sites on the surface. This technique represents a valuable
first proof of concept for chain extension of polythiophene brushes that has the potential to lead to

a variety of different polymer brushes structures.

4.4.2 Polyfluorene

Polyfluorene is another exciting conjugated polymer that Yokozawa was able to convert

from step-growth to a living chain-growth Suzuki polycondensation in solution, and also has many

of the same R R
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o] Br
potential R= {ﬁ io ,BBr O
applications that
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polythiophenes

possess.[81]
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. > R
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the work of Figure 24. Reaction scheme shows ‘grafting from’ polymerization of polyfluorene performed
by Kiriy et al starting with initiation, activation using Pd catalyst, and brush formation. [81]

Yokozawa as a

basis and was able to synthesize a polyfluorene brush via the ‘grafting from’ technique with
thicknesses up to 100 nm. This was achieved by reacting either a silane-based aryl bromide initiator
or by using 10 nm thick poly(4-bromostyrene) coatings on the surface of either a silica wafer or a

glass slide (Figure 24). Once cleaned, the aryl bromides were reacted with Pd(P(tBu)s)2 in toluene
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at 70 °C. The substrate was then cleaned and placed in a reactor with the monomer 7-bromo-9,9-
bis(2-ethyl-hexyl)-9H-fluoren-2-ylboric acid ester in THF at RT for 1 - 3 hours. Using this process,
no polymerization in solution was found so the monomer solution was able to be used for multiple
polymerizations. No grafting density or molecular weight properties were reported for the surface-
initiated polymer chains. Using AFM, it was found that the surface of a 40 nm brush was relatively
uniform, with a rms roughness of 1.1 nm. Patterned films were also prepared using a type of

colloidal lithography and were analyzed with AFM to show controlled patterns.

4.4.3 Polyphenylene

The first example of polyphenylene brushes prepared using the ‘grafting from’ technique
was performed in conjunction with Locklin’s first polymerization of polythiophene.[86] This was
achieved using the same synthesis procedure used to synthesize polythiophene except switching
the monomer with 4-iodophenyl-magnesium chloride. First, a thiol initiator with an aryl bromide
was attached to a gold substrate. The nickel complex was then attached and a ligand exchange
performed to form the final Ni(COD)(PPh3)2 complex. Similar to other Kumada catalyst CGC
reactions, free polymer was formed in solution, which is believed to be as a result of a chain
transfer processes. While this work showed proof of concept, no grafting density or molecular
weight data was reported for these new polymer films. The films were found to grow as thick as
42 nm but showed a globular morphology similar to the polythiophene brushes grown in the same

study, although no rms roughness was reported for the polyphenylene brushes.

4.4.4 Poly(phenylene ethynylene)
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More recently, the synthesis of poly(phenylene ethynylene) (PPE) was converted to a living
CGC process by Bielawski et al.[78] In the initial solution polymerization, the monomer, 1,4-
bis(2-ethylhexyloxy)-2-ethynyl-5-iodobenzene, was limited to a conversion of 58% using
conditions similar to Sonogashira-coupling. Because of this low conversion, Stille-type conditions
were used. This was performed using a stannylated monomer with a tributylstannane function
group, in place of the ethyne proton in the original monomer, in order to increase the conversion.

When the new monomer, ((2,5-bis(2-ethylhexyloxy)-4-iodophenyl)ethynyl)-tributylstannane, was

reacted with a PhPd(P(t-Bu)3)Br catalyst in solution, i
Br
a conversion of 99% was achieved within 3 hours
and resulted in a polymer with a Mn of 14,400 g/mol si
Et0” | "OEt

and a PDI of 1.47. This polymerization was EtO’Sli‘?Et
@ OE @ Pd(t-BugP),
performed with both copper iodide (20 mol %) and H,0, NH; Toluene, 70 °C

PPhs (20 mol %) to ensure higher molecular weights KCN
H

were produced. Following the initial solution O o}
polymerization studies Bielawski et al. then turned 0
Br ‘ !
|
. . . . Pd(t-BusP
towards using this polymerization to synthesize (-BusP)
surface-initiated PPE on Stober silica particles. 200 D
nm silica particles were used with a silane-based si si
EtO"| "OEt EtO" "OEt
i ?

initiator featuring an aryl bromide. The modified

particles were then reacted at 70 °C with the Pd @ @

catalyst in toluene. Once cleaned, the initiator- Figure 25. Reaction scheme shows the first example
of synthesizing PPE using ‘grafting-from” on silica

modified silica particles were reacted with the nanoparticles performed by Biclawski etal. [78]

monomer at 50 °C in the presence of both copper iodide and PPhs in THF (Figure 25). A grafting
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density of the initiator was calculated to be 0.46 organosilane molecules/nm?, however,
calculations of the polymer grafting density were not reported. A maximum weight loss of 14.1%
was measured by TGA for the polymer-modified particles. HF was then used to cleave the polymer
from the particles and a M of 24,500 g/mol was found using GPC. A re-initiation experiment was
also performed and, using GPC, it was found that the molecular weight almost doubled, 11,300
g/mol compared to 21,900 g/mol, as measured before and after the second polymerization,
respectively. This work represented the first example of the use of CGC for the solution synthesis
of PPE as well as the first example of surface-immobilized PPE films. While no polymer grafting
density was reported in this work, given the TGA and molecular weight characterization and, using
the geometric surface area of 200 nm particles and 1.9 g/cm? density of silica particles, a grafting
density of approximately 0.16 chains/nm? can be calculated, putting these surface-immobilized

polymers in the brush regime.
4.4.5 Polyisocyanate

Polyisocyanates are widely considered to be rigid-rod or semiflexible polymers due to the
amide linkage and the consequential helical shape the polymer chain forms.[160] Polyisocyanates
have been used in a large range of applications including foams, insulating materials, plastics,
composites, films, sealants, coatings, inks and adhesives since being developed in 1937 by Otto
Bayer.[161] In 2017 Vatansever and Hamblen developed a surface-initiated polymerization using
a titanium (IV) catalyst to grow poly(n-hexyl isocyanate) directly from silica nanoparticles using
an insertion mechanism to prevent any side reactions.[83] To make the initiator hydroxyl-
terminated nanoparticles two different pathways were utilized. Both initiation pathways started
with silica nanoparticles and modified the surface with a primary alcohol. In order to activate the

initiator hydroxyl-terminated nanoparticles with titanium, the particles were suspended in hexanes
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at 0 °C and titanium tetrachloride 9{
) ) N-CgHq3
was added dropwise. This was 0=
OH OTiCly 0

followed by letting the reaction
warm to RT and reacting for 12

hours. The particles were then

washed five times with hexanes to ) <:)
|
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remove unreacted titanium. Finally, 000 0
. TiCl, 1.CeHyy" C (0]
n-hexyl isocyanate was added to the § —_— )
Hexanes, RT 2. End capping §

particles  in  toluene. The
Figure 26. Reaction scheme shows surface-initiated polyisocyanate

polymerization was subsequently synthesis performed by Vatansever and Hamblen. [83]

carried out for two hours followed by adding an end capping agent, acetyl chloride, to terminate
the polymerization (Figure 26). The polymer-modified nanoparticles were then isolated by
dissolving them in a THF/methanol mixture and precipitated in methanol. In order to isolate the
polymer for characterization, the polymer-modified nanoparticles were added to a chloroform and
acetone mixture containing HCIL. The polymer was collected by dissolving in a THF/methanol
mixture and precipitated in methanol to give the final cleaved polymer. A maximum molecular
weight of approximately 64,000 g/mol and a PDI of 1.3 was found for the degrafted polymers.
Well-defined molecular weights were obtained by changing the concentration of initiator to
monomer ratio showing good control over the polymerization. Using TGA, weight loss began at
around 260 °C for the polymer, with an overall weight loss of 96%. In an effort to investigate
surface coverage, a value of 1.16-1.5 mmol/g of surface silanol groups was calculated based off
the known amount of surface OH groups. This silanol surface coverage was then compared with

the weight loss found for the polymer brush and the 64,000 g/mol molecular weight of the
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degrafted chains. Assuming each surface silanol group became a polymer chain the weight loss
percentage is in close agreement with the obtained molecular weight. This assumes, however, that

each silanol group reacted with an initiator and that each initiator started a polymer chain.
4.4.6 Polyisocyanides

Polyisocyanides were first discovered to possess a helical conformation in 1974 by the

Millich, Nolte, and Drenth groups.[162] This helical shape is of interest in applications such as
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Figure 27. Reaction scheme shows surface-initiated polymerization of poly(isocyanide)
order that such synthesis on oxide surface performed by Huck et al. [84]

polymers possess.[163] In 2008, Huck et al. demonstrated the first example of surface-initiated
polymerization of polyisocynanides with the goal of optical and electronic applications.[84]
Polymer brushes were grown on silica, gold, and quartz using an initiator with a primary amine.
In order to attach the nickel catalyst to the surface, two approaches were utilized. The first method
attached the amine monolayer to the surface first then reacted this layer with the nickel catalyst
complex. This method was only able to grow brushes up to 19 nm thick, so a second method was
utilized by attaching the nickel catalyst complex to the amine initiator first then reacting this
complex to the surface. To prepare the polyisocyanide brushes, the activated substrates were
reacted with different concentrations of L-isocyanoalanyl-L-alanine methyl ester monomer in
DCM with reaction times ranging from 0.1 to 17 hours. The polymer-modified surfaces were then

cleaned with chloroform and methanol and dried with nitrogen gas (Figure 27). Using AFM, a
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unique surface morphology was 5)
discovered, showing what was
describe as ‘feather-like’ shapes
(Figure 28). These shapes were

hypothesized to be due to stiff

hfnm

bundles of the highly rigid

polyisocyanide chains that were
aligned. Brushes of up to 387 nm in
thickness were synthesized but no

molecular weight or grafting density

data was reported. This was primarily
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Figure 28. AFM topography of 56 and 387 nm thick

the rigid polyisocynanide chains, due poly(isocyanide) brushes a) and b) respectively. [84], Copyright
2008. Reproduced with permission from American Chemical

to low solubility on common solvents, Society.

and also because of the overall low amount of polymer produced on a flat substrate. Circular

dichroism was used to determine if the brushes still had helical properties and indicated that the

brushes did have a strong right-handed helical orientation. Lastly, FTIR spectroscopy was used to

confirm that the brushes also possessed hydrogen bonding along the side chains, which is

important in formation and stabilization of helical backbones and f-sheet-like arrangements.

Two years later, the Huck and Rowan groups further studied polyisocyanides to look into
their conductive properties by adding a carbazole side group.[115] This was done using a similar

polymerization scheme as the previous work but using the L-isocyanoalanine-2-(9H-carbazole-9-
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yl)ethyl amide monomer instead. Similar to the previous study, the polymer formed was insoluble
in common organic solvents so only limited characterization was performed and mostly on the
electronic properties of the polymer films. With the new side group, polymer brushes were grown
up to 150 nm and this polymer film had a higher water contact angle of 90° due to the increased
hydrophobic character of the carbazole. Similar to the previous work, no grafting density or
molecular weight characterization was reported due to the polymers being insoluble in common
solvents. However, the authors stated that due to the “open” structure of the films, based on the
films high rms roughness (6.3 nm roughness for a 73 thick film), a low grafting density was
predicted. Solid state NMR spectroscopy was performed on the polymer and showed the
characteristic peaks. Experiments varying the monomer concentration and reaction solvent were
also attempted and showed that DCM as a solvent at higher monomer concentrations produced the
thickest polymer films. AFM was performed on the polymer-modified surfaces but these systems
did not show the ‘feather-like’ features that were seen in the previous study instead showing what
the authors called ‘moss-like’ surfaces for the shorter 9 nm brushes and a ‘fiber-like’ appearance
for the longer brushes. Electrical characterization of these polymer films showed a small dipole
formation and they were successfully used with a LED, showing a large shift in the built-in voltage
at zero bias. This work represented a significant progression in demonstrating the use of surface-

immobilized polyisocyanides in new electronic applications.

4.5 Substituent Effect Polymerizations

4.5.1 Poly(phenylene oxide)

Poly(phenylene oxide)s (PPOs) have been used commercially for over five decades
because of their good thermal and chemical resistance.[164] PPO and PPO-polymer mixtures are

currently used in many applications including business machines, automotive parts, home
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appliances, electrical parts, and personal care products.[165] Because of their properties, Kim et
al. hypothesized that using PPO with SWCNs could help resolve some of the issues that plague
solubility and processability of these structures.[85] In order to make the composite SWCN-PPO,
an initiator was first attached to the surface of the SWCNs. This was achieved by reacting 4-fluoro-
3-(trifluoromethyl)benzenediazonium tetra-fluoroborate to the SWCN walls using diazonium salt
chemistry. Once formed, the initiator-modified SWCNs and potassium 4-fluoro-3-
(trifluoromethyl)phenolate monomer were reacted in dimethyl sulfoxide (DMSO) at 130 °C for 6
days. This temperature was found to allow for the least amount of self-condensation of the
monomer in solution. The final SWCN-PPO product was precipitated in a methanol/water solution
then re-dissolved in dimethylacetamide and, again, precipitated in THF to remove organic
impurities. Comparing the Tg, obtained from DSC, the grafted polymer showed a drastic increase
of 75 °C, to a Tg of 120 °C, compared to free polymer, which has a Tg of 45 °C. It was hypothesized
that this could be due to a higher level of ordering and reduced free polymer chain ends for the
surface-immobilized polymer. The initiator grafting density was also obtained using TGA and
GPC, giving a value of 1 initiator for every 56-60 surface carbon atoms. Using the surface area of
the carbon nanotubes, this corresponds to 1 initiator/nm?. Due to degradation of the PPO and
SWCN at nearly the same temperature, a grafting density of the polymer chains was not directly
calculated via TGA. However, based off the observed weight gain from the initiated SWCN to the
SWCN-PPO, a molecular weight of 3,200 g/mol was estimated by the authors for the grafted PPO.
GPC was also used to characterize a homopolymer synthesized in solution under the same
conditions as the polymer brush, producing a Ma of 4500 g/mol and a PDI of 1.28. The final

SWCN-PPO product was tested in different solvents to see whether the modification procedure
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enhanced the solubility of the SWCNs. The authors reported that after several months of being

dissolved in various organic solvents no sedimentation was observed.
4.5.2 Aromatic Polyamide \

Aromatic polyamides have long
been known for their excellent chemical, N-CgHy7
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rise to the use of aromatic polyamides in
Figure 29. Reaction scheme shows the first surface-initiated
aromatic polyamide brushes grown from silica surface

many applications including advanced performed by Prehn and Boyes. [2]

fabrics, coatings, fillers, advanced

composites in the aerospace and armament industry, asbestos substitutes, electrical insulation,
bullet-proof body armor, industrial filters, and protective and sport clothing.[22] In 2015, our
group reported the first surface-initiated aromatic polyamide brushes prepared using substituent
effect CGC.[2] As discussed previously, in early 2000 Y okozawa demonstrated that it was possible
to convert aromatic polyamides traditionally prepared via a step-growth polymerization to a more
controlled CGC polymerization via the use of substituent effects.[44] Using this fundamental
work, our group developed a silane based initiator that could be attached to various silica
substrates, including Stéber silica and silica wafers. Once cleaned, the initiator-modified silica was
placed in a solution of THF and monomer, methyl 4-(octylamino)benzoate, and the solution was

then cooled to 0 °C. Lithium bistrimethylsilyl amide, a strong non-nucleophilic base, was then
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added to start the polymerization by deprotonation of the amine group on the monomer (Figure
29). Polymer films up to 12 nm thick were produced from the silica wafers. Using HF to cleave
the polymer from the Stober silica, a Mn of 10,400 g/mol and a PDI of 1.4 were found using GPC.
The Stober silica also showed a weight loss of 3% using TGA, which was used with the molecular
weight data to calculate a grafting density of 0.35 chains/nm? and demonstrate that a polymer brush
structure was formed. The relatively thin polymer brushes produced in this system were attributed
to the precipitation of lithium methoxide, a by-product of the CGC reaction, on the surface of the
silica wafers. It was hypothesized that the thickness of the brushes could be improved by changing
to a system that produces lithium phenoxide as a leaving group, as this has improved solubility in
THEF. Despite this, these new brushes represent a step forward in the development of new types of
surface-immobilized polymer films for new applications and for improving upon existing

technology such as reverse osmosis membranes and carbon dioxide capture devices.
4.6 Other Non-vinyl-based Polymerizations
4.6.1 Polyaniline

Polyaniline (PANI), similar to other

conjugated polymers, has some very unique
properties, such as excellent electrical,

HS

magnetic, and optical properties that have
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been used for batteries, electromagnetic HN

shielding, gas sensors, electrochromic
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devices, and has potential for application in

o

pesudocapacitors, electrochromics,  Figure 30. Reaction scheme shows PANI brush synthesis on
a gold substrate. Synthesis was performed by Esachi et al.

bioengineering, bio/chemical sensors, solar [7°]
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cells, electromagnetic interference (EMI) shielding, and OLEDs.[[167],[168],[169]] These
applications stem from the high Young’s modulus and durability of PANI, which results from
conjugation along the backbone and the rigidity of the backbone. These properties translate to
versatile redox behavior, excellent chemical and electrochemical stability, large capacitance, and
electrochromic properties.[[79],[170]] For these reasons, Esashi et al. chose the synthesis of PANI
brushes for application in data storage.[79] In data storage, the substrate material must have the
capability of transmitting electrons, in addition to, mechanical properties capable of withstanding
constant tapping on the surface. In this report, growth of the PANI polymer film was limited to 6
nm and was achieved using an oxidative polymerization of aniline. In order to make these films, a
10 nm layer of Cr and a 200 nm layer of Au were deposited via sputtering on a silicon wafer. The
surface was then modified by placing the gold substrate in a methanol solution of 4-
aminothiophenol for 24 hours. The initiator-modified gold substrate was then reacted with a
solution of 0.15 M aniline, 1 M HCI, and 0.1 M (NH4)2S20s for 8 hours at 0 °C (Figure 30). Once
completed, any physically absorbed polymer was removed by immersing the polymer film in NMP
and sonicating for 24 hours. Using this PANI polymer film, the authors demonstrated that applying
an electrical voltage allowed for reversible changing of the conductivity. This was hypothesized

to be due to either oxidation-reduction or protonation—deprotonation of the PANI.
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Further work with these polymer
films demonstrated that with repeated
polymerization of the same substrate, the
thickness of the PANI brush could be
increased up to 30 nm.[116] To further
characterize the PANI brush surface, AFM
was used to examine the topography,
Young’s modulus, friction, adhesion, and
wear. The Young’s modulus was found to
be 3.8 GPa for the 30 nm brush, which is
slightly above the 3.3 GPa value for
poly(methyl  methacrylate) (PMMA),
which has been successfully used for
thermomechanical recording.[116]
However, the friction and adhesion were
reported to be much higher when
compared to GeSbTe and PMMA films,
due to uneven surface coverage of the

polymer brush (Figure 31). This was a
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Figure 31. Images show AFM friction and topography plots of
different surfaces. The left side images show topography while the
right images show friction. a) and a') are the PANI brush. b) and b'")
are GeSbTe. c¢) and c') are poly methyl methacrylate films. [116],
Adapted with permission. Open Access distributed under the terms
of the Creative Commons Attribution License CC BY 4.0.

disadvantage of this system due to the fact that in order for a data storage device to function

properly a smooth surface is required. One of the proposed ways to improve the smoothness of the

PANI film is by adding alkyl side chains to the PANI chain. This was hypothesized to produce

more uniform coverage of the polymer film due to the side chains potentially weakening
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interactions between the surface-immobilized chains and, thus, preventing aggregation. Another
proposed solution was to increase the grafting density of the brushes, which should result in a more
uniform coverage.[171] However, as no grafting density or molecular weight data was reported
for the PANI films, it is difficult to determine if the films were in the brush regime. Lastly, wear
tests using the AFM to repeatedly scratch the surface showed very little wear compared to PMMA
films under the same conditions. This demonstrated that these films should stand up to the repeated

wear of a data storage tip tapping the surface.

In 2015 Gao et al. used PANI brushes for their potential in the biomedical field of
electronics for sensing and imaging.[117] One long standing issue with PANI is poor resistance to
dedoping, which in the field of biomedical imaging is especially problematic due to leaching of
dopant ions, as well as effecting electrical and optical properties. In order to address these issues
a PANI brush was synthesized on 70 nm magnetic nanoparticles (MNPs). This was done by first
reacting the MNPs with dopamine to form a reactive core for the PANI to initiate from. To prepare
for the polymerization, aniline was added to DI water while a separate solution of the oxidant,
(NH4)2S20s, was prepared in DI water, followed by the addition of HCI. Both solutions were placed
at4 °C. Meanwhile, a third solution of polydopamine covered MNPs were placed in DI water with
the counter ion sodium dodecyl sulfate. The PANI solution and the oxidant solution were then
added to the solution of MNPs and the reaction was carried out in darkness at RT for 24 hours.
The particles were purified with repeated centrifugation and magnetic separation. No TGA or
molecular weight characterization was reported and, thus, the grafting density of the PANI films
was not calculated. TEM showed the thickness of the PANI layer to be approximately 15 nm.
When compared to PANI covered MNPs prepared via the ‘grafting to’ technique, at a pH of 7 the

grafted PANI particles showed a conductance over 2000 times better. This was reported to be due
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to a polymer brush structure holding the oxidant much better than the more loosely covered
traditional PANI particles. An additional discovery was that these particles possessed non-fouling
properties and were shown to surpass the industry standard PEG, which has been used extensively
for anti-fouling surfaces. Future application of PANI brushes potentially include batteries,
electromagnetic shielding, gas sensors, electrochromic devices, electronic devices, bioimaging,

sensing, coating, and smart textile.[79]

In 2019, Jiang et al. synthesized composite silica nanohybrid PANI particles with the
application goal of using them as an anode material for lithium batteries.[118] To prepare these
composite particles, 50 - 120 nm silica particles were modified with 3-aminopropyl triethoxysilane
to act as an initiator for the polymerization. The amine-modified particles were then dispersed in
ethanol using ultrasonication and aniline was subsequently added. The solution was cooled with
ice and ammonium peroxydisulfate in an HCI solution was added dropwise to start the oxidative
polymerization, which was carried out for 6 hours. The particles were then washed three times
with ethanol to remove any physically absorbed polymer before being dried at 60 °C. XPS was
used to confirm that the initiator layer was successfully grafted to the silica nanoparticles. FTIR
spectroscopy was used to confirm the characteristic peaks for the initiator-modified particles,
PANI particles, and the control system, PANI physically absorbed silica particles. TGA was used
to show that a weight loss of 52% for the particles with PANI burnt off between 240 - 400 °C.
SEM and TEM were used to image the particles and indicated a uniform polymer layer 2 - 5 nm
thick. Although this layer is relatively thin, the layer appeared to be uniform, which the authors
proposed to be an indication that the polymer films may have a high enough grafting density to
produce a brush structure. No molecular weight characterization was performed, however, so a

grafting density was not reported. The PANI-modified particles showed high levels of capacity,
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2135 mA/g, and maintained 848 mA/g capacity after 100 cycles, while preserving the structural

integrity and promoting the transport of both electrons and lithium ions.

4.6.2 Polypyrrole

In 2008 Wang and Ni showed that pyrrole could be initiated from the surface of TiO2
films.[119] This was performed by first creating a layer of TiO2 on an ITO slide. The slide was
then placed in a quartz reactor with 0.1 M solution of pyrrole and UV -irradiated at 365 nm to
polymerize the pyrrole. Raman spectroscopy demonstrated that with different reaction times the
polypyrrole (PPy) peaks increased, indicating an increased thickness of the PPy film with reaction
time. XPS was used to confirm that the PPy was attached to the TiO: film by showing the presence
of the —N* species. From this, it was deduced that the PPy is oxidized due to « electrons from the
conjugated pyrrole rings undergoing a charge-transfer mechanism with the TiO2, which the authors
hypothesized to mean a chemical bond was present. SEM and AFM images demonstrated a
uniform coverage of the PPy film with a decrease in surface rms roughness, 13 nm, when compared
to the TiOz2 film substrate, 25 nm. No grafting density or molecular weight data was reported for
the films. However, linear scan voltammetry under dark and illumination showed increased photo
response and improved film electrode properties compared to electrodeposited PPy films, which

is important for their potential applications in photovoltaic cells and light emitting diodes.

Initiating the polymerization of pyrrole from a silica surface was first demonstrated in 2010
by Choi et al.[82] In this communication, surface-initiated polymerization of pyrrole was
performed on mesoporous silica. This was hypothesized to be a result of a reactive nitrosyl ion
(NO™) surface species, which initiates the polymerization from the silica surface. It should be noted
that a typical initiation process was not used and instead the initiation was hypothesized to function

by using sodium nitrite to deprotonate surface silanol groups, which then allowed for the formation
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of the nitrosyl ion and kept the polymerization from the surface. After polymerization, the average
pore size of the mesoporous silica decreased from 9.27 nm to 9.06 nm, suggesting that while the
polymer layer formed was extremely thin, polymerization of pyrrole from the surface of the
mesoporous silica was possible. As no molecular weight or grafting density data was reported and
because of the small change in pore size, the PPy films formed were most likely composed of small

oligomers.

In 2017 surface-initiated PPy films on a vanadium pentoxide (V20s) particles were
reported by Jung et al.[120] Similar to Choi at al., the PPy chains were initiated off of the surface
using a oxidizing agent. In this case this species was believed to be surface generated VO2*. To
synthesize the hybrid V20s PPy particles, a 0.1 M pyrrole solution in water with V20s particles
was stirred for 12 hours. The resulting product was then filtered, washed with water, and dried.
SEM analysis showed a morphology that was hypothesized to be 10 — 30 nm PPy clumps or
‘spherical particles’ on the V205 surface. This morphology was suggested to be due to the surface-
initiated PPy chains clumping together. Although uniform coverage was hypothesized, the
clumping suggests the grafting density was low.[19] No molecular weight or grafting density data
was reported for these films to confirm this. FTIR spectroscopy showed the characteristic PPy
peaks, indicating that the observed clumps were indeed PPy. Despite the clumping, the authors did
not observe any polymerization in solution, implying that the PPy was only initiated from the

surface of the V20s particles.

In 2020 Nadeem et al. used a surface-initiated radical polymerization to form hybrid PPy
sepiolite particles.[172] To synthesize the hybrid polymers, sepiolite clay was first modified with
the silane initiator, vinyltriethoxysilane. The polymerization was then performed in a glass reactor

tube with demineralized water and TWEEN-80 as a surfactant. The pyrrole monomer was slowly
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added to the stirring solution, followed by the dropwise addition of the radical initiator, potassium
persulphate. The system was then heated at 70 °C and the polymerization conducted for 8 hours.
Following the polymerization, the system was filtered, and the product washed with demineralized
water and acetone. Using FTIR spectroscopy, the characteristic PPy peaks were observed, which
indicated successful modification of the clay. With TGA, over 50% weight loss was observed at
600 °C. However, as the surface-initiated PPy was not degrafted, no grafting density or molecular
weight data for the polymer film was reported. Despite this, the method used in this report shows
a potentially useful way to modify surfaces with pyrrole due to ease of synthesis and large amount

of polymer produced.

4.6.3 Polycarbonate

Aliphatic polycarbonates are widely used in many applications including biodegradable
and biocompatible materials, tissue implants, drug delivery, packaging films, medical sutures, and
widely used with  other
polymers to improve
mechanical properties.[173] In

2013, Lu et al. reported the first

example of using aliphatic

polycarbonates to help improve Figure 32. Reaction scheme shows surface-initiated polycarbonate brush
using immortal polymerization mechanism on MWCN performed by Lu et

the properties of carbon al [121]

nanotubes by surface-initiated immortal polymerization.[121] The polymerization was carried out
on carboxylic acid functionalized multiwalled carbon nanotubes (MWCNs-COOH) using a binary
catalyst system composed of a cobalt cyclohexenediimine complex and

bis(triphenylphosphine)iminium chloride. To start the reaction, the complex, propylene oxide, and
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MWCNs-COOH were added to an autoclave purged with nitrogen (Figure 32). The autoclave was
mixed and charged with a CO2 atmosphere, and the reaction carried out until the mixture turned
into the solid phase. The composite material was then dissolved and filtered, followed by drying
the product overnight. The chemical attachment and formation of the polymer were confirmed
using FTIR and NMR spectroscopy, while SEM and TEM showed a thickness of up to 3 nm for
the polymer on the MWNTs. The authors demonstrated that the polymer coating enhanced solution
stability of the MWNTs as indicated by the fact that no sedimentation was observed of the product
in DCM, THF, chloroform, acetone, dimethylformamide, or DMSO after sitting for 14 months.
Although TGA was performed, no grafting density for the polymer-modified MWNTs was
reported. The molecular weight of free polycarbonate, formed in solution during the
polymerization, was shown to have a M ranging from 19,100 to 93,700 g/mol with PDI’s ranging
from 1.08 to 1.19. Characterization of the mechanical properties, including tensile strength,
Young’s modulus, flexural stress, and flexural modulus, all showed improvements when 3 wt.%
polycarbonate MWNTs were mixed with a polycarbonate matrix compared to unmodified
polycarbonate. While the tensile strength, Young’s modulus, and flexural stress doubled in value,
the flexural modulus increased by almost five times. This represents an exciting example of yet
another new semi-flexible surface-initiated brush, which, in the future, could be adapted to flat

surfaces or larger nanoparticles to allow for more detailed characterization.

In 2014, Carlmark et al. used a different reaction scheme to make surface-initiated
polycarbonate from cellulose surfaces.[122] Instead of using an immortal polymerization like Lu
et al., a ring opening mechanism was utilized. Unlike many surface-initiated polymerizations, in
this case, no initiator needed to be added to the surface as cellulose has a high concentration of

alcohols on the surface that can be used to initiate the polymerization. To make the polycarbonate
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films, two different catalyst were utilized but all other reaction conditions remained the same. In
addition, a sacrificial solution initiator was also used to allow for an approximation of the
molecular weight of the surface-initiated polymers, as degrafting the surface-attached polymers
from cellulose is difficult. A typical reaction was performed by adding filter paper, the cellulose
substrate, to a purged vial then adding the monomer, trimethylene carbonate, followed by
additional argon purging. DCM and the sacrificial initiator, benzylic alcohol, were then added
followed by a catalyst solution of either 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) or 1,5,7-
triazabicyclo [4.4.0]dec-5-ene (TBD). The solution was mixed at RT for 1 minute before being
placed at 40 °C for the desired reaction time, which ranged from 1 minute to 24 hours. Due to the
lack of a carbonyl IR peak in cellulose, the polycarbonate carbonyl IR peak was used to measure
the amount of polycarbonate grafted to the surface. Using this technique, it was shown that
changing the concentration of sacrificial initiator modified the film thickness, with a lower
concentration of initiator producing a thicker film. Because cellulose and grafted polycarbonate
degradations overlap in TGA, an exact percent of grown polycarbonate was not determined. As a
result, no grafting density or molecular weight data was reported for the surface-initiated polymer.
Using the polymer formed in solution from the sacrificial initiator, the molecular weight of the
polycarbonate ranged from 7,200 to 61,000 g/mol with the PDIs varying from 1.36 to 2.06. The
PDI values were relatively high in some case but this was hypothesized to be due to residual water
on the cellulose that can also initiated chains, in addition to the potential for chain scission of the
propagating brushes. Although no grafting density measurements were reported, SEM showed
uniform coverage of the polymer film with increased smoothness compared to the unmodified
cellulose paper, which the authors suggest indicates a relatively high grafting density and uniform

coverage. Contact angle measurements showed a water contact angle of 100°, which was higher
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than the unmodified polycarbonate films. This was hypothesized to be due to the relatively rough

underlying cellulose substrate.

5. Conclusion and Future Perspective

Polymer brushes have fascinated scientist over the last three decades with the promise of
unique film properties due to the closely packed polymer chains on a surface and their unique
conformations.[18] Until more recently, vinyl-based monomers have been the primary focus for
the preparation of polymer brushes. However, the discovery of techniques that are capable of
converting traditional step-growth polymers into chain-growth polymers, primarily using CGC
and ring opening polymerization techniques, have provided new pathways for the synthesis of
polymer brushes using the ‘grafting from’ approach. These non-vinyl-based polymer brushes have
come a long way in the past two decades and have gone from theory to the experimental realization
of brushes, which include polynorbornenes, polypeptides, polyesters, polyoxazoline, polyaniline,
polythiophenes, polyfluorenes, polyphenylenes, polyphenyleneethynlene, polypyrrole,
polyisocyanate, poly(isocyanides), and
polyamides.[[2],[21],[75],[76],[77],[78],[79]1,[801,[81],[82],[83],[841,[86]] The reported potential
applications of these brushes have ranged from OPVs, OLEDs, tribological coatings, membranes
for water purification and desalination, membranes for fuel cells, high performance coatings, and

biosensing, and are only a glimpse of what is possible using these new films.[[2],[3]]

Although these polymer brushes are reported to have much promise in future applications,
there is still much room for advancement in this area of research. One of the critical areas that
needs to be addressed with non-vinyl-based polymer brushes is solubility. Many of these polymers,
especially those containing aromatic rings or conjugation on the backbone, are plagued by low

solubility, which inhibits how thick the brushes can be grown and the molecular weights that can
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be achieved. In addition to this, low solubility can also inhibit characterization of the polymers
using conventional analytical techniques. One attempt to solve this issue has been to add
solubilizing side chains to the monomers used for brush synthesis, which has shown solubility
improvements.[[2],[78],[81],[83],[154]] While these side chains help solubilize the propagating
chains during the polymerization, which helps increase the obtainable molecular weight, they can
have the negative side effect of altering the physical properties, such as lowering of the Young’s
modulus and durability.[[174],[175]] Utilizing techniques, such as post polymerization removal of
the solubilizing chains, could solve the problem of low solubility without decreasing the desired

physical properties and could greatly increase the application and future directions of these films.

Another hurdle to overcome in improving the understanding and development of non-vinyl-
based brushes is to improve the characterization of the brushes, in particularly with respect to
grafting density, and what defines a polymer chain being in the brush regime. This topic has been
studied extensively with brushes based on vinyl monomers but has received limited attention for
the new emerging non-vinyl-based brushes.[[17],[24],[19]] Indeed, the importance of developing
a structural definition for polymer brush formation and being able to distinguish between ‘true’
polymer brushes and simply grafted polymer films was highlight by Brittain and Minko in
2007.[29] In this paper, the authors conclude that reporting the £ value, or at the very least the
grafting density, for grafted polymer films is critical in defining or using the term polymer brush.
As can be easily seen in the above review, many of the studies do not include either the polymer
film X value or grafting density, while others may include the initiator grafting density but fail to
report the polymer chain grafting density, which is paramount because these two grafting densities
do not have a direct correlation in most cases.[176] In order to obtain a better understanding of

how X or grafting density influence the properties of non-vinyl-based brushes, it is vital that
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research in this area starts to report these values. However, this is intimately tied to two other
factors. The first, as discussed above, is polymer solubility, which is typically required to
accurately determine polymer molecular weight. The molecular weight is required to calculate
grafting density, which in turn, is required for the calculation of . The other factor is the need for
further theoretical studies investigating the values of X or grafting density required for polymer
brush formation with semi-flexible or rigid rod polymers. While these values have been defined
and experimentally demonstrated for random coil polymers prepared from vinyl-based monomers,
intuitively, they will be significantly different for polymers that adopt other conformations. As
such, target values or ranges to confirm the adoption of a brush conformation need to be set. This
will allow for consistency in the use of the term polymer brush and also provide affirmation that a
polymer brush structure is required or responsible for improvements observed in film properties.
Finally, characterization techniques, such as neutron scattering, could also help provide
experimental information into how these polymer brushes structured and whether or not these films

are in the brush regime.

Developing a better understanding of the various mechanical properties obtained from these
semi-flexible or rigid rod polymer brushes compared to their other conformational counter parts is
important for many of the proposed future applications. Many different properties have been
predicted for semi-flexible polymers by entering the brush regime compared to a physically
absorbed films, mushroom structures, and flexible brushes. These properties, such as improved
lubricity, optoelectronic properties, and high strength films, are based off the polymers forming
the highly ordered brush regime making understanding and characterizing this step very important
as highlighted above. Measuring these properties is important and in many cases for these non-

vinyl-based films has not been performed. Characterizing mechanical properties, such as Young’s
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modulus, friction, adhesion, and wear, has been limited for most of the reported systems. AFM has
been widely adopted to characterize polymer films but has been mostly limited to topography
despite its many functions. Fundamental studies using AFMs force measurement capabilities with
non-vinyl-based polymer brushes is important in aiding future studies to measure the potential
beneficial properties of semi-flexible and rigid rod polymer brushes. Alternatively, the recently
developed surface wrinkling technique has been used to determine polymer brush film properties,
such as Young’s modulus. However, this technique has had limited use with non-vinyl-based
polymer brushes and has potential to aid in mechanical characterization. Characterizing optical
and electrical properties has been reported much more frequently. This is typically performed
using UV-vis spectroscopy, fluorescent spectroscopy and various electrical characterization
techniques and is one area where most of the reviewed polymer films interested in such properties

have reported improved brush properties compared to physically absorbed polymers.

Despite these hurdles, there is tremendous promise in the future of non-vinyl-based polymer
brushes, where surface modification using polymer films has the potential to dramatically change
surface properties and provide access to new technologies. Research over the past 30 years has
moved from theoretical studies to experimental realization to meet the scientific communities
expanding need for new polymers for surface modification. The outstanding work of people in this
field has been directly responsible for refining and discovering new polymerization processes,
developing new characterization techniques, and identifying new polymers that can be used to
form polymer brushes. Notwithstanding this, there are still many types of polymers that are
traditionally synthesized using a step-growth process that could produce novel polymer brushes if
converted into a chain-growth polymerization, such as polyureas, polyurethanes, aromatic

polyesters, polysiloxanes, aromatic polycarbonates, and polysulfides, to name a few. While some
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of these polymers can be prepared via ROP, expansion to include aromatic systems and the

synthesis of well-defined rigid rod polymers for surface modification is yet to be realized.
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Figure Captions

Figure 32. Illustration comparing of the ‘grafting from’ and ‘grafting to’ techniques for the
preparation of polymer brushes. [24], Adapted with permission. Open Access distributed under
the terms of the Creative Commons Attribution License CC BY 4.0.

Figure 33. Scheme depicting the different conformations polymers can adopt when attached to a
surface.

Figure 34. Schematic of grafting density versus brush height in the transition from the
mushroom regime to the brush regime.

Figure 35. Hydroxylated surface reactions with example silane initiators used for ‘grafting-from’
surface initiated polymerization. [[24],[37]]

115



116

Figure 36. Reaction schemes for commonly used radical surface-initiated polymer brush
synthesis. (a) SI-ATRP, (b) SI-RAFT, (c) SI-NMP. [19]

Figure 37. Reaction scheme showing a proposed mechanism for nickel catalyst "ring-walking"
across the aromatic backbone of polythiophene. [53]

Figure 38. Some of the first monomers used when CGC polymerization was observed. a) 4-
halothiophenols b) 4-halo-2,6-dimethylphenols ¢) 4-fluoro-4'- hydroxybenzophenone d) sodium
4-fluorobenzenesulfinate e) methylphenyldichlorosilene f) dibromomethane with bisphenol A.
[49]

Figure 39. Reaction scheme depicts CGC polyester formation comparing 3-acyl-2-
benzothiazolone as a stable leaving group to the transesterification product as a less stable
leaving group. [67]

Figure 40. Hypothesized mechanism for the synthesis of polyamides via CGC polymerization
using substituent effects depicting inactive monomer, highly reactive initiator, and reactive
propagation chain end. [54]

Figure 41. Scheme showing a general mechanism for ROP in which an initiator starts the
reaction with a monomer which then kicks off the polymerization starting a reactive propagating
chain end.

Figure 42. Illustration shows molecular simulation of flexible vs semi-flexible polymer brushes
under pressure. a) flexible brush, b) flexible brush under compression, ¢) semiflexible brush, d)
semiflexible brush under compression. [30], Copyright 2014. Reproduced with permission from
Royal Society of Chemistry.

Figure 43. Schematic showing molecular layer deposition (MLD) method. In both the a) and b)
schemes show bifunctional molecules reacting to the surface via a surface terminated reactive
end group. [125], Copyright 2008. Reproduced with permission from American Chemical
Society.

Figure 44. Reaction scheme shows the use of ROMP to grow polynorbornene brushes with
different monomers that have successfully polymerized by Laibinis et al. starting with initiation
of the surface and activation using a ruthenium catalyst. [77]

Figure 45. Reaction scheme shows the synthesis of a random polynorbornene brush with
crosslinked PEG chain to help prevent solvent degradation performed by Berron et al. [94]

Figure 46. Reaction scheme shows initiation and propagation of SI-ROP utilizing a primary
amine-initiated surface and an NCA monomer. [21]

Figure 47. Reaction pathways using SI-ROP organonickel catalyst mediated NCA
polymerization using a) “block copolymerization approach”; and b) "alloc-amide approach". [21]

Figure 48. Reaction scheme shows the first example of SI polycaprolactone polymer brush
synthesized by Abbot et al. starting from surface alcohol group to activation with catalyst then
propagation by addition of caprolactone monomer. [75]
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Figure 49. Proposed mechanism by Choi et al. for enzyme surface-initiated polymerization to
form a polyester. [99]

Figure 50. Reaction scheme shows the first example of surface-initiated polymerization of
polyoxazoline by Jordon and Ulman starting with a surface alcohol, activating the alcohol with
triflate functional group, then propogating the chain with addition of monomer. [76]

Figure 51. Reaction scheme shows surface initiated polyoxazolines grown from silica
nanoparticles including initiation step and polymerization steps as synthesized by Bissadi and
Weberskirch. [102]

Figure 52. Reaction scheme shows surface-initiated nylon 6 from silica nanoparticles
synthesized by Li et al. [105]

Figure 53. Reaction scheme of the first surface-initiated polythiophene brush synthesis
demonstrated by Kiriy et al. [80]

Figure 54. Reaction scheme showing surface-initiated polythiophene surface initiation, initiator
activation, switching nickel ligands for better reactivity, propagation, and termination. Synthesis
performed by Luscombe et al. [110]

Figure 55. Reaction scheme shows ‘Grafting from’ polymerization of polyfluorene performed
by Kiriy et al starting with initiation, activation using Pd catalyst, and propagation. [81]

Figure 56. Reaction scheme shows the first example of synthesizing PPE using ‘grafting-from’
on silica nanoparticles performed by Bielawski et al. demonstrating initiation, surface activation,
and propagation. [78]

Figure 57. Reaction scheme shows surface-initiated polyisocyanate synthesis starting with
initiator on silica, activation, propagation ,and termination performed by Vatansever and
Hamblen. [83]

Figure 58. Reaction scheme shows surface-initiated polymerization of poly(isocyanide)
synthesis on oxide surface, including initiation and propagation, performed by Huck et al. [84]

Figure 59. AFM topography of 56 and 387 nm thick poly(isocyanide) brushes a) and b)
respectively. [84], Copyright 2008. Reproduced with permission from American Chemical
Society.

Figure 60. Reaction scheme shows the first surface-initiated aromatic polyamide brushes grown
from silica surface performed by Prehn and Boyes. [2]

Figure 61. Reaction scheme shows PANI brush synthesis on a gold substrate. Synthesis was
performed by Esachi et al. [79]

Figure 62. Images show AFM friction and topography plots of different surfaces. The left side
images show topography while the right images show friction. a) and a') are the PANI brush. b)
and b") are GeSbTe. ¢) and ¢') are poly methyl methacrylate films. [116], Adapted with
permission. Open Access distributed under the terms of the Creative Commons Attribution
License CC BY 4.0.
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Figure 32. Reaction scheme shows surface-initiated polycarbonate brush using immortal
polymerization mechanism on MWCN performed by Lu et al. [121]
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