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ABSTRACT

Strategies for Next-Generation Functional Polymer Synthesis using Light

by

Emre Hiro Discekici

The development of new synthetic platforms for the preparation of small molecule and
polymeric materials represents a research area of tremendous value for modern day society.
Progress in chemical synthesis has enabled innumerable advances in areas ranging from
biodegradable plastics to new pharmaceuticals and drug delivery technologies. Importantly,
there has been a concerted effort to ensure that many of these novel synthetic processes are
realized using “green” methodologies. This includes using non-toxic reagents, readily
available solvents and abundant stimuli such as visible light. In recent years, there has been
a resurgence of the use of light in chemical synthesis as an enabling platform to unlock
exceedingly mild chemical pathways otherwise not accessible using more conventional
thermally driven processes. In the context of macromolecular synthesis, light mediated
controlled radical polymerization has emerged as a powerful strategy, offering an added
dimension of control over reaction kinetics, macromolecular sequence and overall material
composition. Herein, I would like to showcase the implementation of light in a few cutting-

xv

edge areas of polymer synthesis, including spatial patterning of surface-tethered polymer
brushes, facile polymer chain-end modification, easy access to functional semi-fluorinated
and degradable polymers, and the synthesis of multifunctional, temperature tunable
materials. The aforementioned topics all rely on the simplicity of external regulation using
light, and provide proof-of-concept utility that will create both synthetic and applicationdriven opportunities across the broader chemical sciences.
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CHAPTER 1: Introduction
Sections of this chapter were originally published in Macromolecules. Reproduced with
permission from Macromolecules 2018, 51, 19, 7421-7434. Copyright 2018 American
Chemical Society.

1.1.

Importance of Light in Chemical Synthesis
The use of light has had a prodigious impact on the broader chemical sciences

community. Its implementation across numerous scientific disciplines ranging from artificial
photosynthesis1 to drug delivery2 and synthetic materials development3-5 has fundamentally
changed the way scientists approach a myriad of challenging research endeavors. In this
chapter, I will discuss how light has been an integral component in some of the most
prominent research areas of soft materials synthesis. Interestingly, these systems began as a
thermally-driven processes, but have since evolved to utilize numerous other alternative
stimuli. Of these, light has become the most widely adopted in the synthetic community in
part due to the greater accessibility of more reliable and inexpensive commercial light
sources. Indeed, while the general concept of using light in polymer synthesis is not new, the
multitude of creative ways it has been implemented to address a number of scientific
challenges has had significant impact.
In particular, over the past few years light has served as a remarkably enabling
platform to significantly advance the development of “greener” synthetic methodologies in
the research area of controlled radical polymerization (CRP).6 Coupled with a concomitant
push in the synthetic research community to use light in conjunction with metal-free
strategies, a number of key developments have emerged as powerful yet easily accessible
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synthetic alternatives to traditional CRP techniques. In this chapter, the way light has
impacted the fields of atom transfer radical polymerization (ATRP)7 and reversible additionfragmentation chain-transfer polymerization (RAFT)8 will be discussed, with subsequent
chapters thoroughly discussing the impact of light and how it has enabled many key
advances across a range of synthetic systems including developments in radical
dehalogenation, surface-functionalization, monomer scope, polymer chain-end modification
and more facile access to functionally complex materials.

1.2.

Photocontrolled Radical Polymerization

1.2.1. Photomediated Metal-Free Atom Transfer Radical Polymerization
The invention of CRP techniques, namely, ATRP,7 RAFT8 and nitroxide-mediated
polymerization (NMP)9 represents one of the most profound contributions to modern
polymer chemistry. These methodologies, in conjunction with critical advances in polymer
functionalization and external regulation (i.e. light, mechanochemical, etc), have enabled
synthetic chemists to design and construct materials of innumerable variety and complexity
with exceptional molecular precision and control over chain-end functionality,10
architecture, molar mass and dispersity (Đ).11,12
The evolution of ATRP is particularly remarkable, as dozens of variations have
emerged since the seminal reports by Matyjaszewski13 and Sawamoto.14 Conventional
ATRP relies on the manipulation of the activation-deactivation equilibrium between
propagating radicals and a polymer dormant species to maximize control during
polymerization. The dormant species periodically reacts with the active catalyst, which is
composed of a lower oxidation state transition metal complex (most commonly Cu(I)Br/L,
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where L is a ligand), to generate propagating polymer chains. The presence of a deactivator,
which is a transition metal complex in a higher oxidation state (e.g. Cu(II)Br2), works to
reversibly cap propagating chains and keep overall radical concentration low, which is the
key characteristic of a well-controlled process.15 However, the relatively high concentration
of Cu catalyst initially employed has often been regarded as a significant drawback,
especially when considering potential use in biological and microelectronic applications.
While there has been a push to improve purification methods using silica, alumina or ionexchange-based techniques to minimize metal contamination, the need to reduce Cu
concentration motivated the development of a myriad of ATRP variations, including ICARATRP,16,17 SARA-ATRP,18,19 A(R)GET-ATRP17,20 and photo-ATRP,21 all of which focus
on decreasing the initial catalyst loading needed for polymerization control. Despite the
significant reduction in overall catalyst loading, the aforementioned methodologies still
enable access to a variety of materials and complex macromolecular architectures22 with
exceptional end-group functionality even at near quantitative monomer conversions.23,24
Moreover, efforts to continually improve these ATRP derivatives holds promise for access
to novel polymer compositions in increasingly relevant and complex media for a wide
variety of applications.
Notwithstanding these significant developments, the fact that metal is still a
requirement across all reported ATRP variations remains the Achilles heel of this technique.
Coupled with recent efforts in the broader scientific community to develop green
polymerization chemistries,25-28 there has been a large push to move towards controlled
polymerization techniques that are completely devoid of transition-metal catalysts. This
view holds true for other traditionally metal-catalyzed controlled polymerization systems
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such as ruthenium catalyzed ring opening metathesis polymerization (ROMP). In this area,
Boydston and coworkers diclosed pioneering work demonstrating the ability to perform
ROMP with fully organic systems.29-33 While developments in metal-free ROMP are still in
its early stages and outside the scope of this review, the general sentiment to provide organic
alternatives to traditionally metal-catalyzed polymerization methodologies remains a major
focal point for the field of CRP.
Following seminal reports by Matyjaszewski and Hawker demonstrating the ability
to conduct ATRP through fundamentally different mechanisms using electrochemical34 and
photochemical35 means, the first examples of metal-free ATRP were disclosed nearly two
decades after the initial discovery of ATRP. By drawing inspiration from advancements in
small molecule photoredox catalysis, Hawker, Fors and co-workers reported the use of 10phenyl phenothiazine (Ph-PTH) as a simple organic photocatalyst to catalyze the ATRP of
methacrylates.36 Preliminary mechanistic studies suggested that upon excitation with 380 nm
light, Ph-PTH can catalyze an ATRP-like polymerization through an initial radically
induced reduction of traditional alkyl bromide-based ATRP initiators via an oxidative
quenching cycle. This directly results in the generation of a deactivating catalyst complex
Tradi&onal*ATRP:*1995*
Metal*catalysts,*
ligands,*heat*

R***

R*–*Br** +*
ini&ator*
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Figure 1.1. Initial disclosure of metal-free came nearly two decades after the introduction of
ATRP.
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consisting of the radical cation form of the photocatalyst and a bromine anion. This complex
subsequently deactivates propagating polymer chains leading to the dormant, bromine-end
capped species and reduction back to the initial ground state Ph-PTH. Concurrently, Miyake
and coworkers reported perylene as a potential organic photocatalyst, which also
mechanistically operates through an oxidative quenching cycle.37 Due to its highly
conjugated structure, perylene offers a unique advantage in that it can be excited with visible
light. However, competitive processes such as undesired hydrogen abstraction, coupled with
lower initiation efficiencies resulted in higher overall dispersities (Đ) in comparison to PhPTH. Nevertheless, the aforementioned work is regarded as a critical turning point in the
field of controlled polymer synthesis. Following the introduction of these first generation
catalyst derivatives, the field of metal-free ATRP has since flourished over the last few years
to provide polymer chemists with greater mechanistic insight, avenues for improved
polymerization control through novel catalyst derivatives and proof-of-concept applications
that move beyond traditional batch polymerizations.
The aim of this section is to highlight many noteworthy advances in the area of
metal-free ATRP since its initial report in 2014. This includes a general overview of the
field describing various aspects ranging from a typical reaction set-up to new developments
towards the current benchmark for photocatalyst derivatives. The goal is to also provide a
critical outlook for the many challenges that still remain. The main objective is therefore not
only to provide a sense for the current state-of-the-art, but to offer a perspective on the
various limitations and drawbacks that need to be addressed moving forward in order for
metal-free ATRP to be accepted as a comparably versatile and useful technique to its metalbased counterpart and other prevalent CRP methodologies. While further advances will
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require decades of research, the future for metal-free ATRP methodologies remains wide
open for significant advances in the years to come.
General Set-up
One of the foremost mechanistic differences that distinguishes metal-free ATRP
from classical ATRP is that all reported metal-free ATRP protocols to date require
activation of the catalyst via light irradiation. The intrinsically versatile nature of light
permits use of a number of different light sources, ranging from simple compact fluorescent
lamps (CFLs) to wavelength specific light emitting diodes (LEDs), and even natural
sunlight. The ability to use light offers a few key distinct advantages over thermally-driven
techniques. This includes the ability to (1) exert spatiotemporal control over polymerization,
(2) polymerize under ambient temperatures and (3) tune the stimulus (i.e., wavelength,
intensity) for facile modulation of reaction kinetics.4,38-40 In special cases, even the choice of
wavelength can be manipulated to induce multiple controlled radical polymerizations in a
single reaction vessel.41 Regarding intensity, Miyake and co-workers recently disclosed a
thorough study highlighting the effects of light intensity on polymerization control using
metal-free ATRP.42 Their work concluded that the degree of light intensity indeed plays a
significant role in the ability to externally control polymerization kinetics. While only a
perylene and phenoxazine-based photocatalyst were initially studied, this work emphasizes
the importance of light intensity and how it can be manipulated to attain varying degrees of
polymerization rate and overall control.
In addition to the light source, the remaining components required to conduct metalfree ATRP include an organic photocatalyst, an alkyl-halide initiator, vinyl monomers and a
suitable solvent. In general, the absence of metals and ligands reduces the number of
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components and simplifies the overall polymerization set-up. Although a vast majority of
these polymerizations should be performed in an inert atmosphere for optimal performance,
there is evidence suggesting that certain photocatalysts can work without deoxygenation and
thereby further simplify reaction set-up to facilitate easier access to non-experts.43,44 Typical
degassing procedures include freeze-pump-thaw or sparging of the reaction solution with
nitrogen or argon. A representative photographic depiction of the set-up is shown in Figure
1.2. Polymerizations are easily conducted using glass vials equipped with a septum sealed
cap and can be placed in a glass dish lined with commercially purchased LEDs of the
required wavelength. Compressed air can also be used to maintain ambient temperatures
throughout the duration of polymerization. The fact that expensive photoreactors are not
necessary remains a distinct advantage of these systems. For a representative visual example
of the procedure, we direct the reader to an excellent video tutorial by Miyake and
coworkers.45

Figure 1.2. Representative metal-free polymerization set-ups using light emitting diodes
(LEDs), compact fluorescent lamps (CFLs) and natural sunlight.
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Photocatalyst Derivatives
The development of novel and more efficient photocatalysts is arguably the main
focal point of research for metal-free ATRP. This is, in part, due to the sheer number of
available organic dyes and derivatives thereof that may have the characteristic properties
needed to perform a successful metal-free ATRP. To this end, photocatalyst development
has seen exponential growth since the introduction of the simple phenothiazine (Figure 1.3.)
and perylene catalysts in 2014. While perylene offers advantages such as commercial
availability and excitation with visible light, in its current form, limitations such as poor
initiation efficiencies and relatively high Đ render it unsuitable for applications requiring
more precision over polymerization control.37 As such, the initial stages of metal-free ATRP
relied on phenothiazine-based systems as the workhorse for photocatalyst development.
Indeed, Matyjaszewski and coworkers exploited the tunable framework of phenothiazines
and designed key derivatives including a napthyl (Napht-PTH) and a benzo[b]phenothiazine
(Ph-benzoPTZ) derivative that provided good control over the polymerization of
methacrylates. In the case of Ph-benzoPTZ, the additional benefit of a red-shifted UV
absorption maximum of nearly 50 nm (relative to Ph-PTH) enabled controlled
polymerization using visible light.46,47 Substituent effects of Ph-PTH were also exploited
and exemplified in small molecule dehalogenation,48 defluoroalkylation49 and carbon-carbon
bond forming reactions.48 Miyake and coworkers took derivatization a step further by
investigating the effects of different heteroatoms, leading to the introduction of novel
phenazine50 and phenoxazine-based51 photocatalysts.

Currently, both phenazine and

phenoxazine based photocatalysts represent the highest performing systems in metal-free
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ATRP due to their favorable photophysical characteristics, generally high initiation
efficiences and ability to produce polymers with low overall Đ.
Photocatalyst design begins with a fundamental mechanistic understanding of the
catalytic cycle. For the first generation catalysts, the mechanism is believed to operate
through an oxidative quenching cycle. Following photoexcitation using UV and/or visible
O
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Figure 1.3. a) Representative
schematic of initial reports for the metal-free ATRP of
methacrylates using EBPA as the initiator. b) Expected first order linear growth kinetics
using Ph-PTH for the polymerization of benzyl methacrylate. Adapted
with permission from
perylene
reference [30]. Copyright 2014, American Chemical Society.

light, activation of an alkyl halide ensues to furnish a carbon-centered radical that
subsequently initiates monomer propagation. The concomitant in situ generation of the
photocatalyst radical cation and bromine anion complex serves as the deactivating species
that facilitates reversible capping of propagating polymer chains via a redox event,
ultimately leading to controlled chain propagation. Following removal of the light source,
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complete deactivation occurs resulting in a fully end-capped dormant state in an analogous
fashion to traditional ATRP. Interestingly, previously reported mechanistic investigations
suggest that both singlet43,46,48 and triplet52 excited states are responsible for the reduction of
the bromide initiator and the end-capped polymer chains. While the question of which
excited state plays a more dominant role is subject to debate, very recent studies indicate
that short-lived excited singlet states may be responsible for the high degree of control
obtained in the case of phenazine-based catalysts.53,54 Developing a greater understanding in
what pathways lead to increased control over polymerization will aid the development of
more optimized photocatalytic systems.
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Figure 1.4. Time line for the development of select families of photocatalysts utilized in
metal-free ATRP.

A number of key photophysical parameters need to be considered when designing
and synthesizing catalysts for metal-free ATRP. We direct the reader to an excellent article
from Miyake and coworkers detailing these parameters when considering catalysts that
undergo an oxidative quenching pathway.55 To date, metal-free ATRP photocatalysts can be
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classified into the following categories: 1) phenothiazines 2) aromatic hydrocarbons 3)
phenazines 4) phenoxazines 5) carbazoles 6) thienothiophenes and 7) electron-deficient
dyes. All of these catalysts operate under the notion that photoexcitation enables electron
transfer events otherwise not possible through thermal processes. While categories 1-4 have
arguably received the most attention as photocatalyst scaffolds, it is necessary to note that a
successful metal-free ATRP does not solely require derivatives based on these molecules.
Interestingly, Zhang, Cheng and coworkers reported that the metal-free ATRP of
MMA could be achieved using ppm levels of a novel carbazole-based catalyst, 1,2,3,5tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN).56

This molecule was initially

implemented in organic light emitting diode (OLED) applications after it was discovered to
undergo thermally activated delayed fluorescence.57 Distinct advantages of this
photocatalyst include the ability to conduct metal-free ATRP with exceptionally low catalyst
loadings down to as little as 15 ppm. However, overall Đ values were generally higher than
those achieved with phenazine or phenoxazine-based catalysts. Nevertheless, this report lays
the groundwork for the need to draw inspiration from other fields in order to aid future
photocatalyst design and discovery. In line with this notion, Yagci and coworkers more
recently augmented the scope of available metal-free ATRP catalysts to unique
thienothiophene derivatives, such as 4-[2-(4-diphenylaminophenyl)-thieno[3,2-b]thiophen3-yl]benzonitrile (TT-TPA).58 Although this class of molecules requires more synthetic steps
in comparison to other catalyst derivatives, this work suggests that exploration of a diverse
array of conjugated molecules could further improve and broaden the utility of metal-free
ATRP.
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All the organic photocatalysts discussed up to this point are known to operate
through an oxidative quenching cycle. However, recent developments in catalyst design
demonstrate that controlled polymerization through a reductive quenching pathway can also
be achieved using commercially available electron-deficient organic dyes in conjuction with
sacrifical electron donors.54 This includes, but is not limited to, examples using fluorescein
and other commonly utilized fluorescein-based dyes such as eosin Y and erythrosin B.54,59,60
Very recent work by Luo and coworkers demonstrated the ability to exploit the reductive
quenching cycle to enable the first utilization of metal-free ATRP for an acrylic monomer in
aqueous media.61 This work sets an important precedent in that future efforts towards
increased understanding of various mechanistic components can ultimately lead to
widespread utility of metal-free systems. An additional distinct advantage of these dyes is
that no further synthetic modification is necessary to enable excitation with visible light.
This promotes a more user-friendly process, as catalysts can be used “as is“ from a vendor.
A reductive quenching pathway can also be realized using common UV active
photosensitizers such as camphorquinone and benzophenone.62 While an influential
contribution to the field, potential drawbacks of relying on sacrifical amine donors include
an increased propensity for unfavorable side reactions.55,63 Nevertheless, the ability to
operate via a pathway that was initially believed to be unsuitable for metal-free ATRP
suggests that design rules for catalyst development will vary depending on the intended
catalyst properties.
Several design principles need to be taken into account to for facilitate future
advances in the photocatalysis of metal-free ATRP. It is crucial to highlight that with these
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design rules in mind, the collective effort of several research groups has resulted in the
discovery of numerous novel catalyst derivatives in a relatively short amount of time.

Figure 1.5. Tuning of photocatalyst properties through modification of phenoxazine,
phenazine and phenoxazine cores with various biphenyl substituents. Adapted with
permission from reference [51]. Copyright 2016, American Chemical Society.

A general timeline for how catalyst development has evolved over the past few years can be
found in Figure 1.4. For example, among the highest performing catalysts to date, 3,7-Di(2naphthyl) 2-Naphthalene-10-Phenoxazine (Dinapht-PhenO), is reported to have superior
linear growth kinetics of molar mass as a function of monomer conversion, with Đ values on
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the order of 1.1.64 In this same body of work, Miyake and coworkers established that core
subtituents had a larger impact than N-aryl substituents on phenoxazine catalyst
performance, subsequently setting the foundation for more impactful phenoxazine
derivatization moving forward. The recent push for increased understanding of design
principles has led to notable improvements in metal-free ATRP catalysis. This includes
increased initiation efficiencies and more desirable absorption characteristics that in turn,
provide synthetic chemists greater access to a library of catalysts with enhanced chemical
and physical properties. Furthermore, the ease in which substituent modifications can be
made to these catalyst cores offers numerous opportunities for tuning catalyst properties. A
notable example includes the simple addition of biphenyl units to a phenoxazine core to
produce a red-shifted absorbance maximum of 65 nm and a substantial increase in the molar
extinction coefficient (Figure 1.5.). Moving forward, it is essential for the field to consider
future catalyst development in the context of broadening the utility of metal-free ATRP to
enable polymerization of different monomer and initiator types. For instance, while light is
currently an indispensable component of all reported metal-free ATRP methodologies to
date, considering the need to move towards alternative external stimuli (i.e. electrochemical,
chemical) will further broaden utility. Finally, although heat may not offer the benefits of
spatio-temporal control, the development of a thermally catalyzed metal-free ATRP process
would be highly impactful, especially when considering aspects of scalability and industrial
viability.
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Solvent and initiator selection
While the topic of solvent and initiator selection has not seen as much attention as
catalyst development, it is relevant to also highlight the current solvents and various
initiating species necessary to conduct a successful metal-free ATRP. Interestingly, in
contrast to substantial advances in the scope of available catalyst derivatives, solvent scope
has remained largely unchanged. In the case of the first reports involving Ph-PTH and
perylene, N,N-Dimethylacetamide (DMA) and N,N-Dimethylformamide (DMF), were used,
respectively. While the reasons for using these polar aprotic solvents was not the subject of
in depth investigation at the time, an insightful study published by Miyake proposed the
importance of solvent choice on intramolecular charge transfer and ion pairing of phenazinebased systems.65 Indeed, after postulating that solvent polarity would substantially influence
catalyst performance, they found that a highly polar solvent medium (DMA:THF 3:1, v:v)
resulted in the greatest degree of control for the polymerization of MMA. They attribute
this, in part, to the strongly red-shifted emission of their catalysts in more polar solvents.65
Intriguingly, this is likely one reason why nearly all reports on metal-free ATRP still rely on
solvents such as DMA, DMF and DMSO. These findings suggest that perhaps new catalysts
or methods of catalysis need to be explored for the future capability of reliably conducting
metal-free ATRP in non-polar or aqueous systems. In the case of initiators, many of the
initial reports implemented ethyl α-bromophenylacetate (EBPA) as the optimal initiator.
While extensive initiator optimization studies were not originally discussed, a preliminary
comparison between EBPA and methyl α-bromoisobutyrate (MBIB) conducted by Miyake
demonstrated that EBPA had more desirable initiation efficiencies when using perylene as a
photocatalyst. This could be attributed to the higher activity of EBPA as previously
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described in Cu-catalyzed ATRP.66 Importantly, as the number of available metal-free
photocatalysts increased, the scope of ATRP initiators has also increased. Miyake and
coworkers were the first to show that controlled polymerization could be achieved with
organic photocatalysts using more traditional isobutyrate-based initiators, in addition to
other initiator types such as methyl 2-bromopropionate (MBP) and 2-bromopropionitrile
(BrPN) when using phenazine50 or phenoxazine-based catalysts.51 Interestingly, they found
that enhanced control and the greatest initiation efficiencies could be obtained
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Figure 1.6. Summary of various initiators used for metal-free ATRP.

using diethyl 2-bromo-2-methylmalonate (DBMM), whereas all chloride-based initiators
resulted in uncontrolled polymerization. Indeed, this supports previous reports describing
chloride-based initiators as unsuitable for the current state of metal-free ATRP.46 In line
with this progress, there has also been a recent push to expand the current scope of initiators
used in metal-free ATRP to more functional derivatives. Yagci and coworkers recently
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implemented clever use of a bi-functional ATRP initiator, 3-hydroxypropyl 2-bromo-2methylpropanoate (HPBIB), for a one pot synthesis or block polymers usingsimultaneous
metal-free ATRP and ring opening polymerization (ROP) processes.67 In addition to
demonstrating the ability to use functional initiators, the ability to access block copolymers
composed from chemically distinct monomers expands the current
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Figure 1.7. a) Schematic illustration of metal-free ATRP using a temperature sensitive
functional initiator and b) corresponding SEC-RI trace of the resulting polymer. Adapted
with permission from reference [68]. Copyright 2018, American Chemical Society.

scope of polymer architectures currently accessible by metal-free ATRP. In a similar
fashion, Hawker, Read de Alaniz and coworkers disclosed the first report using two
conformationally different furan protected maleimide adducts as functional initators in
metal-free ATRP.68 While the bromoisobutyrate-based exo conformer (exo-BIB, Figure 1.6.)
has been implemented using traditional metal-catalyzed ATRP,69 the inherently lower
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deprotection temperature (approximately 60 °C) of the endo conformer (endo-BIB, Figure
1.6.) renders it incompatible with thermally initiated polymerization methods. As such, this
provided a unique opportunity to highlight the ability to extend initiator scope to functional
protected maleimide derivatives while also capitalizing on the fact that metal-free ATRP is
conducted at ambient temperatures. Indeed, well-defined and functional low Đ materials
were obtained when using PhenN-CF3 as a photocatalyst (Figure 1.7.). The ability to
deprotect the chain-end to liberate furan and reveal the reactive maleimide was also
successfully demonstrated. Subsequent secondary functionalization using thiol-Michael
addition chemistry confirmed its reactivity. In summary, moving towards the use of
increasingly complex and functional initiators remains a critical area of interest to expand
the overall breadth of functional materials accessible using metal-free ATRP.

Monomer Scope
One of the overarching challenges for the current state of metal-free ATRP is the
expansion of monomer scope. While the original reports of metal-free ATRP focused
exclusively on methacrylate-based monomers such as MMA and benzyl methacrylate
(BnMA), almost no subsequent reports demonstrate successful controlled polymerization of
non-methacrylate derivatives with the sole exception of Matyjaszewski and coworkers
successfully polymerizing acrylonitrile with Ph-PTH catalyst derivatives. In this case,
polyacrylonitrile with predictable molar masses, low Đ and high chain-end fidelity were
obtained, enabling facile block copolymerization via an entirely metal-free process.70 While
other attempts have been made to investigate the potential to homopolymerize different
monomers such as styrene and tert-butyl acrylate with fluorescein-based photocatalysts, it
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was ultimately determined that little to polymerization control could be achieved.56
However, preliminary results showcase that the controlled polymerization of polyethylene
glycol acrylate (PEGA) could be achieved using eosin Y under optimized reaction
conditions.61
Nevertheless, while extension to other monomer families has proven challenging, a
diverse range of methacrylates has been reported following the initial demonstrations of
methyl and benzyl methacrylates. Among the highlights of successfully polymerized
monomers using metal-free ATRP is the polymerization of dimethylaminoethyl
methacrylate (DMAEMA) using Ph-PTH. Interestingly, when the transition metal
photocatalyst, Ir(ppy)3, was used, control could not be achieved. The success of the organic
system was attributed to minimized interactions with the pendant amino groups due to the
less oxidizing nature of Ph-PTH.36 Additional methacrylate derivatives based on biomass
derived materials were sucessfully polyermized with control by Tang and coworkers.
Soybean oil methacrylate (SBMA), furfuryl methacrylate (FMA) (Figure 1.8.) and
dehydroabietic ethyl methacrylate all contain pendant functionalities readily obtained from
renewable and natural resources.71 Using Ph-PTH as the photocatalyst and EBPA as the
initiator, homopolymers and diblock copolymers could be achieved with good control over
molar mass and Đ. The metal-free ATRP of semi-fluorinated and sulfur containing
monomers has also been reported, albeit via a surface-initiated process from silicon
substrates.72 While mechanistically different from metal-free ATRP, Chen and coworkers
recently disclosed the successful polymerization of semi-fluorinated methacrylates using PhPTH via a trithiocarbonate iniferter.73 Further, the ability to perform an analogous,
traditional ATRP-like process using a metal-free system for semi-fluorinated materials
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would be desirable.74 Along these lines, the Ph-PTH and trithiocarbonate iniferter
combination was also exploited by Johnson and coworkers for the controlled polymerization
of acrylates and acrylamides.75 While not an ATRP process, this work nevertheless
highlights the general compatibility of different monomer classes with the catalysts and light
sources used for most commonly for metal-free ATRP.
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In a recent report, Read de Alaniz, Hawker and coworkers demonstrated a distinct
advantage of metal-free ATRP in the polymerization of methacrylates bearing pendant furan
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protected maleimide functional groups. Using PhenN-CF3 and Biphen-PhenO photocatalyst
derivatives, both endo and exo methacrylate derivatives (Figure 1.8., endo-MA and exo-MA)
were successfully polymerized with MMA and BnMA to furnish a temperature tunable and
multifunctional polymeric platform that could be heated to selectively introduce the desired
maleimide functionality without the use of exogenous catalysts or reagents. Notably, the
mild nature and ambient temperatures in which metal-free ATRP is performed enabled
subsequent secondary functionalization on both chain-ends and pendant backbone groups in
a site-specific and selective manner using a series of commonly implemented click
chemistries.68
It is important to note that although methacrylates are currently the most accessible
monomers for metal-free ATRP, incorporation of other monomer classes has been achieved
in the form of diblock copolymers. For example, the ability to chain-extend a PMMA
macroinitiator with butyl acrylate to yield PMMA-b-PBA has been reported with the use of
phenazine catalyts.50 Additionally, previous reports using fluorescein photocatalysts also
highlight the possibility of chain extending PMMA with styrene.59 While this example has
characteristic shouldering that has room for improvement, the general idea of exploring the
polymerization of additional monomer types should remain a prominent direction for metalfree ATRP.

Surface-Initiated Metal-free ATRP
While continued development towards a more robust and versatile metal-free ATRP
remains the most prominent challenge, several groups have taken steps to demonstrate more
application-driven and proof-of-concept utility that extend beyond solution and batch

22
	
  

polymerizations. Building on the initial report of Ph-PTH, Hawker and coworkers
demonstrated the ability to conduct metal-free surface-initiated ATRP (SI-ATRP) on
silicon-based substrates for the first time.72 By immobilizing readily accessible ATRP
initiators to surfaces using well established hydrosilation chemistries, a series of
homopolymer and block copolymer polymer brushes could be achieved via a grafting from
approach using metal-free ATRP. Significantly, light mediation permitted facile access to a
number of arbitrary patterns using readily available binary and gradient

Figure 1.9. Metal-free SI-ATRP performed on commercial 4-inch silicon wafers using light
and a binary photomask to access a range of arbitrary feature shapes and sizes (Scale bars
are 200 µm) in one step. Adapted with permission from reference [72]. Copyright 2016,
American Chemical Society.
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photomasks in a single polymerization step. Importantly, the higher oxygen tolerance of PhPTH, in comparison to metal-based catalysts, facilitated a more straightforward and userfriendly polymerization procedure that does not require rigorously inert conditions. This
allowed for a scalable and versatile polymerization process resulting in successful patterned
polymer brush growth from 4-inch commercial scale silicon wafers using a simple handheld
lamp (Figure 1.9.). The ability to catalyze this process using natural sunlight was also
achieved. Preliminary examples also suggest that dense surface-tethered polymethacrylic
acid brushes could be obtained using Ph-PTH, which is monomer type completely
incompatible with Cu-based systems.76 Significantly, Ph-PTH can also be exploited as a
light mediated, catalytic method to reduce bromine chain-ends of resulting surface-tethered
polymer brushes,44,77 suggesting the possibility of performing sequential metal-free
polymerization and chain-end modification chemistries. Additionally, successful extension
of metal-free SI-ATRP to alternative substrates such as silica nanoparticles, furnished welldefined core-shell architectures as characterized by attenuated total reflectance-Fourier
transform infrared (ATR-FTR) spectroscopy and transmission electron spectroscopy (TEM).
In direct contrast to transition metal catalyzed systems, one of the most attractive benefits of
metal-free SI-ATRP is the user-friendly purification. Using standard centrifugation
techniques, residual organic photocatalyst can be simply decanted out when the appropriate
solvent is used for precipitation of functionalized nanoparticles. This further accentuates the
promise for applications that may be highly sensitive to residual metal contamination.
Matyjaszewski and coworkers subsequently reported a comprehensive study detailing the
effect of initiator type on overall grafting density when performing metal-free ATRP using
Ph-PTH on silica nanoparticles.78 An EBPA-based compound was investigated as a potential
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tethered-initiator and an increase in grafting density was observed. This was attributed to
enhanced initiation efficiency due to the >1000x larger activation rate coefficient of EBPA
when compared to isobutyrate derivatives.66,79 Screening various catalyst concentrations also
lead to the conclusion that as little as 0.02 mol % (relative to monomer) could be used for a
successful surface-initiated polymerization from silica nanoparticles.
The substrate scope of metal-free SI-ATRP was further expanded to magnetic
nanoparticles (MNPs). By combining metal-free ATRP with bioinspired polydopamine
(PDA) chemistry, Chen, Matyjaszewski and coworkers developed a green and efficient
method to controllably modify polymer brush architecture on the surface of these particles
(Figure 1.10.).80 Importantly, the surface modified particles exhibited improved
hydrophilicity, dispersibility and increased binding ability with uranyl ions in aqueous
solution. Metal-free SI-ATRP was also successfully utilized to functionalize SB-15
mesoporous silica to make unique organic-inorganic hybrid materials.81 The capacity to
achieve such facile surface modification points towards further utility in broader
biomaterials and environmentally based applications. Successful expansion to additional
substrates will produce increasingly diverse surface properties and lead to increased utility
in areas where trace metal contamination remains a major limitation. Moreover, when
coupled with improvements in photocatalyst design and monomer scope, the field of metalfree SI-ATRP remains wide open for compelling advances in surface modification of a wide
range of materials.

25
	
  

Figure 1.10. Graphical depiction for the synthesis of core-shell MNPs using sequential
PDA-based initiator functionalization and metal-free ATRP polymerization processes.
Adapted with permission from reference [80]. Copyright 2017, American Chemical Society.

Continuous Flow Metal-free ATRP
Perhaps the most profound challenge in metal-free ATRP is scalability. While light
mediated processes can enable access to reactive chemical pathways not attainable by
thermal methods, light is an intrinsically difficult stimulus to implement on large scales. To
date, metal-free ATRP has been primarily performed in the context of solution
polymerizations and select examples of surface-initiated systems. Miyake and coworkers
further demonstrated the versatility of metal-free ATRP and reported increased
polymerization performance due to more efficient irradiation via a continuous flow process
using visible light (Figure 1.11.).82 While continuous flow processes have been previously
used for the synthesis of polymers to enhance irradiation uniformity,83 Miyake’s work
represents the first adaptation using metal-free ATRP. In general, due to its greater surface
area to volume ratio (tubing to reaction mixture volume), continuous flow systems offer
several distinct advantages including more uniform irradiation, which results in quicker

26
	
  

reaction times and more straightforward scability.84 Indeed, polymers with Đ values as low
as 1.1 were obtained at moderately high conversions using phenazine or phenoxazine-based
photocatalysts. The ability to use substantially decreased catalyst loadings without
compromising polymerization control was also demonstrated.82 Furthermore, the inherently
simple and tunable nature of flow reactors (i.e. flow rates, irradiation wavelength and
intensity) offers a facile platform for greater advances for further optimizing metal-free
ATRP.
a)

b)

Figure 1.11. Graphical depiction for the synthesis of core-shell MNPs using sequential
PDA-based initiator functionalization and metal-free ATRP polymerization processes.
Adapted with permission from reference [82]. Copyright 2017, American Chemical Society.
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Advances in architectural complexity
One of the most profound and enabling features of traditional ATRP is the ability to
access polymer architectures completely inaccessible via traditional free radical
polymerization. This includes considerably greater access to complex architectures such as
block polymers,85 multiblocks,86 branched and star configurations,87,88 all of which have had
a transformative impact across a myriad of applications ranging from improved dispersant
performance to greater antimicrobial efficacy and enhanced polymer stability. Therefore, it
is imperative to investigate the limits of architectural complexity achievable with metal-free
ATRP. Although the synthesis of diblock copolymers has been widely accepted as a
standard method to demonstrate chain-end fidelity and the ability to access unique
functional materials, few reports exist highlighting the potential for metal-free ATRP to
permit increasingly complex materials. In line with this view, Yagci and coworkers were
among the first to demonstrate the synthesis of unique hyperbranched polymer networks
with metal-free ATRP using perylene as a photocatalyst (Figure 1.12.).89 By combining the
concept of self-condensing vinyl polymerization (SCVP) and metal-free ATRP, a novel
synthetic route to PMMA and polystyrene hyperbranched polymers was achieved using
strategically designed inimers to incorporate random branch points. Importantly, by varying
parameters such as irradiation time and inimer concentration, the degree of branching could
be tuned, offering an opportunity to construct structurally diverse materials for a range of
applications Star polymers represent another class of macromolecules with higher order
architecture. Due to their compelling structure, star polymers often posess unique physical
and rheological properties relative to linear-based counterparts. As a result, they have found
widespread utility in applications ranging from industrial lubricant additives to gene and

28
	
  

drug delivery.90 Recently, the preparation of star polymers using metal-free ATRP with a
core first approach was disclosed.91 Using multi-functional initiator cores ranging from 2 to
8 initiating sites, a diverse range of star polymers with overall Đ values of <1.5 were
obtained with no observable star-star coupling even at monomer conversions as high as
87%. While in some cases the polymerization was stopped at conversions between 35-45%
to obtain high fidelity star macroinitiators, the versatility of this system was further
exemplified with successful chain extension of star polymers to furnish increasingly
complex star-block architectures. As it stands, the ability to access complex architectures
with metal-free ATRP is a far reach from what can be currently achieved with traditional
ATRP. However, the aforementioned reports set the stage for the need to continually
improve and move towards more architecturally complex materials that directly leverage the
many advantageous characteristics of metal-free ATRP.

Figure 1.12. Representative schematic of the preparation of hyperbranched polymer using
metal-free ATRP. Adapted with permission from reference [89]. Copyright 2017, American
Chemical Society.
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1.2.2. Photoinduced Electron Transfer – Reversible Addition Fragmentation Chain
Transfer Polymerization (PET-RAFT)
In a similar manner to the field of ATRP, RAFT has experienced enormous growth
since its initial discovery in 1998. In line with the characteristic traits of CRP techniques, the
key benefits of RAFT include the ability to access architecturally complex polymeric
materials with controllable molar mass distributions, low Đ, and good retention of chain-end
functionalities through a user-friendly process.92 As a result, RAFT is often regarded as one
of the most widely accessible polymerization techniques and has found widespread utility
that extends well beyond the hands of synthetic polymer chemists. This is in part, due to the
fact that the set-up is similar to a traditional free radical polymerization, with the primary
difference being simple of addition of a chain transfer agent to help mediate more uniform
polymer growth. In the following section, a brief introduction to the concept of RAFT and
how it has developed into a light-driven process will be discussed.
Mechanistically RAFT relies on the concept of degenerative chain-transfer, which is
mediated by the presence of thiocarbonylthio-based chain transfer agents and the use of
conventional free radical initiators to establish a key equilibrium between propagating and
dormant polymer chains (Scheme 1.1). This is particularly advantageous when compared to
ATRP, as the use of free radical type conditions enables access to an expansive monomer
scope, including both activated and non-activated systems. As such, the way in which
radical initiators are introduced in a RAFT process has been a research area of great interest.
This includes extensive work studying optimal concentrations and initiator types that result
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Scheme 1.1. Proposed mechanism of RAFT polymerization process. Adapted with
permission from reference [92]. Copyright 2017, American Chemical Society.

in the highest levels of polymerization control. Thermally- are among the most commonly
implemented radical sources due to their accessibility and inexpensive cost. However, as
with other areas of CRP, the ability to offer an alternative process that can be mediated with
light under ambient temperatures emerged as a predominant research focus for RAFT
polymerization. The option to integrate an external stimulus such as light with a RAFT
process indeed offers greater levels of tunability through simple modulation of parameters
such as wavelength and intensity, while also offering the benefits of “on-off” regulation and
spatiotemporal control.
Initial attempts to develop a light-mediated RAFT process under ambient
temperatures cleverly relied on the inherently labile nature of RAFT chain-transfer agents.
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Interesting Johnson and coworkers found that simply irradiating a RAFT chain-transfer
agent with a UV light source in the presence of monomer resulted in direct photolysis of the
chain transfer agent and ultimately a controlled polymerization process that proceeded at
room temperature without the addition of external photoinitiators.93 Although the
aforementioned work primarily focused on the preparation of polymeric gels using UV light,
a number of subsequent reports drew inspiration from this concept with significant effort put
into developing a process that would take advantage of visible, rather than UV light. In this
vein, pioneering work was disclosed by Boyer and coworkers based on the concept of
photoinduced electron transfer (PET), wherein a RAFT-type polymerization could proceed
via visible light irradiation through the use of an appropriate photocatalyst.94 For the first
generation of PET-RAFT photocatalysts and Iridium (III) species (fac-[Ir(ppy)3]) was
chosen due its widespread utility in other areas of chemical synthesis. When irradiated with
visible light, the Ir species reaches an excited state that is able to rapidly reduce RAFT chain
transfer agents through an electron transfer process that results in the formation of an
oxidized Ir (IV) species and propagating radical species (Figure 1.13.). Following this key
step, a traditional RAFT-like process ensues to yield a range of polymeric materials with
good control. Interestingly this PET process works with a range of common chain transfer
agents, further exemplifying its versatility (Figure 1.13.).
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Figure 1.13. Proposed catalytic cycle of PET-RAFT and associated chain-transfer agents.
Adapted with permission from reference [94]. Copyright 2017, American Chemical Society.

While PET-RAFT offers a number of the same advantages as traditional RAFT,
including broad monomer scope (Figure 1.14.) and access to a range of interesting materials,
there are additional benefits that come with using a light-mediated process. First and
foremost, the polymerization can be conducted at ambient temperatures, potentially enabling
easier incorporation of more heat sensitive functionality and integration into more
biologically oriented systems. Furthermore, the use of light also eliminates the need for
exogenous radical initiators since chain transfer agents can serve a second role as radical
initiator upon activation by light. This theoretically leads to materials with more reliable and
higher fidelity chain-end functionality. Another advantage of light is the ability to externally
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Figure 1.14. List of monomers investigated: (a) methyl methacrylate (MMA), (b) methyl
acrylate (MA), (c) tert-butyl acrylate (tBuA), (d) styrene (St), (e) N,N-dimethylacrylamide
(DMA), (f) N-(2-hydrox- ypropyl) methacrylamide (HPMA), (g) N-isopropylacrylamide
(NIPAAm), (h) oligoethylene glycol methyl ether methacrylate (OEGMA), (i) oligoethylene
glycol methyl ether acrylate (OEGA), (j) isoprene, (k) vinyl acetate, (l) vinyl pivalate (VP),
(m) N-vinyl pyrolidinone (NVP), (n) dimethyl vinylphosphonate (DVP). Adapted with
permission from reference [94]. Copyright 2017, American Chemical Society.

regulate polymerization kinetics with on demand control. In essence, the polymerization can
be turned “on and off” depending on whether or not the reaction mixture is irradiated with
light. Leveraging light in this way offers interesting avenues to exert spatial and temporal
control over chain growth.
In analogous fashion to ATRP, the development of metal-free catalyst systems for
PET-RAFT remains a prominent area of research. This is in large part because controlled
polymerization techniques are becoming increasingly more prevalent in applications that are
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sensitive to metal-contamination. Following the initial disclosure of PET-RAFT using Ir
(III) photocatalysts, Boyer and coworkers demonstrated the ability to use a number of
organic photocatalyst derivatives to conduct successful PET-RAFT.95 In addition to
providing a metal-free and less toxic alternative for polymerization, many of these
photocatalysts (Figure 1.15.) are also a more economically viable alternative to their low
cost compared to Iridium-based compounds. Importantly the authors demonstrate wellcontrolled polymerization of a variety of functional methacrylate monomers using readily
available visible light sources and a commercial RAFT chain transfer agent (Figure 1.15.).

Figure 1.15. Select metal-free photocatalysts and chain transfer agent (CPADB) utilized in
organocatalyzed PET-RAFT. Adapted with permission from reference [95]. Copyright 2015,
Royal Society of Chemistry.
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An additional benefit for metal-free catalyzed PET-RAFT systems is the potential to
conduct these polymerization systems in biologically relevant systems (i.e. aqueous solution,
cells, etc) and without the need for deoxygenation. Boyer and coworkers thoroughly
highlighted the ability to use Eosin Y, an inexpensive metal-free photocatalyst, to perform
controlled polymerization without any precaution ensure an oxygen-free environment. This
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Figure 1.16. Series of plots providing support for the controlled polymerization of MMA
using Eosin Y and TEA without deoxygenation. Adapted with permission from reference
[95]. Copyright 2015, Royal Society of Chemistry.

was enabled by the addition of an appropriate amount of triethylamine (TEA) to help reduce
dissolved oxygen in solution. Following this synthetic modification, good control over the
polymerization of MMA was achieved (Figure 1.16.). This is best exemplified by the
observed linear growth in Mn as a function of conversion and low Đ throughout the duration
of polymerization. Importantly, Boyer and coworkers demonstrated high retention of chainend functionality through successful chain extension experiments to yield a variety of
diblock copolymers.

Figure 1.17. Representative illustration outlining cell surface-initiated polymerization using
PET-RAFT and corresponding cytotoxicity data showing that cells are still alive after the
polymerization process. Adapted with permission from reference [96]. Copyright 2017.
Springer Nature.
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One standout and enabling feature of PET-RAFT using metal-free catalysts is the
capacity to perform controlled polymerization in the presence of living organisms. This
concept was demonstrated in previous work from our group. The combination of using less
toxic organic photocatalysts along with mild visible light sources was exploited in an
application where controlled polymerization could be initiated from cell surfaces.96 This
concept is particularly intriguing as it has the power to potentially impact certain cellular
processes and characteristics through simple synthetic polymer design. The breakthrough in
this methodology was modifying traditional PET-RAFT conditions to have fast
polymerization kinetics. This would enable very short reaction times and help mitigate any
potential destruction of the cell. Inspired from Boyer’s initial work, a cyto-compatible PETRAFT polymerization was developed using a combination of Eosin Y and triethanolamine.
This technique was even translated to living mammalian cells, (Figure 1.17.) exemplifying
the exceedingly mild nature of this PET-RAFT protocol. While not a light-mediated
technique, a further demonstration of the mild nature of RAFT polymerization was recently
introduced by the Rowan group. They reported a unique set of conditions based on the use
of the enzyme glucose oxidase, to develop an enzyme-assisted procedure for the
polymerization of hydroxyethyl acrylate (HEA).97 This enabled for in situ degassing of the
polymerization mixture rendering the need for external deoxygenation unnecessary.
Importantly, controlled polymerization, characterized by predictable molar masses, low
dispersities and good chain-end fidelity, was obtained in a variety of complex aqueous
solutions, including, commercial alcoholic beverages and fermentation broth, and may
potentially facilitate future implementation with common light-mediated processes. This
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work sets an important precedent moving forward, as it further highlights the versatile
platform that RAFT polymerization has to offer.

Scheme 1.2. Representative schematic of aqueous RAFT polymerization process utilizing
enzyme-catalyzed degassing with glucose oxidase. Adapted with permission from reference
[97]. Copyright 2017. American Chemical Society.

The overall impact and general versatility of RAFT polymerization has facilitated a
number of key developments over the years. This includes the introduction of visible light
mediated systems catalyzed by metal complexes, followed by the implementation of organic
photocatalysts that have been utilized to grow synthetic polymers from the surface of living
cells. It is without doubt that future applications of PET-RAFT in particular, will continue to
rapidly expand to include other interdisciplinary research areas. This includes advances in
photocatalyst development. For instance, the scope of available PET-RAFT photocatalysts
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has expanded beyond simple organic catalysts to include biologically derived chlorophyllbased catalysts and activation using red light.98 A comprehensive summary of the types of
available catalysts for PET-RAFT currently available along with the monomer and chain
transfer agent scope can be found in Figure 1.18. An interesting area to note is that PETRAFT can undergo activation through multiple different mechanisms (i.e. direct photolysis,
activation via photocatalysts).98 Depending on the application at hand, the options for
multiple mechanistic pathways may provide an interesting platform for further progress and
access to value-added polymeric materials in an already burgeoning area of synthetic
polymer research. In line with this sentiment, the true potential of PET-RAFT can only be
reached if concerted effort is put towards developing more application driven utility of these
light-mediated systems. For instance, while surface-initiated processes using PET-RAFT
were successfully utilized in living cells, the possibility for surface patterning using this
technique has still not been demonstrated despite its enormous potential for gaining access
to a wider range of polymeric materials. This could also lead to broader substrates to access
a variety of different surface functionalized materials. As a closing thought, the exponential
growth PET-RAFT has seen since its introduction is testament to the many significant
advances that are still to come. In a few short years, the community has experienced the
immense power of taking a well-established technique to new heights and is a research
theme that we will undoubtedly continue to see across the broader scientific community.
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Figure 1.18. Various monomers, chain transfer agents, activators and catalysts utilized in
PET-RAFT. Adapted from reference [98]. Copyright 2016, Wiley.
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1.3.

Thesis Scope
In the subsequent chapters, the impact of light and how it has facilitated the

development of next-generation synthetic methodologies, particularly in the areas revolving
around controlled radical polymerization, will be discussed. Interestingly, much of the
inspiration of this work comes from the use of light in small molecule radical-based
reduction reactions, which is the subject of Chapter 2. An important theme to keep in mind
is that these seemingly different synthetic disciplines actually share many of the same
principles when thinking about light implementation. Chapters 3 and 4 primarily discuss the
use of an organic photocatalyst and how it has been applied to both surface-initiated and
aqueous metal-free ATRP systems. Chapters 5 and 6 move on from the topic of metal-ATRP
and discuss the success of using light in metal-free RAFT polymerization systems, including
its versatility in synthetic chain-end transformations and preparation of degradable
polymers, respectively. Chapter 7 highlights the synthesis of more functional semifluorinated polymers using light-mediated ATRP using a combination of copper catalysis
and readily accessible UV-light. Chapters 8 and 9 introduce the benefits of using light to
access functional maleimide-containing polymers using heat-sensitive polymer building
blocks and also highlight a highly efficient conjugation platform based on Diels-Alder
cycloaddition chemistry. Finally, chapter 10 provides an outlook and summary of the
importance of light in a general synthetic context, while also providing a critical view for the
many challenges that still exist when using light.
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CHAPTER 2: Radical Dehalogenations Using Metal-Free
Photoredox Catalysis
Sections of this chapter were originally published in Chemical Communications.
Reproduced from Chem. Commun. 2015, 51, 11705 with permission from The Royal
Society of Chemistry.

2.1.

Abstract
The synthetic utility of photoredox catalysis for a variety of chemical

transformations has seen exponential growth in recent years. However, current state-of-theart photocatalysts, typically based on transition metals, have inherent limitations, including
high cost, sensitivity to air, and restricted scope. In this chapter, I discuss the use of 10phenylphenothiazine (PTH) as an inexpensive, highly reducing metal-free photocatalyst for
the reduction of carbon-halogen bonds. Using this catalyst, reductive dehalogenations were
carried out on a variety of iodo, bromo, and chloro substrates with excellent yields at room
temperature and in the presence of air. This new class of organic photocatalyst opens the
door to previously inaccessible photoredox transformations.

hν"
h!

R-I
R-Br
R-Cl

PTH
mild conditions

R-H
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S

. Highly reducing
. Oxygen tolerant
. Inexpensive

PTH

Graphic abstract: Key advantages of metal-free dehalogenation platform.
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2.2.

Introduction
In recent years, photoredox chemistry has enabled the development of a wide variety

of complex synthetic transformations.1-5 These methods are based on photocatalysts which,
upon absorption of light, enter either a highly reducing or oxidizing excited state capable of
facilitating redox-based transformations. In particular, the reduction of activated carbonhalide bonds has been widely studied.6-27 However, the reduction of unactivated C-X bonds,
such as aryl-halides, has been a significantly more challenging task with only aryl iodides
and activated aryl bromides/chlorides being explored to date.10,11,28 An elegant example of
this reduction of unactivated halides was recently reported by Stephenson and coworkers,
who demonstrated the reductive deiodination of a variety of alkyl, alkenyl, and aryl iodides
using fac-Ir(ppy)3.28 The power of this photoredox approach is that it offers a more efficient
and safer alternative to traditional dehalogenation protocols involving metal-halogen
exchange, stoichiometric tin hydride and various other highly toxic reagents.
Given this promise, a number of major challenges still exist. This includes the use of
catalysts based on rare-earth transition metals such as Ru and Ir which has inherent
limitations due to the cost of the catalyst itself (~$1/mg for Ir(ppy)3),29 as well as the high
cost associated with the removal of trace metals from the desired products - critical for
applications ranging from

pharmaceuticals to microelectronics. Of perhaps greater

significance is substrate scope. While Ir(ppy)3 proved very effective for unactivated iodidebased substrates, its utility has proven to be limited in the reduction of unactivated C-Br and
C-Cl bonds, where a higher reduction potential is required.28 Finally, photoredox catalysts
typically are sensitive to the presence of oxygen, which quenches the catalyst excited state
and inhibits reaction progress. As a result, the majority of photoredox catalysts must be used
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under rigorously inert conditions, complicating reaction set-up. We therefore envisioned the
development of a highly reducing, metal-free catalyst system that is tolerant to molecular
oxygen, therefore greatly expanding the synthetic utility of photoredox chemistry.
Our group has previously employed 10-phenylphenothiazine (PTH) as an
inexpensive, metal-free catalyst for photomediated atom transfer radical polymerizations.20
In this system, PTH acts as a photoreductant in a similar manner to Ir(ppy)3 (Figure 2.1.)
with a reduction potential (E*1/2 = - 2.1 V vs. SCE) significantly higher than Ir(ppy)3 (E*1/2 =
-1.7 V vs. SCE). As a result, we envisioned that PTH could similarly be used as an
inexpensive catalyst in the photoreduction of carbon-halogen bonds, with the potential to
effect the reduction of substrates inaccessible to traditional transition-metal photocatalysts.
Highly Reducing Photoredox Catalysts

N

Ir
N

N

N

S

Ir(ppy) 3

PTH

. Expensive
. Rare-earth metal
. Less reducing
. Intolerant to air

. Inexpensive
. Metal-free
. More reducing
. Oxygen tolerant

Figure 2.1. Comparison of the main features of Ir(ppy)3 as a photoredox catalyst with 10phenyl phenothiazine.
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2.3. Experimental Discussion
2.3.1. Initial Optimization Studies
The initial test system chosen for investigation was the reduction of iodobenzene,
employing PTH as the photocatalyst, drawing inspiration from Stephenson’s studies with
Ir(ppy)3.28 After optimization of various conditions (Table 2.1.) including catalyst loading
(Table 2.2.), quantitative reduction of iodobenzene (1) to benzene (98 % yield) could be
achieved in 1 h under 380 nm LED irradiation (Table 2.3.) in the presence of 5 mol % PTH
and 5 equivalents each of tributylamine and formic acid. Significantly, the reaction was
compatible with a range of solvents as well as amine sources leading to similar yields and
reaction rates. Notably, quantitative reduction could also be achieved with catalyst loadings
as low as 0.5 mol %, albeit at a slower reaction rate, and full conversion of iodobenzene was
observed using visible light sources, such as 25 W CFLs and blue LEDs (Table 2.1.). This
demonstrates the flexibility of PTH as a photoredox catalyst platform, which was further
enhanced by the use of a commercially available N-Me phenothiazine derivative (see SI) for
the successful reduction of iodobenzene.
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Table 2.1. Optimization table using iodobenzene and PTH[a]
I

Conditions

H

2h, rt

Entry&

Condi+ons&

%&Yield&

1&

TBA(5eqv.),,HCOOH(5eqv.),in,ACN,

94&

2&

TBA(5eqv.),,HCOOH(5eqv.),in,DMA,

47&

3&

TBA(5eqv.),,HCOOH(5eqv.),in,DMF,

67&

4&

TBA(5eqv.),,HCOOH(5eqv.),in,THF,

10&

5&

TBA(5eqv.),,HCOOH(5eqv.),in,Hexane,

12&

6&

TEA(5eqv.),&HCOOH(5eqv.),in,ACN,

44&

7&

DIPEA(5eqv.),,HCOOH(5eqv.),in,ACN,

93&

8*&

Compact&Fluorescent&Lamp,,TBA(5eqv.),,
HCOOH(5eqv.),in,ACN,

45&

9*&

465&nm&LED,,TBA(5eqv.),,HCOOH(5eqv.),in,ACN&

53&

[a] Reaction conditions: Iodobenzene (1 equiv.), PTH (5 mol %), formic acid (5 equiv),
tributylamine (5 equiv), Acetonitrile (0.08 M of substrate) at room temperature for 2 h with
irradiation from 380 nm LEDs (1.8 mW/cm2) unless otherwise stated. 1H NMR yield
determined using 1,2,4,5-tetramethylbenzene as an internal standard. *24 hour reaction time
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Table 2.2. Optimization of catalyst loadings
X mol% PTH
HCOOH (5 equiv)
NBu 3 (5 equiv)

I

H

380 nm light
ACN, rt, 2h

Entry

Catalyst loading
(mol %)

Yield
(%)

1

5

> 95

2

1

90

3

0.5

85

4

0.1
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[a] Reaction conditions: Iodobenzene (1 equiv.), PTH (0.1-5 mol %), Formic acid (5
equiv.), tributylamine (5 equiv.), Acetonitrile (0.08 M of iodobenzene) at room temperature
with irradiation from 380 nm LEDs for 2 h.

Conversion tracked using 1,3,5-

trimethoxybenzene as an internal standard.

Table 2.3. Comparison of reduction capabilities of Ir(ppy)3, PDI with PTH for the reduction
of iodo- and bromobenzene.[a]
Photocatalyst
Ph-X

hν, conditions

Substrate

Time

Ph-H

Photocatalyst

Yield

PTH

98 %

Ir(ppy) 3

23 %

PDI

0%

PTH

85 %

Ir(ppy) 3

0%

PDI

0%

I

1h
1

Br

72 h
2
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[a] Reaction conditions using PTH and Ir(ppy)3: Iodobenzene or bromobenzene (1 equiv.),
PTH (5 mol %) or Ir(ppy)3 (1 mol %)29, formic acid (5 equiv) and tributylamine (5 equiv),
acetonitrile (0.08 M of substrate) at room temperature with irradiation from 380 nm LEDs
(1.8 mW/cm2). 1H NMR yield determined using 1,3,5-trimethoxybenzene or 1,2,4,5tetramethylbenzene as internal standard. Reaction conditions using PDI: Iodobenzene or
bromobenzene (1 equiv.), PDI (5 mol %), triethylamine (8 equiv), dimethylformamide (0.02
M of substrate) at 40 °C with irradiation from 465 nm LEDs (5 mW/cm2). 1H NMR yield
determined using 1,2,4,5-tetramethylbenzene as internal standard.

2.3.2 Key Control Experiments
To further validate PTH as an organic photoredox catalyst, a series of control
experiments in the absence of light, catalyst, or amine were conducted. In each case, no
reaction was observed (Table 2.4.). It was then instructive to compare the performance of
PTH with traditional photoredox systems such as Ir(ppy)3. Under the same conditions, only
23 % yield was obtained after 1 h for the reduction of iodobenzene using Ir(ppy)3 when
compared to the quantitative reduction observed for PTH (Table 2.3.). This is particularly
surprising as the 380 nm LED light source matches the excitation maximum of Ir(ppy)3 (378
nm),1 while the absorption spectrum of PTH has only a small shoulder at this wavelength
(Figure S2.2). Similarly, comparison of a perylene diimide (PDI)–based photocatalyst,
recently reported to catalyze the dehalogenation of a variety of activated aryl halides,10 also
showed no reduction of iodobenzene after 1 h.
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Table 2.4. Summary of key control experiments
I

Conditions

H

Entry&

Condi+ons&

%&Yield&

1&

NO&CATALYST,&TBA(5eqv.),,HCOOH(5eqv.),in,ACN,,2hrs,

0&

2&

NO&LIGHT,,TBA(5eqv.),,HCOOH(5eqv.),in,ACN,,2hrs,

0&

3&

NO&TBA,,HCOOH(5eqv.),in,ACN,,2hrs,

0&

4&

TBA(5eqv.),,NO&HCOOH&in,ACN,,2hrs,

71&

5&

NO&TBA,,NO&HCOOH&in,ACN,,2hrs,

0&

[a] Reaction conditions: Iodobenzene (1 equiv.), PTH (5 mol %)), formic acid (5 equiv),
tributylamine (5 equiv), Acetonitrile (0.08 M of substrate) at room temperature for 2 h with
irradiation from 380 nm LEDs (1.8 mW/cm2) unless otherwise stated. 1H NMR yield
determined using 1,3,5-trimethoxybenzene as an internal standard.

2.3.3 Substrate Scope Investigation
This increased performance encouraged the examination of PTH as a photocatalyst
for the reduction of more challenging unactivated brominated substrates, which to date has
not been accessible using photoredox catalysis. Significantly, bromobenzene was
successfully reduced in 85 % yield after 72 h (by comparison, no reaction was observed
after 72 h using Ir(ppy)3 or PDI).30 These results nicely demonstrate that the higher-energy
excited state reduction potential of PTH is necessary to activate more challenging to reduce
C-Br bonds.
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With a general protocol in place, we next set out to demonstrate the broad
applicability of PTH as a photoredox catalyst for a library of aryl iodides and bromides
including unactivated, or even deactivated derivatives (Figure 2.2.). Excellent activity was
observed with compounds containing electron-rich substituents such as 3, 4, and 5 being
dehalogenated in high yields. Additionally, achieving high fidelity reduction of substrates 4,
6, and 7 exemplifies the mildness of our protocol and its tolerance across many different
functional groups including acids, phenolic alcohols, and amines. A range of more
challenging aryl bromides (8-18) were then examined, with near quantitative conversion to
the dehalogenated product being observed for substrates 8-11. Extension to more
synthetically interesting heterocyclic aryl bromides was also observed with excellent yields
being obtained for brominated pyridine (13), benzothiazole (14), and thiophene systems (1516). Particularly noteworthy was the application of PTH for the reduction of primary alkyl
bromides (17-18), and even electron-rich aryl bromides such as 4-bromophenol (12) could
be reduced in modest yield. The use of a single set of conditions for the reduction of both
unactivated alkyl and aryl bromides further demonstrates the synthetic versatility of PTHbased organic photoredox catalysts.
Encouraged by the successful reduction of a wide range of C-Br bonds, we next
explored the reduction of activated aryl chlorides. After 24 h of irradiation time in the
presence of PTH, benzyl 4-chlorobenzoate (19) was successfully reduced, with the desired
product being isolated in 83% yield. A variety of other activated aryl chlorides were
subsequently examined with methyl benzoate, benzonitrile, and benzoic acid derivatives
undergoing dechlorination in good yields (20-22).
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is only slightly lower than that of Ir(ppy)3 (E1/2ox = 0.77 V vs.

SCE), the photoluminescence maximum of PTH (lmax = 445 nm, Figure 2.3.) is significantly
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Figure 2.3. (a) Emission spectra overlay performed at RT and 77 K. (b) Schematics for
initial oxygen tolerant investigation.

lower (Ir(ppy)3 lmax = 500 nm).1 In contrast to the triplet emission of Ir(ppy)3, the higherenergy emission from PTH is the result of fluorescence from the singlet state, with an
observed lifetime of < 3 ns (see SI). To confirm, we also measured the energy of the triplet
excited state of PTH at 77 K, and under these conditions it more closely resembled the
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energy of Ir(ppy)3 (Figure 2.3., lmax = 510 nm). This implies that fluorescence is the primary
origin of PTH’s ability to access higher energy bonds.
To probe whether the singlet excited state of PTH could be responsible for the
catalysis observed in this system, the reduction of iodobenzene was performed open to air,
with oxygen acting as an efficient triplet quencher. Under these conditions where triplet
pathways should not be operative, a 57 % yield was observed after 2 h, suggesting that the
singlet state may be the primary mode of catalysis. Further, the reaction proceeded to 90 %
yield within 15 h, and while a decrease in reaction rate was observed, it is noteworthy that
any reactivity occurs. For traditional photoredox systems, complete inhibition is expected as
the reaction pathway involves a triplet state mechanism. To further examine this feature,
control experiments were conducted using reported optimized conditions for Ir(ppy)3,27 but
in the presence of air and, as expected, no reduction of iodobenzene was observed after 2 h.
Encouraged by these results, we further examined the oxygen tolerance of PTH with a range
of substrates from each aryl halide class. Significantly, a variety of aryl iodides (3-4, 7),
bromides (10, 13), and chlorides (21) could be successfully dehalogenated in moderate to
good yields, confirming the oxygen tolerance of PTH. It should be noted that the yields
were similar in all cases to those obtained for carefully deoxygenated solutions, albeit with
slightly longer reaction times.
After observing reactivity in the presence of air, this phenomenon was further probed
by the use of a designer PTH-based catalyst functionalized with a triplet sensitizing moiety
(Figure 2.3.). In this case, conjugation with benzophenone, a well-known triplet sensitizer,
was expected to greatly increase the rate of intersystem crossing leading to an exclusive,
triplet state excited catalyst, PTH-BP. To confirm that the catalyst acted as hypothesized,
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photoluminescence spectra were obtained both at room temperature and 77 K with
luminescence observed only at 77 K, indicating that fluorescence had been completely
deactivated (Figures S2.3. & S2.4.). Use of PTH-BP for the reduction of iodobenzene under
our optimized conditions resulted in no reaction, providing further evidence for the singlet
state being the primary catalysis pathway.

2.3.5 Examining Scalability
To illustrate the scalability and facile nature of PTH as an organic photoredox
catalyst, we conducted a multigram-scale reaction in the presence of air (Scheme 2.1.). We
envisioned a very rudimentary experimental set-up with no precautions taken to ensure an
air or moisture-free environment. Using a 125-mL Erlenmeyer flask, we scaled up our
general conditions by 7000 % using benzyl 4-iodobenzoate as our substrate, and observed
98 % conversion by 1H NMR after 20 h. It is noteworthy that although the penetration of
light through the solution is a common issue in the scale-up of photochemical reactions, we
obtained the dehalogenated product in a reasonable amount of time. The reaction was
purified by column chromatography to yield the desired product in 87 % yield (1.5 g),
thoroughly demonstrating both the scalability and robustness of our protocol. Further,
during the course of purification, we were also able to isolate the PTH catalyst used in the
reaction (Figure S2.7.). This catalyst sample was then re-used in the reduction of 5, and
quantitative conversion to the desired product was observed after 1.5 h.
highlights the simplicity and inherent robustness of PTH.
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This again

Gram-scale reaction in air:
I
BnO 2C

3

PTH
NBu 3, HCOOH
380 nm light
MeCN, rt
20 h

H
BnO 2C

87 %, 1.5 g

Scheme 2.1. Dehalogenation performed on gram-scale.

2.3.6 Proposed Catalytic Mechanism
Based on these results, the following mechanism is proposed. Upon absorption of a
photon, PTH enters a highly reducing excited state, and an oxidative quenching cycle
ensues. The excited catalyst preferentially reduces the carbon-halide bond, subsequently
transforming the catalyst to an oxidized radical cation before it is reduced back to its native
form by tributylamine, completing the catalytic cycle. To provide evidence that the reaction
indeed occurs through the oxidative quenching cycle rather than reductive quenching, SternVolmer studies were conducted (Figure 2.4. & 2.5.). Upon addition of iodobenzene to a
solution of PTH, dynamic quenching was observed, implying a reductive process between
the catalyst and substrate. However, when tributylamine was added to a solution of PTH, no
decrease in photoluminescence occurred.

This suggests that PTH is not reduced by

tributylamine, and further supports that the oxidative quenching cycle is the mechanism of
our reductive dehalogenation protocol (Figure 2.6.).
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Figure 2.4. Stern-Volmer quenching study with iodobenzene (quencher) and PTH
(photocatalyst, 0.17 mM in ACN)

Figure 2.5. Emission spectra of 0.17 mM PTH solution in ACN with varying concentrations
of tributylamine

We were also interested in understanding subsequent steps of our proposed
mechanism, including the primary source of the H-atom that eventually replaces the halide.
In a series of control experiments with PTH/iodobenzene in the presence and absence of
formic acid and tributylamine, reactions conducted with no formic acid, a reagent generally
reported as a source for H-atom abstraction,7,28 did indeed lead to reduction of iodobenzene
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(71 % yield after 2 h, Table 2.4.). This suggests that in addition to serving as reducing agent
for the oxidized PTH, tributylamine may be the primary source of labile H-atoms.
Subsequent experiments with deuterated NEt3, HCOOH, and MeCN provided additional
evidence suggesting that the tertiary amine served as the primary H-atom source (see SI).
Interestingly, when deuterated formic acid was employed under the optimized conditions,
deuterium incorporation was observed in the alpha and beta positions of tributylamine,
indicating that an imine/enamine equilibrium was occurring in the reaction, with the formic
acid playing a role in regenerating the amine (Figure 2.6.).

Figure 2.6. Proposed catalytic mechanism

2.3.7 Cost per reaction basis calculations
Despite the fact that 5 mol% catalyst is typically used (of note we demonstrate that
as little as 0.5 mol% can be used), it is still ~ 1 order of magnitude cheaper than using 0.01
mol% of rare-earth derived Ir(ppy)3. This calculation is based on the following analysis:
Using prices obtained from Sigma-Aldrich, Ir(ppy)3 costs $270/250 mg or about $1.08 per
mg and the starting materials (phenothiazine and chlorobenzene) to prepare PTH (1-step
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synthesis) costs about $0.00014 per mg. Thus for a 10.0 mmol reaction the price for a 0.01
mol % Ir(ppy)3 reaction would be ~$0.71 per reaction and for 5 mol % PTH it would be
~$0.019 per reaction. In addition, as mentioned in the text of the manuscript potential
applications in biological and electronic systems would benefit from a metal-free system
where even trace amounts of metals can be potential hazardous.

2.4. Conclusion
In conclusion, we have developed a highly reducing organic photoredox catalyst
platform with broad applicability for reductive dehalogenations of aryl and alkyl iodides,
bromide and chlorides. In addition to offering an inexpensive, metal-free alternative to
current halide reductions, this approach is highlighted by a robust and facile nature with high
yields being obtained even in the presence of air. Further investigations regarding the
tunability of the catalyst, selectivity for polyhalogenated systems and its potential to open
doors for new organic transformations are currently in progress.
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2.1. Supporting Information
General Reagent Information
All reactions were carried out under an argon atmosphere unless otherwise noted.

All

commercially obtained reagents were used as received unless otherwise noted. All reactions
were performed at room temperature (ca. 23 °C), unless otherwise noted. Aryl halides 5, 19,
and 23 were prepared according to literature procedures.1,2 Aryl halides 1-4, 6-18, 20-22
were purchased from commercial sources.

Acetonitrile was purchased from Fisher

Scientific and used as received. Phenothiazine, chlorobenzene, sodium tert-butoxide,
anhydrous dioxane, fac-Ir(ppy)3, tributylamine, N,N-diisopropylethylamine, Triethylamine,
formic acid, RuPhos, 1,3,5-trimethoxybenzene, and 1,2,4,5-tetramethylbenzene were
purchased from Sigma-Aldrich and used as received. RuPhos Precatalyst (Chloro-(2Dicyclohexylphosphino-2′,6′-diisopropoxy-1,1′-biphenyl)[2-(2aminoethyl)phenyl]palladium(II) - methyl-t-butyl ether adduct) was purchased from Strem
Chemicals Inc.

General Analytical Information
Nuclear magnetic resonance spectra were recorded on a Varian 400 MHz, a Varian 500
MHz, or a Varian 600 MHz instrument. All 1H NMR experiments are reported in δ units,
parts per million (ppm), and were measured relative to the signals for residual chloroform
(7.26 ppm) in the deuterated solvent, unless otherwise stated. All

13

C NMR spectra are

reported in ppm relative to deuterochloroform (77.23 ppm), unless otherwise stated, and all
were obtained with 1H decoupling. For quantitative NMR a 15-second relaxation delay
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parameter and 1,3,5-trimethoxybenzene or 1,2,4,5-tetramethylbenzene was used as internal
standard to monitor yields, unless otherwise stated.

Light Source
LED strips (380 nm) were bought from elemental led (see www.elementalled.com) and used
as shown below (Figure S1). Reactions were placed next to the 380 nm lights under
vigorous stirring while cooling with compressed air. The light intensity was measured to be
1.8 mW/cm2.

Figure S2.1. Representative reaction set-up comprising reaction vial surrounded by 380 nm
LEDs with a tube blowing compressed air for cooling.
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Synthesis of 10-phenylphenothiazine:
Cl

H
N

2 mol % RuPhos Precat
2 mol % RuPhos
Dioxane, NaOtBu
110 °C

S

N
S

The following procedure was adopted from Maiti et al.3 To a vial armed with a magnetic stir
bar was added NaOtBu (134 mg, 1.4 mmol), phenothiazine (199 mg, 1 mmol), RuPhos
Precat (14 mg, .02 mmol, 2 mol %), and RuPhos (8 mg, 0.02 mmol, 2 mol %). The vial was
evacuated and backfilled 3x with argon before adding anhydrous Dioxane (1 mL). Lastly,
anhydrous chlorobenzene (143 mL, 1.4 mmol) was added. The vial was then placed in an
oil bath at 110 °C and let react for 5 h. The vial was then cooled to room temperature,
diluted with CH2Cl2, washed with water, brine, dried with Mg2SO4, and run through a silica
plug (5 % EtOAc/Hexanes). The product was then dried under reduced pressure to yield
267 mg of a white solid (97 % yield). 1H NMR (600 MHz, CDCl3) δ: 7.60 (t, J = 8 Hz, 2H),
7.49 (t, J = 8 Hz, 1H), 7.40 (d, J = 7 Hz, 2H), 7.02 (d, J = 8 Hz, 2H), 6.86-6.79 (m, 4 H),
6.20 (d, J = 8 Hz, 2 H) ppm.

13

C NMR (151 MHz, CDCl3) δ: 144.5, 141.2, 131.1, 130.9,

128.4, 127.0, 126.9, 122.7, 120.4, 116.3 ppm. HRMS C18H13NS Found 275.0753, Calc’d
275.0769.
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General Procedure using Ir(ppy)3 or PTH:
Photocatalyst
NBu 3, HCOOH

Ph-X

Ph-H

380 nm light
ACN, rt

A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with iodo- or bromobenzene (0.1 mmol), PTH (5 mol %) or Ir(ppy)3 (1 mol %),
formic acid (19

µL, 0.5 mmol), tributylamine (119 µL, 0.5 mmol), 1,2,4,5-

tetramethylbenzene (NMR standard, 13.4 mg, 0.1 mmol) and acetonitrile (1 mL). The
reaction mixture was degassed with three freeze-pump-thaw cycles. The vial was then
backfilled with argon and vigorously stirred in front of 380 nm LEDs while cooling with
compressed air to maintain ambient temperature. The reaction conversion was monitored by
1

H NMR.

Synthesis of PDI Photocatalyst:
NH 2
iPr
O

O

O

O

O

O

iPr
iPr O

O iPr

N

N

imidazole, 190 °C
iPr O

O iPr

PDI

The following procedure was adopted from Ghosh et al.4 To a dry 100 mL round bottomed
flask equipped with a magnetic stir bar was added perylene-3,4,9,10-tetracarboxylic
dianhydride (392 mg, 1 mmol), 2,6-diisopropylaniline (785 mL, 4.16 mmol), and imidazole
(2.9 g). The flask was immersed in an oil bath at 190 °C for 20 h. The reaction was then
stopped by cooling the flask to room temperature and adding EtOH (25 mL) and 2 M HCl
(25 mL), sonicating, and filtering. The filtrate was washed with 1:1 EtOH/HCl (2 M) and
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1:1 EtOH/H2O mixtures before purifying by silica column chromatography using
hexanes/dichloromethane (1:1 to 30:70 hexanes/dichloromethane). PDI was obtained as a
red solid (35 mg). 1H NMR (600 MHz, CDCl3) δ: 8.80 (d, J = 7.9 Hz, 4H), 8.75 (d, J = 8.0
Hz, 4H), 7.51 (t, J = 7.8 Hz, 2H), 7.36 (d, J = 7.7 Hz, 4H), 2.82 – 2.70 (m, 4H), 1.19 (d, J =
6.8 Hz, 24H) ppm.

13

C NMR (126 MHz, CDCl3) δ: 163.7, 145.9, 135.3, 132.3, 130.8,

130.4, 129.9, 127.1, 124.3, 123.7, 123.6, 29.5, 24.2 ppm. HRMS C48H42N2O4 Found
710.3129, Calc’d 710.3145.

General Procedure for using PDI:
A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with iodo- or bromobenzene (0.05 mmol), PDI (1.8 mg, 0.0025 mmol, 5 mol %),
1,2,4,5-tetramethylbenzene

(NMR

standard,

6.7

mg,

0.05

mmol)

and

N,N-

dimethylformamide (3 mL). The reaction mixture was degassed with three freeze-pumpthaw cycles. The vial was then backfilled with argon and triethylamine (56 µL, 0.4 mmol)
was added under argon before vigorously stirring in front of blue LEDs (lmax = 465 nm, 5
mW/cm2) while cooling with compressed air to maintain 40 °C. The reaction yields were
monitored by 1H NMR.

General Procedure for Figure 2.2.

R-X

5 mol % PTH
NBu 3, HCOOH
380 nm light
ACN, rt

R-H

A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with substrate (0.1 mmol), PTH (1.4 mg, 5 mol %), formic acid (19 µL, 0.5 mmol),
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tributylamine (119 µL, 0.5 mmol), 1,3,5-trimethoxybenzene (33.6 mg, 0.2 mmol) and
acetonitrile (1 mL). The reaction mixture was degassed with three freeze-pump-thaw cycles.
The vial was then backfilled with argon and vigorously stirred in front of 380 nm LEDs
while cooling with compressed air to maintain ambient temperature. The reaction yield was
monitored by 1H NMR.

General Procedure for Isolation of Dehalogenated Products of 5, 8, and 19:

R-X

5 mol % PTH
NBu 3, HCOOH
380 nm light
ACN, rt

R-H

A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with substrate (0.2 mmol), PTH (2.8 mg, 5 mol %), formic acid (38 µL, 1 mmol),
tributylamine (238 µL, 1 mmol), and acetonitrile (2 mL). The reaction mixture was degassed
with three freeze-pump-thaw cycles.

The vial was then backfilled with argon and

vigorously stirred in front of 380 nm LEDs while cooling with compressed air to maintain
ambient temperature. The reaction conversion was monitored by 1H NMR, and stopped by
opening the reaction to air. The acetonitrile was removed in vacuo before redissolving in
ethyl acetate and washing with 2 M HCl. The aqueous layer was washed again with ethyl
acetate, and the organic layers were combined and washed with 1 M NaCO3, brine, and
dried over Mg2SO4. The solvent was removed in vacuo and the resulting mixture was
purified by silica gel column chromatography eluting with 99:1 hexane:ethyl acetate.
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I

PTH
NBu 3, HCOOH
380 nm light
ACN, rt

BnO 2C

3

H
BnO 2C

Benzyl benzoate (5): Spectral data matched that of commercially available reagents (see
Sigma-Aldrich). 1H NMR (600 MHz, CDCl3) δ: 8.09 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 7.5
Hz, 1H), 7.45 (m, 4H), 7.40 (t, J = 7.4 Hz, 2H), 7.35 (t, J = 7.3 Hz, 1H), 5.37 (s, 2H) ppm.
13

C NMR (126 MHz, CDCl3) δ: 166.6, 136.3, 133.2, 130.4, 129.9, 128.8, 128.6, 128.5,

128.4, 66.9 ppm. HRMS C14H12O2 Found 212.0830, Calc’d 212.0837.
MeO 2C

Br

CO 2Me

PTH
NBu 3, HCOOH

MeO 2C

380 nm light
ACN, rt

H

CO 2Me

8

Dimethyl Isophthalate (8): Spectral data matched that of commercially available reagents
(see Sigma-Aldrich). 1H NMR (600 MHz, CDCl3) δ: 8.69 (s, 1H), 8.23 (d, J = 7.8 Hz, 1H),
7.54 (t, J = 7.8 Hz, 1H), 3.95 (s, 6H) ppm.

13

C NMR (126 MHz, CDCl3) δ: 166.5, 134.0,

131.0, 130.8, 128.8, 52.6 ppm. HRMS C10H10O4 Found 194.0573, Calc’d 194.0579.
Cl
BnO 2C

19

PTH
NBu 3, HCOOH
380 nm light
ACN, rt

H
BnO 2C

Benzyl benzoate (19): Spectral data matched that of commercially available reagents (see
Sigma-Aldrich). 1H NMR (600 MHz, CDCl3) δ: 1H NMR (600 MHz, CDCl3) δ: 8.09 (d, J =
7.6 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 7.45 (m, 4H), 7.40 (t, J = 7.4 Hz, 2H), 7.35 (t, J = 7.3
Hz, 1H), 5.37 (s, 2H) ppm.
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Dehalogenation Using Commercially Available Catalyst:

I

Commercially available catalyst:

MePTH
NBu 3, HCOOH
380 nm light
ACN, rt
45 h

H

Me
N

79 %

S

MePTH

A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with iodobenzene (11.2 mL, 0.1 mmol), MePTH (1.1 mg, 5 mol %), formic acid (19
µL, 0.5 mmol), tributylamine (119 µL, 0.5 mmol), 1,2,4,5-tetramethylbenzene (13.4 mg, 0.1
mmol) and acetonitrile (1 mL). The reaction mixture was degassed with three freeze-pumpthaw cycles. The vial was then backfilled with argon and vigorously stirred in front of 380
nm LEDs while cooling with compressed air to maintain ambient temperature. The reaction
yield was monitored by 1H NMR.

Figure S2.2. Absorbance spectrum of PTH (0.17 mM in ACN) recorded on a Shimadzu
3600 UV-Vis-NIR spectrometer
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Lifetime measurements:
PTH (0.17 mM in ACN) lifetime measurements were performed using Time-Correlated
Single Photon Counting (TCSPC) technique. Approximately 200 femtosecond (fs)
excitation pulses with wavelength 380 nm and ~10 pJ energy were generated by doubling
the fundamental frequency of fs Ti:Sapphire laser (Coherent Mira 900) pulses in a
commercial optical harmonic generator (Inrad). The laser repetition rate was reduced to 2
MHz by a homemade acousto-optical pulse picker in order to avoid saturation of the
chromophore. TCSPC system is equipped with an ultrafast microchannel plate
photomultiplier tube detector (Hamamatsu R3809U-51) and electronics board (Becker &
Hickl SPC-130) and has instrument response time about 60-65 picoseconds. Triggering
signal for the TCSPC board was generated by sending a small fraction of the laser beam
onto a fast (400 MHz bandwidth) Si photodiode (Thorlabs Inc.). Fluorescence signal was
dispersed in Acton Research SPC-500 monochromator after passing through a pump
blocking, long wavelength-pass, autofluorescence-free, interference filter (Omega Filters,
ALP series). The monochromator is equipped with a CCD camera (Roper Scientific PIXIS400) allowing for monitoring of the time-averaged fluorescence spectrum.

A biexponential decay of the emission at 450 nm was observed to be t1 = 0.81 ns (54 %) and
t2 = 2.3 ns (46 %).
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Synthesis of PTH-BP:
O
O

Br
H
N

RuPhos

S

RuPhos Precat
Dioxane, NaOtBu
110 °C

N
S

PTH-BP

To a 10 mL round-bottom flask with stir bar and condenser was added phenothiazine (0.5 g,
2.5 mmol), m-bromobenzophenone (0.78 g, 3.0 mmol), RuPhos (5.9 mg, 0.013 mmol),
RuPhos Precatalyst (10.3 mg, 0.013 mmol) and sodium tert-butoxide (0.29 g, 3.0 mmol).
The flask was evacuated and backfilled with argon three times before 2.5 mL degassed 1,4dioxane was added. The mixture was heated to 110 ºC for 1 hour, then cooled to room
temperature and partitioned between EtOAc and water. The EtOAc layer was washed twice
more with water and once with brine, then the organic layer was dried with MgSO4, filtered,
and concentrated. The product was recrystallized from EtOAc/hexanes to give 727 mg PTHBP as a yellow solid (76% yield) 1H NMR (600 MHz, CDCl3) δ 7.92 (d, J = 7.6 Hz, 1H),
7.84 (d, J = 7.6 Hz, 2H), 7.72 (t, J = 7.6 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.61 (t, J = 7.6
Hz, 1H), 7.50 (t, J = 8.2 Hz, 2H), 7.08 (d, J = 7.6 Hz, 2H), 6.93 (t, J = 8.2 Hz, 2H), 6.87 (t, J
= 7.6 Hz, 2H), 6.34 (d, J = 8.2 Hz, 2H) ppm; 13C NMR (150 MHz, CDCl3) δ 195.6, 143.8,
141.5, 140.2, 137.1, 134.0, 132.7, 131.3, 130.7, 130.0, 129.2, 128.4, 127.1, 129.9, 123.0,
121.6, 116.9 ppm; HRMS (ESI) calculated for C25H17NNaOS [M+Na]+: 402.0923, found
402.0919.
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PTH-BP Photoluminescence at Room Temperature and 77 K:

Figure S2.3. Comparison of photoluminescence between PTH (0.17 mM in ACN) and BPPTH (0.17 mM in ACN), giving evidence for no singlet state emission

Figure S2.4. Photoluminescence of PTH-BP (0.17 mM in ACN) at 77 K, showing triplet
emission
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Dehalogenation Procedure in the Presence of Air:
A vial equipped with a magnetic stir bar and fitted with a screw cap was charged with
substrate (0.1 mmol), PTH (1.4 mg, 5 mol %), formic acid (19 µL, 0.5 mmol), tributylamine
(119 µL, 0.5 mmol), 1,2,4,5-tetramethylbenzene (13.4 mg, 0.1 mmol) and acetonitrile (1
mL). Without degassing, the reaction mixture was vigorously stirred in front of 380 nm
LEDs while cooling with compressed air to maintain ambient temperature. The reaction
yield was monitored by 1H NMR.
Note: Iodobenzene was first tested using the above procedure, observing 90 % yield in 16 h
with a capped vial. To be sure that the catalyst could operate in an “infinite” amount of
oxygen, the reaction was also run continuously open to air and 90 % yield was observed
after 15 h.

Procedure for Radical Cyclization:
Br

PTH
NBu 3, HCOOH

O

380 nm light
ACN, rt

23

O

47 %, 72 h
24

A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with 23 (0.1 mmol), PTH (1.4 mg, 5 mol %), formic acid (19 µL, 0.5 mmol),
tributylamine (119 µL, 0.5 mmol), 1,3,5-trimethoxybenzene (33.6 mg, 0.2 mmol) and
acetonitrile (1 mL). The reaction mixture was degassed with three freeze-pump-thaw cycles.
The vial was then backfilled with argon and vigorously stirred in front of 380 nm LEDs
while cooling with compressed air to maintain ambient temperature. The reaction yield was
monitored by 1H NMR.
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Deuterated Studies:
PTH
D15-TEA, HCOOH

O
O
I

O

O

+

O

380 nm light
ACN, rt
2h

H

O
D

85%
to

~ 1

4

D15-TEA: A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum
was charged with methyl 4-iodobenzoate (0.1mmol), PTH (5 mol %), formic acid (19 µL,
0.5 mmol), D15-triethylamine (80 µL, 0.5 mmol), 1,3,5-trimethoxybenzene (33.6 mg, 0.2
mmol) and acetonitrile (1 mL). The reaction mixture was degassed with three freeze-pumpthaw cycles. The vial was then backfilled with argon and vigorously stirred in front of 380
nm LEDs while cooling with compressed air to maintain ambient temperature. The reaction
yield was monitored by 1H NMR.
PTH
NBu 3, DCOOD

O
O
I

O

O
O

380 nm light
ACN, rt
2h

+

H

O
D

~ 17

94%
to

3

DCOOD: A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum
was charged with methyl 4-iodobenzoate (0.1 mmol), PTH (5 mol %), D2-formic acid (19
µL, 0.5 mmol), tributylamine(119 µL, 0.5 mmol), 1,3,5-trimethoxybenzene (33.6 mg, 0.2
mmol) and acetonitrile (1 mL). The reaction mixture was degassed with three freeze-pumpthaw cycles. The vial was then backfilled with argon and vigorously stirred in front of 380
nm LEDs while cooling with compressed air to maintain ambient temperature. The reaction
yield was monitored by 1H NMR.
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PTH
NBu 3, HCOOH

O
O
I

O

O
O

380 nm light
D 3-ACN, rt
2h

+

H

O
D

97%
to

~ 99

1

D3-ACN: A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum
was charged with methyl 4-iodobenzoate (0.1mmol), PTH (5 mol %), D2-formic acid (19
µL, 0.5 mmol), tributylamine (119 µL, 0.5 mmol), 1,3,5-trimethoxybenzene (33.6 mg, 0.2
mmol) and acetonitrile (1 mL). The reaction mixture was degassed with three freeze-pumpthaw cycles. The vial was then backfilled with argon and vigorously stirred in front of 380
nm LEDs while cooling with compressed air to maintain ambient temperature. The reaction
yield was monitored by 1H NMR.

PTH
NBu 3, DCOOD

O
O
I

O

O
O

380 nm light
D 3-ACN, rt
2h

+

H

O
D

~ 17

77%
to

1

DCOOD and D3-ACN: A vial equipped with a magnetic stir bar and fitted with a teflon
screw cap septum was charged with methyl 4-iodobenzoate (0.1mmol), PTH (5 mol %), D2formic acid (19 µL, 0.5 mmol), tributylamine (119 µL, 0.5 mmol), 1,3,5-trimethoxybenzene
(33.6 mg, 0.2 mmol) and D3-acetonitrile (1 mL). The reaction mixture was degassed with
three freeze-pump-thaw cycles. The vial was then backfilled with argon and vigorously
stirred in front of 380 nm LEDs while cooling with compressed air to maintain ambient
temperature. The reaction yield was monitored by 1H NMR.
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PTH
D15-TEA, DCOOD

O
O

O
O

380 nm light
ACN, rt
2h

I

O

H

+
75%
to

~ 1

O
D

19

D15-TEA and DCOOD: A vial equipped with a magnetic stir bar and fitted with a teflon
screw cap septum was charged with methyl 4-iodobenzoate (0.1mmol), PTH (5 mol %), D2formic acid (19

µL, 0.5 mmol), D15-triethylamine (80 µL, 0.5 mmol), 1,3,5-

trimethoxybenzene (33.6 mg, 0.2 mmol) and acetonitrile (1 mL). The reaction mixture was
degassed with three freeze-pump-thaw cycles. The vial was then backfilled with argon and
vigorously stirred in front of 380 nm LEDs while cooling with compressed air to maintain
ambient temperature. The reaction yield was monitored by 1H NMR.
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Figure S2.5. Deuterium NMR (in CH2Cl2) of reaction mixture (see above, DCOOD) at 0 h
and 2 h, showing deuterium incorporation at the alpha and beta position of tributylamine
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Figure S2.6. Comparison of 1H and deuterium NMR of reaction mixture (see above,
DCOOD) after 2 h to confirm that deuterium is incorporated in the alpha and beta positions
of tributylamine

Preparative Scale Reaction Conducted in Air:
I
BnO 2C

3

PTH
NBu 3, HCOOH
380 nm light
ACN, rt
20 h

H
BnO 2C

87 %, 1.5 g

To a 125mL Erlenmeyer flask equipped with a magnetic stir bar was added benzyl 4iodobenzoate (2.37 g, 7.0 mmol), PTH (96.4 mg, 0.35 mmol, 5 mol %), formic acid (1.32
mL, 35 mmol), tributylamine (8.32 mL, 35 mmol), and acetonitrile (70 mL). The flask was
capped with a rubber septum and was stirred vigorously while irradiating with 380 nm LEDs
and cooling with compressed air for 20 hours. The acetonitrile was removed in vacuo
before redissolving in ~100mL of ethyl acetate and washing with ~100mL of 2M HCl.
After extracting the aqueous layer with ethyl acetate (100 mL), the organic layer was
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combined and washed with 1 M NaCO3 (100 mL) and brine before drying with Na2SO4. The
solvent was removed in vacuo and the resulting mixture was purified by silica gel column
chromatography eluting with 99:1 hexanes:ethyl acetate to give 1.486g of a pale yellow
liquid (87%).
Recycled catalyst: 56 mg of PTH was isolated and purity was confirmed by 1H and C13
NMR. 1H NMR (600 MHz, DMSO) δ: : 6.86 (t, J = 6.9 Hz, 2H), 6.73 (t, J = 12 Hz, 1H),
6.61 (d, J = 7.7 Hz, 2H), 6.27 (d, J = 7.5 Hz, 2H), 6.12 (t, J = 7.8 Hz, 2H), 6.05 (t, J = 7.5
Hz, 2H), 5.35 (d, J = 8.2 Hz, 2H) ppm.

13

C NMR (101 MHz, DMSO) δ: 143.7, 140.4,

131.2, 130.4, 128.6, 127.4, 126.8, 122.9, 119.5, 116.2 ppm.
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Figure S2.7. 1H NMR in DMSO of the isolated PTH after preparative scale reaction
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Reductive Dehalogention Using Recycled PTH:
I
BnO 2C

Recycled PTH
NBu 3, HCOOH
380 nm light
ACN, rt
1.5 h

H
BnO 2C

100%

A vial equipped with a magnetic stir bar and fitted with a teflon screw cap septum was
charged with benzyl 4-iodobenzoate (33.8 mg, 0.1 mmol), PTH (1.4 mg, 5 mol %), formic
acid (19 µL, 0.5 mmol), tributylamine (119 µL, 0.5 mmol), 1,2,4,5-tetramethylbenzene
(13.4 mg, 0.1 mmol) and acetonitrile (1 mL). The reaction mixture was degassed with three
freeze-pump-thaw cycles. The vial was then backfilled with argon and vigorously stirred in
front of 380 nm LEDs while cooling with compressed air to maintain ambient temperature.
The reaction yield was monitored by 1H NMR.
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CHAPTER 3: Photomediated Surface-Initiated Metal-Free Atom
Transfer Radical Polymerization
Sections of this chapter were originally published in ACS Macro Letters. Reproduced with
permission from ACS Macro Lett. 2016, 5, 2, 258-562. Copyright 2016 American Chemical
Society.

3.1.

Abstract
The development of an operationally simple, metal-free surface-initiated atom

transfer radical polymerization (SI-ATRP) based on visible light-mediation is reported. The
facile nature of this process enables the fabrication of well-defined polymer brushes from
flat and curved surfaces using a “bench top” set-up that can be easily scaled to four-inch
wafers. This circumvents the requirement of stringent air-free environments (i.e. glovebox),
and mediation by visible light allows for spatial control on the micron-scale, with complex
three-dimensional patterns achieved in a single step.

This robust approach leads to

unprecedented access to brush architectures for non-experts.

Graphical abstract: Illustrative rendering of metal-free SI ATRP.
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3.2.

Introduction
Surface-initiated polymerizations are a powerful and widely-utilized approach to the

preparation of robust and functional polymer surfaces.1 Significant advances in this area
have been enabled by the development of controlled radical polymerization strategies,
including nitroxide mediated polymerization (NMP),2 reversible addition-fragmentation
chain transfer polymerization (RAFT),3 and atom transfer radical polymerization (ATRP).4
These methods allow a wide variety of brush structures with controllable thickness and
composition, including block copolymer structures to be prepared.5 Access to these diverse
architectures has led to numerous applications in areas such as antifouling coatings,6-8 drug
delivery,7 stimuli-responsive materials,9 and nanoporous membranes.10 Until recently, the
fabrication of patterned polymer brushes has required advanced techniques such as electronbeam lithography,11,12 interference lithography,13 and microcontact printing,14,15,16 to
spatially localize initiating species. Recently, methods such as surface-initiated
electrochemical ATRP (eATRP)17-20 have been reported by several groups as versatile
alternatives to traditional surface patterning procedures. While these techniques offer
notable improvements in the field, they also pose certain challenges, including delayed
response time for complete deactivation, requirement for copper-based catalysts, and the
lack of easy access to arbitrarily patterned surfaces.21
In addressing these challenges, our group reported a light-mediated ATRP process
using an Ir-based photoredox catalyst22-24 to spatially and temporally control polymer brush
synthesis from uniformly functionalized initiating layers.25 The key to the success of this
method is the use of light as a mild, non-invasive stimulus for selective polymer growth,
allowing access to three-dimensional nanostructures in a single step. While this process
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provides a significant advance in patterned polymer brush fabrication, the need for a metal
catalyst remains problematic for a number of applications in areas such as microelectronics
and bio-inspired materials.26,27 Heavy metal-based marine antifouling coatings serve as a
prime example, as bioaccumulation of released metal ions in the environment is known to
harm wildlife.28,29 As a result, significant effort has been exerted to develop systems with
decreased catalyst loadings30-32 as well as improved post-process purification of trace
metals.33-35 Additionally, the very high cost of Ir(ppy)3 ($1080/g) coupled with rigorous
deoxygenation procedures (multiple freeze-pump-thaw steps), make implementation on a
large scale impractical and therefore greatly hinder their development and application.36

3.3. Experimental Discussion
3.3.1. Investigation of Polymerization Kinetics
Drawing inspiration from recent developments in photocontrolled living radical
polymerizations,37 such as phenothiazine-based metal-free ATRP,38 and its observed oxygen
tolerance in small molecule dehalogenations,39 we sought to develop a metal-free, bench top
system for the preparation of surface-tethered polymer brushes. This straightforward
procedure involves the use of a modified petri dish with a covering glass slide, allowing for
top-down irradiation of surfaces (Figure 3.1.b. & S3.3.). Well-defined single layer patterns,
gradient structures, and block copolymer architectures are readily available using traditional
binary and/or grayscale photomasks. The use of irradiation from commercially available
light sources, including compact fluorescent lamps (CFLs) and even natural sunlight, further
simplifies this process.
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Table 3.1. Film thicknesses using 0.1, 0.5, and 1.0 mol % PTH and 405 nm light
in glovebox
O
O

O
O
O Si
O

9

Me

Me

O

Me

Br

O

Me

405 nm light,
X mol % PTH, DMA, rt

O
O Si
O

0.1 mol%

9

O

Me

Br

n

Me

Me CO 2Me

0.5 mol%

Time (hr)

Brush height (nm)

0.5

2.5 ± 0.8

1

8.0 ± 0.5

2

23.0 ± 2.1

4

32.0 ± 1.6

1.0 mol%
Time (hr)

Brush height (nm)

0.5

4.7 ± 0.7

1

14.4 ± 1.2

2

36.3 ± 0.9

4

56.0 ± 2.3

To understand the potential of this method, preliminary optimization experiments
varying the catalyst loading were conducted and resulted in successful brush growth in all
cases (Table 3.1.) when performed in a glovebox atmosphere. Importantly, when kinetic
experiments were conducted to track the relationship between brush height and irradiation
time (Figure 3.1.) using a bench top glass chamber, linear growth was observed. Using
silicon substrates uniformly functionalized with α-bromoisobutyrate-based initiators, a series
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of polymerizations to prepare poly(methyl methacrylate) (PMMA) brushes were performed
using irradiation with visible light (λ = 405 nm) at a range of intensities for varied lengths of
time (Figure 3.1.). After thorough washing, thicknesses were measured using optical
reflectometry, and a linear relationship between brush height and irradiation time was
observed for each of the intensities investigated. As a control, an analogous series of
experiments using 1.1 µW/cm2 intensity light were performed in an inert glovebox
environment, yielding comparable results to the bench top system (Table 3.1.).

Figure 3.1. (a) Chemical scheme and conditions for metal-free ATRP using αbromoisobutyrate-based initiator functionalized silicon substrates. (b) Illustration of surfaceinitiated, metal-free ATRP (c) Plot of brush height as a function of irradiation time using
varied light intensities in bench top chamber.
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Table 3.2. Film thicknesses measured by optical reflectometry for surface polymerizations
using bench top chamber and 405 nm light (Corresponds to values in Figure 3.1.c.)

Time (hr)

Brush

Brush

Brush

thickness

thickness

thickness

(nm)

(nm)

0.5 µW/cm

2

1.1 µW/cm

(nm)
2

4.8 µW/cm2

0.5

1.2 ± 1.0

4.4 ± 0.4

12.3 ± 1.8

1

4.8 ± 0.6

11.4 ± 1.4

28 ± 1.1

2

14.3 ± 0.9

25.9 ± 1.7

49.1 ± 1.9

3

21.2 ± 1.4

35.1 ± 1.6

67.6 ± 2.7

4

33.1 ± 1.4

48.8 ± 1.7

92.1 ± 2.5

3.3.2. Preparation of Block Copolymer Brushes
After observing a linear increase in brush height, the ability of phenothiazinemediated SI-ATRP to grow diblock copolymers was explored. Thus, a uniform PMMA
brush was first prepared under optimized conditions and measured to be 30 nm. Following
this, a diblock copolymer was synthesized via chain extension with 2,2,2-trifluoroethyl
methacrylate (TFEMA) (Figure 3.2.). Optical reflectometry measurements indicated an
increase in overall brush thickness of approximately 26 nm, suggesting retention of active
chain ends. Moreover, characterization by X-ray reflectivity (XRR) revealed a collapse of
refractive fringes (Figure 3.2.b inset) corresponding to thicknesses that match those obtained
by optical reflectometry. Scattering length densities (Figure 3.2.) were fitted via a three- and
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four-layer model for the PMMA homopolymer and diblock copolymer brushes respectively,
further confirming the increase in brush thickness after block copolymer formation.
Additional characterization by X-ray photoelectron spectroscopy (XPS) reaffirmed diblock
copolymer composition, with the emergence of a fluorine –CF3 peak at 292.72 eV (Figure
3.2.c). These results suggest that chain extension is achievable when performing bench top
ATRP with N-phenyl phenothiazine as catalyst.

Figure 3.2. (a) Metal-free SI-ATRP preparation of uniform diblock copolymers via chain
extension of PMMA, with brush heights measured by optical reflectometry. (b) X-ray
reflectivity (XRR) data illustrates increase in film thickness from initial block. Raw data and
fitting are shown in inset. (c) X-ray photoelectron spectroscopy (XPS) plots show
emergence of characteristic signals of covalently bound fluorine found in the PTFEMA
block.
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3.3.3. Patterning of Polymer Brushes
A profound advantage of light-mediated surface polymerization is the ability to exert
direct spatial control over brush growth using readily available photomasks with arbitrary
patterns.40 Using the bench top set-up, a binary photomask containing discrete line features
with spacings down to 2 µm (Figure 3.3. & S3.5.), as well as various polygonal structures
down to 1 µm, was placed over a silicon substrate and irradiated using optimized conditions.
After three hours, well-defined patterning was observed by optical microscopy.
Characterization by AFM revealed highly uniform patterning for 1 µm features (Figure 3.3.c
& d). Experiments were then conducted using a gray-scale photomask to demonstrate the
facile production of complex gradient structures (Figure 3.4.). A well-defined gradient was
observed, exemplifying the ability of metal-free SI-ATRP to prepare arbitrary patterns on
surfaces.

In order to further highlight the capabilities of the bench top set-up, a

polymerization was then conducted under natural sunlight. With no additional precautions,
the reaction was performed by placing the apparatus in direct sunlight for four hours, and
after thorough washing, well-defined patterns were observed (Figure 3.3.). This offers a
significant advantage over previous light-mediated systems, which were limited to the
glovebox, and further demonstrates the modularity and ease of phenothiazine-mediated,
metal-free SI-ATRP.
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Figure 3.3. (a) Binary photomasks enable one-step patterning. (b) Optical micrograph of
micron-scale line features (2-10 mm) (c) AFM image of 1 mm features and (d)
Corresponding AFM height profile. (e) Polymerization using sunlight and (f) Optical
micrograph of patterned 2 µm features (See SI for set-up).

Figure 3.4. Optical micrograph of patterned gradient PMMA square using bench top
apparatus
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3.3.4. Polymerization from Commercial Scale Wafers
As an additional example of modularity, we investigated the application of this
methodology to a larger scale surface (i.e. four-inch diameter silicon wafer). This use is of
particular interest as there are few reports of using SI-ATRP for polymer brush synthesis on
large-scale wafers.41 When reported, these methods do not allow for well-defined spatial
control. Using the bench top chamber, an initiator functionalized four-inch wafer was
patterned using a binary photomask with irradiation from a commercially available compact
fluorescent lamp (Figure S3.6.). Arbitrary micron scale patterns, as well as mm-scale
patterns were all obtained in a single step (Figure 3.5.), reaffirming the potential of metalfree SI-ATRP for large-scale wafer applications.

Figure 3.5. (a) Photograph of large area patterning in a single step of a four-inch wafer
using a binary photomask. (b) Optical micrographs of patterned arbitrary features. Scale bars
are 200 µm.
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3.3.5. Access to Complex Brush Architectures
For patterning diblock copolymer architectures, the ability to achieve selective
initiation from existing homopolymer brushes is particularly powerful as it enables the
fabrication of diverse, spatially defined structures. Much like the experiments used to obtain
uniform diblocks, analogous experiments were conducted using a binary photomask
containing various micron scale features. First, a uniform homopolymer layer of 38 nm was
prepared using 2-(methylthio)ethyl methacrylate (MTEMA) as the monomer. After washing,
a subsequent chain extension experiment was conducted using TFEMA with irradiation
through a binary photomask to achieve high-fidelity PMTEMA-b-PTFEMA diblock
copolymer patterns. In addition to characterization by optical microscopy, dynamic
secondary ion mass spectrometry (SIMS) was implemented to chemically map the patterned
brush surface (Figure 3.6.). Indeed when the 19F signal was scanned, a micron-scale pattern
of the PTFEMA layer can be clearly observed. Moreover, an inverse pattern is obtained
when scanning for the 32S signal found in the starting PMTEMA brush (19F containing layer
masks the underlying 32S signal). As a 12C reference scan of the entire brush region shows a
continuous brush layer, the patterning must be due to presence of domains of fluorinated
blocks on an underlying brush layer as depicted graphically in Figure 3.6.a. Furthermore,
analogous SIMS results were obtained for patterned PMMA-b-PTFEMA copolymer brushes
(Figure S3.9.), demonstrating that efficient patterning occurs for a number of polymer
systems. This data thoroughly supports the ability to achieve high fidelity spatially
controlled re-initiation of chain ends with metal-free SI-ATRP.
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Figure 3.6. (a) Schematic of PMTEMA-b-PTFEMA patterned surfaces (b) Dynamic
secondary ion mass spectroscopy (SIMS) image of patterned fluorine signal from PTFEMA
(c) SIMS image of patterned sulfur signal from PMTEMA

3.3.6. Polymerization from Spherical Substrates
Encouraged by the results obtained on silicon wafers, it was next sought to extend
metal-free SI-ATRP to curved surfaces, such as silica nanoparticles. The field of surface
modification of nanoparticles with polymer brushes has seen growing interest due to the
resulting properties of well-defined core-shell architectures, with applications in optics,
magnetics, electronics, and drug delivery.7,42 We envisioned potentially furthering the scope
of these applications by taking advantage of a metal-free approach to these materials, as well
as offering a system that would not require tedious purification steps.
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Figure 3.7. (a) ATR-FTIR showing the emergence of the carbonyl signal at 1725 cm-1 for
PMMA functionalized SiO2 nanoparticles versus bare and initiator functionalized particles.
(b) TEM of bare SiO2 nanoparticles (c) TEM image of PMMA functionalized core-shell
SiO2 nanoparticles. (d) Magnification of PMMA functionalized SiO2 nanoparticles (Scale
bars are 200 nm unless otherwise noted).

To illustrate the versatility of this approach and the ability to grow brushes from
particle surfaces in solution, commercially available silica nanoparticles were functionalized
with α-bromoisobutyrate based ATRP initiators. The nanoparticles were subsequently
subjected to light-mediated, solution-based conditions in the presence of N-phenyl
phenothiazine as catalyst. After four hours of irradiation, the particles were purified via
rigorous washing and centrifugation steps. Next, attenuated total reflectance – Fourier
transform infrared (ATR-FTIR) spectroscopy was used to analyze and compare the PMMA
functionalized particles to the bare and initiator bound particles. The results for the SiO2PMMA nanoparticles showed the emergence of a peak at 1725 cm-1, representative of
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carbonyl groups present in the PMMA backbone (Figure 3.7.). Moreover, transmission
electron microscopy (TEM) was used to image the dried SiO2 nanoparticles, and a clear
PMMA shell was observed (Figure 3.7.), the thickness of which correlates with the mass
loss obtained by TGA (Figure 3.8.). Thermogravimetric analysis (TGA) of the polymer
grafted nanoparticles compared to the started bare and initiator functionalized nanoparticles
clearly showed a greater weight loss for the PMMA functionalized nanoparticles. A control
experiment using bare nanoparticles was run simultaneously under identical polymerization
conditions to support that grafting of polymers is only observed with nanoparticles
functionalized with initiators. A 29.7% weight loss was observed for the PMMA
functionalized nanoparticles modestly correlating to a calculated weight loss of
approximately 20% based on diameters obtained by dynamic light scattering for the bare
nanoparticles (384 nm), and core-shell diameters measured by TEM (approximately 435
nm). The error could be due to the significantly smaller sample size of dry core-shell
measurements obtained from TEM. Subsequent analysis of cleaved polymers by 1H NMR,
and size exclusion chromatography (SEC) also further supported the presence of PMMA
(Figure S3.10.). These results are promising preliminary evidence showing the versatility of
visible light-mediated SI-ATRP for the synthesis of polymer brushes across a wide range of
surfaces and reaction conditions.
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Figure 3.8. TGA data depicting greater weight loss when compared to bare, control, and
initiator functionalized nanoparticles.

3.4. Conclusion
In conclusion, a robust and versatile bench top method for the fabrication of surfacetethered polymer brushes using light-mediated, metal-free ATRP on both wafers and
nanoparticles has been demonstrated. Utilizing an inexpensive organic phenothiazine-based
photocatalyst in combination with a simplified bench top reaction chamber and readily
available visible light sources, spatially controlled brush growth was demonstrated, even on
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large 4-inch wafer surfaces. Investigation of monomer scope and extension of synthetic
versatility of this system for the preparation of increasingly complex functional materials on
a wide array of surfaces has been taken on by another graduate student in the group.
Interestingly, it has been demonstrated that the use of a benchtop chamber is not necessary
at all when increasing the photocatalyst loading up to 5.0 mol%.
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Supporting Information
General reagent information
All reactions were carried out under an argon atmosphere unless otherwise noted.

All

commercially obtained reagents were used as received unless otherwise noted. All reactions
were performed at room temperature (ca. 23 °C), unless otherwise noted. For
polymerizations, N,N-dimethylacetamide (DMA), were purchased from Sigma-Aldrich. The
methyl

methacrylate,

2,2,2-trifluoroethyl

methacrylate,

and

2-(methylthio)ethyl

methacrylate were filtered through a plug of basic alumina before use. For the phenylphenothiazine (PTH) synthesis, phenothiazine (98%), chlorobenzene (99.8%), sodium tertbutoxide (99.9%), anhydrous dioxane, and RuPhos, were purchased from Sigma-Aldrich
and used as received. RuPhos Precatalyst (Chloro-(2-Dicyclohexylphosphino-2′,6′diisopropoxy-1,1′-biphenyl)[2-(2-aminoethyl)phenyl]palladium(II) - methyl-t-butyl ether
adduct) was purchased from Strem Chemicals Inc. For the preparation of uniformly
functionalized silicon wafers, pyridine, ω- undecylenyl alcohol, trichlorosilane, and
Karstedt’s catalyst (in xylene, Pt ~2%) were purchased from Sigma-Aldrich and used as
received. For the polymer functionalization of silica nanoparticles, 0.5 micron silicon oxide
powder was purchased from Alfa Aesar and methyl isobutyl ketone was purchased from
Fisher Scientific.
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General analytical information
Nuclear magnetic resonance spectra were recorded on a Varian 600 MHz instrument. All 1H
NMR experiments are reported in δ units, parts per million (ppm), and were measured
relative to the signals for residual chloroform (7.26 ppm) in the deuterated solvent, unless
otherwise stated. Film thicknesses were measured with a Filmetrics F20 optical
reflectometer (RIPMMA = 1.485) and for copolymer structures, High resolution X-ray
reflectivity was collected using a Rigaku Smartlab High-Resolution Diffractometer with a
4x Ge (220) monochromator and a Cu Kα X-ray source (λ = 1.54 Å), Optical micrographs
were taken with a Nikon Elipse E600 microscope. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Kratos Axis Ultra Spectrometer (Kratos Analytical,
Manchester, U.K.) with a monochromatic Aluminum Kα X-ray source (1486.6 eV) operating
at 225 W under a vacuum of 10-8 Torr. Dynamic Secondary Ion Mass Spectrometry (SIMS)
imaging was performed using a Cameca IMS 7f system (Cameca SAS, Gennevilliers,
France). A 10kV Cs+ ion beam and 5 kV negative sample potential were used, for a total
impact energy of 15 kV. The approximate film-etching rate during imaging was 4 Å min-1.
The films were sufficiently thin that no sample coating or electron bombardment were
needed for charge neutralization. Tapping mode AFM experiments were performed using a
MFP-3D system (Asylum Research, Santa Barbara, CA). The measurements were conducted
using commercial Si cantilevers (AppNano). The height and phase images were acquired
simultaneously at the set point ratio A/A0=0.8, where A and A0 are the “tapping” and “free”
cantilever amplitudes, respectively. Attenuated total reflectance- Fourier transform infrared
(ATR-FTIR) spectra were recorded on a Perkin Elmer Spectrum 100 FT/IR and are reported
in terms of frequency of absorption (cm-1). Transmission electron microscopy (TEM)
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images were obtained with an FEI Tecnai G2 Sphera microscope. Size exclusion
chromatography (SEC) was performed on a Waters Alliance HPLC System, 2695 separation
module with combined Wyatt DAWN HELEOS-II light scattering/Wyatt Optilab rEX
refractive index detectors. Thermogravimetric analysis (TGA) was performed on a
Discovery series TGA using a ramp rate of 10°C/min to 700°C. Photomasks containing
rectangles of 2.5 µm x 25 µm were purchased from Photronics, Inc. A HEBS5N grayscale
lithography calibration mask was obtained from Canyon Materials, Inc. and contained
regions of different features. A more detailed description of the features can be found at
http://www.canyonmaterials.com/descrip_cal_hebs5n.html

Light sources
LED collimated lights (405 nm) were bought from Thor Labs used as shown in Figure S3.3.
Reactions were placed approximately 1.5 cm below light source both in glovebox and bench
top set-ups.

More details on ordering can be found at the following link:

http://www.thorlabs.us/navigation.cfm
An HDX Double-Brite Pro Grade 26-Watt Fluorescent Work Light was purchased from The
Home Depot.

Synthesis of 10-phenylphenothiazine:
Cl

H
N
S

2 mol % RuPhos Precat
2 mol % RuPhos
Dioxane, NaOtBu
110 °C
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N
S

The following procedure was adopted from Maiti et al.1 To a vial armed with a magnetic stir
bar was added NaOtBu (134 mg, 1.4 mmol), phenothiazine (199 mg, 1 mmol), RuPhos
Precat (14 mg, .02 mmol, 2 mol %), and RuPhos (8 mg, 0.02 mmol, 2 mol %). The vial was
evacuated and backfilled 3x with argon before adding anhydrous dioxane (1 mL). Lastly,
anhydrous chlorobenzene (143 µL, 1.4 mmol) was added. The vial was then placed in an oil
bath at 110 °C and let react for 5 h. The vial was then cooled to room temperature, diluted
with CH2Cl2, washed with water, brine, dried with Mg2SO4, and run through a silica plug (5
% EtOAc/Hexanes). The product was then dried under reduced pressure to yield 267 mg of
a white solid (97 % yield). 1H NMR (600 MHz, CDCl3) δ: 7.60 (t, J = 8 Hz, 2H), 7.49 (t, J =
8 Hz, 1H), 7.40 (d, J = 7 Hz, 2H), 7.02 (d, J = 8 Hz, 2H), 6.86-6.79 (m, 4 H), 6.20 (d, J = 8
Hz, 2 H) ppm.

13

C NMR (151 MHz, CDCl3) δ: 144.5, 141.2, 131.1, 130.9, 128.4, 127.0,

126.9, 122.7, 120.4, 116.3 ppm. HRMS C18H13NS Found 275.0753, Calc’d 275.0769.

Synthesis of uniformly functionalized alkyl bromide silicon surfaces

O
Br

Br
Me

Me

O

2-bromoisobutyryl bromide
OH

undec-10-enol

Pyridine, THF

Br

O
Me

Me

Undec-10-en-1-yl 2-bromo-2-methylpropanoate A 25 mL Schlenk flask was equipped
with a magnetic stir bar and a rubber septum, evacuated and backfilled with nitrogen three
times, and charged with undec-10-enol (1.1 mL, 6.25 mmol), pyridine (525 µL, 6.63 mmol),
and dry tetrahydrofuran (25 mL). 2-bromoisobutyryl bromide (775 µL, 6.25 mmol) was then
added dropwise to the reaction mixture over 10 min. The solution was stirred overnight at
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room temperature and then diluted with hexane, washed with 1N HCl, dried with MgSO4
and concentrated in vacuo. The crude product was purified using flash chromatography on
silica gel (25 : 1 hexanes : ethyl acetate) to provide the title compound as a colorless oil. 1H
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Figure S3.1. 1H NMR spectrum of alkene-terminated alkyl bromide initiator.
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11-(Trichlorosilyl)undecyl 2-bromo-2-methylpropanoate

O
Br

O
Me

Me

O

HSiCl 3
Karstedt's Catalyst

Cl3Si

Br

O
Me

Me

A 10 mL Schlenk flask was equipped with a magnetic stir bar and rubber septum, evacuated
and backfilled with nitrogen three times, and charged with undec-10-en-1-yl 2-bromo-2methylpropanoate (1.35 g, 4.2 mmol), trichlorosilane (4.2 mL, 42.6 mmol) and a solution of
Karstedt’s catalyst in xylenes (5 µL, 2 wt% Pt in xylenes). The solution was stirred at room
temperature for 3 hours until completion as monitored by 1H NMR. The reaction mixture
was then concentrated under reduced pressure to give the title compound as a clear oil. The
compound was used without further purification. 1H NMR spectrum matched literature
values.2
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Figure S3.2. 1H NMR spectrum of trichlorosilyl alkyl bromide initiator precursor.

Attachment of alkyl bromide initiator to surface
O
Cl3Si

9

Br

O
Me

Me

OH

Et 3N, Toluene

O
O

Si
R2

9

Br

O
Me

Me

Silicon substrates with 100 nm of oxide were purchased from Silicon Quest International.
The substrates were cut into approximately 1.5 cm X 1.5 cm squares and cleaned by
sonication in acetone, followed by isopropyl alcohol before treatment in an oxygen plasma
chamber for 20 minutes. The wafers were then placed in petri dishes and covered with 30
mL of a solution containing 125 µL of 11-(trichlorosilyl)undecyl 2-bromo-2methylproanoate in 250 mL of dry toluene (0.05% v/v) and 50 µL of dry triethylamine. The
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petri dishes were covered under a blanket of nitrogen and allowed to react overnight. Upon
completion, the functionalized substrates were rinsed thoroughly with toluene followed by
ethanol to remove residual triethlyamine salts. The wafers were dried with a jet stream of
nitrogen and stored at room temperature in plastic wafer trays.

Irradiation time vs. Brush height experiments – Performed in bench top chamber
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The catalyst/monomer solution was then pipetted onto an initiator functionalized silicon
wafer until completely covered. A glass coverslip was then placed on top of the wafer,
forming a thin layer of solution between the coverslip and wafer. A glass slide greased on
the edges was placed over the chamber and apparatus was purged with argon for 5 minutes,
and left under a positive pressure of argon before placing approximately 1.5 cm below the
405 nm light source (Figure S2). Each sample was irradiated for 0.5, 1, 2, 3, or 4 hours at an
intensity of 0.5 µW/cm2, 1.1 µW/cm2, or 4.8 µW/cm2 before removing from the chamber and
placing in a vial of dichloromethane. Each wafer was then thoroughly washed in a soxhlet
extractor with refluxing dichloromethane overnight before drying with a stream of nitrogen.
The film thicknesses for each sample were measured with a Filmetrics F20 optical
reflectometer.
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Figure S3.3. Representative surface polymerization using bench top apparatus with 405 nm
collimated light.

Irradiation time vs. Brush height experiments – Performed in glovebox
O
O

O
O
O Si
O

9

Br

O
Me

Me
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0.5 mol % PTH, DMA, rt

O
O
O Si
O
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O

Me

Br

n

Me

Me CO 2Me

A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The solution was degassed via 3 freeze-pump-thaw cycles and back-filled with argon before
bringing into a nitrogen atmosphere glovebox. The catalyst/monomer solution was then
pipetted onto an initiator functionalized silicon wafer until completely covered. A glass
coverslip was then placed on top of the wafer, forming a thin layer of solution between the
coverslip and wafer, and placed approximately 1.5 cm below the 405 nm light source (as
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shown in Figure S2). Each sample was irradiated at an intensity of 1.1 µW/cm2 for 0.5, 1, 2,
and 4, hours before removing from the glovebox and placing in a vial of dichloromethane.
Each wafer was then thoroughly washed in a soxhlet extractor with refluxing
dichloromethane overnight before drying with a stream of nitrogen. The film thicknesses for
each sample were measured with a Filmetrics F20 optical reflectometer. Resulting film
thicknesses are shown below (Figure S4).

Figure S3.4. Film thicknesses for surface polymerizations in glovebox using 405 nm light
demonstrating linear growth as a function of irradiation time up until 4 hours

Preparation of uniform PMMA layer

– Performed in bench top chamber using

natural sunlight
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The catalyst/monomer solution was then pipetted onto an initiator functionalized silicon
wafer until completely covered. A glass coverslip was then placed on top of the wafer,
forming a thin layer of solution between the coverslip and wafer. A glass slide greased on
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the edges was placed over the chamber and apparatus was purged with argon for 5 minutes,
and left under a positive pressure of argon before sealing and placing outdoors on the 5th
floor of the California Nanosystems Institute (CNSI) parking garage for 4 hours. The wafer
was then removed from the apparatus and rinsed with DCM before thoroughly washing in a
soxhlet extractor with refluxing DCM overnight. The wafer was dried with a stream of
nitrogen and measured using a Filmetrics F20 optical reflectometer to have a film thickness
of 11.3 ± 0.7 nm.
Note: Control experiment in sunlight containing no catalyst yielded no increase in brush
height.

Fabrication of (PMMA-b-PTFEMA) diblock copolymers – Performed in bench top
chamber:
PMMA first block:
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The catalyst/monomer solution was directly used without degassing. An alkyl bromide
initiator functionalized silicon wafer was placed inside the bench top apparatus and the
catalyst/monomer solution was then pipetted onto the wafer until completely covered. A
glass coverslip was then placed on top of the wafer to form a thin layer of solution in
between the coverslip and wafer. A glass slide greased on the edges was placed over the
chamber and apparatus was purged with argon for 5 minutes, and left under a positive
pressure of argon before placing approximately 1.5 cm below the 405 nm light source. The
wafer was irradiated for 2 hours before quenching in the dark by placing in a vial of DMA.
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The wafer was then further rinsed with DCM, and split in half with one half thoroughly
washed in a soxhlet extractor with refluxing DCM overnight before drying with a stream of
nitrogen. The film thickness for the sample was measured to be 31.4 ± 1.7 nm by optical
reflectometry.

TFEMA second block:
A 1-dram vial was charged with PTH (3.9 mg, 0.014 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free 2,2,2-trifluoroethyl methacrylate (2.80
mmol, 400 µL). The catalyst/monomer solution was directly used without degassing. An
alkyl bromide initiator functionalized silicon wafer was placed inside the bench top
apparatus and the catalyst/monomer solution was then pipetted onto the wafer until
completely covered. A glass coverslip was then placed on top of the wafer to form a thin
layer of solution in between the coverslip and wafer. A glass slide greased on the edges was
placed over the chamber and apparatus was purged with argon for 5 minutes, and left under
a positive pressure of argon before placing approximately 1.5 cm below the 405 nm light
source. The sample was irradiated for 7 hours before placing in a vial of DCM. The wafer
was then thoroughly washed in a soxhlet extractor with refluxing DCM overnight before
drying with a stream of nitrogen. Measurements by optical reflectometry indicate an
increase in brush height to 57.5 ± 2.7 nm.

Patterned (PMMA) brushes – Performed in bench top chamber:
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
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The catalyst/monomer solution was directly used without degassing. An alkyl bromide
initiator functionalized silicon wafer was placed inside the “bench top” apparatus and the
catalyst/monomer solution was then pipetted onto the wafer until completely covered. A
glass coverslip was then placed on top of the wafer to form a thin layer of solution in
between the coverslip and wafer. A binary photomask containing line and hexagonal
features, was greased on the edges and placed over the chamber flush with the substrate and
the apparatus was purged with argon for 5 minutes, and left under a positive pressure of
argon before placing approximately 1.5 cm below the 405 nm light source. The wafer was
irradiated for 2 hours before removing from apparatus and placing in a vial of DCM. The
wafer was then thoroughly washed in a soxhlet extractor with refluxing DCM overnight
before drying with a stream of nitrogen. The experiment was repeated using a photomask
with transparent rectangles measuring 2.5 µm X 25 µm. Optical micrographs of the resulting
brush structures are shown below.
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Figure S3.5. Polymerization set-up and resulting optical micrographs of patterned PMMA
features using bench top apparatus and binary photomasks containing hexagonal patterns
and 2.5 x 25 µm rectangles

Gradient (PMMA) brushes – Performed in bench top chamber:
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The catalyst/monomer solution was directly used without degassing. An alkyl bromide
initiator functionalized silicon wafer was placed inside the “bench top” apparatus and the
catalyst/monomer solution was then pipetted onto the wafer until completely covered. A
glass coverslip was then placed on top of the wafer to form a thin layer of solution in
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between the coverslip and wafer. A grayscale, photomask containing gradient squares of
varying optical densities was greased on the edges and placed over the chamber flush with
the substrate and the apparatus was purged with argon for 5 minutes, and left under a
positive pressure of argon before placing approximately 1.5 cm below the 405 nm light
source. The wafer was irradiated for 3 hours before removing from apparatus and placing in
a vial of DCM. The wafer was then thoroughly washed in a soxhlet extractor with refluxing
DCM overnight before drying with a stream of nitrogen. Brush thickness measurements
obtained by profilometry and an optical micrograph of the resulting brush structures are
shown in Figure 3.4.

Patterned (PMMA) brushes – Performed in bench top chamber using compact
fluorescent lamp (CFL):
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The catalyst/monomer solution was directly used without degassing. An alkyl bromide
initiator functionalized silicon wafer was placed inside the “bench top” apparatus and the
catalyst/monomer solution was then pipetted onto the wafer until completely covered. A
glass coverslip was then placed on top of the wafer to form a thin layer of solution in
between the coverslip and wafer. A binary photomask with transparent rectangles measuring
2.5 µm X 25 µm was greased on the edges and placed over the chamber flush with the
substrate. The apparatus was purged with argon for 5 minutes, and left under a positive
pressure of argon before placing approximately 7 cm below the CFL. The wafer was
irradiated for 3 hours before removing from apparatus and placing in a vial of DCM. The
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wafer was then thoroughly washed with DCM before drying with a stream of nitrogen. An
optical micrograph of the resulting brush structures is shown below.

Figure S3.6. Optical micrograph of patterned PMMA rectangles using bench top apparatus
and binary photomask containing 2.5 x 25 µm features irradiating with CFL

Patterned (PMMA) brushes – Performed in bench top chamber in natural sunlight:
A 1-dram vial was charged with PTH (5.2 mg, 0.019 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free methyl methacrylate (3.74 mmol, 400 µL).
The catalyst/monomer solution was directly used without degassing. An alkyl bromide
initiator functionalized silicon wafer was placed inside the “bench top” apparatus and the
catalyst/monomer solution was then pipetted onto the wafer until completely covered. A
glass coverslip was then placed on top of the wafer to form a thin layer of solution in
between the coverslip and wafer. A binary photomask, containing line and hexagonal
features, was greased on the edges and placed over the chamber flush with the substrate and
the apparatus was purged with argon for 5 minutes. At this time the apparatus was brought
outdoors to the 5th floor of the California Nanosystems Institute (CNSI) parking garage and
allowed to sit in the natural Santa Barbara sunlight for 3 hours. The wafer was then removed
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from the apparatus and thoroughly rinsed with DCM before drying with a stream of
nitrogen.

Figure S3.7. Optical micrographs of patterned PMMA features using natural sunlight

Patterning of wafer-scale (four-inch) surface using compact fluorescent lamp larger
bench top chamber:
A stock solution containing 27.5 mg of PTH (0.100 mmol) in 535 µL of DMA was prepared.
The same vial was charged with inhibitor-free MMA (2.1 mL, 20 mmol) to form the
monomer/catalyst solution (0.5 mol % catalyst to MMA). A uniformly initiator
functionalized silicon substrate measured to be four-inches in diameter was placed in a
modified big chamber, and the monomer/catalyst solution was pipetted onto the wafer until
completely covered. A binary photomask obtained from the California Nanosystems
Institute containing arbitrary figures was then placed on top of the solution to form a thin
layer in contact with the substrate. At this time, a piece of glass large enough to cover the
entire diameter of the chamber was greased on the edges and placed over the rim of the
chamber to ensure a good seal. The chamber was then purged for 10 minutes with argon
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before irradiating with 2 CFLs placed approximately 5 cm above the reaction chamber. The
chamber was left under a slight positive pressure of argon for the duration of the
reaction. After irradiating for 5 hours, the light was turned off and the photomask was
removed from the wafer followed by repeated rinsing with DCM. The wafer was
subsequently placed in a large beaker filled with DCM and sonicated for 10 minutes in order
to remove any physically adsorbed polymer from the surface. The pattern appeared to be
visible after thorough rinsing.
The wafer was viewed using optical microscopy using Nikon E600 microscope and regions
large enough for optical reflectometry were measured.
Note: Images were processed using color filters available on Powerpoint.

Figure S3.8. Larger bench top chamber used for wafer-scale surface polymerization

Patterned (PMTEMA-b-PTFEMA) block copolymer brushes using bench top
chamber:
2-(methylthio)ethyl methacrylate (MTEMA) first layer: A 1-dram vial was charged with
PTH (3.9 mg, 0.014 mmol, 0.5 mol % to monomer), N,N-dimethylacetamide (100 µL), and
inhibitor-free 2-(methylthio)ethyl methacrylate (430 µL, 2.8 mmol). The catalyst/monomer
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solution was directly used without degassing. An alkyl bromide initiator functionalized
silicon wafer was placed inside the “bench top” apparatus and the catalyst/monomer solution
was then pipetted onto the wafer until completely covered. A glass coverslip was then
placed on top of the wafer to form a thin layer of solution in between the coverslip and
wafer. A glass slide greased on the edges was placed over the chamber and apparatus was
purged with argon for 5 minutes, and left under a positive pressure of argon before placing
approximately 1.5 cm below the 405 nm light source. The wafer was irradiated for 2 hours
before quenching in the dark by placing in a vial of DMA. The wafer was rinsed thoroughly
with DCM before drying with a stream of nitrogen. The thickness of the film was measured
to be 38.3 ± 1.8 nm by optical reflectometry.

PTEFMA patterned second layer:
A 1-dram vial was charged with PTH (3.9 mg, 0.014 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free 2,2,2-trifluoroethyl methacrylate (2.80
mmol, 400 µL). The catalyst/monomer solution was directly used without degassing. A
silicon wafer uniformly functionalized with a PMMA layer (27 nm) was placed inside the
“bench top” apparatus and the catalyst/monomer solution was then pipetted onto the wafer
until completely covered. A photomask with transparent rectangles measuring 2.5 µm X 25
µm was then placed on top of the wafer to form a thin layer of solution in between the
photomask and wafer, before placing approximately 1.5 cm below the 405 nm light source.
The sample was irradiated for 2 hours before removing from apparatus and placing in a vial
of DCM. The wafer was rinsed thoroughly with DCM before drying with a stream of
nitrogen.
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Patterned (PMMA-b-PTFEMA) block copolymer brushes using bench top chamber:
A 1-dram vial was charged with PTH (3.9 mg, 0.014 mmol, 0.5 mol % to monomer), N,Ndimethylacetamide (100 µL), and inhibitor-free 2,2,2-trifluoroethyl methacrylate (2.80
mmol, 400 µL). The catalyst/monomer solution was directly used without degassing. A
silicon wafer uniformly functionalized with a PMMA layer (27 nm) was placed inside the
“bench top” apparatus and the catalyst/monomer solution was then pipetted onto the wafer
until completely covered. A photomask with transparent rectangles measuring 2.5 µm X 25
µm was then placed on top of the wafer to form a thin layer of solution in between the
photomask and wafer, before placing approximately 1.5 cm below the 405 nm light source.
The sample was irradiated for 2 hours before placing in a vial of DCM. The wafer was
rinsed thoroughly with DCM before drying with a stream of nitrogen. An optical micrograph
and SIMS of the resulting diblock copolymer is shown below. The experiment was repeated
using a photomask containing arbitrary shapes.

Figure S3.9. Optical micrograph and SIMS mapping of patterned (PMMA-b-PTFEMA)
block copolymer brushes
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Functionalization of silica nanoparticles:
The following procedure was adopted from a literature procedure.3 To a 40 mL scintillation
vial equipped with a magnetic stir bar, a silica dispersion (5.2 g of 30 wt % SiO2 in methyl
isobutyl ketone (MIBK)) was added and fitted with a reflux condenser. The solution was
stirred vigorously before adding 0.60 mL of 11-(chlorodimethylsilyl)undecyl 2-bromo-2methylpropanoate ATRP initiator, followed by refluxing overnight. Hexamethyldisilazane
(HMDZ) (0.60 mL, 2.7 mmol) The mixture was then divided and transferred to smaller
centrifuge tubes and centrifuged at 12,000 rpm for 30 minutes. The supernatant of methyl
ether ketone was decanted and the resulting nanoparticles were re-dispersed and washed
with ethanol before centrifuging again at 12,000 rpm for 30 minutes. The washing process
was repeated twice. The remaining solvent was removed in vacuo and the nanoparticles
were dried under high vacuum.

Polymerization of MMA from silica nanoparticles:
Approximately 100 mg of functionalized nanoparticles were added to a 1-dram vial
equipped with a stir bar. A solution consisting of 13.8 mg of PTH (0.5 mol % to MMA),
267 µl of DMA, and 1.1 mL of inhibitor free MMA was then prepared and added to a 1dram vial containing the functionalized nanoparticles. The vial was then bubbled with argon
for 10 minutes before irradiating at an intensity of 4.8 µW/cm2 with 405 nm light for 4
hours. The nanoparticle solution was then diluted in chloroform and centrifuged at 10,000
rpm for 30 minutes and the chloroform was decanted leaving behind a white solid. The
remaining solids were redispersed in chloroform and the washing process was repeated 5
times to ensure removal of any free PMMA from the solution. The remaining chloroform
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was removed in vacuo and the nanoparticles were dried overnight under high vacuum. The
particles were analyzed by TGA and ATR-FTIR.

Degrafting of PMMA-functionalized silica nanoparticles
Approximately 20 mg of PMMA functionalized nanoparticles was added to a 1-dram vial
equipped with a magnetic stir bar and dispersed in 0.5 mL of tetrahydrofuran (THF). At this
time, 0.4 mL of 1.0 M tetrabutylammonium fluoride (TBAF) in THF solution was added and
the reaction was left to stir at 50 °C for 24 hours. The reaction mixture was subsequently
diluted with methanol, centrifuged at 5000 rpm and the supernatant was decanted, leaving
behind a white solid. This process was repeated twice. The remaining solids were redissolved in chloroform and centrifuged at 10,000 rpm for 30 minutes, and the supernatant
containing degrafted PMMA was collected, dried, and analyzed by SEC (Mn=110,000
Đ=1.5) and 1H NMR. Grafting densities based on brush thicknesses and experimental Mn
were calculated to be approximately 0.16 chains nm-2.
(a)
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(b)

Figure S3.10. (a) 1H NMR of PMMA degrafted from SiO2 – PMMA nanoparticles (b) SEC
trace of degrafted polymer
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CHAPTER 4: Investigating Potential for Aqueous Metal-Free
ATRP
4.1.

Abstract
We envisioned building on the success of our groups report on the first metal-free

atom transfer radical polymerization.1 This polymerization procedure was enabled by the
use of phenyl phenothiazine (PTH) and irradiation with commercial light sources. The
inherently tunable nature of the phenothiazine scaffold offered a unique opportunity to
explore the possibility of synthesizing a suitable water-soluble analog that could be used in
an aqueous controlled polymerization process. By gaining access to such catalyst
derivatives, we could probe the possibility of performing metal-free ATRP in aqueous
solution and thereby significantly increase the breadth and utility of this synthetic procedure,
in an analogous manner to Cu-catalyzed systems.2-6

4.2.

Introduction
The ability to perform controlled radical polymerization in aqueous media using

metal catalysts has often been regarded as one of the grand challenges in polymer synthesis,
mainly due to its inexpensive and environmentally friendly characteristics.7 While great
progress has been made in this area over the years, especially in the area of RAFT
polymerizations,8 there are certain inherent challenges that come with adapting traditional
ATRP to aqueous systems, including deleterious chain-end hydrolysis9 and catalyst
deactivator dissociation,5 all of which work against key mechanisms that enable
polymerization control.2 Indeed, while recent reports highlighting the success of coppercatalyzed ATRP systems in aqueous media holds promise for moving closer to more
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seamless integration into biological settings, the Achilles heel of currently reported aqueous
ATRP systems in the presence of residual metal catalysts.10 One way to possibly address this
challenge would be the merging of metal-free ATRP with aqueous Cu-catalyzed ATRP. By
looking into the key requirements of both techniques, we identified a unique opportunity to
potentially develop an aqueous and metal-free catalyzed ATRP process. The ability to
achieve a polymerization technique would undoubtedly open new opportunities for utility in
applications sensitive to organic solvents and residual metals. Unfortunately, as will be
discussed in the following section, while polymerization was observed, the polymerization
process we examined was largely uncontrolled despite continued efforts to improve control.
This chapter will focus on key experiments that highlight our initial attempts at developing
this process and will hopefully provide insight for future approaches to overcoming this
significant challenge.

4.3.

Experimental Discussion

4.3.1. Initial comparison of PTH and PTH-PC
Due to previous expertise of phosphocholine chemistry of a group member, a
phenothiazine catalyst derivative with a pendant zwitterionic phosphocholine moiety (PTHPC) was synthesized and characterized (Figure 4.1.). The catalyst was then immediately
screened as a potential metal-free photocatalyst. Initial tests simply replacing PTH with
PTH-PC for the controlled polymerization of methyl methacrylate in N,N-dimethyl
acetamide (DMA) showed promise as the results closely matched those previously reported
in our groups. Next, polyethylene glycol methyl methacrylate (PEGMA) was used as a
potential water-soluble model monomer system since the overarching goal in mind was to

130

synthesize a water-soluble polymer from water compatible monomer families. Initial tests
for the polymerization of PEGMA using DMA as the optimized solvent showed promise.
Side by side reactions using PTH and PTH-PC were set up and both yielded comparable
results suggesting that polymerization of this monomer class was controlled when using
DMA as the solvent (Table 4.1. and 4.2.).
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Figure 4.1. Structure and 1H NMR showing purity of PTH-PC
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Table 4.1. Initial results comparing polymerization of PEGMA (MW 300g/mol) using PTH
in organic media
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Table 4.2. Initial results comparing polymerization of PEGMA (MW 300g/mol) using PTHPC in organic media

4.3.2. Aqueous co-solvent investigation
With these initially promising results, analogous experiments were set up but this
time using a co-solvent system consisting of 50:50 DMA:H2O (Table 4.3.). From the outset,
two distinct changes were observed. The rate of polymerization increased relative to that of
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just using pure DMA, and control of the polymerization was lost, with the experimental Mn
substantially deviating from the theoretical or targeted value. Moreover, dispersities of
around 2 were observed, providing further evidence that control was lost with the
introduction of water. At this point, a number of experiments were conducted to try and
troubleshoot the loss of control. This included varying catalyst loadings and overall
concentration of the system. These changes, however, ultimately still resulted in a lack of
polymerization control. We also wanted to investigate how lowering the temperature might
affect control as it has been shown with different monomer systems such as Nisopropylacrylamide,11 but difficulties in reaching the desired temperature simultaneously
with our photochemical set-up prevented us from doing so in a practical and reliable
manner. At this point, the amount of water used as a cosolvent was investigated. When
reducing the amount of water in the system to a 90:10 DMA:H2O cosolvent. Although the
results seemed slightly better than with the 50:50 system, loss of control was still observed,
suggesting that our proposed polymerization conditions are sensitive to even minor
adjustments or deviations from those optimized in pure DMA (Table 4.4.).

Table 4.3. Initial results showing polymerization of PEGMA in 50:50 DMA:H2O
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Table 4.4. Initial results showing polymerization of PEGMA in 90:10 DMA:H2O

Figure 4.2. Proposed mechanism of metal-free ATRP and areas for possible complications
when adapted to an aqueous system.

134

4.3.3. Aqueous co-solvent investigation
At this point, the potential for achieving controlled polymerization of PEGMA in
pure water was investigated. This decision was made since the overall impact of the work
would ultimately not be impactful using a cosolvent system. To do this, two water-soluble
initiators 2-hydroxyethyl 2-bromoisobutyrate (HEBIB) and α-bromophenylacetic acid
(EBPAA) were examined for the polymerization of PEGMA in pure water. As with previous
experiments, control studies were conducted to see if these initiators would work under
optimized conditions with PTH and DMA. We found that both systems exhibited some
control as shown in Table 4.5. However, it appeared as if the control with the acetic acid
initiator was not optimal even in DMA, so the decision was made to go with HEBIB as the
initiator. Experiments were then conducted in pure water. Initial results with control
experiments (without catalyst, initiator, and light) were positive in that the expected results
were observed. In the case of no initiator, uncontrolled gelation occurred (Figure 4.3.),
whereas a system that included initiator did not result in gelation.
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Table 4.5. Results comparing water-soluble initiators
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However, when performing polymerizations in what we envisioned would be optimal
conditions, only uncontrolled polymerization was observed, further confirming the
observations from the cosolvent conditions. The experimental Mn was consistently higher
than the targeted value and dispersities were also comparable to that of a simple free radical
system. Further, it should be noted that peak shapes from SEC often looked asymmetric
usually with significant tailing, suggesting the abundance of unwanted intermolecular chainchain coupling and termination.

Table 4.6. Initial results showing uncontrolled polymerization of PEGMA in H2O
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Figure 4.3. Image showing uncontrolled gelation occurs without initiator

4.3.4. Precautions to help gain control
We then sought to minimize these unwanted termination events by moving to a more
dilute system much like those reported by Matyjaszewski when performing aqueous copperbased ATRP.12 Another way they are able to achieve controlled polymerization of PEGMA
is by using an excess of bromide salt in the system. This prevents the unwanted dissociation
of the Copper (II) halide complex that acts as the deactivator in the copper system. Drawing
from these conditions, we decided to perform these polymerizations under more dilute
conditions and by also having an excess of salt in the system.
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Figure 4.4. Experimental results comparing addition of bromide salt and no salt

Unfortunately a number of experiments varying the dilution (from 187 to 750 mM
monomer concentration) and salt concentrations up to 30 mM, as reported in the paper, did
not show any improvement in control (Figure 4.4.). Just as with the conditions using a
higher concentration of monomer and no salt, broad dispersities were observed and targeted
molecular weights at a number of different conversions could not be reached. This is in
agreement with previous reports describing the ineffectiveness of salt additives for metalfree ATRP systems.13,14 Though worth trying, these results are not surprising since we were
operating under the assumption that the mechanism of PTH controlled radical
polymerization was the same with that of copper. These experiments suggest that we simply
cannot address the deactivation challenge with the addition of excess halide salts. In an
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additional attempt to gain control, the critical micellar concentration (CMC) of PTH-PC was
determined using dynamic light scattering (DLS) (Figure 4.5.). The CMC was found to be
approximately 0.27 mM, which is a concentration much lower than our initially screened
catalyst concentrations. We therefore found it appropriate to run a test polymerization below
the CMC to determine what, if any affect this may have on the control. It was observed that
although the rate appeared to have slowed down, there was no overall improvement in
control. The results obtained were very similar to that of polymerizations run above the
CMC, with broad dispersities and molecular weights well above the intended targets (Table
4.6.). From these preliminary tests, it was concluded that using a catalyst concentration
below the CMC did not improve polymerization control. It should also be noted that the
decrease in rate can most likely be attributed to the very small amount of catalyst present
and the corresponding decrease in excitation events.
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Figure 4.5. DLS measurements depicting the CMC of PTH-PC.
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0.7

Table 4.7. Initial polymerization results when using catalyst concentrations below the
measured CMC.

4.4.

Conclusion
In summary, we have explored the possibility of expanding the PTH-mediated,

metal-free ATRP method developed in our group to a fully aqueous system. Although the
PTH scaffold offered for a relatively easily tunable system, we were unable to achieve the
same level of control as with the optimized PTH system in DMA. Interestingly, we observed
that PTH-PC worked comparably to PTH in DMA, suggesting that the photoredox
properties are likely not the cause for uncontrolled polymerization, but rather the solvent
itself. In house screening of several different solvents other than DMA supports this
hypothesis. This suggests that a complex interaction between PTH and DMA that is not well
understood is of mechanistic significance. Furthermore, these experiments shed light on the
necessity to first understand how the DMA solvent interaction enables controlled
polymerization before exploring the possibility of using alternative solvents such as water.
We nonetheless feel this exploration highlights the ease in which you can simply modify the
phenothiazine framework towards a specific need. This type of synthetic tunability is not as
intuitive with metal-based photocatalysts such as Iridium and is one of the main reasons why
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we wanted to investigate the potential of using a PTH derivative in pure water. Importantly,
very recent reports show that metal-free ATRP may be possible in an aqueous system, albeit
through a mechanistically different cycle.15 An additional example shows some promise
with surface-initiated systems using PTH.16 Nevertheless, it is only through continued effort
in this research area that a reliable and controlled process in aqueous environments can be
achieved.
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CHAPTER 5: Facile Chain-End Modification of Controlled
Polymers Using Light and Metal-Free Conditions
Sections of this chapter were originally published in Chemical Communications.
Reproduced from Chem. Commun. 2017, 53, 1888-1891 with permission from The Royal
Society of Chemistry.

5.1.

Abstract
This section highlights the development of a metal-free strategy for the chain-end

modification of RAFT polymers utilizing visible light. By turning the light source on or off,
the reaction pathway can be switched from either complete desulfurization (hydrogen chainend) or cleavage (thiol chain-end). The versatility of this process is exemplified by
application to a wide range of polymer backbones under mild, quantitative conditions using
commercial reagents.

Graphical abstract: Illustration showing divergent pathways for chain-end modification
based on exposure to light
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5.2.

Introduction
Controlled radical polymerization (CRP) strategies, including atom transfer

(ATRP)1, nitroxide-mediated,2 and reversible addition-fragmentation chain transfer (RAFT)
processes,3 are prevalent in both academia and industry for the preparation of well-defined
polymers. RAFT polymerization is one of the most versatile CRP methods and can be
applied to a comprehensive range of functional monomers under various polymerization
conditions (e.g., solution, suspension and emulsion).3,4,5 The RAFT process requires the use
of a chain transfer agent (CTA), commonly a thiocarbonylthio-based compound, that acts to
reversibly cap the reactive carbon-centered radical responsible for chain propagation. While
these polymerizations are simple to perform and compatible with a range of monomers, the
presence of reactive and colored CTAs at the chain-end of the final product is often
detrimental to material performance.6
Several protocols have been developed to remove or modify the reactive CTA chainend. Generally these methods rely on either nucleophilic substitution7 or thermolysis.8 For
example, the cleavage of CTAs with primary or secondary amines affords a reactive thiol
chain-end.9,10 This approach has been widely utilized for the preparation of surface active
polymers,11 or for further functionalization.

7,12,13

While of great utility for these

applications, the thiol chains ends pose significant challenges due to their reactive nature.
For example, thiol end-capped polymers rapidly undergo coupling through the formation of
disulfide bonds, limiting their use in applications where molecular weight control is
required. To address this reactivity, the conversion
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Figure 5.1. Selective one-pot conversion of a trithiocarbonate CTA to either the thiol or
hydrogen chain-end.

of RAFT chains ends to a simple hydrogen atom has been widely studied.6 Radical-induced
reduction using hypophosphite salts or tin reagents have been demonstrated.8 However,
elevated temperatures and an excess of reagents are required, potentially limiting their use
with functional monomers. Owing to the versatility of RAFT and challenges associated with
their reactive chain-ends, a mild and general protocol for the chain-end modification of
RAFT polymers is therefore an important objective. In this chapter, I discuss a strategy for
the conversion of RAFT chain-ends into either thiol or hydrogen chain-ends with the
pathway being dictated by visible light irradiation (Figure 5.1.). This simple approach is
metal-free, mild and utilizes commercial reagents.
In addressing this challenge our attention was drawn to the radical-mediated
desulfurization of thiols using tertiary phosphines. This radical-mediated desulfurization has
almost exclusively been employed in polypeptide synthesis as a convenient method to
convert cysteine residues to alanine, under biologically relevant conditions.14,15
Interestingly, electron rich tertiary phosphines (e.g., trialkylphosphines) have also been used
in conjunction with amines to prevent disulfide formation during the cleavage of RAFT
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chain-ends to thiols.16 Given recent interest in light-mediated polymerizations, particularly
RAFT,17-20 the combination of photogenerated radicals with phosphine-mediated
desulfurization presents a unique opportunity to develop a visible light-mediated, dualpathway reduction of RAFT polymers, where the reaction proceeds through either a
traditional nucleophilic pathway, or

a sequential nucleophilic/radical photochemical

pathway.

5.3.

Results and Discussion

5.3.1. Small molecule model studies
While a prior report of visible light-induced desulfurization of polypeptides utilized a
Ruthenium-based photocatalyst,21 our aim was to develop a metal-free and visible lightmediated CTA chain-end reduction strategy. With this in mind, we initially investigated the
desulfurization of small molecule thiols using an organic photocatalyst. Our groups have
previously had success replacing traditional Ir and Ru based photocatalysts, with metal-free
organocatalysts, including Eosin Y and phenothiazine.22-26 Eosin Y is activated in the
presence of visible light and is known to operate under either an oxidative or reductive
quenching pathway.27 As such, we envisioned Eosin Y as an ideal candidate to generate the
intermediate thiyl radical via a reductive quenching pathway.28,29 Upon irradiation with 465
nm blue LEDs (Figure 5S.1.), dodecanethiol was quantitatively converted to the
corresponding alkane in 1 h at room temperature in the presence of hexylamine, tri-nbutylphosphine and catalytic Eosin Y. Both 1H NMR and GC-MS (Figure 5.2.) confirmed
the quantitative conversion of the thiol with concomitant appearance of peaks corresponding
to the tri-n-butylphosphine sulfide byproduct. Significantly, when the same reaction was
attempted in the absence of visible light, no desulfurization was detected. In both reactions,
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reaction, successful desulfurization was also demonstrated with a benzylic thiol (4-methoxyα-toluenethiol) and a tertiary thiol (adamantanethiol) (Table 5.1. & Figures S5.3-4).
Importantly, this reaction offers a facile, metal-free and visible light-mediated
desulfurization of thiols, and should be readily applicable to the biologically relevant
polypeptide-based systems previously reported. For example, N-acetyl-L-cysteine methyl
ester was quantitatively converted to the corresponding alanine in water in 2 h under these
desulfurization conditions (Figure S5.5.). These promising small molecule results
encouraged us to transfer our method to a synthetic polymer system, utilizing common
aminolysis conditions to offer two mechanistic pathways dependent on the absence or
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Figure 5.2.
H NMR (a) and
GC-MSGC)MS#
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P
SH
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presence of light (Figure 5.3.). We hypothesize that upon in situ formation of –SH, EY
excited by visible light is capable of generating the thiyl radical cation and the
corresponding EY radical anion as previously reported in the literature.1 The thiyl radical
cation can undergo deprotonation to afford a thiyl radical, which can be subsequently
trapped by a trialkylphosphine to generate a carbon-centered radical. Hydrogen atom
abstraction from another thiol regenerates the reactive radical, the desired hydrogen
terminated chain-end and the phosphine sulfide byproduct.3 While EY successfully photoinitiates the cycle, possibility of regeneration of the ground state catalyst has been reported
to occur in the presence of a small amount of molecular oxygen for reductive quenching
catalysts such as Ruthenium and EY. This suggests the possibility of concurrent photoinitiated and catalytic cycles to drive product formation.
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Table 5.1. Photochemical desulfurization of small molecule thiols.
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Figure 5.3. Proposed mechanisms in absence and presence of light.

5.3.2. Application to polymeric systems
Due to reports in the literature outlining key diagnostic NMR signals for CTA and
thiol end-capped polystyrene (PS),31 our investigation began with the synthesis of PS
(Mn=2200g/mol, Đ = 1.16) by traditional thermally-initiated RAFT polymerization using 2(Dodecylthiocarbonothioylthio)-2-methylpropionic

acid

(DDMAT)

as

the

CTA.

Characterization by 1H NMR revealed a broad signal at 4.7ppm, which corresponds to the
literature value for the benzylic methane proton alpha to the trithiocarbonate chain-end
(Figure 5.4.).32
Upon subjection of the PS derivative to the conditions developed for small molecule
desulfurizations, quantitative removal of the RAFT chain-ends was observed. As shown by
1

H NMR, in the absence of light, the signal for the benzylic proton shifted upfield to

3.5ppm, matching reported values for thiol end-capped PS (Figure 5.4.).31 This suggests that
the presence of Eosin Y does not disrupt the expected aminolysis of the CTA, thus enabling
the possibility for a dual-pathway process. Further characterization by size exclusion
chromatography (SEC) of the thiol end-capped polymer after purification revealed the
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appearance of a high molecular weight shoulder, indicative of undesired disulfide coupling
(Figure 5.5.). In contrast, when the reaction mixture was irradiated with visible light, the
complete disappearance of signals in the region from 3.0 to 5.0 ppm was observed,
suggestive of quantitative removal of the CTA and introduction of a hydrogen chain-end.
Significantly, SEC analysis of the irradiated product showed negligible change in peak
shape and dispersity from the starting material, further supporting successful desulfurization
(Figure 5.5.). Notably, this desulfurization could also be achieved using natural sunlight
(Figure S5.6.). Control experiments in the absence of Eosin Y and/or irradiation

Figure 5.4. (a) Chemical scheme of dual-pathway reduction of PS-CTA (Mn=2200 g/mol).
(b) 1H NMR confirming corresponding chain-end following reaction.
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showing no Eosin Y but irradiated shows thiol; Eosin Y and light are necessary together to
get complete removal

resulted in complete conversion to the thiol chain-end, confirming the requirement for both
light and a photocatalyst to obtain the hydrogen chain-end (Figure 5.6.). Additionally,
subjection of the purified thiol end-capped PS to our desulfurization conditions resulted in
quantitative conversion to the hydrogen chain-end (Figure S5.7.). To provide further
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evidence for the installation of a hydrogen chain-end, d8-polystyrene was synthesized using
thermally-initiated RAFT polymerization. The presence of deuterated repeat units facilitates
enhanced identification of the chain-end units. In this case, subjecting the deuterated
polymer to Eosin Y and light revealed the emergence of a broad signal at approximately 2.5
ppm in the 1H NMR, which can be attributed to successful introduction of a hydrogen chainend (Figure S5.8.).

Figure 5.7. Scheme and enlarged MALDI-ToF-MS spectra of a sample of PMA, before and
after photo-induced desulfurization.

To demonstrate the versatility of this approach, CTA- terminated poly(methyl
acrylate) (PMA) was synthesized using 2-cyano-2-propyl dodecyl trithiocarbonate under
thermal RAFT conditions (Mn = 4800 g/mol, Đ = 1.09). Characterization by matrix assisted
laser desorption ionization time of flight mass spectrometry (MALDI-ToF-MS) was
diagnostic in identifying the chemical nature of the chain-ends. As expected, analysis of the
starting material yielded a single set of molecular ions corresponding to the trithiocarbonate
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chain-end. Upon irradiation with visible light, complete loss of the original molecular ions
was observed, with the appearance of a set of peaks for the hydrogen terminated PMA
chains (286 gmol-1 difference in m/z between the trithiocarbonate and hydrogen chain-ends)
(Figure 5.7.). In direct contrast, analysis of the non-irradiated sample resulted in multiple
sets of molecular ions, most likely due to the high reactivity of the thiol chain-end.
Modulation of this reactivity by in-situ capping of the thiol chain-end by Michael addition to
butyl acrylate, resulted in molecular ions corresponding to the expected thioether chain-end
(Figure S5.9-10).33-35

5.3.3. Application to water-soluble polymers
Additionally, a water soluble and higher molecular weight polymer, CTA-terminated
poly(N,N-dimethyl acrylamide) (PDMA) was synthesized using 2-(n-butyltrithiocarbonate)propionic acid (Mn = 25000g/mol, Đ = 1.10) (Figure 5.8.). Under aqueous conditions,
PDMA was subjected to chain-end modification using tris(2-carboxyethyl)phosphine
(TCEP) and butylamine. 1H NMR analysis of the isolated polymers with and without
irradiation showed quantitative removal of the CTA, with SEC-UV traces confirming its
disappearance in both cases (Figure 5.9). The change in reactivity of the chain-end was
clearly illustrated using a refractive index (RI) detector of the irradiated polymer, which
shows a single peak with low dispersity, nearly identical to that of the starting CTAterminated polymer (Figure 5.9.). However, as previously observed in the case of PS, the
SEC-RI trace for the non-irradiated sample showed a prominent high molecular weight
shoulder, indicative of undesired disulfide coupling. To further confirm disulfide formation,
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addition of TCEP resulted in a reduction of the high molecular weight shoulder (Figure
5.10).

Figure 5.8. SEC-RI traces of PDMA before (a), and after subjection to the dual-pathway
conditions, with (c) and without (b) visible light irradiation.
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5.4.

Conclusion
In conclusion, we have developed a versatile, metal-free desulfurization strategy

with broad applicability to a variety of RAFT polymers. This approach allows a standard set
of conditions for the preparation of polymers with either a hydrogen (visible light) or thiol
(no light) chain-end, representing a mild and inexpensive alternative to current approaches
for RAFT chain-end modification, as well being the first demonstration for this modification
using visible light. The full scope and versatility of this system remains a research area of
great interest.
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5.1.

Supporting Information

General Reagent Information
All reactions were carried out under an argon atmosphere unless otherwise noted.

All

commercially obtained reagents were used as received unless otherwise noted. All reactions
were performed at room temperature (ca. 23 °C), unless otherwise noted. 1-dodecanethiol,
1-adamantanethiol, 4-methoxy-α-toluenethiol, N-acetyl-L-cysteine methyl ester, Eosin Y,
tri-n-butylphosphine, tris(2-carboxyethyl)phosphine, butylamine and hexylamine were
purchased from Sigma-Aldrich and used as received.

General Analytical Information
Nuclear magnetic resonance spectra were recorded on a Varian 600 MHz instrument. All 1H
NMR experiments are reported in δ units, parts per million (ppm), and were measured
relative to the signals for residual chloroform (7.26 ppm) in the deuterated solvent, unless
otherwise stated. All

13

C NMR spectra are reported in ppm relative to deuterochloroform

(77.23 ppm), unless otherwise stated, and all were obtained with 1H decoupling. Gas
Chromatography equipped with a mass spectrometer detector (GC-MS) was used via manual
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injection to obtain small molecule characterization traces. Matrix-Assisted Laser Desorption
Ionization time of flight mass spectrometry (MALDI-ToF-MS) was conducted using a
Bruker Microflex LRF MALDI TOF mass spectrometer, equipped with a 60 Hz nitrogen
laser at 337 nm. Solutions in tetrahydrofuran of dithranol as a matrix (saturated solution,
10 µL), sodium trifluoroacetate as cationization agent (1.0 mg/ml, 2 µL) and sample
(1.0 mg/ml, 10 µL) were mixed, and 0.7 µL of the mixture was applied to the target plate.
Spectra were recorded in linear mode for poly(MA) and poly(DMA).

Light Source
Commercially available 465 nm Blue LED strips were purchased and wrapped around a
glass crystallization dish as shown below.

Figure S5.1. Representative reaction set-up comprising reaction vial surrounded by 465 nm
LEDs with a tube blowing compressed air for cooling.
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Desulfurization of 1-dodecanethiol:
Procedure: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
1-dodecanethiol (20.2 mg, 0.10 mmol) and eosin Y (3.2 mg, 0.005 mmol, 0.05 eqv.) were
added and dissolved in 1 mL of DCM. Following this, hexylamine (29 µL, 0.22 mmol, 2.2
eqv.) and tri-n-butylphosphine (28 µL, 0.11 mmol, 1.1 eqv.) were added before sparging
with argon for 5 minutes. After this time, the vial was removed and irradiated with 465 nm
blue LEDs cooling to room temperature with compressed air for 1 hour. The crude mixture
was analyzed by 1H NMR and GC-MS.

P(nBu) 3
hexylamine
Eosin Y
SH

DCM, light, r.t.

Figure S5.2. GC-MS data obtained for dodecanethiol
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Desulfurization of methoxy-α-toluenethiol
Procedure: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
methoxy-α-toluenethiol (31 mg, 0.20 mmol) and eosin Y (6.5 mg, 0.01 mmol, 0.05 equiv.)
were added and dissolved in 1 mL of DCM. Following this, hexylamine (116 µL, 0.88
mmol, 4.4 equiv.) and tri-n-butylphosphine (110 µL, 0.44 mmol, 2.2 equiv.) were added
before sparging with argon for 5 minutes. The vial was then irradiated with 465 nm blue
LEDs for 16 hours and the crude mixture was analyzed by 1H NMR with quantitative
conversion of starting material observed. The resulting peaks of the desired product match
reported values (Figure S5.3.).

Figure S5.3.

1

H NMR of crude reaction mixture after methoxy-α-toluenethiol

desulfurization showing reduction of starting material peaks and quantitative emergence of
product peaks matching reported values.
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Desulfurization of 1-adamantanethiol:
Procedure: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
1-adamantanethiol (16.8 mg, 0.10 mmol) and eosin Y (3.2 mg, 0.005 mmol, 0.05 eqv.) were
added and dissolved in 1 mL of DCM. Following this, hexylamine (29 µL, 0.22 mmol, 2.2
eqv.) and tri-n-butylphosphine (28 µL, 0.11 mmol, 1.1 eqv.) were added before sparging
with argon for 5 minutes. After this time, the vial was removed and irradiated with 465 nm
blue LEDs for 1 hour.

Figure S5.4. 1H NMR of region of interest for 1-adamantanethiol desulfurization showing
loss of starting material peaks

164

Radical Desulfurization of N-acetyl-L-cysteine ester:
Procedure: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
N-acetyl-L-cysteine ester (17.7 mg, 0.10 mmol), tris(2-carboxyethyl)phosphine (31.5 mg,
0.11 mmol), and eosin Y (3.2 mg, 0.0050 mmol) were weighed out and dissolved in 1 mL of
water, along with butylamine (22 µL, 0.22 mmol). The vial was bubbled with argon for 10
minutes. After this time, the vial was removed and placed on a stir plate in a dish lined with
465 nm blue LED lights.

SH

O
N
H

O

TCEP, butylamine, eosin Y

O

N
H

water, 465nm light, rt

O

450000

O

Chemical Formula: C6H11NO 3
Exact Mass: 145.07
Molecular Weight: 145.16

Chemical Formula: C6H11NO 3S
Exact Mass: 177.05
Molecular Weight: 177.22
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Figure S5.5. GC-MS data obtained for desulfurized product (alanine)
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Synthesis of polystyrene by RAFT:
Procedure:

To

a

1-dram

vial

equipped

with

a

magnetic

stir

bar,

2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (58.3 mg, 0.16 mmol) and AIBN
(8.7 mg, 0.053 mmol, 0.33 eqv.) were added and dissolved in 1 mL of deinhibited THF. At
this time styrene, (640 µL, 5.6 mmol, 35 eqv.) dehinhibited by passing through basic
alumina, was added to the vial. The vial was bubbled with argon for 7 minutes before
placing on hot plate to stir at 70°C for 22 hours. 1H NMR indicated approximately 72%
conversion of styrene. Sample was further analyzed by SEC. The remaining THF was
removed and the PS-CTA was redissolved in a small amount of THF before precipitating
into methanol 2 times. The resulting polymer was obtained as a yellow solid
(Mn=2200g/mol, Đ=1.16).

Photochemical desulfurization of CTA-terminated polystyrene:
In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
polystyrene (48 mg, 0.022 mmol) was added and dissolved in 1 mL of DCM. Once
dissolved, eosin Y (0.7 mg, 0.001 mmol 0.05 eqv.) was added after making an appropriate
stock solution. Following this, hexylamine (35 µL, 0.26 mmol, 12 eqv.) and tri-nbutylphosphine (17 µL, 0.066 mmol, 3 eqv.) was added. The vial was then degassed for 5
minutes with argon and irradiated with 465 nm blue LEDs for 24 hours. The polymer was
dissolved in THF and precipitated twice from methanol before analyzing by NMR and SEC.
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Photochemical desulfurization of polystyrene using natural sunlight
Procedure: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
polystyrene (38 mg, 0.015 mmol) was added and dissolved in 1 mL of DCM. Once
dissolved, eosin Y (1.0 mg, 0.002 mmol 0.10 eqv.) was added after making an appropriate
stock solution. Following this, hexylamine (49 µL, 0.38 mmol, 25 eqv.) and tri-nbutylphosphine (19 µL, 0.075 mmol, 5 eqv.) was added. The vial was then degassed for 5
minutes with argon and irradiated under natural sunlight for 9 hours. The polymer was
dissolved in THF and precipitated twice from methanol before analyzing by NMR.

O
HO

S

S

n-1

S

C12H 25

Eosin Y (0.1 eqv)
hexylamine (25 eqv)
HO
tributylphosphine (5 eqv)

O

H
n-1

DCM, sunlight, 9 h

Figure S5.6. Photo of sunlight reaction and 1H NMR of purified polystyrene before and
after sunlight irradiation
167

Photochemical desulfurization of polystyrene control experiments:
1. PS-CTA with Eosin Y with NO irradiation
2. PS-CTA without Eosin Y with irradiation
Procedure: Two vials were prepared for this experiment.
Vial 1: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
polystyrene (48 mg, 0.022 mmol) was added and dissolved in 1 mL of DCM. Once
dissolved, Eosin Y (0.7 mg, 0.001 mmol 0.05 eqv.) was added after making an appropriate
stock solution. Following this, hexylamine (35 µL, 0.26 mmol, 12 eqv.) and tri-nbutylphosphine (17 µL, 0.066 mmol, 3 eqv.) was added. The vial was then degassed for 5
minutes and left to stir for 24 hours wrappen aluminum foil. The DCM was removed by
rotovap before redissolving in THF and precipitating from methanol.
Vial 2: A second vial was then prepared in the same way as above but containing no Eosin
Y. This vial was left to stir under 465nm lights for 24 hours. Once both reactions were
stopped, the DCM was removed by rotovap before redissolving in THF and precipitating
from methanol. The resulting mixtures were transferred to a centrifuge tube and centrifuged
at 8000 rpm for 5 minutes to isolate the solid. This process was repeated a total of 3 times.

Photochemical desulfurization from thiol-terminated PS:
Procedure: In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
polystyrene (25 mg, 0.010 mmol) was added and dissolved in 0.7 mL of DCM. Once
dissolved, eosin Y (0.3 mg, 0.002 mmol 0.05 eqv.) was added after making an appropriate
stock solution. Following this, tri-n-butylphosphine (25 µL, 0.100 mmol, 10 eqv.) was
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added. The vial was then degassed for 5 minutes with argon before placing on 465 nm LED
apparatus and allowing to stir for 16 hours.

H

SH
NC

Figure S5.7.

1

n-1

NC

n-1

H NMR overlay shows the ability to also achieve desulfurization in a

sequential manner from thiol chain-end in addition to directly from the CTA-terminated
system

Chain-end analysis using d8-polystyrene
Procedure: Added PS(d8)-CTA (50 mg) and Eosin Y (0.8 mg, 0.05 eqv.) to a 1-dram vial
equipped with a magnetic stir bar. The polymer and catalyst was then dissolved in 1 mL of
DCM, followed by addition of hexylamine (39 µL, 0.30 mmol, 12 eqv.), and tri-nbutylphosphine (19 µL, 0.075 mmol, 3 eqv.). The vial was left to bubble under argon for 5
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minutes before placing on 465 nm LED apparatus and allowing to stir for 24 hours. A
second vial was then prepared in the same way but containing no Eosin Y. This vial was left
to stir under ambient conditions. Once both reactions were stopped, the DCM was removed
by rotovap before redissolving in THF and precipitating from methanol. The resulting
mixture was transferred to a centrifuge tube and centrifuged at 8000 rpm for 5 minutes to
isolate the solid. This process was repeated a total of 3 times before analyzing by 1H NMR.

Figure S5.8.

1

H NMR of purified d8-polystyrene with and without light-mediated

desulfurization conditions. The appearance of broad peaks in benzylic proton region is
suggestive of hydrogen incorporation and supports other characterization well.

Polymerization of poly(methyl acrylate) via RAFT:
To a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum, 2-cyano2-propyl dodecyl trithiocarbonate (86.4 mg, 0.25 mmol) was added in addition to AIBN (7.0
mg, 0.043 mmol, 0.17 eqv.) and dissolved in 0.9 mL of benzene. After deinhibiting the
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monomer by running it through an aluminum oxide plug, methyl acrylate (906 µL, 10 mmol)
was added to the reaction vial. The vial was bubbled with argon for 10 minutes before
placing the vial on a stir plate in a heating block at 60°C for 24 hours. 1H-NMR indicated
approximately 98% conversion. Sample was further analyzed by SEC. The reaction was
quenched after adding a small amount of acetone and was purified via dialysis (1k cut-off)
against acetone switching several times. The resulting polymer was obtained as a yellow
wax after removal of acetone.

Photochemical desulfurization of CTA-terminated poly(methyl acrylate):
In a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum,
poly(methyl acrylate) (48 mg, 0.012 mmol) was added and dissolved in 0.5 mL of THF.
Eosin Y (0.4 mg, 0.0004 mmol, 0.05 eqv.) was added after making the appropriate stock
solution to make the total volume of THF 1 mL. Following this, hexylamine (39 µL, 0.30
mmol, 25 eqv.) and tributylphosphine (15.0 µL, 0.060 mmol, 5 eqv.) was added. The vial
was bubbled with argon for 5 minutes and irradiated with 465 nm blue LEDs for 24 hours.
A second reaction was set up in the same way but was wrapped in foil and left to stir for 24
hours.
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Figure S5.9. MALDI spectra showing expected distributions for starting CTA and H
terminated polymer, but multiple distributions for thiol end-capped polymer.

Figure S5.10. MALDI spectra showing expected distribution for thiol end-capped polymer
end capped with butyl acrylate.
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Photochemical desulfurization of CTA-terminated poly(methyl methacrylate) and
qualitative analysis using Ellman’s reagent:

Figure S5.11. Qualitative analysis using Ellman’s reagent in DMSO provides supporting
evidence that thiol is present in non-irradiated sample as indicated by emergence of a red
color. Comparison with 1-dodecanethiol also results in red color.

Polymerization of poly(N,N-dimethylacrylamide) via PET-RAFT:
Using adopted literature conditions.3 Added 4.8 mg of 2-(n-butyltrithiocarbonate)-propionic
acid (BTPA) and 0.3 mg of Eosin Y to 1-dram vial equipped with stir bar before dissolving
in 1 mL of DI water. At this time 330 µL of N,N-dimethylacrylamide (DMA), deinhibited by
basic alumina, was added to the vial. The vial was then degassed by purging with argon for
10 minutes before placing on LED stir plate apparatus irradiating with 465 nm light. The
polymerization was left to stir for 16 hours before opening vial to air and checking
conversion by 1H NMR which was determined to be >95%. The polymer was further
characterized by SEC (Mn=25000g/mol, Đ=1.10) and purified via dialysis against water
using 3.5k cut-off tubing. The water was removed via lyophilization for 48 hours.
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Photochemical desulfurization of CTA-terminated poly(N,N-dimethylacrylamide):
To a 1-dram vial equipped with a magnetic stir bar and a teflon screw cap septum, PDMA
(57.0 mg, 0.0030 mmol), tris(2-carboxyethyl)phosphine (8 mg, 0.030 mmol, 10 eqv.), and
Eosin Y (0.2 mg, 0.0003 mmol, 0.1 eqv.) were added and dissolved in 0.2 mL of water.
Butylamine was added (15 µL, 0.15 mmol, 50 eqv.), with addition of an extra 10 µL to
improve overall solubility. The vial was bubbled with argon for 10 minutes and irradiated
with 465 nm blue LEDs. A second reaction was set up in the same way but was wrapped in
foil. After allowing both reactions to stir for 24 hours, the vials were opened to air and a
small amount of water was added before purification via dialysis against water using 3.5k
cut-off tubing. The water was removed via lyophilization for 48 hours.
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CHAPTER 6: Photomediated Reversible Addition
Fragmentation Chain Transfer Polymerization of Vinyl Ketones
using Visible Light
Sections of this chapter were originally published in Polymer Chemistry. Reproduced from
Polym. Chem., 2017, 8, 3351-3356 with permission from The Royal Society of Chemistry.

6.1.

Abstract
This chapter will discuss the photoinduced electron transfer–reversible addition–

fragmentation chain transfer (PET-RAFT) polymerization of several vinyl ketone monomers
including methyl, ethyl and phenyl derivatives, using Eosin Y as an organic photoredox
catalyst and visible light. The protocol is amenable to a range of conditions and facilitates
controlled polymerization in the presence of air and even in the absence of catalyst. This
approach is versatile and scalable as demonstrated by a multi-gram scale synthesis of
poly(methyl vinyl ketone). Systematic examination of reaction conditions concluded that a
combination of Eosin Y and deoxygenation is essential for the synthesis of higher molar
mass (DP > 500) polymers. Moreover, increased polymerization rate with good control over
molar mass distribution could be achieved upon addition of triethylamine as a reducing
agent. In all cases, high chain-end fidelity was observed as characterized by ESI-MS and
successful chain extension of isolated homopolymers to yield diblock copolymers.
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Graphical abstract: Light-mediated polymerization of vinyl ketones

6.2.

Introduction
The development of externally regulated, controlled radical polymerization (CRP)

techniques has seen burgeoning interest over recent years.1 In particular, light as an external
stimulus has attracted considerable attention due to its low cost, ubiquity, and added
capability of temporal and spatial control over polymer growth.2-10 Photoinduced electron
transfer-reversible addition-fragmentation chain transfer (PET-RAFT) polymerization is
arguably one of the most versatile and robust light-driven polymerization methodologies.1115

PET-RAFT has been demonstrated to control the polymerization of a range of

monomers11-15 and more recently, to afford control without exogenous catalysts and in the
presence of air.16-17 Further expansion of the existing monomer scope of light-mediated
protocols would therefore allow access to a greater range of functional materials.
Vinyl ketones exemplify one such class of monomers but have been poorly studied
under controlled radical conditions but have significant potential. This is driven by their
unique

photo-responsive

properties,18-20

high

reactivity

for

post-polymerization

modification,21-22 and overall resistance to undesired side reactions (e.g. side chain
hydrolysis)23 leading to utility across a breadth of applications including functional
films,19,24 cell surface modification,21 and carbon fiber preparation.22 However, the majority
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of these poly(vinyl ketone) (PVK) systems are based on conventional free radical
polymerization, which limits the overall scope of applications that require more precise
molar mass distributions and block copolymer architectures. While traditional CRP
techniques have been reported for the polymerization of vinyl ketones,26-29 a number of
challenges exist. For example, polymerization of vinyl ketones using atom transfer radical
polymerization (ATRP) is not possible due to competing coordination between the monomer
and copper catalysts. Similarly, nitroxide mediated polymerization (NMP) was reported to
suffer from deleterious side reactions during the polymerization of vinyl ketones.28 In
contrast, RAFT has been reported to be a suitable method for the controlled polymerization
of vinyl ketones19-21 with certain limitations,19 including use of elevated temperatures,
oxygen sensitivity leading to side reactions and lack of spatiotemporal control.

Scheme 6.1. Synthesis of poly(vinyl ketones) using thermally-initiated and visible lightmediated RAFT.

In this chapter, various ketone derivatives are examined, enabling access to an array
of well-defined PVK polymers using PET-RAFT (Scheme 6.1.). A range of molar masses
can be targeted, and the resulting polymers exhibit high chain-end fidelity and overall low
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dispersities allowing for the synthesis of novel block copolymers. A systematic study of
reaction conditions also illustrates that well-defined poly(vinyl ketones) derivatives can be
prepared on multi-gram scales in the presence of air while the kinetics of polymerization can
also be increased via the addition of a tertiary amine additive.

6.3.

Experimental discussion

6.3.1. Optimization of polymerization conditions
Based on our original light-mediated polymerization procedures7 and further inspired
by recent developments in PET-RAFT polymerization,12-13 we initially investigated facIr(ppy)3 for the polymerization of methyl vinyl ketone (MVK) in dimethylsulfoxide
(DMSO) at room temperature (Table 6.1.). The selected chain transfer agent (CTA) was 2cyano-2-propyl

dodecyl

trithiocarbonate

(CPDT)

(Table

6.1.).

Irradiation

using

commercially purchased blue LEDs (λmax = 465 nm) facilitated efficient generation of the
photocatalyst excited state,12-13 while simultaneously avoiding degradation of PVK, typically
observed under UV irradiation.18-20
Control experiments in the absence of light confirmed no observable polymerization
even after prolonged periods (Table 6.1., entry 1). However, upon irradiation with blue
LEDs, controlled polymerization to give well-defined PMVK (Ð = 1.32) was achieved at
high monomer conversion (> 95%) (Table 6.1., entry 2). Significantly, even at near
quantitative conversions, dimerization of MVK, an undesirable side reaction with thermallyinitiated methods,19 was not observed and is likely attributed to the mild, visible lightmediated polymerization conditions. While the use of Ir(ppy)3 provided for promising initial
results, the prohibitively high cost coupled with the potential for trace metal contamination
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limits the utility for biological and pharmaceutical applications.30-31 In order to provide an
alternative to metal-based systems, we envisaged that commercially available Eosin Y, an
organic dye previously employed for the polymerization of methacrylates,14 could facilitate
controlled polymerization of vinyl ketones. Indeed upon irradiation with visible light, MVK
was successfully polymerized with high conversion (92%) and enhanced control over molar

Table 6.1. Polymerization of vinyl ketones using visible light

!
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a

b

b
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M/I!
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Time!
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Mn '
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1!
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11!h!
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!

Determined using 1H NMR. b Measured by size exclusion chromatography (SEC) using

CHCl3 as an eluent and calibration using polystyrene (PS) standards. c Run in the dark. d All
reactions were carried out under argon atmosphere.
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Figure 6.1. CHCl3 SEC traces of PMVK monitored with time of light exposure.

mass distribution (Ð = 1.11, Table 6.1., entry 3), underscoring the versatility of Eosin Y and
its utility for different monomer classes. Investigation of polymerization kinetics revealed an
increase of polymer molar mass with light irradiation as evidenced by SEC analysis (Figure
6.1.) Importantly, a linear relationship between ln([M]0/[M]t) and time was observed,
confirming the rate of polymerization to be first order in monomer concentration (Figure
6.2.a). Furthermore, a linear increase in Mn with conversion, coupled with low Ð values
throughout the polymerization, illustrates a high degree of control (Figure 6.2.).

6.3.2. Polymerization kinetics
In order to highlight the versatility of this system across a wide range of molar
masses, we investigated the ability to target higher degrees of polymerization. Indeed
targeting moderate degrees of polymerization (DP = 50-300) using optimized conditions
resulted in high conversions (86-93%), low Ð (1.13-1.18) and good agreement between
theoretical and experimental values (Table 6.1., entries 3-6 and Figure 6.3.). However, when
higher degrees of polymerization were targeted (DP = 500-1000), comparatively broader
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molar mass distributions (Ð = 1.35-1.41) were observed (Table 6.1., entries 7 and 8). In
order to improve this, we hypothesized that bulk polymerization of MVK for higher degrees
of polymerization (DP = 500-800), may lead to improved control presumably due to
mitigation of chain transfer events with solvent.13 Under otherwise identical conditions,
performing the polymerization in bulk significantly improved overall control, resulting in
near quantitative conversion (> 95%) and low Ð values (1.24-1.27) (Table 6.1., entries 11
and 12; Figure 6.2. and 6.3.). With these conditions, the scope of the methodology was
subsequently expanded to include additional monomers, such as ethyl vinyl ketone (EVK)
and phenyl vinyl ketone (PhVK) (Table 6.1., entries 13 and 14). Consistent with the
polymerization of MVK, high conversions (> 90%) and low dispersities (Ð < 1.2) were
obtained for both monomer derivatives (Table 6.1., entries 13 and 14; Figs. S6.2. and S6.3.).

Figure 6.2. Plots of (a) ln([M]0/[M]t) vs time of light exposure and (b) Mn vs % conversion
of monomer and corresponding Ð values for PMVK.
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Figure 6.3. SEC traces of PMVK with varying degrees of polymerization.

The interest in vinyl ketones as an understudied class of monomers was further
illustrated during the preparation of this manuscript with a light-mediated polymerization of
PhVK being reported to proceed with control.32 Interestingly, while this system focused on
the polymerization of PhVK in the absence of a catalyst, we sought to investigate and
highlight the benefits of utilizing Eosin Y and how it may be advantageous for specific
synthetic targets. Initial polymerizations in the absence of Eosin Y afforded PMVK (DP =
100-800) with moderate to high conversions (68-90%, 11-20 hours) and low dispersities (Ð
< 1.3) (Table 6.1., entry 15). However, a stark difference was observed with the bulk
polymerization of MVK in the absence of Eosin Y at higher degrees of polymerization (DP
= 800). The absence of catalyst resulted in a substantially more inefficient polymerization
with only 21% conversion achieved (compared to 99% for Eosin Y) even after extended
reaction time (t = 20h) (Table 6.1., entry 16). Interestingly, this highlights the advantages of
Eosin Y for circumstances where higher molar mass polymers may be required.
Additionally, the possibility for temporal modulation was also investigated via intermittent
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“light-dark” cycles for alternating periods of time. During periods of “light” exposure,
polymerization was observed, while the “dark” periods resulted in no observable monomer
conversion (Figure 6.4.).

Figure 6.4. Plot of ln([M]0/[M]t) vs time for polymerization of MVK using PET-RAFT with
repeated “on-off” cycling of light.

6.3.3. Investigation of oxygen tolerance
An additional attractive property of PET-RAFT is its reported tolerance to air at the
start of the polymerization.11-14 In order to determine whether no degassing was also
characteristic of this system, experiments were conducted with no prior deoxygenation
(Table 6.2., entry 1). Notably, controlled polymerization with moderately high conversion
(86%) and low dispersity (Ð = 1.09) was achieved after 12 hours (Table 6.2., entry 1).
However, targeting higher degrees of polymerization (DP = 300) resulted in decreased
control, with noticeably higher dispersities (Ð = 1.46-1.69) obtained in DMSO and under
bulk polymerization conditions (Table 6.2., entries 2 and 3). For controlled polymerization
of higher molar mass polymers, it is therefore optimal to conduct the polymerization in the
presence of Eosin Y and with deoxygenation (Table 6.1., entries 3-6 and 9-12) while for
lower mass materials, neither is necessary.17 To demonstrate this significantly simplified
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Figure 6.5. Multi-gram synthesis of PMVK with no Eosin Y and no deoxygenation. (a)
Reaction set-up depicting reaction vial surrounded by 465 nm blue LED strips with a jet
stream of air to maintain ambient temperature. (b) 4.9 g of PMVK obtained after
purification. (c) SEC-RI trace of PMVK.

Table 6.2. Oxygen tolerance and rate increase of MVK polymerization using visible light.

a

Determined using 1H NMR.

b

Measured by SEC using by CHCl3 as an eluent and

calibration using polystyrene (PS) standards.
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approach, lower molar mass PMVK (DP = 100) was targeted in the presence of air and in
the absence of Eosin Y (Table 6.2., entry 4). Indeed, good control was observed (Ð = 1.09)
with the synthetic ease of this approach being further demonstrated by performing the
polymerization at multi-gram scale with well-defined PMVK derivatives being obtained (Ð
= 1.08) (Figure 6.5.).
Due to recent reports illustrating the acceleration of PET-RAFT polymerizations on
the addition of triethylamine (TEA),14 we were interested to explore the effects of TEA on
the systems reported in this chapter. Interestingly, upon addition of TEA (2 eqv.) a
significant increase in polymerization rate was observed both with and without
deoxygenation (Table 6.2., entries 6 and 7), suggesting that TEA may play a role in
increasing the overall efficiency of catalyst turnover. To support this claim, a control TEA
experiment in the absence of Eosin Y resulted in negligible changes in polymerization rate
(Table 6.3., entries 8 and 9), confirming the need to have both Eosin Y and TEA for rate
acceleration. It should be highlighted that while the addition of TEA increases rate,
moderately higher dispersities (Ð = 1.4) were also observed, likely due to a general increase
in radical concentration (Table 6.2., entries 6 and 7). To further support this, reduced
concentrations of Eosin Y and TEA were implemented, resulting in a slight decrease in
polymerization rate, but also concomitant significant decrease in dispersity (Ð = 1.10-1.17)
(Table 6.2., entries 8 and 9).
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Table 6.3. Polymerization of MVK in the absence of Eosin Y

a

a

b

b

Entry!

M/I!

Solvent.

Air.(O 2).

TEA.

Time!

Conv. !

Mn .

Ð.

1.

100!

DMSO'

('

('

20'h'

90%'

7.0k'

1.09'

2.

300!

DMSO'

('

('

12'h'

80%'

18.1k'

1.16'

3.

500'

DMSO'

('

('

12'h'

84%'

26.9k'

1.26'

4.

800!

DMSO'

('

('

11'h'

68%'

40.3k'

1.31'

5.

100'

Bulk'

('

('

12'h'

75%'

6.0k'

1.10'

6.

300!

Bulk'

('

('

11'h'

17%'

2.0k'

1.35'

7.

800!

Bulk'

('

('

20'h'

21%'

9.5k'

1.17'

8.

100'

DMSO'

('

Yes'(1'eq.)'

4'h'

36%'

4.3k'

1.16'

9.

100'

DMSO'

Yes'

Yes'(2'eq.)'

3'h'

24%'

2.4k'

1.13'

7'h'

57%'

5.0k'

1.19'

Determined using 1H NMR. bMeasured by size exclusion chromatography (SEC) using

CHCl3 as an eluent and calibrated using polystyrene (PS) standards.

6.3.4. Demonstration of chain-end fidelity
A fundamental requirement of a controlled polymerization is the retention of chainends that upon re-subjection to polymerization conditions allows for efficient re-initiation to
furnish corresponding block copolymers. The chain-end fidelity for the PMVK derivatives
was determined by analysis of low molecular weight samples. For example, PMVK (Mn =
2.8 kg/mol by SEC; Table 6.1., entry 4) was characterized by electrospray ionization mass
spectrometry (ESI-MS) and reveals a primary peak distribution corresponding to m/z values
for polymer chains comprising of the expected chain-ends ionized with sodium with a
smaller peak distribution attributable to the expected polymer structure ionized with
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potassium (Figure 6.6.a). In both distributions, the peaks are equally spaced by 70 m/z,
corresponding to the molar mass of the MVK repeat unit. Characterization by 1H NMR
spectroscopy also confirmed the ω functionality with expected resonances corresponding to
the trithiocarbonate group visible at 4.9 ppm (Figure 6.6.b). Additionally, both UV (at 310
nm) and refractive index traces obtained by SEC were in good correlation, further
confirming the presence of trithiocarbonate chain-ends across the resulting polymer
distribution (Figure 6.7.).
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Figure 6.6. (a) ESI-MS confirming polymer distribution with expected chain-ends. (b) 1H
NMR depicting expected proton resonances corresponding to the chain-end.
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Figure 6.7. Overlay of SEC-UV (at 310 nm) and RI traces of PMVK (Mn = 4.1 kg/mol and
Ð = 1.09)

Figure 6.8. Synthesis of (a) PMVK-b-PPhVK, (b) PMVK-b-PMA, and (c) PMVK-b-PDMA
using PMVK homopolymer as a macroinitiator.
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The synthetic utility of these chain-ends was then demonstrated by re-initiation to
furnish novel diblock copolymers (Figure 6.8.). For example, PMVK (Mn = 6.0 kg/mol, Ð =
1.08) was used as a starting first block followed by the addition of vinyl monomers such as
PhVK, methyl acrylate (MA), N,N-dimethyl acrylamide (DMA) (Figure 6.8.). Well-defined
diblock copolymers were obtained in all cases using PET-RAFT33-34 (Figure 6.8. and S6.46.). Importantly, the expected increase in molar mass and low overall dispersities (Ð = 1.101.13) were observed (Figure 6.8.). Additionally, PMVK was successfully chain-extended
with styrene using thermally-initiated RAFT19 (Figure S6.7.) corroborating the compatibility
of both PET and thermal RAFT techniques.

6.4.

Conclusion
In conclusion, a visible light mediated controlled radical polymerization of vinyl

ketones that overcomes the limitations of traditional thermally-initiated RAFT procedures
has been developed. Methyl, ethyl and phenyl vinyl ketones were efficiently polymerized
under carefully optimized PET-RAFT conditions, yielding materials with low dispersities
even at near quantitative monomer conversions. High chain-end fidelity was achieved as
exemplified by ESI-MS, 1H NMR, and successful chain extension. Importantly, this protocol
could be adapted to allow large scale synthesis of poly(vinyl ketones) without any prior
deoxygenation and in the absence of catalyst. Moreover, the rate of the polymerization could
also be manipulated by the addition of TEA in the presence of Eosin Y leading to a mild and
versatile synthetic protocol. The user-friendly nature of the polymerization expands the
current scope of light-mediated controlled polymer synthesis and offers a unique synthetic
platform for the preparation of vinyl ketone derived functional materials.
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6.7.

Supporting Information

Materials
Unless otherwise noted, all reagents were purchased from commercial sources and used
without further purification. Radical inhibitors were removed from all monomers before use
by running them through a basic aluminum oxide plug.

General analytical information
Nuclear magnetic resonance spectra were recorded on a Varian 600 MHz instrument. All 1H
NMR experiments are reported in δ units, parts per million (ppm), and were measured
relative to the signals for residual chloroform (7.26 ppm) in the deuterated solvent. Size
exclusion chromatography (SEC) was performed at ambient temperature using chloroform
with 0.25% triethylamine as the mobile phase in a Waters 2695 separation module with a
Waters 2414 refractive index detector. Number average molecular weights (Mn) and weight
average molecular weights (Mw) were calculated relative to linear polystyrene standards.
Dispersity (Đ) values are reported as the quotient of Mw/Mn.
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General procedure for the polymerization of methyl vinyl ketone via PET-RAFT
(MVK/CPDT = 100/1)
Added 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) (0.010 g, 0.03 mmol) and Eosin
Y (0.39 mg, 0.0006 mmol) to a 1-dram glass vial equipped with stir bar before dissolving in
DMSO (0.24 ml). At this time, methyl vinyl ketone (MVK) was placed in another 1-dram
glass vial. The vials were then degassed by purging with argon for 10 minutes). Under argon
atmosphere, MVK (0.24 ml, 3 mmol) was taken and added to the vial containing other
reagents. The vial was then sealed with Parafilm and irradiated on a stir plate in a glass dish
lined with 465 nm blue LEDs. The polymerization was left to stir for 11 hours before
turning off the light and opening the vial to air. The conversion of polymerization was
calculated by comparing the integration values of the vinyl peaks of MVK (d = 6.3-5.9 ppm)
and the alkyl peaks of PMVK (d = 3.0-1.0 ppm) in 1H NMR spectrum, showing 92%
conversion of MVK. The molecular weight (Mn = 6.5 kg/mol) and dispersity (Ð = 1.11) of
the polymer was obtained by SEC eluting with chloroform (using polystyrene standards).
The reaction crude mixture was diluted in chloroform and passed through basic alumina to
remove Eosin Y. The organic layer was washed with brine three times to remove DMSO
and dried with MgSO4. The organic layer was concentrated and precipitated into n-hexane
(Mn < 5 kg/mol) or diethyl ether (Mn > 5 kg/mol) to give PMVK as a sticky, yellow solid.
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Table S6.1. Reaction conditions with various MVK/CPDT ratios
Entry%

MVK/CPDT%

CPDT%

MVK%

Eosin%Y!
(mmol)%

DMSO%

Irradiation%

(molar'ratio)%

(mmol)%

(mmol)%

(mL)%

time!(h)%

1%

50/1%

0.060%

3%

0.0006%%

0.24%

12%

2%

100/1%

0.030%

3%

0.0006%%

0.24%

11%

3%

200/1%

0.015%

3%

0.0006%

0.24%

13%

4%

300/1%

0.010%

3%

0.0006%

0.004%

13%

5%

500/1%

0.006%

3%

0.0006%

0.004%

13%

6%

800/1%

0.00375%

3%

0.0006%

0.004%

13%

!

General procedure for the polymerization of methyl vinyl ketone in the absence of
Eosin Y (MVK/CPDT = 100/1)
Added 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) (0.010 g, 0.03 mmol) to a 1-dram
glass vial equipped with stir bar before dissolving in DMSO (0.24 ml). At this time, methyl
vinyl ketone (MVK) was placed in another 1-dram glass vial. The vials were then degassed
by purging with argon for 10 minutes (Note: MVK is volatile). Under argon atmosphere,
MVK (0.24 ml, 3 mmol) was taken and added to the vial containing other reagents. The vial
was then sealed with Parafilm and irradiated on a stir plate in a glass dish lined with 465 nm
blue LEDs. The polymerization was left to stir for 20 hours before turning off the light and
opening the vial to air. The conversion of polymerization was calculated by comparing the
integration values of the vinyl peaks of MVK (d = 6.3-5.9 ppm) and the alkyl peaks of
PMVK (d = 3.0-1.0 ppm) in 1H NMR spectrum, showing 90% conversion of MVK. The
molecular weight (Mn = 7.0 kg/mol) and dispersity (Ð = 1.09) of the polymer was obtained
by SEC eluting with chloroform (using polystyrene standards). The reaction crude mixture
was diluted with chloroform and washed with brine three times to remove DMSO and dried
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with MgSO4. The organic layer was concentrated and precipitated into diethyl ether to give
PMVK as a sticky, yellow solid.

Representative procedure for the polymerization of methyl vinyl ketone via PETRAFT without deoxygenation process (MVK/CPDT = 100/1)
Added 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) (0.010 g, 0.03 mmol), Eosin Y
(0.39 mg, 0.0006 mmol), and methyl vinyl ketone (MVK) (0.24 ml, 3 mmol) to a 1-dram
glass vial equipped with stir bar before dissolving in DMSO (0.24 ml). The vial was then
sealed and irradiated on a stir plate in a glass dish lined with 465 nm blue LEDs. The
polymerization was left to stir for 12 hours before turning off the light. The conversion of
polymerization was calculated by comparing the integration values of the vinyl peaks of
MVK (d = 6.3-5.9 ppm) and the alkyl peaks of PMVK (d = 3.0-1.0 ppm) in 1H NMR
spectrum, showing 86% conversion of MVK. The molecular weight (Mn = 8.9 kg/mol) and
dispersity (Ð = 1.09) of the polymer was obtained by SEC eluting with chloroform (using
polystyrene standards). The reaction crude mixture was diluted in chloroform and passed
through basic alumina to remove Eosin Y. The organic layer was washed with brine three
times to remove DMSO and dried with MgSO4. The organic layer was concentrated and
precipitated into diethyl ether (Mn > 5 kg/mol) to give PMVK as a sticky, yellow solid.

Representative procedure for the polymerization of methyl vinyl ketone via PETRAFT in the presence of triethylamine (MVK/CPDT = 100/1)
Added 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) (0.010 g, 0.03 mmol) and Eosin
Y (0.039 mg, 0.00006 mmol) to a 1-dram glass vial equipped with stir bar before dissolving
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in DMSO (0.24 ml). At this time, methyl vinyl ketone (MVK) was placed in another 1-dram
glass vial. The vials were then degassed by purging with argon for 10 minutes (Note: MVK
is volatile). Under argon atmosphere, MVK (0.24 ml, 3 mmol) and triethylamine (0.03
mmol, 4.2 ml) were added to the vial containing other reagents. The vial was then sealed
with Parafilm and irradiated on a stir plate in a glass dish lined with 465 nm blue LEDs. The
polymerization was left to stir for 4 hours before turning off the light and opening the vial to
air. The conversion of polymerization was calculated by comparing the integration values of
the vinyl peaks of MVK (d = 6.3-5.9 ppm) and the alkyl peaks of PMVK (d = 3.0-1.0 ppm)
in 1H NMR spectrum, showing 81% conversion of MVK. The molecular weight (Mn = 6.9
kg/mol) and dispersity (Ð = 1.10) of the polymer was obtained by SEC eluting with
chloroform (using polystyrene standards). The reaction crude mixture was diluted in
chloroform and passed through basic alumina to remove Eosin Y. The organic layer was
washed with brine three times to remove DMSO and dried with MgSO4. The organic layer
was concentrated and precipitated into diethyl ether to give PMVK as a sticky, yellow solid.

Procedure for the polymerization of ethyl vinyl ketone via PET-RAFT (EVK/CPDT =
200/1)
Added 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) (0.0052 g, 0.015 mmol) and
Eosin Y (0.39 mg, 0.0006 mmol) to a 1-dram glass vial equipped with stir bar before
dissolving in DMSO (0.24 ml). At this time, ethyl vinyl ketone (EVK) was placed in another
1-dram glass vial. The vials were then degassed by purging with argon for 10 minutes.
Under argon atmosphere, EVK (0.30 ml, 3 mmol) was taken and added to the vial
containing other reagents. The vial was then sealed with Parafilm and irradiated on a stir
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plate in a glass dish lined with 465 nm blue LEDs. The polymerization was left to stir for 12
hours before turning off the light and opening the vial to air. The conversion of
polymerization was calculated by comparing the integration values of the vinyl peaks of
EVK (d = 6.4-5.8 ppm) and the alkyl peaks of PEVK (d = 3.0-0.7 ppm) in 1H NMR
spectrum, showing 90% conversion of EVK. The molecular weight (Mn = 12.6 kg/mol) and
dispersity (Ð = 1.14) of the polymer was obtained by SEC eluting with chloroform (using
polystyrene standards). The polymer was purified by the following sequence: The reaction
crude mixture was diluted in chloroform and passed through basic alumina to remove Eosin
Y. The organic layer was washed with brine three times to remove DMSO and dried with
MgSO4. The organic layer was concentrated and precipitated into n-hexane to give PEVK as
a sticky, yellow solid.

Procedure for the polymerization of phenyl vinyl ketone via PET-RAFT (PhVK/CPDT
= 200/1)
Added 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT) (0.00346 g, 0.01 mmol), Eosin Y
(0.26 mg, 0.0004 mmol), and phenyl vinyl ketone (PhVK) (0.264 g, 2 mmol) to a 1-dram
glass vial equipped with stir bar before dissolving in DMSO (0.16 ml). The vial was then
degassed by purging with argon for 10 minutes, then sealed with Parafilm and irradiated on
a stir plate in a glass dish lined with 465 nm blue LEDs. The polymerization was left to stir
for 12 hours before turning off the light and opening the vial to air. The conversion of
polymerization was calculated by comparing the integration values of a vinyl peak of PhVK
(d = 6.5-6.4 ppm) and the aromatic peaks of PPhVK (d = 8.1-6.7 ppm), showing 98%
conversion of PhVK in 1H NMR spectrum. The molecular weight (Mn = 17.7 kg/mol) and
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dispersity (Ð = 1.19) of the polymer was obtained by SEC eluting with chloroform (using
polystyrene standards). The polymer was purified by the following sequence: The crude
reaction mixture was precipitated into MeOH, redissolved in CHCl3, concentrated under
reduced pressure, and reprecipitated into MeOH (Note: Eosin Y and DMSO were removed
by the precipitation into MeOH). The resulting polymer was obtained as a yellow solid.

Procedure for the block copolymerization of PMVK-b-PPhVK via PET-RAFT
Added PMVK-CTA (Mn = 4.1 kg/mol and Ð = 1.09) (0.021 g, 0.005 mmol), Eosin Y (0.065
mg, 0.0001 mmol), and phenyl vinyl ketone (PhVK) (0.066 g, 0.5 mmol) to a 1-dram glass
vial equipped with stir bar before dissolving in DMSO (0.2 ml). The vial was then degassed
by purging with argon for 10 minutes, then sealed with Parafilm and irradiated on a stir plate
in a glass dish lined with 465 nm blue LEDs. The polymerization was left to stir for 3 hours
before turning off the light and opening the vial to air. The conversion of polymerization
was calculated by comparing the integration values of a vinyl peak of PhVK (d = 6.5-6.4
ppm) and the aromatic peaks of PPhVK (d = 8.1-6.7 ppm) in 1H NMR spectrum, showing
82% conversion of PhVK. The molecular weight (Mn = 13.1 kg/mol) and dispersity (Ð =
1.21) of the polymer was obtained by SEC eluting with chloroform (using polystyrene
standards). The polymer was purified by the following sequence: The crude reaction mixture
was precipitated into MeOH, redissolved in CHCl3, concentrated under reduced pressure,
and reprecipitated into MeOH. The resulting polymer was obtained as a yellow solid.
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Procedure for the block copolymerization of PMVK-b-PDMA via PET-RAFT
Added PMVK-CTA (Mn = 4.1 kg/mol and Ð = 1.09) (0.021 g, 0.005 mmol), Eosin Y (0.065
mg, 0.0001 mmol), and N,N-dimethylacrylamide (DMA) (0.052 ml, 0.5 mmol) to a 1-dram
glass vial equipped with stir bar before dissolving in DMSO (0.2 ml). The vial was then
degassed by purging with argon for 10 minutes, sealed with Parafilm, and placed on blue
LED stir plate apparatus irradiating with 465 nm light. The polymerization was left to stir
for 3 hours before turning off the light and opening the vial to air. The conversion of
polymerization was calculated by comparing the integration values of a vinyl peak of DMA
(d = 6.6-6.5 ppm) and the aromatic peaks of PPhVK (d = 3.25-2.75 ppm) in 1H NMR
spectrum, showing 94% conversion of DMA. The molecular weight (Mn = 17.3 kg/mol) and
dispersity (Ð = 1.12) of the polymer was obtained by SEC eluting with chloroform (using
polystyrene standards). The polymer was purified by the following sequence: The crude
reaction mixture was precipitation into diethyl ether, redissolved in CHCl3, concentrated
under reduced pressure, and reprecipitated into diethyl ether. The resulting polymer was
obtained as a sticky, yellow solid.
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Figure S6.1. Representative 1H NMR spectra of MVK monomer and crude PMVK reaction
mixture.

Figure S6.2. 1H NMR spectrum and SEC-RI trace of PEVK
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Figure S6.3. 1H NMR spectrum and SEC-RI trace of PPhVK

Figure S6.4. 1H NMR spectrum of PMVK-b-PPhVK
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Figure S6.5. 1H NMR spectrum of PMVK-b-PMA

Figure S6.6. 1H NMR spectrum of PMVK-b-PDMA

204

	
  

Figure S6.7. 1H NMR spectrum and CHCl3 SEC trace of PMVK-b-PS
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CHAPTER 7: Photomediated Atom Transfer Radical
Polymerization of Semi-Fluorinated (meth)acrylates
Sections of this chapter were originally published in Journal of the American Chemical
Society. Reproduced with permission from J. Am. Chem. Soc. 2017, 139, 16, 5939-5945.
Copyright 2017 American Chemical Society.

7.1.

Abstract
An efficient photo-mediated atom transfer radical polymerization (ATRP) protocol is

reported for semi-fluorinated acrylates and methacrylates. Use of a commercially available
solvent, 2-trifluoromethyl-2-propanol, (TFMP) optimally balances monomer, polymer, and
catalyst solubility while eliminating transesterification as a detrimental side reaction. In the
presence of UV irradiation and ppm concentrations of copper (II) bromide and Me6-TREN
(TREN = tris(2-aminoethyl amine)), semi-fluorinated monomers with side chains containing
between three and 21 fluorine atoms readily polymerize under controlled conditions. The
resulting polymers exhibit narrow molar mass distributions (Ð ≈ 1.1) and high end group
fidelity, even at conversions greater than 95%. This level of control permits the in situ
generation of chain end functional homo- and diblock copolymers from traditional ATRP
starting materials. Facile access to semi-fluorinated macromolecules using a single
methodology with unprecedented monomer scope is anticipated to create opportunities
across a variety of fields that exploit fluorine-containing polymers for tailored bulk,
interfacial, and solution properties.
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Graphical abstract: Illustration summarizing polymerization platform for semi-fluorinated
(meth)acrylates

7.2.

Introduction
Light-mediated controlled radical polymerization has emerged as a powerful strategy

in polymer chemistry, enabling spatial and temporal control over reaction kinetics,
macromolecular sequence, composition, and connectivity1-15 via external regulation of the
equilibrium governing active and dormant species. For example, with photo-induced ATRP,
light-promoted reduction of the CuII deactivator complex to CuI by nitrogen-containing
ligands leads to the transient generation of the active catalyst. Although these and other
proof-of-principle methodologies integrating light have recently been discovered (e.g.,
reversible addition chain-transfer, “RAFT”, and metal-free ATRP), most reports to date
utilize traditional, non-functional monomers (e.g., simple styrene and acrylate derivatives).
Extrapolation of existing synthetic conditions to more complicated monomer families
introduces new challenges including starting material incompatibility and reactivity
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differences. More robust strategies are thus required to evolve light-mediated
polymerizations into an enabling platform applicable to the widest selection of monomers.
Fluorinated and semi-fluorinated polymers exemplify useful macromolecular
systems with limited accessibility via contemporary controlled polymerization processes.
Broad interest in these materials arises due to unique properties including high
hydrophobicity and tunable lipophilic character.16-18 For instance, the mutual immiscibility
of hydrocarbons, polar media, and many fluorinated molecules accentuates the unusual
intermolecular interactions characteristic of C-F bonds.19,20 In addition, fluorinated materials
often exhibit anomalously-low refractive indices (circa 1.3) and high thermal, chemical, and
electrochemical stability relative to hydrogenous analogues. These beneficial attributes are
widely leveraged in conjunction with the intrinsically-low surface energy21,22 imparted by
fluorine to drive segregation of specific moieties to low dielectric interfaces (e.g., air or
vacuum). Semi-fluorinated polymers are therefore attractive materials for a variety of bulk,
interfacial, and solution applications spanning optics,19 self-assembly,23 membranes,
lubricants, coatings,24 surfactants, lithography, magnetic resonance imaging (MRI),25 and
drug-delivery. 19,26
Given these favorable properties and real-world applications, the development of
synthetic techniques for the preparation of well-defined fluorine-containing polymers is of
significant interest. Two generic strategies are typically employed: (1) post-polymerization
functionalization of non-fluorinated polymers19,27-29 and (2) polymerization of fluorinated
monomers.30,31 While the former route is in principle compatible with many polymer
backbones, the strategy requires reactive pendant functionality and efficient coupling
chemistry. Additionally, all starting materials and intermediate products must remain soluble

208

in the reaction mixture. These requirements increase overall synthetic complexity, often with
diminishing control over final product composition. In contrast, the polymerization of
fluorinated monomers circumvents these limitations by directly producing the desired
fluorinated materials but typically requires modified polymerization procedures with
inherent limitations that minimize the breadth of accessible products.32
A number of reports have detailed the synthesis of semi-fluorinated methacrylates
via living anionic polymerization,32-35 a technique that is both synthetically difficult and
limited in monomer scope/sequence. Operationally-simpler and less-restrictive alternatives
have also been investigated,30 primarily RAFT,36,37 nitroxide-mediated polymerization
(NMP),38 and ATRP.39,40 Classical ATRP procedures for the preparation of semi-fluorinated
polymers (i.e., non-light-mediated mechanisms) include pioneering work by DeSimone and
co- workers who polymerized semi-fluorinated macromolecules using fluorinated ligands in
supercritical CO2 as the solvent.41-44 Hvilsted and Haddleton also utilized ATRP to
homopolymerize semi-fluorinated methacrylates in toluene, although a number of
monomers underwent phase separation leading to uncontrolled molar mass dispersities
(Ð).45,46 These examples illustrate the promise of well-defined fluorinated materials, yet also
highlight many remaining synthetic obstacles including poor solubility, compromised Ð at
high conversions, the need for complex fluorinated ligands, and the prevalence of undesired
side reactions (e.g., transesterification).32,47 As a result, the controlled synthesis of semifluorinated homo- and block copolymers remains a significant challenge.
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7.3.

Experimental discussion

7.3.1. Overview and optimization of polymerization platform
This chapter describes a versatile light-mediated ATRP protocol that enables facile
access to a wide array of well-defined, semi-fluorinated polymers. The judicious selection of
commercially available 2-trifluoromethyl-2-propanol (TFMP) as the solvent is a key
discovery, which simultaneously solubilizes all reagents (monomer, catalyst, and ligand)
while preventing phase separation and deleterious transesterification side-reactions.
Importantly, this platform cleanly polymerizes a wide range of semi-fluorinated
(meth)acrylates to near quantitative conversions (Figure S7.1.) and is also compatible with
non-fluorinated acrylic monomers. The resulting polymers exhibit low Ð and high endgroup fidelity as characterized by size exclusion chromatography (SEC), matrix assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS), 1H NMR,
and quantitative in situ chain extension. Semi- fluorinated homo- and block copolymers
synthesized via this technique exhibit material properties directly related to the level of
fluorine incorporation. Unparalleled control over the polymerization of semi-fluorinated
monomers using a single protocol should create new possibilities for synthesizing functional
materials.
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Inspired by literature reports detailing the use of 2,2,2-trifluoroethanol (TFE) as a
solvent for polymerizations,47-49 our initial studies utilized TFE with copper(II) bromide,
Me6-TREN, and UV irradiation (360 nm light).50 Low dispersities at quantitative
conversions were obtained for trifluoroethyl acrylate (TFEA), with very high end-group
fidelity as evidenced by SEC and MALDI-ToF-MS (Figure S7.1.).

However, when

monomers containing a longer fluorinated chain, e.g., tridecafluorooctyl acrylate (TDFOA,
Figure S7.2.), were polymerized under otherwise identical conditions, MALDI-ToF-MS
analysis revealed multiple molar mass distributions. Considering the presence of base in
solution, we confirmed that transesterification of the side-chain ester group was occurring.
These pernicious side-reactions thus compromise the integrity of most semi-fluorinated
monomer polymerizations, yielding statistically random copolymers instead of the desired
homopolymers. Recognizing that transesterification is only problematic when the alcohol
solvent is chemically distinct from the corresponding ester moiety, simply using identical
functionality should render transesterification inconsequential. For instance, control
experiments indicate the polymerization of tetrafluoropropyl acrylate (TFPA) in 2,2,3,3tetrafluoro-1-propanol (TFP) results in one set of molecular ions as characterized by
MALDI-ToF-MS with no additional peaks appearing by 1H NMR (Figure S7.3.). Although
insightful for the manipulation of reaction conditions, use of a different fluorinated alcohol
for every distinct semi-fluorinated monomer is impractical and especially ineffective for
synthesizing diblock copolymers composed of two different semi-fluorinated blocks. In
order to address this limitation, we sought to find an alternative, more versatile solvent that
would retain the delicate balance necessary to solvate Cu catalyst, monomer and polymer
while preventing in situ monomer transesterification. Octafluoropentyl acrylate (OFPA) was
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selected as a model system to screen the extent of transesterification in a range of primary,
secondary, and tertiary alcohol solvents including TFE, TFP, TFMP, and 1,1,1-trifluoro-2propanol (TRFP). The primary alcohols TFE and TFP induce significant monomer
transesterification in the presence of Me6TREN (Figure S7.2.a & S7.4.). Methacrylate
analogues are unfortunately also prone to transesterification (Figure S7.4.). Polymerization
of OFPA in primary and secondary alcohol solvents accordingly generated multiple polymer
molar mass distributions attributed to varying degrees of solvent transesterification (Figure
7.3.a).

Table 7.1. Characterization of fluorinated homopolymers (see SI for experimental details).
Synthesized using TFP as solvent. bContains DMSO (10% v/v). Mn (exp) determined using
1H NMR unless otherwise noted, Ð determined by SEC. *Mn (exp) Determined by SEC.

Entry Polymer

N

Conversion Mn (theo) Mn (exp)
(%)
[g/mol]
[g/mol]

Đ

1a
2

PTFPA

100

93

17300

17900

1.06

PTFEA

100

> 95

18600

20500

1.04

3b

PTFPA

80

> 95

14300

15000

1.08

4

PPFPA

8

> 95

1600

1700

1.16

5

PPFPA

60

> 95

11800

9400

1.07

6

PHFBA

8

> 95

2000

2300

1.14

7

PHFBA

50

90

11400

11300

1.10

8

POFPA

6

> 95

1700

1600

1.17

9b

POFPA

40

91

10400

10600

1.07

10

PTDFOA

4

> 95

1700

2000

1.24

11b

PHIFDDA

4

> 95

2500

1500*

1.10
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Figure 7.3. Polymerization of OFPA using: (a) TRFP solvent results in undesired
transesterification and multiple molar mass distributions, and (b) TFMP solvent generates a
single distribution corresponding to the expected chain-ends.

In contrast, use of the tertiary alcohol solvent TFMP resulted in no monomer (Figure
2b)

or

polymer

(Figure

7.3.b)

transesterification,

even

after

prolonged

reaction/polymerization times (21 h). To demonstrate the utility of TFMP for controlled
polymerization

of

additional

semi-fluorinated

monomers,

we

investigated

homopolymerizations of TFPA, pentafluoropropyl acrylate (PFPA), heptafluorobutyl
acrylate (HFBA), TDFOA, and heneicosafluorododecyl acrylate (HIFDDA). Initially, low
molar mass polymers were targeted (to permit facile characterization) by subjecting
monomers to the same polymerization conditions as described above (irradiation with 360
nm light in TFMP). The resulting homopolymers were characterized by SEC equipped with
a differential refractive index detector using chloroform as an eluent (Figure 7.4.b), MALDI-
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F

NMR (Figure S7.6-7 & Figure 7.6.). Each reaction resulted in near quantitative conversion
(>95%), low dispersity, and well-defined molar mass, indicating well-controlled
polymerizations. The negative DRI signals observed by SEC are characteristic of fluorinated
polymers with a smaller refractive index than the eluent (npolymer < nchloroform = 1.4459).
MALDI-ToF-MS also clearly demonstrates excellent molar mass dispersity and chain-end
fidelity for each polymer. For example, the polymerization of TFPA leads to peaks separated
by 186 m/z, corresponding to a single monomer unit, and absolute m/z values match the
expected initiator and bromine chain-ends (Figure 7.5.a). High end group fidelity was also
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observed for the synthesis of PTDFOA, a highly fluorinated derivative containing 13
fluorine atoms (~60 wt%) per repeat unit (Figure 7.5.b).
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Figure 7.5. MALDI-ToF-MS analysis indicating a single distribution corresponding to Brterminated (a) PTFPA and (b) PTDFOA. Magnified regions confirm the expected monomer
spacing.

The molar masses presented in Table 1 were calculated relative to polystyrene
standards. Nevertheless, measured molar masses correlate with the nominal values predicted
from polymerization feed equivalents (c.f., 4 vs. 5, 6 vs. 7, and 8 vs. 9). Note that we believe
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even larger molar masses may be possible, but solubility issues preclude definitive and
exhaustive analysis via typical characterization techniques (Figure S7.8.). Purified polymers
are reasonably stable in bulk and solution, e.g., PFPA homopolymer is unreactive towards
excess primary amine (Figure 7.7) and primary alcohols without added base (Figure S7.5.).
In the case of excess primary amine, a very small amount of transesterification was observed
showing fairly good stability even in the presence of a large amount of base.

Figure 7.6.

19

F NMR spectra of purified homopolymers. Relative integrals are in good

agreement with expected values.
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Figure 7.7. 1H NMR of purified PPFPA (N = 45) in the presence of excess propylamine
after 24 h reaction time. Negligible transesterification (< 2%) is observed.

7.3.2. Investigation of in situ chain-extension capability
Encouraged by the retention of bromo chain-ends at near quantitative conversions,
various semi-fluorinated diblock copolymers were prepared by sequential monomer addition
and in situ chain extension. Initial studies involved the confirmation of controlled
polymerization for non-fluorinated acrylates using the aforementioned conditions optimized
with semi-fluorinated systems. The addition of DMSO (10% v/v) as a cosolvent for both
hydrophilic and hydrophobic monomers proved to mitigate solubility issues without
compromising conversion or polymerization control. This is exemplified by the
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polymerization of tert-butyl acrylate (tBA), which resulted in near quantitative conversion
and low dispersity (Ð = 1.09). Subsequent in situ chain extension with OFPA produced
PtBA-b-POFPA diblock copolymers with SEC characterization revealing the expected shift
to lower retention time and complete inversion of the dRI signal (Figure 7.8.a). This
inversion arises from the positive dn/dc of PtBA and the aforementioned negative dn/dc of
many fluorinated polymers, e.g., POFPA. Invoking a simple weight-averaged mixing rule
suggests that (dn/dc)BCP is dominated by POFPA with nBCP smaller than nsolvent. The
flexibility of our conditions also enables access to the reverse diblock sequence (POFPA-bPtBA) ‒ 1H NMR analysis indicates diagnostic peaks for both blocks and integration
confirms the degree of control over macromolecular composition (Figure S7.9. & S7.10.).
Significantly, successful chain extension was also achieved with other semi-fluorinated
monomers, yielding higher molar masses and diverse block pairs (Figure 7.8.). For example,
the in situ synthesis of a diblock copolymer containing two different semi-fluorinated blocks
is enabled by the concurrent compatibility of TFMP solvent with multiple semi-fluorinated
monomers.
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7.3.3. Demonstration of temporal control
Temporal modulation of polymerization kinetics was subsequently investigated
using intermittent light and dark exposure. Irradiation of TFPA in TFMP for 2 hours induced
approximately 35% monomer conversion. Upon cessation of light exposure, propagation
stalled and this on/off process could be repeated multiple times, ultimately yielding near
quantitative conversion (>95%) after sufficient illumination. To demonstrate high chain-end
fidelity despite these consecutive on/off cycles, in situ chain extension using TFEA was
performed to yield well-defined diblock copolymers comprising two semi-fluorinated blocks
(Figure 7.9.).
Our synthetic protocol is also fully compatible with well-established functional
initiators originally developed for traditional ATRP. These include initiators containing a
pendant alkyne (Figure S7.11.), hydrophilic PEG chain (Figure 7.10.a & S7.12.), and
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methacrylates, such as TFEMA (Figure S7.14.) and OFPMA (Figure S7.15.). With both
monomers, TFMP enables high conversion (>95%) without compromising molar mass
dispersity (Ð ≈ 1.15).

7.3.4. Applications of obtained materials
Finally, a series of experiments was performed to showcase the physical properties
of semi-fluorinated diblock copolymers. Aqueous solutions containing PEG-b-PTFEA
(Figure 7.10.c) exhibit a significantly reduced surface tension relative to pure water
(elucidated by pendant drop measurements), as expected for interfacial segregation of low
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surface energy fluorinated moieties. Moreover, the synthetic versatility of this system allows
for systematic variation of fluorine content to produce a library of surfactants and multifunctional diblock copolymers. Examples include PtBA-b-PTFPA (nominally NA = NB = 96)
which when annealed at 150 °C under vacuum for 12 hours (Figure 7.11.a & S7.16.) reveals
small angle X-ray scattering (SAXS) Bragg reflections consistent with well-ordered
lamellae (Figure 7.11.b). Deprotection (Figure S7.17. & S7.18) of the same diblock
copolymer generates amphiphilic poly(acrylic acid)-b-PTFPA that forms micelles in
aqueous solution. Dynamic light scattering (DLS) indicates diameters circa 30 nm (Figure
7.11.c & S7.19.) and a zeta potential of -26 mV. These types of materials (or derivatives
thereof) may find utility in a variety of applications that currently leverage or could benefit
from block copolymers containing fluorine, for example anti-fouling coatings,51-53 surfaceactive additives for lithography,54 and high-χ oligomers.55-58
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Figure 7.10. (a) Synthesis of potential fluorinated surfactant with a PEG macroinitiator and
(b) corresponding SEC overlay depicting resulting shift. (c) Pendant drop data
demonstrating a decrease in the surface tension of water.

(a)

OO

O
Br
Br

OO

O

96
96

OO

O

F
F
F

OO

F

O

O
O

O O
O O

Mn"="30400"
Đ"="1.10"

(b)

O

Br
Br

96
96

O

in%situ%addi2on"

Mn"="13200"
Đ"="1.08"

O

96
96

O

F

O

O F

F

F
F

F

F

F

In ten s ity ///a .u .
Intensity"/"a.u."
Intensity((a.u.)(

d"="24.1"nm""""
1q"
2q"
3q"
4q"
0.04
0.04"

0.02
0.02"

(c)

0.06
0.08
0.08"
0.06"
%101
q"/"A
"")(
q ///q((A
Å
41

0.10
0.10"

0.12
0.12"

O
Br

O
O

96

96

OH O

O

F
F

F

F

Dh"="30"nm""""
PSD"="0.14"

Figure 7.11. (a) Synthetic scheme for PtBA-b-PTFPA and (b) corresponding SAXS data
confirming microphase separation (lamellae) (c) Deprotection of the PtBA block to
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7.4.

Conclusion
In conclusion, we have developed a versatile protocol for the photo-mediated ATRP

of semi-fluorinated acrylates and methacrylates. Excellent chain-end fidelity is retained at
near quantitative conversions with low molar mass dispersity, permitting in situ chain
extension and the formation of a diverse library of diblock copolymers with no observed
sequence constraints. The synthetic advances described in this chapter expand the
accessibility of well-defined functional polymers, providing improved access to tailored
macromolecules containing prescribed levels of fluorine incorporation at specific molecular
locations.
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7.1.

Supporting Information

General Reagent Information
All reactions were carried out under an argon atmosphere unless otherwise noted. All
commercially obtained reagents were used as received unless otherwise noted. All reactions
were performed at room temperature (ca. 23 °C), unless otherwise noted. Semi-fluorinated
monomers including 2,2,2-trifluoroethyl acrylate (TFEA), 2,2,2-trifluoroethyl methacrylate
(TFEMA),

1H,1H-heptafluorobutyl

acrylate

(HFBA),

and

3,3,4,4,5,5,6,6,7,7,8,8,8-

tridecafluorooctyl acrylate (TDFOA) were purchased from Sigma-Aldrich. CuBr2, ethyl 2bromoisobutyrate, methyl acrylate, tert-butyl acrylate, 2,2,2-trifluoroethanol (TFE) and
trifluoro-1-methyl propanol (TFMP) were purchased from Sigma-Aldrich. 2,2,3,3tetrafluoropropyl acrylate (TFPA), pentafluoropropyl acrylate (PFPA), 1H,1H,5Hoctafluoropentyl acrylate (OFPA), and 1H,1H,5H-octafluoropentyl methacrylate (OFPMA)
were purchased from TCI chemicals. Me6-TREN was purchased from Alfa Aesar. All
monomers were filtered through a plug of basic alumina before use. Dialysis tubing was
Spectra/Por regenerated cellulose and purchased from Spectrum Laboratories Inc. through
VWR. Synthesis of prop-2-yn-1-yl 2-bromo-2-methylpropanoate (PBiB) was performed
according to literature procedure.1

General Analytical Information
Nuclear magnetic resonance spectra were recorded on a Varian 600 MHz instrument. All 1H
NMR experiments are reported in δ units, parts per million (ppm), and were measured
relative to the signal for residual chloroform (7.26 ppm) in the deuterated solvent unless
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otherwise stated. Size exclusion chromatography (SEC) was performed on a Waters
Alliance HPLC System, 2695 separation module with Wyatt DAWN HELEOS-II light
scattering and Wyatt Optilab rEX refractive index detectors. Matrix-Assisted Laser
Desorption Ionization time of flight mass spectrometry (MALDI-ToF-MS) was conducted
using a Bruker Microflex LRF MALDI TOF mass spectrometer equipped with a 60 Hz
nitrogen laser at 337 nm. Solutions in tetrahydrofuran of dithranol as a matrix (saturated
solution, 10 µL), sodium trifluoroacetate as cationization agent (1.0 mg/ml, 2 µL) and
sample (1.0 mg/ml, 10 µL) were mixed, and 0.7 µL of the mixture was applied to the target
plate. Dilute solution micelle size and zeta potential measurements were performed using a
Malvern Zetasizer Nano Series running dynamic light scattering software and operating a 4
mW He–Ne laser at 633 nm. The analysis was performed at an angle of 173° and a constant
temperature of 25 °C. The dispersant viscosity and RI were set to 0.89 Ns m-2 and 1.33,
respectively. The polymer containing solution (1 mg mL-1) was used to measured particle
size and zeta potential at 25 °C. Samples for small-angle X-ray scattering (SAXS)
measurements were annealed inside a metal washer at 150 °C under vacuum for 12 hours.
SAXS measurements of bulk samples were conducted using a custom instrument in the Xray diffraction facility of the Materials Research Laboratory (MRL) at UCSB. The
instrument includes a 50 µm microfocus, a Cu target X-ray source with parallel beam
multilayer optics and monochromator (Genix from XENOCS SA, France), and a Dectris
EIGER R 1 M detector. Differential scanning calorimetry (DSC) measurements were carried
out using a Q2000 DSC V24.11 instrument from -80 °C to 150 °C at a heating rate of 10
°C/min and a cooling rate of 5 °C/min under an N2 Flow of 50 mL/min. For pendant drop
experiments, a 50 µL Hamilton syringe with a blunt 18 gauge needle was used to slowly
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dispense droplets of the polymer solutions. Surface tension values were calculated from
backlit

images

of

these

droplets

using

the

Pendant

Drop

plugin

(http://openresearchsoftware.metajnl.com/articles/10.5334/jors.97/) for the ImageJ software
package developed at the US National Institute of Health.

Light Source
UV (λmax ≈ 360 nm) nail curing lamp equipped with 9W bulbs

No transesterification observed in polymerization of PTFEA with TFE as solvent
Procedure for polymerization of PTFEA in TFE
Monomer was filtered monomer through basic alumina (0.5 mL, 3.9 mmol, 50 eq.) and
added to a rubber septum-sealed vial equipped with a magnetic stir bar. A solution of CuBr2
(0.35 mg, 0.002 mmol, 0.02 eq) and Me6-TREN (2.5 µL, 0.009 mmol, 0.12 eq) (35 µL of a
solution containing 1 mg CuBr2 and 7 µL of Me6-TREN in 0.1 mL of TFE) was prepared
before adding additional TFE (0.47 mL). The catalyst/ligand mixture was added to the vial
followed by EBiB (11.5 µL, 0.08 mmol, 1 eq). The reaction mixture was purged with
nitrogen for 10 minutes before placing the vial in the UV lamp. Characterization was
obtained using MALDI-ToF-MS and SEC analysis.
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Figure S7.1. MALDI-ToF-MS analysis indicates no undesired transesterification when
polymerizing TFEA with the corresponding alcohol (TFE) as a solvent.
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Transesterification observed in polymerization of PTDFOA with TFE as solvent
Procedure for polymerization of PTDFOA in TFE
Monomer was filtered through basic alumina (0.5 mL, 3.54 mmol, 15 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.1 mg,
0.005 mmol, 0.02 eq) and Me6-TREN (8 µL, 0.028 mmol, 0.12 eq) dissolved in TFE (0.5
mL) was added followed by EBiB (35 µL, 0.24 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp.
Characterization was obtained using MALDI-ToF-MS analysis.
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Figure S7.2. MALDI-ToF-MS analysis indicates undesired transesterification when
polymerizing TDFOA with TFE as a solvent.
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Procedure for polymerization of 2,2,3,3-tetrafluoropropyl acrylate in TFP
Monomer was filtered through basic alumina (0.5 mL, 3.54 mmol, 15 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.1 mg,
0.005 mmol, 0.02 eq) and Me6-TREN (8 µL, 0.028 mmol, 0.12 eq) dissolved in TFP (0.5
mL) was added followed by EBiB (35 µL, 0.24 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp.
Characterization was obtained using MALDI-ToF-MS and SEC analysis.
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Figure S7.3. SEC and MALDI-ToF-MS characterization confirming high fidelity
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polymerization of TFPA in the corresponding primary alcohol TFP.
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OFPA monomer transesterification tests with potential solvents
1. trifluoro-2-methylpropanol
2. trifluoro-2-propanol
3. tetrafluoropropanol
4. trifluoroethanol
5. DMSO

Procedure: Added 40 µL of OFPA to a 1-dram vial and added 2 equivalents of potential
solvent. At this time, 0.016 equivalents of Me6-TREN was added and a t=0 sample was
taken for analysis by 1H NMR. The vials were left to sit for 21 hours before taking another
NMR.
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Figure S7.4. Results of OFPA monomer transesterification studies using various solvents in
the presence of Me6-TREN show that only TFMP and DMSO result in no undesired
transesterification. OFPMA was also prone to transesterification with TFE.

Procedure for polymerization of 2,2,3,3-tetrafluoropropyl acrylate in TFMP
Monomer was filtered through basic alumina (0.5 mL, 3.54 mmol, 15 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.1 mg,
0.005 mmol, 0.02 eq) and Me6-TREN (8 µL, 0.028 mmol, 0.12 eq) dissolved in TFMP (0.5
mL) was added followed by EBiB (35 µL, 0.24 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp. The resulting
polymer was dissolved in chloroform and filtered through basic alumina to remove residual
copper and subsequently purified via dialysis against DCM overnight with a MWCO of 1
239

kDa. 1H NMR (600 MHz, CDCl3, δ): 6.00‒5.75 (m, -CF2CF2H at end of pendant fluorinated
chain) 4.60‒4.40 (m, OCH2CF2CF2H of pendant fluorinated chain) 4.35‒4.00 (m, CH2CHBr
at chain-end and CH3CH2O of initiator), 2.70‒1.50 (m, m, aliphatic backbone protons),
1.20‒1.10 (2 x CH3 of initiator), 19F NMR (376 MHz, CDCl3, δ): -123 (s, -CF2CF2H, 2F), 137 (s, -CF2CF2H, 2F), SEC (CHCl3, dRI relative to polystyrene standards): Mn = 2200
g/mol, Đ = 1.10. DSC: (Tg = -27 °C), MALDI-ToF-MS: [C66H71F40O22BrNa]+theo = 2079,
[C66H71F40O22BrNa]+exp = 2079.

Procedure for polymerization of 2,2,3,3,3-pentafluoropropyl acrylate in TFMP
Monomer was filtered through basic alumina (0.5 mL, 3.24 mmol, 8 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.8 mg,
0.008 mmol, 0.02 eq) and Me6-TREN (13 µL, 0.049 mmol, 0.12 eq) dissolved in TFMP (0.5
mL) was added followed by EBiB (59 µL, 0.41 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp. The resulting
polymer was dissolved in chloroform and filtered through basic alumina to remove residual
copper and subsequently purified via dialysis against DCM overnight with a MWCO of 1
kDa. 1H NMR (600 MHz, CDCl3, δ): 4.70‒4.40 (m, OCH2CF2CF3 of pendant fluorinated
chain) 4.35‒4.00 (m, CH2CHBr at chain-end and CH3CH2O of initiator), 2.70‒1.50 (m, m,
aliphatic backbone protons), 1.20-1.10 (2 x CH3 of initiator), 19F NMR (376 MHz, CDCl3,
δ): -85 (s, -CF2CF3, 3F), -125 (s, -CF2CF3, 2F), SEC (CHCl3, dRI relative to polystyrene
standards): Mn = 1300 g/mol, Đ = 1.16. DSC: (Tg = -35 °C), MALDI-ToF-MS:
[C54H51F40O18BrNa]+theo = 1851, [C54H51F40O18BrNa]+exp = 1852.
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Procedure for polymerization of 1H,1H-heptafluorobutyl acrylate in TFMP
Monomer was filtered through basic alumina (0.5 mL, 2.80 mmol, 8 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.6 mg,
0.007 mmol, 0.02 eq) and Me6-TREN (11 µL, 0.042 mmol, 0.35 eq) dissolved in TFMP (0.5
mL) was added followed by EBiB (51 µL, 0.24 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp. The resulting
polymer was dissolved in chloroform and filtered through basic alumina to remove residual
copper and subsequently purified via dialysis against DCM overnight with a MWCO of 1
kDa. 1H NMR (600 MHz, CDCl3, δ): 6.00-5.75 (m, -CF2CF2H at end of pendant fluorinated
chain) 4.60‒4.40 (m, OCH2CF2CF2H of pendant fluorinated chain) 4.35‒4.00 (m, CH2CHBr
at chain-end and CH3CH2O of initiator), 2.70‒1.50 (m, m, aliphatic backbone protons),
1.20‒1.10 (2 x CH3 of initiator), 19F NMR (376 MHz, CDCl3, δ): -81 (s, -CF2CF2CF3, 3F), 121 (s, -CF2CF2CF3, 2F), -128 (s, -CF2CF2CF3, 2F), SEC (CHCl3, dRI relative to
polystyrene standards): Mn = 2000 g/mol, Đ = 1.14. DSC: (Tg = -36 °C), MALDI-ToF-MS:
[C62H51F56O18BrNa]+theo = 2251, [C62H51F56O18BrNa]+exp = 2252.

Procedure for polymerization of 1H,1H,5H-octafluoropentyl acrylate in TFMP
Monomer was filtered through basic alumina (0.5 mL, 2.61 mmol, 6 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.9 mg,
0.009 mmol, 0.02 eq) and Me6-TREN (14 µL, 0.052 mmol, 0.12 eq) dissolved in TFMP (0.5
mL) was added followed by EBiB (64 µL, 0.44 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp. The resulting
polymer was dissolved in chloroform and filtered through basic alumina to remove residual
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copper and subsequently purified via dialysis against DCM overnight with a MWCO of 1
kDa. 1H NMR (600 MHz, CDCl3, δ): 6.20‒5.90 (m, -CF2CF2H at end of pendant fluorinated
chain) 4.70‒4.45 (m, OCH2CF2CF2H of pendant fluorinated chain) 4.35‒4.00 (m, CH2CHBr
at chain-end and CH3CH2O of initiator), 2.70‒1.50 (m, m, aliphatic backbone protons),
1.20‒1.10 (2 x CH3 of initiator), 19F NMR (376 MHz, CDCl3, δ): -121 (s, -CF2CF2CF2CF2H,
3F), -126 (s, -CF2CF2CF2CF2H, 2F), -131 (s, -CF2CF2CF2CF2H, 2F), -138 (s, CF2CF2CF2CF2H, 2F), SEC (CHCl3, dRI relative to polystyrene standards): Mn = 1900
g/mol, Đ = 1.17. DSC: (Tg = -53 °C), MALDI-ToF-MS: [C62H53F56O16BrNa]+theo = 2221,
[C62H53F56O16BrNa]+exp = 2222.

Procedure for polymerization of 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl acrylate
in TFMP
Monomer was filtered through basic alumina (0.5 mL, 1.86 mmol, 4 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.9 mg,
0.009 mmol, 0.02 eq) and Me6-TREN (14 µL, 0.052 mmol, 0.12 eq) dissolved in TFMP (0.5
mL) was added followed by EBiB (64 µL, 0.44 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp. The resulting
polymer was dissolved in chloroform and filtered through basic alumina to remove residual
copper and subsequently purified via dialysis against DCM overnight with a MWCO of 1
kDa. 1H NMR (600 MHz, CDCl3, δ): 4.50‒4.30 (m, OCH2CH2 of pendant fluorinated chain)
4.30‒4.00 (m, CH2CHBr at chain-end and CH3CH2O of initiator), 2.70‒1.50 (m, m, aliphatic
backbone and pendant OCH2CH2 protons), 1.20‒1.10 (2 x CH3 of initiator), 19F NMR (376
MHz, CDCl3, δ): -81 (s, -CF2CF2CF2CF2CF2CF3, 3F), -114 (s, - CF2CF2CF2CF2CF2CF3,
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2F), -122 to -125 (s, s, s -CF2CF2CF2CF2CF2CF3, 6F), -127 (s, -CF2CF2CF2CF2CF2CF3,
2F), SEC (CHCl3, dRI relative to polystyrene standards): Mn = 1700 g/mol, Đ = 1.24. DSC:
(Tg = -44 °C) MALDI-ToF-MS: [C50H39F52O10BrNa]+theo = 1891, [C50H39F52O10BrNa]+exp =
1892.

General procedure for in situ chain extension in TFMP
After reaching a conversion of >95%, the polymerization mixture (homopolymer) is placed
under a positive pressure of nitrogen before adding the appropriate amount of the desired
deinhibited and degassed monomer used for the second block. At this time, a solution
comprised of CuBr2 (0.06 eqv.) and Me6-TREN (0.32 eqv.) dissolved in DMSO:TFMP (1:4
v/v) was added to the reaction mixture via degassed syringe. The polymerization mixture
was then further sparged with nitrogen for an additional 5 minutes before placing under UV
lamp. Samples were taken periodically and conversions were measured using 1H NMR and
SEC analysis.

243

MALDI-ToF-MS spectra of semi-fluorinated homopolymers
(a)

244

(b)
O

DP(=(7(

600

Na +
Br

O

7

Inte ns ity

O

O

F

Expected(m/z:(2221(
Found(m/z:(2222( F

400

F
F
F

F
F

F

200

0
1000

2000

3000

4000

m /z
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Figure S7.6. 1H NMR characterization of purified semi-fluorinated homopolymers.
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Figure S7.7. Representative DSC traces of purified PTFPA and PTDFOA homopolymers.
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Procedure for polymerization of 2,2,3,3-tetrafluoropropyl acrylate in TFMP for on/off
intermittent light exposure experiment
Monomer was filtered through basic alumina (1.0 mL, 7.12 mmol, 80 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.2 mg,
0.005 mmol, 0.06 eq) and Me6-TREN (8 µL, 0.028 mmol, 0.32 eq) was prepared by
dissolving in TFMP (0.8 mL) and DMSO (0.2 mL) before adding EBiB (13 µL, 0.09 mmol,
1 eq). The reaction mixture was purged with nitrogen for 10 minutes before placing the vial
in the UV lamp. The reaction mixture was reacted for 2 hours before ceasing light exposure
for 2 hours. The reaction was again reacted for an additional 4 hours under light exposure
and subsequently stopped for an additional 2 hours in the dark. The reaction was then
illuminated for approximately 25 hours to reach full conversion before proceeding with in
situ chain extension using TFEA (see the general procedure above).

Procedure for synthesis of POFPA using PBiB in TFMP
Monomer was filtered through basic alumina (0.5 mL, 2.60 mmol, 10 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (1.8 mg,
0.008 mmol, 0.03 eq) and Me6-TREN (11 µL, 0.042 mmol, 0.16 eq) dissolved in TFMP (0.4
mL) and DMSO (0.1 mL) was added followed by PBiB (53 mg, 0.26 mmol, 1 eq). The
reaction mixture was purged with nitrogen for 10 minutes before placing the vial in the UV
lamp. Conversion was 82% as determined by 1H NMR analysis after 42 h.
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Figure S7.11. SEC characterization showing good control of POFPA using PBiB initiator.

Procedure for synthesis of PEG1k-macroinitiator
The PEG1k-macroinitiator was synthesized according to a modified literature procedure.2
PEG-OH (20 g, 0.02 mol, 1 eq) and TEA (7.2 mL, 0.05 mol, 2.5 eq) were dissolved in 300
mL of dry toluene and stirred at 0 °C. The acid bromide (6.2 mL, 0.05 mol, 2.5 eq, diluted in
20 mL of dry toluene) was added dropwise. The mixture was allowed to warm to room
temperature and was stirred overnight. After solvent evaporation under reduced pressure, the
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residue was dissolved in DCM and precipitated into cold hexanes/diethyl ether (300 mL
total, 1:1 by volume).

Procedure for synthesis of PEG1k-b-PTFEA in TFMP
Monomer was filtered through basic alumina (0.5 mL, 3.92 mmol, 7 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (2.5 mg,
0.011 mmol, 0.02 eq) and Me6-TREN (18 µL, 0.07 mmol, 0.12 eq) dissolved in TFMP (0.5
mL) was added followed by PEG1k-Br (560 mg, 0.56 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp.
Characterization was obtained using 1H NMR and SEC analysis.
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Procedure for synthesis of semi-fluorinated ATRP initiator
A literature procedure was followed with 1H NMR signals and integrations matching
previously reported values.3
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Figure S7.13. 1H NMR of synthesized semi-fluorinated ATRP initiator matching literature
values.

Procedure for synthesis of PtBA-b-POFPA using fluorinated initiator
PtBA block: Monomer was filtered through basic alumina (0.40 mL, 2.73 mmol, 30 eq),
and added to a rubber septum sealed vial equipped with a magnetic stir bar. A solution of
CuBr2 (1.2 mg, 0.005 mmol, 0.06 eq) and Me6-TREN (8 µL, 0.029 mmol, 0.32 eq) was
dissolved in TFMP (0.300 mL) and DMSO (0.100 mL). The catalyst/ligand mixture was
added to the vial followed by the fluorinated initiator (35 mg, 0.091 mmol, 1 eq). The
reaction mixture was purged with nitrogen for 10 minutes before placing the vial in the UV
lamp for 15 h (>95% conversion). Characterization was obtained using 1H NMR and SEC
analysis.
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Chain extension with OFPA: Under a nitrogen atmosphere, degassed and deinhibited
OFPA (1.40 mL, 7.28 mmol, 80 eq) was added directly into the vial. Following this, a
solution of CuBr2 (1.2 mg, 0.005 mmol, 0.06 eq) and Me6-TREN (8 µL, 0.029 mmol, 0.32
eq) dissolved in TFMP (0.6 mL) and DMSO (0.1 mL) was added to the reaction vial before
purging the reaction mixture with nitrogen. The chain extension was stirred for 48 h under
UV irradiation. The resulting diblock copolymer was dissolved in chloroform and filtered
through basic alumina to remove residual copper and subsequently purified via dialysis
against DCM with a MWCO of 8 kDa overnight.

Procedure for polymerization of 2,2,2-trifluoroethyl methacrylate in TFMP
Monomer was filtered through basic alumina (0.5 mL, 3.50 mmol, 100 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (0.30 mg,
0.001 mmol, 0.04 eq) and Me6-TREN (2.3 µL, 0.008 mmol, 0.24 eq) (30 µL of a solution
containing 1 mg CuBr2 and 7 µL of Me6-TREN in 0.1 mL of DMSO) was prepared before
adding in additional TFMP (0.4 mL) and DMSO (0.07 mL). The catalyst/ligand mixture was
added to the vial followed by MBPA (6 µL, 0.035 mmol, 1 eq). The reaction mixture was
purged with nitrogen for 10 minutes before placing the vial in the UV lamp.
Characterization was obtained using 1H NMR and SEC analysis.
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Procedure for polymerization of 1H,1H,5H-octafluoropentyl methacrylate in TFMP
Monomer was filtered through basic alumina (0.5 mL, 2.40 mmol, 24 eq), and added to a
rubber septum sealed vial equipped with a magnetic stir bar. A solution of CuBr2 (0.9 mg,
0.004 mmol, 0.04 eq) and Me6-TREN (6.4 µL, 0.024 mmol, 0.24 eq) was dissolved in
TFMP (0.4 mL) and DMSO (0.1 mL) and added to the vial followed by MBPA (16 µL,
0.100 mmol, 1 eq). The reaction mixture was purged with nitrogen for 10 minutes before
placing the vial in the UV lamp. Characterization was obtained using 1H NMR and SEC
analysis.
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Procedure for synthesis of PtBA-b-PTFPA
PtBA block: Monomer was filtered through basic alumina (1.5 mL, 10.27 mmol, 96 eq),
and added to a rubber septum sealed vial equipped with a magnetic stir bar. A solution of
CuBr2 (1.4 mg, 0.006 mmol, 0.06 eq) and Me6-TREN (9 µL, 0.034 mmol, 0.32 eq) was
dissolved in TFP (1.35 mL) and DMSO (0.15 mL). The catalyst/ligand mixture was added to
the vial followed by EBIB (16 µL, 0.107 mmol, 1 eq). The reaction mixture was purged with
nitrogen for 10 minutes before placing the vial in the UV lamp for 15 h (>95% conversion).
Characterization was obtained using 1H NMR and SEC analysis.
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Chain extension with TFPA: Under a nitrogen atmosphere, degassed and deinhibited
TFPA (1.45 mL, 10.27 mmol, 96 eq) was added directly into the vial. Following this, a
solution of CuBr2 (1.4 mg, 0.006 mmol, 0.06 eq) and Me6-TREN (9 µL, 0.034 mmol, 0.32
eq) dissolved in TFP (0.9 mL) and DMSO (0.1 mL) was added to the reaction vial before
purging the reaction mixture with nitrogen. The chain extension was stirred for 42 h under
UV irradiation. The resulting diblock copolymer was dissolved in chloroform and filtered
through basic alumina to remove residual copper and subsequently purified via dialysis
against DCM with a MWCO of 10-12 kDa for 2 days.
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Figure S7.16. SEC and 1H NMR characterization of PtBA-b-PTFPA.
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Procedure for synthesis of PAA-b-PTFPA
The diblock copolymer (200 mg) was dissolved in DCM (2 mL). Subsequently,
trifluoroacetic acid (TFA) (2 mL) was added and the solution was stirred at ambient
temperature. After 24 h, the solvent was removed yielding a solid product that was redissolved in acetone. This purification process was repeated three times to azeotrope and
remove TFA. The resulting solid product was dialyzed against DCM (500 ml x 3) for 3 days
using a dialysis membrane with a 1 kDa MWCO. DCM was removed under reduced
pressure to yield a sticky solid.

Figure S7.17. 1H NMR confirming disappearance of peak resonances (approximately
1.4ppm as shown in Figure S18) corresponding to tert-butyl groups following treatment with
TFA. Note: proton resonances of semi-fluorinated groups remain unchanged.
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Figure S7.18. 19F NMR confirming presence of fluorine, with two characteristic resonances
corresponding to each CF2 group on the PTFPA block.

Procedure for solution self-assembly of PAA-b-PTFPA
Micellization of the diblock copolymer was carried out in a 2.5 mL vial equipped with a
magnetic stirrer. The polymer (2 mg) was first dissolved in methanol (0.2 mL) by vortex
mixing for 1 min. The vial was then sealed by a rubber septum to prevent possible
evaporation of the organic solvent. MilliQ-water (2 mL) was added by a programmable
syringe pump at the rate of 1 mL h-1. After completion of water addition, the suspension was
dialyzed against MilliQ-water (100 mL x 3) for 24 h using a dialysis membrane with a 1
kDa MWCO. The solution was sealed and stored at room temperature for analysis.
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CHAPTER 8: Access to Thermally Tunable Functional
Materials via Metal-Free Atom Transfer Polymerization of Endo
and Exo Diels-Alder Building Blocks
Sections of this chapter were originally published in Journal of the American Chemical
Society. Reproduced with permission from J. Am. Chem. Soc. 2018, 140, 15, 5009-5013.
Copyright 2018 American Chemical Society.

8.1.

Abstract
The development and application of a novel endo-protected maleimide polymer

building block is reported. The endo conformer undergoes deprotection at temperatures
approximately 50 – 60 °C below the exo derivative enabling facile and selective polymer
modification. This facilitates a simple, yet powerful approach to quantitatively and
selectively introduce functional maleimide handles with exceptional molecular precision via
simple temperature modulation.

Graphical abstract: Representative illustration showing selective introduction of reactive
maleimides using temperature.
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8.2.

Introduction
The development of ‘click’ chemistry has had a profound impact on applications

ranging from small molecule bioconjugation to the synthesis of complex and multifunctional
macromolecular systems.1 Of the myriad of available ‘click’ reactions, maleimides represent
one of the most versatile building blocks, as they offer two distinct and highly efficient
reaction pathways for secondary functionalization. The first is a facile [4 + 2] Diels-Alder
(DA) cycloaddition between electron-deficient maleimides and dienes. The second is a thiolMichael reaction where a nucleophilic thiol adds across the maleimide double bond.2 Both
pathways proceed quantitatively under equimolar conditions from a wide variety of starting
materials.

Figure 8.1. Graphical depiction of endo and exo isomers of furan-protected maleimide for
temperature dependent deprotection and selective functionalization of small molecules and
synthetic polymers.
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While the high reactivity of maleimides is desirable for post-polymerization
functionalization, direct incorporation into polymers prepared through conventional free
radical and controlled radical polymerization (CRP) is precluded.3-5 In previous work,
Haddleton and coworkers developed an exo furan-protected maleimide atom transfer radical
polymerization (ATRP) initiator for incorporation of a masked maleimide moiety at the α
chain-end.6 The furan protecting group could then be removed via a retro-DA (rDA) process
upon heating at elevated temperatures (~110 °C). Coupled with facile thiol-Michael
addition, this strategy has significantly impacted the preparation of polymer-protein
bioconjugates.7 Maynard and coworkers expanded this work, demonstrating successful
incorporation of exo furan-protected maleimides in reversible addition fragmentation chaintransfer (RAFT) polymerization processes.8 Dove and Sanyal also demonstrated successful
utility in ring opening polymerization (ROP) systems.9,10 Despite the importance of
maleimide addition to the field of functional polymer synthesis, only the exo isomer has
been explored as a functionalization platform. As such, the inherently high deprotection
temperature is problematic for thermally unstable systems, such as bioconjugates and
supramolecular assemblies.11 To address this challenge, we hypothesized that the endo
isomer, which undergoes rDA at considerably lower temperatures12,13 would afford a new
functional building block with the added benefit of temperature tunability.

8.3.

Experimental discussion

8.3.1. Small molecule design and synthesis
Our initial exploration focused on a scalable and straightforward synthesis of the
endo adduct, 1. Using inexpensive and readily available starting materials (furan and
maleimide), a mixture of DA adducts enriched with 1 can be obtained when the
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cycloaddition reaction is performed at room temperature. From this mixture, the endo
isomer, 1, is selectively recrystallized from dichloromethane on up to a 4-gram scale (23%
yield, see SI). The reaction of 1 with the exo isomer, 2,14 results in the endo/exo

Scheme 8.1. Synthesis of endo/exo heterodimer (3) and endo polymer building blocks (5a –
initiator; 6a – monomer). (i) K2CO3, MeCN, RT, 56%. (ii) 2-bromothanol, K2CO3, MeCN,
RT, 73%. (iii) BIBB, Et3N, DCM, 0 °C to RT, 84%. (iv) Methacryloyl chloride, Et3N,
DCM, 0 °C to RT, 80%. For exo polymer building blocks (5b – initiator; 6b – monomer) see
SI.

heterodimer model compound (3), which offers the possibility of selective deprotection and
separate/successive thiol-Michael addition steps. Significantly, when 3 was heated at 60 °C,
only deprotection of the endo adduct was observed (see SI). While extended reaction time
for complete deprotection is necessary, nucleophilic addition with n-dodecanethiol enables
exclusive monofunctionalization of the heterodimer to give 3-mono in good yield (Figure
8.2.). Subsequent deprotection of the exo adduct at 100 °C followed by reaction with 4265

trifluorobenzyl mercaptan furnished the final di-substituted compound 3-di (Figure 8.2.),
confirmed by 1H,

13

C,

19

F and electrospray ionization - mass spectrometry (ESI-MS)

analysis (Figure S8.18-20). Importantly, a systematic study varying the temperature from 50
°C to 70 °C to determine what temperature would offer the greatest selectivity was
performed using heterodimer 3. It was found that a temperature of approximately 60 °C is
most ideal for achieving the greatest selective deprotection (Figure 8.3.).

Figure 8.2. (a) Scheme and (b) 1H NMR overlay of orthogonal deprotection and thiolmaleimide coupling reactions using small molecule endo/exo heterodimer, 3: (i) DMF, 60
o

C, 22 h; (ii) n-C12H25SH, TEA, CHCl3, RT, 15 h, column chromatography, (93%, two

steps); (iii) Toluene, 100 oC, 17 h, >95% conversion of exo (iv) p-CF3BnSH, TEA, CHCl3,
RT, 4 h, column chromatography (81%, two steps).
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Figure 8.3. Plot for selective deprotection of endo protecting group at various temperatures.

8.3.2. Development of endo and exo polymer building blocks
With selective conjugation achieved on a small molecule heterodimer, our efforts
focused on adapting this chemistry to facilitate orthogonal post-functionalization of
synthetic polymers. To obtain the necessary polymeric building blocks, a key hydroxyethyl
precursor (4) was synthesized in one step from 1 (Scheme 8.1.) with single crystal X-ray
analysis confirming the endo conformation of 4 (see SI). A traditional ATRP initiator (5a)
and methacrylate monomer (6a) bearing the endo isomer could then be obtained from 4
using

2-bromoisobutyryl

bromide

and

methacryloyl
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chloride,

respectively.

The

aforementioned compounds serve as key building blocks for the preparation of a variety of
multi-functional polymers.

8.3.3. Implementation into polymeric materials
Given the lower deprotection temperature of the endo isomer and the associated
incompatibility with traditional thermally-driven radical polymerization techniques, our
attention was drawn to ATRP systems that operate under ambient temperatures. Initial
investigation of the viability of 5a for Cu(0) polymerization15 reveals a bimodal distribution
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Figure 8.4. Representative polymerization attempt of endo and exo acrylate derivatives to
synthesize random copolymer using ambient temperature Cu-catalyzed ATRP resulted in a
highly uncontrolled process.
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at moderate to high conversions (Figure 8.4.). This is in agreement with previous reports that
suggest protected maleimides can still participate in copolymerization6 when using CuATRP. Indeed, this was also highly evident when attempting the copolymerization of endo
and exo acrylates using ambient temperature Cu-catalyzed ATRP (Figure 8.4.). In order to
address this concern, we turned to light-mediated CRP techniques, namely metal-free
ATRP16-20 and photoinduced electron transfer-RAFT (PET-RAFT),21-23 for direct
incorporation of temperature sensitive functionalities into polymeric scaffolds.

Figure 8.5. (a) Scheme of metal-free ATRP of MMA using the endo ATRP initiator, 5a (b)
Size exclusion chromatography (SEC) confirming unimodal distribution with low Đ.

Implementation of metal-free ATRP with purified endo- and exo-monomers would therefore
allow the development of multifunctional polymers that leverage the selective deprotection
temperatures of the endo and exo building blocks (Figure 8.1.a), opening up the range of
functionalization chemistries available in synthetic polymer systems. Significantly, metal269

free ATRP using Phen-CF3 yielded a unimodal distribution with low Đ for the endo-initiator
(Figure 8.5.), while PhenO (see SI) allows 6a (endo adduct) to be successfully
copolymerized with 6b (exo adduct), methyl methacrylate (MMA) and benzyl methacrylate
(BnMA). The choice of photocatalyst was based on optimal compatibility with the initiator-

Figure 8.6. (a) Copolymer P2 (synthesized using 6a, 6b, MMA and BnMA, with PhenO and
380 nm light) is heated to selectively deprotect the endo isomer to yield P3 (See SI for
synthetic details) (b) Plot depicting stability of the exo isomer and quantitative deprotection
of endo isomer at 60 °C over 16 h.
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Figure 8.7. Expanded and full 1H NMR overlay to determine deprotection progress (peaks
at 7.7 and 6.5ppm correspond to emerging furan)

type as demonstrated in previous reports.19,20 This represents the first copolymer (P2) to
contain both endo and exo isomers (Figure 8.6.). The addition of BnMA serves as a
covalently bound internal 1H NMR reference to facilitate reliable determination of the
efficiency of selective deprotection. One of the most attractive features of a CRP is the
ability to impart site-specific control over a desired functionality. Heating the copolymer in
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DMF-d7 at 60 °C results in complete deprotection of the endo isomer (Figure 8.6. & Figure
8.7.). In situ addition of 4-trifluoromethyl benzyl mercaptan and characterization by

19

F

NMR confirmed the fidelity of deprotection to maleimide and the associated reactivity
toward thiols (Figures 8.8. & S8.26-30). Importantly, subsequent heating to 110 °C after
endo functionalization resulted in quantitative deprotection of the remaining exo-isomer to
furnish the reactive maleimide (Figure 8.8. & S8.29.).
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Figure 8.8. 1H NMR in DMF-d7 confirms quantitative deprotection of endo isomer on P2 at
70 °C for 4 h. The disappearance of maleimide signal and corresponding appearance of
aromatic signal after in situ thiol addition is observed. Subsequent heating at 110 °C for 2 h
results in unmasking of the remaining maleimide after exo deprotection.
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8.3.4. Site-specific incorporation of endo and exo building blocks
We then envisioned the preparation of a multi-functional copolymer, wherein one
isomer is incorporated on the chain-end and the other as a pendant group along the
backbone. Using 5a, MMA was successfully copolymerized with 6b to furnish a functional
copolymer (P5) with good control (Figure S8.31.). Having successfully demonstrated thiolMichael addition after selective deprotection of the endo isomer, we performed selective
deprotection at the α terminus and trapped the in situ generated maleimide with an
irreversible DA cycloaddition with cyclopentadiene (Cp) end-capped poly(ethylene glycol)
(P4). Inspired by recent reports from Barner-Kowollik and coworkers, Cp end-capped
polymers represent a powerful strategy for highly efficient polymer functionalization.24-26
Indeed when P4 (see SI) and P5 were heated together in solution, a facile and catalyst-free
preparation of diblock copolymer (P6), with retention of the exo functionality, was achieved
(Figure 8.9.).
While exo protected maleimides can undergo deprotection to reveal a reactive
maleimide, they can also be used for ring opening metathesis polymerization (ROMP),27
radical thiol-ene ‘click’,28 and inverse electron-demand DA (IEDDA) reactions.29 The
IEDDA reaction with tetrazines has found widespread use in polymer conjugation and
chemical biology due to the ability to achieve bioorthogonal, catalyst-free conjugation under
mild conditions.30-32 Significantly, in a one-pot fashion, 3,6-bis(methoxycarbonyl)-1,2,4,5tetrazine was added to P6, resulting in quantitative consumption of the remaining exo isomer
as evidenced by 1H NMR and SEC-UV analysis (Figure 8.9.). Importantly, in a similar
fashion to the dual functionalizetion of the small molecule heterodimer (3), P5 can be heated
to 60 °C in the presence of n-dodecanethiol to give the selective endo chain-end
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functionalized product without deprotection of the pendant exo groups (Figure S8.35.).
Further heating of the chain-end functionalized polymer at 110 °C in toluene resulted in
quantitative deprotection of the exo-isomer and the resulting maleimide was reacted with 4trifluorobenzyl mercaptan in a one pot fashion to yield the dual thiol-Michael addition
product (Figure S8.36-37). Analysis of the starting polymer and the final dual addition
polymer by SEC-RI indicates no observable change of the molar mass distribution or overall
dispersity (Figure S8.38.). Furthermore, the versatility of this method also enables synthetic
access to the inverse orientation of P5, with exo on the chain-end and endo as pendant
groups (P8, Figure S8.39.).

Figure 8.9. (a) Representative schematic of one-pot selective endo deprotection and DA
cycloaddition conjuga-tion with PEG-Cp followed by functionalization of remaining
pendant exo functionality through IEDDA with 3,6-bis(methoxycarbonyl)-1,2,4,5-tetrazine.
(b) Crude 1H NMR overlay confirming successful conversion after each reaction. (c) SEC274

RI overlay showing shift to higher molar mass following diblock formation after heating P4
and P5 at 60 °C for 18 h. (d) SEC-UV @275 nm overlay of P6 and P7 confirming
conjugation with bis(methoxycarbonyl)-1,2,4,5-tetrazine after 1 h at room temperature.

8.4.

Conclusion
In conclusion, we have developed a straightforward and scalable synthesis for an

endo furan-protected maleimide functional building block and demonstrated its facile
incorporation into two distinct systems - a di-functional small molecule endo-exo
heterodimer and a multifunctional synthetic polymer with control over chain ends and
backbone groups. By implementing metal-free ATRP and co-incorporating the exo isomer,
we highlight key advantages of using a mild CRP for the design of materials with tunable
functionalities that undergo selective deprotection based on temperature. Furthermore, we
have demonstrated the utility of this chemistry through a series of site-specific and
quantitative modifications using established and commonly implemented ‘click’ reactions
including thiol-Michael addition, DA, and IEDDA conjugation chemistries. We envision
that the ability to selectively introduce functionality based on external temperature
regulation will pave new pathways forward for efficient and precision small molecule and
polymer modification. Further development of different functional Diels-Alder derivatives
and investigation into additional synthetic polymer applications will continue to be an
ongoing research area for our groups.
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8.7.

Supporting information

General Information:
Materials and Methods.
Unless stated otherwise, reactions were conducted under an atmosphere of N2 using reagent
grade solvents. DCM was stored over 3Å molecular sieves. MeCN and THF were passed
over a column of activated alumina. 2,1 5b,2 6b,3 P4,4 Phen-CF3 photocatalyst,5 and PhenO
photocatalyst6 were synthesized following a literature procedures. 6b was isolated as a
solution in DMA in the same manner as 6a. All commercially obtained reagents were used
as received. Thin-layer chromatography (TLC) was conducted with E. Merck silica gel 60
F254 pre-coated plates (0.25 mm) and visualized by exposure to UV light (254 nm) or
stained with p-anisaldehyde, ninhydrin, or potassium permanganate. Flash column
chromatography was performed using normal phase silica gel (60 Å, 0.040 – 0.063 mm,
Geduran). 1H NMR spectra were recorded on Varian spectrometers (400, 500, or 600 MHz)
and are reported relative to deuterated solvent signals. Data for 1H NMR spectra are reported
as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz) and integration. 13C
NMR spectra were recorded on Varian Spectrometers (100, 125, or 150 MHz). Data for 13C
NMR spectra are reported in terms of chemical shift (δ ppm). Mass spectra were obtained
from the UC Santa Barbara Mass Spectrometry Facility on a (Waters Corp.) GCT Premier
high resolution Time-of-flight mass spectrometer with an ESI source. Size exclusion
chromatography (SEC) eluting with chloroform and calibrated relative to polystyrene
standards was performed on a Waters Alliance HPLC System, 2695 separation module with
Wyatt DAWN HELEOS-II light scattering and Wyatt Optilab rEX refractive index detectors
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and/or a Waters Acquity Advanced Polymer Characterization (APC) System equipped with
an Acquity UPLC refractive index detector.

Synthesis of endo-protected maleimide alcohol.

(3aR,4R,7S,7aS)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (1):
Maleimide (10.0 g, 103 mmol, 1 eqv) and furan (20.0 mL, 275 mmol, 2.7 eqv) were added
to ethyl acetate (20 mL) and the solution was stirred at room temperature for 20 h. The
resulting reaction mixture is approximately 1.6:1:0.1, 1:exo-adduct:maleimide via NMR.
The solvent was removed, DCM (900 mL) was added, and the solution was warmed to the
boiling point. The solution was hot filtered through Celite® into a 2 L round-bottomed flask,
warmed slightly to ensure complete dissolution, and seed crystals of pure 1 were added to
aid in the recrystallization (seed crystals were obtained from the slow evaporation of a
saturated solution in DCM). The solution was left at room temperature for 4 hours then in a
fridge (5 °C) for 1 to 3 days. The mother liquor was decanted and the crystals were washed
with 10 mL of hexane before being dried under high vacuum, yielding 1 (3.8 to 4.0 g, 23 to
24%) as white crystals. Spectral data matched that of literature reported data.7

1: Rf (EtOAc): 0.50; 1H NMR (500 MHz, DMSO-d6) δ 10.85 (br. s., 1 H), 6.49 (t, J = 1.0
Hz, 2 H), 5.25 (tdd, J = 1.0, 1.8, 3.7 Hz, 2 H), 3.55 - 3.39 (m, 2 H) ppm;

13

C NMR (125

MHz, DMSO-d6) δ 176.5, 134.5, 78.5, 47.1 ppm; IR (ATR) 3200 , 3087, 3003, 2956, 2765,
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1767, 1707 cm-1; HRMS (ES-) Exact mass cald. for C8H6NO3 [M-H]-: 164.0353, found:
164.0347.

(3aR,4R,7S,7aS)-2-(2-hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole1,3(2H)-dione (4):
1 (3.75 g, 22.7 mmol, 1 eqv) was added to MeCN (150 mL). K2CO3 (12.5 g, 90.4 mmol, 4
eqv) and bromoethanol (3.3 mL, 47 mmol, 2 eqv) were added and the reaction mixture was
stirred at rt for 24 h. Brine (200 mL) was added and extracted with DCM (5 x 100 mL). The
combined organic layers were dried over sodium sulfate, filtered, the solvent removed, and
the residue subjected to flash column chromatography (EtOAc) to yield 4 (3.7 g, 73%) as a
white powder.

4: Rf (EtOAc): 0.37; 1H NMR (400 MHz, CDCl3) δ 6.44 (s, 2 H), 5.45 - 5.25 (m, 2 H), 3.68
(q, J = 5.3 Hz, 2 H), 3.61 - 3.48 (m, 4 H), 1.91 (t, J = 5.9 Hz, 1 H) ppm;

13

C NMR (100

MHz, CDCl3) δ 175.5, 134.4, 79.4, 60.3, 46.0, 41.2 ppm; IR (ATR): 3371, 3083, 2971,
2953, 1795, 1755, 1673 cm-1; HRMS (ES+) Exact mass cald. for C10H11NO4Na [M+Na]+:
232.0580, found: 232.0596. CIF file was deposited at the CCDC database (CCDC 1821820).
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Synthesis of protected maleimide initiator.

2-((3aR,4R,7S,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl
2-bromo-2-methylpropanoate (5a):
4 (0.42 g, 2.0 mmol, 1 eqv), triethylamine (0.56 mL, 4.0 mmol, 2 eqv) were added to DCM
(10 mL) and cooled to 0 ˚C. α-Bromoisobutyryl bromide (0.31 mL, 3.0 mmol, 1.5 eqv), was
added drop-wise, the reaction solution was stirred at 0 ˚C for 2 h then a further 36 h at rt. A
saturated solution of NaHCO3(aq) (50 mL) was added then extracted with DCM (2 x 100
mL). The combined organic layers were dried over anhydrous sodium sulfate, the solution
filtered, and the solvent removed. The residue was subjected to flash column
chromatography (Hexanes:EtOAc, 2:1) to yield 5a (0.60 g, 84%) as a clear and colorless oil
that solidified when stored in the freezer.

5a: Rf 0.30 (2 hexane: 1 EtOAc); 1H NMR (400 MHz, CDCl3) δ 6.45 (s, 2 H), 5.38 - 5.31
(m, 2 H), 4.21 (t, J = 5.3 Hz, 2 H), 3.66 (t, J = 5.3 Hz, 2 H), 3.58 - 3.51 (m, 2 H), 1.91 (s, 6
H) ppm;

13

C NMR (100 MHz, CDCl3) δ 174.5, 171.4, 134.5, 79.3, 62.5, 55.4, 46.0, 37.3,

30.6 ppm; IR (ATR): 3073, 2996, 2981, 1765 cm-1, 1685 cm-1; HRMS (ES+) Exact mass
cald. for C14H16BrNO5Na [M+Na]+: 380.0104, found: 380.0122.
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Synthesis of endo-protected maleimide methacrylate monomer.

2-((3aR,4R,7S,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl
methacrylate (6a).
4 (1.0 g, 4.8 mmol, 1 eqv) and triethylamine (1.4 mL, 9.6 mmol, 2 eqv) were added to DCM
(25 mL) and cooled to 0 ˚C. Methacryloyl chloride (0.7 mL, 7 mmol, 1.5 eqv) was added
dropwise over 3 min. The reaction was stirred at 0 ˚C for 30 min then at rt for 4 h. Water
(0.5 mL) was added and the reaction stirred a further 30 min. The solvent was removed, and
the residue subjected to flash column chromatography (Hexanes:EtOAc, 1:1). The fractions
were combined and several drops of an inhibitor solution (1 mg/mL MEHQ in DCM) and
DMA (3.5 mL) were added. Removal of most of the volatile solvents yielded 2.63 g of a
38% (m/m, determined by NMR) solution of 6a in DMA (1.0 g, 80%).

6a: Rf (Hexanes:EtOAc, 1:1) 0.35; 1H NMR (500 MHz, CDCl3) δ 6.34 (t, J = 1.0 Hz, 2 H),
6.09 - 6.02 (m, 1 H), 5.59 (quin, J = 1.6 Hz, 1 H), 5.35 - 5.25 (m, 2 H), 4.15 (t, J = 5.2 Hz, 2
H), 3.65 (t, J = 5.2 Hz, 2 H), 3.51 (dd, J = 1.8, 3.6 Hz, 2 H), 1.91 (t, J = 1.0 Hz, 3 H) ppm;
13

C NMR (100 MHz, CDCl3) δ 174.2, 166.3, 135.3, 133.8, 125.7, 78.8, 60.7, 45.4, 36.9,

17.7 ppm; HRMS (ES+) Exact mass cald. for C14H15NO5Na [M+Na]+: 300.0842, found:
300.0853.
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Synthesis of endo and exo-protected maleimide model compound.

1"

(3aR,4S,7R,7aS)-2-(6-((3aR,4R,7S,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7epoxyisoindol-2-yl)hexyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione
(3):
1 (0.40 g, 2.4 mmol, 1 eqv), 21 (1.2 g, 3.6 mmol, 1.5 eqv), and K2CO3 (1.7 g, 12 mmol, 5
eqv) were added to MeCN (24 mL) and the reaction mixture was stirred at rt for 24 h. The
solvent was removed, the residue suspended in EtOAc, and washed with brine. The organic
layer was dried over MgSO4, the solution filtered, and the solvent removed. The residue was
subjected to flash column chromatography (Hexanes:EtOAc, 1:1 to 1:2) to yield 3 (0.55 g,
1.3 mmol, 56%) as a white solid.

3: 1H NMR (600 MHz, CDCl3) δ 6.51 (s, 2 H), 6.40 (s, 2H), 5.32 (m, 2H), 5.26 (s, 2H), 3.50
(m, 2H), 3.45 (t, 2H), 3.28 (t, 2H), 2.83 (s, 2H), 1.53 (m, 2H), 1.40 (m, 2H), 1.24 (m, 4H)
ppm; 13C NMR (150 MHz, CDCl3) δ 176.4, 175.0, 136.7, 134.6, 81.0, 79.5, 47.5, 46.1, 38.8,
38.5, 27.4, 27.4, 26.4, 26.1 ppm; HRMS (ES+) Exact mass cald. for C22H24N2O6Na
[M+Na]+: 435.1532, found 435.1343.

284

Difunctionalization of endo and exo-protected maleimide model compound.

(3aR,4S,7R,7aS)-2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexyl)-3a,4,7,7atetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (S1):
3 (0.010 g, 0.048 mmol) and DMF (2 mL) were added to a 20 ml vial with a magnetic stir
bar. The open vial was heated to 60 °C for 22 h (NMR showed >95% conversion). After
cooling to room temperature, DMF was evaporated under reduced pressure to afford S1 as a
pale yellow solid which was used directly used in the next step without further purification.
Optionally, the residue can be further purified by flash column chromatography
(Hexanes:EtOAc, 1:2).

S1: 1H NMR (600 MHz, CDCl3) δ 6.65 (s, 2H), 6.48 (s, 2H), 5.23 (s, 2H), 3.46 (t, 2H), 3.43
(t, 2H), 2.81 (s, 2H), 1.54-1.51 (m, 4H), 1.32-1.23 (m, 4H) ppm;

13

C NMR (150 MHz,

CDCl3) δ 176.4, 170.9, 136.6, 134.1, 81.0, 47.5, 38.8, 37.8, 28.4, 27.4, 26.2, 26.1 ppm;
HRMS (ES+) Exact mass cald. for C18H20N2O5Na [M+Na]+: 367.1270, found 367.1871.
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(3aR,4S,7R,7aS)-2-(6-(3-(dodecylthio)-2,5-dioxopyrrolidin-1-yl)hexyl)-3a,4,7,7atetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (3-mono):
S1 (0.035 g, 0.10 mmol, 1 eqv) was dissolved in CHCl3 (0.4 mL). The solution was purged
with argon for 5 minutes, then 1-dodecanethiol (27 µL, 0.11 mmol, 1.1 eqv) and
triethylamine (28 µL, 0.2 mmol, 2 eqv) were added. The reaction was stirred at room
temperature for 15 h. The crude reaction mixture was evaporated under reduced pressure
and the residue was subjected to flash column chromatography (Hexanes:EtOAc, 1:1) to
yield 3-mono (0.050 g, 0.091 mmol, 91%) as a white solid.

3-mono: 1H NMR (600 MHz, CDCl3) δ 6.48 (s, 2H), 5.23 (s, 2H), 3.68 (dd, J = 9.0, 3.6 Hz,
1H), 3.52 – 3.34 (m, 4H), 3.09 (dd, J = 18.6, 9.0 Hz, 1H), 2.84 (m, 1H), 2.80 (s, 2H), 2.75 –
2.67 (m, 1H), 2.48 (dd, J = 18.6, 3.6 Hz, 1H), 1.68 – 1.56 (m, 2H), 1.53 (m, 4H), 1.43 – 1.32
(m, 2H), 1.32 – 1.13 (m, 20H), 0.85 (t, J = 7.0 Hz, 3H) ppm; 13C NMR (150 MHz, CDCl3) δ
176.8, 176.3, 174.9, 136.6, 81.0, 81.0, 47.5, 39.1, 38.9, 38.8, 36.2, 32.0, 31.8, 29.7, 29.7,
29.7, 29.6, 29.4, 29.2, 29.1, 28.9, 27.4, 27.4, 26.2, 26.1, 22.8, 14.2 ppm; HRMS (ES+) Exact
mass cald. for C30H46N2O5SNa [M+Na]+: 569.3025, found 569.4085.
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1-(6-(3-(dodecylthio)-2,5-dioxopyrrolidin-1-yl)hexyl)-1H-pyrrole-2,5-dione (S2):
3-mono (0.012 g, 0.022 mmol) was dissolved in toluene (1.2 mL) in a 20 ml vial with a
magnetic stir bar. The solution was purged with argon for 5 minutes and then allowed to stir
at 100 °C for 17 h (TLC monitoring indicated complete conversion). After cooling to room
temperature, the solvent was removed to yield S2 as a pale yellow solid which was used
directly used in the next step without further purification.

S2: 1H NMR (600 MHz, CDCl3) δ 6.67 (s, 2H), 3.70 (dd, J = 9.0, 3.5 Hz, 1H), 3.56 – 3.40
(m, 4H), 3.11 (dd, J = 18.6, 9.0 Hz, 1H), 2.92 – 2.81 (m, 1H), 2.81 – 2.67 (m, 1H), 2.50 (dd,
J = 18.6, 3.5 Hz, 1H), 1.70 – 1.50 (m, 6H), 1.45 – 1.34 (m, 2H), 1.33 – 1.14 (m, 20H), 0.87
(t, J = 6.9 Hz, 3H) ppm;

13

C NMR (150 MHz, CDCl3) δ 176.8, 175.0, 171.0, 134.2, 39.2,

39.0, 37.8, 36.2, 32.1, 31.9, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.2, 29.0, 28.4, 27.5, 26.3,
26.3, 22.8, 14.3 ppm.

1-(6-(2,5-dioxo-3-((4-(trifluoromethyl)benzyl)thio)pyrrolidin-1-yl)hexyl)-3(dodecylthio)pyrrolidine-2,5-dione (3-di):
S2 (0.0105 g, 0.022 mmol, 1 eqv) was dissolved in CHCl3 (0.3 mL). The vial was purged
with argon for 5 minutes. 4-Trifluoromethylbenzyl mercaptan (0.0047 g, 0.024 mmol, 1.1
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eqv) and triethylamine (1.5 µL, 0.011 mmol, 0.5 eqv) were added. The reaction was stirred
at rt for 4 h. The solvent was removed and the residue was subjected to flash column
chromatography (Hexanes:EtOAc, 2:1) to yield 3-di (0.012 g, 0.018 mmol, 81% over two
steps from 3-mono) as a white solid.

3-di:1H NMR (600 MHz, CDCl3) δ 7.60 (d, J = 8.1 Hz, 2H), 7.55 (d, J = 8.0 Hz, 2H), 4.32
(d, J = 13.7 Hz, 1H), 3.88 (d, J = 13.7 Hz, 1H), 3.70 (dd, J = 9.0, 3.4 Hz, 1H), 3.56 – 3.46
(m, 4H), 3.43 (dd, J = 9.1, 3.4 Hz, 1H), 3.11 (dd, J = 18.6, 9.0 Hz, 1H), 2.99 (dd, J = 18.7,
9.2 Hz, 1H), 2.93 – 2.82 (m, 1H), 2.74 (m, 1H), 2.50 (dd, J = 18.6, 3.5 Hz, 1H), 2.39 (dd, J
= 18.7, 3.5 Hz, 1H), 1.69 – 1.51 (m, 6H), 1.44 – 1.35 (m, 2H), 1.33 – 1.20 (m, 20H), 0.88 (t,
J = 7.0 Hz, 3H) ppm;

13

C NMR (151 MHz, CDCl3) δ 176.8, 175.0, 174.6, 141.2, 129.7,

125.8, 124.0, 39.2, 39.2, 39.0, 37.0, 36.3, 35.5, 35.2, 32.1, 31.9, 29.8, 29.8, 29.8, 29.7, 29.6,
29.5, 29.3, 29.2, 29.0, 27.5, 27.4, 26.2, 26.2, 22.8, 14.3 ppm; 19F NMR (564 MHz, CDCl3) δ
-62.59 ppm; HRMS (ES+) Exact mass cald. for C34H49F3N2O4S2Na [M+Na]+: 693.2984,
found 693.4252.
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Kinetic profile for the mono-deprotection of endo and exo-protected maleimide model
compound

3 (0.010 g, 0.048 mmol) and 1,3,5-trimethoxybenzene (1 mg) were dissolved in DMF (2
mL) in a 20 ml vial with a magnetic stir bar. The open vial was stirred at 50, 55, 60, or 70
o

C. Aliquots were taken intermittently taken to determine the percent deprotection of furan

protecting groups by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard (see Figure 8.3. for plot)
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Synthesis of the adduct of tetrazine and exo furan-maleimide.

Dimethyl-(5S,5aR,8aS,9S)-7-ethyl-6,8-dioxo-4a,5,5a,6,7,8,8a,9-octahydro-2H-5,9epoxypyrrolo[3,4-g]phthalazine-1,4-dicarboxylate (S3):
(3aR,4S,7R,7aS)-2-ethyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione

(23.2

mg, 0.12 mmol, 1 eqv) was dissolved in DCM (1 mL) in a vial with a vent needle. 3,6Bis(methoxycarbonyl)-1,2,4,5-tetrazine (35.7 mg, 0.18 mmol, 1.5 eqv) was added and the
reaction stirred overnight or until the complete consumption of the starting material. The
solvent was removed and the residue subjected to flash column chromatography
(EtOAc:Hexanes, 3:1) to yield S3 (0.036 g, 83%) as a white solid.

S3: Rf (EtOAc:Hexanes, 3:1): 0.35; 1H NMR (600 MHz, CDCl3) δ 8.65 (s, 1 H), 5.96 (s, 1
H), 5.73 (s, 1 H), 3.99 (s, 3 H), 3.90 (s, 3 H), 3.59 (q, J = 7.1 Hz, 2 H), 3.22 (d, J = 7.0 Hz, 1
H), 3.07 (d, J = 7.0 Hz, 1 H), 2.54 (s, 1 H), 1.18 (t, J = 7.1 Hz, 3 H) ppm; 13C NMR (100
MHz, CDCl3) δ 175.5, 175.2, 163.3, 160.5, 126.6, 123.6, 119.4, 79.6, 78.8, 53.3, 52.8, 49.4,
47.8, 41.4, 34.3, 12.9 ppm; IR (ATR): 3285, 2950, 2920, 1735, 1687, 1275, 1144, 1098,
768, 749, 700 cm-1; UV-Vis (DCM) λ: 263, 314 nm; HRMS (ES+) Exact mass cald. for
C16H17N3O7Na [M+Na]+: 386.0959, found: 386.0954.
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Figure S8.1. 1H NMR (500 MHz, DMSO-d6) of compound 1
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Figure S8.2. 13C NMR (125 MHz, DMSO-d6) of compound 1
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Figure S8.3. 1H NMR (400 MHz, CDCl3) of compound 4
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Figure S8.4. C NMR (100 MHz, CDCl3) of compound 4
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Figure S8.5. 1H NMR (500 MHz, CDCl3) of compound 5a
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Figure S8.6. 13C NMR (100 MHz, CDCl3) of compound 5a
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Figure S8.7. 1H NMR (500 MHz, CDCl3) of compound 6a in DMA
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Figure S8.8. 13C NMR (100 MHz, CDCl3) of compound 6a in DMA
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Figure S8.9. 1H NMR (600 MHz, CDCl3) of compound 3
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Figure S8.10. 13C NMR (150 MHz, CDCl3) of compound 3
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Figure S8.11. 1H NMR (600 MHz, CDCl3) of crude compound S1
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Figure S8.12. 13C NMR (150 MHz, CDCl3) of crude compound S1
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Figure S8.13. 1H NMR (600 MHz, CDCl3) of compound 3-mono
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Figure S8.14. 13C NMR (150 MHz, CDCl3) of compound 3-mono
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Figure S8.15. 1H NMR (600 MHz, CDCl3) of crude S2 before removal of solvents
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Figure S8.16. 1H NMR (600 MHz, CDCl3) of crude compound S2
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Figure S8.17. 13C NMR (150 MHz, CDCl3) of crude compound S2
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Figure S8.18. 1H NMR (600 MHz, CDCl3) of compound 3-di
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Figure S8.20. 19F NMR (564 MHz, CDCl3) of compound 3-di
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Figure S8.21. 1H NMR (600 MHz, CDCl3) of compound S3
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Figure S8.22. 13C NMR (100 MHz, CDCl3) of compound S3
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Synthesis of Polymers
Polymerization of methyl acrylate using 5a and Cu(0)
H

O

O
N

H
O

H

O
Br

O

50 eqv.

N

H

O
O

O

O

CuBr2 (0.1 eqv.), Me6-Tren (0.18 eqv.)
Cu(0) wire, DMSO, rt.

O

O
Br

O

50

O

O

Procedure: To a 1-dram vial equipped with a septum sealed cap, deinhibited methyl acrylate
(0.500 mL, 200 eqv.) and a catalyst mixture containing CuBr2 (0.6 mg, 0.10 eqv.) and Me6Tren (1.4 µL, 0.18 eqv.) dissolved in DMSO (0.500 mL) was added. Following this, 5a
(endo-initiator) (9.9 mg, 1 eqv.) was added. Copper wire activated by HCl (5 cm) was
wrapped around a magnetic stir bar and placed in the vial before degassing by argon
bubbling for 10 min while keeping the stir bar out of solution. The polymerization was
allowed to stir at room temperature for 3 hours. Analysis of the crude mixture by SEC-RI
revealed a bimodal distribution and was not subsequently purified. Conv. 95%, Mn (theo) =
4300 g/mol, Mn (exp) = 8800 g/mol, Đ = 1.34

302

Normalized dRI Response

ED2460-T3h

12

13

14

15

16

17

18

Retention Time (min.)

Figure S8.23. SEC-RI (CHCl3) and 1H NMR (CDCl3) spectra of crude polymerization
mixture

Synthesis of P1 by polymerization of methyl methacrylate using 5a and Phen-CF3
photocatalyst
H

O

O
H
O
O
O

50 eqv.

H

O

O

N

O
Br

O

N

H
O

Phen-CF3 (0.05 eqv.)

O
Br

O

P1

n

O

O

DMA, 380 nm LED

Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap,
Phen-CF3 photocatalyst (1 mg, 0.05 eqv.) was added and dissolved in 0.48 mL of N,Ndimethylacetamide (DMA) before stirring in the dark for a few minutes. Deinhibited methyl
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methacrylate (MMA) (0.24 mL, 50 eqv.) followed by 5a (endo-initiator) (16.1 mg, 1 eqv.)
were added and the reaction mixture was degassed by argon bubbling for 10 minutes. The
vial cap was wrapped with parafilm and irradiated under 380 nm LEDs while cooling with
compressed air to maintain ambient temperature. After 24 hours, the reaction was stopped
by opening to air and the crude mixture was analyzed by 1H NMR and SEC-RI to determine
conversion, approximate molar mass and dispersity. The crude polymer was precipitated
once in cold hexanes. The precipitated solid was collected, redissolved in dichloromethane
(DCM) and precipitated once more in cold methanol (MeOH). The precipitated solid was
collected by vacuum filtration and dried under reduced pressure. Conv. 97%, Mn (theo) =
5400 g/mol, Mn (exp) = 5800 g/mol, Đ = 1.28
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Figure S8.24. SEC-RI (CHCl3) and 1H NMR (CDCl3) spectra of obtained polymer (P1)
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Synthesis of P2 by copolymerization of benzyl methacrylate, 6a, 6b and MMA to obtain
copolymer with covalently attached internal NMR reference
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Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap,
PhenO photocatalyst (1.9 mg, 0.05 eqv.) was added and dissolved in 0.50 mL of DMA and
allowed to stir in the dark for a few minutes. MMA (0.585 mL, 90 eqv.), benzyl
methacrylate (41 µL, 4 eqv.) and 101 mg of a (1:1) 6a and 6b mixture (endo and exo-MA)
(323 mg of a 31% solution in DMA) was added to bring the total DMA volume to
approximately 0.73 mL. At this time, diethyl 2-bromo-2methylmalonate (DBMM) initiator
(12 µL, 1 eqv.) was added to the vial and the reaction mixture was bubbled with argon for 10
minutes before wrapping the cap with parafilm. The vial was subsequently irradiated under
380 nm LEDs while cooling with compressed air to maintain ambient temperature. After 7
hours, the reaction was stopped by opening to air and the crude mixture was analyzed by 1H
NMR to determine conversion. The crude polymer was precipitated once in cold hexanes.
The precipitated solid was collected, redissolved in DCM and precipitated once more in cold
MeOH before analyzing by SEC-RI to determine approximate molar mass and dispersity.
MMA Conv. 55%, 6a Conv. 56%, 6b Conv. 53%, BnMA Conv. 53% Mn (theo) = 7700
g/mol, Mn (exp) = 6000 g/mol, Đ = 1.48
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Figure S8.25. SEC-RI (CHCl3) and 1H NMR (CDCl3) characterization of obtained polymer
(P2)
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Selective deprotection of endo-isomer followed by in situ thiol-michael addition and
subsequent deprotection of remaining exo-isomer to reveal reactive maleimide
Procedure: To a 1-dram vial equipped with a septum cap and magnetic stir bar, 10 mg of P2
was added and dissolved in 0.300 mL of DMF-d7. The reaction mixture was allowed to stir
in an oil bath set to 70 °C for a total of 4 hours. Complete deprotection of the endo
functionality was observed by 1H NMR and at this time 0.6 µL of 4-triflourobenzyl
mercaptan was added and the reaction mixture was left to stir at room temperature for 18
hours (note: catalytic Et3N can be added to increase rate of reaction). The crude reaction
mixture was precipitated into cold methanol before isolating by centrifugation. The
methanol was decanted and the remaining solid was washed with methanol before repeating
process of centrifugation. After analysis by 1H NMR in DMF-d7, the polymer solution was
heated at 110 °C for 2 hours to facilitate removal of remaining exo isomer to furnish the
remainder of reactive maleimide functionality.
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Figure S8.26. 1H NMR (DMF-d7) spectra for copolymer (P2)
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Figure S8.27. 1H NMR (DMF-d7) spectra for endo deprotected copolymer (P3), (peaks at
7.7 and 6.5ppm correspond to released furan)
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Figure S8.28. 1H NMR (DMF-d7) spectra for thiol-michael addition product (P3-A)
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Figure S8.29. 1H NMR (DMF-d7) spectra for thiol-michael addition product and exo
deprotection (P3-B) (peaks at 7.7 and 6.5ppm correspond to released furan)
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Figure S8.30. 19F NMR (DMF-d7) spectra overlay of P2 and P3-B
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Synthesis of P5 by copolymerization of 6b and MMA using 5a
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Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap,
PhenO photocatalyst (0.8 mg, 0.05 eqv.) was added and dissolved in 0.5 mL of a 0.26 M
solution of 6b (exo-MA) in DMA (5 eqv.) before stirring in the dark for a few minutes.
MMA (0.26 mL, 95 eqv.) followed by 5a (endo-initiator) (9.3 mg, 1 eqv.) was added and the
reaction mixture was bubbled with argon for 10 minutes. The vial cap was wrapped with
parafilm and irradiated under 380 nm LEDs while cooling with compressed air to maintain
ambient temperature. After 20 hours, the reaction was stopped by opening to air and the
crude mixture was analyzed by 1H NMR and SEC-RI to determine conversion, approximate
molar mass and dispersity. The crude polymer was precipitated once in cold hexanes. The
precipitated solid was collected, redissolved in dichloromethane (DCM) and precipitated
once more in cold methanol (MeOH). The precipitated solid was collected by vacuum
filtration and dried under reduced pressure. Conv. 78%, Mn (theo) = 8300 g/mol, Mn (exp) =
7000 g/mol, Đ = 1.48
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Figure S8.31. SEC-RI (CHCl3) and 1H NMR (CDCl3) characterization of obtained polymer
(P5)
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Synthesis of P7 by one pot deprotection and in situ functionalization
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Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap, 4
mg of P4 (PEG-CP) and 13 mg of P5 was added and dissolved in 0.4 mL of CDCl3. The vial
was placed in an oil bath and stirred at 60 oC for 20 hours. The crude reaction mixture was
analyzed by SEC and 1H NMR to ensure complete deprotection of the endo chain-end
functionality and the formation of P6. A crude SEC was taken of the reaction and compared
to each individual starting blocks and the expected shift in MW was observed. At this time
bis(methoxycarbonyl)-1,2,4,5-tetrazine (1 mg, 3.3 eqv.) was added directly to the crude
reaction mixture and allowed to stir for 1 hour. Analysis by 1H NMR and SEC-UV
indicated loss of the pendant exo protecting group and formation of the expected tetrazine
adduct to yield P7.
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Figure S8.32. 1H NMR (CDCl3) characterization of in situ generated P6 (Expanded
spectrum from Figure 8.9.)
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Figure S8.33. 1H NMR (CDCl3) characterization of P7 obtained in one pot (Expanded
spectrum from Figure 8.9.)

Synthesis of P5 by copolymerization of 6b and MMA using 5a for sequential
functionalization studies
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Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap,
Phen-CF3 photocatalyst (1.1 mg, 0.05 eqv.) was added and dissolved in 0.35 mL of
DMA before stirring in the dark for a few minutes. At this time, MMA (0.45 mL, 95 eqv.)
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followed by 146 mg of a 42.4% solution of 6b (exo-MA, 5 eqv) in DMA and 5a (endoinitiator) (16 mg, 1 eqv.) were added and the reaction mixture was bubbled with argon for
10 minutes. The vial cap was wrapped with parafilm and irradiated under 380 nm LEDs
while cooling with compressed air to maintain ambient temperature. After 12 hours, the
reaction was stopped by opening to air and the crude mixture was analyzed by 1H NMR and
SEC-RI to determine conversion, approximate molar mass and dispersity. The crude
polymer was precipitated once in cold hexanes. The precipitated solid was collected,
redissolved in dichloromethane (DCM) and precipitated once more in cold methanol
(MeOH). The precipitated solid was collected by centrifugation and dried under reduced

Normalized DRI Response

pressure. Conv. 45%, Mn (theo) = 5300 g/mol, Mn (exp) = 5200 g/mol, Đ = 1.24
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Figure S8.34. SEC-RI (CHCl3) and 1H NMR (CDCl3) characterization of obtained polymer
(P5)
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Selective deprotection of endo chain-end of P5 and in situ thiol-Michael addition
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Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap, P5
(80 mg) was added and dissolved in 0.40 mL of CDCl3. At this time, triethylamine (5 µL, 3
eqv) and 1-dodecanethiol (9 µL, 3 eqv) was added. The reaction mixture was allowed to stir
at 60 oC for 16 hours before a crude 1H NMR was taken to determine conversion of endo
chain-end deprotection and reaction of the in situ generated maleimide.
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Figure S8.35. 1H NMR overlay (from top to bottom) of starting polymer (P5), crude
mixture after 16 h, and precipitated polymer to yield thiol-Michael addition chain-end
functionalized polymer (P5-A)
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Deprotection of remaining pendant exo groups and subsequent thiol-Michael addition
following endo chain-end functionalization
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Procedure: To a 1-dram vial equipped with a magnetic stir bar containing 48 mg chain-end
functionalized polymer, 0.50 mL of toluene was added. The reaction mixture was left to stir
at 110 oC for 5 h before analyzing by crude 1H NMR to determine conversion. Following
complete deprotection of the exo functionality, the toluene was removed under reduced
pressure and used without further purification. The polymer was dissolved in 0.25 mL of
CDCl3 and triethylamine (3 µL, 3 eqv) and 4-trifluorobenzyl mercaptan (4 µL, 3 eqv) was
added before allowing the reaction mixture to stir at room temperature for 1 hour. 1H NMR
analysis of the crude reaction mixture indicated quantitative consumption of the maleimide.
The resulting polymer was precipitated in cold hexanes and collected via centrifugation. The
resulting polymer was redissolved in DCM and precipitated once more in cold hexanes
before isolation by centrifugation. The polymer was dried under reduced pressure and
analyzed by 1H NMR, 19F NMR and SEC-RI. Mn (exp) = 6000 g/mol, Đ = 1.20
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exo$
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P5#A%

P5#B%
crude%

P5#C%

Figure S8.36. 1H NMR overlay (from top to bottom) of starting chain-end functionalized
polymer, unpurified mixture after 6 h at 110 oC, and precipitated polymer to yield dual
functionalized, site-selective thiol-Michael addition polymer
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Figure S8.37.

19

F NMR overlay of copolymer before and after 2nd thiol-Michael addition

with 4-trifluorobenzyl mercaptan

Figure S8.38. SEC-RI trace overlay of starting polymer (P5) and final dual thiol-Michael
addition polymer (P5-C) indicating no change in distribution throughout functionalization
process
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Synthesis of P8 by copolymerization of 6a and MMA using 5b
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Procedure: To a 1-dram vial equipped with a magnetic stir bar and a septum sealed cap,
PhenO photocatalyst (1.8 mg, 0.05 eqv.) was added and dissolved in 0.35 mL of DMA
before stirring in the dark for a few minutes. Deinhibited MMA (0.60 mL, 95 eqv.) followed
by 82 mg of endo-MA 6a (410 mg of a 20% w/w solution in DMA) was added to bring the
total DMA volume to approximately 0.68 mL. Exo-initiator 5b (21.2 mg, 1 eqv.) was added
and the reaction mixture was bubbled with argon for 10 minutes. The vial cap was wrapped
with parafilm and irradiated under 380 nm LEDs while cooling with compressed air to
maintain ambient temperature. After 5 hours, the reaction was stopped by opening to air and
the crude mixture was analyzed by 1H NMR and SEC-RI to determine conversion,
approximate molar mass and dispersity. The crude polymer was precipitated once in cold
hexanes. The precipitated solid was collected, redissolved in dichloromethane (DCM) and
precipitated once more in cold methanol (MeOH). The precipitated solid was collected by
vacuum filtration and dried under reduced pressure. Conv. 36%, Mn (theo) = 4400 g/mol, Mn
(exp) = 3700 g/mol, Đ = 1.43
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Figure S8.39. SEC-RI (CHCl3) and 1H NMR (CDCl3) characterization of obtained polymer
(P8)
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CHAPTER 9: Norbornadiene as a protected form of
cyclopentadiene: Next generation “Click” conjugation for
functional polymer synthesis
9.1.

Abstract
We report the development of an inexpensive and scalable, “masked”

cyclopentadiene (Cp) functionality based on norbornadiene (NBD) that can be broadly
incorporated using traditional “living” polymerization techniques. By taking advantage of a
rapid deprotection with tetrazine, highly reactive Cp functionalities can be introduced into
synthetic polymers as chain-end or pendant backbone groups in a quantitative and efficient
manner. The orthogonality of this platform further enables a relay process in which the
unveiled Cp can rapidly react with maleimide in situ through a conventional Diels–Alder
reaction. The resulting one-pot deprotection-conjugation reaction proceeds in high
conversion under ambient conditions using commercial maleimides and maleimide
functionalized polymers. This novel platform represents a powerful and facile conjugation

N

Metal-free
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One-pot

Py

N

Masked Cp
O
N
R

O

Maleimides

N

N

Py

strategy that will facilitate the preparation of next-generation materials.

Polymer
functionalization

Room temp.

Graphical abstract: Novel “click” platform based on norbornadiene and maleimide
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9.2.

Introduction
The implementation of small molecule conjugation chemistries to materials science

has had a transformative impact on the field of functional polymer synthesis.1,2 Over the
years, innumerable post-polymerization modification strategies have emerged from the
concept of “click chemistry”, enabling the synthesis of polymers with a diverse array of
chain-end and backbone functionality, architecture and unique properties.3 The Diels–Alder
(DA) cycloaddition reaction represents one the most facile “click” platforms in polymer
synthesis and has been utilized across a range of applications including the functionalization
of surfaces and the preparation of antibody drug conjugates.4 Moreover, the versatility of the
DA platform is further exemplified by the capacity to tune reaction rates and reversibility of
the resulting bonds through judicious selection of dienes and dienophiles.
Maleimides are among the most commonly utilized dienophiles for normal electrondemand DA due to their highly favorable reaction kinetics and widespread availability. In
the area of functional polymer synthesis, typical dienes used in conjunction with maleimides
include furan or anthracene-based moieties (Figure 9.1.a). While a useful alternative to
metal-catalyzed “click” reactions, polymeric materials prepared using these functionalities
are not suitable for high temperature applications. Furthermore, the DA cycloaddition with
these dienes are plagued by the necessity for high temperatures and long reaction times to
achieve good efficiency. To mitigate the limitations of slow conjugation, previous reports
describe the use water as a solvent,5 or the addition of catalysts (Lewis acid6 or catalytic
antibody7) as ways to promote rate acceleration for DA cycloaddition with maleimides.
However, the most straightforward method to ensure high conjugation efficiency is to utilize
a highly reactive and electron rich functionality such as cyclopentadiene (Cp) as the diene.8
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Conventional DA in polymer synthesis
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(b) Next generation DA “click” for polymer functionalization
• Fast conjugation

R`
N

O

O
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• One-pot

(c) Novel strategy for CP incorporation into polymers
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Py
N N

C5H11
C5H11

Figure 9.1. (a) Current methods for maleimide-polymer conjugation using anthracene or
furan (b) maleimide-polymer conjugation with Cp (c) Strategy reported in this section for
introducing Cp into polymers

Recognizing the potential of Cp as a polymer “click” platform, Barner-Kowollik and
co-workers have developed synthetic routes to access Cp-functionalized polymers for
conjugation

with

maleimides,9

electron-deficient

dithioesters,10,11

and

carbon

nanoparticles.12,13 The synthesis of these Cp-containing polymers is through two main
strategies, with the first being nucleophilic substitution using ionic cyclopentadienyl salts
(NaCp,14 LiCp,15 or Me2AlCp16). This strategy has been used to synthesize Cp chain-end
functionalized polystyrene14 and poly(ethyleneglycol) (PEG).14 In the case of ester
containing polymers, the harsh nature of ionic cyclopentadienyl salts lead to decomposition
of the polymer backbone. This prompted the development of an alternative substitution
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strategy using nickelocene (NiCp2).11,17,18 Despite the development of these strategies, the
ability to incorporate Cp into controlled polymers has been limited to chain-ends exclusively
through post-polymerization strategies. This is simply because the high reactivity of Cp
renders it incompatible through traditional living polymerization techniques due to general
instability19 and its reactivity towards electron-deficient monomers.20 We identified these
longstanding challenges as an opportunity to develop a novel and exceedingly simple
approach for the incorporation of Cp as both chain-end or pendant group functionalities
amenable with some of the most commonly utilized “living” polymerization techniques.
Drawing inspiration from small molecule synthesis,21,22 we identified norbornadiene
(NBD), a strained bicyclic diene, as a potentially well-suited Cp precursor in polymers due
to its synthetic simplicity and high bench stability. Importantly, the high ring strain energy
(32.2 kcal/mol)23 facilitates a cascade of rapid cycloaddition reactions when used in
conjunction with tetrazine.24–26 This highly efficient reaction proceeds through an inverse
electron-demand DA (IEDDA) reaction that releases N2, followed by a retro-DA (rDA), to
yield pyridazine and Cp as products. This cascade reaction has been utilized for the
synthesis of pyridazine ligands27 and substituted Cps.21,22
Interestingly, due to its reversible photoisomerization to quadricyclane,28 NBDcontaining polymers have found utility in a variety of energy storage applications. Typical
synthetic

routes

for

NBD-functionalized

materials

involve

post-polymerization

modification29–31 or free radical strategies,32 with select reports demonstrating the
preparation of end functional NBD-macromonomers used for ring opening metathesis
polymerization (ROMP).33,34 Despite the availability of methods to prepare NBD-containing
polymers, the concept of using NBD as a precursor to Cp has yet to be explored. We

328

identified this as a unique opportunity to exploit NBD to develop a highly efficient polymer
“click” functionalization platform. In this chapter, I discuss the facile synthesis of a novel
NBD polymer building block derived from very inexpensive starting materials and its facile
incorporation into polymers using reversible addition−fragmentation chain-transfer (RAFT)
and ring-opening polymerization (ROP) strategies. The subsequent reaction of NBD with
tetrazine quantitatively produced Cp (Figure 9.1.c) that can undergo in situ conjugation with
commercially available maleimides and maleimide-functionalized polymers with high
efficiency. This novel “click” platform represents a next-generation methodology in
functional polymer synthesis.

9.3.

Experimental discussion

9.3.1. Small molecule design and synthesis
Our initial investigation began with the development of a scalable synthesis of an
NBD derivative using the commodity chemical dicyclopentadiene (1) and methyl 2octynoate (2), an inexpensive and innocuous flavoring agent. When 1 and 2 are heated neat
in a pressure vessel at 200 °C, the resulting methyl ester compound can be isolated via
distillation and subsequently reduced with DIBAL35 to furnish the NBD alcohol building
block 3 (Scheme 9.1.) in moderate overall yield. Furthermore, the simplicity of this process
enables easy access to gram-scale quantities of 3, which serves as a key precursor for a
variety of polymeric building blocks. For instance, 3 can be used directly as a functional
ROP initiator or converted to a RAFT chain transfer agent (4) in one step from commercial
RAFT agents. Additionally, 3 can be utilized to access a novel methacrylate derivative (5)
that can be incorporated via standard radical polymerization techniques. The diol ROP
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initiator

6

was

also

synthesized

in

two

steps

from

2,2-bis(tert-

butyldimethylsiloxymethyl)propionic acid, a widely utilized intermediate for the preparation
of dendritic materials.36

Scheme 9.1. Synthesis of norbornadiene polymer building blocks. i) neat, pressure vessel,
200 °C, 5 hr, 50% ii) DIBAL, THF, 0 °C, 30 min, 71% iii) CDTPA, EDC·HCl, DMAP,
DCM, rt, 16 hr, 92% iv) Methacryloyl chloride, Et3N, DCM, 0 °C, 30 min, 69% v) 2,2Bis(tert-butyldimethylsiloxymethyl)propionic acid, EDC·HCl, DMAP, DCM, rt, 2 days,
86% vi) TBAF, THF, rt, 73%.

9.3.2. RAFT polymerization of NBD building blocks
With access to a variety of polymer building blocks, the ability to integrate NBD via
traditional “living” polymerization techniques was investigated. The copolymerization of 5
with methyl methacrylate (MMA) was performed using conventional thermally-initiated
RAFT polymerization. RAFT was chosen due to its synthetic simplicity and wide monomer
scope. After 7 h of reaction time at 60 °C, approximately 53% monomer conversion was
observed (Figure S9.18.) to produce polymer P1. Significantly, upon analysis by size
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exclusion chromatography equipped with a refractive index detector (SEC-RI), a low
dispersity (Đ) and molar mass in close agreement with theoretical values was confirmed,
indicating a well-controlled process (Figure S9.19). The successful incorporation of NBD
was confirmed using 1H NMR analysis (Figure 9.2.). The versatility of RAFT also permitted
incorporation of NBD on the chain-end of methacrylate-based polymers using 4 as the chain
transfer agent (Figure S9.22.).

9.3.3. Functionalization of NBD-containing polymers
Following development of a synthetic route to NBD containing polymers,
deprotection conditions to convert NBD to Cp were explored. By simply adding 1.5
equivalents of 3,6-di-2-pyridyl-1,2,4,5-tetrazine (DpTz) to P1 in CDCl3, quantitative
conversion to P2 was observed after 4 h at room temperature as evidenced by 1H NMR
analysis (Figure 9.2.c., >95% by NMR). No precaution was taken to ensure an air or
moisture-free environment, further exemplifying the simplicity of this strategy. It is
important to note that the major Cp isomer formed is the 2,3-disubstituted species. Over
time, a [1,5]-hydride shift to a 1,2-disubstituted species can occur37,38,39 and may result in
unwanted reactivity with excess DpTz. A simple quench of excess DpTz can be performed
by adding norbornene after full consumption of NBD. Norbornene reacts rapidly to quench
tetrazine derivatives (Figure 9.3.), a reaction that has been exploited for polymer
conjugation.40,41 Furthermore, this quenching step enables more facile precipitation of the
resulting polymers due to the greater solubility of DpTz-norbornene adducts relative to
DpTz. SEC-RI analysis of the polymer before and after the deprotection step indicated no
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change in the shape of the molar mass distribution (i.e. higher MW shoulders), suggesting
good stability of the resulting Cp-functionalized material (Figure S9.23.).
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Figure 9.2. (a) NBD deprotection to produce Cp polymer using DpTz. Note: quenched with
norbornene after 2 h. 1H NMR of RAFT polymers in CDCl3 (b) Copolymer bearing pendant
NBD groups, P1 and (c) Cp-functionalized copolymer, P2.
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Figure 9.3. Representative quench of excess tetrazine with small molecule norbornene
results in a fast reaction that releases N2 and the above tetrazine-norbornene adduct. This is
an efficient way to remove excess tetrazine and allows for more facile purification by
precipitation.

The significance behind the facile introduction of Cp into polymeric systems is the
ability to perform metal-free and room temperature “click” post-functionalization with
commercial maleimides. We envisioned that this process could proceed through sequential
deprotection and traditional DA cycloaddition pathways, wherein the maleimide lies
dormant until the Cp is revealed. The orthogonality of these cycloaddition processes
combined with the metal-free and user-friendly nature of the reaction set-up points toward
the possibility for developing a next-generation “click” functionalization strategy. To
demonstrate this concept, P1 was subject to standard deprotection conditions along with Nbenzyl maleimide to promote rapid trapping of the released Cp. Interestingly, quantitative
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incorporation of the benzyl maleimide was observed as evidenced by 1H NMR analysis
(Figure S9.24.), with no noticeable change in peak distribution or shape following
functionalization according to SEC analysis (Figure S9.25.). Thus, the ability to add
maleimides at the beginning of the reaction in situ enables a one-pot deprotectionconjugation strategy and significantly simplifies reaction set-up.

9.3.4. ROP polymerization of NBD building blocks
To further demonstrate the versatility of this process, compound 3 was utilized as an
initiator for the base-catalyzed ROP of D,L-lactide to obtain end-functional polylactic acid
(PLA) P3 (Figure 9.4.). The resulting polymer was determined to have an Mn of 42,000
g/mol and a Đ = 1.04, representing a new class of Cp functional polymers using traditional
ROP conditions. To validate the ability to perform highly efficient conjugation on a different
polymeric system, P3 was subject to a solution of DpTz (2.4 eq.) and N-(1pyrenyl)maleimide (PyrM) (1.2 eq.) in CDCl3 and allowed to react at room temperature for
24 h with a quenching step using norbornene performed at the 4 h mark. Following
purification by precipitation, pyrene-functionalized P4 was obtained in high efficiency. The
incorporation of pyrene was determined to be >95% as evidenced by 1H NMR (Figure 9.4.).
The pyrene incorporation was confirmed quantitatively by UV-Vis spectroscopy using a
calibration curve prepared from known concentrations of PyrM

(Figure S9.29−30).

Significantly, SEC characterization before and after functionalization confirmed no change
in molar mass distribution, further exemplifying the mild nature of this platform. It should
be emphasized that this chain-end modification strategy was performed on a high molecular
weight system, which highlights the high efficiency and “click” nature of this chemistry.
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Figure 9.4. (a) One-pot deprotection of NBD and conjugation with maleimide. Note:
quenched with norbornene after 4 h. 1H NMR of PLA in dichloromethane-d2 (b) NBDfunctionalized PLA, P3 and (c) PyrM-functionalized PLA, P4.

9.3.5. Accessing unique polymeric architectures
The extension of this platform to enable access to unique architectures is essential to
demonstrate the versatility of this system. With this in mind, we drew inspiration from the
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0

dendrimer literature and synthesized NBD-containing diol 6 to produce two-armed
polymers. This would serve as a key precursor to make asymmetric miktoarm star polymers
(Figure 9.5.) Using standard ROP of lactide, a two-armed B2 precursor (P6, Figure 9.6.) was
obtained. In addition to highlighting facile reactivity with commercial small molecule
maleimides, we envisaged that this synthetic platform would provide access to AB2
miktoarm star polymers when paired with linear maleimide-terminated polymers. Based on
a previously reported preparation of maleimide-terminated poly(methacrylates) from our
groups,42 we synthesized poly(n-butyl methacrylate) (PnBMA) P5 using metal-free ATRP to
serve as the conjugation partner. Indeed, when P5 was used in slight excess (1.5 eq.) in the
presence of P6 and DpTz, the corresponding AB2 (PLA)2-b-PnBMA miktoarm P7 was
obtained (Figure 9.6.) after only 24 h.

Figure 9.5. Representative graphical depiction of facile AB2 star formation

It is important to note that excess P5 was simply removed by precipitation of the
crude reaction mixture into a 50:50 mixture of methanol:isopropanol. SEC-RI analysis
confirmed the expected shift in retention time indicating the successful formation of a higher
molar mass species (Figure 9.6.). 1H NMR analysis of P7 after precipitation also confirmed
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the presence of PnBMA and PLA blocks (Figure S9.34.). To provide additional evidence for
successful conjugation, the self-assembly behavior of P7 was investigated using small-angle
x-ray scattering (SAXS). After annealing P7 at 120 °C for 4 h, Bragg reflections
corresponding to well-ordered lamellae were observed, further confirming the formation of
the AB2 architecture. As an additional demonstration of the modularity of this platform, a
second AB2 miktoarm star (P10) was prepared using polymer precursors of different molar
masses (Figure 9.7.). Upon annealing, the polymer exhibited microphase separation to
hexagonally packed cylinders as evidenced by SAXS characterization (Figure 9.7.). The
ability to quickly and efficiently link polymer precursors promotes a more facile avenue to
tune chemical composition and volume fraction of blocks through this “mix and match”
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Figure 9.6. (a) Chemical schematic for one-pot AB2 miktoarm star formation using
sequential deprotection-conjugation strategy between maleimide-terminated PnBuMA (P5)
and two-arm NBD-functionalized PLA (P6) to yield P7. Note: quenched with norbornene
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after 5 h (b) SEC-RI overlay of polymer precursors and purified AB2 miktoarm star (P7) (c)
SAXS data confirming self-assembly of P7 to well-ordered lamellae.

approach. This concept is further exemplified by the preparation of P11, which is also
follows the AB2 miktoarm star architecture, but comprised of a linear poly(hexyl
methacrylate) chain (Figure 9.8.). Importantly, as in the case of PnBMA, the excess
poly(hexyl methacrylate) can be easily removed as evidenced by the SEC overlay of the
crude and precipitated polymer showing the disappearance of the linear block. The resulting
precipitated polymer (P12) showed the expected decrease in retention corresponding to a
higher MW species (Figure 9.8.). As an additional demonstration of modularity, the we
investigated the use of a hydrophilic maleimide-terminated polymer derived from
commercially available polyethylene glycol (PEG). Indeed, in a similar fashion to the
hydrophobic PnBMA and PnHexMA, successful conjugation was achieved as evidenced by
SEC characterization (Figure 9.9.). We envision this highly versatile conjugation strategy
will enable easy access to a myriad of interesting polymeric architectures.
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Figure 9.7. (a) Chemical schematic for one-pot AB2 miktoarm star formation using
sequential deprotection-conjugation strategy between maleimide-terminated PnBuMA (P8)
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Figure 9.8. (a) Chemical schematic for one-pot AB2 miktoarm star formation using
sequential deprotection-conjugation strategy between maleimide-terminated PnHexMA
(P11) and two-arm NBD-functionalized PLA (P9) to yield P12. Note: quenched with
norbornene after 24 h (b) SEC-RI overlay of P12 before and after precipitation showing the
removal of residual P11. (c) SEC-RI overlay of polymer precursors and purified AB2
miktoarm star (P12)
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Figure 9.9. (a) Chemical schematic for one-pot AB2 miktoarm star formation using
sequential deprotection-conjugation strategy between maleimide-terminated polyethylene
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9.4.

Conclusion
In conclusion, we have disclosed a novel, yet synthetically accessible strategy to

introduce Cp functionalities in a range of polymeric systems. The general compatibility of
the NBD building block with common polymerization techniques (i.e. RAFT, ROP) was
demonstrated, highlighting the versatility and simplicity of this building block. Importantly,
upon addition of DpTz, highly efficient deprotection of NBD to release Cp is observed via a
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rapid cascade of DA reactions. In the presence of maleimide functionalities, a subsequent in
situ “click” reaction with Cp ensues via a traditional DA process resulting in the desired
adduct. This process is metal-free, highly efficient, requires no heating or precaution for an
air- or moisture-free environment, and is amenable across an array of functional maleimides.
The ability to introduce Cp into macromolecules in an on-demand manner represents a new
paradigm in synthetic “click” functionalization. Moreover, the simple synthesis and
exceptionally low cost of starting materials facilitates gram-scale quantities of the key NBD
building block, making this strategy accessible to non-synthetic experts. Understanding the
true potential of this “click” platform via the synthesis of progressively complex polymeric
materials is currently underway.
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9.7.

Supporting Information

Materials and Methods
Unless stated otherwise, reactions were conducted under an atmosphere of N2 using reagent
grade solvents. DCM and MeOH were stored over 3Å molecular sieves. THF was passed
over a column of activated alumina. All commercially obtained reagents were used as
received. All commercial vinyl monomers were purified by passing through a plug of basic
alumina unless otherwise noted. Thin-layer chromatography (TLC) was conducted with E.
Merck silica gel 60 F254 pre-coated plates (0.25 mm) and visualized by exposure to UV
light (254 nm) or stained with p-anisaldehyde, potassium permanganate, or bromocresol
green. Flash column chromatography was performed using normal phase silica gel (60 Å,
0.040 – 0.063 mm, Geduran). 1H NMR spectra were recorded on Varian spectrometers (400,
500, or 600 MHz) and are reported relative to deuterated solvent signals. Data for 1H NMR
spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz)
and integration. 13C NMR spectra were recorded on Varian Spectrometers (100, 125, or 150
MHz). Data for

13

C NMR spectra are reported in terms of chemical shift (δ ppm). Mass

spectra were obtained from the UC Santa Barbara Mass Spectrometry Facility on a (Waters
Corp.) GCT Premier high resolution Time-of-flight mass spectrometer with an ESI or EI
source. Size exclusion chromatography (SEC) eluting with chloroform and calibrated
relative to polystyrene standards was performed on a Waters Alliance HPLC System, 2695
separation module with Wyatt DAWN HELEOS-II light scattering and Wyatt Optilab rEX
refractive index detectors and/or a Waters Acquity Advanced Polymer Characterization
(APC) System equipped with an Acquity UPLC refractive index detector.
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Synthesis of Polymer Building Blocks

Methyl 3-pentylbicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (S1):
Methyl 2-octynoate (6.7 mL, 40 mmol, 1 eq), dicyclopentadiene (3.2 mL, 24 mmol, 1.2 eq
of cyclopentadiene), and hydroquinone (100 mg) were added to a pressure vessel and sealed
under an atmosphere of N2. The vessel was heated to 200 °C for 5 hr (63% conversion by
NMR). The crude product was distilled twice (100–120 °C, ~200 mTorr) to afford racemic
S1 (4.4 g, 50%) as a clear and colorless liquid.

S1: 1H NMR (400 MHz, CDCl3) δ 6.88 (dd, J = 3.1, 4.7 Hz, 1 H), 6.70 (dd, J = 3.3, 4.5 Hz,
1 H), 3.88 (br. s., 1 H), 3.72 (s, 3 H), 3.51 (br. s., 1 H), 2.75 - 2.60 (m, 2 H), 2.00 (tdd, J =
1.6, 6.3, 25.4 Hz, 2 H), 1.55 - 1.21 (m, 6 H), 0.89 (t, J = 7.0 Hz, 3 H) ppm; 13C NMR (100
MHz, CDCl3) δ 173.9, 166.3, 143.7, 140.7, 138.0, 71.0, 56.0, 51.0, 50.8, 31.5, 30.2, 26.4,
22.4, 13.9 ppm; IR (ATR) 2957, 2931, 2863, 1705, 1625, 1433, 1338, 1294, 1235, 1100,
1079, 714 cm-1; HRMS (EI+) Exact mass cald. for C14H20O2+ [M]+: 220.1458, found:
220.1466.

(3-Pentylbicyclo[2.2.1]hepta-2,5-dien-2-yl)methanol (3):
A solution of S1 (1.76 g, 8.01 mmol, 1 eq) in THF (100 mL) was cooled to 0 °C. A solution
of DIBAL in hexanes (1 M, 22.4 mL, 22.4 mmol, 2.8 eq) was added dropwise over 10 min.
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The solution was maintained at 0 °C until complete consumption of the starting material
(TLC, 30 min). The reaction was carefully quenched at 0 °C with water (0.8 mL), then an
aqueous solution of NaOH (1 M, 1.6 mL), then water (0.8 mL). The reaction mixture was
removed from the ice bath and stirred a further 30 min. The reaction mixture was dried with
MgSO4, stirred a further 10 min, then filtered and rinsed with Et2O (150 mL). The solvent
was removed and the residue subjected to flash column chromatography (Hexane:EtOAc,
6:1) to yield racemic 3 (1.09 g, 71%) as a clear and colorless oil. Spectral data matched that
of literature reported data.1

3: Rf (Hexane:EtOAc, 6:1): 0.29; 1H NMR (400 MHz, CDCl3) δ 6.81 (dd, J = 2.7, 5.1 Hz, 1
H), 6.73 (dd, J = 3.1, 5.1 Hz, 1 H), 4.26 (dd, J = 5.5, 12.1 Hz, 1 H), 4.14 (dd, J = 4.7, 12.1
Hz, 1 H), 3.55 (br. s., 1 H), 3.38 (br. s., 1 H), 2.27 - 2.17 (m, 1 H), 2.17 - 2.07 (m, 1 H), 1.92
(dd, J = 5.9, 15.7 Hz, 2 H), 1.47 - 1.24 (m, 4 H), 1.24 - 1.12 (m, 2 H), 0.98 (t, J = 5.5 Hz, 1
H), 0.88 (t, J = 7.2 Hz, 3 H) ppm; 13C NMR (100 MHz, CDCl3) δ 152.9, 145.1, 143.0, 142.2,
71.4, 58.9, 53.7, 51.8, 31.4, 28.2, 27.0, 22.5, 14.0 ppm; IR (ATR) 3324, 2959, 2928, 2860,
1457, 1378, 1304, 1230, 1209, 1016, 987 cm-1; HRMS (EI+) Exact mass cald. for C13H18+
[M-H2O]+: 174.1403, found: 174.1408.
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(3-pentylbicyclo[2.2.1]hepta-2,5-dien-2-yl)methyl-4-cyano-4(((dodecylthio)carbonothioyl)thio)pentanoate (4):
To a solution of 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (202 mg,
0.50 mmol, 1 eq) in DCM (1 mL) in a vial was added 3 (144 mg, 0.75 mmol, 1.5 eq),
EDC·HCl (144 mg, 0.75 mmol, 1.5 eq), and DMAP (6 mg, 0.05 mmol, 0.1 eq). The reaction
was capped under an atmosphere of air and stirred at rt for 16 hr (the starting material was
consumed by NMR). The reaction mixture was adsorbed to silica gel (2 g) and subjected to
flash column chromatography (Hexane:EtOAc, 15:1) to yield diastereomeric 4 (266 mg,
92%) as a yellow oil.

4: Rf (Hexane:EtOAc, 15:1): 0.21; 1H NMR (400 MHz, CDCl3) δ 6.77 (dd, J = 3.0, 5.1 Hz, 1
H), 6.72 (dd, J = 2.9, 4.7 Hz, 1 H), 4.75 (dd, J = 1.0, 12.2 Hz, 1 H), 4.61 (d, J = 11.9 Hz, 1
H), 3.45 (br. s., 1 H), 3.39 (br. s., 1 H), 3.34 (t, J = 7.4 Hz, 2 H), 2.68 - 2.57 (m, 2 H), 2.57 2.48 (m, 1 H), 2.42 - 2.34 (m, 1 H), 2.24 (ddd, J = 6.5, 8.0, 14.1 Hz, 1 H), 2.15 (ddd, J = 6.5,
8.0, 14.1 Hz, 1 H), 1.96 (td, J = 1.6, 6.0 Hz, 1 H), 1.91 (td, J = 1.6, 6.0 Hz, 1 H), 1.88 (s, 3
H), 1.70 (quin, J = 7.5 Hz, 2 H), 1.45 - 1.14 (m, 24 H), 0.89 (dt, J = 3.1, 7.1 Hz, 6 H) ppm;
13

C NMR (125 MHz, CDCl3) δ 216.9, 171.5, 156.1, 142.8, 142.0, 140.6, 119.0, 71.4, 61.3,

53.8, 52.2, 46.4, 37.0, 33.9, 31.9, 31.4, 29.8, 29.6 (2C), 29.5, 29.4, 29.3, 29.0, 28.9, 28.4,
27.7, 26.8, 24.8, 22.7, 22.5, 14.1, 14.0 ppm; IR (ATR) 2954, 2923, 2853, 1737, 1645, 1456,
1378, 1291, 1176, 1068, 861, 806 cm-1; HRMS (ES+) Exact mass cald. for C32H51NNaO2S3+
[M+Na]+: 600.2974, found: 600.3001.
349

(3-pentylbicyclo[2.2.1]hepta-2,5-dien-2-yl)methyl methacrylate (5):
A solution of 3 (481 mg, 2.5 mmol, 1 eq) and Et3N (0.70 mL, 5.0 mmol, 2 eq) in DCM (12
mL) was cooled to 0 °C. Methacryloyl chloride (0.37 mL, 3.75 mmol, 1.5 eq) was added
dropwise and the solution maintained at 0 °C until complete consumption of the starting
material (TLC, 30 min). The reaction was quenched with water (0.1 mL) and allowed to
warm to rt. Silica gel (1 g) was added, the solvent removed, and the mixture was subjected
to flash column chromatography (Hexane:EtOAc, 15:1). The fractions containing product
were combined, several drops of an inhibitor solution (MEHQ, 1 mg/mL in DCM) were
added, and the solvent removed to yield racemic 5 (450 mg, 69%) as a clear and colorless
oil.

5: Rf (Hexane:EtOAc, 15:1): 0.43; 1H NMR (400 MHz, CDCl3) δ 6.79 - 6.74 (m, 1 H), 6.74
- 6.69 (m, 1 H), 6.09 (s, 1 H), 5.55 (d, J = 1.2 Hz, 1 H), 4.79 (d, J = 12.1 Hz, 1 H), 4.66 (d, J
= 12.5 Hz, 1 H), 3.48 (br. s., 1 H), 3.38 (br. s., 1 H), 2.30 - 2.12 (m, 2 H), 2.01 - 1.86 (m, 5
H), 1.47 - 1.23 (m, 4 H), 1.23 - 1.12 (m, 2 H), 0.87 (t, J = 7.2 Hz, 3 H) ppm; 13C NMR (100
MHz, CDCl3) δ 167.5, 155.2, 142.9, 141.9, 141.0, 136.5, 125.2, 71.3, 60.9, 53.8, 52.2, 31.3,
28.3, 26.8, 22.5, 18.4, 14.0 ppm; IR (ATR) 2961, 2930, 2864, 1716, 1638, 1453, 1293,
1157, 1010, 937, 814 cm-1; HRMS (ES+) Exact mass cald. for C17H24NaO2+ [M+Na]+:
283.1669, found: 283.1671.
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Methyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (S2):2
2,2-Bis(hydroxymethyl)propionic acid (10.0 g, 74.6 mmol, 1 eq) and Amberlyst 15
hydrogen form (3.5 g) were added to MeOH (75 mL) and the mixture was heated to reflux
for 22 hr (the reaction was complete by NMR). The reaction was cooled to rt, filtered
through Celite, rinsed with MeOH (25 mL), and the solvent removed. The residue was
dissolved in DCM (25 mL), filtered through Celite, and the solvent removed to yield S2
(10.7 g, 97%) as an amber oil that solidifies on standing. The purity was sufficient for the
next reaction. Spectral data matched that of literature reported data.2

S2: 1H NMR (600 MHz, CDCl3) δ 3.90 (d, J = 11.1 Hz, 2 H), 3.76 (s, 3 H), 3.71 (d, J = 11.5
Hz, 2 H), 3.00 (br. s., 2 H), 1.07 (s, 3 H) ppm.
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Methyl

3-((tert-butyldimethylsilyl)oxy)-2-(((tert-butyldimethylsilyl)oxy)methyl)-2-

methylpropanoate (S3):
To a solution of S2 (2.25 g, 15.2 mmol, 1 eq) and imidazole (2.48 g, 36.5 mmol, 2.4 eq) in
DMF (20 mL) was added TBSCl (5.04 g, 33.4 mmol, 2.2 eq) in portions. After 2 hr the
reaction did not go to completion (NMR) and a further imidazole (0.414 g, 6.08 mmol, 0.4
eq) and TBSCl (0.916 g, 6.08 mmol, 0.4 eq) was added. After 2 hr the reaction was deemed
complete (NMR) the reaction was poured into an aqueous solution of HCl (1 M, 100 mL)
and extracted with Et2O (2x100 mL). The combined organic layers were washed with brine
(2x50 mL), dried over MgSO4, and the solvent removed to yield S3 (5.80 g, 101%) as a
clear and colorless oil that was used directly in the next reaction.

S3: 1H NMR (400 MHz, CDCl3) δ 3.73 (d, J = 9.4 Hz, 2 H), 3.69 - 3.61 (m, 5 H), 1.10 (s, 3
H), 0.87 (s, 18 H), 0.03 (s, 12 H) ppm;

13

C NMR (100 MHz, CDCl3) δ 175.6, 64.2, 51.3,

50.3, 25.8, 18.2, 17.0, -5.61, -5.64 ppm.
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3-((tert-Butyldimethylsilyl)oxy)-2-(((tert-butyldimethylsilyl)oxy)methyl)-2methylpropanoic acid (S4):
S3 (1.88 g, 5 mmol, 1 eq) was dissolved in EtOH (50 mL). An aqueous solution of NaOH (1
M, 25 mL, 25 mmol, 5 eq) was added and the biphasic mixture was stirred vigorously for 4
days. The reaction mixture, now homogeneous, was poured into an aqueous solution of HCl
(1 M, 50 mL) and extracted with EtOAc (2x100 mL). The combined organic layers were
washed with brine (50 mL), dried over MgSO4, and the solvent removed. The residue was
subjected to flash column chromatography (Hexanes:EtOAc, 9:1) to yield S4 (897 mg, 49%)
as a white solid. Spectral data matched that of literature reported data.3

S4: Rf (Hexanes:EtOAc, 9:1): 0.28; 1H NMR (400 MHz, CDCl3) δ 11.12 (br. s., 1 H), 3.75
(d, J = 9.8 Hz, 2 H), 3.70 (d, J = 9.4 Hz, 2 H), 1.15 (s, 3 H), 0.90 (s, 18 H), 0.07 (s, 12 H)
ppm; 13C NMR (100 MHz, CDCl3) δ 178.4, 64.5, 49.4, 25.8, 18.2, 17.1, -5.6 ppm.
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(3-pentylbicyclo[2.2.1]hepta-2,5-dien-2-yl)methyl

3-((tert-butyldimethylsilyl)oxy)-2-

(((tert-butyldimethylsilyl)oxy)methyl)-2-methylpropanoate (S5):
To a solution of 3 (192 mg, 1 mmol, 1 eq) and S4 (544 mg, 1.5 mmol, 1.5 eq) in DCM (1
mL) in a vial was added EDC·HCl (288 mg, 1.5 mmol, 1.5 eq), and DMAP (12 mg, 0.10
mmol, 0.1 eq). The reaction was capped under an atmosphere of air and stirred 23 hr at rt.
The conversion was low (~18% by NMR), a further DMAP (110 mg, 0.90 mmol, 0,9 eq)
was added, and the reaction mixture stirred 20 hr. A further EDC·HCl (192 mg, 1 mmol, 1
eq) was added, the reaction mixture stirred for 8 hr, and the reaction was deemed complete
(NMR). The mixture was adsorbed to silica gel (1.5 g) and subjected to flash column
chromatography (Hexane:EtOAc, 1:0 à 15:1) to yield racemic S5 (460 mg, 86%) as a clear
and colorless oil.

S5: Rf (Hexane:EtOAc, 15:1): 0.61; 1H NMR (400 MHz, CDCl3) δ 6.78 - 6.73 (m, 1 H),
6.73 - 6.67 (m, 1 H), 4.70 (d, J = 12.5 Hz, 1 H), 4.54 (d, J = 12.5 Hz, 1 H), 3.75 (dd, J = 4.7,
9.4 Hz, 2 H), 3.64 (d, J = 9.4 Hz, 2 H), 3.45 (br. s., 1 H), 3.37 (br. s., 1 H), 2.28 - 2.08 (m, 2
H), 1.98 - 1.85 (m, 2 H), 1.45 - 1.24 (m, 4 H), 1.24 - 1.14 (m, 2 H), 1.10 (s, 3 H), 0.91 - 0.85
(m, 21 H), 0.03 (s, 12 H) ppm; 13C NMR (100 MHz, CDCl3) δ 175.1, 154.7, 142.9, 141.9,
141.2, 71.2, 64.2, 60.4, 53.7, 52.0, 50.4, 31.4, 28.3, 26.9, 25.8, 22.5, 18.2, 17.1, 14.0, -5.6
ppm; IR (ATR) 2955, 2929, 2884, 2857, 1732, 1471, 1250, 1083, 833, 774 cm-1; HRMS
(ES+) Exact mass cald. for C30H56NaO4Si2 [M+Na]+: 559.3609, found: 559.3629.
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(3-pentylbicyclo[2.2.1]hepta-2,5-dien-2-yl)methyl

3-hydroxy-2-(hydroxymethyl)-2-

methylpropanoate (6):
To a solution of S5 (440. mg, 0.819 mmol, 1 eq) in THF (12 mL) was added a solution of
TBAF in THF (1 M, 4.9 mL, 4.9 mmol, 6 eq). After 2 hr the reaction was deemed complete
by NMR and the solvent was removed. The residue was suspended in Et2O (100 mL),
washed with a saturated solution of NH4Cl (50 mL), then brine (50 mL). The organic layer
was dried over MgSO4 and the solvent removed. The residue was subjected to flash column
chromatography (Hexane:EtOAc, 1:1) to yield racemic 6 (185 mg, 73%) as a clear and
colorless oil.

6: Rf (Hexane:EtOAc, 1:1): 0.31; 1H NMR (400 MHz, CDCl3) δ 6.80 - 6.74 (m, 1 H), 6.74 6.68 (m, 1 H), 4.84 (d, J = 12.1 Hz, 1 H), 4.70 (d, J = 12.1 Hz, 1 H), 3.88 (dd, J = 6.1, 11.2
Hz, 2 H), 3.77 - 3.67 (m, 2 H), 3.46 (br. s., 1 H), 3.39 (br. s., 1 H), 2.79 (t, J = 6.5 Hz, 2 H),
2.30 - 2.12 (m, 2 H), 1.98 - 1.89 (m, 2 H), 1.48 - 1.24 (m, 4 H), 1.24 - 1.12 (m, 2 H), 1.06 (s,
3 H), 0.87 (t, J = 7.2 Hz, 3 H) ppm;

13

C NMR (100 MHz, CDCl3) δ 175.9, 156.3, 142.8,

142.0, 140.6, 71.6, 68.39, 68.37, 61.1, 53.8, 52.2, 49.3, 31.4, 28.4, 26.8, 22.5, 17.2, 14.0
ppm; IR (ATR) 3420, 2959, 2930, 2864, 1717, 1460, 1378, 1293, 1219, 1118, 1035, 909,
730 cm-1; HRMS (ES+) Exact mass cald. for C18H28NaO4+ [M+Na]+: 331.1880, found:
331.1884.
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Figure S9.2. 13C NMR (100 MHz, CDCl3) of compound S1
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Figure S9.7. 1H NMR (400 MHz, CDCl3) of compound 5
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Figure S9.8. 13C NMR (100 MHz, CDCl3) of compound 5
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Figure S9.9. 1H NMR (600 MHz, CDCl3) of compound S2
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Figure S9.16. 1H NMR (400 MHz, CDCl3) of compound 6
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Synthesis of Polymers
Synthesis of P1:
S
5

O
O
C5H11

S

CN
S

O

+

O

AIBN

S
x

NC
O

O

S

y

O

O

5

S
C5H11

THF, 60 °C
P1

5

To a 1-dram vial equipped with a magnetic stir bar and septum cap, compound 5 (111 mg,
0.43 mmol, 5 eq.) and methyl methacrylate (MMA) (814 µL, 7.65 mmol, 90 eq.) were added
and dissolved in 0.93 mL of THF. At this time, AIBN (2.8 mg, 0.20 eq. 0.017 mmol) and 2cyano-2-propyl dodecyl trithiocarbonate (29 mg, 1.0 eq. 0.085 mmol) was added to the
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reaction vial and the polymerization was degassed by argon bubbling for 10 minutes. The
polymerization was left to react at 60 °C for 7 h and a crude 1H NMR spectrum was taken in
deuterated chloroform to estimate monomer conversion (53%). The THF was removed
under reduced pressure and the crude mixture was redissolved in a minimal amount of
DCM. The mixture was precipitated into cold methanol before collecting the solid via
vacuum filtration. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3 times. 1H NMR analysis indicates approximately 5% incorporation of
the desired NBD functionality. Conversion 53%, Mn(theoretical) = 5800 g/mol, Mn(NMR) = 6700
g/mol, Mn(SEC) = 6700 g/mol, Đ = 1.22.

Figure S9.18. 1H NMR spectrum of P1.
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Figure S9.19. SEC-RI trace of P1.

Synthesis of P2:
S
x

NC
O

O

S

y

O

O

5

S
C5H11

S

i) DpTz
CDCl3, RT, 2h
ii) norbornene, 2h

P1

x

NC
O

O

S

y

O

O

5

S
C5H11

P2

To a 1-dram vial equipped with a magnetic stir bar and septum cap, P1 (74 mg, 0.01 mmol,
1 eq.) and DpTz (19 mg, 0.08 mmol, 1.5 eqv. per pendant NBD) were added and dissolved
in 0.75 mL of CDCl3 and allowed to stir for 2 hours at room temperature. 1H NMR analysis
of the crude mixture indicated quantitative conversion of the NBD resonances. At this point
norbornene (15 mg, 2 eq. to DpTz) was added to quench any remaining DpTz in solution
and the mixture was allowed to stir for an additional 2 hours. The reaction visibly turned
from red to yellow indicating successful quenching of the DpTz. The mixture was then
precipitated into cold methanol and centrifuged to collect the polymer. The supernatant was
decanted out and the resulting polymer was redissolved in a minimal amount of DCM before
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precipitating in methanol a second time. This process was repeated for a third time before
drying the polymer under reduced pressure. Mn(NMR) = 7000 g/mol, Mn(SEC) = 8400 g/mol, Đ
= 1.17.

Figure S9.20. 1H NMR of spectrum of P2.
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Figure S9.21. SEC-RI trace of P2 showing observable differences in peak shape to P1.

Synthesis of S-P1:
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To a 1-dram vial equipped with a magnetic stir bar and septum cap, MMA (825 µL, 7.75
mmol, 125 eq.) was dissolved in 0.825 mL of THF. Following this, AIBN (2 mg, 0.012
mmol, 0.2 eq.) the NBD-CTA (36 mg, 0.062 mmol, 1 eq.) was added and the resulting
reaction mixture was degassed by argon bubbling for 10 minutes. The polymerization was
left to react at 60 °C for 7 hours. Monomer conversion was estimated by 1H NMR in
deuterated chloroform and determined to be 50%. The THF was removed under reduced
pressure and the crude mixture was redissolved in a minimal amount of DCM. The mixture
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was precipitated into cold methanol before collecting the solid via vacuum filtration. The
solid was redissolved in DCM and the precipitation process was repeated a total of 3 times.
1

H NMR analysis indicates successful incorporation of the NBD chain-end functionality.

Conversion 50%, Mn(theoretical) = 6900 g/mol, Mn(NMR) = 8700 g/mol, Mn(SEC) = 7700 g/mol, Đ
= 1.14.

Figure S9.22. 1H NMR of spectrum of S-P1 showing presence of expected chain-end
resonances.
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Figure S9.23. SEC-RI trace of P2.

One pot functionalization of P1 to yield S-P2:
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To a 1-dram vial equipped with a magnetic stir bar and septum cap, P1 (47 mg, 0.007 mmol,
1 eq.), DpTz (12.4 mg, 0.053 mmol, approximately 1.5 eq. per pendant group) and phenyl
maleimide (12.1 mg, 0.070 mmol, 2 eq. per pendant group) were added and dissolved in 0.5
mL of CDCl3 and allowed to stir for 2 hours at room temperature. 1H NMR analysis
indicated quantitative conversion of the NBD resonances. At this point 10 mg of norbornene
was added to quench the remaining DpTz in solution and the mixture was allowed to stir for
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an additional 2 hours. The crude mixture was precipitated once into cold hexanes,
centrifuged, redissolved in a minimal amount of DCM and reprecipitated into cold methanol
before centrifuging and collecting the remaining solid. Mn(SEC) = 8300 g/mol, Đ = 1.16.

Figure S9.24. 1H NMR of spectra overlay of P1 and S-P2 confirming successful
conjugation.
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Figure S9.25. SEC-RI trace of S-P2.

Synthesis of P3:
O
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A 20-mL scintillation vial equipped with a magnetic stir bar was flame dried under argon
and vacuum cycles for a total of 3 cycles, before transferring into a glovebox. To the vial,
D,L-lactide (2.02 g, 14.04 mmol, 360 eq.) was added and dissolved in 10 mL of anhydrous
DCM. Following this, compound 5 (7.5 mg, 0.039 mmol, 1 eq.) was added along with a 1.5
M THF solution of 1,8-biazabicyclo[5.4.0]undec-7-ene (DBU) (45.1 µL, 0.068 mmol, 1.7
eq.). The polymerization was allowed to stir at room temperature for 12 min and quenched
with benzoic acid (41.3 mg, 0.34 mmol, 5 eq.). Monomer conversion was estimated by 1H
NMR in deuterated chloroform and determined to be 61%. The DCM was removed under
reduced pressure and the crude mixture was redissolved in a minimal amount of DCM. The
mixture was subsequently precipitated into cold methanol before collecting the solid via
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vacuum filtration. The solid was redissolved in DCM and the precipitation process was
repeated a total of 3 times. The obtained white solid was dried under reduced pressure.
Conversion 61%, Mn(theoretical) = 32,000 g/mol, Mn(NMR) = 36,000 g/mol, Mn(SEC) = 42,000
g/mol, Đ = 1.04

Figure S9.26. 1H NMR of spectrum of P3 showing presence of expected chain-end
resonances.
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Figure S9.27. SEC-RI trace of P3.

Synthesis of P4:
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To a 1-dram vial equipped with a septum cap, P3 (79 mg, 0.002 mmol, 1 eq.), 3,6-di-2pyridyl-1,2,4,5-tetrazine (DpTz) (1.3 mg, 0.005 mmol, 2.4 eq.) and N-(1-pyrenyl)maleimide
(0.8 mg (0.2 mL of 4 mg/mL solution in CDCl3), 0.003 mmol, 1.2 eq.)) were added and
dissolved. The vial was placed on a shaker at room temperature for 4 h, before adding
approximately 1 mg of norbornene to quench the excess DpTz. The reaction was left to
shake at room temperature for an additional 20 hours. The crude reaction mixture was
precipitated into cold methanol and centrifuged to collect the desired product. The
supernatant was discarded and the resulting solid was collected, and redissolved in a
minimal amount of DCM before repeating the precipitation process. This process was
repeated a total of 3 times before drying the obtained polymer under reduced pressure. 1H
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NMR of the purified polymer suggests near quantitative conversion to the desired product.
Mn(NMR) = 36,000 g/mol, Mn(SEC) = 42,000 g/mol, Đ = 1.04.

Figure S9.28. 1H NMR of spectrum of P4 showing presence of expected chain-end
resonances corresponding to pyrene following functionalization.
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Figure S9.29. Calibration curve prepared using serial dilutions of N-(1-pyrenyl)maleimide
in DCM based on local maximum at 276 nm.
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Figure S9.30. Absorbance spectrum of a 0.003 mM solution of P4 (Mn(NMR) = 36,000 g/mol)
in DCM shows clear incorporation of pyrene functionality. Using the absorbance value for
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the local 276 nm maximum and the linear regression equation obtained from the calibration
curve, the incorporation of pyrene is estimated to be 0.98 pyrenes/per chain. These results
support the incorporation calculated by 1H NMR.

Figure S9.31. SEC-RI trace of P4 after functionalization showing no observable change in
molar mass distribution.
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Synthesis of P5:
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Adapted from literature procedure.5 To a 20 mL scintillation vial equipped with a magnetic
stir bar and septum cap, Phen-CF3 photocatalyst (1.5 mg, 0.003 mmol, 0.05 eq.) was added
and to 1.2 mL of N,N-dimethylacetamide (DMA) and allowed to stir in the dark for 15
minutes. At this time, n-butyl methacrylate (n-BuMA) (1.2 mL, 7.56 mmol, 120 eq.) was
added along with endo furan protected-maleimide ATRP initiator (22.6 mg, 0.06 mmol, 1
eq.). The reaction mixture was degassed by bubbling with argon for 10 minutes before
wrapping the cap with parafilm. The vial was subsequently irradiated under a 405 nm
collimated LED for 20 hours. Monomer conversion was estimated to be 58% based on
analysis of the crude mixture by 1H NMR. The crude polymerization mixture was
precipitated once into hexanes and collected via vacuum filtration. The resulting solid was
redissolved in a minimal amount of DCM and precipitated into cold methanol. Precipitation
into methanol was repeated a total of 2 times. Approximately 60 mg of resulting polymer
was subsequently heated neat under vacuum at 70 °C for 16 hours to yield P5. Conversion
58%, Mn(theoretical) = 10,000 g/mol, Mn(SEC) = 9,600 g/mol, Đ = 1.26
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Figure S9.32. 1H NMR of spectra overlay of S-P3 and P5 confirming successful
deprotection as following heating at 70 °C.
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Figure S9.33. Overlay of SEC-RI traces of S-P3 and P5 before and after heating shows no
observable change in molar mass distribution.
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A 20-mL scintillation vial equipped with a magnetic stir bar was flame dried under argon
and vacuum cycles for a total of 3 cycles, before transferring into a glovebox. To the vial,
D,L-lactide (2.1 g, 14.54 mmol, 150 eq.) was added and dissolved in 10 mL of anhydrous
DCM. Following this, compound 6 (29.9 mg, 0.097 mmol, 1 eq.) was added along with a1.5
M THF solution of 1,8-biazabicyclo[5.4.0]undec-7-ene (DBU) (65 µL, 0.097 mmol, 1 eq.).
The polymerization was allowed to react at room temperature for 8 min and quenched with
benzoic acid (59.0 mg, 0.48 mmol, 5 eq.). Monomer conversion was estimated by 1H NMR
in deuterated chloroform and determined to be 87%. The DCM was removed under reduced
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pressure and the crude mixture was redissolved in a minimal amount of DCM. The mixture
was subsequently precipitated into cold methanol before collecting the solid via vacuum
filtration. The solid was redissolved in DCM and the precipitation process was repeated a
total of 3 times. The obtained white solid was dried under reduced pressure. Mn(theoretical) =
18,800 g/mol, Mn(NMR) = 17,100 g/mol, Mn(SEC) = 23,800 g/mol, Đ = 1.04
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To a 1-dram vial equipped with a septum cap, P6 (64 mg, 0.004 mmol, 1 eq.), 3,6-di-2pyridyl-1,2,4,5-tetrazine (DpTz) (3.8 mg, 0.016 mmol, 4 eq.) and P5 (54 mg, 0.006 mmol,
1.5 eq.) were added and dissolved in 0.64 mL of CDCl3. The vial was placed on a shaker
and allowed to react for 5 h at room temperature before adding approximately 3 mg of
norbornene to quench the remaining DpTz. The reaction was allowed to stir for an additional
16 h. SEC analysis of the crude mixture showed expected shift in retention time and
remaining P5. The crude reaction mixture was precipitated into 50:50 MeOH:IPA and
centrifuged to collect the desired product. The supernatant was discarded and the resulting
solid was collected, and redissolved in a minimal amount of DCM before repeating the
precipitation process. This process was repeated a total of 4 times. The resulting solid was
collected and dried under reduced pressure before performing additional characterization
using 1H NMR, SEC and SAXS. Mn(SEC) = 35,000 g/mol, Đ = 1.04
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Figure S9.34. 1H NMR of spectrum of purified P7 confirming presence of both blocks and a
product block polymer composition of fPLA = 0.54 based on reported homopolymer
densities.

Figure S9.35. Overlay of SEC-RI traces of P7 before and after precipitation shows
successful removal of slight excess of P5.
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Synthesis of P10:

To a 1-dram vial equipped with a septum cap, P8 (41 mg, 0.007 mmol, 1.5 eq.), P9 (81 mg,
0.005 mmol, 1.0 eq.) and 3,6-di-2-pyridyl-1,2,4,5-tetrazine (DpTz) (1.6 mg, 0.007 mmol,
1.5 eq.) were added and dissolved in 0.80 mL of CDCl3. The vial was placed on a shaker
and allowed to react for 24 h at room temperature before adding approximately 2 mg of
norbornene to quench the remaining DpTz. The reaction was allowed to stir for an additional
30 minutes. SEC analysis of the crude mixture showed expected shift in retention time and
remaining P8. The crude reaction mixture was precipitated into 50:50 MeOH:IPA and
centrifuged to collect the desired product. The supernatant was discarded and the resulting
solid was collected, and redissolved in a minimal amount of DCM before repeating the
precipitation process. This process was repeated a total of 4 times. The resulting solid was
collected and dried under reduced pressure before performing additional characterization
using 1H NMR, SEC and SAXS. Mn(P8, SEC) = 6,000 g/mol, Đ = 1.39, Mn(P9, SEC) = 30,500
g/mol, Đ = 1.05, Mn(P10, SEC) = 36,400 g/mol, Đ = 1.04
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Figure S9.36. 1H NMR spectrum of purified P10 confirming presence of both blocks and a
product block polymer composition of fPLA = 0.68 based on reported homopolymer
densities.

Synthesis of P12:

To a 1-dram vial equipped with a septum cap, P9 (50 mg, 0.004 mmol, 1 eq.), 3,6-di-2pyridyl-1,2,4,5-tetrazine (DpTz) (3.3 mg, 0.014 mmol, 5 eq.) and P11 (63 mg, 0.004 mmol,
1.5 eq.) were added and dissolved in 0.50 mL of CDCl3. The vial was placed on a shaker
and allowed to react for 5 h at room temperature before adding approximately 3 mg of
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norbornene to quench the remaining DpTz. The reaction was allowed to stir for an additional
19 h. SEC analysis of the crude mixture showed expected shift in retention time and
remaining P5. The crude reaction mixture was precipitated into 50:50 MeOH:IPA and
centrifuged to collect the desired product. The supernatant was discarded and the resulting
solid was collected, and redissolved in a minimal amount of DCM before repeating the
precipitation process. This process was repeated a total of 4 times. The resulting solid was
collected and dried under reduced pressure before performing additional characterization
using 1H NMR and SEC. Mn(SEC) = 41,300 g/mol, Đ = 1.06

Figure S9.37. 1H NMR spectrum of purified P12 confirming presence of both blocks.
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Synthesis of P15:

In a 1-dram vial, 75 mg (1 eq, 0.003 mmol) of PLA-PeNorb (MZ-187), 1.0 mg (1.5 eq,
0.004 mmol) of 3,6-di-2-pyridyl-1,2,4,5-tetrazine, and 20 mg (1.5 eq, 0.004 mmol) of PEGmaleimide were added and dissolved in 0.75 mL of CDCl3. The vial was placed on a shaker
at room temperature for 24 h before adding approximately 1 mg of norbornene to quench the
remaining tetrazine. SEC analysis of the crude mixture showed expected shift in retention
time and excess PEG-mal. The crude reaction mixture was precipitated once into methanol
and centrifuged. The resulting solid was collected, redissolved in a minimal amount of DCM
and reprecipitated in methanol a second time. This process was repeated for a third time
before the resulting solid was collected by centrifugation and dried under reduced pressure.
SEC analysis of the precipitated product shows successful removal of the PEG-mal and
higher MW impurity. Mn(SEC) = 46,500 g/mol, Đ = 1.04
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CHAPTER 10: Conclusion

Advancing)polymer)synthesis)
with)light)

Graphical abstract: Light serves an enabling platform for advancing functional
polymer synthesis. Image by Peter Allen.

10.1. Thoughts and Outlook
To briefly summarize the previous chapters presented in this thesis, the use of
light has and will continue to transform the field of polymer science. As can be seen
from the myriad of developments over the last several years in key areas ranging
from photocatalyst design to monomer scope, functionalization chemistry and broad
utility in a multitude of applications, new ways to integrate light in the broader
scientific community will be a significant research area for many years to come.
However, in order to fully realize the potential of light, there are a few fundamental
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challenges that necessitate future study. Perhaps the most formidable limitation of
using light is that it intrinsically impedes the potential for facile scalability. This
effectively renders access to large quantities of desired materials synthetically taxing
and laborious. Likewise, attempts at increasing reaction scale can often lead to poor
irradiation efficiency and may also contribute to batch-to-batch irreproducibility and
inconsistent reaction kinetics.
These aforementioned challenges therefore demand the sustained development
of continuous flow processes1,2 or the use of highly abundant light sources such as
natural sunlight.3 In this way the challenges of scalability using light-driven processes
can be mitigated to help facilitate the adaptation of these systems to more industrially
relevant settings. Indeed, one approach to help address this grand challenge would be
to harness pure solar energy to perform many currently established light-mediated
reactions. This would not only provide a much more inexpensive alternative to
current sources of light, but also offers a “greener” and more environmentally
friendly synthetic pathway when compared to traditional processes.4
An additional potential limitation of light is the that use of short wavelengths
(i.e. UV) may result in general incompatibility a number of polymer building blocks
and with certain biologically relevant systems.5,6 In the case of monomers, expansion
to additional classes with strongly absorbing functionalities, and/or other
photosensitive molecules needs to be addressed to enable more widespread use of
light-mediated polymerizations in a variety of different settings. Nevertheless, the
vast increase in the number of traditionally thermally-catalyzed polymerizations
translated to light-mediated processes and the corresponding increase in monomer
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and catalyst scope up to this point suggests that further expansion to additional
synthetic systems is just a matter of time. While great synthetic progress has been
made to utilize light in biological applications, there needs to be continued effort to
further extend current processes that rely on UV or high energy visible light to utilize
near-infrared NIR or IR light.7,8 The mild nature of IR light makes it more amenable
for biological applications and also offers greater penetration depth when considering
applications such as light-triggered drug release in the human body. Significantly, in
the case of a light-mediated polymerization process, one noteworthy example is the
successful PET-RAFT polymerization of acrylamide monomers from the surface of
living mammalian cells.9 This seminal example exemplifies the power of using a mild
stimulus such as light to perform exceedingly complex chemistries in highly intricate
environments.
An additional point of interest will be to further develop the concept of
spatiotemporal control that light offers over other traditional stimuli. In ongoing work
in our groups, more in-depth investigation comparing a few of the most commonly
utilized light-mediated polymerization techniques reveals a subtle distinction that
metal-free light-driven systems appear to exhibit remarkable temporal control during
“on-off“ cycling experiments over long irradiation times. This is in contrast to for
example, Copper metal-catalyzed photo-ATRP, where a significant amount of
propagation can be observed during the dark or “off“ periods, especially when the
polymerizations are performed in organic solvents.10 Obtaining further experimental
evidence to directly compare the efficiency of temporal control of these systems
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would be of interest to the field of light-mediated polymerizations, as further probing
of this phenomenon will most certainly lead to novel applications.
The immense impact of light across a number of interdisciplinary settings is
undeniable. One of the most significant future areas for light-mediated processes is
investigating the ability to integrate several of these processes into one pot.11 This
includes the ability to perform different polymerization mechanisms within a single
reactive system or even perhaps a sequential small molecule and functional materials
synthesis process. To take this a step further, using light with additional stimuli in an
orthogonal or selective manner would be a grand challenge. For instance, recent
developments in the synthetic polymer field demonstrate that a light stimulus can be
combined with a chemical stimulus in a completely orthogonal manner.12,13 This
enables a greater level of synthetic control and access to unique materials inaccessible
through either stimulus alone. Further investigation to determine the extent of
orthogonal control achievable with other stimuli such as thermal, electrochemical or
mechanochemical-based systems14 will undoubtedly fuel future collaboration and
innovation across a multitude of scientific disciplines.
The rapid evolution of light in chemical synthesis cannot be overemphasized
and while certain challenges are evident when measured against conventional
thermally-driven processes, there is enormous room for future development. The
exponential growth in the number of publications and citations over the last several
years in a number of scientific research areas is testament to the tremendous interest
in the field. It is no surprise that leading researchers are calling this the “golden age”
for photoredox chemistry.15 This is in part due to the widespread commercialization
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of the LED, which has enabled scientists from a variety of disciplines easy access to a
range of experimental set-ups. It is without doubt that as light source technology
continues to evolve, the development of new synthetic methodologies will follow. As
a closing thought, it is important to emphasize that light is an immensely powerful
tool that is currently transforming the field of chemical synthesis. Its modularity,
ready accessibility and inherently tunable nature ensures that it will remain a
prominent focal point for future synthetic discovery.
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