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ABSTRACT

Fabrication of Polymer Brushes via Light-Mediated Polymerization

and Polymerization of Acrylic Acid

by

Benjaporn Narupai

The development of polymer synthesis is of great significance towards the preparation of
functional materials. Polymers have been used in surface modifications ranging from
antifouling, antifogging to chemical sensing. Surfaces are often modified by a variety of
techniques such as spin-coating, painting or dipping. However, these physisorption techniques
lack stability against erosion. Covalent chemical attachment overcomes this disadvantage and
offers chemical robustness with synthetic flexibility. Surface-initiated polymerizations are
one of the most efficient strategies to modify surface properties via covalent attachment while
providing high grafting density of a variety of functional groups as well as the ability to pattern
the surfaces. This dissertation will highlight the development of three synthetic strategies.
First, a novel strategy to synthesize branched polymer brushes by sequential light-mediated
polymerization is demonstrated. Stepwise synthesis including linear copolymerization,
deactivation of active chain ends and secondary graft polymerization is described affording
branched polymer brush architectures. Secondly, the fabrication of well-defined,

multifunctional polymer brushes using microliter volumes under ambient conditions is

XV



reported. This simple synthetic strategy uses photoinduced polymerization with metal-free
photoredox catalyst which acts as both an oxygen scavenger and polymerization catalyst.
Finally, the rapid copolymerization of acrylic acid and sodium acrylate is demonstrated. This
polymerization uses an alkyl iodide/sodium iodide as a mediator in water affording

copolymers with a moderate control over molecular weight and dispersity.
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I. Introduction and Literature Review

1.1 Applications of Surface Modification

Surface modification is an important strategy to change surface properties without altering
the bulk material. Surface modification is essential for the preparation of materials, for
example, biomedical devices where high mechanical toughness against degradation is
required for the bulk material while biocompatibility is required for surface interacting with
proteins.' Surface modification in general is widely used in many applications such as sensors,
actuators, lubricants, and for properties such as anti-fouling or anti-fogging. Surfaces can be
modified by a variety of techniques. Often, physisorption-based techniques such as spin-
coating, dipping and spraying are used, however these strategies do not provide the ability to
pattern the surface and lack stability against erosion.' Other surface modification techniques
rely on covalent chemical attachment, which overcome some of the disadvantages of
physisorption such as solvent or thermal instabilities, as well as offer chemical robustness

with synthetic flexibility to incorporate a variety of functional groups on the surface.”™



1.2 Polymer brushes via grafting-to and grafting-from strategies

Polymer brushes are thin polymer coatings consisting of polymer chains that have one
chain end tethered to a surface by covalent chemical attachment. Polymer brushes have
become interesting in stimuli responsive polymer coatings especially regarding sensors and
actuators. This is because polymer brushes offer low chain entanglement due to terminally
attached polymer chains which can immediately respond to environmental changes such as
solvent, temperature, pH and ionic strength etc.’ There are two strategies to prepare polymer
brushes: 1) “grafting-to” and 2) “grafting-from” strategies. The “grafting to” strategy involves
the preparation of preformed polymer with functional end groups designed to react with an
appropriate substrate (Figure 1). With this strategy, the polymers can be well characterized
via many characterization methods such as nuclear magnetic resonance spectroscopy (NMR)
and size exclusion chromatography (SEC) to determine molecular weight and dispersity.
However, the “grafting to” strategy suffers from low grafting density and thin polymer films.
This is because polymer molecules have to diffuse through an existing attached polymer layer
to reach the active sites on the surface. The steric hindrance of the attached polymers increase
as the film thickness increases resulting in low grafting density.’

Because of these limitations, the “grafting from” strategy has become the preferred option
to prepare polymer brushes with higher polymer grafting density and thicker polymer films.
This alternative strategy can precisely control the functionality, polymer brush grafting
density and the thickness of polymer film.* The “grafting from” strategy starts with the
modification of the surface with an initiator-bearing self-assembled monolayer followed by
surface-initiated polymerization. The self-assembled monolayers can be prepared on a variety

of surfaces such as thiols on gold, silanes on glass/Si/SiO, etc.* Many controlled



polymerization techniques have been used to prepare polymer brushes including anionic
polymerization, cationic polymerization and ring-opening polymerization.” Among the
controlled polymerization techniques, controlled radical polymerization such as atom transfer
radical polymerization (ATRP), reversible addition fragmentation chain transfer (RAFT)
polymerization and nitroxide-mediated polymerization (NMP) are the most widely used to
prepare polymer brushes because of their compatibility with both aqueous and organic
solvents and high tolerance toward a wide range of functional groups.’ Atom transfer radical

polymerization (ATRP) will be described in more detail later in this chapter.

Surface binding sites Polymer initiating sites

I —

o

monomer

polymers

“Graftlng to” approach “Grafting from” approach

Figure 1. The fabrication of polymer brushes: “Grafting to” approach and “Grafting

from” approach.



1.3 Regimes of brush formation

Grafting density (o) of the polymers at the surface can dictate the structure of surface-
immobilized polymers. The grafted polymer chains will overlap when the size of the polymer
chains approach the distance between the grafting sites. According to theoretical and
experimental studies, there are two regimes in brush formation including “mushroom” or
“brush” regimes (Figure 2). In the “mushroom” regime, the polymer brush thickness, H, scales
as H~No?° in a good solvent, where N is the degree of polymerization of the grafted polymer.
In the “brush” regime, H scales as H~No'/3 where grafted polymer chains become more

crowded and highly stretched.®”’

sl X

“Mushroom” regime “Brush” regime

Figure 2. Regimes of brush formation: “mushroom” and “brush” regimes.

In 2002, Genzer and coworkers reported the mushroom-to-brush crossover in surface
anchored polyacrylamide.® The gradient of initiator coverage on a silicon substrate was
prepared by differential vapor diffusion. Then, surface-initiated polymerization was
performed affording an array of grafted polymers with a variety of grafting densities. The
relationship between polymer brush thickness and initiator density was studied demonstrating
the crossover between mushroom and brush regimes occurs at ¢ ~ 0.065 chains/nm” (Figure

3).
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Figure 3. The wet thickness of polyacrylamide brushes (H) as a function of polymer brush
grafting density demonstrating the crossover between “mushroom” and “brush” regimes.

Reprinted with permission from reference 8. Copyright 2002 American Chemical Society.

1.4 Atom transfer radical polymerization (ATRP)

Atom transfer radical polymerization (ATRP) has been the most extensively used method
to prepare polymer brushes. The advantages of ATRP over other techniques include the use
of commercially available reagents, chemical versatility, compatibility with a variety of
monomers and functional groups and tolerance to impurities.” ATRP relies on the reversible
redox activation of a dormant halide-terminated polymer with a transition metal complex
(metal/ligand) and deactivation of the resulting propagating radical species. A lower oxidation
state of Cu'/ligand reacts with an ATRP initiator to generate radical species that can initiate
the polymerization. This propagating radical species can then be deactivated with a higher

oxidation state Cu"/ligand deactivator to generate the corresponding halogen-capped dormant



species to avoid termination events. This polymerization is based on the equilibrium of
activation and deactivation processes (Figure 4). The parameters, including initiators, ligands,
ratio of metal/ligand and solvents, can be varied to tune the polymerization. Surface-initiated
atom transfer radical polymerization (SI-ATRP) is an efficient polymerization method to
prepare polymer brushes. This method starts from the surface modification with initiator-
bearing self-assembled monolayers. Then, this initiator-functionalized substrate is used to
grow polymer brushes from the surface. There are several types of ATRP that have been used
for this, that differ slightly from conventional ATRP. For example, Activators Regenerated
by Electron Transfer (ARGET-ATRP) has been developed to reduce the amount of metal
catalyst in the polymerization by using ppm level of metal in the presence of reducing agents.’
Supplemental Activation Reducing Agent (SARA-ATRP)/Cu(0)-mediated living radical
polymerization has been reported using Cu(0) as a metal catalyst in the polymerization."
Light-mediated ATRP has been developed by using light to regulate the activation and

11-13

deactivation steps during the polymerization. The following section will describe photo-

induced polymerization techniques in more detail.

R
mﬂ
Po-Br + [Cull]* (—— [Br-Cu'L]* + Pn

Figure 4. The mechanism of atom transfer radical polymerization based on Cu-based

catalyst.



1.5 Light-mediated controlled radical polymerizations

External stimuli such as chemical, mechanical, electrochemical and photochemical stimuli
have been used to regulate activation and deactivation steps of polymerizations. Light is the
most attractive external stimulus due to the ability to tune the wavelength and the intensity of
light. Moreover, light offers excellent spatial and temporal control during the polymerization.

In 2012, Matyjaszewski and coworkers reported photoinduced ATRP with ppm levels of
the Cu catalyst using visible light and sunlight.'> Photoreduction of the X-Cu'/ligand
deactivator complex yielded a Cu'/ligand activator and a halogen radical that could initiate the
polymerization (Figure 5). Irradiation of the reaction mixture with 392 nm, 450 nm and
sunlight yielded polymerization. However, no polymerization occurred with lower energy red
light (631 nm). The polymerization showed excellent control with both acrylate and
methacrylate monomers. Moreover, chain extension could also be performed to yield block
copolymers. This photoinduced ATRP has been shown to be environmentally benign due to

low metal catalyst loading and mild radiation sources.

X
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P,-X + CullL — P;@+ X-Cu'/L
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X'Cu”“- + Pn'Pm

Figure 5. The mechanism of photoinduced ATRP based on Cu-based catalyst. Reprinted

with permission from reference 12. Copyright 2012 American Chemical Society.



In 2014, Haddleton and coworkers reported photoinduced sequence-controlled living
radical polymerization of acrylates in one pot.'* The polymerization was performed using low
concentration of CuBr, with Tris[2-(dimethylamino)ethyl]amine (MesTren) as a ligand under
360 nm UV irradiation. The undecablock copolymers were prepared using alternating blocks
of four different acrylate monomers yielding polymers with narrow dispersity (P <1.2), and
importantly, with quantitative conversion achieved between the iterative monomer additions.
This strategy offers a versatile and inexpensive platform for the preparation of multiblock
copolymers demonstrating excellent end group fidelity and very low rates of termination.

In 2012, Hawker and coworkers reported photocontrolled polymerizations of
methacrylates using iridium-based catalyst (non-copper-based catalyst system).'' The
photoredox catalyst, fac-[Ir(ppy)s], is highly responsive to visible light (Figure 6a). The
proposed mechanism of this polymerization starts from visible light irradiation to afford
excited Ir'"™* species, fac-[Ir(ppy)s]*, which can reduce an alkyl bromide initiator to generate
an alkyl radical that can initiate polymerization. Then, the highly oxidized Ir'" complex can
react with the propagating radical to generate the ground state Ir'"" complex plus a dormant
halogen-capped polymer chain. The cyclic process of propagation and halogen recapping can

be regulated by visible light (Figure 6b).
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Figure 6. (a) The photoredox catalyst fac-[Ir(ppy)s] (b) Proposed mechanism of a light-
mediated controlled radical polymerization using Ir-based photoredox catalyst. Reprinted

with permission from reference 11. Copyright 2012 John Wiley and Sons.

The polymerization of methyl methacrylate with 0.005 mol% of fac-[Ir(ppy);] resulted in
a controlled polymerization with B < 1.3. The control experiments were performed without
fac-[Ir(ppy)s] catalyst or in the absence of light, showing no polymerization in both cases. The
attractive feature of this strategy is the ability to activate and deactivate the polymerization
immediately by switching “on” or “off” the light source. The polymerization with “on”/ “off”
cycles (light off 1 hour, light on 2 hours) was performed. In the presence of light, monomer
conversion was observed, while the polymerization stopped immediately and no conversion
was observed during the dark period. The polymerization of the 2™, 3™ and 4™ light “on” cycle
suggested that termination does not occur during the dark period and the halogen remains
intact on the polymer chain ends (Figure 7). Chain extension were performed by sequential
photocontrolled polymerization affording a well-defined poly(methacrylate)-b-(benzyl

methacrylate) diblock copolymer. Unlike the copper-based system, the polymerization using
9



Sfac-[Ir(ppy)s] is extremely tolerant to a variety of functional groups. Copolymerization of

methacrylic acid and benzyl methacrylate were prepared affording excellent control over

molecular weight and a low D.
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Figure 7. Polymerization of methyl methacrylate using fac-[Ir(ppy)s] in the presence (on)
and in the absence (off) of light. Plot of conversion vs. time during the polymerization.

Reprinted with permission from reference 11. Copyright 2012 John Wiley and Sons.

1.6 Patterned polymer brushes

The fabrication of patterned polymer brushes is important in biotechnology applications

such as model substrates for tissue engineering, biosensors, cell-surface interaction and cell

patterning. >'>'® These applications require a well-defined spatial arrangement of chemical

functionality on the surface. One of the strategies to prepare patterned polymer brushes is a
top-down approach where uniform polymer brushes are destructively patterned by selective
lithography. However, this strategy suffers from the debris of removed material and lateral

10



resolution limitation. The alternative strategy is using a pre-patterned initiator surface which
can provide patterning at a wider range scale. Initiator-functionalized surface can be prepared
by self-assembled monolayers (SAMs) for surface-initiated polymerization. SAMs can be
formed on a variety of substrates with appropriate surface modifications such as attachment
of silanes with hydroxylated surfaces (glass/silicon wafer), or thiols on gold, etc.>'>'® The
fabrications of patterned initiator surface will be described below.

Photolithography is a widely-used technique to prepare micro and nanostructured
materials. This strategy is based on the transfer of a mask pattern onto a substrate using a light
sensitive photoresist.” For example, Ober and coworkers demonstrated the potentials of this
strategy by creating poly(acrylic acid) brush patterns.” The photoresist was deposited on
SAMs of poly(ethylene glycol) (PEG) on silicon wafer. The substrate was then exposed to
UV light through a photomask to generate patterned photoresist. After that, the substrate was
exposed to oxygen plasma to create patterned PEG (Figure 8a). Subsequently, the etched
regions were back-filled with ATRP initiator-terminated dimethylchlorosilane for surface-
initiated polymerization. The polymerization of sodium acrylate was performed in aqueous

media via conventional ATRP resulting in patterned polymer brushes (Figure 8b).

11
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Figure 8. (a) The fabrication of patterned polymer brushes using photolithography
technique (b) The deposition of ATRP initiator-terminated dimethylchlorosilane onto silicon
surface and subsequent polymerization of sodium acrylate via ATRP. Reprinted with

permission from reference 15. Copyright 2007 American Chemical Society.

Microcontact printing (LCP) is one of the most frequently used methods to prepare
patterned polymer brushes with a micron scale resolution. Using this technique, Huck and
coworkers reported growing multicomponent polymer brushes on gold via repetition of
surface patterning.'® Patterned initiator-terminated thiol monolayer was prepared on gold
substrate by microcontact printing followed by surface-initiated ATRP. Then, the bromine
chain ends are deactivated by the reaction with NaN3. A new initiator pattern can be deposited
onto the same substrate using microcontact printing in the area that was in contact with the

stamp but did not contain polymer brushes. Subsequently, the second set of polymer brushes
12



with different monomer is grown from the second initiator pattern followed by deactivation
of polymer chain ends. Repetition of patterned initiator deposition via microcontact printing,
SI-ATRP and deactivation of chain ends up to quaternary brushes was demonstrated (Figure

9).
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Figure 9. The stepwise synthesis of multiple patterned polymer brushes via repetition of
microcontact printing, SI-ATRP and deactivation of polymer chain ends. Reprinted with

permission from reference 16. Copyright 2006 American Chemical Society.

In 2013, Hawker and coworker have reported the fabrication of patterned polymer brushes
via light-mediated living radical polymerization.'” Unlike photolithography or microcontact
printing, this strategy prepared patterned polymer brushes from a uniform initiator layer.
ATRP initiator-terminated trichlorosilane was immobilized onto silicon substrate followed by

surface-initiated polymerization. Light-mediated living radical polymerization using an Ir-
13



based photoredox catalyst was performed to prepare a variety of complex polymer brushes
including patterned polymer brushes, gradient polymer brush nanostructures and diblock
copolymer brushes. The fac-[Ir(ppy)s] is highly responsive to visible light as mentioned early
in this chapter. In the presence of light, excited Ir'"" * species, fac-[Ir(ppy)s]*, reduces the alkyl
bromide initiator to generate radical that can initiate the polymerization. In the absence of
light, the propagating polymer chains are returned to the dormant species and can be reinitiated
upon re-exposure to light. Hence, the most attractive feature of this system is the direct spatial
and temporal control over polymer brush growth from the uniform initiating layer. Using a
photomask, brush growth can be restricted to the exposed region (Figure 10a-b). While no
polymer brushes growth occurs in the unexposed regions, they still contain active initiating
sites that can be utilized for further patterning. Moreover, gradient polymer brush
nanostructures can be prepared using a grayscale lithography masks which is difficult to

achieve using other techniques (Figure 10c).
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Figure 10. (a) Synthetic scheme illustrating the fabrication of patterned and gradient
polymer brushes (b) Optical micrographs of patterned polymer brushes (c) Optical micrograph
and 3D atomic force microscopy (AFM) image of gradient polymer brush nanostructure.

Reprinted with permission from reference 17. Copyright 2013 John Wiley and Sons.

15



1.7 Metal-free atom transfer radical polymerizations

The conventional ATRP requires large concentrations of Cu-based catalyst (1,000 —
10,000 ppm) to achieve controlled polymerization. This conventional ATRP suffers from
metal contamination which could be problematic in some applications such as
microelectronics and biomedical materials.'® Activators Regenerated by Electron Transfer for
Atom Transfer Radical Polymerization (ARGET ATRP) has been developed to reduce the
amount of metal catalyst down to ppm level in the presence of reducing agents.” Despite these
efforts in reducing catalyst loading, metal-free polymerization remains highly desirable.

In 2014, Hawker and coworker reported organic-based photoredox catalyst, N-
phenylphenothiazine (PTH), for light-mediated controlled radical polymerization (Figure
11a)."® The proposed mechanism of this polymerization starts from excitation of PTH to PTH*
upon exposure to light at 380 nm. This excited state PTH can reduce alkyl bromide to generate
alkyl radical that can initiate the polymerization plus stable radical cation species. Then, this
radical cation can react with the propagating radical affording the ground state PTH and a
bromide-capped polymer chain. The cycle of the monomer adding to the radical chain end and

bromide recapping the chain end can be regulated by light (Figure 11b).
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Figure 11. (a) Metal-free photoredox catalyst, N-phenylphenothiazine (PTH) (b)
Proposed mechanism of light-mediated polymerization using PTH as a photoredox catalyst.

Reprinted with permission from reference 18. Copyright 2014 American Chemical Society.

The polymerization of methyl methacrylate afforded a well-controlled polymerization
with D < 1.4. The control experiments performed in the absence of light, initiator, or the
photoredox catalyst led to no or uncontrolled polymerization. A key feature of light-mediated
polymerization is the “on-off”” experiment. In the presence of light, monomer conversion was
obtained while no monomer conversion was observed during the dark periods. This result
demonstrated efficient activation and deactivation of the polymerization process regulated by
light (Figure 12). Unlike Ir-based photoredox system, the polymerization using PTH allows
for a wider selection of functional monomers. The polymerization of stimuli responsive
monomer, 2-(dimethylamino)ethyl methacrylate (DMAEMA,) afforded a controlled
polymerization. Moreover, chain extension was performed affording poly(methyl
methacrylate-b-benzyl methacrylaye) block copolymer, demonstrating that bromide chain end

remained intact. Matyjaszewski and coworkers also reported the mechanism of photoinduced
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metal-free ATRP using several phenothiazine derivatives by experimental and computational

. 19
studies.
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Figure 12. Polymerization of benzyl methacrylate using N-phenylphenothiazine (PTH) in
the presence (on) and in the absence (off) of light. Reprinted with permission from reference

18. Copyright 2014 American Chemical Society.

Miyake and coworker reported organocatalyzed ATRP driven by visible light using diaryl
dihydrophenazines as photoredox catalysts.”” Polymerization of methyl methacrylate using
diaryl dihydrophenazines with white LED or sunlight afforded controlled polymerization with
tunable molecular weight and low dispersity. This system offered high initiation efficiencies
through activation via visible light. Moreover, chain extension was performed to prepare block
copolymer demonstrating high chain-end group fidelity.

In 2016, Hawker and coworker reported surface-initiated polymerization using N-phenyl
phenothiazine as a photoredox catalyst.”! This light-mediated polymerization provided the
potential to pattern polymer brushes down to 1 pm features resolution. Moreover, patterned

block copolymer can be achieved by simply using photomask in the chain extension process
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(Figure 13a). In addition, the fabrication of polymer brushes from nanoparticles has been
demonstrated supporting the ability to synthesize polymer brushes from curved surfaces

(Figure 13b).
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Figure 13. The fabrication of polymer brushes via metal-free light-mediated
polymerization (a) Patterned block copolymer brushes on a flat silicon wafer confirmed by
secondary ion mass spectrometry (SIMS) (b) Transmission electron microscopy (TEM) image
of polymer brushes on SiO, nanoparticles. Reprinted with permission from reference 21.

Copyright 2016 American Chemical Society.

1.8 Oxygen tolerance in controlled radical polymerization

Oxygen tolerance has gained continuous interest in controlled radical polymerization.
Oxygen can react with the carbon-centered radical to form peroxy radicals and hydroperoxides
which inhibit controlled radical polymerization. The requirement to remove oxygen from the

reaction by freeze-pump-thaw or degassing limits its widespread implementation especially
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in an industrial scale production. Moreover, special equipment such as glovebox to keep inert
atmosphere also reduces the accessibility of these techniques.”

In 2007, Matyjaszewski and coworker reported the synthesis of polymer brushes via
ARGET ATRP in the presence of air.® The polymerization was performed without
deoxygenation using ppm level of copper catalyst and appropriate reducing agent. Reducing
agents such as metallic copper, tin" 2-ethylhexanoate or ascorbic acid can consume oxygen in
the polymerization. The activator, Cu' species, was oxidized by oxygen to generate
deactivator, Cu" species. This Cu" species was then reduced to Cu' species in the presence of
a reducing agent (Figure 14a). The induction period when all oxygen was consumed was
observed before the polymerization starts. Surface-initiated polymerization without
deoxygenation was performed by adding reducing agent in the reaction solution affording
densely grafted polymer brushes (0.4 chains/nm?). The polymerization was stopped by
opening the reaction to air and could be restarted by adding the reducing agent in the reaction
solution. This strategy offered control over polymer brush growth without the need for

deoxygenation.
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Figure 14. (a) Proposed mechanism of ARGET ATRP in the presence of air with a

reducing agent (b) The fabrication of polymer brushes via ARGET ATRP without
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deoxygenation. Reprinted with permission from reference 23. Copyright 2007 American

Chemical Society.

In 2014, Hozumi and coworkers reported large-scale synthesis of pH-responsive polymer
brushes under ambient conditions.”* The fabrication of poly(2-(dimethylamino)ethyl
methacrylate) brushes was performed in water under ambient condition affording a very thick
polymer film (~700 nm). This synthetic strategy has been developed as “paint on” method,
which directly pastes reaction solution onto the substrate to grow polymer brushes. Ascorbic
acid was used as a reducing agent in ARGET ATRP allowing polymer brush growth under
ambient conditions. Moreover, polymer brushes have been successfully prepared on a large-
scale substrate (30 x 10 cm®) through “paint on” strategy demonstrating the practicality of the
surface coating method. Unfortunately, this strategy is limited to only poly(2-
(dimethylamino)ethyl methacrylate).

In 2015, Jordan and coworkers reported wafer-scale synthesis of polymer brushes under
ambient conditions using a copper plate.”” The surface-initiated Cu(0)-mediated controlled
radical polymerization was performed at room temperature and exposed to air affording high
grafting density polymer brushes (~1 chains/nm?). The copper plate acted as a lid to prevent
oxygen diffusion and savage of oxygen by Cu”" oxidation with an infinite Cu’ reservoir. This
air tolerant method allowed polymerization from a broad variety of monomers, such as
(methacryloyloxy)ethyl  trimethylammonium  chloride, = N-isopropylacrylamide,  2-
hydroxyethyl = methacrylate,  3-sulfopropyl = methacrylate = potassium  salt,  2-
(dimethylamino)ethyl methacrylate, etc. This strategy also provided the ability to prepare

polymer brushes on entire wafer, which can be cleaved from the surface for NMR and SEC
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characterizations yielding high molar mass polymer with narrow dispersity (B = 1.1). In
addition, chain extension was performed on the wafer-scale under ambient condition affording

tetrablock copolymer brushes demonstrating high end group fidelity of this strategy (Figure

15).
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Figure 15. (a) Schematic illustration and photographs of experimental set up for the
surface-initiated Cu(0)-mediated polymerization under ambient conditions on the entire wafer
(b) The fabrication of homo, di-, tri- and tetrablock copolymer brushes. Adapted from

reference 25, 2015 Published by The Royal Society of Chemistry.

22



1.9 Polymerization of acrylic acid

Poly(acrylic acid) (PAA) and related copolymers are widely used in industry ranging from
adhesives, superabsorbents to coatings. The preparation of PAA is challenging due to the high
reactivity of the monomer. In this section, two synthetic strategies to prepare PAA are
described.

In 2000, Matyjaszewski and coworkers reported the indirect preparation of PAA via atom
transfer radical polymerization.*® The polymerization was performed using fert-butyl acrylate
as a monomer coupled with Cu/ligand, alkyl bromide initiator and acetone as a solvent. Low
molecular weight polymer with narrow dispersity was obtained. Subsequently, deprotection
of tert-butyl ester was performed using HCI to generate poly(acrylic acid). Moreover, chain
extension was performed followed by deprotection affording amphiphilic block copolymer.

In 2013, Lansalot and coworker reported the direct polymerization of acrylic acid in water
via reversible addition fragmentation chain transfer (RAFT) polymerization.”” The
polymerization employed water soluble trithiocarbonates as chain transfer agent and azobis(4-
cyanopentanoic acid) as a water soluble initiator. The polymerization was performed at
different pHs ranging from 1.8 to 7, affording well-defined poly(acrylic acid) with b < 1.1.
The poly(acrylic acid) macromolecular RAFT agent was further used to polymerize styrene
in water via emulsion polymerization to generate block copolymer particles. This dissertation

will highlight the novel synthetic strategy to prepare PAA in Chapter 4.
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2. Hierarchical Comb Brush Architectures via
Sequential Light-Mediated Controlled Radical

Polymerizations'

2.1 Abstract

A novel strategy for the synthesis and characterization of branched polymer brushes by
sequential light-mediated controlled radical polymerizations is described. Initially, linear
brushes are prepared by surface-initiated copolymerization of methyl methacrylate and 2-
hydroxyethyl methacrylate (HEMA). In a subsequent step, the HEMA side chains are
functionalized with initiating groups for secondary graft polymerization, leading to
hierarchical, branched architectures. The increased steric bulk due to the polymer side chains

results in a dramatic increase in film thickness when compared to the starting linear brushes.

! Reproduced with permission: Narupai, B.; Poelma, J. E.; Pester, C. W.; McGrath, A. J.;
Toumayan, E. P.; Luo, Y.; Kramer, J. W.; Clark, P. G.; Ray, P. C.; Hawker, C. J. “Hierarchical
Comb Brush Architectures via Sequential Light-Mediated Controlled Radical
Polymerizations.” J. Polym. Sci. Part A: Polym. Chem. 2016, 54, 2276-2284. DOI:
10.1002/pola.28128. Copyright 2016, Wiley. License Number: 4440480606526.
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This strategy also allows chemical gradient and complex three-dimensional structures to be
obtained by employing grayscale photomasks in combination with controlled radical

polymerization.

2.2 Introduction

The Surface-initiated polymerizations provide a robust and versatile strategy for

modifying surface properties."® The advent of controlled radical polymerization (CRP)

7-11

techniques such as atom transfer radical polymerization (ATRP), nitroxide-mediated

radical polymerization (NMP),IZ_14

and reversible addition fragmentation chain transfer
(RAFT) polymerization'>™'” have revolutionized this field and provide access to end-tethered
polymer structures from a wide range of monomers and surfaces. Advantages associated with
CRP techniques also allow for the fabrication of polymer brushes with precise control over

brush height, grafting density and molecular architecture.'® This design versatility has allowed

polymer brushes to emerge as a major area of study, finding diverse applications in anti-

19-21 26-31 32,33

fouling, sensing,”* > bio/nanotechnology, and lubrication.

As the polymer brush field has evolved from simple homopolymer systems to block
copolymers, a wide range of applications have also developed. For example, stimuli-
responsive surfaces based on block copolymer brushes are now a major area of study.’*>°
Architectures with additional complexity, such as comb or branched polymer brushes, offer
greater design flexibility to engineer specific properties. Unfortunately, these systems are
poorly studied. Synthetically more challenging, this class of brushes consists of a main
polymer chain with grafted side chains (branches) of the same, or different repeat units. Early
experimental studies of comb polymer brushes employed photoiniferter chemistries; however,

these systems suffer from a lack of control over molecular weight and chain density.’”*!
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Subsequent studies employed CRP techniques such as ATRP and RAFT,** which do not
allow the effect of chain density and the two-dimensional patterning of the grafted chains to
be investigate. Perhaps the most relevant study was the synthesis of surface-initiated
hyperbranched polymers by Huck and coworkers. In this work, highly branched brush
structures were achieved by ring opening polymerization, where the brush height was found
to increase with the number of branching generations; however accurate control over
molecular dimensions could not be achieved.** From these limited examples, characterization
studies have revealed the potential of grafted, branched polymer structures to improve
antifouling performance.’’?%*

To further understand the effect of branching in polymer brushes and to bring both control

46-48

and tunability to these structures, a sequential light-mediated approach was considered.

From a synthetic viewpoint, our attention was directed to the recently developed photoredox-

49,50

catalyzed light-mediated CRPs using fac-[Ir(ppy)s3] or organocatalytic phenothiazine

192 The tunable nature of light-mediated polymerizations have significant

systems.
implications for surface-initiated polymerizations. In addition to the traditional benefits of a
controlled radical process, spatial control over brush growth is possible by simply employing
a photomask.>

Light is not the only method that can achieve spatial control over brush growth. For
example, Li et al. demonstrated that gradient brush structures can be accomplished
electrochemically.® Although useful, arbitrary spatial control of complex polymer brush
architectures could not be achieved by this method. For arbitrary patterning, lithographic

55-58

techniques such as photolithography,>* electron beam lithography, and soft lithography™
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6183 have been extensively used and offer excellent capabilities; however, these methods are
often time-consuming, expensive, and destructive in nature.*’

Herein, light-mediated polymerization was chosen as a simple way to achieve complex
and arbitrary three-dimensional (3D) structures that may be difficult to access otherwise.
These can be accomplished by simply modulating the rate of brush growth using a grayscale
photomask and by the introduction of discrete backbone and grafted arm growth steps. By
easily accessing well-defined branched polymer brush structures, systematic studies can be
devised to better understand their physical properties.

The comb polymer brushes were prepared according to the synthetic strategy presented in
Schemes 1 and 2. From a silicon substrate functionalized with surface-immobilized ATRP
initiators, methyl methacrylate (MMA) and 2-hydroxyethyl methacrylate (HEMA) were
copolymerized at varying ratios to obtain random copolymer brushes. The ability to vary the
incorporation of HEMA ultimately allows for the density of grafted chains to be controlled in
the resulting comb polymer architecture. For our studies, the percentage of HEMA units was
varied between 1 and 9 mol % in the initial linear P(IMMA-co-HEMA) copolymer brushes. It
should be noted that the propagating alkyl bromide chain ends resulting from the surface-
initiated living polymerization were deactivated by reaction with ethyl vinyl ether (EVE)
using light-mediated atom-transfer radical addition (ATRA) to prevent subsequent chain end

extension (Scheme 1).
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Scheme 1. Schematic representation and synthetic scheme illustrating the preparation of

traditional linear, hydroxyl functionalized polymer brushes.

As a result, all subsequent polymer growth only occurs from the brush backbone. For
growth of the grafted arms, the HEMA units were secondarily functionalized with initiating
sites by reaction with oo-bromoisobutyryl bromide in dichloromethane (DCM). The initiator-
functionalized brushes were subjected to the same polymerization conditions that we used for
initial brush growth, resulting in comb brush polymers. Each stage of the growth process lead

to homogeneous films, further illustrating the robust nature of the photo-mediated chemistry.
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Scheme 2. Schematic representation and synthetic scheme illustrating the preparation of

branched, comb brushes by a sequential functionalization and comb growth approach.

2.3 Results and Discussion

The relationship between P(MMA-co-HEMA) brush height, polymerization time and the
level of HEMA incorporation was initially explored using light-mediated surface-initiated
polymerization techniques. This modular, step-wise approach was applied to the preparation
of grafted comb-based polymer brushes as outlined in Schemes 1 and 2. The incorporation of
HEMA was varied between 1 and 9 mol % and for all incorporations studied, polymer brush
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height was found to increase linearly with polymerization time (Figure 1). This result is
consistent with previous reports of photomediated, CRP of linear chains initiated from
surfaces. The ability to control the height of the initial brush layer is an important feature for
subsequent fabrication of well-defined comb-based, polymer brush nanostructures. In general,
brush heights between 10 and 100 nm could be obtained for polymerization times of 10-60
min, respectively. To ensure that subsequent polymer growth only occurs from the backbone
and not the original propagating chain end, the initial polymer brushes were deactivated by
reaction with ethyl vinyl ether (EVE). As a control, we attempted to chain extend P(MMA-
co-HEMA) brushes containing 1 mol % HEMA before and after reaction with EVE. For the
initial polymer brush, chain extension with MMA resulted in an increase in brush thickness
from 12 to 23 nm, while after deactivation with EVE, chain extension with MMA gave no
measureable increase in thickness, clearly illustrating capping and deactivation of the initial

propagating chain end.
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Figure 1. Relationship between brush height of PIMMA-co-HEMA) with 1, 2.5, 5, and

9 mol % incorporation of HEMA and polymerization time.

From these initial polymer brush scaffolds, the next step in this modular approach was to
introduce initiating sites along the backbone by reaction of co-bromoisobutyryl bromide with
the HEMA hydroxyl groups. Growth of the grafted arms could then be initiated from these
groups using the reaction conditions described previously. Significantly, a controlled linear
brushes are prepared by surface-initiated copolymerization of methyl methacrylate and 2-
hydroxyethyl methacrylate (HEMA). In a subsequent step, the HEMA side chains are
functionalized with initiating groups for secondary graft polymerization, leading to
hierarchical, branched architectures. The increased steric bulk due to the polymer side chains
results in a dramatic increase in film thickness when compared to the starting linear brushes.
This strategy also allows chemical gradient and complex three-dimensional structures to be

obtained by employing grayscale photomasks in combination with controlled radical
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polymerization. increase in brush thickness could be observed for various levels of
HEMA/initiator incorporation. The thickness increase can be attributed to polymerization
time as well as the level of initiator incorporation along the backbone. As noted above, the
polymer chain ends are deactivated, therefore, any increase in overall brush height is the result
of graft polymerization only. One feature of this change in macromolecular architecture is the
extension of the tethered linear polymer from an initial random coil structure to a significantly
more extended configuration. The degree of extension was dictated by the increased steric
volume associated with the grafted polymer chains.

To illustrate the ability to change brush structure and level of branching in more detail, a
series of polymer brushes containing 1 mol % of initiator-functionalized HEMA repeat units
along the backbone were prepared. For these systems, light-mediated controlled
polymerization of MMA under the same conditions defined above resulted in a constant
increase in final comb brush height with polymerization time. Remarkably, height increases
in excess of 400% were observed even at this low level of initiator incorporation. For higher
levels of initiator incorporation, the brush height also increased in an approximately linearly
fashion; however, the time required to reach a brush height increase of 300—-400% was reduced
upon going from 2.5 mol % (~15 min) to 5 mol % (~10 min) and finally 9 mol % (~8 min)
(Supporting Information Figure S1). It should also be noted that for the 5 and 9 mol %
samples, longer reaction times led to visually inhomogeneous layers (Supporting Information
Figure S3). We attribute this apparent loss of control to the high grafting density of the side

chains which may lead to increased termination events and chain—chain coupling.
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Figure 2. Relationship between normalized brush height and exposure time in minutes for
1 mol % grafted chains (h, and hy refer to brush heights with, and without grafted chains,
respectively). Results for 2.5 mol %, 5 mol %, and 9 mol % grafted chains are reported in the

Supporting Information Figure S1).

A significant advantage of light-mediated polymerization for the fabrication of polymer
brushes is the opportunity for spatial control, coupled with the ability to tune chain growth
through modulation of light intensity. As a consequence, brushes and grafted chains of
different lengths can be prepared on the same substrate, permitting fabrication of complex and
arbitrary 3D polymer brush nanostructures. This feature also allows the molecular weight of
both the tethered linear chains and the attached grafted chains to be independently controlled.
To demonstrate spatial control, grafted comb brushes were prepared using a simple photomask
(20x200 pm rectangles). Optical microscropy (Supporting Information Figure S4) revealed a
regular pattern of rectangular features directly correlating to the original photomask.

However, the more interesting and novel application of light-mediated polymerization
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systems is the use of a grayscale mask to grow polymer chains of different molecular weights
on the same substrate at the same time. This allows complex 3D nanostructures to be prepared
in a single step. To illustrate the potential of this approach, PMMA brushes with 9 mol %
HEMA were prepared as described above to give an initial brush height of ca. 23 nm. After
capping the chain ends with EVE and introduction of initiating units along the backbone,
comb growth could be performed with a grayscale mask as depicted schematically in Figure
3a, leading again to a pattern correlating with the original mask. To investigate the influence
of a grayscale mask in greater detail, the heights of the patterned regions were measured using
profilometry and plotted against the optical density of the grayscale mask (Figure 3b). In
agreement with the controlled nature of this process, comb brush height was found to be
inversely proportional to the optical density of the mask, which further illustrates the ability
to tune brush height and backbone extension through control of the side chain molecular
weight. Regions of the substrate which received more light exhibited a faster rate of grafted
chain growth, resulting in increased molecular weights. This leads to increased steric
interactions and higher chain extension of the backbones. This finding is consistent with our

. 53
previous report.
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Figure 3. (a) Schematic representation of the patterning of comb polymer brush formation
by modulating the rate of graft polymerization using a grayscale photomask; (b) relationship

of brush height (measured by profilometry) as a function of the grayscale mask optical density.
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The modular nature of this approach, combined with the ability to tune the molecular
characteristics of each component, allows a novel range of 3D structures to be fabricated. To
illustrate this aspect, unique comb brush structures were prepared from a uniform brush layer
containing 9 mol % initiating sites along the backbone. Using a grayscale mask containing
100-um gradient features, a simple wedge shaped structure was targeted. The optical density
gradient in the photomask varied linearly from 0.22 to 1.29 as shown schematically in Figure
4a. After polymerization for 10 min, gradient structures were indeed visible to the naked eye
with optical microscopy confirming the gradient structures (Figure 4b). Figure 4b presents
profilometry measurements of the resulting microstructures. These measurements further
confirm the formation of wedge shaped polymer brush features and importantly, the slope of
the wedge is roughly linear and mimics the original linear grayscale photomask. The
efficiency of this process allows feature heights in excess of 100 nm to be accessed with
relatively short polymerization times (10 min) and suggests that custom grayscale masks with
arbitrary optical density patterns could be used to produce a variety of 3D structures for

specific applications.
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Figure 4. (a) Schematic representation of the formation of wedge-shaped nanoscale
patterns using a gradient photomask with 100X 100 pm prisms of variable slope; (b) optical
micrograph of comb brushes using photomasks with prisms of a linear variation of optical
density from 0.22 to 1.29; and relationship of brush height as a function of distance, measured

across the 3D comb brush feature by profilometry.
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Next, the potential of photomediated CRP for the fabrication of unique brush structures
based on functional and branched block copolymer architectures was examined (Figure 5).
Again the synthetic strategy starts with the preparation of a traditional linear PMMA polymer
brush (Figure 5a). However in this case, the propagating chain end was not deactivated by
reaction with EVE; instead, a second block of MMA and HEMA was grown to give a diblock
copolymer brush (Figure 5b). Modification of the hydroxyl groups with initiating units, then
allows for the growth of grafted polymer chains from the second block of the brush backbone
only, leading to novel branched, block copolymer brush architectures (Figure 5c).
Significantly, this multistep modular approach allows for different monomers to be
incorporated at various stages of the synthesis, leading to responsive and functional surfaces.
At the same time, the spatial control afforded by the light-mediated processes allows all
components of the brush to be patterned.

To demonstrate this concept, a uniform PMMA brush was initially grown from the surface
and shown to have a brush height of 44 nm. These PMMA brushes were then used as
macroinitiators for the re-initiation and growth of a random copolymer block of MMA-co-
HEMA containing 2.5 mol % HEMA. After growth of this second block, the resulting polymer
brush had an overall brush height of 95 nm, indicating successful block copolymer brush
formation. After terminating the linear brush chains with EVE, the HEMA units in the second
block were functionalized with initiating units using the chemistry developed above. This
sequence of steps then allows a third monomer, +~-BuMA, to be grown specifically from the
random copolymer block leading to grafted poly(z-butyl methacrylate) chains and the

generation of novel branched, block copolymer brushes as depicted in Figure 5c.
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Figure 5. Fabrication of a multicomponent block copolymer structure starting from (a)
linear polymer brush (PMMA); chain extension to give (b) linear diblock polymer brush
(P[MMA-b-(MMA-co-HEMA)]); and finally comb growth leading to novel (c) grafted

diblock polymer brush (P[MMA-b-(MMA-co-HEMA)-g-t-BuMA]) structures.

From this sequence of reactions, #-butyl esters are only contained in the graft arms and are
susceptible to hydrolysis by immersion in trifluoroacetic acid (TFA) and DCM for 1 hour.
This gives the corresponding methacrylic acid grafted chains, neutralization of which affords
sodium poly(methacrylic acid) chains (Figure 6). This sequence of chemical modifications is
confirmed by the changing surface properties for these polymer brushes. The sessile drop
water contact angle for PIMMA-b-(MMA-co-HEMA)-g---BuMA] changes from 82° to 54 °
upon deprotection of the t-butyl ester groups. A further reduction in contact angle (to 22 °) is

observed after neutralization, demonstrating the utility of this modular approach for precise

control over surface properties.
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Figure 6. Water contact angles, droplet images, and structures for the branched, block

copolymer brushes with (a) poly(-BuMA) side chains; (b) poly(methacrylic acid) side chains
after deprotection of the #-butyl esters with TFA; (c) poly(sodium methacrylate) side chains

after neutralization by NaOH.

2.4 Conclusion

In conclusion, we have developed a straightforward approach to hierarchical comb brush
architectures using light-mediated CRP. The modular and step-wise nature of this process
allows the density of grafted chains along the tethered linear backbone to be controlled from
1 to 9 mol % through the initial monomer feed ratio of MMA to HEMA. A major consequence
of this strategy is a rapid increase in brush layer thickness on secondary formation of the
grafted polymer chains (up to 400%). This increase arises solely from the added steric
requirements of the grafted chains and results in significant elongation of the tethered
backbone polymer. In addition, spatial control over these unique molecular architectures could

be achieved using photomasks, leading to complex 3D polymer brush structures and tunable
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surface properties. By combining the ability to pattern using photomasks with the tunability
of light as an external stimulus, we envision a high degree of synthetic flexibility and structural

control for these novel macromolecular systems.

2.5 Supporting Information

Materials and Methods. Silicon substrates with 100 nm oxide were purchased from Silicon
Quest International. Photomasks containing transparent rectangles (20x200 um) were
obtained from Photronics. A HEBS5N grayscale photomask was purchased from Canyon
Materials containing squares of varying optical density and prisms of variable slope. UV 405
nm collimated LED lights 1.1 pW/cm® (Olympus BX & 1X, 1000 mA) were purchased from
Thorlabs. Chemicals and solvents were purchased from commercial sources. Toluene was
dried using a Pure-Solv MD-5 solvent purification system from Innovative Technology. 1-
Methyl-2-pyrrolidinone (NMP) was freeze-pump-thaw degassed before use. HEMA, MMA,
EVE, and #-butyl methacrylate (--BuMA) were passed through aluminum oxide to remove
inhibitor and freeze-pump-thaw degassed before polymerization.

Instrumentation. Film thicknesses were measured with a Filmetrics F20 optical
reflectometer by setting silicon oxide (100 nm) as the first layer and the polymer brush as the
second layer. Film thicknesses were measured with a Dektak IIA Profilometer by setting the
scan length to 200 pm and the speed to medium. Profilometry was used to measure patterned
and gradient polymer surfaces. Contact angle measurements were performed using OCA 15
Pro Data Physics Contact Angle. Deionized water, HCI (pH 4) and NaOH (pH 10) drops (2
puL) were dispensed from a 250-uL syringe with a needle diameter of 520 um. Deionized

water was used for the comb brushes with t-butyl ester containing grafted chains, HCI was
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used for those with poly(methacrylic acid) grafted chains and NaOH was used for those with
poly(sodium methacrylate) grafted chains. Optical micrographs were captured with a Nikon
Elipse E600 optical microscope. Tapping mode AFM experiments were performed using a
MFP-3D system (Asylum Research, Santa Barbara, CA). The measurements were conducted
using commercial Si cantilevers. The height and phase images were acquired simultaneously
at the set-point ratio A/Ay = 0.8, where A and Ay are the “tapping” and “free” cantilever
amplitudes, respectively. X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a Kratos Axis Ultra Spectrometer (Kratos Analytical, Manchester, U.K.) with
a monochromatic aluminum K, X-ray source (1486.6 eV) operating at 225 W under a vacuum
of 1028 Torr.

Uniform Alkyl Bromide-Functionalization of Silicon Surfaces. Silicon substrates were
cleaned by sonication in acetone, followed by isopropyl alcohol and dried under a stream of
nitrogen gas. Silicon substrates were placed in an air plasma cleaner (PDC-001, Harrick
Plasma) for 20 min. A stock solution was then prepared by mixing 30 mL of a solution
containing 125 uL of 11-(trichlorosilyl)undecyl 2-bromo-2- methylproanoate®®* in 250 mL
of dry toluene (0.05% v/v) and 50 pL of dry triethylamine. The substrates were placed in petri
dishes and covered with the stock solution under nitrogen gas and left overnight. The initiator-
functionalized substrates were finally cleaned with toluene followed by ethanol and dried
under a stream of nitrogen gas.

Synthesis of P(MMA-co-HEMA) Brushes. A 400 pL degassed solution of 2.5% HEMA
and 97.5% MMA (MMA 2 mL, 18.7 mmol and HEMA 66.9 pL, 0.479 mmol) was mixed with
100 pL of a 1.2 mg/mL fac-[Ir(ppy)s] stock solution (1.2 mg, 1.8 umol in 1 mL degassed

NMP) in a nitrogen atmosphere glove box. The monomer and catalyst solutions were pipetted
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onto a silicon substrate and a glass coverslip was placed on top of the solution. The substrate
was placed 1.13 cm below UV 405 nm collimated LED lights for 30 minutes and immersed
in degassed NMP immediately after polymerization and removed from the glove box.
Subsequently, the substrate was rinsed with dichloromethane (DCM) and dried under a stream
of nitrogen.

End-capping of Initial Brush Layer with EVE. 100 pL of degassed EVE (1.04 mmol) was
mixed with 100 pL of a 1.2 mg/mL fac-[Ir(ppy)s] stock solution (1.2 mg, 1.8 pmol in 1 mL
degassed NMP) in a nitrogen atmosphere glove box. The resulting solution was pipetted onto
a silicon substrate and a glass coverslip was placed on top of the solution. The substrate was
placed 1.13 cm below 405 nm collimated LED lights for 1 hour and immersed in NMP
immediately after reaction and removed from the glove box. Subsequently, the substrate was
rinsed with DCM and dried under a stream of nitrogen.

Functionalization of HEMA units with a-Bromoisobutyryl Bromide. The substrate was
immerged in a solution of a-bromoisobutyryl bromide (1 mL, 8.09 mmol) in 1 mL DCM and
allowed to react overnight. The substrate was rinsed with DCM and dried under a stream of
nitrogen.

Synthesis of PMMA Pattern Side Chain. Degassed MMA (400 pL, 3.74 mmol) was mixed
with 100 puL of a 1.2 mg/mL fac-[Ir(ppy)s] stock solution (1.2 mg, 1.8 umol in 1 mL degassed
NMP) in a nitrogen atmosphere glove box. The monomer and catalyst solutions were pipetted
onto a silicon substrate and a photomask containing transparent rectangles 20 umx=200 pm
was placed on top of the solution. The substrate was placed 1.13 cm below 405 nm collimated
LED lights for 8 minutes and immersed in degassed NMP immediately after polymerization

and removed from the glove box. The substrate was rinsed with DCM and dried under a stream
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of nitrogen. The rectangular regions of the comb brushes were visualized under an optical

microscope.

Surface Roughness of Comb Brush Layers

4.0
35
3.0
25

he/hg

2.0
1.5

| 1 mol% grafted chains I

-

B o
-

1.0

.llllllllllllllllllll

0 5 10 15 20

time in min

4.0

3.0
25
20
1.5

he/hg

I 5 mol% grafted chains

-
-

b

1.0

.llllllllllllllllllll

0 2 4 6 8 10

time in min

he/hg

he/ho

35

3.0

2.5

2.0

1.5

1.0

4.0
3.5
3.0
25
2.0
1.5
1.0

2.5 mol% grafted chains
- o
- [ ]
([ J
[ J
[ J
. A L A L l L A L A l A A A A l
0 5 10 15
time in min
9 mol% grafted chains
B o
L o ©
B o
’ - l - I - l i I - l
0 2 4 6 8 10
time in min

Figure S1. Relationship between normalized brush height and exposure time to light

(h, is brush height with side chains and hy is brush height without side chains) of 1 mol%

grafted chains, 2.5 mol% grafted chains, 5 mol% grafted chains and 9 mol% grafted chains.
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Surface Roughness of Comb Brush Layers

(b) ,

height (nm)

distance (um)

Figure S2. Atomic-force microscopy data of 2.5 mol% grafted chain after 2 min of side
chain polymerization a) AFM image with rms roughness = 0.88 nm b) surface cross-section

analysis of thin film.

Optical Micrographs of Homogeneous and Inhomogeneous Layers

Figure S3. Optical micrographs for 5 mol% grafted chains; a) shows homogeneous layers
after 10 min of side chain polymerization and b) shows inhomogeneous layers after 15 min of

side chain polymerization.
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Patterning with Rectangles Photomask

Ty

Figure S4. Optical micrograph of rectangles comb brushes using transparent rectangles

20 um % 200 um photomask.

Patterning with a Photomask Containing Squares of Varying Optical Density
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Figure S5. Using a grayscale mask to control the growth of grafted comb polymer brushes

a) relationship of brush height (measured by profilometry) as a function of the grayscale mask
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optical density b) Optical micrograph of comb brushes using 100 um x 100 pm squares of

0.33, 0.46 and 1.29 optical density photomask.

Synthesis of P(MMA-co-HEMA) Brushes. The synthetic procedure was performed
following the same procedure except the solution composition was changed to 9% HEMA
and 91% MMA (MMA 2 mL, 18.7 mmol and HEMA 258 pL, 1.85 mmol). The substrate was
placed 1.13 cm below 405 nm collimated LED lights for 20 minutes in a nitrogen atmosphere
glove box.

End-capping of Initial Brush Layer with EVE and Functionalization of HEMA units with
o-Bromoisobutyryl Bromide. Procedures were performed following the same procedure.

Synthesis of PMMA Pattern Side Chain. Synthetic procedures were performed following
the same procedure. The monomer and catalyst solutions were pipetted onto a silicon substrate
and a photomask containing 100 umx100 pm squares of varying optical density was placed
on top of the solution. The substrate was placed 1.13 cm below 405 nm collimated LED lights
for 10 minutes in a nitrogen atmosphere glove box. The square regions of comb brushes were

visualized under an optical microscope and the film thickness was measured by profilometry.

Patterning with Gradient Photomask

Synthesis of P(MMA-co-HEMA) Brushes. Synthetic procedures were performed following
the same procedure. The solution composition was changed to 9% HEMA and 91% MMA
(MMA 2 mL, 18.7 mmol and HEMA 258 uL, 1.85 mmol). The substrate was placed 1.13 cm

below 405 nm collimated LED lights for 20 minutes in a nitrogen atmosphere glove box.
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End-capping of Initial Brush Layer with EVE and Functionalization of HEMA units with
o-Bromoisobutyryl Bromide. Synthetic procedures were performed following the same
procedure.

Synthesis of PMMA Patterned Side Chain. Synthetic procedures were performed
following the same procedure. The monomer and catalyst solutions were pipetted onto a
silicon substrate and a photomask containing prisms of variable slope was placed on top of
the solution. The substrate was placed 1.13 cm below 405 nm collimated LED lights for 10
minutes in a nitrogen atmosphere glove box. The prism regions of comb brushes were

visualized under an optical microscope and the film thickness was measured by profilometry.

Synthesis of Complex Architectures

Synthesis of P(MMA) Brushes. 400 pL (3.74 mmol) of degassed MMA was mixed with
100 pL of a 1.2 mg/mL fac-[Ir(ppy)s] stock solution (1.2 mg, 1.8 umol in 1 mL degassed
NMP) in a nitrogen atmosphere glove box. The monomer and catalyst solutions were pipetted
onto a silicon substrate and a glass coverslip was placed on top of the solution. The substrate
was placed 1.13 cm below 405 nm collimated LED lights for 30 minutes and the substrate
was immersed in degassed NMP immediately after polymerization and removed from the
glove box. Subsequently, the substrate was rinsed with DCM and dried under a stream of
nitrogen.

Synthesis of P(MMA-co-HEMA) Brushes. Synthetic procedures were performed following
the same procedure except for the polymerization time (changed to 45 minutes).

End-capping of Initial Brush Layer with EVE and Functionalization of HEMA units with
o-Bromoisobutyryl Bromide. Synthetic procedures were performed following the same

procedure.
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Synthesis of t-BuMA Side Chain. Synthetic procedures were performed following the same
procedure except the monomer was changed to --BuMA. The catalyst solutions were pipetted
onto a silicon substrate and a glass coverslip was placed on top of the solution. The substrate
was then placed 1.13 cm below 405 nm collimated LED lights for 8 minutes in a nitrogen
atmosphere glove box. After polymerization, the film thickness was measured by optical
reflectometry. The contact angle goniometer was used to measure hydrophobicity by

dispensed deionized water on the surface.

Modification of Hydrophilic Properties on Surface

Deprotection of t-Butyl Methacrylate. The substrate containing (P[MMA-b-(MMA-co-
HEMA)-g-t-BuMA]) was placed in a 1:1 v/v solution of trifluoroacetic acid (TFA) and DCM
(1 mL TFA (13.1 mmol) in 1 mL DCM) for 1 hour to cleave the #-butyl esters and generate
poly(methacrylic acid) (PMAA). The substrate was cleaned with DCM and dried under a
stream of nitrogen. The substrate was dipped in HCI pH 4 for 10 minutes to ensure complete
protonation of poly(methacrylic acid). The contact angle goniometer was used to measure
hydrophilicity by dispensed HCI pH 4 on the surface.

Neutralization of Poly(methacrylic acid). The substrate was neutralized by dipping in
NaOH pH 10 for 10 minutes to generate the poly(sodium methacrylate) salt. The contact angle

goniometer was used to measure hydrophilicity by dispensed NaOH pH 10 on the surface.

X-Ray Photoelectron Spectroscopy (XPS) Plots

XPS data was used to confirm elemental modifications of the surface-tethered polymer
brushes. Specifically, the Cls and Nals peaks are consistent the proposed polymer structure

and corroborates our contact angle measurements. The grafted diblock polymer brushes with
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poly(+~-BuMA) side chains, and the subsequent modifications yielding poly(methacrylic acid)
side chains, and poly(sodium methacrylate) side chains, were examined by XPS. First the Cls

regions of the spectra were analyzed, as shown in Figure S6 below.
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Figure S6. High-resolution Cls scans of grafted diblock polymer brushes with poly(z-
BuMA), poly(methacrylic acid), and poly(sodium methacrylate) side chains in order from top
to bottom. The C1s region is fitted using four Gaussians corresponding to the C-C (dark blue),

CR4 (navy blue), C-O (blue), and C=0 (light blue) peaks.
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The XPS spectra were processed using the CasaXPS software. Figure S6 shows the
expected functionalities in the polymer films. Namely, the C-C, CR4, C-O and C=0 peaks are
consistent with the expected spectra of our polymers and suggests preservation of the
backbone chemistry. The successful conversion of the methacrylic acids to sodium
methacrylates was confirmed by the Nals region around 1071 eV as shown in Figure S7

below.

1000 . | |

1074 1073 1072 1071 1070 1069
Binding Energy [eV]

Figure S7. High-resolution scan of the Nals peak, structures for the branched, block
copolymer brushes with poly(+~-BuMA) side chains (blue), poly(methacrylic acid) side chains
(light blue), poly(sodium methacrylate) side chains (red). The characteristic Nals peak

centered around 1070 eV is only present for the sample neutralized using NaOH.

The red trace, corresponding to the grafted diblock polymer brushes with poly(sodium

methacrylate) side chains, indicates the presence of the Na counter-ion within the film. This
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is evidence of the successful deprotonation of the methacrylic acid to form the sodium

methacrylate.
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3. Simultaneous Preparation of Multiple Polymer
Brushes under Ambient Conditions using Microliter

2
Volumes

3.1 Abstract

The fabrication of well-defined, multifunctional polymer brushes under ambient
conditions is described. This facile methodology uses light-mediated, metal-free atom transfer
radical polymerization (ATRP) to grow polymer brushes with only microliter volumes
required. Key to the success of this strategy is the dual action of N-phenylphenothiazine (PTH)
as both an oxygen scavenger and polymerization catalyst. Use of simple glass cover slips
results in a high degree of spatial and temporal control and allows for multiple polymer

brushes to be grown simultaneously. The preparation of arbitrary 3-D patterns and

2 Reproduced with permission: Narupai, B; Page, Z. A.; Treat, N. J.; McGrath, A. J.;
Pester. C. W.; Discekici, E.  H.; Dolinski, N. D.; Meyers, G. F.; Read De Alaniz, J.; Hawker,
C.J. “Simultaneous Preparation of Multiple Polymer Brushes under Ambient Conditions
using Microliter Volumes.” Angew. Chem. Int. Ed. 2018, 57, 13433-13438. DOI:
10.1002/anie.201805534. Copyright 2018, Wiley. License Number: 4440480905604.
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functional/emissive polymer brushes demonstrates the practicality and versatility of this novel

strategy.

3.2 Introduction

The ability to precisely control polymer brush growth'™® has enabled applications in areas

11-13

ranging from anti-fouling,”® anti-fog,”'" sensing, to lubrication.'* Key to these advances

has been the development of surface-initiated controlled radical polymerization (SI-CRP)"*>*!
strategies involving the growth of polymer brushes from initiator-functionalized surfaces.
While successful, major challenges prevent the widespread adoption of SI-CRP. These
include the use of air-free conditions, requirement for large reaction volumes (e.g., complete
submergence of the substrate in monomer solution) and elaborate strategies for patterning
brush growth. ***” To increase the versatility of SI-CRP, our group recently reported a visible

light-mediated methodology for the preparation of polymer brushes using either iridium**>°

or organic photoredox catalysts (N-phenylphenothiazine, PTH). '

While these techniques
enable access to patterned and gradient 3-dimensional polymer brush nanostructures, the need
for an inert atmosphere and special equipment (e.g. glovebox, custom-made chambers) for
brush growth significantly limits wide-spread implementation. Additives that regenerate the

433 or the use of an overlying copper-plate®® provide partial solutions, however, no

catalyst
methodology allows well-defined polymer brush patterns to be simultaneously produced from
microliter reaction volumes under ambient conditions.

Herein, we report a simple strategy for growing polymer brush structures using a simple
glass cover slip as an oxygen barrier. Under ambient conditions, this method is shown to be

robust and user-friendly, employing microliter amounts of reagents and visible light-

mediation to achieve polymer brush growth over large surface areas. Key to the success of
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this strategy is the use of organic photoredox systems (PTH) as both a catalyst and oxygen
scavenger. By masking light activation, complex surface patterns with excellent spatial
resolution (~1 um) can be achieved while the use of specifically shaped cover slips allows

multiple features to be prepared on a single substrate.

3.3 Results and Discussion

The procedure for controlled polymer brush growth under ambient conditions is
graphically illustrated in Scheme 1. First, ~20 uL of monomer/PTH solution (N,N-
dimethylacetamide, DMA, 4.7 M) is deposited onto an ATRP initiator-functionalized silicon
wafer. A glass cover slip is subsequently placed on the wafer to uniformly spread the solution
and provide a vertical barrier to oxygen diffusion. Under ambient conditions, irradiation with
visible light (e.g., LEDs, natural sunlight, or a compact fluorescent lamp, Figure S2) excites
the PTH, which acts as a scavenger to remove dissolved oxygen as well as a catalyst for brush
polymerization. Significantly, growth of polymer brushes occurs without degassing and can
be controlled by either the concentration of PTH or by the physical dimensions of the cover

slip.
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monomer, solvent

Scheme 1. Graphical representation of visible light mediated polymer brush growth under
ambient conditions. N-phenylphenothiazine (PTH) acts as both a scavenger for oxygen and as
a catalyst for SI-CRP, while the glass cover slip acts as a vertical barrier for the diffusion of

oxygen.

In the following studies, silicon wafers functionalized with undecyl-2-bromo-2-
methylpropanoate initiator and a visible LED excitation source (Amax =405 nm) were utilized
(details in SI). Initial studies examined the influence of oxygen on polymer brush growth with
two variables being systematically changed: wafer size from 7x7 to 10x10 to 14x14 and
18x18 mm (glass cover slip was kept constant at 18x18 mm) and the concentration of PTH
(0.5, 1.0 and 5.0 mol%). As shown in Figure 1, for all 7x7 and 10x10 mm wafers,
polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) resulted in homogenous
brush growth across the entire wafer. In contrast, for the 14x14 mm wafers, only the 5 mol%
PTH concentration showed homogenous brush growth over the entire wafer surface, with

“edge effects” (no polymer growth) being observed for the 0.5 and 1.0 mol% PTH samples.
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This “edge effect” is further pronounced for the 18x18 mm substrates (glass cover slip is the
same size as the silicon wafer), with this region increasing in size with decreasing PTH
concentration (Figure 1c¢). Excluding “edge effect” regions, optical reflectometry indicated

uniform polymer brush thicknesses ranging from 40 to 90 nm (Table S1).

(a) B L
“UT YLO/\/N\
. lass cover sli
reaction

gl I YYYYY Y Y Y W x mol% PTH, solvent
solution silicon wafer

18%18 mm cover slip

A 4

7x7 mm wafer 10 mm 14 mm 18 mm

reaction
solution

()

PTH
0.5 mol%

1 mol%

5 mol%

Tmm 10mm 14mm. 18 mm

Figure 1. (a) Schematic representation of P(DMAEMA) brush growth in the presence of
PTH, (b) Graphical representation of the experimental dimensions using wafers of different

size and 18x18 mm glass cover slips, (c) Effect of wafer size and catalyst loading on the “edge

effect.”
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Having demonstrated the growth of polymer brushes under ambient conditions, we
examined the extent of initiator retention in the “edge effect” regions. Using a substrate with
a defined “edge effect”, secondary brush growth over the full wafer was performed (Figure
2). Specifically, benzyl methacrylate (BnMA) polymer brushes were first prepared using an
18x18 mm ATRP initiator-functionalized silicon wafer, an 18x18 mm cover slip, and 1 mol%
PTH to create the expected polymer brush functionalized substrate with a well-defined “edge
effect” as depicted in Figure 2a. Subsequent irradiation of the entire substrate (both regions)
through a photomask consisting of 20x200 um transparent rectangles, resulted in patterned
P(DMAEMA) brushes across both regions as evidenced by optical microscopy (Figure 2b).
Moreover, characterization using atomic force microscopy (AFM) further confirmed
patterned polymer brushes on the “edge effect” region (X) (Figure 2¢) and on P(BnMA) brush
region (Y) (Figure 2d) showing oxygen tolerance and retention of initiating ability in the “edge

effect” regions.
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Figure 2. (a) Optical image of initial P(BnMA) brush showing the “edge effect” region
(no polymer brush growth - brown region), (b) Growth of P(DMAEMA) using a photomask
with transparent 20200 um rectangles over full wafer, (¢c) AFM topography images and
height profiles for patterned P(DMAEMA) brushes on the “edge effect” region (X) and, (d)

on P(BnMA) region (Y).

From these experiments, we hypothesize that larger cover slips (relative to the size of the
wafer) and increased PTH loading allows for enhanced scavenging of the initial dissolved
oxygen present in the solutions, as well as any oxygen that subsequently diffuses in from the
edges of the cover slip/silicon wafer during polymerization. The relationship between brush
growth and irradiation time was then examined using a traditional, multi-wafer approach as
well as a single wafer, multiple cover slip strategy. In the first approach, a 1 mol%
PTH/DMAEMA mixture was added to multiple 6x6 mm silicon wafers, each wafer covered
with 18x18 mm cover slips and was irradiated for different lengths of time. At a PTH catalyst

loading of 1 mol%, an inhibition period of 1 hour was observed, followed by a steady increase
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in thickness over time resulting in a maximum brush height of approximately 160 nm (6 hours)
(Figure S4). This SI-CRP behavior was further confirmed through a novel single wafer kinetic
study. In this approach, P(DMAEMA) brush growth kinetics was investigated on a single, 2-
inch silicon wafer, by sequentially placing individual drops (~10 puL) of a 5 mol% PTH
polymerization mixture together with 0.5-inch diameter circular glass cover slips on the wafer
at different time periods after starting irradiation (15, 30, 45, 60, 120, and 180 minutes).
Significantly, a reproducible and controlled increase in brush thickness with increasing time
is again observed and at this higher PTH loading level, little or no incubation period is
observed (Figure S5). These results further illustrate the dual role of PTH, acting initially as
an oxygen scavenger, and in the absence of oxygen, functioning as a photoredox
polymerization catalyst for SI-CRP.’'

An enabling feature of this novel strategy is the central role of a transparent cover slip for
mediating brush growth. The presence of a cover slip opens up new opportunities for
controlling SI-CRP and the resulting brush features. For example, extension of transparent
cover slips to photomask allows patterned P(BnMA) brushes with feature resolution down to
~1 um to be obtained. AFM confirmed the presence of patterned brushes with varied surface
topography and corresponding height profiles. (Figure S6). Furthermore, the use of gradient
photomasks leads to more unique 3-dimensional polymer brush archtectures. The gradient
profile was confirmed through AFM and profilometry demonstrating the expected linear
increase in brush height along the length of the structure (Figure S7). The success of these
photomodulated experiments prompted a broadening of this cover slip concept to multiple
cover slips and arbitrary shapes. Initial studies with mm-sized hexagon-, circle-, star-,

diamond-, and triangle-shaped cover slips (5 mol% PTH) allows brushes of P(DMAEMA) to
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be prepared with a high degree of fidelity, reproducing the original shape of the glass cover
slips (Figure S8). Significantly, this strategy permits multiple cover slips of arbitrary shape to
be employed simultaneously on the same silicon wafer. In demonstrating this additional level
of control, M-, R-, and L-shaped cover slips were fabricated, and used to control brush growth
of P(DMAEMA) from select areas of a 4-inch diameter silicon wafer. As shown in Figure 3a-
d, reproduction of the “MRL” cover slips as a polymer brush pattern is achieved by adding
monomer droplets to an initiator-functionalized silicon wafer. Placement of the individual M-
, R- and L-cover slips then conformally spreads the monomer solution under the cover slips,
and brush growth is achieved by irradiation at 405 nm. These results clearly illustrate the
ability to spatially control the synthesis of polymer brushes under ambient conditions.

Of equal importance is the ability to prepare these polymer brushes over large surface
areas. Uniform coverage of a 4-inch silicon wafer could be achieved using only 200 pL of
reaction solution and a 4-inch diameter glass cover slip (~2.5 uL/cm?). Significantly, optical
reflectometry indicates formation of a uniform polymer brush layer (41 nm, Figure S9) which
demonstrates the scalability of this approach. The versatility of this platform was also
exemplified by the growth of a wide variety of functional polymer brushes. Importantly, the
monomer scope is not limited by the solubility of PTH in this system. As shown in Table S2,
hydrophobic, hydrophilic, and reactive methacrylate derivatives could be polymerized under
ambient conditions, resulting in uniform polymer brush thicknesses (20-60 nm). By measuring
the ratio between swollen and dry polymer brush heights of poly(methyl methacrylate)
P(MMA), the grafting density was estimated to be 0.28 chains/nm’ (see Figure S11 for

detailed calculations).”’
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Figure 3. Patterning using glass cover slips of different shape. Digital images showing the
preparation of “MRL” brushes on a 4-inch diameter ATRP-initiator functionalized silicon
wafer (a) Initiator-functionalized silicon wafer, (b) “MRL” shaped glass cover slips on the
wafer prior to brush growth, (c) Resulting polymer brushes after removal of cover slips and
extensive washing and (d) Digital micrograph of purified polymer brushes illustrating fidelity

with “MRL” shaped cover slips.

The versatility of this platform then opens up the possibility of simultaneously growing
multiple polymer brushes from minimal reaction volumes, a critical feature for expensive or
synthetically challenging monomers. To demonstrate this advantage, the one-step synthesis
of multiple, emissive copolymer brushes from sub-milligram quantities of iridium-based

monomers was examined. Taking advantage of a library of Ir-complexes recently developed
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in our group,” four different monomer solutions (10-15 pL), each containing a distinct Ir-
complex (0.5 mol% relative to benzyl methacrylate), were placed on a functionalized 2-inch
silicon wafer and covered with four individual cover slips. Irradiation at 405 nm for 2 hours,
followed by extensive washing, led to four well-defined features composed of different
photoluminescent polymer brushes with colors (orange, blue, green and red) spanning the
visible spectrum (Aex = 254 nm) (Figure 4). It should be noted that the combined mass of Ir-
complexes used, less than 1.0 mg, is sufficient for the synthesis of ~cm? areas of functional
polymer brushes with the phosphorescent properties of the emitting chains being defined by
the different Ir-comonomers used. This ability to simultaneously perform multiple
polymerizations on the same wafer using minimal amounts of functional building blocks

highlights a major advantage of this strategy.
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0.21 mg Ir-blue

0.27 mg Ir-green

Ir-blue

Ir-orange (.

Ir-green

Figure 4. Chemical structures of the different monomeric Ir-complexes used for
copolymer brushes formation (top), Fluorescence image (254 nm UV excitation) of the four
copolymer brushes P(BnMA-co-Ir-complex). Brushes were simultaneously prepared under
ambient conditions on a 2-inch ATRP initiator-functionalized silicon wafer using individual

cover slips (bottom).
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Figure 5. Sequential polymerization of DMAEMA-MTEMA-DMAEMA-MTEMA under
ambient conditions (a) Graphical representation of the stepwise synthesis, (b) Corresponding
digital images of the polymerization process, (c) Digital images of polymer brushes on a 2-

inch ATRP initiator-functionalized silicon wafer during stepwise brush growth.

The controlled nature of this polymerization process was then examined through a step-
wise sequence of growth-washing-reinitiation steps using progressively smaller cover slips
and different monomers. This is illustrated in Figure 5, where DMAEMA (5 mol% PTH) was
initially polymerized from a 2-inch diameter wafer using a 2-inch diameter circular glass
cover slip followed by extensive washing to give a homogeneous P(DMAEMA) brush.
Addition of a droplet of 2-(methylthio)ethyl methacrylate (MTEMA) (~30 uL, 5 mol% PTH)
followed by placement of a 1.5-inch diameter cover slip then leads to growth of a second
P(MTEMA) layer after irradiation at 405 nm. This sequence was then repeated using
DMAEMA (1.0-inch diameter cover slip) and MTEMA (0.5-inch diameter cover slip) to give

a novel, 3-dimensionally patterned polymer brush. As shown in Figure 5c, the size and shape
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of the different cover slips is reproduced with a high degree of fidelity. This sequential growth
could also be monitored by optical reflectometry and profilometry, which confirms the step-
wise increase in brush thickness, while x-ray photoelectron spectroscopy (XPS) and secondary
ion mass spectrometry (SIMS) shows the expected order of monomer incorporation (Figure
S15-19) with the change in monomer functionality being clearly identified through the
presence/absence of the N1s signal for DMAEMA and the S2s and S2p signals for MTEMA
in XPS (Figure S15, 18-19). Significantly, other monomer sequences such as DMAEMA-
BnMA-DMAEMA-BnMA or combination of shapes (square-circle) could also be realized,
with the thickness of each layer being controlled by the irradiation time (Figures S16-18). This
merger of efficient reinitiation with simple cover slip patterning clearly illustrates the retention

of active bromine chain ends and opens up the design space available to this strategy.

3.4 Conclusion

In summary, this work demonstrates the simplicity of using metal-free ATRP (PTH acting
as both an oxygen scavenger as well as a polymerization catalyst) in combination with
transparent cover slips for the synthesis of complex and arbitrary 3-dimensional polymer
brush structures. Key advantages include minimal reaction volumes, applicability to large area
substrates and ambient conditions. In addition, the use of visible light and multiple cover slips
of arbitrary shape allows isolated and spatially defined functional polymer brushes to be
concurrently prepared on the same wafer. This straightforward and versatile synthetic
platform will allow non-experts access to polymer brush architectures that are difficult to

achieve using other techniques.
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3.5 Supporting Information

General Reagent Information. All polymerizations were carried out in the presence of air.
Silicon substrates with a 100 nm oxide layer were purchased from WaferPro and
UniversityWafer, Inc. Photomasks containing transparent rectangles (20200 pm) and
polygons were obtained from Photronics, Inc. A HEBS5N grayscale photomask was
purchased from Canyon Materials, Inc. containing squares of varying optical density and
prisms of variable slope. 18x18 mm glass cover slips were purchased from VWR
International. Circular glass cover slips were purchased from McMaster-Carr. Custom glass
cover slips were cut out of a larger piece of glass using a diamond pen. The 405 nm collimated
LED (3 mWscm™?, Olympus BX&1X, 1000 mA) and plano-convex lens (50.8 mm, f= 60.0
mm, AR Coating: 350-700 nm) were purchased from Thorlabs Inc. 2-(methylthio)ethyl
methacrylate (MTEMA) (96%), benzyl methacrylate (BnMA) (96%), 2-hydroxyethyl
methacrylate (97%), furfuryl methacrylate (97%), and poly(ethylene)glycol methyl ether
methacrylate, Mn 300 were purchased from Sigma-Aldrich. 2-(dimethylamino)ethyl
methacrylate (DMAEMA) (99%) was purchased from Fisher Scientific. Dodecyl
methacrylate (>97%), glycidyl methacrylate (>95%), tert-butyl methacrylate (98%), and 10-
undecen-1-ol (98%) were purchased from TCI America. Methyl methacrylate (99%) was
purchased from Alfa Aesar. All monomers were passed through a plug of basic alumina to
remove inhibitor prior to use. N,N-dimethylacetamide (DMA, 99.9%) was purchased from
Chem-Impex International. Phenothiazine (>98%), RuPhos (95%), sodium tert-butoxide
(NaOtBu) (97%), dioxane (anhydrous, 99.8%), chlorobenzene (anhydrous, 99.8%), 2-
bromoisobutyryl bromide (98%), trichlorosilane (99%), Karstedt’s catalyst (Pt ~2% in

xylene), RuPhos Pd G1 methyl t-butyl ether adduct (95%), triethylamine (anhydrous,
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>99.5%), 2-ethoxyethanol (99%), 1,2-dimethoxyethane (DME) (99.5%, anhydrous), sodium

borohydride (NaBH4) (99%), ethyl oc-bromoisobutyrate (98%) and methacryloyl chloride

(97%) were purchased from Sigma-Aldrich and used as received. 2,6-difluoropyridine-3-
boronic acid (96%), 2-chloro-4-methylpyridine (96%), and 2-(4-formylphenyl)pyridine
(97%) were purchased from Combi-Blocks. Iridium(IIl) chloride hydrate (99.9%-Ir) and
trans-dichlorobis(triphenylphosphine)palladium(Il) (99.9+%-Pd) were purchased from
STREM Chemicals, Inc. Silver trifluoromethanesulfonate (99%) was purchased from Acros
Organics. Magnesium sulfate (anhydrous), pyridine, ethyl acetate, hexane, acetone,
dichloromethane (CH,Cl,), tetrahydrofuran, toluene and isopropanol were purchased from
Fisher Scientific. Hydrochloric acid was purchased from EMD Millipore Corporation. Ethanol
(200 proof) was purchased from Gold Shield. Dry toluene was obtained from a Pure Solv
Innovative Technology, Inc. solvent purification system. Ir-orange, Ir-red and Ir-green were
synthesized according to literature procedures.>

General Analytical Information. Nuclear magnetic resonance spectra were recorded on a
Varian 400, 500 or 600 MHz spectrometer. Chemical ionization/Field desorption mass
spectrometry were performed on a Waters GCT Premier time-of-flight mass spectrometer.
Electrospray ionization mass spectrometry was performed on a Waters Xevo G2-XS time-of-
flight mass spectrometer. Gas chromatography-mass spectrometry was performed on an
Agilent 7890A equipped with a Waters GCT Premier time-of-flight mass spectrometer.
Infrared spectra were recorded on a Thermo Nicolet iS10 FTIR Spectrometer. Size exclusion
chromatography (SEC) was performed on a Waters Acquity Advanced Polymer
Characterization (APC) equipped with Acquity UPLC refractive index detector eluting with

0.25% trimethylamine in chloroform and calibrated relative to polystyrene standards.
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Filmetrics F20 optical reflectometer was used to measure polymer brush thickness. Keyence
VHX-5000 microscope was used to image polymer brushes on silicon wafers. Optical
micrographs were captured with a Nikon Elipse E600 optical microscope to identify patterned
and gradient polymer brushes. Tapping mode atomic force microscopy (AFM) experiments
were performed using a MFP-3D system (Asylum Research, Santa Barbara, CA) to identify
patterned polymer brushes and determine brush thicknesses. The measurements were
conducted using commercial Si cantilevers. 3D profiles were obtained on a KLA-Tencor P17
stylus profilometer (Profiler software v8.0) equipped with a 2 um radius diamond tip and 60
degree cone angle. The 3D images were post-processed and analyzed using Scanning Probe
Image Processor (SPIP v6.6.3, Image Metrology, Denmark). X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos Axis Ultra Spectrometer (Kratos
Analytical, Manchester, UK) with a monochromatic aluminum K., X-ray source (1486.6 eV)
operating at 225 W under a vacuum of 10-8 Torr and spectra were analyzed using CasaXPS
software. Secondary ion mass spectrometry (SIMS) imaging was performed using a Camera
IMS 7f system (Camera SAS, Gennevilliers, France). A 10 kV Cs' ion beam and 5 kV

negative sample potential were used, for a total impact energy of 15 kV.
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Irradiation Setup for Large Scale Brush Growth

Light “off"

405 nm LED

Plano-Convex Lens

Figure S1. Images showing the setup used for 4-inch and 2-inch wafer grafting. A Plano-

convex lens was used to expand the 405 nm LED light to cover a larger area.

Synthesis of N-phenylphenothiazine

o ®
@E ]© RuPhos Precat N
o
O a0
Dioxane, NaOBu s
110°C

2T

Scheme S1. Synthetic route to N-phenylphenothiazine.
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To a 2-neck, 100 mL round-bottom flask equipped with a magnetic stir bar, inlet adapter,
condenser and septum was added NaO7Bu (1.34 g, 14.0 mmol), phenothiazine (1.99 g, 9.99
mmol), RuPhos Precat (140 mg, 0.17 mmol, 1.7 mol%), and RuPhos (80 mg, 0.17 mmol, 1.7
mol%). The flask was evacuated and backfilled with argon 3x before adding dioxane (10 mL,
anhydrous) and chlorobenzence (anhydrous) (1.43 mL, 14.1 mmol), followed by heating to
110 °C for 5 hours. The flask was then cooled to room temperature, diluted with CH,Cl,,
washed with water and brine, dried with Mg,SO4, and run through a silica plug with 95:5
Hex:EtOAc. The product was dried under reduced pressure to yield 2.74 g of a light yellow
solid (>95% yield). '"H NMR (400 MHz, CDCl3) 8 7.61 (t, J = 7.7 Hz, 2H), 7.48 (t, J = 7.4
Hz, 1H), 7.40 (d, J= 7.5 Hz, 2H), 7.03 (d, J = 8.9 Hz, 2H), 6.90 — 6.76 (m, 4H), 6.21 (d, J =
9.2 Hz, 2H). °C NMR (101 MHz, CDCl;) & 144.37, 141.08, 130.97, 130.86, 128.31, 126.94,
126.83, 122.57,120.25, 116.14. IR (ATR) v 3058, 2922, 2849, 1584, 1568, 1489, 1458, 1441,
1297, 1254, 1236, 1166, 1125,1080, 1070, 1042, 1022, 1003, 969, 935, 898, 853, 739, 714,

703, 692, 630, 617 cm™. LRMS (EI+) calculated for [M]" CisH3NS: 275.08, found: 275.08.

Uniform Alkyl Bromide (ATRP-Initiator) Functionalization of Silicon Surfaces

Undec-10-en-1-yl 2-bromo-2-methylpropanoate:

(0]
B
W\OH . N 0 Br
Pyridine, THF

Scheme S2. Synthetic route to ATRP initiator precursor.
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A 250 mL Schlenk flask equipped with a magnetic stir bar and a rubber septum, was
evacuated and backfilled with argon. Then, undec-10-enol (3.3 mL, 16.5 mmol), pyridine (1.6
mL, 19.8 mmol), and tetrahydrofuran (75 mL) were added to the Schlenk flask, followed by
cooling the flask in an ice bath and adding 2-bromoisobutyryl bromide (2.2 mL, 18.1 mmol)
dropwise over 10 minutes. The solution was stirred overnight at room temperature, then
diluted with hexane, washed with 1 N HClng), dried with MgSO4 (anhydrous), and
concentrated in vacuo. The crude product was purified using column chromatography on silica
gel with 25:1 Hex:EtOAc to yield 3.37 g of a colorless oil (64% yield). '"H NMR (600 MHz,
CDCls) 6 5.85 - 5.73 (m, 1H), 5.04 — 4.84 (m, 2H), 4.15 (t, /= 6.7 Hz, 2H), 2.02 (q, J = 6.9
Hz, 2H), 1.91 (s, 6H), 1.70 — 1.61 (m, 2H), 1.40 — 1.23 (m, 12H). °C NMR (101 MHz, CDCl;)
5 171.47,138.91, 113.93,65.90, 55.72, 33.58, 30.56, 29.20, 29.15, 28.93, 28.86, 28.69, 28.12,
25.56. IR (ATR) v 2925, 2854, 2360, 1734, 1641, 1463, 1389, 1371, 1273, 1160, 1108, 1010,

992, 909, 763, 722, 644 cm™,
11-(Trichlorosilyl)undecyl 2-bromo-2-methylpropanoate:

0 0

X Br HSICls b
OJ>< > Cl,Si o '
Karstedt's Catalyst 8

Scheme S3. Synthetic route to 11-(trichlorosilyl)undecyl 2-bromo-2-methylpropanoate.

A 50 mL Schlenk flask equipped with a magnetic stir bar and a rubber septum, was
evacuated and backfilled with argon and charged with undec-10-en-1-yl-2-bromo-2-

methylpropanoate (1.35 g, 4.2 mmol), trichlorosilane (4.2 mL, 41.6 mmol) and a solution of
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Karstedt’s catalyst in xylene (5 puL, 2 wt% Pt in xylene). The solution was stirred at room
temperature for 4 hours. The reaction mixture was then concentrated under reduced pressure
to yield 1.51 g of a clear oil (79% yield). The compound was used without further purification.
"H NMR (400 MHz, CDCl3) § 4.16 (t, J = 6.6 Hz, 2H), 1.93 (s, 6H), 1.72 — 1.62 (m, 2H), 1.61
— 1.52 (m, 2H), 1.46 — 1.21 (m, 16H). °C NMR (101 MHz, CDCl3) § 171.57, 65.97, 55.83,
31.63, 30.61, 29.28, 29.24, 29.12, 28.97, 28.82, 28.16, 25.60, 24.12, 22.07. IR (ATR) v 3005,

2926, 2855, 1734, 1463, 1389, 1371, 1274, 1160, 1108, 1011, 969, 917, 829, 764, 722, 691,

645, 560 cm™. GCMS (EI+) calculated for [M]+ C;sH,sBrCl;0,Si: 454.01, found: 454.01.

Si0; Surface Functionalization:

0]
B
OH Clsi” ™M oJ ‘>< ' o 0
OH N . Br
on > Fostimo’x
EtsN, Toluene ®)

Scheme S4. ATRP-initiator functionalization on silicon wafer.

Silicon substrates were cleaned by sonication in acetone, followed by isopropanol for 10
minutes each and dried under a stream of nitrogen. Silicon substrates were placed in an air
plasma cleaner (PDC-001, Harrick Plasma) for 15 minutes. A stock solution was then
prepared by mixing 250 pL of 11-(trichlorosilyl)undecyl 2-bromo-2-methylpropanoate in 500
mL of dry toluene (0.05% v/v) and 100 pL of dry triethylamine. 2-inch diameter silicon wafers

were placed in 3.5-inch diameter petri dishes and covered with 40 mL of stock solution under
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nitrogen gas, while 4-inch diameter silicon wafers were placed in 5.5-inch diameter petri
dishes and covered with 150 mL of stock solution under nitrogen gas. The reaction was left

overnight at room temperature, and then cleaned with toluene then ethanol, and dried under a

stream of nitrogen gas.

Synthesis of Ir-blue:

(PPh3)2Clz IrCl; » xH,0 \C;S/T %
+
KCO = N K,CO
F \ / B I /_\ 223 iR /Ir
DME: HZO "\ 2-methoxyethanol:H,0 \m \
47% S1 NS

— p DMA
\ / 45% (over two steps)
N

0 F oH F
NZ TEA + CI v 2
~ NaBH, <
F y F
DCM S w2 DCM/EtOH SN
87% | | |

= X 76%

A

Ir-blue

Scheme S5. General five step synthetic procedure to Ir-blue.

2',6"-difluoro-4-methyl-2,3"-bipyridine (S1):

To a 2-neck, 250 mL round-bottom flask equipped with a Vigreux column, inlet adapter,
magnetic stir bar and septum was added 2,6-difluoropyridine-3-boronic acid (4.50 g, 28.3
mmol), 2-chloro-4-methylpyridine (4.34 g, 34.0 mmol), bis(triphenylphosphine)palladium(II)
dichloride (0.20 g, 0.3 mmol), potassium carbonate (10.96 g, 79.3 mmol), DME (85 mL), and

H,0 (40 mL). The mixture was degassed with argon for 10 minutes, heated to 80 °C, stirred
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for 6 hours, cooled to room temperature, extracted with EtOAc, dried with MgSO4
(anhydrous), filtered and concentrated under reduced pressure. The crude product was purified
by column chromatography on silica gel, eluting with a gradient from 95:5 to 80:20
Hex:EtOAc. The solvent was removed by rotary evaporation to obtain 2.76 g (47% yield) of
the desired product, S1, as a white fluffy crystalline solid. '"H NMR (400 MHz, CD,CL,) &
8.66 (dt,J=9.6, 8.1 Hz, 1H), 8.54 (d, /= 5.0 Hz, 1H), 7.66 (s, 1H), 7.14 (d, J= 5.0 Hz, 1H),
6.97 (dd, J = 8.2, 3.0 Hz, 1H), 2.42 (s, 3H). °C NMR (101 MHz, CD,Cl,) § 162.75, 162.61,
160.29, 160.14, 159.99, 157.67, 157.53, 150.77, 150.71, 150.07, 148.77, 146.84, 146.80,
146.76, 146.72, 125.21, 125.11, 124.58, 120.02, 119.96, 119.78, 119.73, 107.49, 107.43,
107.15,107.09, 21.50. ”F NMR (376 MHz, CD,Cl,) § -69.69, -70.29. IR (ATR) v 3041, 1604,
1588, 1482, 1459, 1415, 1392, 1303, 1294, 1265, 1208, 1192, 1127, 1116, 1054, 990, 893,
854, 842, 819, 764, 731, 668, 628, 585, 562, 552 cm™'. LRMS (ESI) calculated for [M+H]"

C11H9F2N23 20707, found: 207.09.

Dichlorotetrakis[2-(2',6"-difluoro-4-methyl-2,3"-bipyridine) | diiridium(I1l) (S2):

To a 2-neck, 100 mL round-bottom flask equipped with a magnetic stir bar, inlet adapter,
condenser and septum was added iridium(III) chloride hydrate (1.00 g, 3.16 mmol), S1 (1.43
g, 6.95 mmol), 2-ethoxyethanol (24 mL), and H,O (8 mL). The mixture was degassed with
argon for 10 minutes and heated to 120 °C for 16 hours. The reaction was cooled to room
temperature, H,O (30 mL) was added and the precipitate was filtered, washed with H,O then
MeOH, then dried under reduced pressure to obtain 1.78 g of a green-yellow solid, S2. Due

to poor solubility, the compound was used directly for the next reaction.
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Bis[[2-(2' 6"-difluoro-4-methyl-2,3"-bipyridine) | 4-(pyridin-2-yl)benzaldehyde]-iridium(I1I)
(S3):

To a 2-neck, 100 mL round-bottom flask equipped with a magnetic stir bar, inlet adapter,
condenser and septum was added S2 (1.00 g, 0.78 mmol), silver triflate (1.01 g, 3.92 mmol),
and dimethylacetamide (15 mL, anhydrous). The mixture was degassed with argon for 10
minutes, heated to 100°C for 30 minutes, followed by the addition of 4-(2-
pyridyl)benzaldehyde (0.36 g, 1.96 mmol) under a stream of argon. The reaction was then
heated to 130 °C for 5 hours, cooled to room temperature, filtered, and washed with
acetonitrile to remove silver salts. The filtrate was added to deionized H,O and the resulting
precipitate was filtered, then dissolved in CH,Cl, and washed with deionized H,O. The
organic layer was dried over MgSO, (anhydrous), filtered and concentrated under reduced
pressure to yield a light yellow solid. The crude product was purified by column
chromatography on silica gel, eluting with a gradient starting at 7:3 CH,Cl,:Hex and ending
with CH,Cl,. The solvent was removed by rotary evaporation and the resulting solid was
precipitated from CH,Cl, into hot hexanes to provide the desired product, S3, after filtration
as a light yellow solid (0.59 g, 45% yield over two steps). 'H NMR (400 MHz, DMSO-ds) &
9.77 (s, 1H), 8.43 (d, J= 8.2 Hz, 1H), 8.18 (d, /= 8.1 Hz, 1H), 8.09 — 7.93 (m, 3H), 7.87 (d,
J=5.5Hz, 1H), 7.79 (d, J= 6.0 Hz, 1H), 7.51 (d, /= 8.0 Hz, 1H), 7.47 (d, J= 6.0 Hz, 1H),
7.33 (t,J=6.4 Hz, 1H), 7.16 (s, 1H), 7.02 (d, J= 5.7 Hz, 2H), 5.95 (s, 1H), 5.75 (s, 1H), 2.43
(s, 6H). °C NMR (101 MHz, DMSO-ds) & 198.52, 194.01, 181.52, 170.91, 164.87, 162.73,
162.63, 162.06, 161.93, 161.63, 161.48, 160.34, 160.23, 159.54, 159.41, 159.16, 159.01,
158.82, 158.70, 158.33, 158.16, 156.28, 156.14, 155.83, 155.66, 152.02, 151.19, 151.02,
150.60, 149.26, 147.92, 139.06, 136.37, 136.12, 125.50, 125.27, 125.03, 124.61, 124.07,

123.89, 123.49, 123.32, 121.74, 108.52, 108.25, 106.69, 106.40, 20.88, 20.77. ’F NMR (376
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MHz, DMSO-ds) 8 -69.50 (d, J = 8.6 Hz), -70.40 (d, J = 9.6 Hz), -72.95 (d, J = 6.6 Hz), -
73.51 (d, J = 9.6 Hz). IR (ATR) v 2818, 1686, 1617, 1589, 1525, 1472, 1432, 1401, 1382,
1358, 1311, 1265, 1194, 1134, 1064, 1051, 1005, 890, 875, 862, 838, 822, 812, 784, 752, 737,
694, 629, 610, 586, 574, 562 cm™. LRMS (FD+) calculated for CasHyF4IrNsO: 785.14, found:

785.14.

Bis[[2-(2',6"-difluoro-4-methyl-2,3"-bipyridine) | (4-(pyridin-2-yl)phenyl (§4):

To a I-neck 250 mL round-bottom flask equipped with a magnetic stir bar and septum
was added S3 (450 mg, 0.57 mmol), CH,Cl, (40 mL) and EtOH (40 mL), degassed with argon
for 10 minutes, followed by the addition of NaBHy4 (43 mg, 1.15 mmol). The mixture was
stirred for 12 hours at room temperature. The solvent was removed under reduced pressure
and the resulting yellow solid was re-dissolved in CH,Cl, and washed with deionized H,O.
The organic layer was dried over MgSO4 (anhydrous), filtered and concentrated under reduced
pressure to yield a yellow solid. The crude product was further purified by flash column
chromatography on silica gel, eluting with CH,Cl,. The solvent was removed by rotary
evaporation and the resulting solid was precipitated from CH,Cl; into hot hexanes to provide
the desired product, S4, after filtration as a light yellow solid (342 mg, 76% yield). 'H NMR
(400 MHz, DMSO-ds) 6 8.23 (d, J= 8.2 Hz, 1H), 8.01 (d, /= 14.1 Hz, 2H), 7.95 — 7.82 (m,
3H), 7.76 (d, J = 5.1 Hz, 1H), 7.47 (d, J= 6.0 Hz, 1H), 7.18 (t, J = 6.4 Hz, 1H), 7.03 (t, J =
6.8 Hz, 2H), 6.97 (d, J= 7.9 Hz, 1H), 6.61 (s, 1H), 5.94 (s, 1H), 5.71 (s, 1H), 4.95 (t, J=5.7
Hz, 1H), 4.34 —4.15 (m, 2H), 2.44 (s, 6H). *C NMR (101 MHz, DMSO-d) & 199.93, 182.52,
170.51, 166.54, 162.87, 162.76, 162.09, 161.96, 161.58, 161.44, 160.51, 160.40, 159.57,

159.44, 159.13, 158.97, 158.83, 158.69, 158.28, 158.12, 156.28, 156.14, 155.78, 155.61,
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151.90, 150.38, 148.87, 147.81, 143.94, 143.45, 138.63, 133.89, 125.24, 124.90, 124.83,
124.69, 124.53, 123.95, 123.77, 123.71, 123.34, 123.18, 121.27, 120.05, 108.46, 108.22,
106.52, 106.26, 63.24, 20.87, 20.77. "°F NMR (376 MHz, DMSO-de) & -69.69 (d, J= 8.6 Hz),
-70.80 (d, J = 9.8 Hz), -73.22 (d, J = 6.6 Hz), -74.00 (d, J= 9.7 Hz). IR (ATR) v 3431, 2862,
1585, 1524, 1472, 1430, 1403, 1381, 1280, 1263, 1196, 1166, 1134, 1044, 1006, 876, 856,
837, 811, 778, 753, 735, 637, 584 cm. LRMS (FD+) calculated for C34HasF4IrN;O: 787.15,

found: 787.16.

Bis[[2-(2',6"-difluoro-4-methyl-2,3"-bipyridine) ] (4-(pyridin-2-
vl)phenyl)oxymethylmethacrylate]-iridium(Ill) (Ir-blue):

To a dry 6 mL Schlenk tube equipped with a magnetic stir bar and septum was added S4
(200 mg, 0.25 mmol), CH,Cl, (4 mL, anhydrous) and trimethylamine (177 pL, 1.27 mmol).
The mixture was degassed with argon for 10 minutes and cooled to 0 °C, followed by addition
of methacryloyl chloride (49 pL, 0.51 mmol) using a syringe. The reaction mixture was stirred
at 0 °C for 10 minutes under argon then allowed to warm to room temperature and stirred for
an additional hour. The reaction mixture was concentrated and added to a silica gel column,
wet packed with 70:29:1 Hex:CH,Cly:TEA. The product was eluted with a gradient starting
at 1:1 and ending at 0:1 Hex:CH,Cl,, concentrated under reduced pressure then precipitated
from CH,Cl; into hot hexanes to provide the desired product, Ir-blue, after filtration as a light
yellow powder (189 mg, 87% yield). "H NMR (400 MHz, CD,Cl,) & 8.05 (d, J = 12.0 Hz,
2H), 7.99 (d, J= 8.2 Hz, 1H), 7.90 (d, /= 5.9 Hz, 1H), 7.85 (d, J=5.4 Hz, 1H), 7.77 (t, J =
8.4 Hz, 2H), 7.44 (d, J = 5.9 Hz, 1H), 7.00 (t, /= 6.7 Hz, 2H), 6.83 (s, 1H), 6.78 — 6.67 (m,
2H), 6.06 (s, 1H), 6.00 (s, 1H), 5.79 (s, 1H), 5.57 (s, 1H), 5.04 (s, 2H), 2.46 (s, 6H), 1.89 (s,

3H). "C NMR (101 MHz, CD,Cl,) & 199.69, 181.80, 181.75, 172.58, 167.75, 167.45, 164.62,
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164.51, 163.48, 163.35, 163.02, 162.86, 162.43, 162.33, 160.95, 160.82, 160.55, 160.39,
160.12, 159.98, 159.67, 159.50, 157.57, 157.43, 157.17, 156.99, 153.05, 151.28, 150.30,
149.04, 148.05, 145.05, 138.69, 138.31, 136.93, 135.51, 125.78, 125.17, 124.97, 124.73,
124.55, 124.40, 124.30, 124.13, 123.60, 121.80, 120.39, 109.54, 109.50, 109.28, 109.24,
107.53, 107.48, 107.24, 107.20, 66.67, 21.69, 21.62, 18.55. '°F NMR (376 MHz, CD,Cl,) -
70.21 (d, J = 8.9 Hz), -71.11 (d, J= 9.7 Hz), -74.01 (d, J = 9.0 Hz), -74.60 (d, J = 9.8 Hz). IR
(ATR) v 3068, 2952, 1714, 1588, 1525, 1473, 1432, 1404, 1381, 1312, 1280, 1263, 1195,
1147, 1134, 1050, 999, 966, 940, 904, 876, 842, 829, 809, 782, 750, 741, 675, 647, 586, 558,

535 cm™. LRMS (FD+) calculated for C3sHagF4IrNsO,: 855.18, found: 855.19.
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Synthesis of Polymer Brushes using Different Light Sources

B Yy

photomask
1 mol% PTH, DMA

Figure S2. P(BnMA) brushes grafted from ATRP initiator-functionalized silicon
wafers through various photomasks using different light sources: natural sunlight, 365 nm UV
light, and compact fluorescent light. The corresponding optical reflectance micrographs of the

patterned brushes are provided below.

An ATRP initiator-functionalized silicon substrate was placed on top of a glass plate. A
solution containing N-phenylphenothiazine (PTH) (3.25 mg, 11.8 pumol, 1 mol%), benzyl
methacrylate (BnMA) (200 pL, 1.18 mmol) and 50 pLL N, N-dimethylacetamide (DMA) was
pipetted onto the silicon substrate directly until it was completely covered without any

deoxygenation. Then, a photomask was placed on top of the solution to form a thin layer in

88



contact with the substrate. The wafer was placed under natural sunlight for 20 minutes. To
show the versatility of this system, different light sources, including 365 nm UV light (90
minutes) and compact fluorescent light (13.5 hours) were used to grow patterned polymer
brushes. After irradiation, the samples were cleaned using Soxhlet extraction with CH,Cl, for
24 hours and then dried under a stream of nitrogen. Optical microscopy indicated the

successful formation of patterned polymer brushes using the different light sources.

Study of Buffer Region and Catalyst Loading

ATRP initiator-functionalized wafers were cut into 7x7 mm, 10x10 mm, 14x14 mm, and
18x18 mm pieces. The wafer was placed on top of a glass plate. A solution containing 0.5
mol% PTH was prepared by mixing PTH (1.63 mg, 5.93 umol), 2-(dimethylamino)ethyl
methacrylate (DMAEMA) (200 pL, 1.19 mmol), and 51.5 pL DMA in a vial. The reaction
solution was pipetted onto the silicon substrate directly without any deoxygenation, followed
by placing an 18%18 mm glass cover slip on top of the solution to form a thin layer in contact
with the substrate, while also filling the space underneath the glass cover slip. The wafer was
placed below a 405 nm collimated LED for 4.5 hours in the presence of air. To prepare the 1
and 5 mol% PTH solutions, the synthetic procedure for 0.5 mol% PTH was followed,
changing only the PTH quantities to 3.26 mg (11.9 pmol) and 16.3 mg (59.3 pmol),
respectively. After irradiation, the substrates were cleaned using Soxhlet extraction with
CH,Cl, for 24 hours and then dried under a stream of nitrogen. Polymer brushes were
observed by eye on the silicon wafers and brush heights were determined inside polymer brush

regions using optical reflectometry.
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Table S1. Film thickness of P(DMAEMA) brushes determined using optical reflectometry
after varying the wafer size and catalyst loading

Polymer brush height (nm)

PTH loading
Silicon wafer size
(mol%)
Tx7 mm 10x10 mm 14x14 mm 18x18 mm
0.5 67 78 76 68
1 &2 92 85 86
5 52 49 44 58

Synthesis of Patterned Polymer Brushes in the “Edge Effect” Region
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Figure S3. Synthesis of patterned polymer brushes in the “edge effect” region supports

retention of ATRP initiator functionality.

An 18x18 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass

plate. A homogenous reaction solution was prepared by mixing PTH (3.25 mg, 11.8 pmol, 1
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mol%), BnMA (200 pL, 1.18 mmol), and 50 uLL DMA in a vial, followed by pipetting onto
the silicon substrate directly without any deoxygenation. Then, an 18x18 mm glass cover slip
was placed on top of the solution to form a thin layer in contact with the substrate. The wafer
was placed below a 405 nm collimated LED for 2 hours in the presence of air. The substrate
was rinsed with CH,Cl, and then dried under a stream of nitrogen. The film thickness was
measured to be 57 nm with optical reflectometry. An “edge effect” was observed on the wafer
as shown in Figure S3.3. Subsequently, a new homogenous reaction solution containing PTH
(3.26 mg, 11.9 umol, 1 mol%), DMAEMA (200 pL, 1.19 mmol) and 51.5 uL. DMA was
prepared and pipetted onto the P(BnMA) brush functionalized substrate. Then, a photomask
containing 20x200 um transparent rectangle was placed on top of the solution to form a thin
layer in contact with the substrate. It should be noted that the photomask is larger than the
wafer to prevent the “edge effect”. The wafer was placed below a 405 nm collimated LED for
15 hours in the presence of air. The substrate was cleaned using Soxhlet extraction with
CH,Cl; for 24 hours and then dried under a stream of nitrogen. The patterned polymer brushes
were clearly visible by optical microscopy on the entire wafer, both on the “edge effect” region
(1) and on P(BnMA) (2). AFM was used to image surface topography showing the height
profile of patterned P(DMAEMA) brushes on the “edge effect” region and on P(BnMA)

brushes.
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Kinetic Study of P(DMAEMA) Brushes (1 mol% PTH)
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Figure S4. Temporal study of P(DMAEMA) brush growth under ambient conditions
(room temperature and in the presence of air). (a) Image of the polymerization setup. (b)
Relationship of brush height as a function of irradiation time. Error bars represent + one

standard deviation.

A 6x6 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass plate.
The reaction solution was prepared by mixing PTH (3.26 mg, 11.9 umol, 1 mol%), DMAEMA
(200 pL, 1.19 mmol) and 51.5 uL. DMA in a glass vial, followed by pipetting onto the silicon
substrate directly without any deoxygenation. Then, an 18 x 18 mm glass cover slip was
placed on top of the solution to form a thin layer in contact with the substrate, while also filling
the space underneath the glass cover slip. The wafer was placed below a 405 nm collimated
LED. Polymerization time was varied between 1 and 6 hours. This experiment was repeated
3 times to get average brush thicknesses. The substrate was thoroughly washed using CH,Cl,
via Soxhlet extraction and subsequently dried under a stream of nitrogen. Brush height was
determined using optical reflectometry. It should be noted that the upper limit of achievable

film thickness is ~160 nm under these conditions. According to previous reports,
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P(DMAEMA) polymer brush heights of ~700 nm could be achieved via metal-catalyzed

ATRP.

Kinetic Study of P(DMAEMA) Brushes (5 mol% PTH)
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Figure S5. (a) Graphical representation of the polymerization setup at various time
points. (b) Graphical representation of the kinetic study, showing 6 polymerization time points
on a single 2-inch diameter ATRP initiator-functionalized silicon wafer. (¢) Digital images of
polymer brushes for the 6 polymerization time points. (d) Relationship of brush height as a

function of irradiation time.

A homogeneous stock solution containing PTH (6.53 mg, 23.7 pmol, 5 mol%), DMAEMA
(80 uL, 0.47 mmol) and 20.6 uLL. DMA was prepared, and 10 uL was pipetted onto the 3-hour
position of a 2-inch diameter ATRP initiator-functionalized silicon substrate directly without

any deoxygenation. Then, a 0.5-inch diameter glass cover slip was placed on top of the
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solution to form a thin layer in contact with the substrate. The wafer was placed below a 405
nm collimated LED for 1 hour in the presence of air, followed by addition of another 10 puL
of reaction solution onto the 2-hour position on the same wafer and another 0.5-inch diameter
glass cover slip placed on top of that solution, without altering the excitation light. The
synthetic procedure was repeated to prepare the other polymer brushes to provide the 1 hour,
45 minute, 30 minute, and 15 minute time points, that all finished at the same time. The
substrate was submerged in CH,Cl, and the glass cover slips were removed. The substrate
was washed with CH,Cl, and then dried under a stream of nitrogen. Brush height was

determined by optical reflectometry.
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Fabrication of Patterned Polymer Brushes
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Figure S6. Schematic representation of the setup used to synthesize patterned
polymer brushes, AFM topography with height profile, and corresponding 3D images of

patterned polymer brushes.

An ATRP initiator-functionalized silicon substrate was placed on top of a glass plate. A
homogeneous solution containing PTH (3.25 mg, 11.8 pmol, 1 mol%), BnMA (200 pL, 1.18
mmol), and 50 uL. DMA was prepared and pipetted onto the silicon substrate directly until it
was completely covered without any deoxygenation. Subsequently, a photomask containing

polygon features was placed on top of the solution to form a thin layer in contact with the
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substrate. The wafer was placed below a 405 nm collimated LED for 3 hours. After irradiation,
the substrate was cleaned using Soxhlet extraction with CH,Cl, for 24 hours and then dried

under a stream of nitrogen. AFM was used to image surface topography with height profile

and 3D images.

Fabrication of Gradient Polymer Brushes
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Figure S7. (a) Schematic representation of the setup used to synthesize gradient

polymer brushes under a gray scale photomask (b) Optical micrograph of gradient polymer
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brushes (c) 3D gradient polymer brush nanostructure of AFM image (d) AFM topography and
height profile across the feature (e) Profilometry indicated 3D gradient polymer brush

nanostructure and height profile across the image.

An ATRP initiator-functionalized silicon substrate was placed on top of a glass plate. A
homogeneous solution containing PTH (3.26 mg, 11.9 umol, 1 mol%), DMAEMA (200 pL,
1.19 mmol) and 51.5 uL DMA was prepared and pipetted onto the silicon substrate directly
until it was completely covered without any deoxygenation. Then, a photomask containing
inclined planes was placed on top of the solution to form a thin layer in contact with the
substrate. The wafer was placed below a 405 nm collimated LED for 14 hours. The substrate
was cleaned using Soxhlet extraction with CH,Cl, for 24 h and then dried under a stream of
nitrogen. Optical microscopy indicated the presence of gradient polymer brushes, which was
further confirmed using AFM and profilometry, showing 3D gradient polymer brushes and

height profiles with a linear relationship between brush height and position across the feature.
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Grafting Polymer Brushes under Different Shapes of Cover Glass

Figure S8. Patterning using different shaped glass cover slips. (a) Digital images of
the glass cover slips used: hexagon, circle, star, diamond and triangle and (b) The

corresponding polymer brushes.

A homogeneous solution containing PTH (16.4 mg, 59.5 pmol, 5 mol%), DMAEMA (200
pul, 1.19 mmol) and 51.5 pL DMA was prepared and pipetted onto an ATRP initiator-
functionalized silicon substrate directly without any deoxygenation. Then, a glass hexagon
was placed on top of the solution to form a thin layer in contact with the substrate. The wafer
was placed below a 405 nm collimated LED for 14 hours in the presence of air. This same
procedure was used to prepare polymer brushes using other glass shapes, (e.g., glass circle,
glass star, glass diamond, and glass triangle). After irradiation, the substrate was submerged
in CH,Cl, and the glass was removed. The substrate was further cleaned with CH,Cl, and then

dried under a stream of nitrogen.
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To prepare polymer brushes using “MRL” shaped glasses, a solution containing PTH (65.5
mg, 0.24 mmol, 5 mol%), DMAEMA (800 puL, 4.75 mmol), and 206 uLL. DMA was mixed in
a vial and pipetted onto a 4-inch diameter ATRP initiator-functionalized wafer without any
deoxygenation. “MRL” shaped cover slips were placed on top of the solution and irradiated
with a 405 nm LED for 21 hours. After irradiation, the substrate was submerged in CH,Cl,
and the glass pieces were removed. The substrate was cleaned using CH,Cl, and dried under

a stream of nitrogen.

Synthesis of Polymer Brushes on a Large-Scale Surface

>
( ) reaction solution
Br.

4” initiator-functionalized silicon wafer

(b)

Figure S9. (a) Schematic representation of the polymer brush grafting-from procedure
on a large-scale silicon wafer (4-inch diameter) under ambient conditions. Digital images of
(b) The setup using a small amount of solution under a glass cover slip, (¢) [rradiation with

405 nm light, and (d) Resulting polymer brushes after washing and drying.

99



A homogeneous solution containing PTH (16.3 mg, 0.06 mmol, 5 mol%), DMAEMA (200
pL, 1.19 mmol), and 51.1 uL. DMA was prepared and 200 uL was pipetted onto a 4-inch
ATRP initiator-functionalized silicon substrate directly without any deoxygenation. Then, a
4-inch diameter glass cover was placed on top of the solution to form a thin layer in contact
with the substrate. The wafer was placed below a 405 nm LED for 2 hours in the presence of
air. The substrate was submerged in CH,Cl, and the glass was removed. The substrate was
washed with CH,Cl, and then dried under a stream of nitrogen. Uniform polymer brushes
were observed on the 4-inch silicon wafer and brush height was determined to be 41 + 1 nm

by optical reflectometry.

Monomer Screening

| N

&) QL0
cover slip 5 mol % PTH,
monomer, solvent

E——— no degassing W

Figure S10. Schematic representation of the general setup used to graft polymer
brushes from ATRP initiator-functionalized SiO, substrates using 5 mol% PTH and various

monomers.

An 8x8 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass plate.
A stock solution containing PTH (5.14 mg, 18.7 pmol, 5 mol%), methyl methacylate (MMA)

(40 pL, 0.37 mmol) and 38.4 uL. DMA was prepared in a glass vial, from which 50 pL was
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pipetted onto the silicon substrate without any deoxygenation. Then, a glass cover slip was
placed on top of the solution to form a thin layer in contact with the substrate. The wafer was
placed below a 405 nm collimated LED for 2 hours. The substrate was cleaned by washing
thoroughly with CH,Cl, and then dried under a stream of nitrogen. Brush height was
determined by optical reflectometry. To showcase the versatility of this system, the same

procedure was repeated using a variety of different monomers at a 5 mol% PTH loading.

Table S2. Polymerization time and film thickness of various polymer brushes grafted from

Si0,
Monormer Polymerization = Brush thickness
time (h) (nm)

Methyl methacrylate (MMA) 2 24
Benzyl methacrylate (BnMA) 1 44
2-(methylthio)ethyl methacrylate (MTEMA) 1 49
2-(dimethylamino)ethyl methacrylate (DMAEMA) 1 32
Poly(ethylene)glycol methyl ether methacrylate 0% -
M, 300

Dodecyl methacrylate 2 30
Furfuryl methacrylate 1 44
Glycidyl methacrylate 1 56
2-hydroxyethyl methacrylate 0.5 29
tert-butyl methacrylate 2 26
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Determination of Grafting Density

Brush Height (nm)
lllllllllllllllllll

Swelling Time (h)

Figure S11. Plot depicting change in swollen P(MMA) brush height as a function of

swelling time in THF.

A 10x10 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass
plate. A stock solution containing PTH (5.1 mg, 18.7 pumol, 5 mol%), methyl methacrylate
(MMA) (40 pL, 0.37 mmol) and 38.4 pL. of DMA was prepared in a glass vial. 50 pL of this
solution was pipetted onto the silicon substrate without any deoxygenation. Following this, a
glass cover slip was placed on top of the solution to form a thin layer in contact with the
substrate. The wafer was placed below a 405 nm collimated LED and irradiated for 2 hours.
The substrate was cleaned by washing thoroughly with CH,Cl, and then dried under a stream
of nitrogen. The dry polymer brush height was measured to be 24 nm by optical reflectometry.
The sample was then placed in a chamber filled with tetrahydrofuran (THF) vapor and the

brush height was measured every 500 seconds by optical reflectometry until a constant brush
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thickness was reached (approximately 43 nm). The grafting density was estimated using a

previously reported model (Macromolecules 2006, 39, 2764-2772).

_ 1.074xh3"

1/2
hy

(N: degree of polymerization, hy: swollen height, hy: dry height, o: grafting density, pp:
bulk polymer density, Ny: Avogadro’s number, my: the monomer molecular weight, D: the

distance between grafting sites)

Using the above equations, the grafting density was estimated to be 0.28 chains/nm’

and the distance between grafting sites should be approximately 2.14 nm.
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Experiments using Sacrificial Initiator
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Figure S12. Plot depicting change in polymer brush height and free polymer M, as a

function of irradiation time (h).

A 10x10 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass
plate. A stock solution containing PTH (5.1 mg, 18.7 pumol, 5 mol%), methyl methacrylate
(MMA) (40 pL, 0.37 mmol), ethyl oc-bromoisobutyrate in DMA (38.4 pL, 0.37 pmol, 1.88
mg/mL) was prepared in a glass vial. 50 pL of this solution was pipetted onto the silicon
substrate without any deoxygenation. Following this, a glass cover slip was placed on top of
the solution to form a thin layer in contact with the substrate. The wafer was placed below a
405 nm collimated LED and irradiated for 0.5 hours. The reaction solution was collected for
SEC analysis to determine the number-average molar mass (M,) of free polymer in the
solution. The substrate was cleaned by washing thoroughly with CH,Cl, and then dried under

a stream of nitrogen. Polymer brush height was measured by optical reflectometry. This
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synthetic procedure was followed to obtain time points at 1, 2 and 3 hours. Polymer brush
thicknesses and the number-average molar mass of free polymers increase with longer

irradiation times.

Synthesis of Ir-Complex-containing Copolymer Brushes

0.5 mol% Ir-Blue (0.21 mg)
10 pL reaction mixture

Figure S13. Copolymerization of benzyl methacrylate and Ir-complex on a 2-inch
ATRP initiator-functionalized silicon wafer using different cover slips under ambient
conditions. (a) Chemical structures of the different Ir-complexes and the corresponding
amount of Ir-complex used during brush-growth. (b) Digital image of the four copolymer
brushes under UV-irradiation with the corresponding chemical structures for each polymer

brush provided. (c¢) Photoluminescence during light-mediated polymerization under 405 nm
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LED excitation. (d) Digital image of the actual setup after the polymerization. (e)

Photoluminescence (Aex = 254 nm) of the four different polymer brush films.

The Ir-blue solution was prepared by mixing Ir-blue (1.26 mg, 1.48 pmol, 0.5 mol%), BhMA
(50 pL, 0.30 mmol), PTH (4.06 mg, 14.8 pmol, 5 mol%), and 11.4 uL. DMA in a vial. To
prepare the other Ir-complex solutions, the amount of PTH, BnMA and DMA was kept
constant, using 1.11 mg (1.48 umol, 0.5 mol%) Ir-green, 1.28 mg (1.48 umol, 0.5 mol%) Ir-
red, and 1.26 mg (1.48 pumol, 0.5 mol%) Ir-orange for the respective mixtures. Then, 15 pL
of the Ir-green solution was pipetted onto a 2-inch diameter ATRP initiator-functionalized
silicon substrate directly without any deoxygenation, followed by placement of a triangle-
shaped glass cover slip on top of the solution to form a thin layer in contact with the substrate.
Subsequently, 13 pL of the Ir-orange solution was pipetted onto the same wafer and a 0.5-
inch diameter glass cover slip was placed on top of the solution. Then, 10 pL of the Ir-red
solution with a 0.5-inch diameter glass and 10 pL of the Ir-blue solution with a 0.5-inch
diameter glass were prepared on the same wafer, respectively. The wafer was placed below a
405 nm LED for 2 hours in the presence of air. The substrate was submerged in CH»Cl, and
the glass cover slips were removed. Then, the substrate was rinsed with CH,Cl, and dried
under a stream of nitrogen, revealing four different colored emissive polymer brushes on one

2-inch silicon wafer, as observed under 254 nm UV excitation.
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Sequential Polymerization of DMAEMA-MTEMA-DMAEMA-MTEMA

4t Jayer
31 Jayer
2d layer
1st layer
1st layer 2nd layer 3 layer 4t layer
2" glass 1.5” glass 1" glass 0.5” glass
—— S— — —

2” silicon wafer

DMAEMA MTEMA DMAEMA MTEMA
50 L reaction solution 30 pL reaction solution 15 uL reaction solution 10 pL reaction solution
15 min 15 min 45 min 2h

Figure S14. Schematic representation for the sequential polymerization of
DMAEMA-MTEMA-DMAEMA-MTEMA under ambient conditions on a 2-inch ATRP

initiator-functionalized silicon wafer.
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Figure S15. XPS highlighting elements unique to each layer; nitrogen (N1s) for first

layer and third layer and sulfur (S2s and S2p) for second layer and fourth layer in Figure 5.

A homogeneous solution containing PTH (8.11 mg, 29.5 pmol, 5 mol%), DMAEMA (100
uL, 0.59 mmol), and 25 pL. DMA was prepared, and 50 uL was pipetted onto a 2-inch diameter
ATRP initiator-functionalized silicon substrate directly without any deoxygenation. Then, a
2-inch diameter glass was placed on top of the solution to form a thin layer in contact with the
substrate. The wafer was placed below a 405 nm collimated LED for 15 minutes in the
presence of air. Then, the substrate was cleaned with CH,Cl, and dried under a stream of
nitrogen. Subsequently, a homogeneous solution containing PTH (8.11 mg, 29.5 pumol, 5

mol%), MTEMA (91 pL, 0.59 mmol) and 34.1 uL DMA was prepared and 30 puL was pipetted
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onto the P(DMAEMA) functionalized silicon substrate. Then, a 1.5-inch diameter glass was
placed on top of the solution. The wafer was placed below a 405 nm collimated LED for 15
minutes in the presence of air. The substrate was cleaned with CH,Cl, and then dried under a
stream of nitrogen. To prepare the third and fourth layer of the polymer brushes, the synthetic
procedure was repeated using 15 uL of the DMAEMA solution with a 1-inch diameter glass
cover slip for 45 minutes of irradiation and 10 uL of the MTEMA solution with a 0.5-inch
diameter glass cover slip for 2 hours of irradiation, respectively. The substrate was cleaned
with CH,Cl, and dried under a stream of nitrogen. Brush height was determined by optical
reflectometry indicating the increase of polymer brush thickness going from 14 nm to 31 nm
to 42 nm to 50 nm for 1% layer to 2™ layer to 3™ layer to 4™ layer of polymer brushes,
respectively. XPS confirmed the change in monomer functionality through the emergence of
an Nls peak at a binding energy of BEyi; = 399.48 eV indicative of the 1% layer of
P(DMAEMA). For the 2™ layer, the peak intensity for N1s decreased, and S2s and S2p peaks
at BEgy, = 227.48 and BEg,, = 163.48 eV appeared, indicating the presence of P(IMTEMA).
For the 3" layer and 4" layer, the intensity similarly varied for N1s and S2s and S2p peaks,

again indicating the presence of P(DMAEMA) and P(IMTEMA) layers, respectively.
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Sequential Polymerization of DMAEMA-BnMA-DMAEMA-BnMA

(a) 1stlayer (DMAEMA) =—p 2nd Jayer (BNMA)  =——p 3rd Jayer (DMAEMA) —p 4" layer (BnMA)
2" glass 1.5” glass 1" glass 0.5” glass

2" silicon wafer
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Figure S16. Sequential polymerization of DMAEMA-BnMA-DMAEMA-BnMA

under ambient conditions (a) Graphical representation of the stepwise synthesis, (b)
Corresponding digital images of the actual setup. (c) Digital images of polymer brushes on a

2-inch ATRP initiator-functionalized silicon wafer during stepwise brush growth.
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Figure S17. XPS highlighting the variable intensity of the nitrogen (N1s) signal for

each layer of of DMAEMA-BnMA-DMAEMA-BnMA.

A homogeneous solution containing PTH (4.90 mg, 17.8 umol, 5 mol%), DMAEMA (60 pL,
0.36 mmol), and 15.4 pL. DMA was prepared, and 50 pL was pipetted onto a 2-inch diameter
ATRP initiator-functionalized silicon substrate directly without any deoxygenation. Then, a
2-inch diameter glass was placed on top of the solution to form a thin layer in contact with the
substrate. The wafer was placed below a 405 nm collimated LED for 15 minutes in the
presence of air. Then, the substrate was cleaned with CH,Cl, and dried under a stream of
nitrogen. Subsequently, a homogeneous solution containing PTH (4.87 mg, 17.7 pmol, 5
mol%), BnMA (60 pL, 0.35 mmol) and 15 puL. DMA was prepared and 30 pL. was pipetted

onto the P(DMAEMA) functionalized silicon substrate. Then, a 1.5-inch diameter glass was
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placed on top of the solution. The wafer was placed below a 405 nm collimated LED for 30
minutes in the presence of air. The substrate was cleaned with CH,Cl, and then dried under a
stream of nitrogen. To prepare the third and fourth layer of the polymer brushes, the synthetic
procedure was repeated using 15 uL of the DMAEMA solution with a 1-inch diameter glass
cover slip for 30 minutes of irradiation, and 10 uL of the BnMA solution with a 0.5-inch
diameter glass cover slip for 1 hour of irradiation, respectively. The substrate was cleaned
with CH,Cl, and dried under a stream of nitrogen. Brush height was determined by optical
reflectometry indicating the increase of polymer brush thickness going from 16 nm to 30 nm
to 36 nm to 50 nm for 1% layer to 2™ layer to 3™ layer to 4™ layer of polymer brushes,
respectively. XPS indicated the change in monomer functionality through the emergence of

varied N1s signal intensity for the alternating P(DMAEMA) and P(BnMA) layers.
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Sequential Polymerization of DMAEMA-MTEMA

(a)
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Figure S18. Sequential polymerization of DMAEMA-MTEMA brushes with two
different shapes (square first layer and circular second layer). (a) XPS, identifying elements
unique to each layer; nitrogen (N1s) for square first layer and sulfur (S2s and S2p) for circular
second layer. (b) Profilometry indicating 3-dimensional patterned polymer brushes. (c) Digital
micrograph showing 3 regions on the sample: initiator (X), P(DMAEMA) brushes (Y), and

DMAEMA-MTEMA brushes (Z).

An 18x18 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass
plate. A homogeneous solution containing PTH (3.26 mg, 11.9 pmol, 1 mol%), DMAEMA
(200 pL, 1.19 mmol), and 51.5 uLL DMA was prepared and pipetted onto the silicon substrate

directly until it was completely covered without any deoxygenation. Then, an 18x18 mm glass
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cover slip was placed on top of the solution to form a thin layer in contact with the substrate.
The wafer was placed below a 405 nm collimated LED for 2 hours in the presence of air. The
substrate was washed with CH,Cl, and then dried under a stream of nitrogen. The film
thickness was measured to be 52 nm with optical reflectometry. Subsequently, a new solution
mixture containing PTH (3.57 mg, 13.0 umol, 1 mol%), MTEMA (200 pL, 1.30 mmol), and
75 uL DMA was prepared and pipetted onto the silicon substrate functionalized with 52 nm
thick P(DMAEMA) brushes. Then, a circular glass cover slip (12 mm diameter) was placed
on top of the solution to form a thin layer in contact with the substrate. The wafer was placed
below a 405 nm collimated LED for 15 hours in the presence of air. The substrate was cleaned
using Soxhlet extraction with CH,Cl, for 24 h and then dried under a stream of nitrogen.
Optical reflectometry indicated the overall brush thickness inside the circle was 136 nm,
corresponding to an 84 nm increase in brush height. Profilometry confirmed the 3-
dimensional topology with a central circular area of P(IMTEMA) brush on top of a square
region of P(DMAEMA) brush, and an “edge effect” zone (Figure S18c). Furthermore, XPS
(Figure S18a) confirms a change in monomer functionality through the emergence of an N1s
peak, corresponding to the bottom P(DMAEMA) layer, and S2s and S2p peaks for the second

P(MTEMA) layer.
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Sequential Polymerization of Patterned Polymer Brushes

()]
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Brush Height (nm)
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Figure S19. Patterned P(IMTEMA) brushes on top of the uniform P(DMAEMA) layer,
grown under ambient conditions (a) Optical-microscopy image of patterned polymer brushes
(b) SIMS elemental maps for carbon-nitrogen (m/z = 26), highlighting P(DMAEMA) for the
first layer and sulfur (m/z = 32) for the patterned PIMTEMA) (¢) AFM topography image,

height profile, and 3D image of patterned polymer brushes.

A 7x7 mm ATRP initiator-functionalized silicon substrate was placed on top of a glass plate.
A homogeneous solution containing PTH (3.26 mg, 11.9 pmol, 1 mol%), DMAEMA (200
pul, 1.19 mmol), and 51.5 pLL. DMA was prepared and pipetted onto the silicon substrate
directly until it was completely covered without any deoxygenation. Then, an 18x18 mm glass
cover slip was placed on top of the solution to form a thin layer in contact with the substrate,
while also filling the space underneath the glass cover slip. The wafer was placed below a 405

nm collimated LED for 2 hours in the presence of air. The substrate was washed with CH,Cl,
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and then dried under a stream of nitrogen. The film thickness was measured to be 50 nm with
optical reflectometry. Subsequently, a homogeneous solution containing PTH (3.57 mg, 13.0
umol, 1 mol%), MTEMA (200 pL, 1.30 mmol), and 75 puLL. DMA was prepared and pipetted
onto the silicon substrate containing uniform 50 nm thick P(DMAEMA) brushes. Then, a
photomask containing polygons was placed on top of the solution to form a thin layer in
contact with the substrate. The wafer was placed below a 405 nm collimated LED for 5 hours
in the presence of air. The substrate was cleaned using Soxhlet extraction with CH,Cl, for 24
h and then dried under a stream of nitrogen. The patterned polymer brushes were clearly
visible by optical microscopy. SIMS elemental mapping of carbon-nitrogen and sulfur
indicate successful reinitiation for the patterned polymer brushes. AFM was used to image
surface topography, showing brush heights of 60 nm, corresponding to the patterned

P(MTEMA) and generated 3D image.
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'"H NMR spectra
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Figure S21. '"H NMR in CDCl; of undec-10-en-1-yl 2-bromo-2-methylpropanoate.
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Figure $22. '"H NMR in CDCl; of 11-(trichlorosilyl)undecyl 2-bromo-2-methylpropanoate.
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Figure S23. '"H NMR in CD,Cl, of S1.
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Figure S25. '"H NMR in DMSO-d; of S4.
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4. Low Temperature, Rapid Copolymerization of

Acrylic Acid and Sodium Acrylate in Water

4.1 Abstract

Controlled polymerization of poly(acrylic acid) in aqueous solution is a major challenge
requiring design of scalable, industry-oriented syntheses that afford modest molar mass and
dispersity control without long reaction times and environmentally demanding conditions. In
response, this report presents the rapid copolymerization of acrylic acid and sodium acrylate
using an inexpensive and scalable protocol based on thermal initiation of simple mixtures

containing an alkyl iodide and sodium iodide in water.
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4.2 Introduction

Poly(acrylic acid) (PAA) and related copolymers are widely used in industry for the
production of adhesives, superabsorbents, scale inhibitors, and coatings.l'2 Despite its breadth
of use, the direct synthesis of PAA is not straightforward; the high reactivity of acrylic acid
in conventional free-radical polymerization (FRP) generally leads to high molar masses, broad
molar mass distributions, and uncontrolled crosslinking in many cases.”” This synthetic
challenge is often at odds with imparting optimal material performance, which is obtained for
well-defined materials. For example, reducing dispersity in low molar mass PAA has been
shown to significantly enhance the stability of titania and calcite dispersions.*

Controlled radical polymerization (CRP) techniques, including atom transfer radical
polymerization (ATRP),” nitroxide-mediated radical polymerization (NMP),® and reversible
addition fragmentation chain transfer (RAFT)’ polymerization are highly valued as a means
to prepare functional polymers of predefined molecular weight and dispersity (D). Although
ATRP can polymerize a wide range of monomers, this technique has limitations with acidic
monomers such as meth/acrylic acid. This is primarily due to ligand protonation at low pH
and competitive coordination of the carboxylate groups to the catalytic metal center.® An
alternative strategy for the synthesis of well-defined PAA is to polymerize tert-butyl acrylate
(+-BA) via ATRP followed by acidic deprotection of the zert-butyl esters. However, the post-
polymerization modification and purification steps render this strategy cumbersome.” "
Although NMP'" and RAFT'*'* can directly polymerize acrylic acid, these techniques are
characterized by long reaction times, stringent conditions, and costly reagents, all of which
are undesirable from a commercial standpoint. Alternative techniques such as precipitation

15-16

polymerization in supercritical carbon dioxide, organocobalt-mediated polymerization'’
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and cyanoxyl-mediated polymerization'® also enable the preparation of PAA, but the
requirements of specific catalysts and specialized equipment limit wide-spread
implementation.

Consequently, a key challenge for acidic monomers is the design of environmentally-
friendly, industry-oriented syntheses that can afford molar mass and dispersity control without
forgoing the economic scalability and high conversion characteristic of free-radical chemistry.
In the present work, we investigate the direct synthesis of PAA in aqueous solution without
the need for expensive or synthetically taxing reagents or protocols. We show that in the
presence of iodoacetonitrile, sodium iodide (Nal) and conventional radical initiators, acrylic
acid copolymerizes with its sodium salt to afford PAA with moderate control over molecular
weight and narrowed molar mass distribution (Scheme 1). Significantly, the polymerization
exhibits high conversion and comparable kinetics to conventional FRP. We hypothesize that
side reactions (e.g., deleterious chain transfer to polymer and termination) are mitigated via
degenerative chain transfer events to the added alkyl iodide, leading to moderate molecular
weight control based on the initial molar ratio of monomer to chain transfer agent (CTA).>
This fast, economical, and industry-oriented synthesis utilizes inexpensive salts with water as
a cost-effective and green solvent.

The strategy, inspired by reports on controlled iodine chain transfer systems from Goto'*”
> and Matyjaszewski,>>* benefits from radical processes that are well-known in organic
synthesis and are most efficient for alkyl iodides.”> We postulate that the elementary reactions
of polymerization (initiation, propagation, and termination) can be supplemented with

degenerative chain transfer events to an added alkyl iodide, thus forming iodine-capped
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dormant species that forestall side reactions and lower both molar mass and dispersity via a

. . 23
reduced number of active radicals.

(a) Polymerization of t-BA via ATRP followed by deprotection

d CuBr, CuBr, HCl /SJIEH
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* Multiple steps + Long reaction time
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(b) Polymerization of AA via RAFT polymerization
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Scheme 1. Previously reported (a) two-step synthetic pathway for PAA,” (b) direct
polymerization of AA via RAFT polymerization,'* and (c) this work copolymerizing acrylic

acid and sodium acrylate in water at mild temperature.

4.3 Results and Discussion

In preliminary experiments, the direct polymerization of pure acrylic acid was examined

(90 wt% monomer in water, Table 1, entry 1) using iodoform as a chain transfer agent and
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2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70) as a thermal initiator. It was
encouraging to note that ~45% monomer conversion was obtained after 16 hours under these
conditions. To accurately estimate the molar mass and dispersity (D), the crude poly(acrylic
acid) was purified by dialysis and subsequently methylated via reaction with trimethylsilyl
diazomethane in methanol (see Experimental section for details). Methylation render the
product soluble in organic solvents, enabling the molecular weight determination via
conventional calibration analysis using size exclusion chromatography (SEC) eluting with
chloroform. Estimates of the number-average molar mass (M,) and dispersity were 7800
g/mol and 1.6, respectively indicating a significant improvement in molecular weight control
relative to crosslinked or branched materials obtained via conventional free radical chemistry.
Higher conversions and increased molecular weights could be obtained at lower monomer

wt%, however no control over the polymerization process was observed.

Table 1. The polymerization of acrylic acid with iodoform as a chain transfer agent in water.

entry wt% monomer in water” % conv.” M, (exp) (g/mol)° b°
1 90 45 7800 1.58
2 80 40 4700 1.37
3 50 88 10000 2.00
4 30 >95 40000 4.00
5° 60 90 35000 2.32

All polymerizations were performed in water at 40 °C for ca. 16-23 hours using AA (60 eq.), Nal (1.5 eq.), V70
(0.25 eq.) and iodoform as the CTA (1.0 eq.) unless otherwise noted. aThe polymerization was performed in

water at rt using a 1:1 ratio of AA to NaA for 5 minutes. bConversion was calculated from 1H-NMR analysis of
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crude product. cThe molar mass and D of methylated PAA samples were estimated from SEC analysis relative

to PMMA standards using chloroform as eluent.

To address this lack of control and increase the reaction kinetics, the copolymerization
of acrylic acid (AA) and sodium acrylate (NaA) mixtures were subsequently examined. This
strategy is based on enhancing the rate of polymerization (R,) and overall monomer
conversion by exploiting the known sensitivity of R, for acrylic acid to both the ionic strength

14,26-28

and pH of the medium. In addition, the general copolymerization of AA with a co-

31-33
In

monomer has been previously shown to increase control over the growing copolymer.
stark contrast to pure acrylic acid, the 1:1 comonomer mixture of AA and NaA was notably
exothermic and after only 5 minutes the polymerization mixture increased significantly in
viscosity with near-quantitative conversion (>90%) being observed. Following methylation,
SEC analysis showed increased molar mass and dispersity (M, = 35000 g/mol, ® =2.3, Table
1, entry 5) when compared to the corresponding acrylic acid homopolymerization using
iodoform as the CTA. Given the improved rate of reaction, we hypothesized that control may
improve using iodoacetonitrile as an alternative CTA. This reasoning is driven by the
increased solubility of iodoacetonitrile in aqueous solutions, thus mitigating challenges of
iodine transfer from the CTA. Indeed, using iodoacetonitrile as the CTA with the 1:1
comonomer mixture of AA and NaA results in a reduced molar mass and dispersity (M, =
12000 g/mol, ® = 1.7), consistent with improved control (Table S2, entry 1). Additional
syntheses performed at a fixed monomer:iodoacetonitrile ratio with increased content of AA
in the monomer feed (7090 mol% AA and 30-10 mol% NaA), afforded moderately-defined

materials with only minor broadening of molar mass distributions (P = 2.0-2.3) and increased

M, (14000-27000 g/mol) (Table 2, entries 2-4) showing the potential for monomer mixtures
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and specifically, a 50:50 mixture. These results are also in-line with previous reports
indicating sensitivity of the polymerization rate to varied degrees of neutralization of the
acrylic acid monomer.'****’

Table 2. Copolymerization of AA and NaA mixtures of varied composition with

iodoacetronitrile as a chain transfer agent.

entry  Fraction of AA (mol%) % conv." M, (exp) (g/mol)° p°
1 50 90 12000 1.71
2 70 >95 14000 221
3 80 85 27000 1.99
4 90 >95 25000 2.29

All polymerizations were performed in water (33 wt% monomer) at 35 °C for ca. 21-24 hours using
monomer (60 eq.), Nal (1.5 eq.), V70 (0.25 eq.) and iodoacetronitrile as the CTA (1.0 eq.) unless otherwise
noted. *Conversion was calculated from 'H-NMR analysis of crude product. *The molar mass and P of

methylated PAA samples were estimated from SEC analysis relative to PS standards using chloroform as eluent.

A series of control experiments were then conducted to give further insight into the
role of each component in the polymerization via their systematic removal from the starting
polymerization mixture (Table 3, entries 2—4). Of particular note was the observation that in
the absence of the initiator V70, no polymerization was observed even in the presence of
iodoacetonitrile and Nal (Table 3, entry 3). Conversely, conducting the polymerization in the
absence of iodoacetonitrile leads to gelation within minutes indicating its necessary function
as a CTA (Table 3, entry 4). Finally, although omission of Nal results in comparable monomer
conversion (95%), the methylated PAA product exhibited significantly higher molar mass and

dispersity (M, =20000 g/mol, D = 2.0) than the corresponding polymerization conducted with
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Nal (Figure S1, Table 3, entry 1-2). These results suggest that Nal may moderate polymer

growth and enhance the efficiency of chain transfer to iodoacetonitrile.

Table 3. The control experiments of copolymerization of AA and NaA in water.

entry  [CTAJ:[Nal]:[V70] % conv.® Z/éff)’g pb
1 [1]:[1.5]:0.25] 90 12000 171
2 [1]:[01:[0.25] 95 20000 2.04
3 [1]:[1.5]:[0] <5 i i
4 [0]:[1.5]:0.25] Gels within minutes ; ;

All polymerizations were performed in water (33 wt% monomer) using AA (30.0 eq.), NaA (30.0 eq.) at 35
°C for ca. 21 hours. “Conversion was calculated from 'H-NMR analysis of crude product. "The molar mass and
D of methylated PAA samples were estimated from SEC analysis relative to PS standards using chloroform as

eluent.

The rapid reaction (<5 minutes) of these AA/NaA mixtures prompted a thorough
investigation of the polymerization process. As can be seen in Figure 1, after a short incubation
period (~2-3 minutes), rapid monomer conversion that plateaus at ~90% is observed with an
associated spike in the internal reaction temperature to ca. 100 °C (external bath temperature
of 35 °C). This rate acceleration arises from the large enthalpy of polymerization for acrylic
acid/sodium acrylate and the compounded effects of a high monomer concentration resulting

in poor heat dissipation.”°

This excessive heat generation is of particular importance for
implementation of this chemistry at increased scale and to address this challenge, additional

experiments investigating the role of water as a diluent to suppress thermal runaway were
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conducted. In these systems, individual reaction temperatures were monitored during
polymerization using an immersed temperature probe with figure 1 mapping monomer
conversion (estimated via 'H-NMR analysis of discrete samples withdrawn periodically under
argon) onto the recorded temperature profiles obtained during the course of polymerization
for varied concentrations of monomer. Significantly, as the monomer content is reduced to 33
wt%, a sharp temperature spike is not observed. Instead a gradual increase in internal reaction
temperature to 60 °C is observed with high conversions still being achieved within 10 minutes.
The effects of rate acceleration on the polymerization could be further controlled by
decreasing the monomer concentration to 25 and 15 wt% (Figure 1c-d, respectively). In these
cases, minimal temperature increases are observed with ~90% monomer conversion occurring
within 2-3 hours. Observed plateaus in conversion are likely attributable to the increased
solution viscosity or to the “gel effect”, which limits the final extent of reaction under the
effectively isothermal conditions achieved at 25 and 15 wt% monomer. Most importantly, it
should be noted that all monomer concentrations produced copolymers of comparable molar
mass (M, =~ 11000-18000 g/mol) and moderate dispersities (P < 2) as estimated via SEC of

the methylated products (Table S1).
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Figure 1. Reaction temperature (red circle) and conversion (blue triangle) profiles of
the polymerization measured for 1:1 monomer mixtures of AA and NaA polymerized at

concentrations (a) 50, (b) 33, (¢) 25, and (d) 15 wt% monomer in water.

The previously highlighted experiments employ V70 to thermally generate radicals due to
its relatively low decomposition temperature (10 hours half-life decomposition temperature
of 30 °C). The influence of temperature on the polymerization process was therefore explored
through the use of alternative thermal initiators such as 2,2'-azobis(2-methylpropionitrile)
(AIBN) or 4,4'-azobis(4-cyanopentanoic acid) (V501). Although AIBN and V501 differ in
solubility, both initiators undergo homolysis at elevated temperatures when compared to V70
(10 hours half-life decomposition temperatures of 65 °C and 70 °C respectively). For both

AIBN and V501, polymerization at 70 °C resulted in high monomer conversion (>95%) with
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comparable molar mass distributions (M, = 12000 g/mol, & = 1.5, see Table S2) to the
products obtained at 35 °C using V70. These results illustrate the versatility of this technique
and associated tolerance to alternative radical sources and elevated reaction temperatures. In
addition, it is worth noting that implementation of this chemistry at increased scale (ca. 10
grams of monomer) also results in high monomer conversion (>95%) with comparable molar
mass and molar mass distributions (M, = 7700 g/mol, & = 1.9, details provided in the SI) to
laboratory scale (1-2 grams) under the same conditions.

In contrast to traditional free radical processes, low molar mass products were obtained
with this process and the molecular weights could be correlated to the
monomer:iodoacetonitrile molar ratios. Figure 2 displays the corresponding SEC
chromatograms of the methylated PAA copolymers in chloroform produced by varying initial
monomer-to-CTA ratios. As the monomer-to-CTA ratio increased from 8:1 to 90:1, the
relative molar masses systematically increased from 4000 g/mol to 16000 g/mol with
dispersities consistently below 2.0 (Table 4). While these results indicate moderate molar
mass control, they do not show full agreement between the product molar mass and the

targeted values, suggesting that the iodine transfer events are not quantitative.
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Figure 2. (a) SEC traces of methylated PAA products synthesized, and (b) dependence
of estimated molar mass (red circle) and B (M,,/M,, blue triangle) on the initial monomer:CTA

ratio.
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Table 4. Result summary for the synthesis of PAA-co-PNaA of varied molar mass.

entry monomer:CTA® % conv.’ M, (exp) (g/mol)* D°
1 8:1 95 4200 1.57
2 15:1 94 5700 1.51
3 30:1 >95 7600 1.65
4 60:1 90 12000 1.71
5 90:1 95 16000 1.73

All polymerizations were performed in water (33 wt% monomer) at 35 °C for ca. 20 hours using a 1:1 ratio
of AA to NaA, Nal (1.5 eq.), V70 (0.25 eq.) and iodoacetonitrile as the CTA (1.0 eq). "Molar ratio of monomer-
to-CTA. *Conversion was calculated from 'H-NMR analysis of crude product. “The molar mass and D of

methylated PAA samples were estimated from SEC analysis relative to PS standards using chloroform as eluent.

4.4 Conclusion

In conclusion, the rapid, low temperature synthesis of poly(acrylic acid) was
successfully achieved in concentrated aqueous solution through the copolymerization of
acrylic acid and sodium acrylate. Parameters such as nature of the iodo-CTA, presence of Nal
and monomer wt% systematically influence the kinetics and molar mass distribution of the
product copolymers. This procedure represents a user-friendly system for the scalable
synthesis of poly(acrylic acid) and holds promise for an environmentally-friendly process that

can be tailored for other acidic monomer and co-monomer mixtures.
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4.5 Supporting Information

General Reagent Information. Acrylic acid (Acros Organics, 98%, extra pure, stabilized),
sodium acrylate (Sigma Aldrich, 97%), iodoacetonitrile (Alfa Aesar, 97%), iodoform (Alfa
Aesar, 99%), (trimethylsilyl)diazomethane (Sigma Aldrich, 2 M solution in diethyl ether),
2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70, Wako Specialty Chemicals), 4,4'-
azobis(4-cyanopentanoic acid) (V501, Acros Organics, 97%), 2,2'-azobis(2-
methylpropionitrile) (AIBN, Sigma Aldrich, 98%) and Nal (Fisher Scientific, 99%) were used

as received.

General Analytical Information. Nuclear magnetic resonance spectra were recorded on a
Varian 400, 500 or 600 MHz spectrometer. Size exclusion chromatograohy (SEC) was
performed on a Waters 2690 separation module equipped with a Waters 2410 refractive index
detector eluting with 0.25% trimethylamine in chloroform and calibrated relative to
poly(methyl methacrylate) standards or a Waters Acquity Advanced Polymer
Characterization (APC) equipped with Acquity UPLC refractive index detector eluting with

0.25% trimethylamine in chloroform and calibrated relative to polystyrene standards.
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General procedure for the copolymerization of acrylic acid and sodium acrylate

Nal (43.7 mg, 0.3 mmol, 1.5 eq.), deionized water (1.9 mL), sodium acrylate (NaA) (548.1
mg, 5.8 mmol, 30.0 eq.) and acrylic acid (AA) (0.4 mL, 5.8 mmol, 30.0 eq.) were added
sequentially to a 20 mL scintillation vial equipped with a stir bar. lodoacetonitrile ICH2CN)
(14.1 puL, 0.2 mmol, 1.0 eq.) and V70 (15.0 mg, 0.05 mmol, 0.25 eq.) were then added, and
the vial was sealed with a septum-cap. The reaction solution was degassed by purging with
argon for 15 minutes. The vial was then transferred to a heating block and stirred at 35 °C.
The polymerization was stopped by opening the vial to expose the crude mixture to air. A
small aliquot of the crude mixture was taken for NMR analysis to determine monomer

conversion.

Purification of copolymer product

The crude product was diluted and then filtered through a 0.45 pm cellulose acetate
membrane. The product was dialyzed against 1.0 M HCI using cellulose ester dialysis tubing
(molecular weight cut-off (MWCO) = 100 — 500 g/mol) for 24 hours, and then against
deionized water for 48 hours. After lyophilization, the polymer product was isolated as a white

powder of purified PAA.

Methylation of copolymer product

To a4 mL vial equipped with a magnetic stir bar, 20.0 mg of purified polymer and 1.0
mL methanol were added. 1.0 mL of trimethylsilyl diazomethane solution (2.0 M in diethyl
ether) was added to the reaction mixture dropwise over 10 minutes at 0 °C. Then, the solution
was left stirring overnight at room temperature. Acetic acid was added to quench the unreacted

trimethylsilyl diazomethane before removing all the solvent and most volatile organic
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residuals under reduced pressure. The polymer was then re-dissolved in chloroform for SEC

analysis to estimate the molar mass and P of the methylated PAA product.

General procedure for the polymerization of acrylic acid

0] CHI; (1 eq), Nal (1.5 eq), V70 (0.25 eq)

A > n
OH H,0, 40 °C O“~OH

Iodoform (76.6 mg, 0.2 mmol, 1.0 eq.), Nal (43.7 mg, 0.3 mmol, 1.5 eq.), V70 (15.0 mg,
0.05 mmol, 0.25 eq.), deionized water (90 pL) and acrylic acid (AA) (800 uL, 11.7 mmol,
60.0 eq.) were added to a 4 mL vial equipped with a stir bar, and the vial was sealed with a
septum-cap. The reaction solution was degassed by purging with Argon for 10 min. Then, the
vial was transferred to a heating block and stirred at 40 °C and the polymerization was allowed
to proceed for 16 hours. Afterwards the polymerization was stopped by opening the vial to
expose the crude mixture to air. A small aliquot of the crude mixture was taken for NMR

analysis to determine monomer conversion.

Purification and methylation of polymer product (using AA as a monomer)

\
-Si\
/ \N2
o —— Ay
O” ~OH methanol o ke
|

The crude product was diluted and filtered through a 0.45 um cellulose acetate

membrane. The product was dialyzed against deionized water using cellulose ester dialysis
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tubing (MWCO = 100 — 500) for 48 hours. After lyophilization, the product was isolated as a
slightly yellow powder of purified PAA (using iodoform as a chain transfer agent). The
purified PAA product was methylated using trimethylsilyl diazomethane rendered the product
polymer soluble in organic solvents, enabling conventional calibration analysis via size
exclusion chromatography (SEC) eluted with chloroform, according to a previously published

procedure.

Control experiments

Nal (43.7 mg, 0.3 mmol, 1.5 eq.), deionized water (1.9 mL), sodium acrylate (NaA)
(548.1 mg, 5.8 mmol, 30.0 eq.) and acrylic acid (AA) (0.4 mL, 5.8 mmol, 30.0 eq.) were added
sequentially to a 20 mL vial equipped with a stir bar. lodoacetonitrile (ICH,CN) (14.1 uL, 0.2
mmol, 1.0 eq.) and V70 (15.0 mg, 0.05 mmol, 0.25 eq.) were added and the vial was sealed
with a septum-cap. The reaction solution was degassed by purging with argon for 15 minutes.
The vial was then transferred to a heating block and stirred at 35 °C, and the polymerization
was allowed to proceed for 21 hours. Afterwards the polymerization was stopped by opening
the vial to expose the crude mixture to air. A small aliquot of the crude mixture was taken for
NMR analysis to determine monomer conversion. The product was purified and methylated
following the same procedure. The molar mass and D of methylated PAA product were
determined by SEC eluted with chloroform. The control experiments were performed as
presented above, without the addition of Nal (Table 3, entry 2), V70 (Table 3, entry 3) and

iodoacetonitrile (Table 3, entry 4).
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Figure S1. SEC chromatograms of the methylated PAA samples in the presence (red)

and in the absence (blue) of Nal.

Copolymerization of varied monomer composition

Nal (43.7 mg, 0.3 mmol, 1.5 eq.), deionized water (1.9 mL), sodium acrylate (NaA)
(548.1 mg, 5.8 mmol, 30.0 eq.) and acrylic acid (AA) (0.4 mL, 5.8 mmol, 30.0 eq.) were added
sequentially to a 20 mL vial equipped with a stir bar. lodoacetonitrile (ICH,CN) (14.1 uL, 0.2
mmol, 1.0 eq.) and V70 (15.0 mg, 0.05 mmol, 0.25 eq.) were added, and the vial was sealed
with a septum-cap. The reaction solution was degassed by purging with argon for 15 minutes.
Then, the vial was transferred to a heating block and stirred at 35 °C and the polymerization
was allowed to proceed for 21 hours. Afterwards the polymerization was stopped by opening
the vial to expose the crude mixture to air. A small aliquot of the crude mixture was taken for
NMR analysis to determine monomer conversion. The molar mass and D of methylated PAA
product were determined by SEC eluted with chloroform. For other monomer contents, the
synthetic procedure was repeated except the content of AA in the monomer feed varied from

70-90 mol% as the monomer:iodoacetonitrile ratio was fixed.
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Varying concentration of monomer in water

Nal (87.0 mg, 0.6 mmol, 1.5 eq.), deionized water (1.9 mL), sodium acrylate (NaA)
(1.1 g, 11.7 mmol, 30.0 eq.) and acrylic acid (AA) (0.8 mL, 11.7 mmol, 30.0 eq.) were added
sequentially to a 20 mL vial equipped with a stir bar. lodoacetonitrile (ICH,CN) (28 pL, 0.4
mmol, 1.0 eq.) and V70 (30.0 mg, 0.1 mmol, 0.25 eq.) were added, and the vial was sealed
with a septum-cap. The reaction solution was degassed by purging with Argon for 15 minutes.
The temperature probe was placed in the reaction solution to track the temperature during the
polymerization. The vial was transferred to a heating block and stirred at 35 °C. The
temperature was recorded every second and aliquots were taken from the polymerization
mixture for NMR analysis to determine monomer conversion during the polymerization. For
other monomer concentrations (15-33 wt% monomer in water), the polymerization procedure
was followed as the concentration of monomers (AA and NaA) in water varied. The product
was purified and methylated following the same procedure. The molar mass and D of the

methylated PAA product were determined by SEC eluted with chloroform.

Table S1. Copolymerization of AA and NaA mixture of varied overall monomer

concentration (wt%) in water

wt% monomer in conversion M, (exp)

b
entry water (%) (g/mol)’ D
I 50 90 14000 1.64
2 33 87 11000 1.84
3 25 88 18000 1.48
4 15 94 12000 1.94

All polymerizations were performed in water at 35 °C, using AA (30.0 eq.), NaA (30.0 eq.),

iodoacetonitrile (1.0 eq.), Nal (1.5 eq.), V70 (0.25 eq.). The polymerization was stopped after 30 minutes
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(entry 1 and 2), 2 hours (entry 3) and 5 hours (entry 4). “Conversion was calculated by "H-NMR. "The
molar mass and D of methylated PAA samples were obtained from SEC analysis relative to PS standards

using chloroform as eluent.

Synthesis of P(AA-co-NaA) at elevated temperature

Nal (43.7 mg, 0.3 mmol, 1.5 eq.), deionized water (1.9 mL), sodium acrylate (NaA)
(548.1 mg, 5.8 mmol, 30.0 eq.) and acrylic acid (AA) (0.4 mL, 5.8 mmol, 30.0 eq.) were added
sequentially to a 20 mL vial equipped with a stir bar. lodoacetonitrile (ICH,CN) (14.1 uL, 0.2
mmol, 1.0 eq.) and AIBN (8.0 mg, 0.05 mmol, 0.25 eq.) were added, and the vial was then
sealed with a septum-cap. The reaction solution was degassed by purging with argon for 15
minutes. The vial was transferred to a heating block and stirred at 70 °C, and the
polymerization was allowed to proceed for 19 hours. The polymerization was stopped by
opening the vial to expose the crude mixture to air. A small aliquot of the crude mixture was
taken for NMR analysis to determine monomer conversion. The molar mass and D of
methylated PAA product were determined by SEC eluted with chloroform. For other radical
initiators, the synthetic procedure was repeated except V501 was substituted for AIBN as the

free radical initiator.
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Table S2. Copolymerization of AA and NaA in water using other radical initiators at elevated

temperature

temperature conversion M, (exp)

entry radical initiator °C) (%)* (a/mol)° P’
1 V70 35 90 12000 1.71
2 AIBN 70 >95 12000 1.53
3 V501 70 >95 11000 1.54

All polymerizations were performed for 19-21 hours using AA (30.0 eq.), NaA (30.0 eq.),
iodoacetonitrile (1.0 eq.), Nal (1.5 eq.), radical initiator (0.25 eq.) (33 wt% monomer in water).
“Conversion was calculated by 'H-NMR. "The molar mass and P of methylated PAA samples were

obtained from SEC analysis relative to PS standards using chloroform as eluent.

10-gram scale synthesis of P(AA-co-NaA)

Figure S2. (a) Photo showing the 10-gram scale synthesis of P(AA-co-NaA) at the end of

the polymerization. (b) Photo showing the crude mixture after lyophilizing as a white powder.
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Acrylic acid (AA) (4.0 mL, 4.2 g, 5.8 mmol, 30.0 eq.), sodium acrylate (NaA) (5.5 g,
5.8 mmol, 30.0 eq.), Nal (440 mg, 0.3 mmol, 1.5 eq.) and deionized water (19 mL) were
sequentially added to a 250 mL round bottom flask with a stir bar. lodoacetonitrile (ICH,CN)
(140 pL, 1.9 mmol, 1.0 eq.) was added and the flask was then sealed with a septum. The
reaction solution was degassed by purging with argon for 30 minutes, and V70 (150 mg, 0.5
mmol, 0.25 eq.) was then added under Argon atmosphere. The reaction flask was transferred
to an oil bath and stirred at 35 °C and the polymerization was allowed to proceed for 22 hours.
The polymerization was stopped by exposing the crude mixture to air. A small aliquot of the
crude mixture was taken for NMR analysis to determine monomer conversion. The crude
mixture was lyophilized to give a white powder (yield: 10 g, 99%). The product was purified
and methylated following the same procedure. The molar mass and P of methylated PAA

product were determined by SEC eluted with chloroform.

Variation of molar mass of P(AA-co-NaA)

Nal (328 mg, 2.2 mmol, 1.5 eq.), deionized water (1.9 mL), sodium acrylate (NaA)
(548.1 mg, 5.8 mmol, 4.0 eq.) and acrylic acid (AA) (0.4 mL, 5.8 mmol, 4.0 eq.) were added
sequentially to a 20 mL vial equipped with a stir bar. lodoacetonitrile (ICH,CN) (105 pL, 1.5
mmol, 1.0 eq.) and V70 (112 mg, 0.4 mmol, 0.25 eq.) were added, and the vial was sealed
with a septum-cap. The reaction solution was degassed by purging with Argon for 15 minutes.
Then the vial was transferred to a heating block and stirred at 35 °C, and the polymerization
was allowed to proceed for 20 hours. The polymerization was stopped by opening the vial to
expose the crude mixture to air. A small aliquot of the crude mixture was taken for NMR

analysis to determine monomer conversion. For other monomer-to-iodoacetonitrile ratios, the
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polymerization procedure was followed with the total molar equivalents of monomers (AA
and NaA) to ICH,CN varied from 15, 30, 60 to 90, and fixed quantities of monomer and
solvent. The product was purified and methylated following the same procedure. The molar

mass and D of methylated PAA product were determined by SEC eluted with chloroform.
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5. Conclusion and Outlook

5.1 Conclusion

Controlled radical polymerization techniques have benefited greatly in the synthesis of
polymers with predefined molecular weight and dispersity. The ability to precisely control
polymer brush growth has enabled applications ranging from anti-fogging, anti-fouling,
chemical sensing to biomedical applications. In this dissertation, surface-initiated
polymerization has been introduced in Chapter 1 using atom transfer radical polymerization
technique. Moreover, photoinduced polymerization has also been described with the ability
to provide excellent spatial and temporal control over polymer brush growth. The
development of metal-free photoredox catalyst and oxygen tolerance in controlled radical
polymerization have also been discussed. In addition, the polymerization of acrylic acid has
been introduced.

In Chapter 2, a new synthetic strategy to prepare hierarchical comb brush architectures is
reported. Linear copolymer brushes of methyl methacrylate and 2-hydroxyethyl methacrylate
were prepared via light-mediated polymerization using fac-[Ir(ppy)s] as a photoredox catalyst.
Subsequently, the bromide chain ends were deactivated with ethyl vinyl ether by light-
mediated atom transfer radical addition. Then, 2-hydroxyethyl methacrylate side chains are
functionalized with initiators for a secondary polymerization affording branched polymer
brush architectures.

In Chapter 3, the fabrication of well-defined, multifunctional polymer brushes under

ambient conditions using microliter volumes is described. This facile strategy uses light-
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mediated metal-free atom transfer radical polymerization coupled with simple glass cover
slips. N-phenylphenothiazine acts as both an oxygen scavenger and photoredox catalyst for
the polymerization. The glass cover slip serves as a vertical barrier for oxygen diffusion
resulting in excellent spatial control over polymer brush growth allowing the fabrication of
multiple polymer brushes simultaneously on the same silicon wafer.

In Chapter 4, copolymerization of acrylic acid and sodium acrylate in water at mild
temperature is reported. This system is designed for environmentally-friendly and industry-
oriented syntheses to afford poly(acrylic acid) with moderate control over molar mass and
dispersity. The polymerization uses monomer mixture with alkyl iodide and sodium iodide as
mediators in water without expensive reagents exhibiting high conversion in a short period of
time. The parameters such as thermal initiators, alkyl iodides, monomer concentrations,
fraction of acrylic acid in monomer mixture have been studied. This polymerization represents

user-friendly and scalable synthesis for poly(acrylic acid).

5.2 Future directions and outlook

The development of synthetic strategies in this dissertation demonstrates the practicality
and versatility which can be useful for a wide range of applications. It will encourage further
multidisciplinary investigation in the area of chemistry, biotechnology and material science.
For example, the development of polymer brush growth on a variety of substrates (glass,
plastic, membrane) including flexible or curved surfaces are of particular interest and could
benefit from the synthetic strategies presented in this dissertation. Moreover, the study of area-
selective polymer brush growth on heterogeneous substrates such as metal/Si surfaces could
be useful for self-aligning material deposition for nanoelectronic devices. The selective

deposition on the vertical surface of 3D nanostructures is also interesting and could be
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beneficial to atomic layer deposition applications. In addition, the development of polymer
brush growth via photoinduced cationic polymerization and photoinduced electron transfer
reversible addition fragmentation chain transfer polymerizations can expand the monomer
scope allowing a variety of materials to be obtained. Finally, the synthetic strategy for
poly(acrylic acid) presented in this dissertation can be tailored for other acidic monomers

which is difficult to prepare using other polymerization techniques.
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Appendix A

Engineering Surfaces through Sequential Stop-Flow

Photopatterning’

3 Reproduced with permission: Pester, C. W.; Narupai, B.; Mattson, K. M.; Bothman, D.
P.; Klinger, D.; Lee, K. W.; Discekici, E. H.; Hawker, C. J. “Engineering Surfaces through
Sequential Stop-Flow Photopatterning.” Adv. Mater. 2016, 28, 9292-9300. DOI:
10.1002/adma.201602900. Copyright 2016, Wiley. License Number: 4440481396870.
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Dedicated to Prof. Edward J. Kramer

Polymer films are scientifically and industrially relevant for a
broad collection of applications, ranging from marine paints!!!
and biomedical devices? to flame-retardant coatings.! Their
fabrication typically involves physisorption-based techniques,*]
such as spray-, dip- or spin-coating, which modify surface prop-
erties uniformly. While effective, these physisorption strategies
do not provide the ability to pattern films, inherently limiting
polymer coatings to a single functionality or physical property.
To address this limitation, the covalent attachment of poly-
mers has emerged as a viable strategy for the preparation of
multifunctional surfaces, either by grafting polymers to, or
growing them from a surface via surface-initiated controlled
radical polymerization (SI-CRP).>%) Here, external regulation of
SI-CRP,[1% e.g., via light, plays a crucial role in controlling the
distribution of surface functional groups.!''3 Such topographi-
cally and/or chemically patterned polymer brushes are valuable
for a plethora of interdisciplinary applications.!*2?°! For example,
they allow fabrication of “intelligent” substrates which selectively
adapt to their environment on the microscale or nanoscalel?!!
through spatial control of wetting/?l mechanical >
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biological,?>-%8] or electronic!?’) properties. A series of recent
reviews highlight both the capabilities and drawbacks of current
2D and 3D polymer brush patterning techniques.'*2%

Polymer brushes can be patterned via either “bottom-
up’l133034 or “top-down’*>3 strategies. Soft lithography*’-**! is
a prominent example for a contact-based bottom-up approach:
elastomeric stamps are used to print patterns of polymerization
initiators, which can subsequently be amplified via SI-CRP. In
contrast, top-down strategies, e.g., e-beam lithography, locally
remove either surface-anchored initiators (prior to SI-CRP), or
previously grown polymer brushes. As a result, chemical pat-
terning of surfaces with polymer brushes traditionally requires
iterative: i) initiator deposition, ii) pattern amplification via
SI-CRP, and iii) polymer chain end deactivation. These mul-
tiple steps (plus related rinsing and cleaning steps) are repeated
for each additional polymeric species, rapidly increasing the
amount of required processing steps for even simple pat-
terned surfaces. Such repetitive methodologies are therefore
challenging *°l creating a demand for more efficient and less
complicated fabrication strategies.

An ideal process would combine the benefits of: i) a syntheti-
cally facile, high throughput approach with ii) the ability to create
multiple levels of patterning via a continuous process. In analogy
with traditional photolithography, light represents a mild non-
contact stimulus capable of mediating numerous chemical reac-
tions.[%7-9323341-4] Tn tandem with a variety of additional post
polymerization functionalization procedures,* photochemistry
also allows the spatially controlled incorporation and immobili-
zation of an array of different functional units on surfaces.

Here, the combination of stopped-flow techniques*’] and
reduction photolithography is decribed,*¥] to engineer a modular
platform for sequential photochemical reactions in a continuous
manner. This facilitates chemical surface patterning through
successive exchange of reactants within a stop-flow cell, while
providing significant flexibility to exchange light sources, and/
or spatially decoupled photomasks. Scheme 1 illustrates such a
photochemical sequence: Spatially controlled photopolymeriza-
tion, followed by exchange of the solution within the stop-flow
cell, and then secondary functionalization of polymer brushes,
in this case by light-mediated removal of the active terminal bro-
mine chain end. During this entire process, neither wafer nor
photomask are moved, which allows spatial confinement of func-
tionalization exclusively to regions where polymer brushes were
previously grown. As a direct consequence, adjacent surface-
grafted polymerization initiators remain untouched, affording
hierarchical chemical patterning on uniformly functionalized
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Scheme 1. Concept of solution-exchange lithography. Enclosing a substrate in a stop-flow cell allows for in situ exchange of reactants and execution of
successive chemical reactions at precisely the same location. lllustrated here is light-mediated growth of polymer brushes followed by solution exchange
and subsequent, spatially controlled passivation of the active polymer chain ends.

substrates. This renders repetitive initiator deposition and
related cleaning/treatment steps unnecessary and results in
economic and environmental advantages. Ultimately, this solu-
tion-exchange lithography concept streamlines the production
of chemically patterned surfaces and affords access to hierarchi-
cally structured substrates, all from uniform initiating layers.
The experimental setup involves an array of lenses to
optically reproduce 1:1, magnify, or reduce and project an
inkjet-printed photomask onto a substrate positioned inside
a stop-flow cell (see Figure 1). This stop-flow cell was readily
scaled to accommodate large wafers of @ = 7.6 cm (3 in.) dia-
meter, enhancing both the relevance and potential of this pro-
cess, with the immediate proximity between cover glass and
substrate allowing capillary forces to uniformly spread the
reactants over the surface (see Figure S1, Supporting Informa-
tion). This uniform spreading allows production of homoge-
neous uniform polymer brush films with thicknesses of up to
120 + 2 nm as determined by optical reflectometry. Reduction
projection reproduces the image from an original photomask
on a surface with reduced size. This concept facilitates align-
ment and/or stacking of multiple patterns by eye, paving a path
toward complex microscopic patterns from macroscopic photo-
masks. The ratio of the focal lengths of the two lenses (f; and f;)
determines the linear reduction factor (LRF) = fi/f,, which
could readily be adjusted by simply exchanging lenses. For this
work, focal lengths of f; = 500 mm and f, = 100 mm were used,
resulting in optical reduction by a factor of five (area reduc-
tion to 1/25th of the original photomask). This spatial decou-
pling (separating) of the photomask(s) from the substrate has a
number of benefits. The noncontact-based nature allows use of
inexpensively produced, inkjet-printed photomasks. If desired,
simple x,y-translation of the substrate stage allows lateral repe-
tition of either a single or multiple patterns. In addition, all pro-
cessing steps, including chemical reactions, rinsing, and drying
can be performed without removing the substrate from its
original position. This allows successive, spatially well-defined
(photo)chemical reactions to be performed sequentially from
uniform initiating layers, including but not limited to both
traditionall'” and light-mediated controlled radical polymeriza-
tion,[57-932334142] - dehalogenation,*? thiol-ene coupling,!**%]
and atom transfer radical addition.***] As an added benefit,
the stop-flow cell is sealed from the surrounding environment

Adv. Mater. 2016, 28, 9292-9300

156

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and is readily filled via cannula transfer. This enables oxygen-
sensitive reactions to be performed under simple conditions,
without the need for a glove box or other Schlenk-technique
related equipment (see the Experimental Section).

Figure 2 demonstrates the potential of this setup for the con-
trolled radical photopolymerization®!*32 growth of patterned
poly(methyl methacrylate) (poly(MMA)) brushes with high
spatial fidelity (see Figure 2b,e, and Figure S2, Supporting Infor-
mation). The resulting topographical patterning was revealed

A

Collimation lens

Light source

- Photomask
10x 10 mm’
feature

5x|25x
Linear [ Area
reduction | reduction

&
W7 - — ic— Aperture

Lens 2 v
ITre
- E— Substrate
Substrate 2x2mm’
feature

within
Inlet  stop-Flow Cell

Figure 1. Schematic of solution-exchange lithography. An array of lenses
is used to project the pattern of a photomask onto a substrate that is
enclosed in a stop-flow cell. At focal lengths of f, =50 cm and f, =10 cm,
this projector reduces features of the photomask image by a linear reduc-
tion factor of LRF = 5 (25x reduction in area) and reproduces them on
the surface. Spatially decoupling the stop-flow cell from the photomask
allows exchange of solutions while retaining the exact position of the
photomask, enabling sequential stop-flow photochemistry.
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Figure 2. a) Schematic of light-mediated controlled radical polymerization of methyl methacrylate (MMA) by irradiation of an initiator-functionalized
SiO, substrate through a binary photomask. The brown circles indicate the polymerization initiators. For clarity, both the detailed projection setup (see
Figure 1) and the stop-flow cell (see Scheme 1) are omitted. b) Optical-microscopy image of poly(MMA) brushes (light) on SiO, (dark). The dashed
rectangle in (b) indicates where the secondary-ion mass-spectrometry element maps of carbon (m/z =12 (c)) and silicon (m/z = 29 (d)) fragments
were obtained. e,f) A patterned poly(MMA) brush reproduction (e) of an original photograph (f), which was taken by C. W. Pester. The reproduc-
tion illustrates the achievable spatial resolution and complexity. The original photomask was reproduced on the substrate at 1/25th its original size,
allowing for the production of multiple different polymer-brush-height gradients in close proximity and in a single polymerization step. g) Atomic force
microscopy image of the square area indicated in (e), and the corresponding line cut (dashed line) indicates a polymer brush height of up to 20 nm.

by optical microscopy and atomic force microscopy (AFM),  (see Figure 2g and the Experimental Section). In secondary-ion
which showed a patterned polymer brush thickness of 20 nm  mass spectrometry (SIMS), carbon (m/z = 12, poly(MMA)) frag-
after 30 min of light-mediated controlled radical polymerization ~ ment maps further indicated successful reproduction of the
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original photomask image (see Figure 2c). Correspondingly, sil-
icon (m/z = 29) was detected exclusively in regions of the silicon
dioxide (SiO,) substrate where the photomask blocked the light
and no polymer was grown (see Figure 2d). At LRF = 5, the
total area of the resulting reduced pattern (2 mm x 2 mm) was
4% of the original inkjet-printed photomask (10 mm x 10 mm).
The smallest obtainable line features are a function of both
initial feature sizes and optical reduction. For the experiments
described herein, features as small as 2 um were obtained
(see Figure 2b). As previously reported, simple variation of
either polymerization time and/or photon flux may be used to
target different brush heights, and a majority of polymer chain
ends remain active for additional functionalization or further
growth.[133233] The rate of polymer brush growth is a function
of the distance between the substrate and light source (dp), as
well as the intensity of the incident light.** For the experiments
depicted in this report, we utilized constant substrate-to-light
source distances of digp = fi + f, = 600 mm (for the projec-
tion of patterns), or digp = 15 mm (for the growth of uniform
polymer brush layers). At digp = 600 mm, we could regulate
light intensities between 6.88 and 173.6 uW mm™ (confined
to a spot size of 0.25 cm?), which would allow for modulation
of the polymerization kinetics if desired.*¥l The polymer brush
patterns described in this contribution were all produced using
an intensity of 5.6 uW mm™2 at d; ¢, = 600 mm, which afforded
linear polymer brush growth (see Figure S3, Supporting Infor-
mation) This patterning approach was shown to be compat-
ible with both conventional photomasks as well as with inkjet-
printed overhead transparencies (see Figure 2b,e), affording the
reproduction of arbitrarily complex patterns and manufacturing
of surfaces combining numerous polymer brush height gradi-
ents on a single substrate.

The ability to exchange reactants in situ while retaining the
position of the photomask is a significant advantage when
chemically patterning polymer brushes. The use of sequential
photochemical reactions allows preparation of chemically ver-
satile surfaces, as demonstrated in the following by prepara-
tion of binary polymer brush patterns. Such binary patterned
substrates offer lateral combination of different functional
materials with contrasting physical properties and represent
an intriguing pathway toward surfaces which selectively adapt
to their environment.?!l However, in conventional processes,
the preparation of binary polymer brushes with microscale
feature sizes requires tedious and iterative deposition of ini-
tiator patterns, subsequent pattern amplification (via SI-CRP),
followed by chain end passivation (vide supra).’®! To the best
of our knowledge, no established method has been capable
of fabricating binary patterned brushes from uniform ini-
tiator layers.In contrast, the setup described herein allows for
the preparation of binary brushes from a uniform initiating
layer via sequential stop-flow photochemistry. Eliminating
the repetitive initiator deposition steps not only facilitates pro-
cessing, but also prevents related chemical contamination.
Figure 3a illustrates the formation of such a chemically pat-
terned, binary surface with disparate wetting properties. Ini-
tially, patterned poly(ethylene glycol) methacrylate (PEGMA)
brushes were grown by irradiation through a photomask.
AFM indicated a thickness of the patterned polymer brushes
of 13 nm after 15 min of irradiation at A = 405 nm through
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a photomask. Then, without moving the photomask, reactants
within the stop-flow cell were exchanged and a solution of a
highly reducing photocatalyst was inserted to promote spatially
controlled dehalogenation of the polymer brush chain end.[*]
Because the photomask remains in its original position, this
subsequent, light-mediated passivation reaction is locally con-
fined to where the initial PEGMA polymerization occurred.
The poly(PEGMA) brushes are therefore selectively deactivated
and cannot participate in subsequent polymerizations. Surface-
bound polymerization initiators that did not participate in the
initial polymerization remain active and allow a third sequen-
tial reaction to be performed, i.e., growth of 1H,1H,2H,2H-per-
fluorooctyl methacrylate (PFOMA) polymer brushes via atom
transfer radical polymerization (ATRP). Optical microscopy
(Figure 3b-d) and SIMS (Figure 3e,f) confirmed the topo-
graphical and binary chemical nature of the resulting substrate
with fluorine (m/z = 19, poly(PFOMA)) and oxygen (m/z = 16,
poly(PEGMA)) fragment maps matching the positive and nega-
tive representation of the original photomask, respectively.
These binary patterns were also accessible by substituting the
dehalogenation step (cf. Figure 3a) with spatially controlled
chain end passivation via atom transfer radical addition (see
Figure S6, Supporting Information),*## highlighting the
compatibility of this platform with a range of light-mediated
reactions.

The preparation of binary hydrophilic poly(PEGMA) and
hydrophobic poly(PFOMA) brushes from incompatible mono-
mers further serves to demonstrate the breadth of accessible
materials. Their significantly contrasting wetting properties
are evident from their water contact angles, Opgcya = 61° and
Oproma = 120°, which, according to the Young-Dupré equation,
correspond to surface energies of Wy peoma) = 0.11 ] m?
and Wiayproma) = 0.04 ] m™2, respectively (see Figure S5,
Supporting Information).*!) Spatially confined, hydrophilic
poly(PEGMA) regions are observed to selectively swell upon
rising humidity (see Figure 3c), increasing the poly(PEGMA)
brush height and promoting localized water droplet forma-
tion, i.e., selective wetting (Figure 3d). The synthesis of such
continuous binary patterns from uniform initiating layers
offers significant opportunities and directly relies on the
ability to exchange reactants in situ, allowing for sequential
photochemical procedures while retaining the position of the
photomask.

In addition to the exchange of solutions, the modular nature
of this strategy also allows substitution of photomasks and/
or light sources during the modification of a single substrate.
This feature is illustrated by successively performing a series
of photochemical reactions while exchanging both the photo-
mask and the light source (i.e., the wavelength). Initially, a
51.1 £ 0.5 nm thick, homogeneous poly(PEGMA-co-VMA)
(where VMA is vinyl methacrylate), 50:50 mol%) copolymer
brush layer was grown by uniformly irradiating the substrate
for 10 min. X-ray photoelectron spectroscopy (XPS) confirmed
the targeted 50 mol% incorporation of vinyl functionalities (see
the Supporting Information). Without changing the position
of the substrate, the reactants within the stop-flow cell were
exchanged and a subsequent thiol-ene coupling reaction was
performed. Figure 4a illustrates radical addition of a hydro-
phobic  1H,1H,2H,2H-perfluorodecanethiol (PFDT) across
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Figure 3. a) Formation of binary brushes via a cascade of sequential photochemical reactions. The substrate is enclosed in the stop-flow cell throughout
this process. For clarity, we omitted displaying the stop-flow cell and the projection setup (compare with Figure 1). Photopolymerization of PEGMA is
followed by light-mediated dehalogenation (local deactivation of polymer brush chain ends). The photomask remains in place while reactant solutions
are exchanged. Lastly, the photomask is removed and PFOMA is polymerized via atom transfer radical polymerization. The color-coded boxes above
the arrows indicate the experimental procedure of inserting or removing reactant solution. b) Optical bright-field image of dry binary polymer brushes.
c) Lateral combination of hydrophilic and hydrophobic properties allows for selective swelling in a high humidity environment. d) Water droplets are
formed exclusively in hydrophilic regions. e,f) Secondary-ion mass spectrometry indicates spatial confinement of fluorine (e) and oxygen (f) fragments,
providing additional evidence for the chemically binary nature of the surface. The '°0 and '°F maps obtained from the dashed white rectangular region
in (b) represent the positive and negative of the original photomask, respectively.

the pendant vinyl functionalities present in the hydrophilic
poly(PEGMA-co-VMA) copolymer brush. As a result, a novel
surface-tethered bottle brush architecture with statistically
distributed side arms of different polarities was obtained. XPS
indicated the appearance of both fluorine and sulfur peaks and
allowed quantitative determination of the efficiency of the thiol-
ene reaction (=79 % yield) within the outermost 10 nm of the
polymer brush (see Figure 4b—d and Supporting Information).
Highlighting the ability of this modular platform to exchange
light sources, thiol-ene coupling was successfully performed
both under UV (A = 365 nm)“%) as well as under visible-light
(% =405 nm) irradiation (see the Experimental Section).>"!
Traditionally, patterning with materials of such distinctly
dissimilar polarities, i.e., PEGMA and PFDT, is considered dif-
ficult. For example, the initial polymer brush may render the
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substrate too hydrophobic (or hydrophilic) for uniform wetting
and subsequent, spatially controlled functionalization. Here,
this challenge is mitigated by the immediate proximity of the
cover glass, which allows capillary action to serve as the driving
force to uniformly spread the reactants over the substrate.
Indeed, as illustrated in Figure 5a, PFDT is readily incorporated
with spatial control by irradiation of a poly(PEGMA-co-VMA)
coated substrate through a photomask. In optical microscopy
(see Figure 5b), darker areas can be identified as PFDT-func-
tionalized poly(PEGMA-co-VMA/PFDT) bottlebrushes. The
addition of PFDT into the polymer brush backbone locally
increases density (and brush height) to yield optical contrast.
Optical reflectometry and AFM indicated a localized increase
in polymer brush thickness from 60.2 + 3.0 nm to a total bot-
tlebrush height of 70.0 + 3.1 nm. Chemical patterning was

Adv. Mater. 2016, 28, 9292-9300
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Figure 4. a) Light-mediated thiol-ene coupling of pendant vinyl groups in poly(PEGMA-co-VMA) polymer brushes with 1H,1H,2H,2H-perfluoro-
decanethiol (PFDT) to form bottlebrush architectures with hydrophilic and hydrophobic sidearms. b) Fluorine (F1s) and sulfur (S2s and S2p) peaks
in the X-ray photoelectron spectrum indicate successful formation of poly(PEGMA-co-VMA/PFDT) bottlebrushes. The dashed gray and solid blue
lines correspond to the initial and the thiol-ene treated film, respectively. High-resolution XPS carbon Cls scans of both c) the initial and d) thiol-ene
functionalized film. A sum of Gaussian bell curves (solid lines) was used to fit experimental data (bullets) and quantify binding energies and ratios of

individual chemical components.

verified by mapping fluorine (m/z = 19, Figure 5b, inset) frag-
ments in SIMS, which were detected exclusively where PFDT
was incorporated into the polymer brush.

A key advantage of this experimental setup is the capability
to hierarchically pattern substrates from uniform initiator mon-
olayers (vide supra). Notably, sequential functionalization is
now also possible on previously grown (uniform or patterned)
polymer brushes, enhancing the scope of accessible substrates
and materials. This benefit is illustrated by chain-extending
patterned  poly(PEGMA-co-VMA/PFDT) bottlebrushes with
methyl methacrylate (MMA) to form poly(PEGMA-co-VMA/
PEDT)-b-poly(MMA) diblock architectures (see Figure 5a).
Starting from the spiral pattern shown in Figure 5b, exchange
of both the solution and the photomask allowed a second, dif-
ferent pattern to be fabricated on the initial polymer brush
surface. Optical microscopy (Figure 5c) confirmed the pres-
ence of two patterns, corresponding to the initial thiol-ene
patterned spiral (cf. Figure Sb), superimposed by poly(MMA)
rectangles. Demonstrating the chemical and topographical pos-
sibilities, this surface combines three monomers, one thiol-ene
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functionalization, and two different patterns. Significantly,
the resulting four, distinct polymer brush architectures, each
with discrete chemical properties, were obtained by only three
sequential photochemical processing steps from a uniform
initiating layer.

In conclusion, this contribution illustrates the versatility and
modular nature of solution-exchange lithography as a novel
platform for surface patterning. This approach circumvents
the need for repetitive initiator deposition, as is common in
many conventional techniques, and allows preparation of pat-
terned surfaces with large topographical and chemical variety
from uniform initiating monolayers. Key to these advances is
the ability to exchange reaction solutions in situ, leading to
homogeneous wetting of substrates with solutions of vastly
contrasting polarity. Eliminating the necessity to remove the
substrate between individual processing steps enables suc-
cessive reactions to be performed in the same location with
microscale resolution. In addition, all procedures, including
oxygen-sensitive reactions, can now be performed in a closed
stop-flow cell and without the necessity of a glove box, while
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Figure 5. a) Schematic of sequential, different photochemical reactions performed without tampering with the substrate. A homogeneous
poly(PEGMA-co-VMA) (1) copolymer layer was grown, then locally functionalized via thiol-ene “click” chemistry (see Figure 4) to form poly(PEGMA-co-
VMA/PFDT) bottlebrushes (2). b) Both optical microscopy and '°F secondary-ion mass spectrometry maps (inset) confirm the resulting chemical
“spiral” pattern. The light and dark areas in the optical image correspond to the initial poly(PEGMA-co-VMA) brush layer and PFDT-functionalized bot-
tlebrushes, respectively. Subsequently, while leaving the substrate in place, both the solution and the photomask were exchanged. Chain extension via
spatially controlled photopolymerization of methyl methacrylate (MMA) results in a rectangular pattern of poly(PEGMA-co-VMA/PFDT)-b-poly(MMA)
(3) and poly(PEGMA-co-VMA)-b-poly(MMA) (4) diblock regions. c) Optical microscopy showed the overlay of two distinctly dissimilar patterns and
confirmed the formation of hierarchical 3D polymer brushes. The optical image of the resulting hierarchical 3D polymer brushes showed both the initial
thiol-ene spiral pattern (cf. b), and the rectangular poly(MMA) pattern.

the decoupling of photomask and wafer allows the use of inex-  herein offers a facile strategy for the highly reproducible and
pensive, inkjet-printed overhead transparencies as photomasks,  streamlined production of topographically- and chemically
significantly reducing both time and cost related to fabrication  diverse patterned polymer brush surfaces from uniform initi-
of standard photomasks. We believe the platform described  ating layers.
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Experimental Section

General Reagent and Setup Information: Silicon substrates with 100 nm
oxide were purchased from Silicon Quest International. Monomers
and other chemicals were obtained from Sigma-Aldrich and, unless
otherwise noted, used without further purification. The stop-flow cell
was custom designed. All projector parts, including light source, posts,
holders, and lenses where obtained by Thorlabs. Thorlabs Olympus
BX & IX series (A =365 and 405 nm) collimated light-emitting diodes
(LEDs) were used for all light-mediated reactions. LED light intensities
were modulated by a Thorlabs LED D1B T-cube driver and measured by
a Newport optical power/energy meter model 842 PE with a Newport
884-IGR OD3 attenuator.

General Procedure for Oxygen-Free Filling of the Cell: The reagent solution
was placed in a reaction vial and degassed by passing a continuous
stream of dry argon through the solution. The outlet was connected to
the stop-flow cell, while simultaneously purging the reaction chamber.
After 10 min of sparging both solution and the stop-flow cell, the reagent
was transferred into the stop-flow cell via a cannula transfer process. The
required time for this filling process can be adjusted by regulating the
pressure of the inert gas. Experimentally, slow filling (approx. 30 s) has
proven most successful for uniform substrate wetting. Finally, the outlet
and inlet valves were closed (in that order) and the stop-flow cell was
left to react for a given amount of time (with either the light source on
or off). For multistep processes, the chamber was rigorously rinsed with
10 mL of N-methyl-2-pyrrolidone (NMP) and 20 mL dichloromethane
(DCM) (unless noted otherwise) between individual steps.

Light-Mediated Polymerization and Dehalogenation: Wafer preparation
and immobilization of a-bromoisobutyrate (initiating species) on silicon
substrates was performed following previously published procedures.??
Unless otherwise noted, all light-mediated polymerizations were carried
out at a light intensity of 5.6 UW mm™2 and in a 1:4 v/v mixture of
catalyst solution (1.2 mg mL™" tris[2-phenylpyridinato-C2 NJiridium (l11)
(fac-Ir(ppy)s) in NMP) to monomer, as previously reported.??
Dehalogenation reactions were performed according to previously
reported conditions!®?l by flooding the chamber with dehalogenation
solution and irradiation for 4 h with A = 405 nm light.

ATRP of 1H,1H,2H,2H-Perfluorodecyl Methacrylate: Inhibitor was
removed from 1H,1H,2H,2H-perfluorooctyl methacrylate (PFOMA) by
flowing the monomer through a short plug of basic alumina. PFOMA
(708 uL, 2.45 mmol) and N,N,N’,N”,N” -pentamethyldiethylenetriamine
(PMDETA) (63 uL, 0.3 mmol) were dissolved in 10 mL of N,N-
dimethylformamide (DMF). The solution was sparged under stirring and
argon flow for 30 min before transfer to a second, previously degassed
vial containing 28 mg (0.2 mmol) copper(l) bromide (CuBr). The
resulting PFOMA/PMDETA/CuBr/DMF solution was sparged for another
30 min before transfer into previously degassed vials containing the SiO,
substrates. The polymerization was terminated by opening the vial to air,
followed by repeated rinsing of the wafers with DMF and DCM.

UV Thiol-ene “Click” Reaction of 1H, 1H,2H,2H-Perfluorodecanethiol:
PEGMA (average M, = 300 g mol™') and VMA were copolymerized
(1:1 mol%) via (Ir(ppy)s)-catalyzed polymerization on functionalized SiO,
wafers according the method described above. Thiol-ene coupling was
carried out between the surface-anchored vinyl moieties in the backbone
of the polymer brushes and 1H,1H,2H,2H-perfluorodecanethiol
(PFDT) by flooding the stop-flow cell with a solution of PFDT (0.9 mL,
3.1 mmol), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (30 mg,
0.12 mmol), and butylated hydroxytoluene (BHT) (15 mg, 0.07 mmol)
in 1.35 mL chlorobenzene and irradiation with A = 365 nm light for 2 h.

Visible-Light-Mediated Thiol-ene Click Reaction of 1H,1H,2H,2H-
Perfluorodecanethiol: Modifying a previously published method,*% within
the stop-flow cell, a uniformly covered a 50:50 mol% statistical copolymer
brush composed of PEGMA and VMA (thickness 51.1 £ 0.5 nm) with was
covered with a solution of PFDT (0.8 mL, 2.8 mmol), tris(2,2"-bipyridal)
ruthenium(ll)chloride hexahydrate (Ru(bpy);Cl;, 0.6 mg, 0.8 mmol),
and 4-decylaniline (2 mg, 8.6 mmol) in 2.5 mL NMP. Irradiation with
A =405 nm light afforded patterned substrates after 30 min at 79% yield
(as determined by XPS, see Supporting Information).
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Instrumentation and Analysis: Film thicknesses were measured with a
Filmetrics F20 by setting silicon oxide (100 nm) as the first layer and the
polymer brush as the second layer. Optical images were captured with
a Nikon Ellipse E600 optical microscope. Tapping mode atomic force
images were recorded using a MFP-3D system (Asylum Research, Santa
Barbara, CA). The measurements were conducted using commercial Si
cantilevers. XPS was performed using a Kratos Axis Ultra Spectrometer
(Kratos Analytical, Manchester, UK) with a monochromatic aluminum K,
X-ray source (1486.6 eV) operating at 225 W under a vacuum of 10°¢ Torr.
Charge compensation was carried out by injection of low-energy electrons
into the magnetic lens of the electron spectrometer. The analyzer pass
energy was set at 20 eV for high-resolution spectra, and data were
recorded at intervals of 0.05 eV. Survey spectra were recorded at 80 eV
pass energy. Spectra were analyzed using CasaXPS v.2.3.16 software (Casa
Software Ltd.). Unless noted otherwise, XPS spectra were normalized
with respect to the carbonyl peak at a binding energy of 288.96 eV. SIMS
imaging was performed using a Cameca IMS 7f system (Cameca SAS,
Gennevilliers, France). A 10 kV Cs+ ion beam and 5 kV negative sample
potential were used, for a total impact energy of 15 kV. The 150 pA primary
beam was focused to a spot size of approximately 1 um, and rastered over
a 400 um x 400 um area. Images of negatively charged secondary ions
were typically collected for 20 to 60 s, depending on signal strength. The
approximate film etching rate during imaging was 4 A min™'. The reported
contact angles were measured using an OCA 15Pro optical contact-angle
measuring instrument (Dataphysics). A 1 uL droplet of deionized water
was deposited on the samples and allowed to equilibrate for =10 s. Then,
the shape of droplet was modeled as a truncated sphere. The reported
contact angles are the angles between the tangent and the base of the
truncated sphere at the liquid-solid-vapor triple line.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT: A light-mediated methodology to grow pat-
terned, emissive polymer brushes with micron feature
resolution is reported and applied to organic light emitting
diode (OLED) displays. Light is used for both initiator
functionalization of indium tin oxide and subsequent atom
transfer radical polymerization of methacrylate-based fluores-
cent and phosphorescent iridium monomers. The iridium
centers play key roles in photocatalyzing and mediating
polymer growth while also emitting light in the final OLED
structure. The scope of the presented procedure enables the
synthesis of a library of polymers with emissive colors
spanning the visible spectrum where the dopant incorporation,

IrXXMA

« photocatalyst
* monomer

« phosphor

+ M6MA (host)

—_—
spatiotemporal
control

position of brush growth, and brush thickness are readily controlled. The chain-ends of the polymer brushes remain intact,
affording subsequent chain extension and formation of well-defined diblock architectures. This high level of structure and
function control allows for the facile preparation of random ternary copolymers and red—green—blue arrays to yield white

emission.

B INTRODUCTION

Organic light emitting diode (OLED) displays are among the
most energy-efficient two-dimensional display technologies and
can be found in everyday appliances, including smartphones,
laptops, and televisions."”” However, the efficiency of OLED
displays is offset by the cost of production, in part, due to the use
of evaporative deposition processes.”* While solution-based
methods are attractive alternatives that grant access to low-cost,
large area, and high throughput fabrication (eAg., spin-coating,
roll-to-roll, etc.), these approaches inherently suffer from limited
patterning capabilities. A major challenge is the development of a
simple method to generate phosphorescent OLED arrays using
solution-based processes.

Display technology often relies on the use of white light to
render colored images. Traditionally, white light is obtained by
blending red, green, and blue (RGB) emission, which, through
clever engineering, can be achieved using a variety of device
architectures and pixel layouts.”™'" Although a number of
methods to achieve emissive patterned OLED arrays from
solution have been developed, practical limitations such as
fabrication complexity, singlet-only emission, scalability issues,
low feature resolution, and the use of undesirable reagents have
prevented commercialization."' ™" For example, printing and

-4 ACS Publications  ©2017 American Chemical Society
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lithographic techniques require either complex equipment or
numerous iterative processing steps,’'~'* while photo-cross-
linking is more rapid, but utilizes intense ultraviolet (UV)
radiation and photoinitiators'*~'? that contaminate the emissive
layer (EML) in an OLED device.

State-of-the-art solution-based patterning procedures achieve
spatial resolution either by physically separating the emissive
materials during deposition (printing/lithography) or by UV-
cross-linking. For the latter approach, the irradiated area is
rendered insoluble, which, after washing away un-cross-linked
material, allows for subsequent deposition. In contrast to these
multistep procedures, surface-initiated growth of polymer
brushes has been used for nonpatterned semiconducting”®™>*
and patterned insulating polymers”* ™’ with a variety of external
stimuli being used to provide spatial control.’”*" In particular,
surface initiated atom transfer radical polymerization (SI-ATRP)
catalyzed by photoactive Ir(III) phosphors can be used to pattern
polymer brushes using visible light,’* and the “living” nature of
this process permits hierarchical patterning of block copolymer
brush architectures with submicron feature resolution.*®
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Scheme 1. General Route to Graft Emissive Polymer Brushes from ITO“
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“Step 1: functionalization of ITO with S-hexenol using UV light followed by acylation with a-bromoisobutyryl bromide (BIBB). Step 2: growth of

electronically active polymer brushes with visible light.

Significantly, Ir(III) complexes are also widely used as dopants
in semiconducting host matrices for OLED devices based on
high photoluminescence quantum yield (PLQY), stability, short
triplet (T,) state lifetimes, and spectral tunability from blue to
near-infrared.**™** In addition, covalent attachment of the Ir(IIT)
complexes to the host mitigates phase separation to further
improve device longevity.** ™

Here we introduce novel Ir(Ill) photocatalysts to grow
patterned, electronically active, polymer brushes from indium tin
oxide (ITO) substrates (Scheme 1). Notably, the Ir(III) species
initially acts as a photocatalyst to initiate/mediate polymerization
of the brush architectures and then as a covalently bound
phosphorescent dopant for patterned OLED devices with a
carbazole-based host.*” Spatiotemporal control, color mixing
through copolymerization, chain extension to diblock polymer
brushes, and white emission from a red, green, blue pixel array are
demonstrated using this novel methodology. As a final
demonstration, functional multicolored OLEDs are fabricated
to highlight the utility of these materials in next generation
display technologies.

M RESULTS AND DISCUSSION

The host repeat unit, termed M6MA, was selected to be a
carbazole-phenyl-pyrimidine moiety covalently attached to a
polymerizable methacrylate group. M6MA, shown in Scheme 2a,
was conveniently prepared in four steps from commercial
starting materials.”” To fully address the potential of white light
generation, a library of dopant comonomers with emission
spanning the visible spectrum, in particular RGB, were prepared,
as shown in Scheme 2b. The heteroleptic and functional Ir(III)
complexes were synthesized following initial Nonoyama
chemistry™ to prepare the p-dichloro bridged dimer (1),
reaction with silver triflate (AgOTf), and coupling with 4-
(pyridine-2-yl)benzaldehyde to yield a range of aldehyde
derivatives, 2. Reduction of 2 provides the corresponding
hydroxymethyl derivatives (3), followed by acylation with
methacryloyl chloride to provide the desired iridium monomers,
IrXMA, where the CAN ligand, X, dictates the triplet (T') energy
and thus emission color. Specifically, X represents difluorophe-
nylpyridine (dfppy), phenylpyridine (ppy), phenylquinoline
(pq), or benzothiophenylpyridine (btp) (Scheme 2). Copoly-
merizations of M6MA and IrXMA under standard radical
conditions confirmed monomer compatibility and allowed for
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Scheme 2. Chemical Structures for (a) M6MA and (b) I'XMA
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“Synthesis of Ir'XMA, reagents and conditions: (i) AgOTf, 4-(2-
pyridyl)benzaldehyde, DMA, 130 °C, 30%. (ii) NaBH,, DCM/EtOH,
rt, > 90%. (iii) Methacryloyl chloride, DCM, 0 °C — rt, > 90%.
Ligands, their acronyms, and experimental triplet energies provided
(bottom).

basic photophysical characterization of the resultant soluble
polymers. The copolymers were found to have unique emission
profiles dictated by the Ir'XMA comonomer, granting access to
turquoise (dfppy), green (ppy), orange (pq), and red (btp)
phosphorescence, while homopolymers of M6MA provide deep
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blue fluorescence. It should be noted that the high photo-
luminescence quantum yield (PLQY & 30—70%) values for the
copolymers suggests random monomer incorporation, which
mitigates radiative quenching pathways (Table S2).

After establishing monomer compatibility under radical
polymerization conditions and examination of the photophysics
of the resultant soluble copolymers, an analogous “grafting-from”
procedure for polymer brush formation was investigated.
Because of its established utility as a transparent electrode in
optoelectronic applications, ITO was chosen as the substrate for
SI-ATRP. While ITO can be functionalized with silanes and
phosphonic acids, these reactions are nonselective."' Asaresult, a
photochemical strategy involving the radical coupling with
alkenes was chosen, which also provides spatial control.*”**
Irradiation of ITO with 254 nm UV light in the presence of S-
hexenol followed by acylation of the alcohol functionalized ITO
with a-bromoisobutyryl bromide (BIBB) provides initiation sites
covalently attached to the surface (Scheme 1, step 1).** Surface
functionalization was confirmed through X-ray photoelectron
spectroscopy (XPS), revealing both bromine and carbonyl
functionalities (Figure S11).

Initially, M6MA homopolymer brushes were grafted from the
initiator-functionalized ITO, using small amounts of Ir(ppy);
(0.005 mol %) photocatalyst and visible light. The resulting
brushes emitted a bright blue fluorescence under UV excitation,
characteristic of poly(M6MA) thin films measured in our
previous study.” Since larger quantities of Ir(II) are typically
incorporated into the emissive layer of efficient OLEDs,
substituting the Ir(ppy); photocatalyst with a higher mol % of
the Ir'XMA comonomer (1—12 mol %) was considered to be a
facile replacement. Indeed, the use of visible light to grow the
copolymers provides a library of ITO-tethered brushes having
turquoise, green, orange, and red phosphorescence directly
matching the analogous soluble polymer samples (Figures 1 and
S7). The use of unfunctionalized ITO under the same reaction
conditions confirmed that nonspecific polymer adsorption does
not occur. The utility of larger quantites of photocatalyst, as is the
case for copolymerizations with IrXMA, had the added benefit of
reducing the amount of light required to elicit brush growth by
1-2 orders of magnitude compared with analogous homopol-
ymer brush growth (Figure $12).** Photoluminescence profiles
of copolymer brushes (3 mol % IrXMA) reveal peak emission
wavelengths ranging from 490 to 600 nm with little-to-no
residual blue fluorescence from the host, indicative of efficient
energy transfer to the Ir(IlI) dopants. This efficient energy
transfer is attributed to the high triplet energy (T)) of the M6MA
host (T, ~ 2.8 eV),* relative to the I'XMA dopants (T, < 2.7
eV) (Tables S1 and S2). XPS was then used to confirm the
chemical composition for the five different brushes, with distinct
peaks for all brushes. For example, F Is signals were only
observed for poly(M6MA-co-IrdfppyMA) brushes as expected
(Figure S13). In addition, indium and tin signals were below
detection limits, suggesting uniform coverage with thicknesses
exceeding ~10 nm.

Control of Ir(1II) incorporation (i.e., host:dopant ratio) in the
emissive layer is critical to overall OLED device performance. To
test whether dopant incorporation could be controlled, five
different copolymer brushes were grown uniformly on ITO using
variable amounts of IrppyMA (0, 1, 3, 6, and 12 mol %). XPS was
used to determine the chemical composition of the resulting
brushes, showing a clear increase in the Ir 4f; , and Ir 4f; , signals
at binding energies of 60 and 63 eV, respectively, as the IrppyMA
loading was increased (Figure 2). Notably, the atomic percent of
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Figure 1. Polymer brushes grafted from ITO using Ir(ppy); (0.005 mol
%) as the photocatalyst for poly(M6MA) and 3 mol % IrXMA for
copolymers. (a) Schematic representation of grafting from procedure;
initiator functionalized ITO to polymer brushes. (b) Chemical
structures for CAN ligands (X) of IrXMA and corresponding
photoluminescence profiles. Rectangles are images of the polymer
brushes on ITO under 365 nm excitation (Figure S14 for full images).
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Figure 2. XPS overlay of poly(M6MA-co-IrppyMA) brushes with varied
Ir dopant content showing high resolution Ir 4f; , and Ir 4f; , signals at
60 and 63 eV, respectively. Photoluminescence images of the
corresponding brushes under 365 nm excitation are provided as an inset.

Ir, relative to carbon, oxygen, and nitrogen, was in good
agreement with the expected values (Figure S15). Additionally,
photoluminescence measurements on the four copolymer
samples reveal a bathochromic shift and broadening of emission
for higher IrppyMA loadings, which can be observed in the
photoluminescence images provided as an inset in Figure 2, and
more clearly in the emission profiles given in Figure S16. The
noted red-shift and broadening upon increasing dopant content
is consistent with the analogous spun-cast soluble polymer
samples,”’ indicating that this methodology allows for polymer

DOI: 10.1021/acscentsci.7b00165
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Figure 3. White emission from copolymer brushes on ITO. (a) Chemical structures and composition for I, poly(M6MA-co-IrppyMA), I1, poly(M6MA-
co-IrbtpMA), and III poly(M6MA-co-IrppyMA-co-IrbtpMA). (b) Photoluminescence profiles showing contributions from red, green, and blue
emission for the different copolymer brushes. (c) CIE 1931 coordinates for I (x, y) = (0.22, 0.31), II (x, y) = (0.27, 0.13), and I1I (x, y) = (0.31, 0.33).

Inset is a digital image of the polymer brushes under 365 nm excitation.

brushes with specific dopant content and tunable optical
performance to be easily fabricated.

An interesting feature of this copolymer brush strategy is that
precise control over dopant concentration makes the generation
of white light possible by carefully tuning the composition of red,
green, and blue emitting components during random copoly-
merization (Figure 3a). To demonstrate this ability, we sought to
directly obtain white emission by copolymerizing IrbtpMA and
IrppyMA with M6MA. In this manner, red and green dopants
are copolymerized at low concentration with M6MA, allowing
for the blue fluorescence from M6MA to also be present. Indeed,
by carefully tuning the feed ratio of the two I'XMA comonomers
relative to M6MA, white emission was achieved, shown as
sample III in Figure 3b (Figure S17 for optimization of ternary
copolymerizations) with color (x, y) coordinates of (0.31, 0.33)
being measured using photoluminescence spectroscopy and
matching the white point following 1931 Commission
Internationale de L’Eclairage (CIE) guidelines (Figure 3c). It is
particularly noteworthy that removing either the red (I) or green
(IT) components highlights the respective contribution from
each emitter, providing insight into the mechanism of energy
transfer within the three component copolymer (III) (Figure
S18). The difference in peak height for the red emission in II and
111 is anticipated, given overlap between the IrppyMA emission
and IrbtpMA absorption, which lends to radiative energy transfer
(Figure S18). Visually, there is a dramatic difference between the
observable emission colors between I, II, and III, given minute
changes in dopant concentrations, as shown in the digital images
given as an inset in Figure 3c. This behavior further illustrates the
facile emission tunability that is provided with this platform,
along with the ability to generate white light for low energy solid-
state lighting applications.

For multicolored pixel arrays, the ability to regulate grafting
position (e.g, spatial control) is critical and has not been
accomplished with electronically active brushes. To investigate
this feature, surface patterning using photomasks was examined
for either the UV initiator functionalization step (Scheme 1, step
1) or during the visible light-induced polymerization step
(Scheme 1, step 2). A chrome coated quartz photomask with
transparent rectangular windows (Figure S3, mask 1) was utilized
for spatially resolving both light-driven surface chemistries
(Figure 4a,b). Significantly, the resulting brushes were spatially
resolved in both cases with a notable difference in color for the
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two reflectance images shown in Figure 4, likely arising from
differences in brush height. To further compare both methods, a
cross-sectional average of the emission intensity was measured
and revealed improved uniformity when employing the photo-
mask during the polymerization process (step 2). Given the
superior spatial control achieved during polymer brush growth,
this approach was used for all subsequent studies. Moreover, this
methodology can be used to provide polymer brush patterns with
resolution down to the micron level (Figures 4c and S19),
outcompeting state-of-the-art pixels achieved via evaporative
deposition (~5 X 5 um?).”*® These small feature sizes are of
particular interest for microdisplay applications, where decreas-
ing pixel dimensions are required to enhance image reso-
lution,'®*7~*

Since the thickness of each layer in an OLED stack is critical to
performance, brush thickness versus time was investigated by
patterning poly(M6MA) brushes that were grown for different
lengths of time followed by analysis with atomic force
microscopy (AFM) (details given in the Supporting Informa-
tion). In Figure Sa the boxed regions are reflectance images, with
their center denoted by a cross that corresponds to the specific
thickness on the axis, while a 2-point color gradient in between
each boxed region was generated from the respective L*,a*b*
color space values as a representation of the theoretical color for
any given thickness (Table $4). The distinct color variations for
small changes in brush thickness allows for rapid determination
of brush height by simply observing the color of reflected white
light. In addition, from these results emerged clear evidence for
temporal control and direct correlation between polymerization
time and brush thickness (Figure S23). To test whether
phosphorescent brushes could be grown with temporal control,
6 mol % IrppyMA was copolymerized with M6MA. The color
from reflectance imaging suggests that brush thickness increases
with irradiation time, which was further confirmed using AFM of
scratched films (Figure Sb). Moreover, the increase in observable
emission intensity over time correlates with an increase in brush
thickness (Figure S inset, bottom). This ability to control
copolymer brush formation using only an Ir-functionalized
comonomer is significant and illustrates that the generation of
phosphorescent pixels of any color on the order of microns in the
x, y dimensions and nanometers in the z dimension is possible
using this approach.
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Figure 4. Spatial control for poly(M6MA-co-IrppyMA) brushes
containing ~6 mol % IrppyMA, after irradiation through a chrome
coated quartz photomask at either (a) step 1 (UV) or (b) step 2 (vis).
Schematic representation of the functionalization (top) and corre-
sponding reflectance and photoluminescence images. The inset
represents normalized emission intensity as a cross-sectional average,
showing improved uniformity and spatial control when employing the
photomask at step 2. (c) Micron feature resolution obtained by
photopatterned polymer grafting (step 2), showing microscopy images
(grayscale reflectance and photoluminescence inset, 4., = 365 nm).

The most efficient OLEDs to date are multilayers, including a
hole transport layer (HTL), electron blocking layer (EBL),
emissive layer (EML), hole blocking layer (HBL), and electron
transport layer (ETL), making it a necessity to extrapolate
beyond the copolymer brushes generated herein to act as an
EML. Advantageously, the surface-bound brushes are robust,
allowing for subsequent layer deposition to achieve multilayered
architectures. Alternatively, the “living” nature of the controlled
photoATRP process allows for multiblock brush formation,
given the presence of active bromide chain-ends. To this point,
diblock copolymer architectures with two electronically active
blocks were fabricated, both with thicknesses controlled through
irradiation time. As a proof of principle, poly(M6MA) was grown
uniformly on ITO as the first block, followed by growth of
patterned copolymers containing M6MA and IrbtpMA (10 mol
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Figure S. Temporal control over polymer brush growth on ITO. (a)
Reflectance color-brush thickness correlation for poly(M6MA)
determined using AFM and (b) growth of poly(M6MA-co-IrppyMA)
over time, using 6 mol % IrppyMA. Inset shows reflectance (top) and
photoluminescence (bottom, 4, = 365 nm) images, with normalized
emission intensity as a cross-sectional average, demonstrating increased
brightness with brush height.

%), to yield poly(M6MA-b-(M6MA-co-IrbtpMA)) brushes
(Figure 6a). The chain extension is evident from photo-
luminescence spectroscopy, with the appearance of a red
emission peak at ~600 nm (Figure 6b). Additionally, reflectance
microscopy shows two distinct colors for the first block,

O

Intensity (a.u.)

gth (nm)

Figure 6. Diblock polymer brushes. (a) Schematic representation for
diblock brush growth, and chemical structures for poly(M6MA), block
1, and poly(M6MA-b-(M6MA-co-IrbtpMA)), diblock. (b) Overlaid
photoluminescence spectra before (blue solid line) and after (red
dashed line) diblock brush growth. (c) Reflectance, emission, and SIMS
images (from left to right) of the 20 X 200 m? diblock copolymers. *S
signal detected with SIMS, with increasing counts in going from blue to
red.
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Figure 7. Generation of a red, green, and blue pixel array (PenTile RGBG format) on ITO through stepwise photopolymerizations using three different
aligned photomasks. (a) Photoluminescence images (4., = 365 nm) of the three step RGBG array fabrication, going from red (poly(M6MA-co-
IrbtpMA); 500 X 500 ym?), to green (poly(M6MA-co-IrppyMA); 125 X 750 um?), to blue (poly(M6MA); S00 X 750 um®) pixels. Schematic
representations provided as insets. (b) Reflectance microscopy image and enlarged photoluminescence microscopy image (4, = 365 nm) of the array.
(c) Photoluminescence profile of the pixel array overlaid with individual RGB emission profiles. (d) CIE 1931 coordinates for the sum emission profile,
(x,) = (0.35,0.32), shown as the white trace in “c” along with the individual red, (x,y) = (0.61,0.34), green, (x,y) = (0.32,0.61), and blue, (x, y) = (0.16,

0.07), coordinates.

poly(M6MA), and the diblock copolymer, correlating to a total
thickness of ~45 and 85 nm, respectively (Figure 6c).
Photoluminescence microscopy indicates that the dopant resides
solely in the 20 X 200 um” rectangles (distinct red emission;
Figure 6c), which was further confirmed with secondary ion mass
spectrometry (SIMS), detecting the sulfur atoms (*2S) present in
the btp ligand (Figure 6¢). To demonstrate versatility, this
procedure was also used to generate other diblock copolymer
brushes (M6MA-b-(M6MA-co-IrppyMA)) (Figure S25).

The high degree of spatial control was further illustrated by the
preparation of multicolored pixel arrays that are utilized in direct-
lit display applications. The PenTile RGBG array of pixels used in
active matrix OLEDs and plasma displays was chosen to
showcase this methodology (Figure 7). Three chrome-coated
glass photomasks were fabricated to contain different sized
transparent rectangles for red, green, and blue pixels (masks 9—
11, Figure S3), while a substrate holder composed of black Delrin
and stainless still pins (Figure S2) was fabricated and used to
align the masks. Sequentially, poly(M6MA-co-IrbtpMA), poly-
(M6MA-co-IrppyMA), and poly(M6MA) brushes were grown
from ITO, providing red, green, and blue emissive rectangles,
respectively (Figure 7a). Figure 7b shows a photoluminescence
microscope image of the sample under 365 nm excitation,
demonstrating well-defined features for the RGBG arrangement.
The total photoluminescence output from the array was
measured in an integrating sphere by exciting with UV light to
determine the emission profile (Figure 7c) and chromaticity
(Figure 7d).

Comparing the photoluminescence profiles for each individual
pixel reveals good overlap with the sum “white” emission,
demonstrating that it is simply a combination of the three
different pixels, as would be the case in a direct-lit display. The
chromaticity from the emission profile was generated following
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CIE guidelines, providing (x, y) coordinates of (0.35, 0.32),
which is near the white point, as defined by illuminant DL6S, (x,
y) = (0.31, 0.33). Figure 7d also shows the individual CIE 1931
coordinates for red, green, and blue, which exhibits the
underlying color mixing process that results in the “white”
emission. The multicolored patterning clearly demonstrates that
this new methodology is an effective way to fabricate pixel arrays
from solution for OLED display applications.

As a final demonstration, monochromatic (Figure $27) and
multicolored OLED devices were fabricated using the “grafting-
from” procedure. Figure 8a provides a schematic representation
of the multicolored device, with an architecture (from bottom
up) of ITO/EML/HBL/ETL/EIL/AL where ITO is the anode,
polymer brushes comprise the EML, 5-(4-([1,1’-biphenyl]-3-yl)-
6-phenyl-1,3,5-triazin-2-yl)-7,7-diphenyl-$,7-dihydroindeno-
[2,1-b]carbazole acts as the HBL, 2,4-bis(9,9-dimethyl-9H-
fluoren-2-yl)-6-(naphthalen-2-yl)-1,3,5-triazine comprises the

(a) (b)

Al
(cat.)

LiQ
(EIL)

ETL

Figure 8. Multicolored OLED composed of poly(M6MA-co-IrpgMA)
and poly(M6MA-co-IrppyMA) as the orange and green emitting
regions, respectively. (a) Device architecture fabricated from the bottom
up: ITO/EML/HBL/ETL/LiQ/AlL (b) Photograph showing electro-
luminescence of device under forward bias.
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ETL, 8-hydroxy quinolinato lithium (LiQ), the electron injection
layer (EIL), and aluminum (Al), the cathode. Two polymer
brushes, poly(M6MA-co-IrpgMA), orange emitter, and poly-
(M6MA-co-IrppyMA), green emitter, were grafted from six ITO
pixels on one glass substrate using low intensity visible irradiation
through two chrome-coated glass photomasks (masks 16 and 17,
Figure S3). Applying forward bias on a fully fabricated device
prototype led to observable electroluminescence for all six pixels
and two distinct colors (orange and green) as shown in Figure 8b.
Current—voltage—light (JVL) device characterization was not
performed owing to poor device lifetime/stability at voltages
with observable light emission. Typically, the onset of light
emission was observed between 8 and 9 V with images of pixel
emission taken between 10 and 13 V. Short circuit formation was
the primary failure mechanism between 8 and 13 V of potential.
The high driving voltage is attributed to the lack of a hole
injection layer, as well as a need for further material/device
optimization. Significantly, turn-on of all six pixels suggests
excellent brush coverage/uniformity with the potential of this
platform for OLED display applications being clearly demon-
strated by the ability to fabricate multicolored emissive devices.

B CONCLUDING REMARKS

Electronically active and multicolored phosphorescent pixel
arrays with remarkable control over size, shape, and architecture
were demonstrated using a solution based approach. More
specifically, low energy visible light could be used to graft
patterned emissive polymer brushes from initiator functionalized
ITO. Novel iridium monomers bearing a pendent methacrylate
were synthesized and utilized for the dual purpose of catalyzing/
mediating controlled radical polymerization and harnessing
triplet energy through phosphorescence. The grafting of
semiconducting methacrylate-based brushes using photoATRP
provided emission spanning the visible spectrum, from blue to
red, dictated by the CAN ligand (X) on the iridium complex.
Moreover, the Ir(Ill) dopant content within the brushes was
controlled by the monomer feed ratio, which allowed for white
emission from RGB copolymer brushes. The facile fabrication of
RGB pixel arrays for white emission and a working multicolored
OLED prototype showcased the utility of this methodology for
display applications. This novel platform opens up numerous
multidisciplinary research opportunities, including the synthetic
development of monomers for improved hole transport, the
fabrication of functional nonlinear surfaces for improved light
out-coupling, and pixel feature reduction for high resolution
microdisplay applications.
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