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CHAPTER1

INTRODUCTION

Polymer networks are the structural foundation for a number of polymeric materials
including nanoparticles, microparticles, thin films and bulk gels. These networks are comprised
of either physical connections'* or covalent bonds*® and can be constructed with a wide range of
chemical building blocks engineer materials with specific physical and chemical properties. There
is immense interest in these materials due to their versatile connections and structural diversity

which has seen them utilized in a wide range of technological areas such as biomedical applications

10-12 13-15

in the way of tissue engineering,”” drug delivery, and antifouling as well as in areas such

16-18

as stretchable electronics and soft robotics.!® The rise of polymer networks can in part be

attributed to crosslinking chemistries that enable controlled and facile connections such as click

chemistries (e.g. thiol-ene, thiol-yne, azide-alkyne).?

Controlling and finely tuning network
properties (e.g. swelling capacity, hydrophilicity, elasticity, conductivity, etc.) is of the utmost
importance when preparing materials for specific applications. However, most traditional
networks are static, and the bulk properties cannot be manipulated once a crosslinked network has
formed. Additionally, current polymer network architectures are heterogenous and contain
network defects that affect the physical network properties, especially for cases in which free
radical polymerizations are used due to the uncontrolled nature of these processes. In order to

reach a higher level of precision and more specialized applications, a higher level of control over

network formation, architecture, and material properties is required.

In the past decade, polymeric networks have become increasingly more dynamic through

26-27

the incorporation of reversible linkages such as cycloaddition adducts,?'"?° disulfide bonds,?%” and



oximes,?* or stimuli responsive moieties such as dithiocarbamates,?! thiuram disulfides,*? and

trithiocarbonates (TTCs) within the network architecture.® *3-** In particular, TTCs have emerged
as a powerful tool to develop dynamic and photo-responsive materials due to their ability to act as

35 in controlled radical

initiators, chain transfer agents, and terminators, known as “iniferters,
polymerizations (CRPs). For this reason, materials produced with embedded TTCs have been

shown to possess photoresponsive properties such as photocontrolled growth,*¢3® photoinduced

40 4142

self-healing,* photoinduced network alterations,*® and photo-degradation. Of particular
interest, are photoinduced self-healing and photocontrolled growth as these two examples
demonstrate the photoinduced manipulation of network architecture and properties that can be

achieved through the use of TTCs as dynamic covalent crosslinkers.

Photoinduced self-healing of crosslinked gels with integrated TTCs was first reported by
the Matyjaszewski group. Methacrylate gels were prepared by crosslinking methacrylates with a
methacrylate functionalized TTC. The self-healing properties arise from the TTC’s ability to
undergo a “reshuffling” reaction (Figure I-1).** Upon irradiation with ultra violet (UV) light the
TTC acts as an initiator and fragments into two radical species. The carbon-centered radical is
free to recombine with the TTC sulfur-centered radical or form an adduct with another TTC unit.
Adduct formation ultimately results in the exchange of side chains between TTC units. Through
this reshuffling reaction lacerated gels can be repeatedly healed, and severed pieces of gel can be

mended together as the crosslinks exchange their old connections for new ones.

e R e  a B S e Bl e e
o] T e %4 g et

Figure I-1. UV photoinduced reshuffling of trithiocarbonates.



In 2013, the Johnson group demonstrated the first photoinduced addition of polymer chains
to the crosslinks of an existing gel network. Pore size and composition of the photoresponsive
polymer networks were manipulated through photo-CRPs with TTCs acting as iniferters.’” End-
linked polymer gels were prepared by a Diels-Alder reaction between a bis-norbornene
functionalized TTC poly(N-isopropylacrylamide) (pNIPAAM) macromer and a tris-tetrazine
crosslinker (Scheme I-1). UV or sunlight photoinduced iniferter polymerization of NIPAAM from
the TTC resulted in an increase in molecular weight between polymer chains, bulk network

growth, and an increase in swelling capacity.

Scheme I-1. Preparation of end-linked gels and the photoinduced network growth.
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Parallel to the discovery of these network manipulations, the field of CRPs was
experiencing a renaissance in the way of light-mediated polymerizations. Indeed, light-mediated

polymerizations have been developed for the most well-known CRPs such as reversible addition-
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single electron transfer living radical polymerization (SET-LRP as well as other types of

polymerizations including ring opening polymerization (ROP)** and ring opening metathesis
polymerization (ROMP).>® Traditional CRPs rely on exogenous radical initiators to produce
radical species and initiate polymerization, and while UV induced photolysis iniferter
polymerizations were known?®> and require no exogenous radical source, they often suffer from
side reactions that diminish control as a result of prolonged exposure to UV light.’*>7 These

detriments stimulated the investigation into lower energy visible light-mediated polymerization

methods that required no external radical initiator.

Inspired by the seminal works of the Hawker group,*® Boyer et al. developed photoinduced
electron transfer (PET)-RAFT polymerization techniques that rely on the use of photocatalysts and
lower energy visible light to provide greater spatiotemporal control over their thermal
polymerization counterparts.*> In this process a photocatalyst is excited by a wavelength of visible

light and is able to transfer an electron to the chain transfer agent (CTA) producing two radical ion

Iniferter Photoredox Catalyzed
Polymerization Polymerization

Photolysis Electron pc*

Transfer
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Figure I-2. Comparison of the mechanisms of an iniferter RAFT polymerization vs a photoredox
catalyzed RAFT polymerization.



species (Figure I-2). The CTA is able to then dissociate producing a CTA anion and a carbon-
centered radical that is free to propagate. The CTA anion and the photocatalyst radical ion can
deactivate the propagating polymer chain to generate the ground state photocatalyst and a
polymeric CTA. Additionally, the CTA anion is more stable than the sulfur-centered radical that
is produced in photoinduced iniferter polymerizations which allows for fewer side reactions and

increases the livingness of the polymerization.

PET-RAFT boasts a high level of control over molecular weight and dispersity, while
demonstrating equally substantial versatility, orthogonality, and functional group compatibility.>*-

62 This technique has been shown to work with numerous photoredox catalysts and various

wavelengths of light.* %% [t is also tolerant of oxygen,** >0 6>-67

compatible with a wide range
of monomers, and fully orthogonal with other types of polymerizations such as ROP®® and
ATRP.® Through the use of specific photoredox catalysts, a PET-RAFT polymerization can be
specific to a single type of RAFT agent (e.g dithiobenzoate or TTC).**7° This specificity has
allowed for the synthesis of grafted copolymers utilizing a dithiobenzoate RAFT agent with
pheophorbide A (PheoA) to grow the main methacrylate polymer chain and a TTC RAFT agent

inimer (an initiator functionalized with a polymerizable monomer handle) with zinc

tetraphenylporphyrin (ZnTPP) to graft acrylate polymer branches.

The success of PET-RAFT inspired the development of new organo-photocatalysts and
the advancement of other CRP techniques.*®*% 7! For example, Hawker et al. developed the first
metal free ATRP approach using an organic-based photocatalyst 10-phenylphenothiazine (PTH).*’
The method eliminated the issue of metal contamination commonly found in traditional ATRP

reactions while still maintaining the characteristics of a controlled ATRP polymerization (i.e. low

dispersity, molecular weight control, and high end group fidelity). PTH was later adopted by the



Johnson group to develop a metal free photoredox catalyzed photo-CRP mediated by TTCs.”? This
photoredox method provides control over a variety of monomers with narrow dispersities and good

molecular weight control.

Development and advancement of these light-mediated polymerizations allowed for the
evolution of Johnson et al.’s work on the photogrowth of end-linked gels.>” A new gel system was
prepared from a tetra functional polyethylene glycol polymer functionalized with a
dibenzocyclooctyne and a symmetric bis-azide functionalized TTC crosslinker. With the use of a
photoredox catalyst, PTH, a new living additive manufacturing method was developed.*® This
work demonstrated improved control over the previous UV light catalyzed iniferter approach and
was able to produce differentiated “daughter” gels from dormant “parent” gels. Daughter gels
could be produced to have various properties (e.g. increased softness or stiffness,
thermoresponsiveness, polarity responsiveness) through the introduction of new polymer chains

within the crosslinks.

Similarly, the Matyjaszewski group developed photoactivated structurally tailored and
engineered macromolecular (STEM) gels.”>””7 In these works, crosslinked methacrylate gels were
prepared through RAFT polymerization between a methacrylate monomer, crosslinker, and an
ATRP inimer. Incorporation of the ATRP inimer resulted in gels containing an ATRP initiator
that could be activated through a light-mediated polymerization to graft polymer chains off the
existing architecture of the gel. Addition of new polymer chains acted to alter the mechanical
properties of the gels with the properties being tunable by varying the grafting density and the
polymer chain lengths. Additionally, these materials were shown to be capable of producing
single-piece materials with both hard and soft domains using a photomask during polymerization.

STEM gels have recently been further developed to demonstrate a metal free approach which relies



on the incorporation of RAFT inimers into a crosslinked methacrylate network prepared through

a RAFT polymerization with a methacrylate functionalized TTC crosslinker (Scheme 1-2).”® The

method hinges on the selective activation of the scaffold polymer RAFT chain end and the

inimer/crosslinker TTCs through the use of either blue or green light. Through this method three

different types of gels based off the amount of incorporated inimer and the type of crosslinker used

are produced. The mechanical properties were then manipulated to alter the stiffness or the

softness through polymerizations from either the crosslinker, inimer, or chain end.

Scheme I-2. Preparation of crosslinked STEM gels and the photoinduced network modification.

__________________________________________
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These examples of the manipulation of bulk gel mechanical and chemical properties

provide a means to the production of highly tunable materials in the bulk, however; there was

previously no examples of these kinds of manipulations on the nanoscale.

7

Modifications to



nanoparticles primarily occur on the surface of the particle through the use of click chemistries or

surface-initiated polymerizations (Figure 1-3).7°-%2
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Figure I-3. Schematic description of the surface modification of nanoparticles through (A) thiol-ene
click and (B) surface initiated polymerization.

While there are examples of nanoparticles or microparticles increasing in size, the changes
only occur on the particle periphery and no intentional changes are made to the core architecture.>-
8 For these reasons, we aimed to develop a method which would allow for the precise
manipulation of size, architecture, and properties in nanomaterials as a means to better understand

how existing nanoscale networks behave to the introduction of new polymer chains within the

network crosslinks.



DISSERTATION OVERVIEW

There is a great and increasing interest in the modification of existing network architectures
and properties to prepare new materials in a controlled manner. Advances in light mediated
polymerizations have facilitated the preparation of such materials; however, previous
modifications of networks have primarily been investigated with bulk gel materials and there exists
aneed to explore these manipulations on the nanoscale. The aim of this body of work is to develop
a nanoparticle system capable of experiencing precise manipulations in size, architecture, and

network properties through light-mediated polymerizations.

Chapter II details the synthesis and post modification of “living”, crosslinked
nanoparticles, deemed photogrowable nanonetworks (PGNNs). Manipulations of PGNNs’ size
and morphology were explored through two approaches (1) a direct photolysis iniferter
polymerization and (2) a photoredox catalyzed polymerization in the presence of 10-
phenylphenothiazine (PTH). PGNNs were examined before and after each polymerization to
evaluate the change in size and morphology. Successful incorporation of methyl acrylate (MA)
polymer chains into the network crosslinks resulted in nanonetworks with greater diameters than
the parent PGNN in both types of polymerizations, and networks expanded in the presence of PTH
displayed an improved dispersity when compared to those expanded through the iniferter
polymerization. This study demonstrates the ability to manipulate the size and chemical
composition of living, crosslinked nanonetworks providing the potential to prepare highly tailored

nanomaterials from a single parent network.

Chapter III reports the advancement of the controlled photogrowth of crosslinked
nanonetworks through the expansion of the monomer scope and the manipulation of network

properties. Monomers from different families (i.e. acrylate and acrylamide) with hydrophobic (i.e.

9



methyl acrylate (MA), t-butyl acrylate (tBA), trifluoroethyl acrylate (TFEA)) or hydrophilic (i.e.
hydroxyethyl acrylate (HEA), N-isopropylacrylamide (NIPAAM)) character were chosen to
explore the scope of monomers that can be successfully utilized in the photogrowth process.
Polymerization conditions were developed for each monomer through model polymerizations and
then optimized conditions were applied to the PGNN expansions. Monomers were successfully
incorporated in each case and the diameters of daughter nanonetworks is increased from those of
the parent. Incorporation of hydrophilic monomers (HEA, NIPAAM) produced water soluble
daughter networks from water insoluble parent networks. Addition of NIPAAM provided
expanded networks with a thermoresponsive behavior capable of shrinking the network to a
smaller diameter when heated. Lastly, network refractive indices were altered through the
polymerization of TFEA. The successful incorporation of a variety of monomers and the
demonstrated manipulation of network properties allows this photogrowth process to be a powerful

tool to develop and study highly engineerable nanomaterials.

After successfully demonstrating the expansion of nanonetworks’ size and the tailoring of
their properties, we were interested in investigating how the size, morphology, and properties of
networks could be altered if a selective polymerization were to occur from the scaffold polymer
chain end in addition to the previously developed photogrowth process. Chapter IV explores the
progress towards the design and preparation of a living crosslinked nanoparticle capable of
facilitating orthogonal polymerizations from the scaffold chain end and from the crosslinker. To
achieve this the scaffold polymer end group must remain intact and must possess properties such
that it can be activated independently of the crosslinker TTC. These conditions can be realized
through the use of either a dithiobenzoate or ATRP bromine end group on the scaffold polymer in

conjunction with selective catalysts and a crosslinking chemistry compatible with the desired end

10



group. A Diels-Alder (DA) reaction between furfuryl methacrylate (FMA) and the previously
prepared bis-maleimide TTC proved to be compatible with both the dithiobenzoate and the ATRP
bromine end groups. Nanonetworks can be prepared through a DA crosslinking with a
poly(methyl methacrylate-co-furfruyl methacrylate), synthesized through either RAFT or ATRP
and the bis-maleimide TTC. Model selectivity studies were conducted to examine if the chosen

catalysts could selectively activate one CTA in the presence of another.

Chapter 5 explores the progress towards the design and synthesis of a symmetrical TTC
RAFT agent functionalized with ureidopyrimidinone hydrogen bond donor/acceptors to produce
photoresponsive self-assembled materials capable of experiencing morphological changes as

result of light-mediated polymerizations.
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CHAPTER II

PHOTOCONTROLLED GROWTH OF CROSSLINKED NANONETWORKS

INTRODUCTION

The progress of photo-controlled radical polymerization (photo-CRP) methodologies!~ has
tremendously enhanced the availability and versatility of spatiotemporally controlled polymers,*
high molecular weight polymers,’ and nanomaterials,®® as well as photoresponsive materials.”!>
This rapidly expanding area has enabled impressive examples of polymeric materials applying the
advantages provided by these techniques. Of particular significance is the use of trithiocarbonates
(TTCs) in photoresponsive materials which can act as “iniferters”;!® requiring no exogenous
source of radical initiator in the presence of an appropriate light source. For this reason, several
photoresponsive properties including photocontrolled growth,”!! photoinduced self-healing,'?

photoinduced network alterations,'® and photo-degradation'* !

could be facilitated in polymeric
materials through the incorporation of TTCs. In a proof-of-concept study reported by Johnson and
co-workers, a series of photoresponsive polymeric networks (PRPNs)’ were developed using
TTCs. Implementation of TTC’s into the gel network led to an increase in swelling capacity and
molecular weight between crosslinks after the introduction of new polymer chains through light-
mediated polymerizations activated by sunlight.

Light-mediated polymerization techniques such as photoinduced electron transfer-

reversible addition-fragmentation chain-transfer (PET-RAFT)!7-18

and photoinduced atom transfer
radical polymerization (ATRP)!°?° have continued to improve photo-CRP methods' and enable

increasingly robust polymerization reactions by providing advantages such as a higher tolerance
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towards oxygen,?!' smaller sample sizes,? the ability to irradiate at different wavelengths of light,
2325 and the ability to work in aqueous environments.> 2% 2 Improvements in photo-CRPs and the
introduction of new photocatalysts has resulted in the improved manipulation of bulk networks
with integrated TTC’s and the development of a living additive manufacturing method.!® While
the manipulation of crosslinked bulk networks have been reported, a photoinduced expansion of
nanonetworks is still in demand as it would allow for the preparation of new daughter particles
diverse in both size and composition stemming from one parent particle. This concept is in contrast
to known post-polymerization methods of nano- and microparticles that add polymer chains to
particles’ periphery,?’-?® but in which changes to the network structure are not intended. In this
contribution, we sought to develop a strategy to enable precise manipulations of size, architecture

and integrated functionalities in nanomaterials by utilizing controlled light-initiated

polymerizations.

RESULTS AND DISCUSSION

Preparation of Photogrowable Nanonetworks

Our strategy included the design of nanonetworks that can experience photogrowth by
implementing a two-component crosslinking mechanism involving a functionalized polymer and
a bifunctional crosslinker containing a TTC unit. For a successful nanomaterial capable of
photogrowth we pursued a crosslinking chemistry that is orthogonal to a variety of polymers with
a diverse set of functional groups and a suitable TTC crosslinker capable of mediating photo-CRP
of acrylate monomers by either direct photolysis of the TTC or through a photoredox catalyzed

polymerization. Although we have extensive experience to form nanonetworks through amine-
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Scheme II-1. Synthesis scheme of the photocontrolled growth of photoresponsive nanonetworks
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2930 e tested a nucleophilic thiol-maleimide crosslinking reaction, envisioning

epoxy crosslinking
that nanonetworks could be formed by utilizing a thiolated polymer scaffold and a symmetrical
maleimide functionalized TTC crosslinker (Scheme I1I-1), thereby avoiding the deleterious effect
of amines on TTC units. While it is known that thiol nucleophiles can also induce the degradation
of TTC’s, we reasoned that the crosslinking reaction could proceed without degradation given that
the reaction occurs at near neutral pH and provides quantitative yields within minutes. To confirm
this hypothesis, we synthesized a model compound, a symmetrical TTC, bearing two maleimides
1 to react with 1-propanethiol in the presence of a catalytic amount of triethylamine (Scheme II-
S1A). 'H and 3C NMR spectroscopy (Figure II-S3, II-S4) of the reaction after 15 minutes
indicated the complete reaction of the maleimide to produce the expected product without
degradation of the TTC as evidenced by the TTC carbonyl shift and the absence of signals

corresponding to the formation of an undesired TTC. This experiment motivated us to investigate

an adaptable strategy for the synthesis of the desired thiolated polymer scaffolds.
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In our previous work, we have prepared polyester?® and polycarbonate’® polymer species
bearing epoxide pendant groups that were accessed efficiently from alkene precursors through a
facile meta-chloroperbenzoic acid (mCPBA) epoxidation. Utilizing similar epoxides as a handle,
we proposed that a thiolated polymer scaffold could be achieved through the nucleophilic ring
opening by a protected thiol followed by deprotection. In detail, the copolymerization of methyl
methacrylate and glycidol methacrylate utilizing 4-cyanopentanoic acid dithiobenzoate (CPADB)
to produce 80/20 poly(methyl methacrylate-co-glycidol methacrylate) (PMMA-co-GMA)
copolymers 2 provided a direct access to epoxide pendant polymers (Scheme II-S1B).
Dithiobenzoate moieties of 2 were removed by aminolysis with piperidine and the resulting thiol
was capped through a thiol-Michael addition to provide thioether 3. The removal of the RAFT
end group ensured that chain growth could only occur between the crosslinks of the envisioned
nanonetworks. Thioacetate ester 4 was obtained by ring opening the epoxide with thioacetic acid.
Deprotection of the thioacetate would provide the desired thiol; however, the typical conditions
used to deprotect acetates could lead to unwanted transesterification reactions. In light of this, we
decided to take advantage of the neighboring alcohol produced from the ring opening to perform
an intramolecular acetyl migration. Exploring the conditions of Han and coworkers.?! we were
able to successfully deprotect over 90% of the thiols through a sulfur to oxygen acetyl migration

to yield the thiolated polymer scaffold 5 (Scheme II-S1).

With the thiolated polymers in hand, we advanced to explore the construction of the
photogrowable nanonetworks (PGNN) through thiol-maleimide crosslinking reactions. Equivalent
to nanonetworks we formed via amine-epoxy reactions in our previous work, the concentration of
the pendant functional unit of the linear polymer in solution, here the thiol functionality, was kept

constant (0.005 or 0.025 mmol/mL) and particles in increasing sizes were formed by adding
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Table II-1. Syntheses of photogrowable nanonetworks (PGNNs) through thiol-maleimide click

chemistry
Entry Mn, gec? PDI¢ % thiolb Crosslinker Me Sized
(g/mol) eq (mmol/mL) (nm)
1 8,330 1.15 20 1 0.005 45+7.0
2 8,330 1.15 20 2 0.005 58+10
3 8,330 1.15 20 -: 0.005 147+50
T 8330 115 20 10025 142#30
5 8,330 1.15 20 2 0.025 165+30
6 8,330 1.15 20 4 0.025 186120

“Molecular weight and polydispersity of the thiolated polymer scaffold 5 measured by GPC at 40°C
and a flow rate of ImL/min. Tetrahydrofuran (THF) was used as the eluent. * Percent functionalization
of the thiolated polymer scaffold as determined by the 'H NMR integration. ¢ Concentration of thiol
functionality in mmol to mL of chloroform. ¢ Average nanoparticle size measured by TEM after
purification by dialysis.

increasing equivalents of maleimide crosslinker (Table I1-1). Crosslinking reactions were always

conducted with an excess of maleimide groups towards the thiol groups, for example 1 eq. of

crosslinker is equivalent to two maleimide units per thiol functionality to ensure that all thiol units,
which could potentially interfere with the future expansion process, are consumed in the reaction.
However, the high reactivity of the thiol group is prone to form disulfide bonds during the particle
formation and is detected as high molecular weight shoulder in PGNNs gel permeation
chromatography (GPC) (Figure II-1D) traces. Moreover, the resulting nanonetworks contain free
maleimide groups on their particle surface. In model expansion polymerization reactions with the
TTC crosslinker 1, we observed a high dispersity of the polymers in contrast to ones in which the
maleimide units were not present. Following this study, to prevent any unwanted side reactions
during the photogrowth polymerization caused by the maleimide units, maleimides were capped

through Diels-Alder reactions with furan to eliminate the reactive group.

27



Expansion of Nanonetworks Through Direct Photolysis

In the first approach to network expansion (Approach 1), we decided to investigate the
polymerization through the direct photolysis of the TTC. Representative model polymerizations
of a 2 M methyl acrylate (MA) in dimethyl sulfoxide (DMSO) were performed with crosslinker
1a (Scheme II-S1A) under irradiation with violet light (400 nm) (Figure II-S15, Table I1-S1)
achieving good control throughout the polymerization. Adaptation of these experimental
conditions to the crosslinked nanonetworks should lead to an increase in both molecular weight
and size of the PGNNs producing expanded nanonetworks (ENNs) as a result of the newly
incorporated MA polymer chains. We choose to test the expansion of a PGNN with the size of 58
nm (Table II-1) as a means to better illustrate the differences in sizes of nanonetworks before and

after photogrowth.

After irradiation of the reaction for 1, 3 or 6 hours in DMSO, the reaction mixture was
dialyzed to remove unreacted monomer and DMSO. We observed that not only the parent PGNN
but also the ENN reaction products, were fully soluble in organic solvents and we were able to
confirm the incorporation of MA monomer units by 'H NMR (Figure II-S13, 1I-S14).
Additionally, expanded nanonetworks were analyzed by GPC, TEM and dynamic light scattering
(DLS) to determine the increase in particle size. After 1 hour reaction time, the PGNNs
experienced a growth from ~58 nm to ~77nm, irradiation for 3 hours further increased the size to
~ 156 nm, and finally 6 hours of irradiation resulted in ENNs with diameters of ~ 358 nm as
measured by TEM (Figure II-1). Sizes determined by DLS were ~ 10-20% larger and is attributed
to the difference between the solution and dry states of the nanonetworks. Control experiments
performed in the absence of monomer or in the absence of light showed no change in particle size.

GPC traces of the ENNs were shifted to higher molecular weights throughout the series when
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Figure II-1. (A) Schematic description of nanonetwork expansion by direct photolysis. (B) Size and
dispersity of nanonetworks before, PGNN, and after expansion, ENNs, by TEM, DLS, and GPC. (C)
TEM images of nanonetworks before and after expansion. (D) GPC traces of nanonetworks before and
after expansion. (E) Schematic description of the selective cleavage of nanonetwork by aminolysis to
produce branched polymers (BP). (F) GPC traces of linear thiolated polymer scaffold 5, BP1 generated
from PGNN and BP2-4 generated from ENN1-3. (G) GPC analysis of linear polymer and branched
polymers from PGNN (BP1) and ENNs (BP2-4). All GPC measurements were conducted at 40°C and
a flow rate of ImL/min with tetrahydrofuran as the eluent.

compared to the PGNN and the high molecular weight shoulder of the PGNN, attributed to
disulfide coupling during particle formation, disappeared with the addition of polymers into the

nanonetwork and resulted in unimodal distributions.
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Promoted Disassembly of Nanonetworks After Direct Photolysis Expansion

While the GPC traces indicate a polymer growth throughout the network, we intended to
gain a better understanding of the composition of the nanonetwork before and after the
photogrowth expansion. Similar to the analysis of bulk networks where a promoted disassembly
is the only option to gain information about the added polymer after photogrowth, the disassembly
of the ENNSs is equally informative to examine the extent and control of polymerization over the
course of the expansion. The TTC network crosslinks were selectively cleaved with piperidine to
produce branched polymers (BPs) (Figure II-1E) which were treated with dithiothreitol (DTT)

before analysis to reduce disulfide bonds that are formed as a result of the cleavage.

Exposure of PGNN to piperidine resulted in BP 1 with in an average increase of 1,170
g/mol from the original linear polymer scaffold 5 which arises from the attached crosslinker
(Figure II-1F-G). Cleavage of expanded networks after 1 hour of irradiation yielded BP 2 with
My=11,200 g/mol and an increased dispersity of 1.25. In agreement with a living polymerization,
further irradiation led to an increase of 28,600 g/mol from BP 2 to BP 4 and a relatively low
dispersity of 1.44 (Figure II-1G). We concluded that the photogrowth process led to a successful
insertion of monomer units into the network crosslinks and that the insertion is responsible for the

growth in nanonetwork size.

Expansion of Nanonetworks by a Photoredox Catalyzed Polymerization

Encouraged by the successful expansion of the nanonetworks, we intended to test if a
photoredox catalyzed polymerization could provide improved control over the photogrowth
process. Organic photocatalysts have been shown to enhance the control and livingness of

polymerizations with TTCs and have accelerated the development of additive manufacturing
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methods from parent bulk gels.!%2* To explore this catalyzed approach, we first conducted model
polymerization reactions with TTC crosslinker 1a in the presence of 0.02 mol% 10-
phenylphenothiazine (PTH). These conditions yielded rapid propagations and near full
conversions in 30 minutes with good control over dispersity (My=31,900 g/mol, M/M, =1.09)

(Figure I1-S16).
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Figure II-2. (A) Schematic description of nanonetwork expansion by photoredox catalysis using PTH.
(B) Size and dispersity of nanonetworks before, PGNN, and after expansion, ENNs, by TEM, DLS, and
GPC. (C) TEM images of nanonetworks before and after expansion. (D) GPC traces of nanonetworks
before and after expansion. (E) Schematic description of the selective cleavage of nanonetwork by
aminolysis to produce branched polymers (BP). (F) GPC traces of linear thiolated polymer scaffold 5,
BP1 generated from PGNN and BP5-6 generated from ENN4-5. (G) GPC analysis of linear polymer
and branched polymers from PGNN (BP1) and ENNs (BP5-6). All GPC measurements were conducted
at 40°C and a flow rate of ImL/min with tetrahydrofuran as the eluent.
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Following approach 2 (Figure II-2), PGNNs dissolved in a 2M MA solution in DMSO
with 0.02 mol% PTH, were irradiated for 20 minutes, however; these conditions resulted in the
unwanted formation of gels. Therefore, we conducted the reaction at a lower monomer

concentration of 1 MA and no gel formation was observed after 20 minutes of irradiation time. In

a second set of reactions, we extended the polymerization time to 30 minutes and both ENNs were
characterized by NMR spectroscopy, TEM and DLS measurements. The particle size increased to
an average of ~195 nm and ~300 nm after 20 min and 30 min respectively. Again, the addition of
polymers into the network was witnessed by a shift to higher molecular weights and unimodal
traces. Despite the accelerated insertion and growth caused by the photoredox initiated
polymerization, no adverse effect on the dispersity of the ENNs was observed. Additionally,
dispersities of ENNs from catalyzed reactions are slightly improved in contrast to expansion

reactions without the addition of PTH.

Promoted Disassembly of Nanonetworks After Photoredox Mediated Expansion

Utilizing a promoted disassembly of the ENNs, we selectively cleaved these networks to
investigate if a higher control over the expansion polymerization process was achieved. ENN 4
and 5 resulted in branched polymers with M,=21,500, Mw/M,=1.33 (BP 5) and M,=31,400,
Mw/Mn=1.23 (BP 6) respectively (Figure II-2 F-G). Interestingly, the cleaved networks showed
a narrowing in dispersity with increased reaction times which is attributed to a higher control of
polymerization using the photoredox catalyst and a greater ratio of well controlled linear polymers
as part of the nanonetwork architecture. Furthermore, it emphasizes the significance and

possibilities of CRPs in combination with photoredox catalysts for the incorporation of polymers
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into parent particles to adjust functionalities, properties and even improve the dispersities of

nanoscale structures.

CONCLUSION

In summary, we have developed a method to prepare nanonetworks in a variety of sizes,
with a TTC unit as a crosslinking and iniferter element based on a thiol-maleimide crosslinking
process. The engagement of the TTC through direct photolysis or a photoredox mechanism
successfully integrated methyl acrylate polymers into the network elements of the particle and
demonstrated the ability to expand nanonetworks to reach defined sizes. The presence of a
photoredox catalyst significantly accelerated particle growth and achieved a higher level of control
over the polymerization in contrast to the direct photolysis, suggesting that an increase in size
through addition of controlled linear polymers could generate particles with improved dispersities

in comparison to the parent particle.

EXPERIMENTAL
Materials:

All reagents and solvents were purchased from Sigma Aldrich and used as received unless
otherwise stated. 4-cyanopentanoic acid dithiobenzoate (CPADB)?*?, S,S'-bis(a,a'-dimethyl-o"-
acetic  acid)trithiocarbonate (BDMAT)*, N-(2-Hydroxyethyl)maleimide***, and 10-
phenylphenothiazine (PTH)'® were prepared according to the literature. Acrylate monomers
methylmethacrylate (MMA), glycidol methacrylate (GMA), and methyl acrylate (MA) were
purified immediately before use by passing through a short column of inhibitor removers

purchased from Sigma Aldrich.
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Characterization:

All 'H and "*C spectra were obtained using a Bruker AV-1400 MHz, JEOL ECA 400 (400 MHz),
or ECA-600 (600 MHz) spectrometer. Chemical shifts were measured relative to residual solvent
peaks as an internal standard set to & 7.26 and & 77.16 (CDCI3) for 1H and 13C respectively. TEM
imaging was performed using a JEOL 2000 FX Transmission Electron Microscope at 200 kV. Gel
permeation chromatography (GPC) was performed using a Tosoh high performance GPC system
HLC-8320 equipped with an auto injector, a dual differential refractive index detector and TSKgel
G series columns connected in series (7.8x300 mm TSKgel G5000Hx1, TSKgel G4000HxI,
TSKgel G3000Hx1). GPC analysis was carried out in HPLC grade tetrahydrofuran with a flow rate
of 1.0 mL/min at 40 °C. Molecular weights (Mn and Mw) and molecular weight distributions were
calculated from polymethyl methacrylate (PMMA) standards with molecular weights of 800 to
2.2x106 g mol-1 provided by Polymer Standard Service (PSS). Dynamic light scattering (DLS)
was measured on a Malvern Zetasizer Nano ZS in THF at 25°C with an angle of 173° and at

appropriate sample concentrations.
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Synthetic Methods:

Scheme II-S1. Model thiol-maleimide reaction (A). Synthesis of thiolated polymers (B).
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BDMAT (232 mg, 0.82 mmol) was dissolved in thionyl chloride (6 mL) and refluxed for 3 h.
Excess thionyl chloride was removed and the resulting yellow solid (BDMAT-Cl) was used
without further purification. BDMAT-CI in CH2Cl: (2 mL) was added dropwise to a stirring
solution of N-(2-Hydroxyethyl)maleimide (254 mg, 1.8 mmol), pyridine (0.15 mL, 1.8 mmol),
CH>Cl> (8 mL) under nitrogen at 0°C. The reaction stirred for 3 h at room temperature and was
then diluted with 5 mL CH2Cl, and washed with 1M HCI, Sat. NaHCOs3, and water. The organic

layer was dried over anhydrous MgSOs4, and the solvent evaporated to give the crude product as a
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brown solid. The product was recrystallized from ethyl acetate to provide the product as a yellow
solid (261 mg, 60%) '"H NMR (400 MHz, CDCl3) § 6.72 (s, 4H), 4.21 (t, J = 4 Hz, 4H), 3.80 (t, J
=4 Hz, 4H), 1.60 (s, 12H). *C NMR (400 MHz, CDCl3) § 218.72, 172.32, 170.23, 134.13, 62.77,

56.06, 36.47, 24.94. (Figure 11-S1, 11-S2)

Trithiocarbonate compatibility with thiol-maleimide (1a)

o] s o]
e
e ° 7 M\
Triethylamine (4.3 pL, 0.031 mmol) was added to a solution of 1-propane thiol (5.8 uL, 0.062
mmol) and 1 (15 mg, 0.028 mmol) in CDCI3 (0.75 mL). The reaction stirred for 15 minutes and
an NMR was taken without purification of the reaction mixture. '"H NMR (400 MHz, CDCl3) §
4.24 (t,J = 4 Hz, 4H), 3.78 (m, 6H), 3.18 (dd, J = 12 Hz, 2H), 2.87 (m, 2H), 2.72 (m, 2H), 2.54
(dd, J = 16 Hz, 2H), 1.67 (m, 4H), 1.62 (s, 12H). *C NMR (400 MHz, CDCls) & 218.88, 176.26,

174.45, 172.35, 62.19, 56.22, 39.01, 37.72, 36.12, 33.75, 24.97, 24.95, 22.33, 13.33. (Figure II-

S3, 11-S4)
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General procedure for the preparation of PMMA-co-GMA (2)
o}
N o] o]
I
o

Reactions were prepared using the ratio (MMA/GMA/CPADB/EY/Et;N) (80/20/1/0.02/1) ina 1:1
monomer:DMSO ratio. Reactions were irradiated with a 3.5 W blue light for the desired amount
of time and then precipitated twice in diethyl ether. (Mn=7.60 kDa, PDI=1.09, MMA=77%,

GMA=23%) (Figure II-S5)

General aminolysis procedure of PMMA-co-GMA (3)

o
s o
Ry
CN m " o
o Yo 0" Yo ~
|
o}

To a sealed 1 dram vial 2 (300 mg) was added and covered with a nitrogen atmosphere, and then
dissolved in degassed THF (3 mL). MMA (100 pL) and piperidine (50 pL) were added under
nitrogen. After 6 hours the reaction was precipitated into diethyl ether. The product was dissolved
in THF (3mL) and treated with DTT for 3 hours under nitrogen. MMA (100 puL) and triethylamine
(10 uL) were added to the solution and the reaction stirred for 3 hours under nitrogen. The reaction
was precipitated into diethyl ether twice and dried under vacuum to give 284 mg of a colorless

product. (Figure 11-S6)
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General thiolation procedure of aminolyzed PMMA-co-GMA (4)

o]
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| OH

s

N

Thioacetic acid (59 pL, 0.82 mmol) and i-ProNEt (10 pL, 0.058 mmol) were added to a solution
of 3 (274 mg, 0.41 mmol epoxide) in CDCI3 (1.5 mL). The reaction stirred for 18 hours. The
product was then precipitated twice in diethyl ether and dried under vacuum to give 230 mg of the

protected thiolated product. (Figure II-S7)

General acetyl migration procedure of thiolated PMMA-co-GMA (5)

o J(L
OH
i s o i ?‘)\’SH i s
HOW R= ?t/I\,SH ?()\/ l/
m n
CN N0 0N o<
| R (85%) (7.5%) (7.5%)

Triethylamine (2.3 mL) was added dropwise to a vigorously stirring solution of 4 (115 mg) under
nitrogen. After 18 hours the reaction was concentrated and precipitated twice in diethyl ether to
give 93 mg of the deprotected product. The pure product was stored in CHCI3 at 2°C to prevent

the formation of an insoluble gel. (Figure II-S8)
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General procedure for thiol-maleimide nanonetwork formation

A solution of 5 in THF and stirred with DTT for 3 hours to reduce any disulfide bonds.

polymer was purified with Sephadex LH-20. The polymer was dried and then dissolved in the

desired amount of CHCI; under a nitrogen atmosphere. The desired amount of 1 (1, 2, or 4

equivalents to thiols) and Et;N (0.2 equivalents to thiols) in CHCIz (20% of the total reaction

volume) were added dropwise to the vigorously stirring solution of § in CHCl3 under nitrogen.

After 18 hours the reaction was diluted with CH>Cl, and dialyzed for two days in 10 kDa MWCO

snakeskin tubing against a 1:1 mixture of ACN:THF. (Figure II-S9)
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Model Diels-Alder reaction

FLTTT e

Maleimide TTC 1 (100 mg, 0.19 mmol) was dissolved in furan (2 mL) and stirred for 24 hours.
The reaction was concentrated under vacuum to give a mixture of endo/exo products as a yellow
solid (120 mg, 95%). '"H NMR (600 MHz, CDCl3) § 6.51, 6.42 (s, 4H), 5.33, 5.25 (s, 4H), 4.20,
4.09 (q, J = 5.4 Hz, 4H), 3.76, 3.58 (s, J=5.4 Hz, 4H), 3.55, 2.88 (d, 4H), 1.61 (m, 12H). *C NMR
(600 MHz, CDCl3) 6 219.02, 175.97, 174.67, 172.36, 136.64, 134.58, 80.89, 79.42, 62.30, 56.30,

47.56, 46.09, 37.64, 37.38, 25.04 (Figure 1I-S10, II-S11)

General procedure for the Diels-Alder reaction of nanonetwork maleimides

(o}
] o
Ho)’\/\‘/ff \)\f
CN o O
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An excess of furan (1.5 mL) was added to a solution of nanonetworks (50 mg) in CH>CL (1 mL).
The reaction mixture was stirred for 24 hours and concentrated under vacuum to give the product

as a yellow solid. (Figure 11-S12)

General procedure for controlled photo-growth of nanonetworks

Fop ity
1

{, {,
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]

o]

s s

F s

Nanonetworks (4 mg) were sealed in a 1 dram vial, covered with a nitrogen atmosphere, and

~
A

o]

dissolved in degassed MA (300 nuL) with PTH (0 or 0.02 mol%) for 1 hour. DMSO (1.6 or 3.2
mL) was added under argon. The reaction was then placed 2 cm from a 400 nm light source and

irradiated for the desired amount of time. The crude product was diluted with CH>Cl» and dialyzed
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in 10 kDa MWCO snakeskin tubing against a 1:1:1 mixture of CH>Clo:ACN:THF for 2 days.

(Figure 11-S13, 1I-S14)

General procedure for the aminolysis of expanded nanonetworks

Piperidine (10 uL) was added to a solution of expanded nanonetworks (10 mg) in THF (0.5 mL).
The reaction was stirred for 18 hours and then treated with DTT for 3 hours before dialysis in 10
kDa MWCO snakeskin tubing against 1:1 ACN:THF for 24 hours. The purified product was

concentrated, dissolved in HPLC grade THF, filtered and analyzed by GPC.

Polymerization mediated by 1a

0 0
0 0
\/\sgwoms\g,swwp\sw
() a a
0 0 cl) )

TTC 1a (4.2 mg, 0.0062 mmol) was dissolved in a degassed solution of DMSO (1.55 mL) and MA
(277 pL, 3.1 mmol) with PTH (0 or 0.02mol%). The reaction vessel was sealed and sparged with
nitrogen for 30 minutes. The reaction was then placed 2 cm form a 400 nm led light source and

irradiated for the desired amount of time. (Figure II-S15, II-S16) (Table II-S1, II-S2)
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Figure I11-S1. 'H NMR (CDCls, 400 MHz) spectrum of the purified maleimide TTC 1.
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Figure I11-S2. 3C NMR (CDCl3, 400 MHz) spectrum of the purified maleimide TTC 1.
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Figure 1I-S3. 'H NMR (CDCls, 400 MHz) spectrum of the thiol-maleimide compatibility
experiment.
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Figure 11-S4. 'C NMR (CDCls;, 400 MHz) spectrum of the thiol-maleimide compatibility
experiment.
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Figure II-S5. 'H NMR (CDCls, 400 MHz) spectrum of polymer 2.
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Figure II-S6. 'H NMR (CDCls, 400 MHz) spectrum of polymer 3.
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Figure II-S7. 'H NMR (CDCls, 400 MHz) spectrum of polymer 4.
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Figure II-S8. 'H NMR (CDCls, 400 MHz) spectrum of polymer 5.
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Figure I11-S9. 'H NMR (CDCls, 400 MHz) spectrum of photogrowable nanonetwork.
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Figure 11-S10. 'H NMR (CDCl3, 600 MHz) spectrum of model DA reaction.
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Figure I11-S11. '3C NMR (CDCl3, 600 MHz) spectrum of model DA reaction.
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Figure 11-S12. 'H NMR (CDCls, 600 MHz) spectrum of furan capped nanonetwork.
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Figure 11-S13. '"H NMR (CDCls, 600 MHz) spectrum of expanded nanonetwork after 1 hour of

irradiation.
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Figure II-S14. 'H NMR (CDCls, 600 MHz) spectrum of expanded nanonetwork after 6 hours of
irradiation.
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GPC Analysis
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Figure II-S15. GPC traces of polymers synthesized from maleimide TTC 1a.
Table II-S1. GPC analysis of polymers synthesized from maleimide TTC 1a.
Irradiation Time My® (kDa) My“(kDa) M/ Mn
(min)
30 3.10 3.65 1.17
60 7.91 8.69 1.09
120 12.84 14.24 1.11
240 29.32 32.80 1.11
300 36.42 41.65 1.14

“ Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of
ImL/min.
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Figure 1I-S16. GPC traces of polymers synthesized from maleimide TTC 1a in the presence of
0.02 mol% PTH.

Table II-S2. GPC analysis of polymers synthesized from maleimide TTC 1a in the presence of
0.02 mol% PTH.

Irradiation Time My® (kDa) My“(kDa) M/ Mn
(min)
15 14.80 16.87 1.14
30 31.90 34.77 1.09
60 49.64 59.73 1.20

“ Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of
ImL/min.
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Figure II-S17. GPC traces of nanonetworks before expansion (PGNN), after expansion for 6
hours (ENN), and after expansion for 30 minutes in the presence of PTH (ENN PTH).
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CHAPTER III

NANONETWORK PHOTOGROWTH EXPANSION: TAILORING NANOPARTICLE

NETWORKS’ CHEMICAL STRUCTURE AND LOCAL TOPOLOGY

INTRODUCTION

Amorphous polymer networks are one of the most fundamental materials in polymer
science with applications that are governed by their complex dynamics, linear elasticity,!

> and mechanical properties.*> It is accepted that heterogeneous

network topology,>
crosslinking events occur during network formation creating imperfections that ultimately
affect a network’s connectivity and its resulting dynamics.®!* Controlling crosslinking
chemistry and allowing for the repair and restructuring of networks through integrated
moieties is an increasing field of interest as it allows for control over a network’s structure
both during and after formation.!!"!® Recently, post-synthetic modifications of polymer
gels’ chemical compositions and network properties have been achieved through either the
incorporation of atom transfer radical polymerization (ATRP) initiator sites within the
parent gel network producing structurally tailored and engineered macromolecular (STEM)

17-20

gels, or through the incorporation of trithiocarbonates (TTCs) in the parent network

crosslinks?! which, with the advancement of photo-controlled radical polymerizations and

22-24 resulted in the development of a living additive manufacturing

new photocatalysts,
method.?> In each case properties of the parent gels were manipulated by growing

secondary polymer chains into the existing network from the embedded initiators, and the
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produced daughter gels possessed new properties provided by and dependent upon the

newly introduced polymer chains.

In our recent communication, we adapted this concept to the expansion of
nanonetwork materials, which in contrast to the above material is not a gel but rather a
macromolecular network fully soluble in organic solvents.?® In a proof-of-concept study,
the photocontrolled growth of nanonetworks was achieved through polymerizations from
the integrated trithiocarbonate crosslinker by either direct photolysis or by photoredox
catalysis. Integration of linear polymers into the nanonetwork yielded improved
dispersities in contrast to the parent nanonetworks and improved control over the
polymerization was achieved by performing the polymerizations with 10-
phenylphenothiazine (PTH) as a photocatalyst.?® These results along with the successful
reports of property manipulations in polymer gels encouraged us to further test the
controlled modification of our nanonetwork system by altering the network composition,
architecture, and properties.

Herein, we sought to investigate the controlled manipulation of photogrowable
nanonetworks’ (PGNNs) sizes and properties by utilizing a breadth of monomer families
to form homopolymers with hydrophilic or hydrophobic character from acrylates,
acrylamides and fluorinated monomers such as tert-butyl acrylate (tBA), trifluoroethyl
acrylate (TFEA), hydroxyethyl acrylate (HEA), and stimuli responsive N-isopropyl
acrylamide (NIPAAM). Control provided by this process allows for the preparation of
other polymer compositions in the form of statistical copolymers containing methyl
acrylate (MA) (PMA-co-PTFEA, PMA-co-PtBA, and PMA-co-PHEA) and block

copolymers. The symmetrical nature of the trithiocarbonate is ideal to grow ABA triblock
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Figure III-1. (A) Structure and expansion of nanonetworks through the incorporation of various
monomers, and the list of polymers incorporated into the networks. (B) The general structure of expanded
networks with incorporated homopolymers, statistical copolymers, and block copolymers.

and ultimately ABABA pentablock copolymers through the addition of three monomers to

form PMA-H-PTFEA-b-PMA-H-PTFEA-b-PMA, PMA-H-PtBA-b-PMA-b-PtBA-b-PMA,

PMA-b-PNIPAAM-b-PMA-b-PNIPAAM-b-PMA, and PMA-b-PHEA-b-PMA-b-PHEA-

b-PMA pentablock copolymers. Utilizing this controlled photogrowth process we are able
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to tailor multiple progeny networks with homogenously altered network compositions,

sizes, and properties stemming from a single parent network on the nanoscale.

RESULTS AND DISCUSSION

Crosslinked nanonetworks derived from our developed intermolecular chain
crosslinking process with integrated trithiocarbonates®® (PGNNs) are ideal candidates for
photoredox mediated polymerizations with the aim to extend the network architecture
through linear polymers, as the parent and resulting particles are soluble in organic solvents
which allows for advantageous conditions during polymerization and characterization.?®
To further develop and investigate the scope of possible nanonetwork modifications,
representative monomers such as tert-butyl acrylate (tBA), trifluoroethyl acrylate (TFEA),
hydroxyethyl acrylate (HEA), N-isopropyl acrylamide (NIPAAM) and polymer
compositions in the form of homopolymers, statistical copolymers, and ABA tri- and
ABABA pentablock copolymers were integrated into the crosslinker of the network

structure (Figure III-1).

Scheme III-1. Synthesis of thiolated polymer.*®
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Parent PGNNs were prepared as previously described; briefly a poly (methyl

methacrylate-co-glycidol methacrylate) copolymer was synthesized through reversible
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addition-fragmentation chain-transfer (RAFT) polymerization as one of the nanoparticle
components with MW = 6,200 g/mol, D = 1.09 and 19 % incorporation of glycidyl
methacrylate (Scheme III-1). The dithiobenzoate RAFT end group was removed by
aminolysis and the resulting thiol was capped with methyl methacrylate to ensure
polymerization could only occur from the TTC crosslinker. Pendant epoxides were ring
opened with thioacetic acid followed by a triethylamine promoted sulfur to oxygen acetyl
migration to provide a thiolated polymer. Parent PGNNs were then prepared through thiol
maleimide click chemistry using the thiolated polymer at a concentration of 0.005 M with
2 equivalents (with respect to mmol of thiol) of the symmetrical bis-maleimide crosslinker?®
with integrated trithiocarbonate producing nanonetworks with a size of 4310 nm by TEM
and 6611 nm by DLS (Scheme III-2). As the concentration of the active unit in the
polymer and the equivalents of the crosslinking unit determines the size of the nanoparticle,
we used a ratio that gives particles well below 100 nm for the investigation of the

photogrowth process as a means to better illustrate the range of nanonetwork dimensions

that can be achieved. Free maleimides on the nanonetwork surface were then reacted with

Scheme III-2. Synthesis of photogrowable nanonetwork.?

{
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furan in a Diels-Alder reaction to prevent the maleimides from interfering in future
polymerizations. Although only an intermolecular crosslinking is desired during our
network formation, intramolecular crosslinking is unavoidable and will result in the
formation of loops. While the number of loops present within a network and the behavior
of loops during the photogrowth process is currently unknown, it may be an interesting

subject for future studies.

Model Polymerizations

A series of model photoredox polymerizations were performed with PTH as a
photocatalyst and a thiol capped crosslinker 1a (Scheme III-S1) to obtain optimized
conditions to produce homopolymers, copolymers, and block copolymers with the desired
monomers. Model homopolymerizations revealed that a high level of control over
dispersity (P < 1.14) can be obtained for each monomer with the exception of HEA (D =
1.31) and that polymerizations in acetonitrile (MeCN) progress slower than in dimethyl
sulfoxide (DMSO) (Figure III-S1) as demonstrated by the polymerization of MA.
Additionally, homopolymers of TFEA produce a negative refractive index (RI) response in
GPC with dimethyl formamide (DMF) as the eluent which is expected when fluorinated

t.2” Model copolymerizations

polymers have a smaller refractive index than the eluen
produced good control over dispersity (P < 1.17) for each copolymer pair (MA-tBA, MA-
TFEA, MA-HEA) (Figure III-S2). As expected, the small incorporation of TFEA
randomly in a copolymer with MA does not produce a negative RI response in GPC. Lastly,

model polymerizations to produce ABA triblock and ABABA pentablock copolymers with

MA (A) and another monomer (B) demonstrated excellent control over dispersity with tBA
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and TFEA (P < 1.14), while block copolymers that incorporated HEA or NIPAAM
displayed increased dispersity (P < 1.33) (Figure III-S3). Interestingly, PMA-b-PTFEA-
b-PMA triblock copolymers display both a weak negative and a weak positive RI response
as opposed to the expected negative response. GPC analysis of molecular weight and
dispersity of this polymer were not reported due to the disruption of the baseline and the
presence of these overlapping responses. Further chain extension with MA to produce the
PMA-H-PTFEA-b-PMA-b-PTFEA-H-PMA pentablock yields only a positive response.
This reversion to a single positive peak can be explained by the increase in refractive index

provided by the new PMA block.

Homopolymer Incorporation

Next, optimized experimental conditions were applied to PGNNSs to investigate the

expansion of nanonetworks with various monomers (Figure III-2, Table I1I-1). Parent
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Figure III-2. (A) Schematic description of homopolymer expansions of nanonetworks. GPC traces of
homopolymer expansions with (B) MA, (C) tBA, (D) TFEA, (E) HEA, and (F) NIPAAM at 30 and 60
minutes irradiation times.
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Table III-1. Homopolymer expansions of PGNNs

# sample monomer ;ﬁsl(ﬁﬁg (rﬂgll‘;)) solvent ?g/l;gpocl; b dial?nertlf)r TEM diargleﬁﬁrDLs
1 PGNN - 0 - - 9,800 1.53 43£10 66+ 11

2 ENNMA30 MA 30 0.02 DMSO 47,200 1.79 250 + 60 290 + 95
3 ENNMA 60 MA 60 0.02 DMSO 132,000 1.84 584 + 146 612+ 165
4  ENN MA 240 MA 240 0.10 MeCN 81,400 2.10 1022 + 327 1354 + 567
5 ENNtBA30 tBA 30 0.10 MeCN 21,000 1.60 182+ 56 231+118
6 ENN tBA 60 tBA 60 0.10 MeCN 25,900 1.63 225+70 263+ 115
7  ENNTFEA 30 TFEA 30 0.02 MeCN 102,000 1.42 266 + 47 300+ 71
8  ENN TFEA 60 TFEA 60 0.02 MeCN 153,000 1.80 361 +85 395+ 101
9 ENNHEA30 HEA 30 0.02 DMSO 173,000 1.74 162 +78 193 + 84
10 ENN HEA 60 HEA 60 0.02 DMSO 226,000 1.87 241 +£90 283+ 130
11 ENN NIPAAM 30 NIPAAM 30 0.005 MeCN 62,000 1.86 197 +75 250 + 65
12 ENN NIPAAM 60 NIPAAM 60 0.005 MeCN 119,000 2.31 319495 372+90

“ Molecular weight and polydispersity were determined by GPC analysis with DMF as eluent at 1 ml/min
at 60 °C.

nanonetworks were exposed to the desired monomer (1 M) and solvent and were then
irradiated for 30, 60 or 240 minutes in the presence of PTH. Expansion reactions were then
purified by dialysis. Given that the parent PGNN and all the produced daughter ENNs are
soluble in organics, nanonetworks were analysed by GPC and NMR to confirm the
successful incorporation of new monomer units. While GPC analysis of these
nanonetworks does not yield true reflections of their molecular weights, it does offer easily
accessible evidence that a change has occurred within the network that is a direct result of
the incorporation of new monomer units. GPC analysis of all homopolymer ENNs revealed
a shift towards higher molecular weight and an increase in dispersity (P < 1.86) when
compared to the parent PGNN (D = 1.53) (Figure III-2). The average change in dispersity
across all monomers, after 30 minutes of irradiation, (APayg = 0.22) agrees with our
previous findings for MA homopolymerizations (ADave = 0.18)%°. Irradiation with the

photocatalyst produced an increase in the diameter of the parent PGNN in the case of each

monomer, with longer irradiation times producing larger daughter ENNs as confirmed by
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TEM and DLS measurements. Homopolymer expansion of PGNNs with tBA proceeded
slower than other monomers investigated. This was attributed in part to the steric
hinderance provided by the tert-butyl ester which may hinder the incorporation of
additional monomers within the network structure (Table III-1). Expansions with TFEA
produced ENNs that displayed a negative RI response on GPC as expected from the model
polymerization. This negative response is indicative that the RI of the nanonetwork has
changed as a result of the formation of new polymer chains and points toward the possibility
of being able to produce nanonetworks with tuneable RIs. Samples irradiated for 60 min,
showed an increased molecular weight, size, and in most cases slight increases in
dispersities were observed. In order to probe the limits of the expansion process, an
expansion with MA was performed for 240 min which resulted in ENNs with sizes around
1000 nm. Irradiation times longer than 240 min yielded no further increase in network

diameter.

Aminolysis of Homopolymer ENNs

To gain a better understanding of the control over polymerizations within the
nanonetworks, a promoted network disassembly was performed on each ENN. Promoted
network disassembly proceeds through aminolysis of the crosslinker TTC with piperidine
resulting in branched polymers (BPs) (Figure III-3). Exposure of the parent PGNN to
piperidine resulted in BP with M, = 7,600 g/mol and ® = 1.14. GPC analysis of the
promoted disassembly of each homopolymer ENN after 30 minutes reveals an increase in
molecular weight in comparison to BP for each monomer. Dispersity of these BPs remains

relatively low (D < 1.42) in each case except for HEA which displayed a higher dispersity

72



-
°

10 =z z
g g
08 3 08 3
o )
0.6 g' 0.6 ﬁ'
Q Q
04 1 04 2
02 3 02 3
S s
00 o 00 ©
3 3
i i i " A i D 2 g n L i i " 'y ,ﬂ 2 g
ENN Branched Polymers ., 15 15 17 19 21 23 25 1M1 13 15 17 19 21 23 25
(BP) Retention Time (min) Retention Time (min)
110 = o 10 = 1.0 =
E)Bp {0828 E)B,, f ] i)gp 4 : ]
{086 3 { 08 3 ' 08 3
BP TFEA 30 B BPHEA30( | D |——BP NIPAAM 30 o
04 § { 06 N { 06 N
BP TFEA 60 028 | BPHEAGO] | t8 |- ~BP NIPAAM 601 ]
— 400 p { : 04 04 2
{025 j 2 2
{042 0.2 2 0.2 2
1068 - 008 |t — T 008
1-083 2 7
" i " " i 400 s " " i " i " 020 i i " M 020
1" 13 15 17 19 21 23 25 1 13 15 17 19 21 23 25 1" 13 15 17 19 21 23 25
Retention Time (min) Retention Time (min) Retention Time (min)

Figure III-3. (A) Schematic description of the selective cleavage of nanonetworks to produce branched
polymers. GPC traces of the resulting branched polymers from homopolymer expansions of (B) MA, (C)
tBA, (D) TFEA, (E) HEA, and (F) NIPAAM.

Table I1I-2. Aminolysis of homopolymer
nanonetwork expansions

# sample M. orc” ¢
(g/mol)

1 BP 7,600 1.14
2 BPMA30 31,900 1.30
3 BPMAG60 112,000 1.38
4 BPtBA 30 19,000 1.22
5 BPtBA 60 23,300 1.21
6 BP TFEA 30 85,000 1.42
7 BP TFEA 60 136,500 1.37
8 BPHEA30 168,000 1.60
9 BP HEA 60 209,000 1.55
10 BP NIPAAM 30 58,000 1.37

11 BP NIPAAM 60 106,000 1.55

“ Molecular weight and polydispersity were determined by GPC analysis

(DMF as eluent).
of 1.60. In all cases BPs produced after 60 minutes of irradiation show an increase in
molecular weight when compared to those produced at 30 minutes. BPs produced from
tBA, TFEA, and HEA after 60 minutes display a narrowing of dispersity from 30 minutes,

while MA and NIPAAM display a slight increase at this extended reaction time (Figure
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II1-3, Table III-2). Although all BPs displayed a higher dispersity when compared to the
parent BP, it should be noted that the difference in dispersity from 30 to 60 minutes is small
(AD <0.1) in all cases except for NIPAAM, the dispersity decreases from 30 to 60 minutes

in the majority of cases, and in all cases the dispersity remains relatively low (P < 1.60).

Thermoresponsive Behavior of PNIPAAM ENNs

Encouraged by the successful incorporation of these monomer families, we sought
to explore the properties that can arise as a result from the altered chemical composition of
these daughter nanonetworks. For example, we evidenced a change of the tailorable
nanonetwork RI through the polymerization of TFEA, and we explored the effects that the
introduction of HEA would have on nanonetwork solubility. Parent PGNNs are insoluble
in water; however, by incorporating PHEA chains within the nanonetwork a fully water
soluble ENN can be produced. Likewise, water soluble nanonetworks can be prepared
through the incorporation of PNIPAAM chains within the nanonetwork.

Armed with the knowledge that PNIPAAM ENNs are water soluble we aimed to
investigate if these daughter networks inherited the thermoresponsive behavior of
PNIPAAM. It is well known that PNIPAAM has a lower critical solution temperature
(LCST) at 32°C in water above which PNIPAAM expunges water and experiences a chain

collapse resulting in a shrunken polymer.?8

We reasoned that if a daughter network
expanded with PNIPAAM possessed these thermoresponsive properties then it could be
feasible to induce a chain collapse that results in the shrinkage of PNIPAAM polymers and
ultimately the ENN itself by merely heating the ENN above 32°C. To probe this, we

designed an experiment in which PNIPAAM ENNs after 30 (ENN NIPAAM 30) and 60
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Figure III-4. (A) DLS diameter measurements of NIPAAM and HEA ENNs across 25-45°C. (B)

Schematic description of PNIPAAM chain collapse above 32°C producing shrunken nanonetworks. (C)
Images of solutions of NIPAAM and HEA ENNs at 25°C and 40°C.

(ENN NIPAAM 60) minute irradiation times were dissolved in water and the diameter
measured by DLS every two degrees over a temperature range of 25°C - 45°C. The average
size of each ENN was first determined in water at 25°C resulting in an average size of ~239
nm for ENN NIPAAM 30 and ~383 nm for ENN NIPAAM 60. Upon heating above 32°C
we observe a sharp decrease in diameter for ENN NIPAAM 30 to ~70 nm and a more
gradual decrease for ENN NIPAAM 60 to ~200 nm (Figure III-4). Additional heating to
45°C provided no changes nanonetwork diameters. To ensure that the observed change in
diameter was due to the formation of PNIPAAM chains and was independent of the
properties of the parent nanonetwork, a control experiment was performed. Because, the
parent PGNN is insoluble in water, but HEA ENNs are water soluble and should not possess

thermoresponsive properties, the HEA ENNs (ENN HEA 60) were used as control
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networks. The average size of ENN HEA 60 was found to be ~560 nm, and heating through
32°C to 45°C produced no meaningful change in diameter. Thus, we can conclude that the
change in diameter at 32°C is indeed caused by the incorporation of PNIPAAM. To further
illustrate the thermoresponsive behavior of PNIPAAM ENNSs, images displaying the
nanonetworks fully dissolved in water at 25°C are compared to images of nanonetworks
after being heated above the LCST (40°C) (Figure I11-4). It is clear that HEA ENNs are
unaffected by the change in temperature, while the NIPAAM ENNs display increased
turbidity as a result of the increase in temperature, with the change in turbidity being more
apparent with larger nanonetworks. The success of these experiments is encouraging as it
demonstrates the potential to produce highly tailorable and stimuli responsive

nanomaterials.

Incorporation of Statistical Copolymers

After having successfully demonstrated the addition of each monomer into the
parent PGNN, we aimed to explore the introduction of polymer compositions in the form
of statistical copolymers or block copolymers from these investigated monomer families.
First, we examined the incorporation of copolymers from MA/tBA, MA/TFEA, and
MA/HEA with MA being the major monomer component. MA was chosen as the major
component in each composition due to its flexibility to be polymerized in either MeCN or
DMSO and still provide good control over dispersity. Copolymer ENNs were prepared by
first exposing the parent PGNN to a 1 M solution of MA and the desired comonomer in an
80/20 ratio respectively with the appropriate solvent. Nanonetworks were then irradiated

in the presence of PTH for 30 minutes and then purified by dialysis. Analysis of the
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Figure III-5. (A) Schematic description and (B) GPC traces of statistical
copolymer expansions of nanonetworks.

Table III-3. Statistical copolymer expansions of PGNNs

NP monomer . .

monomers  irradiation M. gpc? PR ., diameterrem  diameterprs
# sample (MA/X)  time (min) solvent (g/mol) D Incorporation (nm) (nm)

& (MA/X)

1 PGNN - 0 - 9,800 1.53 - 43+ 10 66+ 11
2 PMA-co-PBA l\é‘g//tz%? 30 MeCN 26000 158 67/33 2204112 2834130
3 PMA-co-PHEA h/([gAégOE;% 30 DMSO 63,700 1.58 69/31 381 +£103 420+ 135
4 PMA-co-PTFEA M(I:g/rzl:(gA 30 DMSO 87,000 1.59 74/26 302 £ 100 332 +140

Reactions were performed with 0.02 mol % PTH. “ Molecular weight and polydispersity were determined
by GPC analysis (DMF as eluent). * Monomer incorporation was determined by "H NMR.

produced copolymer ENN by GPC reveals a shift toward higher molecular weight and a
slight increase in dispersity in each case (Figure III-5). Interestingly, the dispersity
observed for copolymers ENNs with MA (D < 1.59) is less than the dispersity observed for
homopolymer ENNs of MA (P =1.79). Analysis by TEM and DLS showed an increase in
the diameter from the parent PGNN with sizes similar to those produced from MA
homopolymer ENNs (Table III-3). NMR analysis displayed incorporations of tBA and
HEA to be elevated compared to those observed in the model copolymerizations, while
incorporations of TFEA closely matched those of the model (Table III-S2). These
successful copolymerizations demonstrate the potential to incorporate controllable

quantities of a desired functional group which can facilitate further chemical modifications.
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Incorporation of ABA tri- and ABABA Pentablock Copolymers

Next, we examined the possibility of producing ABA triblock and ABABA
pentablock copolymers as the incorporation of block copolymer structures into these
nanonetworks could produce particles that exhibit microphase separation behavior
providing an interesting opportunity to examine the effects this would have on a pre-
existing nanonetwork. Given ENNSs still have the integrated TTCs after expansion, ENNs
can be used as macroinitiators to produce further expanded nanonetworks rendering them
capable of producing block copolymers. For the production of ABA and ABABA block
copolymers MA was chosen as the “A” block for both its solvent and monomer
compatibility and the desired monomer as the “B” block. Pentablock ENNs were prepared
by first preparing a MA homopolymer ENN (ENN 1) as previously described. ENN 1 was
then used to prepare ABA triblock copolymers with each monomer (tBA, TFEA, HEA,
NIIPAAM) by exposing ENN 1 to the appropriate conditions determined in the model
block copolymerizations. Further expansion from ENN 1 with each monomer results in
four ABA triblock copolymers: PMA-b-PtBA-b-PMA (ENN 2), PMA-b-PHEA-b-PMA
(ENN3), PMA-b-PNIPAAM-H-PMA (ENN 4), and PMA-H-PTFEA-b-PMA (ENN 5).
Utilizing the triblock ENNs as macroinitiators, ABABA pentablock ENNs can be prepared
by performing chain extensions with MA. Chain extensions from each tri block results in
four pentablock copolymer ENNs: PMA-b-PtBA-b-PMA-b-PtBA-b-PMA (ENN 6), PMA-
b-PHEA-b-PMA-b-PHEA-b-PMA (ENN 7), PMA-b-PNIPAAM-b-PMA-bH-PNIPAAM-bD-
PMA (ENN 8), and PMA-b-PTFEA-b-PMA-b-PTFEA-H-PMA (ENN 9).

Analysis of ENN 1 reveals the expected increase in diameter, molecular weight, and

dispersity that was observed in the previous homopolymerizations. GPC analysis of ABA
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Figure III-6. (A) Schematic description of ABA block copolymer expansion of nanonetworks. GPC traces
of block copolymer expansions with (B) tBA, (C) HEA, (D) TFEA, and (E) NIPAAM.

triblocks displays a shift towards higher molecular weight and increased dispersity (Figure
II1-6). Both HEA and NIPAAM triblocks experience slight increases in dispersity (D =
1.81) compared to ENN 1 (P = 1.72) (Table III-4). ENN 5 produces the same weak
negative and weak positive RI response in GPC that were observed in the model block
copolymerizations with TFEA and so molecular weight and dispersity were not reported
for this nanonetwork. ENN 2, prepared from tBA, experiences a more pronounced increase
in dispersity (P = 2.38) than the other ENNs when compared to ENN 1 (P =1.72). Closer
examination of the GPC trace reveals low molecular weight tailing which is attributed to
only partial polymerization participation of ENN 1 with tBA. Size characterization by
TEM and DLS showed an increase in diameter with each triblock ENN when compared to
ENN 1. Characterization of triblocks by 'H NMR confirmed the successful production of

new polymer chains through the appearance of peaks unique to the desired monomers such
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Table III-4. Block copolymer expansions of PGNNs

MI
macro- M,, MI M. gpc? diameterrem diameterr
# sample initiator . . monomer b
(M) GPC b (g/mol) (nm) (nm)
(g/mol)
1 PGNN - 9,800 1.53 - 9,800 1.53 43+ 10 66+ 11
ENN 1
2 (PMA) PGNN 9,800 1.53 MA 30,000 1.72 273 £ 60 302 + 9¢
3be ENN 2 ENN 1 30,000 1.72 tBA 50,500 2.38 325 +131 355+ 15
(PMA-b-PtBA-b-PMA) > : ’ '
ENN 3 -
4 (PMA-b-PHEA-b-PMA) ENN 1 30,000 1.72 HEA 118,000 1.81 347 + 86 387 +9:
ENN 4 .
b4 (PMA-b-PNIPAAM-5-PMA) ENNI 30000 172 NIPAAM 149,000 181  375+77 413£9
, ENNS
6 (PMA-b-PTFEA-b-PMA) ENN 1 30,000 1.72 TFEA - - 482 + 55 518 £ 9¢
7 ENN 6
ne (PMA-b-PtBA-b-PMA-b-PtBA- ENN 2 50,500 2.38 MA 119,000 1.98 420+ 103 482 £ 14
b-PMA)
ENN 7
8 (PMA-b-PHEA-b-PMA-b- ENN 3 118,000 1.81 MA 289,000 1.96 452 + 122 493 £ 14
PHEA-b-PMA)
ENN 8
9 (PMA-H-PNIPAAM-H-PMA-b- ENN 4 149,000 1.81 MA 175,000 1.87 402+ 115 438 £ 16
PNIPAAM-b-PMA)
ENN9
10  (PMA-b-PTFEA-b-PMA-b- ENN 5 - - MA 272,000 1.74 613+ 151 651+ 18

PTFEA-b-PMA)

Reactions were performed in DMSO with 0.02 mol % PTH unless otherwise indicated. “ Molecular weight
and polydispersity were determined by GPC analysis (DMF as eluent). ” Reactions were performed in
MeCN. ¢ Reactions were performed with 0.1 mol % PTH. ¢ Reactions were performed with 0.005 mol
% PTH.

as the tert-butyl, isopropyl, fluorinated ester, and hydroxy ethyl ester moieties (Figure III-
S18-S21).

As expected, GPC analysis of ABABA pentablock ENNs shows a shift towards
higher molecular weight and in the case of HEA and NIPAAM a slight increase in
dispersity. Interestingly, ENN 6, experienced a narrowing of dispersity to & = 1.98 from
its macroinitiator’s, ENN 2, dispersity of 2.38. Accompanying this narrowing was a
reduction in the lower molecular weight tailing that was previously observed. This suggests
that the nanonetworks that comprised the tailing were still capable of mediating radical
polymerizations and thus capable of experiencing the photocontrolled growth process. As

demonstrated in the model block copolymerizations, ENN 9 experiences a reversion to a
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positive RI response in GPC from ENN 5 as a result of the new PMA block. Remarkably,
the dispersity of all pentablock ENNs remained lower than 2.0, which is a strong indication
of the fidelity and control of the photoredox mediated polymerizations. Further
characterization of pentablock ENNs by 'H NMR confirms the installation of a new PMA
block within the nanonetwork as we can observe a clear increase in the intensity of the

methyl ester peak in each pentablock ENN.

Aminolysis of ABA tri- and ABABA Pentablock ENNs

Once again, we implemented a promoted disassembly to gain a clearer
understanding of the control obtained during the expansion process of ABA and ABABA
block copolymer ENNs (Figure III-7). Aminolysis products of the PMA ENN
macroinitiator (BP 1) displayed an increase of 20,000 g/mol and D = 1.24 compared to the

parent PGNN (BP) with M, = 7,600 g/mol and P = 1.14 (Table III-5). Disassembly

7
0.2®

BP 12 14 16 18 20 22 24
Retention Time (min)

4 10 = 110 =2

" ) )

’ 08 3 08 3

] 2 2

§ 06 N 06 N

" Q o

. 04 1 04 2

y 02 % 02 3

' ° S

. 00 o 00 ©

- 3

' 3 I3

i " 1 i L " 1.0® " " " i i i 020 " " " i " i 020
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24

Retention Time (min) Retention Time (min) Retention Time (min)

Figure III-7. (A) Schematic description of the selective cleavage of nanonetworks to produce branched
polymers. GPC traces of the resulting block copolymer expansions with (B) tBA, (C) HEA, (D) NIPAAM,
and (E) TFEA.
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Table III-5. Aminolysis of block copolymer nanonetwork

expansions
b

# sample* ?g/"n(;l;(i) PP
1 BP 7,600 1.14
2  BP1(PMA) 27,000 1.24
3  BP2(PMA-b-PtBA) 56,000 1.48
4  BP 3 (PMA-b-PHEA) 100,000 1.67
5 BP 4 (PMA-b-PNIPAAM) 132,000 1.69
6 BP 5 (PMA-b-PTFEA) - -
7  BP 6 (PMA-b-PtBA-b-PMA) 103,000 1.69
8 BP 7 (PMA-b-PHEA-b-PMA) 231,000 1.79
9 BP 8 (PMA-H-PNIPAAM-H-PMA) 139,000 1.79
10 BP9 (PMA-b-PTFEA-b-PMA) 265,000 1.34

“ Branched block copolymers as they appear once cleaved from either
the tri- or pentablock copolymer ENNs. ” Molecular weight and
polydispersity were determined by GPC analysis (DMF as eluent).

products of the triblock ENNs exhibited increases in molecular weight as well as increases
in dispersity with P < 1.70. Aminolysis of the PMA-b-PTFEA-b-PMA triblock produces
a PMA-b-PTFEA diblock copolymer which exhibits a similar positive and negative RI
response in GPC therefore analysis of molecular weight and dispersity were not reported.
Promoted disassembly of ABABA pentablock ENNs once again revealed an increase in
both molecular weight and dispersity for blocks with tBA, NIPAAM, and HEA with P <
1.8. Interestingly, BP 9 of the pentablock ENN containing TFEA possessed a relatively

low dispersity of P = 1.34.

CONCLUSION

A developed photoexpansion process opens the possibility to significantly alter the
chemical topology of a unique nanonetwork by integrating linear polymer chains with

various compositions (homopolymers, statistical copolymers, block copolymer) from a
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range of monomer families. Through this photoexpansion process a single parent
nanonetwork can produce multiple differentiated progeny that inherit properties of the
newly incorporated polymers which allows for the manipulation of RI, the transformation
of water-insoluble parent particles into water soluble structures, and the transformation of
thermally unresponsive parent networks into thermally responsive daughter networks.
Furthermore, the integration of ABA and ABABA block copolymers, with their known
microphase separation behavior, can prove beneficial to produce model systems to examine
effects of introducing block copolymer architectures into an existing nanonetwork on
network topology and organization. The ability to control and integrate a variety of linear
homopolymers, statistical copolymers, or block copolymers into parent nanonetworks will
allow for targeted manipulations of the chemical structure and physical properties to

facilitate investigations of network topologies.

EXPERIMENTAL

Materials:

All reagents and solvents were purchased from Sigma Aldrich and used as received unless
otherwise stated. Methyl acrylate (MA, 99%), t-butyl acrylate (tBA, 98%), 2,2,2-trifluoroethyl
acrylate (TFEA, 99%) were purified immediately before use by passing through a short column of
inhibitor removers purchased from Sigma Aldrich. N-isopropylacrylamide (NIPAAM, 97%) was
recrystallized from hexanes. 2-Hydroxyethyl acrylate (HEA, 96%) was purified by first dissolving
the monomer in water (25% by volume). The solution was extracted with hexanes six times to

remove diacrylate and with ether six times to remove acrylic acid. MgSOs drying agent was used
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to remove traces of water in the ether phase before evaporation. The monomer was then passed
through short column of inhibitor removers immediately before use. The monomer was then dried
under high vacuum for 20 minutes before use. 10-phenylphenothiazine (PTH)*’ was prepared
according to literature. TTC 1a and PGNNs were synthesized as previously reported.?® All
photogrowth polymerizations were performed in a circular glass dish lined with a 400 nm LED

strip (390 nm - 405 nm, 24W/5m) and cooled by compressed air (showed below).

Material Characterization:

All 'H and 3C spectra were obtained using a JEOL ECA 400 (400 MHz), JEOL ECA 500 (500
MHz), or ECA-600 (600 MHz) spectrometer. Chemical shifts were measured relative to residual
solvent peaks as an internal standard. TEM imaging was performed using either a JEOL 2000 FX
or JEOL 2010 F Transmission Electron Microscope at 200 kV with formvar coated or holey carbon
coated copper grids. Gel permeation chromatography (GPC) was performed using a Tosoh high
performance GPC system HLC-8320 equipped with an auto injector, a dual differential refractive
index detector and TSKgel G series columns connected in series (7.8%300 mm TSKgel G5000HxI,

TSKgel G4000HxI, TSKgel G3000Hxl). GPC analysis was carried out in HPLC grade
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tetrahydrofuran (THF) with a flow rate of 1.0 mL/min at 40 °C or N,N-dimethylformamide (DMF)
with a flow rate of 1.0 mL/min at 60 °C. Molecular weights (Mn and Mw) and molecular weight
distributions were calculated from polymethyl methacrylate (PMMA) standards with molecular
weights of 800 to 2.2x106 g mol-1 provided by Polymer Standard Service (PSS). Dynamic light
scattering (DLS) was measured on a Malvern Zetasizer Nano ZS in THF, methanol, or water at

25°C with an angle of 173° and at appropriate sample concentrations.

Acknowledgement: All experiments were conducted alongside coauthor Enkhjargal Tsogtgerel.

Synthesis:

All model polymerizations conducted used TTC:monomer ratio of 1:500. Model Polymerizations.
TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in 2M monomer solution in DMSO or MECN with
PTH (0.02-0.1 mol%) in a 1-dram vial. The reaction vessel was sealed and sparged with nitrogen
for 20 minutes. The reaction was then placed 2 cm from a 400 nm led light source and irradiated
for 30 minutes. The polymers were precipitated in cold diethyl ether, unless otherwise stated, and

then analyzed by GPC.
Scheme III-S1. Model polymerization of various monomers.
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Polymerization of ABA and ABCBA block copolymers were conducted following the same

procedure with macroinitiator and PTH (0.02-0.1 mol%) in 1M monomer solution in DMSO or
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MECN. (NOTE: MeCN was chosen as the solvent for tBA and NIPAAM, as PtBA is insoluble in
DMSO and polymerizations of NIPAAM in DMSO yielded increased dispersities. TFEA can be
polymerized in either DMSO or MeCN but produced lower dispersities in MeCN. PHEA has poor
solubility in MeCN and was polymerized in DMSO. Solvents for the statistical copolymerizations
were chosen to accommodate monomers with poor solubility. Copolymers of MA/tBA were
performed in MeCN due to PtBA’s poor solubility in DMSO. Copolymers of MA/HEA were
performed in DMSO due to PHEA’s poor solubility in MeCN. Copolymers of MA/TFEA were
performed in DMSO as TFEA can be polymerized in both solvents and MA displayed lower
dispersity when polymerized in DMSO. Solvents for the preparation of block copolymers were
again chosen based off the solubilities of the previous block and the block that is to be added, or

in the case of TFEA solvent was chosen based off conditions that produced the lowest dispersity.)

Procedure for results documented in Table S1.

Synthesis of PMA: TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in DMSO or MECN (1.47 mL)
and MA (264 pL, 2.94 mmol) with PTH (0.02 mol%). The reaction vessel was sealed and sparged
with nitrogen for 20 minutes (MECN solution in an ice bath). The reaction was then placed 2 cm

from a 400 nm led light source and irradiated for 30 minutes.

Synthesis of PtBA: TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in MECN (1.47 mL) and MA
(430 pL, 2.94 mmol) with PTH (0.1 mol%). The reaction vessel was sealed and sparged with
nitrogen for 20 minutes in an ice bath. The reaction was then placed 2 cm from a 400 nm led light

source and irradiated for 30 minutes. The polymer was precipitated in cold hexanes.
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Synthesis of PNIPAAM: TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in MECN (1.47 mL) and
MA (332 mg, 2.94 mmol) with PTH (0.05 mol%). The reaction vessel was sealed and sparged
with nitrogen for 20 minutes (MECN solution in an ice bath). The reaction was then placed 2 cm

from a 400 nm led light source and irradiated for 30 minutes.

Synthesis of PHEA: TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in DMSO (1.47 mL) and HEA
(337 pL, 2.94 mmol) with PTH (0.02 mol%). The reaction vessel was sealed and sparged with
nitrogen for 20 minutes. The reaction was then placed 2 cm from a 400 nm led light source and

irradiated for 30 minutes.

Synthesis of PTFEA: TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in DMSO or MECN (1.47
mL) and TFEA (372 uL, 2.94 mmol) with PTH (0.02 mol%). The reaction vessel was sealed and
sparged with nitrogen for 20 minutes (MECN solution in an ice bath). The reaction was then
placed 2 cm from a 400 nm led light source and irradiated for 30 minutes. The polymer was

precipitated in cold 1:1 mixture of hexanes : diethyl ether.

Procedure for results documented in Table S2.

Synthesis of PMA-co-PtBA(80/20): TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in MECN
(1.47 mL) and MA (211 pL, 2.35 mmol) and tBA (86 pL, 0.59 mmol) with PTH (0.1 mol%). The
reaction vessel was sealed and sparged with nitrogen for 20 minutes in an ice bath. The reaction

was then placed 2 cm from a 400 nm led light source and irradiated for 30 minutes.
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Synthesis of PMA-co-PHEA(80/20): TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in DMSO
(1.47 mL) and MA (211 pL, 2.35 mmol) and HEA (67 pL, 0.59 mmol) with PTH (0.02 mol%).
The reaction vessel was sealed and sparged with nitrogen for 20 minutes (MECN solution in an
ice bath). The reaction was then placed 2 cm from a 400 nm led light source and irradiated for 30

minutes.

Synthesis of PMA-co-PTFEA (80/20): TTC 1a (4.0 mg, 0.0059 mmol) was dissolved in DMSO
(1.47 mL) and MA (211 pL, 2.35 mmol) and TFEA (74 pL, 0.59 mmol) with PTH (0.02 — 0.1
mol%). The reaction vessel was sealed and sparged with nitrogen for 20 minutes. The reaction

was then placed 2 cm from a 400 nm led light source and irradiated for 30 minutes.

Procedure for results documented in Table S3.

Synthesis of PMA macroinitiator: TTC 1a (36.0 mg, 0.0531 mmol) was dissolved in MECN
(13.23 mL) and MA (2.38 mL, 26.46 mmol) with PTH (0.1 mol%). The reaction vessel was sealed
and sparged with nitrogen for 30 minutes in an ice bath. The reaction was then placed 2 cm from

a 400 nm led light source and irradiated for 30 minutes.

Synthesis of PMA-b-PtBA-b-PMA: PMA macroinitiator (40.0 mg, 0.0036 mmol) was dissolved
in MECN (1.80 mL) and tBA (263 pL, 1.80 mmol) with PTH (0.02 mol%). The reaction vessel
was sealed and sparged with nitrogen for 20 minutes in an ice bath. The reaction was then placed

2 cm from a 400 nm led light source and irradiated for 30 minutes.
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Synthesis of PMA-b-PHEA-b-PMA: PMA macroinitiator (40.0 mg, 0.0036 mmol) was dissolved
in DMSO (1.80 mL) and HEA (206 pL, 1.80 mmol) with PTH (0.02 mol%). The reaction vessel
was sealed and sparged with nitrogen for 20 minutes. The reaction was then placed 2 cm from a

400 nm led light source and irradiated for 30 minutes.

Synthesis of PMA-b-PTFEA-b-PMA: PMA macroinitiator (20.0 mg, 0.0027 mmol) was
dissolved in MECN (1.35 mL) and TFEA (171 pL, 1.35 mmol) with PTH (0.02 mol%). The
reaction vessel was sealed and sparged with nitrogen for 20 minutes in an ice bath. The reaction

was then placed 2 cm from a 400 nm led light source and irradiated for 30 minutes.

Synthesis of PMA-b-PNIPAAM-b-PMA: PMA macroinitiator (20.0 mg, 0.0023 mmol) was
dissolved in MECN (1.58 mL) and NIPAAM (130 mg, 1.15 mmol) with PTH (0.005 mol%). The
reaction vessel was sealed and sparged with nitrogen for 20 minutes in an ice bath. The reaction

was then placed 2 cm from a 400 nm led light source and irradiated for 30 minutes.

Synthesis of PMA-b-PtBA-b-PMA-b-PtBA-b-PMA: PMA-b-PtBA-b-PMA macroinitiator (40.0
mg, 0.0021 mmol) was dissolved in MECN (1.04 mL) with PTH (0.1 mol%). The reaction vessel
was sealed and sparged with nitrogen for 20 minutes in an ice bath. Degassed monomer MA (93
puL, 1.04 mmol) was added to the vessel. The reaction was then placed 2 cm from a 400 nm led

light source and irradiated for 30 minutes.
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Synthesis of PMA-b-PHEA-b-PMA-b-PHEA-b-PMA: PMA-b-PHEA-b-PMA macroinitiator
(80.0 mg, 0.0013 mmol) was dissolved in DMSO (0.64 mL) with PTH (0.02 mol%). The reaction
vessel was sealed and sparged with nitrogen for 20 minutes. Degassed monomer MA (58 uL, 0.64
mmol) was added to the vessel. The reaction was then placed 2 cm from a 400 nm led light source

and irradiated for 30 minutes.

Synthesis of PMA-b-PTFEA-b-PMA-b-PTFEA-b-PMA: PMA-b-PHEA-bH-PMA macroinitiator
(21.0 mg, 0.0019 mmol) was dissolved in DMSO (0.94 mL) with PTH (0.02 mol%). The reaction
vessel was sealed and sparged with nitrogen for 20 minutes. Degassed monomer MA (84 uL, 0.94
mmol) was added to the vessel. The reaction was then placed 2 cm from a 400 nm led light source

and irradiated for 30 minutes.

Synthesis of PMA-b-PNIPAAM-b-PMA-b-PNIPAAM-b-PMA: PMA-b-PNIPAAM-b-PMA
macroinitiator (40.0 mg, 0.0021 mmol) was dissolved in MECN (1.04 mL) with PTH (0.1 mol%).
The reaction vessel was sealed and sparged with nitrogen for 20 minutes in an ice bath. Degassed
monomer MA (93 pL, 1.04 mmol) was added to the vessel. The reaction was then placed 2 cm

from a 400 nm led light source and irradiated for 30 minutes.
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General Procedure for the Photogrowable Nanonetworks (PGNNs)

General procedure for the preparation of PMMA-co-GMA (2)
o}
N o] o]
I
o

Reactions were prepared using the ratio (MMA/GMA/CPADB/EY/Et;N) (80/20/1/0.02/1) in a
1:1 monomer:DMSO ratio. Reactions were irradiated with a 3.5 W blue light for the desired
amount of time and then precipitated twice in diethyl ether. (Mn=6.20 kDa, PDI=1.09,

MMA=81%, GMA=19%)

General aminolysis procedure of PMMA-co-GMA (3)

o
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To a sealed 6 dram vial 2 (1.5 g) was added and covered with a nitrogen atmosphere, and then
dissolved in degassed THF (15 mL). MMA (500 pL) and piperidine (250 pL) were added under
nitrogen. After 6 hours the reaction was precipitated into diethyl ether. The product was
dissolved in THF (10 mL) and treated with DTT for 3 hours under nitrogen. MMA (500 pL) and
triethylamine (50 pL) were added to the solution and the reaction stirred for 3 hours under
nitrogen. The reaction was precipitated into diethyl ether twice and dried under vacuum to give

1.44 g of a colorless product.
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General thiolation procedure of aminolyzed PMMA-co-GMA (4)
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Thioacetic acid (207 pL, 2.9 mmol) and i-ProNEt (84 pL, 0.48 mmol) were added to a solution
of 3 (1.44 g, 2.42 mmol epoxide) in CDCI; (5 mL). The reaction stirred for 18 hours. The
product was then precipitated twice in diethyl ether and dried under vacuum to give 1.39 g of the

protected thiolated product.

General acetyl migration procedure of thiolated PMMA-co-GMA (5)
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Triethylamine (10 mL) was added dropwise to a vigorously stirring solution of 4 (1.39 g) in
CHCI3 (50 mL) under nitrogen. After 18 hours the reaction was concentrated and precipitated

twice in diethyl ether to give 1.35 g of the deprotected product.
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General procedure for thiol-maleimide nano-network formation

A solution of § in THF and stirred with DTT for 3 hours to reduce any disulfide bonds. The

polymer was purified with Sephadex LH-20. The polymer (250 mg) was dried and then

dissolved in CHCI3 (50 mL) under a nitrogen atmosphere. Maleimide crosslinker 1 (327 mg, 2

equivalents to thiols) and Et3N (73 uL, 0.2 equivalents to thiols) in CHCI3 (12 mL) were added

dropwise to the vigorously stirring solution of § under nitrogen. After 18 hours the reaction was

diluted with CH>Cl and dialyzed for two days in 10 kDa MWCO snakeskin tubing against a 1:1

mixture of ACN:THF.
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General Procedure for the Photogrowth of the PNN’s

Nano-networks (4 mg) were sealed in a vial, covered with a nitrogen atmosphere, and dissolved
in a solution of degassed monomer (MA, tBA, HEA, TFEA, NIPAAM) (3 mmol) in the
appropriate solvent (MeCN or DMSO) (3 mL) with PTH (0.005 to 0.1 mol%). The reaction was
then placed 2 cm from a 400 nm light source and irradiated for the desired amount of time. The
crude product was diluted with CH2Cl or methanol and dialyzed in 10 kDa MWCO snakeskin
tubing against a 1:1:1 mixture of CH2Clb:MeCN:THF or a 1:1 mixture of methanol:MeCN for 2

days.

General procedure for controlled photo-growth of block copolymer nano-networks

PMA ENN macroinitiator (24 mg) was sealed in a vial and dissolved in a solution of degassed
monomer (tBA, HEA, TFEA, NIPAAM) (3 mmol) in the appropriate solvent (MeCN or DMSO)
(3 mL) with PTH (0.005 to 0.1 mol%). The reaction was then placed 2 cm from a 400 nm light
source and irradiated for 30 minutes. The crude product was diluted with CH>Cl, or methanol
and dialyzed in 10 kDa MWCO snakeskin tubing against a 1:1:1 mixture of CH,Clo:MeCN:THF

or a 1:1 mixture of methanol:MeCN for 2 days.

PMA-b-X-b-PMA triblock ENN macroinitiator (50% of the total mg produced) was sealed in a
vial and dissolved in a solution of degassed monomer (MA) (1.5 mmol) in the appropriate
solvent (MeCN or DMSO) (1.5 mL) with PTH (0.005 to 0.1 mol%). The reaction was then
placed 2 cm from a 400 nm light source and irradiated for 30 minutes. The crude product was
diluted with CH2Cl» or methanol and dialyzed in 10 kDa MWCO snakeskin tubing against a

1:1:1 mixture of CH2Clo:MeCN:THF or a 1:1 mixture of methanol:MeCN for 2 days.
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Procedure for the controlled photogrowth of nanonetworks into microparticles

Nanonetworks (4 mg) were sealed in a vial, covered with a nitrogen atmosphere, and dissolved
in a solution of degassed MA (1.2 mL) in MeCN (13 mL) with PTH (0.1 mol%). The reaction
was then placed 2 cm from a 400 nm light source and irradiated for the desired amount of time.
The crude product was diluted with CH>Cl> and dialyzed in 10 kDa MWCO snakeskin tubing

against a 1:1 mixture of MeCN:THF for 2 days.

General procedure for the aminolysis of expanded nanonetworks

Piperidine (10 uL) was added to a solution of expanded nanonetworks (10 mg) in DMF (0.5 mL).
The reaction was stirred for 18 hours and then treated with DTT for 3 hours before dialysis in 10
kDa MWCO snakeskin tubing against 1:1 MECN:THF for 24 hours. The purified product was

concentrated, dissolved in HPLC grade DMF, filtered and analyzed by GPC.

General procedure for NIPAAM ENN thermoresponse graph

NIPAAM and HEA ENN solutions were prepared in appropriate concentrations in water.
Diameter measurements were taken in triplicate every 2°C while heating from 25°C to 45°C.

Samples were equilibrated to the new temperature for 5 minutes in between measurements.
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GPC Analysis of Optimized Model Polymerizations

...... PMA (MeCN) Z
——PMA (DMSO) e
—PtBA 3
PTFEA o
——PNIPAAM N
PHEA 2

— e E

B

1 -04 ¢

{1 -06T

1-083

1 1 1 1 1 1 1.0 ®

12 14 16 18 20 22 24
Retention Time (min)

Figure III-S1. GPC traces of model homopolymerizations.

Table III-S1. Model homopolymerizations with

TTC la

# monomer (nI;OTII:’;)) solvent My* b«
1 MA 0.02 MeCN 6,400 1.06
2 MA 0.02 DMSO 11,100 1.09
3 tBA 0.10 MeCN 12,700 1.14
4 NIPAAM 0.005 MeCN 23,300 1.11
5 TFEA 0.02 MeCN 14,800 1.11
6 HEA 0.02 DMSO 75,600 1.31

“ Molecular weight and polydispersity were determined by GPC analysis (DMF as eluent).
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Figure III-S2. GPC traces of model statistical copolymerizations.

Table III-S2. Model statistical copolymerizations with TTC la

monomer PTH monomer
# sample monomers feed (mol %) solvent ~ M,“ b?  incorporation
(MA/X) ° (MA/X)
1 PMA-co-tBA MA/tBA 80/20 0.10 MeCN 12,800 1.10 78/22
PMA-co-
2 PTFEA MA/TFEA 80/20 0.02 DMSO 24,200 1.12 76/24
3 PMA-co-PHEA MA/HEA 80/20 0.02 DMSO 35900 1.17 81/19

“ Molecular weight and polydispersity were determined by GPC analysis (DMF as eluent).
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Figure III-S3. GPC traces of model block copolymerizations with MA and A) tBA, B) HEA, C) TFEA,

D) PNIPAAM.

Table III-S3. Model block copolymerizations with TTC la

Macroinitiator MI M,* PTH M,?

# sample (MI) (g/mol) MIDb*  monomer (mol%) solvent (g/mol) b
1 PMA-b-PtBA-b-PMA  PMA 11,100  1.09 tBA 0.10 MeCN 19,500 1.07
2 Em'b'PHEA'b' PMA 11,100  1.09 HEA 0.02 DMSO 62,100 1.28
3 Em'b'PTFEA'b' PMA 8,700  1.10 TFEA 0.02 MeCN - -
4 Em'b"\“PAAM'b' PMA 8,700 1.10 NIPAAM 0.005 MeCN 24900 1.14
PMA-b-PtBA-b- PMA-b-PtBA-b-
5  PMA- b-PtBA-b- PMA 19,500 1.07 MA 0.10  MeCN 23,600 1.11
PMA
PMA-b-PHEA-b- PMA-b-PHEA-b-
6 PMA- b-PHEA-b- PMA 62,100 1.28 MA 0.02 DMSO 65,500 1.33
PMA
PMA-b-PTFEA-b- PMA-b-PTFEA-
7  PMA- b-PTFEA-b- b-PMA - - MA 0.02 DMSO 29,000 1.14
PMA
PMA-b-NIPAAM-b-  PMA-b-
8 PMA-b-NIPAAM-b-  PNiPAAm-b- 24,900 1.14 MA 0.10 MeCN 28,400 1.24
PMA PMA

“ Molecular weight and polydispersity were determined by GPC analysis (DMF as eluent).
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Selected NMR Spectra
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Figure I11-S4. 'H NMR (CDCl3, 400 MHz) spectrum of polymer 2.
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Figure III-S5.

'"H NMR (CDCls, 400 MHz) spectrum of polymer 3.
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Figure III-S7. 'H NMR (CDCls, 400 MHz) spectrum of polymer 5.
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Parent PGNN Spectra
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Figure I11-S9. 'H NMR (CDCls, 600 MHz) spectrum of parent photogrowable nanonetwork.



Homopolymer ENN Spectra
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Figure I1I-S10. 'H NMR (CDCls, 600 MHz) spectrum of expanded nanonetwork with MA after
30 minutes of irradiation.
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Figure I11-S11. 'H NMR (CDCl3, 600 MHz) spectrum of expanded nanonetwork with tBA after
30 minutes of irradiation.
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Figure I11-S13. 'H NMR (DMSO-ds, 600 MHz) spectrum of expanded nanonetwork with HEA

after 30 minutes of irradiation.
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Figure I11-S14. '"H NMR (CDCls, 600 MHz) spectrum of expanded nanonetwork with NIPAAM
after 30 minutes of irradiation.
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Statistical Copolymer ENN Spectra:
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Figure III-S15. 'H NMR (CDCls, 600 MHz) spectrum of statistical copolymer expanded
nanonetwork with MA and tBA after 30 minutes of irradiation.
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Figure III-S16. 'H NMR (CDCls, 600 MHz) spectrum of statistical copolymer expanded
nanonetwork with MA and TFEA after 30 minutes of irradiation.
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Figure III-S17. 'H NMR (CDCls, 600 MHz) spectrum of statistical copolymer expanded
nanonetwork with MA and HEA after 30 minutes of irradiation.
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Block ENN Spectra:
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Figure I1I-S18. 'H NMR (CDCl;, 600 MHz) spectra of ABABA block copolymer expanded
nanonetwork progression with MA and TFEA.
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Figure I1I-S19. 'H NMR (CDCls, 600 MHz) spectra of ABABA block copolymer expanded
nanonetwork progression with MA and tBA.
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Figure I1I-S20. 'H NMR (CDCl;, 600 MHz) spectra of ABABA block copolymer expanded
nanonetwork progression with MA and NIPAAM.
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Figure I11-S21. '"H NMR (DMSO-ds, 600 MHz) spectra of ABABA block copolymer expanded
nanonetwork progression with MA and HEA.
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Selected TEM Images

Figure I1I-S22. TEM images of the progression of ABA triblock, ABABA pentablock copolymer, and
microparticle expansions.
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CHAPTER 1V

PROGRESS TOWARDS SITE SELECTIVE EXPANSIONS OF DIELS-ALDER

CROSSLINKED PHOTOGROWABLE NANONETWORKS

INTRODUCTION

In past years there has been an increasing interest in the post synthetic modification of
functional materials.'"® In addition, several advances in this area were facilitated by the recent
interest and developments in photochemistry and the selectivity and control it provides.”!! These
advances have allowed for the production of bulk crosslinked networks capable of being
mechanically or chemically differentiated through the introduction of new polymer chains either
between network crosslinks or through integrated inimers. Indeed, we too have developed a
crosslinked network capable of experiencing precise manipulations utilizing light-mediated
polymerizations.!? However, other examples have only produced bulk materials, whereas we have
developed a crosslinked nanoparticle system deemed photogrowable nanonetworks (PGNNs).
These PGNNs were demonstrated to controllably increase in size when polymer chains were
introduced into the crosslinks through a photoredox mediated polymerization. More recently, the
monomer scope was expanded to allow for the manipulation of network properties such as
solubility, refractive index, and thermoresponsiveness. Additionally, more complex structures
such as tri- and pentablock copolymer structures were realized. The success of our prior works
has encouraged us to continue to investigate and improve our photogrowable nanonetworks.

In our previous investigations, we examined only the manipulation of a nanonetwork’s size

and properties through the expansion of the trithiocarbonate (TTC) crosslinker.'> We now strive
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to investigate what effects expanding the scaffold chain end has on nanonetwork morphology and
size. To achieve this, two criteria must be met: 1) the scaffold chain end group must remain intact
in order to initiate polymerization and 2) the scaffold chain end must be capable of a selective
activation to initiate polymerization. We reasoned the second condition could be met through the
use of selective photoactivation using two photocatalysts (i.e. zinc tetraphenylporphyrin (ZnTPP)
and pheophorbide A (PheoA)) capable of selecting for specific types of reversible addition-
fragmentation chain-transfer (RAFT) agents (i.e. dithiobenzoates and trithiocarbonates) as
demonstrated by Boyer et al'*!* or through orthogonal atom transfer radical polymerization
(ATRP) and RAFT polymerizations with an ATRP initiator on the scaffold chain end.!*¢
However, our first generation PGNN is incapable of satisfying the first requirement. While
the scaffold chain end of the first generation PGNNs was purposefully rendered inert through an
aminolysis reaction to ensure that new polymer chains could only grow from the crosslinker, the
remaining synthetic steps, namely the thiolation and deprotection steps, ultimately result in the
degradation of the dithiobenzoate through nucleophilic attack of the thiol. To circumvent this
degradation a new generation of PGNNs needed to be designed utilizing a crosslinking chemistry
compatible with either a dithiobenzoate or an ATRP bromine end group and a synthetic route that
ideally required fewer synthetic steps than first generation PGNNs. Herein, we report the design
of a second generation of PGNNs and the progress towards the selective expansion of crosslinked
PGNNs with either RAFT or ATRP end groups (RAFT/ATRP-PGNN) present on the chain end

of scaffold polymers.
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RESULTS AND DISCUSSION

First generation PGNNs were manipulated to investigate controlled expansions of only the
integrated TTC crosslinker. In this work, we aimed to develop a second generation of PGNN that
possessed living chain ends on the scaffold polymer (either dithiobenzoate or ATRP bromine) as

a means to investigate the effect expansion from the scaffold has on nanonetwork size and
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Figure I'V-1. Schematic description of the proposed work to prepare differentiated nanonetworks through
selective polymerizations from either scaffold polymer end groups (RAFT or ATRP) or crosslinker TTC.
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morphology. To elucidate these effects RAFT-PGNNs or ATRP-PGNNs will be expanded to
produce daughter networks that possess either an expanded scaffold (A), an expanded crosslinker
(B), or both an expanded scaffold and crosslinker (C) (Figure IV-1). These site selective
expansions can conceivably be achieved using selective polymerization techniques. Expansion of
the crosslinker TTC with methyl acrylate (MA) could be mediated with ZnTPP under green light
for both RAFT- and ATRP-PGNNSs. Scaffold expansion with methyl methacrylate (MMA) of
RAFT-PGNNs could proceed with PheoA under red light, while expansion of ATRP-PGNNs
could proceed under ATRP conditions with the use of an appropriate ligand such as Tris[2-

(dimethylamino)ethylJamine (Me¢Tren).!®

Photogrowable Nanonetwork Formation

First generation PGNNs were prepared through a thiol-maleimide crosslinking utilizing a
thiol functionalized scaffold polymer that required several synthetic steps to produce (Figure IV-
2A). Additionally, the synthetic route was not conducive to maintaining the integrity of the
scaffold polymer end group. For these reasons, when designing the second generation of PGNNs
we aimed to reduce the number of steps required to produce the PGNNs. In addition, crosslinking
chemistries involving radicals or nucleophiles were avoided as they could induce degradation of
both the crosslinker TTC and the scaffold polymer end group. In our previous works we have
capped the free maleimides present in the nanonetworks through a Diels-Alder (DA) reaction with
furan. Given the success and compatibility of this reaction we envisioned that the network
formation could occur through a DA reaction between our existing symmetrical TTC maleimide

crosslinker 1 and a furan functionalized polymer. Indeed, other bulk networks and nanoparticles
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Figure I'V-2. (A) Schematic description of the preparation of PGNNs from previous works. (B)
Schematic description of the proposed work to prepare a second generation of PGNNs bearing RAFT or
ATRP end groups from a furan functionalized scaffold polymer through a Diels-Alder reaction.

have been prepared through similar DA reactions with copolymers prepared from a commercially

available, furan functionalized monomer, furfuryl methacrylate (FMA). -8
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Furan functionalized scaffold polymers with either dithiobenzoate or bromine end groups
can be prepared in one step with low dispersities (Table I'V-S1) through either RAFT or ATRP
statistical copolymerization of MMA and FMA (Figure IV-2B). End group fidelity of both
copolymers was explored through chain extensions with MMA, and in each case a PMMA block
was successfully added with good control over dispersity (Figure IV-S2, S3, Table IV-S2, S3).
With copolymers in hand PGNNs can be prepared through a DA reaction between RAFT- or
ATRP-PMMA-co-PFMA scaffold polymer and TTC crosslinker 1 (Figure IV-2B). RAFT-
PGNNs were prepared using a 4:1 maleimide:furan ratio in DMSO (0.02 M with respect to furan
moieties) at 60°C for 6 hours after which the reaction was cooled to room temperature and excess
furan was added to cap unreacted maleimide groups. PGNNs were then purified by dialysis and
analyzed by transmission electron microscopy (TEM), nuclear magnetic resonance (NMR), and
gel permeation chromatography (GPC). RAFT-PGNNs produced through this method produced
sizes of 230 = 56 nm as measured by TEM (Figure IV-S8). 'H NMR analysis of RAFT-PGNNs
confirms the presence of the dithiobenzoate as evidenced by the three aromatic signals (Figure

IV-S11). Preparation of ATRP-PGNNES is still ongoing.

RAFT Photocatalysts Selectivity

To achieve the desired site selective network expansion, methods that can selectively
activate the different initiators (i.e. dithiobenzoate, trithiocarbonate, and ATRP bromine) must be
applied. Given that we have only demonstrated the successful production of RAFT-PGNNs, we
began examining the feasibility of our selective RAFT expansions through a series of model
polymerizations. ZnTPP and PheoA were chosen to selectively activate the TTC and the

dithiobenzoate respectively as they have been previously demonstrated to be selective.'*
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First, we confirmed that PheoA could produce controlled polymers by performing chain
extensions with MMA from our scaffold polymer (RAFT-PMMA-co-PFMA, Mn = 6,300 g/mol,
D =1.13) to obtain a well-defined extended polymer (RAFT-PMMA-co-PFMA-b-PMMA, Mn =
14,600 g/mol, ® = 1.10). Second, we examined the selectivity of PheoA by performing a chain
extension from RAFT-PMMA-co-PFMA (Mn = 6,300 g/mol, ® = 1.13) in the presence of furan
capped crosslinker 1b. Analysis by GPC revealed a monomodal trace with shift towards higher
molecular weight (Figure IV-S4). 'H NMR analysis of the precipitated polymer displayed no
signals for crosslinker 1b (Figure IV-S12), and 'H NMR of the concentrated supernatant displayed
signals for 1b (Figure IV-S13). These results indicate that PheoA can selectively activate our
dithiobenzoate to polymerize MMA in the presence of our TTC crosslinker.

Next, we moved on to determine if ZnTPP could selectively activate our TTC crosslinker.
We began with a model polymerization of MA from TTC 1b catalyzed by ZnTPP in green light
(Scheme IV-S1). It was found that higher concentrations of ZnTPP produced polymers that
displayed either bimodal or high molecular weight shouldering in GPC (Figure IV-S6). Lowering
the catalyst amount from 0.00125 mol% to 0.000625 mol% with respect to MA produced well
defined polymers after 30 minutes of irradiation. However, longer irradiation times produced
polymers with high molecular weight shouldering in GPC. Additionally, chain extensions with
ZnTPP of polymers produced after 30 minutes of irradiation yielded an increase in molecular
weight, but also displayed high molecular weight shouldering (Figure IV-S7). Despite these flaws
we endeavored to study whether or not the polymerization would be selective for the TTC in this
limited reaction window. A model polymerization of MA from crosslinker 1b in the presence of
ZnTPP and RAFT-PMMA-co-PFMA was irradiated for 30 minutes under green light.

Interestingly, no observable polymerization occurred. These results were surprising as ZnTPP has
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Figure I'V-3. (A) Structures of trithiocarbonates. (B) Comparison of symmetric and asymmetric TTC
fragmentation pathways.

been reported to function with a number of trithiocarbonates and there have been no reports of a
similar loss of control after such a short amount of time.

To gain a better understanding of these results, a control experiment was conducted using
conditions from a previously reported polymerization of MA with 2-(n-butyltrithiocarbonate)
propionic acid (BTPA) (Figure IV-3A) as a TTC RAFT agent and ZnTPP as a photocatalyst.'?
Results obtained from this polymerization closely match those reported (Table IV-S7). This
experiment seems to eliminate impurities in the catalyst or any potential differences of the light
source as possible explanations for our observations. Furthermore, our TTC crosslinker has been
shown to produce well defined polymers with 10-phenylphenothiazine (PTH) as a photocatalyst
and has been demonstrated to perform multiple chain extensions in the presence of PTH which
would eliminate the crosslinker as a potential problem. All of this data may suggest that it is the

combination of ZnTPP and crosslinker 1b that produces the observed loss of control.
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To the best of our knowledge, all reports of utilizing ZnTPP as a photocatalyst with TTCs
have been performed with asymmetric TTCs and there are no examples of ZnTPP activating a
symmetrical TTC. Given that symmetrical TTCs can fragment from both sides of the TTC while
asymmetric TTCs can only fragment from one side, it may be possible that there is a mechanistic
explanation for our observations based off the structural differences between symmetric and
asymmetric TTCs (Figure IV-3B). To investigate this hypothesis a symmetrical TTC with the
same initiating group as BTPA 2b could be examined for the ability to polymerize MA in the
presence of ZnTPP as polymerizations with BTPA have been shown to be successful (Table IV-
S7). If the polymerization of 2b is successful, then the observed loss of control may be more
specific to crosslinker 1b. If the polymerization is unsuccessful, then it may be more evidence that
ZnTPP has a negative interaction with symmetrical TTCs.

Regardless of the outcome of these experiments the fact remains that ZnTPP is not an ideal
catalyst to achieve the desired site selective network expansions in either RAFT- or ATRP-PGNNs
with our crosslinker TTC. To address this issue, further work must be done to develop a method
that utilizes either a new catalyst that is selective for the TTC crosslinker 1b or implements a new
TTC crosslinker that can be selectively activated by either ZnTPP or by direct photolysis with
visible light. However, to the best of our knowledge there are currently no reports of another
photocatalyst that is selective for TTCs over dithiobenzoates. For this reason, selection of a new
crosslinker may prove to be a more fruitful approach. To this end, if ZnTPP can be demonstrated
to effectively control polymerization from 2b, then bis-maleimide crosslinker 2 could replace 1 as
the crosslinker (Figure IV-3A). Additionally, crosslinker 2 could be used under direct photolysis
conditions with blue light if ZnTPP is unable to act as an effective catalyst. However, further

selectivity experiments would need to be conducted if a photolysis iniferter polymerization was
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pursued. Alternatively, asymmetric crosslinker 3 (Figure IV-3) could be utilized with ZnTPP.
While it is unclear whether the asymmetric nature of this crosslinker will produce different results
from a symmetrical crosslinker when it comes to network expansion, it still stands as a viable

option to implement the site selective expansion of PGNNs.

CONCLUSION

Here we describe the preparation of a second generation of PGNNs functionalized with
two types of controlled radical polymerization initiators. This second generation of PGNNs is
poised to experience site selective expansions as a means to study the effects on network size and
morphology. RAFT-PGNNs were prepared through a DA between a furan functionalized scaffold
polymer and a bis-maleimide TTC. Selectivity experiments were performed to determine the
optimal conditions to perform the selective expansions. Through these experiments it was
determined that ZnTPP is ultimately incompatible with the bis-maleimide TTC. Further
investigations into selective expansions from the TTC crosslinker must be conducted in order to
achieve the desired site selective expansion. Additionally, preparation of ATRP-PGNNs and the

selectivity of the ATRP expansion conditions must be evaluated.

EXPERIMENTAL
Materials:
All reagents and solvents were purchased from Sigma Aldrich and used as received unless
otherwise stated. Methyl acrylate (MA), methyl methacrylate (MMA), and furfuryl methacrylate
(FMA) were purified immediately before use in RAFT polymerizations by passing through a short

column of inhibitor removers purchased from Sigma Aldrich. Inhibitors were not removed for
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monomers used in ATRP polymerizations. TTC 1 and 1b were synthesized as previously
reported.!?> Polymerizations under green light were performed at 530 nm and polymerizations
under red light were performed at 660 nm. Copper wire (5 cm, 0.25 mm) was submerged in
concentrated HCI for 20 minutes, washed with water and acetone, and then dried under nitrogen

immediately before use.

Material Characterization:

All 'H and '3C spectra were obtained using a JEOL ECA 400 (400 MHz), or a ECA-600 (600
MHz) spectrometer. Chemical shifts were measured relative to residual solvent peaks as an
internal standard. TEM imaging was performed using a JEOL 2010 F Transmission Electron
Microscope at 200 kV with formvar coated or holey carbon coated copper grids. Gel permeation
chromatography (GPC) was performed using a Tosoh high performance GPC system HLC-8320
equipped with an auto injector, a dual differential refractive index detector and TSKgel G series
columns connected in series (7.8x300 mm TSKgel G5000HxI, TSKgel G4000Hx1, TSKgel
G3000HxI). GPC analysis was carried out in HPLC grade tetrahydrofuran (THF) with a flow rate
of 1.0 mL/min at 40 °C. Molecular weights (Mn and Mw) and molecular weight distributions were
calculated from polymethyl methacrylate (PMMA) standards with molecular weights of 800 to

2.2x106 g mol-1 provided by Polymer Standard Service (PSS).

Acknowledgement: All experiments were conducted alongside coauthor Enkhjargal Tsogtgerel
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Synthesis:

RAFT polymerization of MMA and FMA (85/15): CPADB (151.6 mg, 0.5426 mmol) and AIBN
(13.36 mg, 0.0814 mmol), MMA (3 mL, 28.16 mmol) and FMA (0.766 mL, 4.97 mmol) were
dissolved in DMSO (3.766 mL) in a 4 dr vial. The reaction vessel was sealed with a rubber septum
and degassed by three freeze-pump-thaw cycles, placed into an oil bath at 70°C. The reaction was

left to proceed for 14 hours and then precipitated in ether. My, gpc = 6603 g/mol, b = 1.12.

Cu(0) mediated ATRP polymerization of MMA and FMA (85/15): Cu(II)Br> (2 mg, 0.0090
mmol), MMA (1 mL, 9.389 mmol), FMA (0.255 mL, 1.657 mmol) and MesTren (2.88 uL, 0.0108
mmol) were dissolved in DMSO (1.255 mL) in a 1dr vial. Concurrently, in a separate vial, a stir
bar wrapped with 5 cm of Copper wire was immersed in concentrated HCI and stirred for 20
minutes, washed with water and acetone and dried. The stir bar was then placed into the reaction
vessel and MBPA (28.3 puL, 0.1795 mmol) was added. The reaction vessel was sealed with a rubber
septum and degassed with nitrogen for 15 minutes while stirring. The reaction was left to proceed

for 7 hours at rt and then precipitated in methanol. M, gpc = 8573 g/mol, B =1.16.

General procedure for Diels-Alder nanonetwork formation: PMMA-co-PFMA and TTC (2
eq) were dissolved in anhydrous DMSO (0.02 M with respect to furan unit) stirred at 60°C for 6
hours. An aliquot was taken for 'H NMR analysis. The reaction was cooled down and excess
amount of furan was added to the reaction and stirred at rt for 24 hours. The reaction was then
diluted with DCM and dialyzed for two days in 10kDa MWCO snakeskin tubing against 1:1

mixture of MeCN:THF.
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Model reactions:

Chain extension of RAFT PMMA-co-PFMA with MMA: In a 1dr vial, RAFT PMMA-co-
PFMA (66 mg, 0.01 mmol) and PheoA (0.01185 mg, 0.00002 mmol) were dissolved in 2M
solution of MMA (426 uL, 4 mmol) in DMSO (426 ul). The reaction vessel was sealed with a
rubber septum, degassed with nitrogen for 20 minutes and irradiated with red light for 17 hours.

The reaction was quenched by exposing it to open air and precipitated in methanol.

Chain extension of ATRP PMMA-co-PFMA with MMA: Macroinitiator (100 mg, 0.0117
mmol), Cu(Il)Brz (0.13 mg, 0.00058 mmol), MMA (124.1 uL, 1.165 mmol) and MesTren (0.187
uL, 0.0007 mmol) were dissolved in DMSO (528.5 ul) in a 1dr vial. Concurrently, in a separate
vial, a stir bar wrapped with 5 cm of Copper wire was immersed in concentrated HCI and stirred
for 20 minutes, washed with water and acetone and dried. The stir bar was then placed into the
reaction vessel. The reaction vessel was sealed with a rubber septum and degassed with nitrogen
for 15 minutes while stirring. The reaction was left to proceed for 17.5 hours at rt° and then

precipitated in methanol. My, gpc = 10,769 g/mol, D =1.13

Selective chain extension of RAFT PMMA-co-PFMA with MMA in the presence of TTC 1b,
mediated by PheoA: In a 1dr vial, RAFT PMMA-co-PFMA (66 mg, 0.01 mmol), furan capped
TTC (6.6 mg, 0.01 mmol) and PheoA (0.0237 mg, 0.00004 mmol) were dissolved in 2M solution
of MMA (426 uL, 4 mmol) in DMSO (2 mL). The reaction vessel was sealed with a rubber septum,
degassed with nitrogen for 20 minutes and irradiated with red light for 23 hours. The reaction was

quenched by exposing it to open air and precipitated in methanol. The precipitated polymer was
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dried and submitted for 'H NMR and GPC analysis. The supernatant was concentrated and

submitted for 'H NMR analysis.

Selective polymerization of MA from TTC 1b, mediated by ZnTPP in the presence of RAFT
PMMA-co-PFMA: In a 1dr vial, RAFT PMMA-co-PFMA (33 mg, 0.005 mmol), furan capped
TTC (6.6 mg, 0.01 mmol) and ZnTPP (0.0211 mg, 0.00003 mmol) were dissolved in a solution of
MA (450 pL, 5 mmol) in DMSO (2.5 mL). The reaction vessel was sealed with a rubber septum
and degassed with nitrogen for 20 minutes. The reaction was irradiated with green light for 30

minutes, 2 cm from the light source.

Scheme IV-S1. Model polymerization of MA from 1b mediated by ZnTPP.
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Polymerization of MA from 1b mediated by ZnTPP: Ina 1dr vial, TTC 1b (6.6 mg, 0.01 mmol)
and ZnTPP (0.0211 mg, 0.00003 mmol) were dissolved in a solution of MA (450 pL, 5 mmol) in
DMSO (450 pL). The reaction vessel was sealed with a rubber septum and degassed with nitrogen
for 20 minutes. The reaction was irradiated with green light for 30 minutes, 2 cm from the light

source.
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GPC Analysis
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Figure I'V-S1. GPC traces of RAFT and ATRP statistical copolymers with FMA.
Table IV-S1. GPC analysis of RAFT and ATRP statistical copolymers with FMA.
M,* .
Entry Sample o/mol b
1 RAFT-PMMA-co-PFMA 6,300 1.13
2 ATRP-PMMA-co-PFMA 8,600 1.16

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min.
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Figure IV-S2. GPC trace of RAFT-PMMA-co-PFMA chain extension with MMA.

Table IV-S2. GPC analysis of RAFT-PMMA-co-PFMA chain extension with MMA.

M,*

Entry Sample o/mol b
1 RAFT-PMMA-co-PFMA 6,300 1.13
2 RAFT-PMMA-co-PFMA-b-PMMA 14,600 1.10

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min
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Figure IV-S3. GPC trace of ATRP-PMMA-co-PFMA chain extension with MMA.
Table IV-S3. GPC analysis of ATRP-PMMA-co-PFMA chain extension with MMA.
Mna a
Entry Sample o/mol b
1 ATRP-PMMA-co-PFMA 8,600 1.16
2 ATRP-PMMA-co-PFMA-b-PMMA 10,800 1.13

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min.
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Figure IV-S4. GPC trace of RAFT-PMMA-co-PFMA chain extension with MMA in the presence of 1b.

Table IV-S4. GPC analysis of RAFT-PMMA-co-PFMA chain extension with MMA in the presence of
1b.

M,*

Entry Sample o/mol b
1 RAFT-PMMA-co-PFMA 6,300
2 RAFT-PMMA-co-PFMA-b-PMMA 20,000

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min.
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Figure IV-S5. GPC trace of RAFT-PGNN.
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Figure IV-S6. GPC traces of MA polymerizations from 1b mediated by ZnTPP.

Table IV-S5. GPC analysis of MA polymerizations from 1b mediated by ZnTPP.

asuodsay |y pazijew.oN

ZnTPP

Time M,*

Entry Sample mol% (min) g/mol D
1 PMA 0.000625 30 10,400 1.13
2 PMA 0.000625 60 25,400 1.17
3 PMA 0.001250 30 23,400 1.16

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min.
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Figure IV-S7. GPC trace of PMA chain extension with MA and 0.000625 mol% ZnTPP.

Table IV-S6. GPC analysis of PMA chain extension with MA and 0.000625 mol% ZnTPP.

M,* a
Entry Sample o/mol D
1 PMA 16,200 1.15
2 PMA-b-PMA 34,700 1.25

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min.

Table IV-S7. GPC analysis and comparison of MA polymerization with BTPA mediated by ZnTPP.

\Y .
Entry Sample o/mol D
1 PMA 13,700 1.07
2 PMA from literature'’ 13,100 1.09

“Molecular weight and polydispersity measured by GPC in THF at 40°C and a flow rate of 1mL/min.
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Selected TEM Images

Figure IV-S8. TEM image of RAFT-PGNN.
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Figure IV-S9. 'H NMR (CDCls, 600 MHz) of RAFT-PMMA-co-PFMA.

144



NO O @ ™M wny r~ o ©
=+ N ™M m = n ~ <
~~ - ©© ~ ™ o

\ V \/ |

o)

~o

f

f
f

methanol
b

CHCl,

S D G )

1.39
1.39
—0.99
—0.81

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5

Figure IV-S10. 'H NMR (CDCls, 400 MHz) of ATRP-PMMA-co-PFMA.
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Figure IV-S11. "H NMR (CDCl3, 600 MHz) of RAFT-PGNN.
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Figure IV-S12. 'H NMR (CDCls, 600 MHz) of RAFT-PMMA-co-PFMA-b-PMMA produced in
the presence of 1b.
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Figure IV-S13. Crude 'H NMR (CDCls, 400 MHz) of concentrated supernatant produced from
the chain extension of RAFT-PMMA-co-PFMA in the presence of 1b.
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CHAPTER V

PROGRESS TOWARDS THE PREPARATION AND PHOTOCONTROLLED

GROWTH OF SELF-ASSEMBLED PHOTORESPONSIVE MATERIALS

INTRODUCTION

There has been an ongoing interest in the manipulation of functional materials post network
formation.!” These manipulations have been executed with several reversible deactivation radical
polymerization (RDRP) techniques, such as reversible addition-fragmentation chain-transfer
(RAFT), atom transfer radical polymerization (ATRP),” and nitroxide mediated polymerization
(NMP),® which allowed for the controlled modification of the polymer networks. Precise
manipulations of networks, both in the bulk! °!*> and on the nanoscale,'* were advanced through

13.15-16 \which provided

the development and implementation of light-mediated polymerizations
greater external control and thus greater spatial and temporal control.

We have recently developed a nanoparticle system crosslinked with trithiocarbonates
(TTC) capable of experiencing precise manipulations through a photoredox mediated
polymerization.'*  Through this process photogrowable nanonetworks (PGNNs) can be
controllably altered in both size and network properties to produce differentiated progeny that
inherit the properties of the newly integrated polymer chains. We now seek to investigate the
effects this photogrowth process has on network architectures and morphologies.

Self-complementary quadruple hydrogen bonding motif 2-ureido-4[1H]-pyrimidinone
(UPy) has been exploited to prepare a variety of reversible self-assembling supramolecular

17-26

polymers, hydrogels, and nanofibers. Ureido-pyrimidinones possess a hydrogen bond
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acceptor-acceptor-donor-donor type structure that allows them to effectively dimerize through
complementary hydrogen bonding (Figure V-1A). When urea or urethane (U) groups are
positioned in close proximity to the UPy (UPy-U), additional lateral stacking is obtained through
hydrogen bonding between urea or urethane groups to form stacks of Upy dimers. (Figure V-1B).

Additionally, Bis-UPy-U compounds that possess a sufficiently long spacer between UPy moieties

0= "N
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Figure V-1. (A) General structures of ureidopyrimidinone (UPy) and its dimer. (B) General structure
of UPy with urea or urethane moieties and the illustration of dimerization and lateral stacking. (C)
General structure of a Bis-Upy with urea or urethane and the illustration of self-dimerization and lateral
stacking.
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are capable of self-dimerization which have been demonstrated to undergo lateral stacking to
produce nanofibers (Figure V-1C).?

We envision that the combination of our previously described photogrowth process with a
UPy network will allow for the development of a photoresponsive material capable of
experiencing morphological transformations from a gel to a fiber type architecture as a result of
the introduction of new polymer chains between UPy units (Figure V-2). We sought to
accomplish this by connecting UPy-Urea units with a TTC through short spacers to prevent self-

dimerization. Polymerization from the TTC will increase the distance between UPy units and

allow for the formation of self-dimers that can laterally stack to form nanofibers either unaided or

R4 R4
Z NH O (o] (o] O HN™ N

H H H H
o N/)\NJLN/\/ &SYS%LO/\/N N\/\NJLN)\\N o
H H i H H

S
Bis-UPy-Urea-TTC

H-bond
Bis-UPy-Urea-TTC Expanded Bis-UPy-Urea-TTC Disruption
Stack Stack
Lateral Stacking ﬁ“ ’ )
Bis-UPy-Urea-TTC Dimer Fiber Bis-UPy-Urea-TTC Dimer

Figure V-2. General structure of the proposed Bis-UPy-Urea-TTC and the schematic description of
the proposed transformation from a self-assembled gel to a self-assembled fiber facilitated by
polymerization from the TTC.
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promoted by hydrogen bond disruption. Herein we aim to examine the synthesis and network
formation of a Bis-UPy-Urea-TTC as a means to investigate how the photogrowth process affects

self-assembled supramolecular networks.

RESULTS AND DISCUSSION

Synthesis of a Bis-Ureidopyrimidinone-Urea-Trithiocarbonate

To realize this goal, we designed Bis-UPy-Urea-TTC 7. We chose 6-methylisocytosine 1
as the foundation for our UPy unit due to its synthetic accessibility and the bis-dimethyl TTC as
the TTC due to its success in our previous works.'* We began the synthesis by first preparing 2-
aminopyrimidinone 1 from the condensation of guanidine carbonate with ethyl acetoacetate.
Pyrimidinone 1 was then reacted with carbonyldimidazole (CDI) to form the imidazole urea 2
which was subsequently reacted with N-Boc-ethylenediamine to produce 3. Removal of the Boc

group was performed with HCI and the hydrochloride salt 4 was used without further purification.

Scheme V-1. Steps to the synthesis of Bis-UPy-Urea-TTC 7.
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Reaction of 4 with CDI produced the UPy-Urea imidazole 5. Formation of UPy-Urea 6 proved
difficult due to the poor solubility of 5 in organic solvents, however; the reaction did proceed in
dimethyl formamide (DMF) albeit with poor yields (< 40%). Unfortunately, UPy-Urea 6 proved
to be largely insoluble in organic solvents and only partially soluble in dimethyl sulfoxide
(DMSO). The limited solubility and poor yields for compound 6 led to the redesign of the UPy-
functionalized TTC.

Substitution of the methyl group on the pyrimidinone for a larger alkyl group such as 1-
ethylpentyl has been demonstrated to improve the solubility of other ureidopyrimidiones.?’” For
this reason, we elected to alter the design of the Bis-UPy-Urea-TTC to include the 1-ethylpentyl
substituted pyrimidinone 9 (Scheme V-2). Synthesis of the redesigned Upy began with the
preparation of B-oxo ester 8 through the reaction of mono-ethyl malonate and 2-ethylhexanoyl

chloride.  Cyclization and condensation of 8 with guanidine carbonate afforded 2-

Scheme V-2. Steps to the synthesis of a Bis-UPy-Urea-TTC.
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aminoureidopyrimidinone 9. Addition of CDI followed by N-Boc-ethylenediamine yielded Boc
protected UPy 11. Deprotection of the amine with trifluoroacetic acid (TFA) followed by reaction
with CDI provided UPy-Urea imidazole 13. Preparation and purification of UPy-Urea alcohol 14
proved difficult as NMR suggested that 13 degraded during the reaction and the crude product
proved to be significantly more aqueous soluble than previous steps. Additionally, the product
proved difficult to purify by column chromatography with silica. The increased aqueous solubility
and the difficulty with chromatography was attributed to the presences of the second urea group
which increases the hydrogen bonding which in turn makes the compound difficult to work with

in acidic environments. For these reasons, we elected to form the urea last.

Scheme V-3. Steps to the synthesis of Bis-UPy-Urea-TTC 17.
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To accomplish this TTC amine salt 16 was prepared through the esterification of acid
chloride 7 with N-Boc protected ethanol amine followed by deprotection with TFA (Scheme V-
3). Importantly, no hydrolysis of the ester groups is observed if the reaction is performed under
completely anhydrous conditions. Unfortunately, reaction of the amine salt 16 with UPy-Urea
imidazole 13 did not produce the desired Bis-UPy-Urea-TTC 17 as degradation of 13 appears to
predominate. More work needs to be done to prevent this degradation and determine if a solution

is possible or if a new synthetic route is required.
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CONCLUSION

Here we described the design and progress towards the preparation of a Bis-UPy-Urea-
TTC. Despite the current synthetic setbacks, the preparation of a symmetrical UPy-Urea
functionalized RAFT agent will be possible with some adaptations to the current synthetic route.
Preparation and implementation of a Bis-UPy-Urea-TTC stands to offer the opportunity to study

the manipulation of network morphology and architecture through a photogrowth process.

EXPERIMENTAL
Materials:
All reagents and solvents were purchased from Sigma Aldrich and used as received unless
otherwise stated. Chloroform, acetonitrile (MeCN), and dichloromethane were all purchased as

anhydrous. Compounds 1,?®2,%° 8,3°9-10,! 18,'* and 192 were prepared as previously described.

Characterization:
All ™H spectra were obtained using a JEOL ECA 400 (400 MHz), or ECA-600 (600 MHz)

spectrometer.

Synthesis:

tert-butyl (2-(3-(6-methyl-4-oxo0-1,4-dihydropyrimidin-2-yl)ureido)ethyl)carbamate (3)

In a flame dried round bottom flask, 2 (1.72 g, 7.78 mmol, 1 eq) was suspended in DMF (13 mL)
and N-Boc-ethylenediamine (1.48 mL, 9.34 mmol, 1.2 eq) was added under argon. The resulting

mixture stirred for 18 hours after which a white precipitate formed. Acetone (20 mL) was added
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to the reaction and the white precipitate was filtered and washed with acetone to afford 3 (2.38 g,

98%). 'H NMR (400 MHz, CDCls) & 5.82 (s, 1H), 3.34 (br s, 4H), 2.23 (s, 3H), 1.42 (s, 9H).

1-(2-aminoethyl)-3-(6-methyl-4-0x0-1,4-dihydropyrimidin-2-yl)urea hydrochloride (4)

To a round bottom flask was added 3 (2.2 g, 7.07 mmol), MeOH (20 mL), CH>Cl> (20 mL), and
HCl1 (2.5 mL). The resulting solution was stirred for 4 hours after which the reaction was
concentrated and CH>Cl, (20 mL) was added to precipitate the product. The suspension was then
filtered to afford 4 (1.68 g, 96%). 'H NMR (600 MHz, DMSO-ds) 6.05 (s, 1H) 3.38 (q, J=6 Hz,

2H), 2.87 (q, J=6 Hz, 2H), 2.2 (s, 3H).

N-(2-(3-(6-methyl-4-0x0-1,4-dihydropyrimidin-2-yl)ureido)ethyl)-1H-imidazole-1-
carboxamide (5)

To a flame dried flask, 4 (220 mg, 0.89 mmol, 1 eq), CHCI3 (24 mL), and EtsN (185 uL, 1.33
mmol, 1.5 eq) were added and the resulting mixture stirred at 60°C for 30 minutes after which
CDI (187 mg, 1.15 mmol, 1.3 eq) was added. The reaction then stirred at 60°C for 1.5 hours.
The reaction was cooled to room 0°C and water (40 uL) was added to decompose any remaining
CDI. The reaction was then concentrated, and the mixture was carried forward without further
purification. '"H NMR (600 MHz, DMSO-ds) 8.25 (s, 1H), 7.69 (s, 1H), 5.72 (s, 1H), 6.05 (s,

1H) 3.32 (s, 4H), 2.0 (s, 3H).
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1-(2-(3-(2-hydroxyethyl)ureido)ethyl)-3-(6-methyl-4-oxo0-1,4-dihydropyrimidin-2-yl)urea (6)
Reaction mixture of § was suspended in DMF (10 mL) then ethanol amine (53 uL, 0.89 mmol)
and EzN (124 uL, 0.89 mmol) were added. The resulting mixture stirred for 24 hours and then
acetone was added to precipitate the product which was then isolated by filtration to afford 6 (100
mg, 37%). 'H NMR (400 MHz, DMSO-ds) 5.78 (s, 1H), 3.35 (q, 6 Hz, 2H) 3.1 (m, 4H), 3.05 (q,

6 Hz, 2H), 2.1 (s, 3H).

tert-butyl (2-(3-(6-(heptan-3-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl)carbamate
(1)

To a flame dried flask, 10 (583 mg, 1.92 mmol, 1eq), N-Boc-ethylenediamine (339 mg, 2.11
mmol, 1.1eq), EtzN (294 uL, 1.72 mmol, 1.1 eq), and CHCI; (5 mL) were added. The reaction
stirred for 3 hours at 50°C after which the reaction washed twice with 1 M HCl and water the
organic layer dried over Na,SOu before concentration to provide 11 (720 mg, 95%). 'H NMR
(400 MHz, CDCl3) 6 5.80 (s, 1H), 3.35 (br s, 4H), 2.29 (m, 1H), 1.54 (m, 4H), 1.42 (s, 9H), 1.25

(m, 4H), 0.87 (m, 6H).

1-(2-aminoethyl)-3-(6-(heptan-3-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)urea, 2,2,2- acetate
salt (12)

To a round bottom flask, 11 (600 mg, 1.52 mmol), TFA (2 mL), and CH>Cl> (8 mL) were added.
The reaction stirred for 2 hours after which the reaction was concentrated to afford 12 (609 mg,
98%) which was used without further purification. '"H NMR (400 MHz, CDCls) § 6.11 (s, 1H),

3.65 (br s, 2H), 3.30 (br's, 2H), 2.51 (m, 1H), 1.65 (m, 4H), 1.24 (m, 4H), 0.87 (m, 6H).
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N-(2-(3-(6-(heptan-3-yl)-4-oxo0-1,4-dihydropyrimidin-2-yl)ureido)ethyl)-1H-imidazole-1-
carboxamide (13)

To a flame dried flask, 12 (373 mg, 0.91 mmol, 1 eq), CDI (191 mg, 1.18 mmol, 1.3 eq), EtzN
(164 uL, 1.18 mmol, 1.3 eq), and CHCIl3 (5 mL) were added. The reaction stirred 1 hour after
which the reaction was diluted with CHCl3 and washed with 1M HCI, then water. The organic
layer was collected, dried over Na,SOs, and concentrated to afford 13 (304 mg, 86%). 'H NMR
(400 MHz, CDClI3) 6 8.3 (s, 1H), 7.56 (s, 1H), 7.05 (s, 1H), 5.87 (s, 1H), 3.65 (brs, 2H), 3.53 (br

s, 2H), 2.38 (m, 1H), 1.63 (m, 4H), 1.26 (m, 4H), 0.88 (m, 6H).

1-(6-(heptan-3-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)-3-(2-(3-(2-
hydroxyethyl)ureido)ethyl)urea (14)

To a flame dried flask, 13 (200 mg, 0.51 mmol, 1 eq) EtsN (79 uL, 0.56 mmol, 1.1 eq), ethanol
amine (34 uL, 0.56 mmol, 1.1 eq), and CHCI; (5§ mL) were added. The reaction stirred for 24
hours after which the reaction was concentrated. Crude 'H NMR (400 MHz, CDCl3) § 5.77 (s,
1H), 3.65 (brs, 2H), 3.50 (br s, 2H), 3.28 (m, 4H), 2.29 (m, 1H), 1.54 (m, 4H), 1.24 (m, 4H),

0.82 (m, 6H).

bis(2-((tert-butoxycarbonyl)amino)ethyl) 2,2'-(thiocarbonylbis(sulfanediyl))bis(2-
methylpropanoate) (15)

To flame dried flask, 19 (1.05 g, 6.52 mmol, 2.2 eq), pyridine (525 uL, 6.52 mmol, 2.2 eq) and
CHCI3 (15 mL) were added. A solution of 18 (939 mg, 2.96 mmol, 1 eq) in CHCI3 (5 mL) was
added dropwise to the flask under argon at 0°C. The reaction stirred for 1 hour at 0°C and then

at room temperature for 2 hours. The reaction was then diluted with CHCl3; and washed with 1M
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HCI, sat. NaHCO3, and the organic layer dried over Na>xSOs, and concentrated to afford 15 (1.56
g,93%) 'HNMR (400 MHz, CDCls) & 4.15 (t, J=4Hz, 4H), 3.35 (q, J=5Hz, 4H), 1.65 (s, 12H),

1.42 (s, 18H).

bis(2-aminoethyl) 2,2'-(thiocarbonylbis(sulfanediyl))bis(2-methylpropanoate), 2,2,2-
trifluoroacetate salt (16)

To a flame dried flask, 15 (1 g, 1.76 mmol), TFA (3 mL), and CH>Cl, (12 mL) were added. The
reaction stirred for 2 hours after which the solvent was removed and the product 16 (1 g, 96%)
was used without further purification. 'H NMR (400 MHz, CDCl;) & 4.41 (t, J=4Hz, 4H), 3.38

(q, J=5Hz, 4H), 1.69 (s, 12H).
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Chapter VI

FUTURE DIRECTIONS

In this body of works we have successfully demonstrated the design and preparation of
photoresponsive polymeric nanomaterials capable of experiencing controlled manipulations in
size and network properties through the incorporation of various monomers into network
crosslinks via light-mediated polymerizations. In addition to continuing the works on the site
selective network expansions and the investigation into the manipulation of morphology in self-
assembled materials, there exist several directions for the advancement of the developed

photocontrolled growth process.

First, we have demonstrated the successful incorporation of multiblock copolymer
compositions into the network architecture. Since block copolymers are known to micro-phase
separate there stands an opportunity to investigate whether micro-phase separation occurs within
nanonetworks expanded with block copolymer compositions. Furthermore, if phase separation is
occurring it would be interesting to study how the nanonetworks are affected and if they are
capable of self-assembly. Additionally, if phase separation is possible then the described
photocontrolled growth process could be used to explore if the preparation of phase separated janus

type nanoparticles is possible through this process.

Second, with the increased interest in network manipulations, there has been an increased
interest in network defects. Given that the described photogrowable nanonetworks are fully
soluble in organic solvents, they may provide useful benefits over their insoluble bulk gel counter
parts when it comes to studying these network defects. Additionally, the current synthetic routes

of the photogrowable networks (i.e. thiol-maleimide and Diels-Alder) inevitably produce network
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defects in the form of loops. This occurs when an intramolecular crosslinking reaction takes place
instead of an intermolecular crosslinking reaction. Work could be done to determine the number
of loops present in the parent nanonetwork and in the produced daughter networks after expansion.
Understanding how the number of loops change or how the presence of loops affects the expansion

process will provide a better understanding of network defects.

Likewise, our proposed site selective expansions could provide a deeper understanding of
the role that loops play during the network expansion. Expansions from the network scaffold
polymers should be independent of interactions with loop defects, while expansions from the
network crosslinks would be prone to interactions with loops. Comparison of the number of loops
before and after network expansion from the scaffold polymer could reveal if or how the network
crosslinks change as a result of these polymerizations. The ability to selectively expand from these
specific sites could provide further insight into how loops and network defects affect

polymerizations occurring within the network.
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