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Abstract

Diverse synthetic methods for the preparation of polymer materials
by

Anna Melker

New synthetic methods in polymer chemistry developed over the last twenty years
and advances in materials characterization tools have enabled the creation of
highly defined, discrete polymers. The advances in chemistry allow for the tar-
geting of specific molar masses with low molar mass distributions, which in turn
allows for more direct studies of structure-to-property relationships, including
matching experimental results more closely with theory. Facile, one-pot synthesis
of diblock and multiblock copolymers to high monomer conversion, without the
need to stop and purify after each addition, have enabled precise control over
molar masses with high degrees of chain end fidelity and where each block has a
discrete, known composition. When the blocks are chosen to be chemically in-
compatible e.g. immiscible, they can undergo interesting self-assembly behavior to
form spherical, hexagonally packed, gyroid, and lamellar architectures, depending
on the degree of polymerization, volume fractions of each block, and the repulsive
interactions between the monomers. As each of the blocks can be precisely known
down to each degree of polymerization, this enables the construction of accurate
phase diagrams with high degrees of certainty for these materials. This helps
develop a closer match between experimentalists and theorists looking to design

new materials with never-before-seen phases and properties, ultimately advancing
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the applications of block copolymers in nanotechnology.
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Chapter 1

Introduction

1.1 Permissions and Attributions

1. The content of chapter 2 has previously appeared in the Journal of Polymer
Science: Part A, Polymer Chemistry. It is reproduced here in accordance

with the journal’s author use guidelines.

1.2 Polymerization Techniques and Characteri-
zation

Recent advances in polymer synthesis have allowed polymer chemists to de-
velop polymerizations with unprecedented degrees of control. [1,|2] Under ideal
conditions in these reactions, chain ends successfully pop on and off in a con-
trolled manner to accommodate more monomer units over time, leading to poly-

mers with nearly equal chain lengths. These polymerizations are marked by min-
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imal to no termination events or side reactions hampering polymer growth and
are highly prized among the polymer community to make discrete materials of
known composition. Mimicking the ability of nature to create precise materials
ushers in unprecedented control over molecular architecture, allowing for more
concrete studies on structure-to-property relationships and enabling the design
and synthesis of new materials for very specific applications.

Polymers synthesized through techniques such as atom-transfer radical poly-
merization (ATRP), [3] reversible addition-fragmentation chain-transfer (RAFT),
[4] and nitroxide-mediated polymerization (NMP) [5] result in materials with a
high degree of control over molar mass, affording even molar mass distributions
(D, the polydispersity index), retention of chain end fidelity, and in some cases,
precisely known, discrete molecular architecture (such as pertaining to diblock or
multiblock functionalities). In light-mediated ATRP, particular combination of
solvents and photocatalysts allowed the synthesis of methacrylates and acrylates,
depending on exact reaction conditions. The discovery of the use of Ir(ppy)s to
control synthesis of methacrylates in NMP solvent was presented by Fors and
Hawker [6] and explored herein. The proposed reaction mechanism is shown in
Figure|l.1

Copper catalyzed ATRP is a more traditional form of controlled radical poly-
merization, but recent variations include the addition of copper wire [8] or con-
ducting the polymerizations under irradiation. |9]. This chemistry enables the
facile synthesis of acrylic polymers through high conversion (> 95 %) in a variety
of solvents (Figure [1.2)).

Concurrently, molar mass and molar mass distributions have the ability to
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TR
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P,-Br hv Ver- P* +M

Irlil

fac-[Ir(ppy)al

Figure 1.1: A proposed mechanism for the controlled radical polymerization

of methacrylates using visible light and an Ir-photocatalyst. P,, refers to the

growing polymer chain. Scheme reproduced from references [6] and [7].
affect properties of the polymer material. Just a small variation in chain length
between polymer chains could have an affect on the nanoscale packing and order
of self-assembling polymers. |[10] However, the end applications of the resultant
polymer may not depend on the polymerizations being highly controlled. Indeed,
in some cases some degree of variation between chain lengths or chain end fidelity
can be tolerated and even sought after. Such is the case with highly branched and
crosslinked materials, where a D> 1.5 is a desirable attribute. A consequence of
uncontrolled, negative termination reactions could be a high D.

For example, a focus of part of the work herein was on free-radical polymer-
ization of sulfur with unsaturated hydrocarbons. [11] Heat-activated ring opening
of elemental sulfur above 159°C induces free radical polymerization through un-
saturated bonds in alkenes and alkynes (Figure [1.3)). The final architecture of the
polymer was designed to be highly branched and crosslinked, to form a network

amenable to Li ion transportation and conduction.
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h
Meg-Tren +R-X ? [Meg-Tren]'* +Re + X Initiation
R* + nM R-P,* Propagation

M + R—P,* + Cu(Meg-Tren)X, =——= R-P,-X + Cu(Meg-Tren)X

[Meg-Tren]*+ + Cu(Meg-Tren)X + X- — Meg-Tren + Cu(Meg-Tren) X,
or
Cu® + Cu(Meg-Tren)X,

2 Cu(Meg-Tren)X

Figure 1.2: A proposed mechanism for the controlled radical polymerization of
(meth)acrylates using visible light, a tertiary amine ligand (MegTren), and a
copper catalyst. Scheme reproduced from references |7] and [E[]

The controlled nature of a polymerization can be determined through kinetic
experiments, where the reaction mixture is sampled over the course of time to
determine how much of the starting material remains and how much of the prod-
uct has been made. Recent experiments using magnetic tweezers have shown that
unlike speculations that controlled polymer growth occurs in continuous defined
steps, polymers are grown in growth spurts. Regardless of the livingness of
a reaction, it is useful to determine polymer addition over time from kinetic ex-
periments. Kinetics can be monitored by Nuclear Magnetic Resonance (NMR) by
integrating the peak corresponding to certain protons on the polymer and compar-
ing it to the size of the peak for the monomer protons. The ratio of concentration
of monomer at time zero (¢ = 0) divided by the concentration of monomer at time
= t gives information on the percent conversion. The logarithm of this ratio, when
plotted against time = ¢, is a straight line for the polymerization to be considered

controlled or living.
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Figure 1.3: A ring opening polymerization, termed inverse vulcanization, occurs

at high temperature, where sulfur diradicals attack alkenes to form polymeric

sulfur. Scheme reproduced from reference [11].

Other techniques, such as Differential Scanning Calorimetry (DSC), Gel Per-
meation Chromatography/Size Exclusion Chromatography (GPC or SEC), Fourier
Transform Infrared Spectroscopy (FTIR), and Gas Chromatography Mass Spec-
trometry (GC MS) can also be used. In the case of GPC, which is most commonly
used as a complementary method to reaffirm NMR results and give a additional
information on molar mass and molar mass distribution of the polymer, crude
reaction mixtures are injected into the GPC instrument and polymer molecules
are sorted based on residence time in the column. Therefore, at the beginning of
the reaction, the polymer chain lengths will be shorter and have a longer reten-
tion time on the column than at the end of the polymerization, assuming linear
growth and no negative side reactions occur, such as termination events. DSC
can be used for samples that are insoluble and where starting materials or prod-
ucts have a distinct signature in the DSC, such as a melt temperature (7',) or
a glass transition temperature (7,), and it can be a facile, lower cost alternative
to solid state NMR. However, simply the appearance or disappearance of one of
these peaks is not thorough enough: in the case of sulfur-containing polymers,

a calibration curve must be made for known amounts of elemental sulfur before
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determining the amount of unreacted sulfur remaining in the final product. [11]
Electron Spray Ionization Mass Spectrometry (ESI MS) and MALDI TOF experi-
ments are commonly employed to determine chain end fidelity, which is important
for additional functionalization such as growing a second block of polymer and as
a way to check for reaction control. [13]

Determining the molecular composition of insoluble, non-carbon based poly-
mers, such as those containing high amounts of sulfur or silicon, necessitates differ-
ent instrumentation. X-Ray Photoelectron Spectroscopy (XPS) is a highly useful
technique for analyzing powders and thin films, where x-rays penetrate the surface
of the polymer film (<10nm depth) with specific x-ray energies to release k-shell
electrons. XPS gives structural information on which atoms are connected to one
another and the relative abundances of each atom. For more information on film
composition, in cases where there can be two or more films or in diblock copoly-
mers, DSIMS is useful as it ablates away layers to determine composition based
on depth, similar to X-Ray Reflectivity Diffractometry (XRD) used for inorganic
materials. XPS is a great technique for diblock copolymers composed partially of
fluorinated blocks, which selectively assemble at the top of a thin polymer film,
leading to interesting surface properties. [14] Fourier Transform Infrared Spec-
troscopy is another technique to determine which functional groups are present
on an insoluble polymer, especially helpful to determine whether a reaction has
succeeded in transforming a functional group. In the case of sulfur-containing

polymers, Raman spectroscopy is useful as it shows S-S bond signatures.
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1.3 Physical Properties

The end applications of polymers often require specific physical attributes.
Physical properties of polymers are commonly reported alongside organic reac-
tion characterization data, going further than traditional melting point data of
organic compounds. Differential Scanning Calorimetry (DSC) and Thermal Gravi-
metric Analysis (TGA) are employed to determine thermal properties of polymers.
DSC gives information on enthalpy of heat, melting and crystallization temper-
atures, and glass transition temperature. Rates of heating, whether a sample is
first heated or cooled, as well as size of the sample, all affect the data collected.
Therefore, changes in sample prep can lead to slight variations in the size of ther-
mal transitions and should be noted when comparing data to the literature and
between samples. Data should be reported from the second or third heating or
cooling cycle to remove thermal history of the sample, except in the cases where
DSC is used to determine at what temperature the reaction occurs between start-
ing materials.

TGA is used to determine how temperature affects the polymer, such as under
intensive applications in high heat applications. When dealing with temperature
sensitive polymers, it is important to know at what temperature they degrade
or change. This is especially important with poly(tert-butyl acrylate), where
the tert-butyl group can be thermally excised from the polymer chain to form
poly(acrylic anhydride) at an elevated temperature. Caution should be taken
when thermally annealing these polymers for SAXS experiments and any other
thin film characterization, as their morphology could change upon thermal de-

protection to the anhydride. [15] Thermosets are polymers that have high heat
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tolerance and do not degrade (measured as a loss of mass) until high tempera-
tures, usually above 300°C. Thermosets typically do not melt, but degrade before
they reach the temperature at which they would melt. TGA data represent the

degradation temperature at which 5% of the mass has been lost, Tgeg.

1.4 Polymer Morphology

The study of the three dimensional structure of polymer chains is a criti-
cal component to property-driven materials design. Polymers self-organize or
self-assemble into shapes depending on a variety of forces, from intermolecular
and intramolecular repulsions and attractions to Van Der Waals forces, hydrogen
bonding, and electrostatic repulsions. Polymers follow a random walk described
by Brownian motion equations, but in the case of mixed homopolymer blends
and diblock copolymers, things become more complicated. Single Chain in Mean
Field Theory (SCFT) calculations are used to approximate equilibrium morpholo-
gies exhibited by polymer blends or copolymers based on factors such as x and
the relative composition of each component. Polymer morphology is observed ex-
perimentally with Small Angle X-Ray Scattering where reflections on a 2D image
are processed to give a signature profile where the mathematical relationships be-
tween each inflection point to a specific morphology. [16] The canonical polymer
morphologies are spherical, cylindrical, gyroid, and lamellae, although many more
have been found and are theorized to exist (Figure [1.4)).

The work described herein deals with three distinctive polymerization strate-

gies to obtain materials for a broad array of applications using either light or
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— . —
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Figure 1.4: The four canonical morphologies that block copolymers can self-
-assemble into: spherical (S), cylindrical (C), gyroid (G), and lamellar (L).
Diagram here reproduced from reference [17].

heat stimuli: light-mediated Ir(ppy)s-catalyzed controlled radical polymerization,
light-mediated Cu ATRP, traditional Cu ATRP with copper wire (Cu (0)), and
high temperature, free radical inverse vulcanization for high sulfur catenation
materials. A particular focus of many of the projects was applications driven:
characterizing the materials beyond their chemical composition to their use as
the cathode material in Li-S batteries or analyzing their self-assembly behavior.
Chapter 2 describes the engineering of light-mediated Ir(ppy)s polymerizatios in
continuous flow reactors. Chapter 3 explores the use of sulfur-containing polymers
in Li-S batteries. Chapter 4 and 5 look at a series of highly defined diblock copoly-
mers, their self-assembly behavior, and resulting morphology through Small Angle
X-Ray Scattering. Chapter 6 describes a synthesis for fluorinated and hydrophobic
star polymers via Cu(0) chemistry in a fluorinated solvent, with high chain end in-
tegrity to synthesize block stars with minimal side reactions. The ability to access
new morphology in diblock copolymers is a direct result of unprecedented control
over polymerizations with exciting new synthetic polymer strategies, allowing us

to design a library of polymers to access never-before-seen polymer morphologies.



Chapter 2

Continuous flow synthesis of
poly(methyl methacrylate) via a
light-mediated controlled radical

polymerization

2.1 Introduction

Controlled radical polymerization techniques such as atom transfer radical
polymerization (ATRP), reversible addition fragmentation chain transfer poly-
merization (RAFT) and nitroxide mediated polymerization (NMP) have gained
considerable attention in the past several decades. An enabling feature of this tech-
nology is that non-experts can easily gain access to well-defined macromolecular

architectures based on the polymerization of a wide range of functionalized vinyl

10
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monomers. Recently, the ability to regulate controlled polymerizations through
a variety of stimuli has significantly increased the scope of applications for these
processes. |18}/19)

With the use of accessible external stimuli, such as applied voltage, [20] me-
chanical force |21] and light, [6}22,23}24} 25,126,127, 28] the promise of controlling
the chain growth process in situ has been realized. Light is an especially at-
tractive external stimulus because of its availability and ability to provide both
spatial and temporal control. Recently, our group reported on the light-mediated
controlled radical polymerization of methacrylates and acrylates using traditional
inorganic photoredox systems, such as fac-Ir(ppy)s [6,[28] as well as novel organic
catalysts. [27] These polymerizations are highly responsive to visible light, allow-
ing chain growth to be turned ”"on” and ”off,” while maintaining control over
molecular weight and dispersity (D). However, scaling these reactions presents
several challenges. [29] Perhaps the most significant obstacle for large-scale reac-
tions is achieving even and full penetration of light through the reaction media, a
consequence of Beer-Lambert’s law. [30}31]

Even at 50 ppm concentrations, the high molar extinction coefficient of fac-
Ir(ppy)s (12,000 M~ - em ™) results in 99% of incident light being absorbed in the
first 1.4 cm. Furthermore, the rate of polymerization decreases exponentially with
increasing distance from a light source. A secondary consequence of light being
absorbed unevenly through the depth of the reactor is the range of polymerization
rates present in one reaction. Chains growing at different rates depending on their
location in the reactor could give rise to broader dispersities for the resulting

polymer. Continuous flow microreactors are particularly attractive for addressing
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the drawbacks of light-mediated reactions. |32}33]

Photoredox catalysed transformations on small molecule substrates have ben-
efited from simple flow reactors, [31] and at least one UV-induced polymerization
of methyl acrylate was recently reported by Wenn et al. [34] The high surface area
to volume ratios typical of tubular microreactors enable full and even penetration
of light through the reaction media by reducing the path length. As a result,
the reaction rate, scalability, and reproducibility of light mediated reactions have
been improved by utilizing flow reactors over traditional batch reactions. [35] Sev-
eral groups have recently demonstrated the advantages of using continuous flow
reactors in polymer synthesis. [33,36] Polymerizations that have very fast kinet-
ics [37] or are highly exothermic [38] have benefited from the efficient mixing
ability and heat exchange capabilities of flow reactors. Controlled radical poly-
merizations have also been performed under flow conditions [39,40] allowing for
the synthesis of libraries of polymers with control over molecular weight and low
dispersities. [41] Diehl et al. [42] demonstrated an increase in polymerization rate
for the synthesis poly(N-isopropylacrylamide) under flow conditions compared to
conventional heating strategies. However, flow reactors have several drawbacks
that prevent their widespread adoption for polymerizations. The greater surface-
area-to-volume ratio of flow tubing increases the likelihood of oxygen permeation,
which can be detrimental to oxygen sensitive controlled radical polymerizations.
Therefore, the choice of reactor materials is crucial to the operation of a continuous
flow setup.

The most widely used tubing material in continuous flow reactors is perfluo-

roalkoxy alkane (PFA), which has the favourable properties of being translucent,

12
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flexible, and chemically resistant. However, PFA is highly permeable to oxygen.
This problem has caused several groups to look elsewhere for suitable reaction
vessels. For example, Thang and coworkers |43] were unable to perform RAFT
in PFA tubing due to radical quenching and moved to stainless steel tubing. Re-
cently, fluorinated ethylene propylene (FEP) has been investigated as a reactor
material but also suffers from high permeability to oxygen. [44] In this study, we
investigated four widely available tubing materials, PFA, FEP, tetrafluoroethy-
lene (Tefzel), and ethylene chlorotrifluoroethylene (Halar), for the light-mediated
polymerization of MMA catalysed by fac-Ir(ppy)s. We then compared two of the
tubing materials with very different oxygen barrier properties in order to under-
stand the impact of oxygen diffusivity on polymerization kinetics. Finally, the
material with the best barrier properties was compared to batch reactions under
identical conditions in order to demonstrate the rate enhancement over traditional

reaction setups for light-mediated polymerizations.

2.2 Methods

Poly(methyl methacrylate) was synthesized by photomediated controlled radi-
cal polymerization as previously reported by Fors et al.5 1-Methyl-2-pyrrolidinone
(NMP, Sigma Aldrich, ReagentPlus, 99 %), Ethyl a-bromophenylacetate (Sigma
Aldrich, 97 %), and Tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)s, Sigma
Aldrich) were used as received without further purification. The MEH(Q) inhibitor
in methyl methacrylate (Sigma Aldrich, 99%) was removed by filtering over a plug

of basic alumina. PFA| Tefzel, Halar, and FEP tubing were purchased from Idexx
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Health and Sciences.

The molecular weight of the poly(methyl methacrylate) was determined with
gel permeation chromatography (GPC) using PS standards and 'H NMR spec-
troscopy (Varian, 600MHz) by integrating the resonances for the initiator (ethyl a-
bromophenylacetate) and comparison to unique resonances for PMMA. All NMR
spectra were obtained in deuterated chloroform and analysed using MestReNova
software. Dispersity indices (D) were determined by gel permeation chromatog-
raphy (GPC) using either a Waters 2695 separation module with a Waters 2414
refractive index detector in chloroform (0.25% triethylamine) against polystyrene
standards or using a GPC MALS detector, with the same manufacture of eluting
column and separation module equipped with four additional detectors: Wyatt
DAMN HELEOS-II, Wyatt Optilab rEX, Waters 2996 Photodiode Array Detec-
tor, and Wyatt ViscoStar.

Continuous flow setup

The continuous flow reactor was assembled by wrapping 550 cm of either Halar,
PFA, FEP, or Tefzel tubing (I.D. 0.02 in) around the outside of a retrofitted 1L
beaker with no bottom to maximize ambient air flow cooling (Figure 2.1). One
end of the reactor was fitted to a static mixing tee and two inlet lines while the
other end was attached to a collection vial. Two degassed solutions were prepared
and added to separate plastic Air-Tite Luer Lock syringes for injection via a
syringe pump (New Era Pump Systems Inc.). In a typical reaction, one solution
contained 0.005 mol% (1.77 mg, 2.703 -10~3 mmol) of the catalyst: fac-Ir(ppy)s,
in N-methylpyrrolidone (NMP) (13 mL), and the other contained a solution of

monomer and initiator: methyl methacrylate (MMA) (53.9 mmol, 5.77 mL) and
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Figure 2.1: 1L retrofitted beaker with tubing wrapped around the outside and
LEDs (A = 380 nm) taped to the inside. Flow reactor was suspended inside a
Rayonet reactor equipped with bulbs and fan cooling.

ethyl o bromophenyl acetate (0.537 mmol, 94.0 pL) in 7.15 mL NMP. To avoid
any oxygen contamination in the tubing, argon followed by degassed NMP was
flowed through the microtube reactor prior to each reaction and an argon balloon
was employed at the outlet line in the collection flask (Figure 2.2).

All reactions were performed at room temperature in a Rayonet light box
(Figure 2.2) equipped with (A = 380 nm) bulbs and a fan for cooling. When
comparing polymerization kinetics of the PFA and Halar reactors, the flow reactor
was also irradiated from the inside of the beaker with a strip of LEDs ( A= 380
nm), purchased from Elemental LED. The same LEDs were also used as additional
radiation in the batch reactions for comparison to the Halar flow experiments.

Flow rates were varied between 1 gL min~! to 20 4L min~! to achieve residence
times ranging from 25 to 500 minutes. These were determined according to the
following calculations:

Length of tubing x 27 x (inside radius of tubing)? = Volume of reactor in uL

Residence time = Volume of reactor uL / (total syringe flow rate pL*minutes™
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Figure 2.2: Syringe pump, with t-mixer and connectors to flow reactor inside
of Rayonet box. Reaction mixture was collected in a vial with Argon-filled
balloon attached.

x 100) Equilibration time = 2 x residence time

For example, the calculation for the 220 minute time point is as follows: 5500
mm x 27 x (0.254 mm)? = 11.14 uL

and

11.14 pL/(5 pL x minutes™ x 100) = 222 minutes residence time

Rate per each syringe (2 total) = 2.25 uL minutes™!

Equilibration time = 2 x 222 minutes = 445 minutes

The reactor was allowed to equilibrate for two residence times before collecting
the crude reaction mixture for analysis. For comparison, batch reactions were

prepared in 20 mL scintillation vials from stoichiometrically equivalent degassed

reactant volumes under identical lighting conditions as for the flow experiments.
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2.3 Comparison Between Different Types of Tub-
ings

We first investigated the choice of tubing material for use in the continuous
flow reactor by comparing their performance under identical reaction conditions.
Four fluoropolymer tubing materials: PFA, FEP, Tefzel, and Halar, were chosen
to compare the effect of transparency and gas barrier properties on the light me-
diated polymerizations. The oxygen permeability values for the tubing materials
are listed in the table in Figure PFA and FEP possess similar properties with
oxygen permeability values of 881 and 748 respectively (cm?® - 100in=2 - 24h - atm
-mil™!), good chemical resistance, and high transparency. Tefzel and Halar are
less transparent but exhibit superior oxygen barrier properties with permeabil-
ity values as low as 100 and 25 (cm?® - 100in~2 - 24h - atm- mil™!), respectively
(per manufacturer specifications from Upchurch Scientific). This represents a 35-
fold difference in oxygen permeability between PFA and Halar. Although the
opacities of the tubing materials differed slightly, a correlation between percent
conversion and refractive index as reported by the manufacturer could not be
made, perhaps because of the difference in wavelength of light tested. The refrac-
tive index values were 1.340, 1.338, 1.400, and 1.447, for PFA, FEP, Tefzel, and
Halar, respectively. Identical polymerization reactions utilizing the various tubing
materials were evaluated to directly compare reactor performance. The light me-
diated polymerizations were conducted in a Rayonet Reactor light box equipped
with 380 nm bulbs and a fan. Specifically, monomer conversion was measured at

residence times of 55 minutes and 220 minutes (Figure [2.3)).
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Tubing Oxygen Conv. M, p°
(timepoint)  Permeability® (%) (g-mol‘1 )b
PFA 881 11 1500 1.21
(55 min)
PFA 881 31 3300 1.23
(220 min)
FEP 748 11 2000 1.24
(55 min)
FEP 748 37 3500 1.15
(220 min)
Tefzel 100 1 1000 1.25
(55 min)
Tefzel 100 41 5300 1.24
(220 min)
Halar 25 15 1400 1.24
(55 min)
Halar 25 42 5400 1.21
(220 min)

Figure 2.3: Percent conversion of poly(methyl methacrylate) (theoretical M,,
= 10,000 g - mol™') reported for four polymer tubes at residence times of 55
and 220 minutes.
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Despite visual differences in reactor transparency, the results did show that
a controlled polymerization could be achieved and after a residence time of 55
minutes, PFA, FEP, and Tefzel yield about 11% monomer conversion with Halar
producing a conversion of 15%. Extending the irradiation time to 200 minutes
showed more varied results with monomer conversions ranging from 31% for PFA
to 42% for Halar. Narrow molecular weight distributions between 1.15 and 1.24
were obtained under all the conditions tested, indicating the polymerizations ex-
hibited fast initiation and controlled behaviour under flow conditions. The data
show a trend of higher monomer conversions for lower oxygen permeable tubing
at longer residence times. This led us to speculate that oxygen diffusion through
the reactor tubing, not its transparency to light, was the most important material
property to consider for these light-mediated polymerizations under continuous
flow conditions. Therefore, additional comparisons between PFA and Halar flow
reactors were made to understand the role of oxygen permeability in the system.

We hypothesized that superior oxygen barrier properties were key to obtaining
high conversions of monomer via a flow reactor, especially at longer reaction times
when the greater surface-to-volume ratio of tubing becomes an important factor.
In order to take full advantage of the polymerization rate enhancement under con-
tinuous flow conditions previously observed by others, a strip of LEDs was added
to illuminate the tubing from the inside while the light box irradiated from the

L and

outside. The flow rates for polymerization were varied between 20 pL min™
1.06 pL min~—! , corresponding to residence times of 25 and 500 minutes, respec-
tively. Figure [2.4] and [2.5] compare monomer conversion versus residence time for

identical polymerization reactions performed in either PFA or Halar tubing.
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Figure 2.4: Plots showing the polymerization of MMA in a PFA tubing con-
tinuous flow reactor. In part a, the conversion and M, /M, (D) are shown
versus time for PFA, where open triangles indicate dispersity and open circles
indicate percent conversion. In part b, the linear plot of percent conversion is
shown versus time, In([M]o/[M];) where [M]o and [M]; refer to concentration of
the monomer at time zero and t. Data shown are from several experiments.
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Significant improvements in performance were observed for reactor systems
constructed from Halar, allowing for monomer conversions of greater than 80%
after 450 minutes (Figure [2.5). While polymerizations performed in Halar tubing
show a linear relationship and an r-squared value of 0.98 between In([M]o/[M];)
and time, typical for controlled radical polymerizations, reactions in PFA tubing
consistently deviated from linear behaviour, with a lower r-squared value, 0.92.
In addition, after 200 minutes, polymerizations in PFA afforded broad molecu-
lar weight distributions, from 1.5-1.9 (Figure with a plateau in molecular
weight. This is presumably due to termination events caused by oxygen diffusion
through the reactor material. It is important to note that there may be other
important factors, like transparency to light and resistivity, which contribute to

the superiority of Halar for light mediated flow reactions.
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Figure 2.5: Plots showing the polymerization of MMA in a Halar tubing con-
tinuous flow reactor. In part a, the conversion and M,,/M, (D) are shown
versus time for Halar, where filled triangles indicate dispersity and filled circles
indicate percent conversion. In part b, the linear plot of percent conversion is
shown versus time, In([M]o/[M];) where M|y and [M]; refer to concentration of
the monomer at time zero and t. Data shown are from several experiments.
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The living nature of the light mediated polymerization under flow conditions
is further supported by a linear evolution of molecular weight as shown in Figure
2.6] Size exclusion chromatography (SEC) traces plotted in Figure show a
clear trend towards shorter retention times with increasing reaction time while
maintaining low molecular weight distributions. The number average molecular
weights (M ,,) were also found to increase linearly with monomer conversion as

depicted in Figure 2.6
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Figure 2.6: A target molecular weight study of 5 kg- mol™! poly(methyl
methacrylate) in Halar tubing. In part a, SEC traces show a decrease in re-
tention time with increasing flow times; in part b, the molecular weight shows
linear growth with increasing conversion. M, was calculated by 'H NMR as
previously noted. All data shown are from a single kinetic experiment.
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Figure 2.7: The concentration of monomer to initiator ([M]/[I]) was varied
and theoretical and experimental molecular weights were compared at different

conversion.

We were also interested in exploring the robustness of the polymerization pro-

cess for different monomer to initiator ratios.

The crude reaction mixture was

collected at three time points: 55 minutes, 110 minutes, and 220 minutes for a

single reaction system and analyzed by GPC. Figure shows good agreement

between the experiment and theoretical molecular weights at different conversions

for monomer to initiator concentration ratios of 50, 100 and 150:1. Notably, low

dispersities (D) ranging from 1.09 to 1.34 were obtained for all of the conditions

tested.
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2.4 Comparison to Batch Reactions

Polymerization rates for the Halar flow reactor were then compared to tra-
ditional batch reactors in order to fully understand the efficiency and potential
utility of flow systems for photo-mediated living radical procedures. Reactions
were carried out in 20 mL scintillation vials as a prototypical batch reactor and
compared with the Halar flow reactions using identical reactor volumes and irradi-
ated for equal residence times. Figure [2.9 shows the natural log of the conversion
versus time for the Halar reactor and batch reactor. From the line fits, there is a
rate increase of at least 50% for the continuous flow setup, which is in agreement
with what others have found when switching from batch reactors to flow reactors.
A rationale is that in the flow system, even permeation of light throughout the
entire reactor results in an increase in propagation rate and therefore a faster rate
overall. This increase is obviously greater than any detrimental effects due to
oxygen permeation. By contrast, the batch reactions are more susceptible to un-
even and inefficient penetration of light, depending on the type of reaction vessel
and orientation of the reaction setup. The high molar absorptivity of the reaction
mixture due to the presence of the photoredox catalyst reduces the amount of
light reaching the center of the vial thus slowing the rate of polymerization. This
concept was demonstrated with a simple proof of concept experiment comparing
monomer conversion at a specific time while modulating the intensity of light with

neutral density filters (Figure .
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Figure 2.8: A plot showing monomer conversion versus optical density filters.

The rate of polymerization was found to be first order with respect to the dose
of light used for the polymerization reaction.
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The rate of polymerization was found to be first order with respect to the dose
of light used for the polymerization reaction. Figure clearly illustrates that
this effect can be observed in a traditional reaction setup and may be reduced
by utilizing a flow reactor. In addition, our studies suggest a flow reactor could
prove beneficial for the high throughput synthesis and functionalization of poly-
mers compared to traditional procedures for light mediated polymerizations and

reactions.
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Figure 2.9: Polymerization of MMA in continuous flow Halar reactor (closed
circles) compared with batch reactors (open diamonds) based on 20 mL scin-
tillation vials. The continuous flow reaction shows 50% increased polymer-
ization rate when compared to the corresponding batch systems using the
same reaction conditions and light input. All batch reactions were performed
without stirring. The percentage conversion is plotted linearly versus time, as
In([M]o/[M]:) where [M]o and [M]; refer to concentration of the monomer at
t=0 and t.
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2.5 Conclusions

We have optimized a continuous flow reactor based on Halar tubing for light
mediated polymerizations. A combination of decreased oxygen permeability and
increased transparency to visible light leads to significant improvement in polymer-
ization efficiency. This continuous flow reactor system allows controlled molecular
weight, low polydispersity materials to be prepared in a facile, user-friendly pro-
cess. A number of advantages were observed when compared to traditional batch

reactors including less waste and modularity.
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Chapter 3

Poly (sulfur-co-myrcene): towards
sustainable and scalable materials

for next generation Li-S batteries

3.1 Motivations for Use of Sustainable Feedstocks

Recent work has shown the utility of sustainable feedstocks [11] as build-
ing blocks for making functional, commodity materials of scale. |[45] One such
starting material is sulfur, which is inexpensive, nontoxic, and readily available.
The solvent-free copolymerization of waste elemental sulfur with a variety of
monomers, termed inverse vulcanization due to the high feed ratio of sulfur, has
shown promise in diverse applications [46,47], such as water purification, [48] in-
frared optics, [49] and Li-S batteries. |50] In the latter application, sulfur has the

potential to replace expensive and toxic intercalation Li-ion cathode materials. [51]
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Li-S batteries have up to six times the theoretical capacity of Li-ion and could
prove a major player in next-generation energy storage. However, sulfur batter-
ies based on elemental sulfur are prone to suffer from polysulfide dissolution into
the electrolyte during cycling, which results in a ”shuttle phenomenon,” thereby
reducing capacity and battery cycling lifetime. [52] Many researchers have tried
to address this problem by trapping the polysulfides in a matrix—through cova-
lent bonding, [11,53] adsorbed to conductive carbons, [54,55] encapsulated inside
TiOy shells, [56] or through polar-polar interactions with graphene oxide. [57] It
is hypothesized that the formation of carbon-sulfur bonds through crosslinking
enables the copolymer to repair and interact with carbon additives better than
elemental sulfur on its own, [58| leading to improvements in both the conductivity
and mechanical stability of Li-S batteries. Copolymerizing sulfur with an organic
monomer [58,59] can also improve the electrical conductivity of sulfur, as sulfur
alone is highly insulating. Seminal work by Pyun et al. [45]/50,60,(61}62,63}64]
inspired us to pursue a sulfur copolymer cathode material using a sustainably

sourced terpene, myrcene, which has up to three reactive sites (Figure [3.1)).
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Figure 3.1: Myrcene and sulfur react at 175°C under nitrogen atmosphere to
form a copolymer.
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We report the first use of myrcene in a facile copolymerization with sulfur
for application as the cathode material in Li-S batteries. While there are several
studies on the reactions of terpenes with sulfur [65,/66,/67] none had yet explored
their use in Li-S batteries to date in 2014, when this project was undertaken.
Myrcene is a natural essential oil found in aromatic plants like thyme and derived
in large quantities from nonedible biomass such as pine tree needles. [68}/69] It is
a ten-carbon olefin containing a conjugated diene and an isopropylidene function-
ality. As such, it is a notably cheap and nontoxic starting material suitable for
diverse polymerization pathways, [69] as outlined in Figure . Heat-activated
ring opening of elemental sulfur above 159°C induces free radical polymerization
through unsaturated bonds in alkenes and alkynes. [70] By varying the ratio of
sulfur to co-monomer, it is possible to modify materials properties and ease of pro-
cessing as solubility, mechanical properties, and conductivity all depend on sulfur
content. |71] However, as carbons are added to the network in place of sulfur,
the overall capacity of the battery drops as this is calculated based on electrons
from sulfur. Accordingly, for battery applications the highest initial performance
comes from high sulfur loading. The tricky part, therefore, is keeping this mate-
rial from dissolving into the electrolyte as it reacts with Li+ ions and undergoes
other deleterious side reactions. Additionally, the choice of co-monomer seems to
have significant impact on the battery’s performance, as described in this paper.
Compared to other large, benzylic monomers widely used in crosslinking sulfur,
myrcene contains three double bonds per 136 g-mol™! (1,3-diisopropenylbenzene
only has two double bonds per 158 g-mol™!). Myrcene also has a high boiling

point (176°C), above the ring opening temperature of sulfur (159°C), which proves

34



Poly(sulfur-co-myrcene): towards sustainable and scalable materials for next generation
Li-S batteries Chapter 3

useful for thermally activated polymerizations via inverse vulcanization, prevent-
ing material loss to evaporation during polymerization. The facile synthesis of
sulfur copolymers from myrcene expands on the recognized sustainability of in-
verse vulcanization, especially as technical grade myrcene is suitable. Poly(sulfur-
co-myrcene), abbreviated herein as S-Myr, was synthesized in varying ratios of
sulfur to myrcene (90:10, 80:20 weight percent). Purification of the copolymers
by washing with CS; removed soluble lower molecular weight fractions of the
copolymer and any remaining unreacted Sg. The S-Myr copolymers were ana-
lyzed by thermal, spectroscopic, and electrochemical characterization: solid state
NMR, infrared and Raman spectroscopy (FT-IR and Raman), differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray photoelectron
spectroscopy (XPS), and galvanostatic cycling (GCPL). In the latter method, the

copolymers’ performance was compared to elemental sulfur.

3.2 Synthesis and Methods

Materials Sulfur (reagent grade, sublimed, 100 mesh particle size, Sigma Aldrich)
and 7-Methyl-3-methylene-1,6-octadiene (Myrcene, technical grade, Sigma Aldrich),
and carbon disulfide (Sigma Aldrich) were used as received without further purifi-
cation. The BHT inhibitor in myrcene was removed over a plug of alumina prior
to use.

Instrumentation 'H and *C nuclear magnetic resonance spectroscopy were
performed on a 600MHz SB Varian VNMRs for solutions and 500MHz WB Bruker

Avance NMR for solid materials, respectively. CDCl3 was used as a standard for
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solution experiments while a 4mm MAS double resonance broadband 'H/X probe
was used for the solid-state experiments with spinning at 10 THz. Thermogravi-
metric Analysis (TGA) was performed on a Discovery (TA Instruments) using
a heating rate of 10°C per min from 25°C to 600°C, using nitrogen purge gas.
Differential scanning calorimetry (DSC) was performed in crimped Al pans on
a TA Instruments DSC, where data from three heating and cooling cycles were
taken from -50°C to 150°C at a rate of 10°C per min. For DSC analysis, the
first cycle was used to check for the elemental sulfur melt peak at 118°C, and the
third heating cycle was used for analysis of the glass transition to remove thermal
history. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos
Axis Ultra with a monochromatic Al Ka source (14.87 keV). Photoelectrons at 20
eV and 80 eV were detected with a multichannel detector. The spectra were fit
in CasaXPS by a least-squares method to Voigt functions with Shirley baselines.

Synthesis of poly(sulfur-co-myrcene) Myrcene (Myr) was added neat in ra-
tios of 10-20 weight percent to elemental sulfur at room temperature in a pre-
polymerization mixing step. A typical 2 g scale reaction to make S-Myr 80:20
contained sulfur (1.6 g, 0.05 mol) and myrcene (0.5 mL, 0.4 g, 0.5 mol). After the
reagents were combined, they were homogenized in a centrifugal mixer for 3 min-
utes to ensure even distribution prior to heating. The resulting smooth mixture
was added to a 20 mL reaction vial equipped with a magnetic stir bar and purged
with nitrogen for 10 minutes before being added to a thermostated silicone oil bath
at 175°C. Within two minutes, the sulfur melted and separated from the organic
top layer but with vigorous stirring the entire reaction mixture homogenized and

turned a viscous dark orange with no layer separation. After seven minutes, the
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mixture vitrified, evidenced by the stir bar losing speed. At this point the reac-
tion vessel was removed from heat and immediately placed into powdered dry ice
until frozen through. The material was either analyzed as prepared or subjected
to purification with CSy washes. *C NMR, poly (sulfur80wt%- co-myrcene20wt%)
(400MHz, solid state MAS, 9): 136.8-122.9 (C=C), 59.2-51.5 (C-S) 44.2-17.3 (C-
C). Elemental analysis: poly(sulfur80wt%-co-myrcene20wt%) Found: S, 838. IR:
poly (sulfur-80wt %- co-myrcene20wt%): v = 2963 (broad,-CH3), 2930 (broad, -
CH2), 2884 (broad, -CH), 1663 (weak, C=C), 1448 (sharp, -CH2), 1383 (sharp,
-CH3), 1330 (weak, =CH2), 1237 (weak), 1159 (weak), 1120 (sharp), 856 (broad),
780 (strong, C=C) cm™!.

The copolymerization of sulfur and myrcene can be conducted in bulk at 175
°C due to the good solubility of myrcene in molten sulfur. The radical addition
of sulfur diradicals formed at the elevated temperatures to the double bonds of
myrcene is described schematically in Figure Upon copolymerization, the re-
action mixture solidifies, which is in agreement with previous literature on inverse

vulcanization, [11] yielding a brown solid material (Figure [3.2).
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Figure 3.2: Photo of poly (sulfur80wt%- co-myrcene20wt%), prepared on several
grams scale.
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Figure 3.3: Schematic illustration of hypothetical reaction pathways for the

inverse vulcanization of sulfur and myrcene forming poly(sulfur-co-myrcene).

Myrcene on its own is capable of forming several different homopolymers
through the diene and can also undergo ring closure through the isopropylidene,
resulting in 1,2-, 1,4-, and 3,4- additions and the ring-closed form, where reactivity
is highly dependent on the polymerization conditions. [72,73] Figure shows a
variety of sulfur additions to myrcene that were proposed before characterizing our
copolymers. In actuality, a primary reaction pathway was found for poly(sulfur-co-
myrcene) formed through inverse vulcanization. To rule out myrcene homopoly-
mers forming from thermal activation, a kinetic study was conducted on myrcene
under identical reaction conditions (175°C under Ny) and followed by 'H NMR.
No homopolymerization was discernable by heating the myrcene for double the

reaction time used to polymerize sulfur and myrcene combined (Figure [3.4)).
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Figure 3.4: A kinetic study of neat myrcene heated at 175°C for 20 minutes.
No homopolymerization was detected during this time frame, indicating that
sulfur radicals were indeed driving the polymerization.
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3.3 Characterization

FT-IR analysis provides some insight into the polymer structure (Figure .
There is a near complete disappearance of the peak from the monomer to the poly-
mers at 3096 cm ™!, a C=C-H stretch attributed to the hydrogen of sp? hybridized
carbons of the diene. This indicates polymerization through 1,4-addition. [74]
The sharp peak at 1596 cm ™!, absent in the polymers, is also identified as C=C
double bonds of the diene. [74] Peak broadening from 2981 to 2870 cm™' indi-
cates the increase in the number of aliphatic -CH and -CH, bonds as the polymer
forms. Disappearance of the sharp peak at 991 cm™' from sp? C-H from the
myrcene spectrum, indicative of sp? hybridized carbons on the monomer, signifies
a consumption of alkenes. The peak at 844 cm~! in the monomer spectrum, in-
dicative of a tri-substituted alkene, shifts just slightly to 854 cm~! in the polymer
spectra, indicating that this bond is preserved in the final polymer. Raman spec-
troscopy confirms the polysulfide [75] nature of the copolymer, where the S-Myr
80:20 copolymer shows identifiable S-S bending modes at 213 ~, 239 ~! as well as
several other peaks at 150, 205, 427, 458, 471 cm™! (Figure , similar to those

found in other sulfur copolymers. [4§]
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Figure 3.5: FT-IR Spectra of myrcene monomer and sulfur-myrcene copolymers.
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Figure 3.6: Raman spectrum of poly(sulfur80wt%-co-myrcene20wt%) from 0
to 1000 cm ™.
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carbon-sulfur bonds

ppm

Figure 3.7: 13C NMR spectrum of S-Myr 80:20.

Furthermore, solid state '3C NMR with magic angle spinning confirms the
formation of a sulfur-containing polymer due to the emergence of carbon-sulfur
peaks in the 50-60 ppm region (Figure , where none had existed in the myrcene
monomer spectrum (Figure [3.8).
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Figure 3.8: An overlay of the C NMR of myrcene (grey) and
poly (sulfur80wt%- co-myrcene20wt%) (blue).

45



Poly(sulfur-co-myrcene): towards sustainable and scalable materials for next generation
Li-S batteries Chapter 3

Figure 3.7 shows three broad olefinic peaks in the range of 100-150 ppm due
to unreacted double bonds incorporated in the S-Myr copolymer. The unreacted
double bond signals are mainly ascribed to the sterically more hindered secondary
and tertiary sp? hybridized carbons, whereas the signals of the primary sp? hy-
bridized carbons disappear (see Figure . From this, 1,4-addition is likely the
major reaction pathway, as previously reported. [72}|73}/75]

In the ¥C NMR of the myrcene starting material (Figure [3.8] it is possible
to see ten major carbons, six in the olefinic region identified from highest ppm to
lowest as C3, C8, C2, C7, C1, and C4 and four in the aliphatic region C5, C6, C9,
and C10. In total, there are seven major peaks in the *C NMR spectrum of the
polymer and several shoulder peaks, which are satellites. From the monomer to
the polymer, the downfield olefin region changes from six peaks to a broad three,
showing C3, C8, and C2/C7 overlapping. According to studies on poly(myrcene)
isomers, the disappearance of C1 and C4 from the olefinic region could indicate a
majority of 1,4- addition to the polymer. [72[73]/75] Furthermore, the retention of a
peak for C8 in the copolymer demonstrates the isopropylidene showing low affinity
to crosslink with sulfur. Moreover, there are still signals near C2 and C3 in the
olefinic region in the polymer spectrum. In the aliphatic region, there emerges a
carbon sulfur bond region between 60-50 ppm with peaks found from 59.29, 51.57,
followed by aliphatic peaks at 44.21, 38.92, 35.50, 26.60, and 17.37ppm. The 3C
NMR spectra of all copolymers were analogous regardless of purification.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
were performed to understand the broader properties of the copolymers (Figure

and compared with literature compounds. From the TGA curves, it is possi-
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Figure 3.9: TGA (a) and DSC thermograms (b) for S-Myr copolymers. TGA

experiments (a) were performed under nitrogen atmosphere. DSC traces (b),

where the y axis is endo down, show Tg increases proportionally to organic

content for 10, 20, and 40wt% myrcene. All three plots are staggered for ease

of comparison. Purified S-Myr 60:40 refers to S-Myr 80:20 washed with CSs.
ble to see a smooth one-stage thermal decomposition beginning around 200°C for
all copolymers (Figure part a). Less mass loss was found for the sulfur copoly-
mers than elemental sulfur. Additionally, as the organic fraction of the copolymer
increased, the mass loss decreased as expected. The DSC thermograms (Figure
3.9, part b) show glass transition temperatures (Tg) increasing with increasing
organic moieties, analogous to results in the literature for other sulfur copoly-
mers. At temperatures above 90°C, sulfur melting peaks (T,,) were observed in
the DSC traces of S-Myr 80:20 (110°C) and S-Myr 90:10 (103°C) (Figure [3.10).

Unreacted sulfur is typically observed for inverse vulcanization with low feed ratios

of comonomers. [11]
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Figure 3.10: DSC thermograph showing the sulfur melt peak region for the

three copolymers tested.

Purification to remove unbound sulfur Upon addition of the sulfur copolymer
to the electrolyte (1,3-dioxolane and dimethoxyethane 1:1), it was possible to see
a change in color from clear to light yellow (Figure , suspected to be un-
bound sulfur and low molecular weight organosulfur compounds. To avoid any
active material from leaching into the battery while cycling, attempts were made
to remove this unbound sulfur from the copolymers by extraction with carbon
disulfide. The sulfur content of the purified material was analyzed by elemental
analysis, DSC, and X-ray photoelectron spectroscopy (XPS). DSC curves of dif-
ferent purification methods were scrutinized for the disappearance of the sulfur

melt peak (Figure|3.10)) in the first heating cycle.
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These results are in agreement with the XPS data in Figure 3.11] The ex-
perimental data was fitted with three S2p species: unreacted sulfur, Sg, sulfur
bound to carbon (Sierminat), and sulfur incorporated in the S-Myr network with
two sulfur neighbors (Sprigging). In both samples, the majority of the sulfur sig-
nal comes from internal S-S bonds, Syridging shown in blue. Upon washing with
CS,, the unreacted Sg species present in S-Myr 80:20 (Figure , part b) disap-
pears completely (Figure [3.11} part ¢). In Figure [3.11], part ¢, the dominance of
Stridging Signal indicates that all the polysulfides in this copolymer are contained
within the polymer network and no unbound Sg remains. The CSs-extraction
effectively removed unbound Sg and low molecular weight organosulfur products,
so that the S-Myr 80:20 was now relabeled as ”purified S-Myr 60:40” to reflect the
true carbon-to-sulfur composition of this copolymer as determined by elemental

analysis.
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Figure 3.11: Solubility in electrolyte and purification study by XPS of S-Myr
80:20. In part a), a photo showing the solubility of the copolymers in the
electrolyte, where the electrolyte does not color upon addition of CSo-washed
S-Myr copolymer (left) as it does for the unpurified S-Myr copolymer (right). In
part b and ¢, S2p XPS spectra show purification treatment on sulfur-myrcene
copolymers where b) shows unpurified S-Myr 80-20 and c) shows this same
polymer after washing with CSs.
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3.4 Electrochemical Performance

Three copolymers, purified S-Myr 60:40 (Figure [3.11] part c), S-Myr 80:20
(Figure , part b), and S-Myr 90:10, were tested as the active material in
Li-S coin cells for 100 cycles (Figure and compared to an elemental sulfur
reference cathode. Four cells of each copolymer and the sulfur reference were run

to ensure reproducibility of the composite electrode and coin cell construction

(Figure |3.12)).
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Figure 3.12: A plot showing four specific capacity versus cycle number for each
polymer tested and the sulfur reference: Sulfur, S-Myr 90:10, S-Myr 80:20,
purified S-Myr 60:40. Four coin cells were run of each material to ensure good
reproducibility of the data.
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The electrode composition for the battery tests was S-Myr:KB:CMC 55:35:10
and S:KB:CMC 55:35:10 for the reference. Galvanostatic cycling shown in Figure
was conducted at a rate of C/10 (1C is defined as 1675 mA-g~!). The initial
charge capacities for the S-Myr 80:20, S-Myr 90:10 and purified S-Myr 60:40 were
895, 890 and 800 mA-g~! respectively. These capacities faded within 100 cycles to
344, 334 and 300 mA-g~!, which corresponds to a capacity retention of 39%, 37%,
and 36%. A comparable trend is observed for the sulfur reference, which performed
marginally better. Beginning with an initial charge capacity of 1020 mA-g~!, over
100 cycles the capacity faded to only 380 mA-g—!, which corresponds to 37%
capacity retention. The CS,-washed copolymer was expected to perform better
than the unpurified copolymers and elemental sulfur, in terms of lifetime and redox
reversibility, because there was no apparent low molecular weight organosulfur
compounds to leach into the electrolyte causing irreversible polysulfide dissolution
and the shuttle phenomenon. Instead, this was quite different from what was
found (Figure , part a). The sulfur copolymer with the best performance was
S-Myr 80:20 while purified S-Myr 60:40 showed no enhancement in capacity fade.
S-Myr 80:20 likely performed better than the higher sulfur loading S-Myr 90:10

due to greater homogeneity between sulfur and the comonomer.
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Figure 3.13: a) Galvanostatic cycling of S-Myr copolymers and the sulfur ref-
erence. Potential profiles of b) the sulfur reference and of c¢) the S-Myr 80:20
copolymer. The applied C-rate was C/10 and cutoff potentials were 1.7 V-2.6
V.
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Notably, all of the copolymers performed worse than just using elemental sulfur
on its own, although their decay occurred at a comparable rate (Figure part
a). This is in contrast to recent reports in the field of inverse vulcanization [62,
76,,77] for cathode materials: it appears that inverse vulcanization using myrcene
as a comonomer does not result in improved battery performance. The potential
profiles for S-Myr copolymers (Figure , part ¢) exhibit the features typical for
sulfur cathodes (Figure part b). The discharge-charge curves are generally
similar in shape (Figure [3.13] b and c¢). The potentials for both plateaus were
lower for the copolymers on first discharge. For the sulfur, these occur at 2.3V and
2.1V, and 2.2V and 2.0V for the sulfur copolymer. These plateaus are related to
sulfur-sulfur chain scission, forming soluble polysulfides and finally the formation
of insoluble discharge products including LisS. |78] Both plateaus have also been
reported in the literaturel and show that inverse vulcanization alone does not
prevent the dissolution of active material into the electrolyte. Furthermore, the
plateau at 2.1 V in the first and subsequent cycles is much less pronounced for
the copolymer, indicating that less insoluble discharge product is formed. The
rapid capacity fade of both the sulfur reference electrode and the sulfur copolymer
electrode could be related to the formation of irreversible products. XPS spectra
of the cathodes after discharge showed similarities between the sulfur reference

and the sulfur copolymers, indicating they underwent similar reactions with Li

(Figure [3.14)).
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Figure 3.14: S2p XPS spectra after cycling for a) S-Myr 80:20, b) purified
S-Myr 60:40, and c¢) the sulfur reference.
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The electrochemical studies led us to important conclusions about the future
of inverse vulcanization to address the shuttle phenomenon in Li-S batteries. The
sulfur copolymers prepared here did not lead to a significant reduction in the
shuttle phenomenon, in spite of our efforts to reduce any initial sulfur dissolution
through purification of unbound sulfur with CS,; extraction. The organosulfur
compounds formed upon discharge did not act as a plasticizing agent, enabling re-
versible cycling, as hypothesized for poly(sulfur-co-1,3-diisopropenylbenzene). [50]
Our results show that inverse vulcanization does not universally result in enhanced
battery performance as conjectured in recent literature on inverse vulcanized ma-
terial used in Li-S batteries. Ironically, the sulfur standard performed better than
our copolymers, which goes against what has been surmised in the literature for
other material obtained by inverse vulcanization. Indeed, it appears many other
factors are at play than simply the formation of a carbon-sulfur network to develop
next-generation Li-S batteries. [70] Moving forward, the choice of comonomer ap-
pears to be very crucial for battery performance. Further research is required to
find correlations between comonomer structure and battery performance, to pre-

dict high performing inverse-vulcanized material for Li-S battery applications.

3.5 Conclusion

A sustainably sourced copolymer, poly(sulfur-co-myrcene), was synthesized
via inverse vulcanization under solvent free conditions. The successful formation
of the sulfur-containing copolymer was proven through FT-IR and NMR spec-

troscopy, and thermal studies showed similar properties to published sulfur copoly-
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mers. Electrochemical studies of several poly(sulfur-co-myrcene) polymers were
investigated and compared to elemental sulfur as the active material in Li-S coin
cells. The copolymers behaved similarly to sulfur reference electrodes, indicating
that inverse vulcanization is not a universal solution to the shuttle phenomenon in
Li-S batteries, and other variables such as choice of comonomer, length of sulfur

chain, and electrolyte additives are just as crucial to battery design.
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Chapter 4

Accessing hexagonally packed
cylinders morphology in diblock

copolymers.

4.1 Introduction

New methodologies in polymer chemistry have enabled the preparation of dis-
crete, monodisperse polymers with high chain-end fidelity through light mediated
Cu ATRP. [9] Recent work has explored the use of fluorinated solvents to prepare
acrylic and methacrylic polymers with a variety of side chain functionalities: hy-
drophobic, hydrophilic, and semi-fluroinated side chains. [79}80,[81}82,83,84} /85,
86,87,188] The work herein describes the combination of fluorinated solvent tri-
fluoroethanol and light-mediated Cu ATRP to prepare low N diblock copolymers

with an eye toward achieving interesting self-assembly behavior in bulk. Block
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General synthesis of block copolymers
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Figure 4.1: Synthetic scheme for the synthesis of the ten block copolymers.

copolymers have multiple potential and realized applications, not least in nano-
lithography, drug delivery, performance footwear, and therapeutics. For example,
fluorinated diblock copolymers have applications as F MRI agents [89] to track
drug delivery in vivo.

A series of ten diblock copolymers with Ny piocr = 24 were prepared using
light-mediated Cu ATRP in trifluoroethanol and analyzed by Small Angle X-Ray

Scattering for self-assembly behavior in bulk.
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Diblocks were based on the following acrylic monomers: tert-butyl acrylate,
hexyl acrylate, lauryl acrylate, trifluoro ethyl acrylate, and poly(ethylene glycol)aso
methyl ether acrylate. Degrees of polymerization of 24 were targeted for each
block. A good comparison between length and bulkiness and chain length of
the hydrophobic side chains (tert-butyl acrylate versus hexyl acrylate, linear C6,
versus lauryl acrylate, linear C12) with the fluorinated and hydrophilic moieties
permits a study of which hydrophobic monomer to select when designing materials

that phase separate.

4.2 Materials and Methods

Poly(ethylene glycol) 50 methyl ether acrylate (PEGA),tert-butyl acrylate (tBA),
hexyl acrylate (HA, 99%), and lauryl acrylate (referred to as LA or LAc, 99
%) were purchased from Sigma Aldrich and all but PEGA were passed through
a column of basic alumina (150 mesh, Brockmann I grade) just prior to use.
2,2-trifluoroethyl acrylate (TFEA, 99%), copper(II) bromide (CuBrs) (99 %),
and tris[2 (dimethylamino)ethyllamine (Meg-TREN) (97 %) were purchased from
TCI America and used as received. Ethyl-alpha bromoisobutyrate (Ebib, 98
%) was purchased from Sigma Aldrich. 2 2-trifluoroethanol (TFE, 99 %) and
dichloromethane (DCM, Reagent Grade) were purchased from Fisher Scientific.
Dialysis tubing (MWCO = 5-6 kD) was purchased from Spectral Por.

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 600
MHz spectrometer using CDCl3 as the solvent to determine reaction complete-

ness and number-average molar masses (M,). Molar mass distributions (b=
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Figure 4.2: Synthetic scheme for the synthesis of PtBAgs-PHAoy

M.,/ M,) were measured via size exclusion chromatography (SEC), relative to
linear polystyrene standards, on a Waters 2690 separation module equipped with
Waters 2414 refractive index and 2996 photodiode array detectors. CDCl3 con-
taining 0.25 % triethylamine was used as the eluent at a flow rate of 1 mL - min~—".
Differential scanning calorimetry (DSC) was performed in crimped Al pans on a
TA Instruments DSC, where data from three heating and cooling cycles were taken
from -50°C to 150°C at a rate of 5°C or 10°C per min.

Synthesis of tBAgy-HAoy

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. tBA (1 mL, 6.8 mmol), 1 eq. Ebib (41.7 L, 0.28 mmol), 0.02 eq. CuBr,
(1.2 mg, 5.6 pmol), 0.12 eq. MegTREN (9.1 pL, 34.1 pmol), and 1 mL TFE (1:1
to the monomer). For the second block, additional catalyst/ligand/TFE solution
was injected with the second monomer, containing: 24 eq. HA (1.2 mL, 6.8 mmol),
0.02 eq. CuBry (1.2 mg, 5.6 pmol), 0.12 eq. MegTREN (9.1 uL, 34.1 pymol), and
0.6 mL TFE (50 vol% to monomer). Each reaction was prepared in the follow-

ing way: CuBry, trifluoroethanol (TFE), and MegTREN were added to a glass

reaction vial in that order and sonicated for several minutes until the mixture
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turned a bright green color and all CuBry was dissolved. To the solvent/catalyst
mixture was added Ebib with microliter syringe, a stirbar, and finally capped
with a rubber septum and degassed under Ny for 5 minutes. Degassed monomer
tBA was then added by syringe under N, atmosphere. The reaction vial was put
under a UV nail curing lamp with stirring and allowed to react for up to 15 hours.
At reaction completion as indicated by *H NMR, a solution containing HA and
catalyst /ligand /TFE was degassed and injected into the vial. After 24 hours, the
reaction was checked by 'H NMR for complete monomer conversion and quenched
by opening the vial to air. The reaction mixture was diluted in DCM, filtered over
a column of basic alumina to remove the copper, and purified by dialysis (MWCO
= 5000-6000) against DCM (1L) for several days, changing the DCM twice daily.
The purified diblock copolymer was collected as a white, viscous material and
analyzed by '"H NMR, differential scanning calorimetry (DSC), and small angle
x-ray scattering (SAXS). '"H NMR (600 MHz, CDCl3): ¢ 4.16 - 3.84 (m, 59H),
1.44 (qt, J = 5.9, 3.4 Hz, 215H), 1.13 (q, J = 5.2, 3.9 Hz, 6H). From the NMR,

can conclude that PtBAg-PHA,9 resulted.
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Figure 4.3: Synthetic scheme for the synthesis of PtBAss-PLAcoy

Synthesis of tBAgy-LAgy

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. tBA (1 mL, 6.8 mmol), 1 eq. Ebib (41.7 L, 0.28 mmol), 0.02 eq. CuBr,
(1.2 mg, 5.6 pumol), 0.12 eq. MegTREN (9.1 pL, 34.1 pmol), and 1 mL TFE (1:1
to the monomer). For the second block, additional catalyst/ligand/TFE solution
was injected with the second monomer, containing: 24 eq. LA (1.86 mL, 6.8
mmol), 0.02 eq. CuBry (1.2 mg, 5.6 pmol), 0.12 eq. MegTREN (9.1 uL, 34.1
pmol), and 0.9 mL TFE (50 vol% to monomer). Each reaction was prepared in
the following way: CuBry, trifluoroethanol (TFE), and Meg TREN were added to a
glass reaction vial in that order and sonicated for several minutes until the mixture
turned a bright green color and all CuBry was dissolved. To the solvent/catalyst
mixture was added Ebib with microliter syringe, a stirbar, and finally capped
with a rubber septum and degassed under Ny for 5 minutes. Degassed monomer
tBA was then added by syringe under N, atmosphere. The reaction vial was put
under a UV nail curing lamp with stirring and allowed to react for up to 15 hours.

At reaction completion as indicated by 'H NMR, a solution containing LA and
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Figure 4.4: Synthetic scheme for the synthesis of PtBAgy-PTFEAoy

catalyst/ligand /TFE was degassed and injected into the vial. After 24 hours, the
reaction was checked by 'H NMR for complete monomer conversion and quenched
by opening the vial to air. The reaction mixture was diluted in DCM, filtered over
a column of basic alumina to remove the copper, and purified by dialysis (MWCO
= 5000-6000) against DCM (1L) for several days, changing the DCM twice daily.
The purified diblock copolymer was collected as a white, viscous material and
analyzed by 'H NMR, differential scanning calorimetry (DSC), and small angle
x-ray scattering (SAXS). '"H NMR (600 MHz, CDCl3): ¢ 4.17 - 3.90 (m, 69H),
1.44 (d, J = 3.8 Hz, 244H), 1.14 (d, J = 7.1 Hz, 6H), 0.88 (t, J = 6.8 Hz, 95H).
From the NMR, can conclude that PtBAy;-PLAcs, resulted.

Synthesis of PtBAyy-PTFEAoy

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. tBA (1 mL, 6.8 mmol), 1 eq. Ebib (41.7 L, 0.28 mmol), 0.02 eq. CuBr,
(1.2 mg, 5.6 pumol), 0.12 eq. MegTREN (9.1 pL, 34.1 pmol), and 1 mL TFE (1:1
to the monomer). For the second block, additional catalyst/ligand/TFE solution
was injected with the second monomer, containing: 24 eq. TFEA (0.87 mL, 6.8
mmol), 0.02 eq. CuBry (1.2 mg, 5.6 pmol), 0.12 eq. MegTREN (9.1 ul, 34.1

pumol), and 0.6 mL TFE (50 vol% to monomer). Each reaction was prepared in
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Figure 4.5: Synthetic scheme for the synthesis of PtBAy-PPEGAoy

the following way: CuBry, trifluoroethanol (TFE), and Meg TREN were added to a
glass reaction vial in that order and sonicated for several minutes until the mixture
turned a bright green color and all CuBry was dissolved. To the solvent/catalyst
mixture was added Ebib with microliter syringe, a stirbar, and finally capped with
a rubber septum and degassed under Ny for 5 minutes. Degassed monomer tBA
was then added by syringe under Ny atmosphere. The reaction vial was put under
a UV nail curing lamp with stirring and allowed to react for up to 15 hours. At
reaction completion as indicated by H NMR, a solution containing TFEA and
catalyst/ligand /TFE was degassed and injected into the vial. After 24 hours, the
reaction was checked by 'H NMR for complete monomer conversion and quenched
by opening the vial to air. The reaction mixture was diluted in DCM, filtered over
a column of basic alumina to remove the copper, and purified by dialysis (MWCO
= 5000-6000) against DCM (1L) for several days, changing the DCM twice daily.
The purified diblock copolymer was collected as a white, viscous material and
analyzed by '"H NMR, differential scanning calorimetry (DSC), and small angle x-
ray scattering (SAXS). 'H NMR (600 MHz, CDCl3): § 4.47 (s, 67H), 1.44 (d, J =
4.0 Hz, 257H), 1.13 (s, 6H). From the NMR, can conclude that PtBAgy-PTFEA33

resulted.
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Synthesis of PtBAy-PPEGA,

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. tBA (1 mL, 6.8 mmol), 1 eq. Ebib (41.7 L, 0.28 mmol), 0.02 eq. CuBry
(1.2 mg, 5.6 pumol), 0.12 eq. MegTREN (9.1 uL, 34.1 pmol), and 1 mL TFE (1:1
to the monomer). For the second block, additional catalyst/ligand/TFE solution
was injected with the second monomer, containing: 24 eq. PEGA (3.0 mL, 6.8
mmol), 0.02 eq. CuBry (1.2 mg, 5.6 pmol), 0.12 eq. MegTREN (9.1 ul, 34.1
pumol), and 1.5 mL TFE (50 vol% to monomer). Each reaction was prepared in
the following way: CuBry, trifluoroethanol (TFE), and Meg TREN were added to a
glass reaction vial in that order and sonicated for several minutes until the mixture
turned a bright green color and all CuBry was dissolved. To the solvent/catalyst
mixture was added Ebib with microliter syringe, a stirbar, and finally capped with
a rubber septum and degassed under Ny for 5 minutes. Degassed monomer tBA
was then added by syringe under Ny atmosphere. The reaction vial was put under
a UV nail curing lamp with stirring and allowed to react for up to 15 hours. At
reaction completion as indicated by 'H NMR, a solution containing PEGA and
catalyst/ligand /TFE was degassed and injected into the vial. After 24 hours, the
reaction was checked by 'H NMR for complete monomer conversion and quenched
by opening the vial to air. The reaction mixture was diluted in DCM, filtered over
a column of basic alumina to remove the copper, and purified by dialysis (MWCO
= 5000-6000) against DCM (1L) for several days, changing the DCM twice daily.
The purified diblock copolymer was collected as a white, viscous material and

analyzed by 'H NMR, differential scanning calorimetry (DSC), and small angle
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Figure 4.6: Synthetic scheme for the synthesis of PHA94-PLAco,

x-ray scattering (SAXS). 'H NMR (600 MHz, CDCl3): ¢ 3.37 (s, 83H), 1.50 -
1.37 (m, 229H), 1.13 (d, J = 5.9 Hz, 6H). From the NMR, can conclude that
PtBAss-PPEGAg resulted.
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Synthesis of PHAs4-PLAcoy

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. HA (1 mL, 5.68 mmol), 1 eq. Ebib (34.8 L, 0.236 mmol), 0.02 eq. CuBr,
(1.1 mg, 4.74 pmol), 0.12 eq. MegTREN (7.6 uL, 28.42 umol), and 1 mL TFE (1:1
to the monomer). For the second block, additional catalyst/ligand/TFE solution
was injected with the second monomer, containing: 24 eq. LA (1.55 mL, 5.68
mmol), 0.02 eq. CuBry (1.1 mg, 4.74 pmol), 0.12 eq. MegTREN (7.6 plL, 28.42
pumol), and 1 mL TFE (50 vol% to monomer). Each reaction was prepared in the
following way: CuBry, trifluoroethanol (TFE), and MesTREN were added to a
glass reaction vial in that order and sonicated for several minutes until the mixture
turned a bright green color and all CuBry was dissolved. To the solvent/catalyst
mixture was added Ebib with microliter syringe, a stirbar, and finally capped
with a rubber septum and degassed under Ny for 5 minutes. Degassed monomer
HA was then added by syringe under Ny atmosphere. The reaction vial was put
under a UV nail curing lamp with stirring and allowed to react for up to 15 hours.
At reaction completion as indicated by 'H NMR, a solution containing LA and
catalyst/ligand /TFE was degassed and injected into the vial. Upon addition of
the lauryl acrylate to the first block, the solution becomes very viscous and turns
milky white. After 24 hours, the reaction was checked by 'H NMR for complete
monomer conversion and quenched by opening the vial to air. The reaction mix-
ture was diluted in DCM, filtered over a column of basic alumina to remove the
copper, and purified by dialysis (MWCO = 5000-6000) against DCM (1L) for

several days, changing the DCM twice daily. The purified diblock copolymer was
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Figure 4.7: Synthetic scheme for the synthesis of PHA4-PTFEAo,

collected as a white, viscous material and analyzed by 'H NMR, differential scan-
ning calorimetry (DSC), and small angle x-ray scattering (SAXS). 'H NMR, (600
MHz, CDCl3): § 4.18 - 3.85 (m, 109H), 1.17 - 1.08 (m, 6H). From the NMR, can
conclude that PHA3p-PLAcys resulted. The integral of the polymer peak from the
NMR of block 1 was subtracted from the NMR of both blocks to get individual
DPs for each block, since the polymer peak overlaps in the diblock.

Synthesis of PHA24-PTFFEAoy

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. HA (1 mL, 5.68 mmol), 1 eq. Ebib (34.8 uL, 0.236 mmol), 0.02 eq. CuBr;
(1.1 mg, 4.74 pmol), 0.12 eq. MegTREN (7.6 L, 28.42 pmol), and 1 mL TFE (1:1
to the monomer). For the second block, additional catalyst/ligand/TFE solution
was injected with the second monomer, containing: 24 eq. TFEA (0.72 mL, 5.68
mmol), 0.02 eq. CuBry (1.1 mg, 4.74 pmol), 0.12 eq. MegTREN (7.6 plL, 28.42
pmol), and 0.6 mL TFE (50 vol% to monomer). Each reaction was prepared in
the following way: CuBry, trifluoroethanol (TFE), and Meg TREN were added to a
glass reaction vial in that order and sonicated for several minutes until the mixture

turned a bright green color and all CuBry was dissolved. To the solvent/catalyst
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Figure 4.8: Synthetic scheme for the synthesis of PHA4-PPEGAoy

mixture was added Ebib with microliter syringe, a stirbar, and finally capped with
a rubber septum and degassed under Ny for 5 minutes. Degassed monomer HA
was then added by syringe under Ny atmosphere. The reaction vial was put under
a UV nail curing lamp with stirring and allowed to react for up to 15 hours. At
reaction completion as indicated by 'H NMR, a solution containing TFEA and
catalyst/ligand /TFE was degassed and injected into the vial. After 24 hours, the
reaction was checked by 'H NMR for complete monomer conversion and quenched
by opening the vial to air. The reaction mixture was diluted in DCM, filtered over
a column of basic alumina to remove the copper, and purified by dialysis (MWCO
= 5000-6000) against DCM (1L) for several days, changing the DCM twice daily.
The purified diblock copolymer was collected as a white, viscous material and
analyzed by 'H NMR, differential scanning calorimetry (DSC), and small angle
x-ray scattering (SAXS). '"H NMR (600 MHz, CDCl3): ¢ 4.62 - 4.33 (m, 55H),
4.17 - 3.81 (m, 46H), 1.18 - 1.04 (m, 6H). From the NMR, can conclude that
PHA,3-PTFEA,; 5 resulted.

Synthesis of PHAy4-PPEGAgy

For a target degree of polymerization = 24 per block, a typical reaction con-

tained the following amounts of reagents, with equivalents relative to the initiator:
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24 eq. HA (1 mL, 5.68 mmol), 1 eq. Ebib (34.8 L., 0.236 mmol), 0.02 eq. CuBr,
(1.1 mg, 4.74 pmol), 0.12 eq. MegTREN (7.6 uL, 28.42 pmol), and 1 mL TFE
(1:1 to the monomer). For the second block, additional catalyst/ligand/TFE so-
lution was injected with the second monomer, containing: 24 eq. PEGA (2.50
mL, 5.68 mmol), 0.02 eq. CuBry (1.1 mg, 4.74 pmol), 0.12 eq. MegTREN (7.6
pL, 28.42 pmol), and 1.5 mL TFE (50 vol% to monomer). Each reaction was
prepared in the following way: CuBry, trifluoroethanol (TFE), and MegTREN
were added to a glass reaction vial in that order and sonicated for several minutes
until the mixture turned a bright green color and all CuBry was dissolved. To
the solvent/catalyst mixture was added Ebib with microliter syringe, a stirbar,
and finally capped with a rubber septum and degassed under Ny for 5 minutes.
Degassed monomer HA was then added by syringe under Ny atmosphere. The
reaction vial was put under a UV nail curing lamp with stirring and allowed to
react for up to 15 hours. At reaction completion as indicated by 'H NMR, a
solution containing PEGA and catalyst/ligand/TFE was degassed and injected
into the vial. After 24 hours, the reaction was checked by 'H NMR for com-
plete monomer conversion and quenched by opening the vial to air. The reaction
mixture was diluted in DCM, filtered over a column of basic alumina to remove
the copper, and purified by dialysis (MWCO = 5000-6000) against DCM (1L)
for several days, changing the DCM twice daily. The purified diblock copolymer
was collected as a white, viscous material and analyzed by 'H NMR, differential
scanning calorimetry (DSC), and small angle x-ray scattering (SAXS). 'H NMR
(600 MHz, CDCl3): 6 4.06 - 3.92 (m, 44H), 3.36 (s, 68H), 1.16 - 1.08 (m, 6H).
From the NMR, can conclude that PHA»-PPEGA,; resulted.
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Figure 4.9: Synthetic scheme for the synthesis of PPEGA24-PLAcoy

Synthesis of PTFEA4-PLAcoy

Discussed in length in the subsequent chapter.

Synthesis of PPEGAs4-PLACo,

For a target degree of polymerization = 24 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. PEGA (1 mL, 2.27 mmol), 1 eq. Ebib (13.8 pL, 0.0946 mmol), 0.02 eq.
CuBry (0.4 mg, 1.89 pmol), 0.12 eq. MegTREN (3.0 pl, 11.35 pmol), and 1 mL
TFE (1:1 to the monomer). For the second block, additional catalyst/ligand/TFE
solution was injected with the second monomer, containing: 24 eq. LA (0.62 mL,
2.27 mmol), 0.02 eq. CuBry (0.4 mg, 1.89 pmol), 0.12 eq. MegTREN (3.0 uL,
11.35 pmol), and 0.5 mL TFE (50 vol% to monomer). Each reaction was pre-
pared in the following way: CuBrs, trifluoroethanol (TFE), and MegTREN were
added to a glass reaction vial in that order and sonicated for several minutes
until the mixture turned a bright green color and all CuBry, was dissolved. To
the solvent/catalyst mixture was added Ebib with microliter syringe, a stirbar,

and finally capped with a rubber septum and degassed under Ny for 5 minutes.
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Figure 4.10: Synthetic scheme for the synthesis of PTFEA24,-PPEGAoy

Degassed monomer PEGA was then added by syringe under Ny atmosphere. The
reaction vial was put under a UV nail curing lamp with stirring and allowed to
react for up tp 15 hours. The first block resulted in a very viscous white solution,
but solubility was good as the PEGA polymer helped to solubilize the lauryl acry-
late monomer during reaction. Simply swirling the solution together after addition
of lauryl acrylate was sufficient, and ensuring good stirring during the reaction.
At reaction completion as indicated by 'H NMR, a solution containing LA and
catalyst/ligand /TFE was degassed and injected into the vial. After 24 hours, the
reaction was checked by 'H NMR for complete monomer conversion and quenched
by opening the vial to air. The reaction mixture was diluted in DCM, filtered over
a column of basic alumina to remove the copper, and purified by dialysis (MWCO
= 5000-6000) against DCM (1L) for several days, changing the DCM twice daily.
The purified diblock copolymer was collected as a white, viscous material and
analyzed by 'H NMR, differential scanning calorimetry (DSC), and small angle
x-ray scattering (SAXS). 'H NMR (600 MHz, CDCl3): ¢ 3.97 (dd, J = 19.6, 10.9
Hz, 48H), 3.38 (s, 68H), 1.13 (d, J = 11.7 Hz, 6H). From the NMR, can conclude
that PPEGA43-PLACy, resulted.
Synthesis of PITFEA>,-PPEGAsy

For a target degree of polymerization = 24 per block, a typical reaction con-
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tained the following amounts of reagents, with equivalents relative to the initiator:
24 eq. TFEA (1 mL, 7.89 mmol), 1 eq. Ebib (48.2 pL, 0.328 mmol), 0.02 eq.
CuBr; (1.4 mg, 6.57 pmol), 0.12 eq. MegTREN (10.5 pl., 39.45 pmol), and 1 mL
TFE (1:1 to the monomer). For the second block, additional catalyst/ligand/ TFE
solution was injected with the second monomer, containing: 24 eq. PEGA (3.47
mL, 2.27 mmol), 0.02 eq. CuBry (1.4 mg, 6.57 pumol), 0.12 eq. MegTREN (10.5
uli, 39.45 pmol), and 2.0 mL TFE (50 vol% to monomer). Each reaction was
prepared in the following way: CuBrs, trifluoroethanol (TFE), and MegTREN
were added to a glass reaction vial in that order and sonicated for several minutes
until the mixture turned a bright green color and all CuBry, was dissolved. To
the solvent/catalyst mixture was added Ebib with microliter syringe, a stirbar,
and finally capped with a rubber septum and degassed under Ny for 5 minutes.
Degassed monomer TFEA was then added by syringe under Ny atmosphere. The
reaction vial was put under a UV nail curing lamp with stirring and allowed to
react for up to 15 hours. At reaction completion as indicated by 'H NMR, a
solution containing PEGA and catalyst/ligand/ TFE was degassed and injected
into the vial. After 24 hours, the reaction was checked by 'H NMR for com-
plete monomer conversion and quenched by opening the vial to air. The reaction
mixture was diluted in DCM, filtered over a column of basic alumina to remove
the copper, and purified by dialysis (MWCO = 5000-6000) against DCM (1L)
for several days, changing the DCM twice daily. The purified diblock copolymer
was collected as a white, viscous material and analyzed by 'H NMR, differential
scanning calorimetry (DSC), and small angle x-ray scattering (SAXS). '"H NMR
(600 MHz, CDCl3): ¢ 4.27 - 4.02 (m, 52H), 3.36 (s, 64H), 1.21 - 1.07 (m, 6H).
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From the NMR, can conclude that PTFEA;-PPEGA9, resulted.

4.3 Results and Discussion

The diblock copolymers were synthesized with attention to high conversion
and reaction completion, to ensure no block mixing. A characterization sum-
mary is shown in tabular form in Figure .11} From the NMRs, degrees of
polymerization were close to 24, with a degree of error + 10. The real de-
grees of polymerization calculated by NMR are: PTFEA4-PPEGA,;, PPEGA;-
PLAyy, PHA2-PPEGAyy, PHA3-PTFEA7 5, PHA30-PLASs, PtBAos-PPEGAg,
PtBAoy-PTFEA3;, PtBAy-PLA3,, PtBAyy-PHAo. For ease of comparison, the
target degrees of polymerization will be labeled on subsequent discussion of the
diblock copolymers. GPC traces of each reaction are including in the following

discussion.
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Polymer M Self
DP target n(theor.) n(GPC) block A,block B
assembly

block A, blockB
tBA24-HA24 3.2K, 6.9K 3.5K, 7.5K 1.09,1.08 No
tBA24-LA24 3.3K, 9.2K 3.3K, 8.2K 1.09, 1.10 No
tBA24-TFEA24 3.2K, 6.9K 3.1K, 7.9K 1.10, 1.07 No
tBA24-PEGA24 3.2K, 14.7K 3.2K, 13.2K | 1.09, 1.10 Disordered
HA24-LA24 3.9K, 9.7K 3.3K, 7.8K 1.10, 1.14 No
HA24-TFEA24 3.9K, 7.6K 3.3K, 6.8K 1.10, 1.05 Disordered
HA24—PEGA24 3.9K, 15.5K 3.2K, 11.5K | 1.09, 1.12 Hex
TFEA24—LA24 3.8K, 9.6K 2.6K, 7.0K 1.09, 1.14 A15 + Hex
PEGA24—LA24 17K, 17.4 8.8, 13K 1.13,1.16 Hex

3.8K, 15.4K 2.6K, 13.6K | 1.10, 1.10 No

TFEA24—PEGA24

Figure 4.11: Table showing molar masses, polydispersities, and identified self-
-assembly behavior of the ten diblocks

7
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Figure 4.12: GPCs of hydrophobic-hydrophobic block copolymers show

monodisperse curves.

GPC curves of each polymer indicate highly uniform, monodisperse blocks
were achieved from the synthesis, with average molar mass dispersity of P = 1.1
for the first block and D < 1.2 after addition of the second block.

The hydrophobic copolymers are shown in Figure tBA-HA showed a
M, cpc of 7.5K and a final D of 1.08. tBA-LA showed a M, gpc of 8.2K and a
final D of 1.10. HA-LA showed a M,, ¢pc of 7.8K and a final D of 1.14.
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Figure 4.13: GPCs of hydrophobic-hydrophilic block copolymers show monodis-

perse curves.

The hydrophobic-hydrophilic copolymers are shown in Figure [4.13] PtBA-
PPEGA showed a M, ¢pc of 13.2K and a final D of 1.10. PHA-PPEGA showed
a M, cpc of 11.5K and a final D of 1.12. PPEGA-PLAc showed a M, cpc of
13K and a final D of 1.16. The PEG-diblocks shows a broader peak than the
other diblock copolymers, possibly due to differences in how the PEG side chain

interacts with the column compared to the PS standards.
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semi-fluorinated block copolymers

Figure 4.14: GPCs of semi-fluorinated block copolymers show monodisperse

curves. The fluorinated blocks have a negative refractive index compared to

the chloroform eluent. The polymer PTFEA-PLAc is shown in the following

chapter.

The semi-fluorinated copolymers are shown in Figure [4.14 PtBA-PTFEA
showed a M, apc of 7.9K and a final D of 1.07. PHA-PTFEA showed a M,, ¢pc
of 6.8K and a final D of 1.05. PTFEA-PPEGA showed a M, ¢pc of 13.6K and a

final D of 1.10.
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4.4 SAXS Measurements

Small angle x-ray scattering (SAXS) measurements

Samples were prepared by dropcasting the diblock copolymers from DCM into
steel washers fitted with kapton tape, where they were annealed under vacuum
at 150° for 18h prior to analysis and allowed to return to room temperature by
ambient cooling. SAXS measurements were performed first using a custom-built
SAXS diffractometer at the Materials Research Laboratory (MRL) X-ray facility
at the University of California, Santa Barbara. As described previously [10], 1.54
A Cu K a X-rays were generated using a Genix 50 W X-ray microsource (50
p m micro-focus) equipped with FOX2D collimating multilayer optics (Xenocs,
France) and high efficiency scatterless single crystal /metal hybrid slits. 2D SAXS
data were collected on a DECTRIS EIGER R 1M area detector with a 1030 x
1065 resolution (DECTRIS, Switzerland). Sample to detector distances were 1.7
m and calibrated with an Ag behenate standard. 2D-data were reduced to a

one-dimensional form as a function of the magnitude of the wave vector q,

qa =|q|=4nrsin(0/2)/\

w here ) is the X-ray wavelength and 6 is the scattering angle. Data was con-
verted from 1D to 2D using the NIKA Igor package [90].
Hydrophobic-hydrophobic polymers

No phase separation was discernable for the hydrophobic-hydrophobic poly-

mers, PtBA-PLAc, PtBA-PHA, and PHA-PLAc (Figure [4.16]/4.15] 4.17). This is

to be expected, as there are no forces acting on these polymers (Figure [4.18). A

81



Accessing hexagonally packed cylinders morphology in diblock copolymers. Chapter 4

glass transition temperature (7';) as measured by DSC was found for PtBA-PHA
at -27.4°C. Melting temperatures were found for the lauryl acrylate diblocks: for
PtBA-PLAc, T,, at 1.4°C, and for PHA-PLAc T,, at 20.1°C.
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Figure 4.15: SAXS patterns show no phase separation or self-assembly in the
hydrophobic block copolymer PtBA-PHA.
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Figure 4.16: SAXS patterns show no phase separation or self- assembly in the
hydrophobic block copolymer PtBA-PLAc.
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Figure 4.17: SAXS patterns show no phase separation or self- assembly in the
hydrophobic block copolymer PHA-PLAc.

85



Accessing hexagonally packed cylinders morphology in diblock copolymers. Chapter 4

< Jlll2102 1. < Jll[AM21031h.1if < JlAv2115_1h.ti]

(0] (0]
Br ) Br
o 24 |24 o 24 |24
0" 00" o 0" 00" ™o
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Figure 4.18: SAXS images show no self-assembly behavior for the hydropho-
bic-hydrophobic diblock copolymers.

86



Accessing hexagonally packed cylinders morphology in diblock copolymers. Chapter 4

Hydrophobic-hydrophilic polymers

Self-assembly behavior was evident for hydrophobic-hydrophilic polymers, PtBA-
PPEGA, PHA-PPEGA, and PPEGA-PLAc. For PtBA-PPEGA (Figure [4.19]
, a small bump in the SAXS pattern indicates undefined structures were
formed, such as disordered spheres or micelles. The PPEGA-PLAc diblocks
formed well ordered, hexagonally packed cylinders (Figure [£.22). The PHA-
PPEGA diblocks also formed hexagonally packed cylinders, but with fewer peaks
(Figure . Thermal transitions were measured by DSC for some of the
polymers. PtBA-PPEGA showed a T, at 21.23°C while PTFEA-PPEGA showed
a T,, at 19.6°C. PLAc-PPEGA showed a T, at 6.7°C.
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Figure 4.19: SAXS patterns show some degree of phase separation and spherical
micelle formation in PtBA-PPEGA.
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Figure 4.20: SAXS image shows phase separation for PtBA-PPEGA.
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Figure 4.21: SAXS patterns shows the formation of hexagonally packed cylin-
ders (hep), where the reflections given q* is the most intense peak, the higher
q peaks correspond to v/3,v/4, and /7.
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Figure 4.22: SAXS image shows well-ordered, multiple reflections indicative of
hexagonally packed cylinders for PPEGA-PLAc.
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Figure 4.23: SAXS patterns shows the formation of hexagonally packed cylin-
ders (hep), where the reflections given q* is the most intense peak, the higher
q peaks correspond to /3 and /7.
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Figure 4.24: SAXS image shows reflections indicative of hexagonally packed
cylinders for PHA-PPEGA.
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Semi-fluorinated diblock polymers

Self-assembly behavior was evident for hydrophobic-hydrophilic polymers, PtBA-
PTFEA, PHA-PTFEA, PTFEA-PLAc (discussed in the following chapter), and
PTFEA-PPEGA. For PtBA-PTFEA (Figure , a small bump in the SAXS
pattern possibly indicates undefined structures were formed, but appears that
no notable phase separation occurred (Figure . Similarly, the PHA-PTFEA
diblocks did not form ordered structures, but some small degree of phase separa-
tion did occur (Figure , . The PTFEA-PPEGA diblocks also displayed
some degree of phase separation into spherical micelles (Figure . Ther-
mal transitions were found in some of the semi-fluorinated polymers. For PtBA-

PTFEA, a T,, was found at 8.6°C. PTFEA-PPEGA showed a T, at 19.6°C.

94



Accessing hexagonally packed cylinders morphology in diblock copolymers. Chapter 4

—__PtBA,,-PTFEA,,

intensity (log scale)

| | | |
0.05 0.10 0.15 0.20

Figure 4.25: SAXS patterns shows no notable phase separation for PtBA-PTFEA.
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Figure 4.26: SAXS image shows no notable phase separation for PtBA-PTFEA.
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Figure 4.27: SAXS patterns shows minor phase separation into an spherical
micelles for PHA-PTFEA.
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AM2113_1h.tif

Figure 4.28: SAXS image shows a light, broad reflection indicating minor phase
separation for PHA-PTFEA.
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Figure 4.29: SAXS patterns shows some degree of phase separation occurred
for PTFEA-PPEGA into spherical micelles.
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Figure 4.30: SAXS image shows a large ring reflection indicating phase sepa-
ration occurred for PTFEA-PPEGA.
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4.5 Conclusion

A family of ten acrylic diblocks were synthesized using light mediated Cu
ATRP in trifluoroethanol, affording monodisperse polymers and high chain end
fidelity as evident from the ability to chain extend with a second monomer.
These diblock copolymers were tested for phase separation behavior by SAXS.
Around N = 24, hexagonally packed cylinders were found in PHA-PPEGA,
and PPEGAs3-PLAcy,. The diblocks with the longer alkyl chain, C12, showed
the most pronounced self-assembly behavior by SAXS. Future work in design-
ing polymers that self-assemble into interesting morphology can expand on three
areas: increasing the library of hydrophobic and hydrophilic functionalities, in-
creasing N of each diblock, and targeting mismatch between the block lengths (i.e.

Ay4-Bys) to force the phase diagram in one direction.
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Chapter 5

Discovery of A15 phase in
semi-fluorinated diblock

copolymers

5.1 Introduction

The packing and self-assembly of matter into organized shapes and morpholo-
gies dictates long-range spatial order and physical properties. In the realm of poly-
mer morphology, traditional views of equilibrium phases in polymer self-assembly,
spherical, cylindrical, gyroid, and lamellar, are beginning to be challenged by the
discovery of new phases predicted by self-consistent field theory (SCFT) and in-
creasingly found experimentally [91,92]/9394,95]. The ability to predict and select
particular self-assembly behavior in designer diblock copolymers will revolutionize

their applications in nanotechnology. Recent work in polymer science has shown
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the existence of non-canonical Frank Kasper phases and Laves Phases in spherical
diblock copolymers [96], opening up the field to more available morphologies for
applications ranging from adhesives to nanolithography. In particular, tempera-
ture dependence appears to play a crucial role in the exhibition of these phases,
in addition to polymer architecture. [91]

Displayed polymer morphology in AB diblock systems is dependent on three
main factors: the Flory Huggins interaction parameter, x, which is a measure of
the repulsive interactions between the A and B monomers, the volume fraction
of the A block, ¢, and the degree of polymerization, N. Recent theoretical work
[97,98] using SCFT has shown the close existence of A15, hep, and o in highly
asymmetric AB diblock copolymers Figure[5.1] Experimental work has shown
A15 (cubic Pm3n symmetry) in small molecule surfactants. [99] Recent theoretical
work has shown both sigma and A15 phases (Figure possible in AB diblock
copolymers alternatively represented as ”core-corona” or "rod-coil” [100,/101] and
conformationally asymmetric polymers [97].

Others |102}/103] have recognized the importance of long, squishy alkyl chains
in promoting self-assembly into the A15 phase in dendrimers and small molecule
surfactants, as these chains reduce steric interactions and contact between spheres—
indeed, increasing the relative sphere size of one of the blocks pushes the governing
forces towards polyhedra shapes (Figure . [97] In particular, as Grason and
coworkers pointed out in the early 2000s, the A15 morphology becomes the pre-
ferred minimal free energy state, the ground state, as long as the hexagonally
packed phase does not interfere [98]. In our work, we find that A15 is the pre-

ferred morphology at room temperature following a slow cool from disordered
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Figure 5.1: Reproduced from reference [97]. Phase diagram of sphere phases
for miktoarm AB,, block copolymers, where m = 2. The boundaries between
the metastable phase A15 and the bee and the hexagonal phases are plotted in
red dashed lines.

state at 150°C. However, when there is rapid cooling in the span of several min-
utes from above the ODT (90°C), the hexagonal phase is formed. This indicates
the material can be classified as thermotropic liquid crystals.

We report the discovery of the A15 phase in a diblock copolymer, which had
only been theorized to exist in ABy diblock systems. A unique aspect that stabi-
lizes the existence of the A15 morphology is related to the conformational asym-
metry of the blocks, which affects the volume densities that the polymers take
up in space and therefore the three dimensional structures. This is due to the
very different polymer densities of each block. Literature reports PTFEA has
a density of p = 1.411 g-mL~! while PLAc is much less dense, exhibiting p =
0.94 gmL~!. [105] To calculate where each diblock sits on the phase diagram, the

volume fraction of each block is taken into account with the following equation,
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Figure 5.2: Reproduced from reference [98]. Phase diagram of AB linear diblock
copolymers, showing the A15 phase coexistence curves with bee and hexagonal
phases. The A15 phase region is between the dashed lines

using both the polymer molecular weight, M,,, and the polymer density, p:

f p—
_Va
Va+ Vb
where Va =
Mn
p

At a degree of polymerization (DP) = 20 for both blocks of PTFEA-PLAc,
the volume fraction is f = 0.32 for the fluorinated block. The A15 phase, sta-
bilized by a small mix of hexagonally packed cylinders, was found reproducibly
for these polymers across multiple samples (different syntheses). Increasing the

DP just slightly to DP ~ 25, the f = 3.0, the PTFEA-PLAc diblock displayed o
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bcc

Figure 5.3: Cubic unit cells for A15, sigma (o), body centered cubic (bcc), and
face centered cubic (fcc) lattices.

morphology. Increasing M,, to almost double, DP approx 42 for both blocks of
PTFEA-PLAc and f = 0.31, hexagonally packed cylinders was the sole morphol-

ogy.

Small angle x-ray scattering was used to determine the morphology of a se-
ries of diblock copolymers poly(trifluoro ethyl acrylate-b-lauryl acrylate) (herein
referred to as PTFEA-PLAc) where f ~ 0.3 for the fluorinated moiety (Figure

0.9).

5.2 Materials and Methods

Materials
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Figure 5.4: Figure and caption reproduced from reference [104]. Primitive unit

cell and coordination polyhedra of the A15 structure: (a) polyhedron centred

on a B atom; (b) on an A atom.

Lauryl acrylate (LA or LAc, 99 %) was purchased from Sigma Aldrich and
passed through a column of basic alumina (150 mesh, Brockmann I grade) just
prior to use. 2,2-trifluoroethyl acrylate (TFEA, 99%), copper(II) bromide (CuBry)
(99 %), and tris[2 (dimethylamino)ethyllamine (Meg-TREN) (97 %) were pur-
chased from TCI America and used as received. Ethyl-a bromoisobutyrate (Ebib,
98 %) was purchased from Sigma Aldrich. 2,2-trifluoroethanol (TFE, 99 %) and
dichloromethane (DCM, Reagent Grade) were purchased from Fisher Scientific.
Dialysis tubing (MWCO = 5-6 kD) was purchased from Spectral Por.

Methods

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 600
MHz spectrometer using CDCl3 as the solvent to determine reaction complete-
ness and number-average molar masses (M,). Molar mass distributions (D=
M.,/ M,) were measured via size exclusion chromatography (SEC), relative to
linear polystyrene standards, on a Waters 2690 separation module equipped with

Waters 2414 refractive index and 2996 photodiode array detectors. CHCl3 con-
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Linear AB diblock Micelle formation Spherical packing

Figure 5.5: (A) Chemical composition of diblock poly(trifluoro ethyl acry-
late-b-lauryl acrylate) where m and n range from 15-42. (B) Schematic showing
polymer self-assembly to A15.

taining 0.25 % triethylamine was used as the eluent at a flow rate of 1 mL-min".

Thermogravimetric Analysis (TGA) was performed on a Discovery (TA Instru-
ments), using a heating rate of 10°C per min from 25°C to 600°C and nitrogen
purge gas. Differential scanning calorimetry (DSC) was performed in crimped Al
pans on a TA Instruments DSC, where data from three heating and cooling cycles
were taken from -50°C to 150°C at a rate of 5°C or 10°C per min.

General Synthesis of PTFFEAy-b-PLAcy

For a target degree of polymerization = 20 per block, a typical reaction con-
tained the following amounts of reagents, with equivalents relative to the initiator:

20 eq. TFEA (1 mL, 7.89 mmol), 1 eq. Ebib (57.9 pL, 0.394 mmol), 0.02 eq.
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Figure 5.6: Synthetic scheme depicting diblock formation of poly (trifluoro ethyl

acrylate-b-lauryl acrylate), where m and n range from 15-40.
CuBry (1.7 mg, 7.89 pumol), 0.12 eq. MegTREN (12.6 pL, 47.3 pmol), and 1 mL
TFE (1:1 to the monomer). For the second block, additional catalyst/ligand/TFE
solution was injected with the second monomer, containing: 20 eq. LAc (2.14 mL,
7.89 mmol), 0.02 eq. CuBry (1.7 mg, 7.89 umol), 0.12 eq. MegTREN (12.6 uL,
47.3 pmol), and 1.07 mL TFE (50 vol% to monomer). Each reaction was pre-
pared in the following way: CuBrs, trifluoroethanol (TFE), and MegTREN were
added to a glass reaction vial in that order and sonicated for several minutes
until the mixture turned a bright green color and all CuBry was dissolved. To
the solvent/catalyst mixture was added Ebib with microliter syringe, a stirbar,
and finally capped with a rubber septum and degassed under Ny for 5 minutes.
Degassed monomer TFEA was then added by syringe under Ny atmosphere. The
reaction vial was put under a UV nail curing lamp with stirring and allowed to
react for 15 hours. At reaction completion as indicated by NMR, a solution con-
taining LAc and catalyst/ligand/TFE was degassed and injected into the vial.
Upon addition of the lauryl acrylate to the macroinitiator, the polymer became

very viscous and turned milky white. After 24 hours, the reaction was checked
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by NMR for complete monomer conversion and quenched by opening the vial to
air. The reaction mixture was diluted in DCM, filtered over a column of basic
alumina to remove the copper, and purified by dialysis (MWCO = 5-6000) against
DCM (1L) for several days, changing the DCM twice daily. The purified diblock
copolymer was collected as a white, viscous material and analyzed by 'H NMR,
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
small angle x-ray scattering (SAXS). 'H NMR (600 MHz, CDCly): § 4.48 (d, J=
10.8 Hz, 2H), 4.06 (m, 2H), 2.55-1.72 (d, 3H), 1.57 (d, J =31.6 Hz, 4H), 1.28 (d,
J = 18.4 Hz, 16H), 1.19-1.11 (m, 1H), 0.88 (t, J = 6.9 Hz, 3H).

Small angle x-ray scattering (SAXS) measurements

Samples were prepared by dropcasting the diblock copolymers from DCM into
steel washers fitted with kapton tape, where they were annealed under vacuum
at 150° for 18h prior to analysis and allowed to return to room temperature by
ambient cooling. SAXS measurements were performed first using a custom-built
SAXS diffractometer at the Materials Research Laboratory (MRL) X-ray facility
at the University of California, Santa Barbara. As described previously [10],
1.54 ACu K a X-rays were generated using a Genix 50 W X-ray microsource (50
p m micro-focus) equipped with FOX2D collimating multilayer optics (Xenocs,
France) and high efficiency scatterless single crystal/metal hybrid slits. 2D SAXS
data were collected on a DECTRIS EIGER R 1M area detector with a 1030 x
1065 resolution (DECTRIS, Switzerland). Sample to detector distances were 1.7
m and calibrated with an Ag behenate standard. 2D-data were reduced to a

one-dimensional form as a function of the magnitude of the wave vector (,
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q =|al|=dmsin(0/2)/A

w  here A is the X-ray wavelength and 6 is the scattering angle. Data was con-
verted from 1D to 2D using the NIKA Igor package [90].

SAXS pattern analysis via crystallographic matching

Inorganic crystal structures were obtained from the Inorganic Structure Crys-
tal Database (ICSD) hosted by FIZ Karlsruhe as .cif files and analyzed by Visual-
ization for Electronic and Structural Analysis (VESTA). Briefly, powder diffrac-
tion patterns were simulated for each phase of interest and reflections were cal-
culated for a given inorganic analogue (e.g. FeCr for o phase) in d (A). The
scattering wave vector q was calculated for each reflection through the equation g
= 27/d to yield q°®¢ in A=, By dividing q/q*, relative ratios between each reflec-
tion, regardless of unit cell size, were obtained to compare small inorganic atomic

*cale was compared to

structures to large polymer molecule-sized structures. q/q
q/q*"? to match diffraction patterns of Frank Kasper phases to those obtained

experimentally.

5.3 Results and Discussion

Nine linear diblock copolymers (Figure were synthesized via controlled
radical polymerization around a window of interest, with targeted degrees of poly-
merization of 15-40 per block, of even composition with the block lengths scaling
together. Of the linear diblocks studied extensively by SAXS, all have volume frac-
tions of PTFEA based on homopolymer densities between 28-32 %. The degree

of polymerization (DPyr) was determined by NMR, as in Figure . Briefly,
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Figure 5.7: Representative NMR, showing determination of degree of polymer-
ization of each block of the crude product. 'H NMR (600 MHz, CDCl3): &
4.48 (m, 39H), 4.06 (m, 38H), 2.50 (d, 21H), 2.28 (s, 11H), 2.05 (s, 9H), 1.90
(s, 5H), 1.77 (d, 17H), 1.57 (d, J =31.6 Hz, 82H), 1.28 (d, J = 18.4 Hz, 322H),
1.19-1.11 (m, 6H), 0.88 (t, J = 6.9 Hz, 55H).
AM2119, where DPyyr of PTFEA-PLAc = 20:19, has a molar mass of M,, =
7.0 kg - mol~! and molar mass distributions of D= 1.14. AM2132-2 differs by just
a single degree of polymerization, where DP /g of PTFEA-PLAc = 20:20, has
a molar mass of M, = 7.2 kg - mol~! and molar mass distributions of D= 1.11.
AM2132-3, is PTFEA-PLAc, with a DPyy/r = 24:25, a molar mass of M,, = 8.5

kg - mol™!, and molar mass distributions of D= 1.11. The final polymer of this

study, AM2132-7, has a molar mass of M,, = 11.0 kg - mol~! and PTFEA-PLAc

has DPNMR = 42:41.
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Entry Sample code  fprpea? DP\mr” M., nwr® M, sec Dgec

(block 1, block2) _ (block 1, total)  (block 1, total)
1 AM2119 0.32 20:19 3.3,45 26,7.0 1.09, 1.14
2 AM2132-1 0.28 15:17 25,41 2.0,6.2 1.11,1.10
3 AM2132-2 0.31 20:20 3.3,4.7 25,72 1.09, 1.11
4 AM2132-3 0.30 24:25 3.6,6.0 27,85 1.09, 1.12
5 AM2132-4 0.29 21:22 34,53 3.9,92 1.08, 1.14
6 AM2132-5 0.28 29:33 47,79 3.2,10.0 1.08, 1.14
7 AM2132-6 0.28 34:37 5.4,8.9 34,95 1.08, 1.15
8 AM2132-7 0.31 42:41 6.7,9.8 3.8,11.0 1.08,1.15
9 AM2132-8 0.30 38:38 4.2,11.8 6.0,9.2 1.07,1.12

Figure 5.8: Characterization data of poly(trifluoro ethyl acrylate-b-lauryl acry-
late). “Volume fraction of PTFEA determined by densities of homopolymers
PTFEA (p = 1.411 g - mL™!) and PLAc (p = 0.94 g - mL~!)as reported in the
literature. *Number-average degree of polymerization of each block determined
by 'H NMR end-group analysis. “Number-average molar mass determined by
'H NMR.
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Figure 5.9: Representative SEC traces showing narrow, monodisperse curves
for PTFEA5y-PLAcy9. The fluorinated block shows a negative refractive index
relative to the eluting solvent, chloroform.
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Figure 5.10: TGA of poly(trifluoro ethyl acrylate-b-lauryl acrylate)
5.4 Polymer Characterization

Thermogravimetric analysis (Figure shows decomposition of the diblock
beginning at 240°C, well below the annealing temperature. TGA experiments
were performed under a nitrogen atmosphere at a rate of 10°C - min—!.

Differential scanning calorimetry (Figure indicates a combined melt and
crystallization temperature of both PTFEA and PLAc at -2°C and -10°C, respec-
tively. These semi-crystalline polymers exhibit no glass transition temperature.

The polymers were viscous and exhibited Frank Kasper phases at room tempera-

ture after annealing above the ODT, determined from experiment to be 90°C.
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Figure 5.11: DSC of poly(trifluoro ethyl acrylate-b-lauryl acrylate). Data were
taken at a scan rate of 5°C - min~!, data shown from the third cycle (endo
down).
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Polarizing optical microscopy (POM) was performed on PTFEAyy-b-PLAcyq.
POM indicates sample crystallinity and orientation by placing a sample between
two polarizers that are oriented at a 90° from one another. The absence of an
image, such as a completely dark image, indicates the sample is isotropic, with
no orientation and lack of crystallinity. The polymer sample was spread on a
glass slide and smeared between a coverslip and the slide. The sample was not
annealed and contained some air bubbles (the larger circular features seen in some
of the optical micrographs, like Figure [5.12l PTFEA5)-b-PLAc9 shows evidence
of monoaxial orientation (Figure |5.13)). Upon closer magnification, some needle-
like crystals can be seen (Figure . The difference in brightness of the images

here is not due to lack of orientation but to the brightness settings on the camera.
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Figure 5.12: A polarizing optical micrograph of PTFEAg)-b-PLAcjg at 5x
magnification and room temperature.
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Figure 5.13: A polarizing optical micrograph of PTFEAgg-b-PLAc9 at 10x
magnification and room temperature. The sample is anisotropic, shows
monoaxial orientation and needle-like crystals.
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Figure 5.14: A polarizing optical micrograph of PTFEAg-b-PLAc9 at 20x
magnification and room temperature. A dust particle is present in the bottom
quadrant.
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Small Angle X-Ray Fxperiments

Small angle x-ray scattering experiments were performed on a home built in-
strument at the University of California, Santa Barbara as well as on the Stanford
Synchrotron Radiation Light Source and Argonne National Laboratory. All sam-
ples were annealed at 150°C under vacuum for 18 hours and allowed to return
to room temperature through ambient cooling. Figure [5.15| shows PTFEAyy-b-
PLAcyy (AM2132-2) diffraction patterns where the lowest-order reflection is q*
— 0.033276 A. The diffraction pattern calculated for this q/q* matched q/q* for
A15, with three reflections corresponding to hexagonally packed spheres (hcp)
(all allowed reflections in Figure . Repeat experiments, including a different
polymer (PTFEAy-b-PLAc9) was synthesized and showed the same mixed mor-
phology of A15 phase also stabilized by hep (Figure , Figure and Figure

5.22)). The pattern was stable over time at room temperature.
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Figure 5.15: Synchrotron SAXS patterns showing A15-hex phase obtained from
sample PTFEA)-b-PLAcyg (AM2132-2) at room temperature.
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Figure 5.16: Synchrotron SAXS image showing A1l5 phase in sample
PTFEA2-b-PLAc1g (AM2119) at room temperature°C. SAXS taken at Ar-
gonne National Laboratory
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hkl q (calc) q (obs)
110 0.44721366 -

200 0.632455663 -
210 0.70710684 0.70359877
211 0.774596904 -
220 0.89442732 0.896392777
310 1 1
1.005445188 -
220 1.140175403 1.142026473
321 1.183215957 1.169091217
440 1.264911325 -
410 1.30384067 1.304203493
330, 411 1.341641338 1.33513765
- 1.388315643
420 1.414214277 -
421 1.449138503 1.443629213
332 1.483239463 1.466359369
422 1.54919309 1560916818
430 1.581139157 -
510, 431 1.612452254 1.610457986
432, 520 1.70293837 -
521 1.73205093 1.727766736
440 1.788854639 -
433, 530 1.843909307 1.839197361
531 1.870829437 -
442, 600 1.897366988 1.897555715
610 1.923539343 -
532, 611 1.949359491 -

Figure 5.17: Figure showing all allowed reflections for PTFEAgp-b-PLAcgg
(AM2132-2). List of peak positions and peak indices
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It appears that PTFEA 5-b-PLAcy; (AM2132-7) forms a majority of hexag-
onally packed cylinders (hex or p6mm) with a small amount of another phase
(minor peaks). At 60°C, major Bragg peak positions where q* is the tallest peak
at 0.043 A~! show the ratio of q/q* to be 1, V3, VA4, V7, V9. At 70°C, the
last q/q* of V9 disappears. By 80°C, there is a small peak at low q which is not
present at any other temperature, possibly an artifact. Additionally, the presence
of some minor intensity peaks, including the significant shoulder peak to the left
of the main peak appearing after heating to 50°C (indicating that there is some
degree of mixing of another phase), would need longer temperature holds to ascer-
tain whether they are kinetically trapped phases. The steady show of hexagonally
packed cylinders through 90°C indicates that this polymer has a different ODT
temperature than lower molar mass polymers and that the hexagonally packed

cylinders are thermodynamically favored equilibrium for this N.
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Figure 5.18: SAXS pattern of PTFEA9-b-PLAcy; (AM2132-7) shows hexago-
nally packed cylinders, with some variation of peak size based on heating, but
no ODT through 90°C.

126



Discovery of A15 phase in semi-fluorinated diblock copolymers Chapter 5

5.5 Temperature studies

Heating the PTFEAy;-b-PLAc;g (AM2119) sample through 100°C revealed
A15-hex from 25°C through 40°C, then some loss of definition to reveal solely hex
from 50°C (Figure[5.22) through 80°C, then the ODT to disorder by 100°C (Figure
. Repeat samples of the same composition underwent similar treatment but
on first pass by SAXS showed two broad peaks, indicative of trapped morphol-
ogy. For example, at 25°C PTFEA;-b-PLAcy, (AM2132-3) showed kinetically
arrested liquid-like packing (LLP), Figure [5.19} Minimal heating through 90°C
then back down to 45°C revealed a growth of the sigma (o) phase (Figure and
Figure . Figure shows a repeat sample run of DP = 20:20 AM2132-2 at
SSRL, exhibiting A15-hcp at room temperature without additional heating. High

resolution patterns were taken of that sample to confirm the morphology.
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Figure 5.19: SAXS patterns obtained from sample PTFEAs5-b-PLAcoy
(AM2132-3) at room temperature and after applying heat and cooling.
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Figure 5.21: SAXS image of PTFEAgs-b-PLAcos (AM2132-3) at 45°C after
cooling from 90°C, 1 hour exposure.
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Figure 5.22: SAXS patterns obtained from sample PTFEAs)-b-PLAcig
(AM2119) in part B, heating from 25°C to 60°C shows transition from
A15-HEX

131



Discovery of A15 phase in semi-fluorinated diblock copolymers Chapter 5

Intensity (a. u.)

heat

| | | | | | | | | |
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

g(A")

Figure 5.23: SAXS patterns obtained from sample PTFEAs)-b-PLAcig
(AM2119). In part A, heating from 80°C to 100°C shows order-disorder-tran-
sition ODT from HEX to disorder
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AM2119_1h.tif

Figure 5.24: Home built SAXS image showing A15-hex phase obtained from
sample PTFEA)-b-PLAc1g (AM2119) at room temperature.
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Figure 5.25: Home built SAXS image showing the beginning of morphology
changes in sample PTFEAg-b-PLAcjg (AM2119) at 30°C.

134



Discovery of Alb phase in semi-fluorinated diblock copolymers Chapter 5

0 100 200 300 400 500 600 700 800 900 1000

AM2119_2_40.tif

1000 900 800 700 600 500 400 300 200 100

1100

Figure 5.26: Home built SAXS image showing the beginning of morphology
changes in sample PTFEA)-b-PLAcjg (AM2119) at 40°C.
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Figure 5.27: Home built SAXS image showing loss of morphology in sample
PTFEA-b-PLAc1g (AM2119) at 50°C.
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Figure 5.28: Home built SAXS image showing loss of morphology in sample
PTFEA-b-PLAc1g (AM2119) at 60°C.
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Figure 5.29: Home built SAXS image showing beginning of disorder in sample
PTFEA-b-PLAc1g (AM2119) at 70°C.
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Figure 5.30: A comparison between theory [98] and experimental phase dia-
grams for the PTFEA-b-PLA polymers tested by SAXS.

5.6 Comparison of Experiment to Theory

In the region between N = 15-40, a close match between theory and experiment
is found, comparing [98| to the polymers synthesized and tested by SAXS. At N =
15, the polymer is disordered. Increasing to N = 20, the A15-hex phase is found.
At N = 25, sigma phase is found with the addition of heat, while increasing to N =
42, hexagonally packed cylinders are found and stable over a range of temperatures
through 90 °C. Expanding through the phase diagram will likely show the typical
diblock phases, including lamellar, gyroid, BCC, and FCC. Here, a complex phase

diagram is shown for the spherical phases.
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5.7 Conclusion

Conclusive evidence herein demonstrates the possibility to unravel unique
polymer morphology with patient studies around degrees of polymerization of
interest. Recent work in the field has shown that there are many phases, such
as the numerous Frank Kasper phases, that are yet to be uncovered by using
temperature studies, discrete polymers, and high resolution SAXS. Accordingly,
diligent polymer chemists should team up with theoreticians to advance the field.
Interesting phases are not only difficult to discover through experiment, a lump on
a low resolution SAXS can be ignored as a fluke in a one-pass experiment. Guar-
anteed success is hard to come by, and close discussions with physical chemists is
the best way forward in designing experiments and targeting which polymers to
make.

The A15 phase has been shown to be one of the most simple complex struc-
ture in metals, where it is found in CrsSi. |106] Observations in metals indicate
that the A15 stability depends on the electronic structure of the d bands. [104]
Laves phases, on the other hand, are one of the more complex structures and
can be less easily recognized. Determining the phase morphology is difficult for
polymer chemists who may be unfamiliar with inorganic crystal structures, and
might not immediately match the phases to known crystal structures. More over-
lap between inorganic chemists, polymer theoreticians, and polymer chemists is
needed to ensure that all possibilities are explored. Essentially, a library of phases
for polymers, just as those that exist for X-Ray Reflectivity Diffractometry of
inorganic materials, must be made with an eye toward flexible radii of polymer

blocks. Not only will this help with identifying phases, it will open up the field of
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polymer physics to overlap with other fields more closely. Other fields have greatly
benefited from digitizing the analysis of data with algorithms. The opportunities
for future work here are endless.

The one problem untold between literature interest, society’s hopes for tech-
nology is the sheer size of the work that needs to be done in order to understand
and control the physical packing of new polymers. A push towards high through-
put polymerization, such as that which has been done with synthetic peptoid work
and their morphology characterization, |107] can be a great way to achieve these

goals.
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Chapter 6

Well-defined star polymers via
Cu(0)-mediated
reversible-deactivation radical

polymerization

6.1 Introduction

Star polymers are branched macromolecules of diverse architectures that have
attracted significant attention in both industry and academia. They are classi-
fied as having at least three linear polymer chains or ”arms” connected to a single
core. Compared to linear analogues, star polymers can exhibit different viscosities,
lower hydrodynamic volumes, and relatively minimal chain entanglements. [108]

Due to these characteristics, star polymers are used in a wide range of applications:
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as polymer therapeutics, MRI contrast agents, drug delivery vehicles, nanoreac-
tors for inorganic nanoparticle synthesis, viscosity modifiers, and cosmetic addi-
tives. [89,108,/109, 110,111}, 112] Star polymers can be synthesized via controlled
radical polymerization through three synthetic approaches, called ”arm first,”
”grafting onto,” and ”core first.” Among the synthetic techniques available, star
polymers are most often prepared using copper-mediated approaches, including
conventional atom transfer radical polymerization (ATRP) |113}/114] and Cu(0),
also referred to as single electron transfer living radical polymerization (SET
LRP), [16] ring opening polymerization (ROP), [115] and reversible addition-
fragmentation chain transfer (RAFT) polymerization. [116,[117,118,[119] In both
the "arm first” and ”grafting onto” approaches, linear polymers are first synthe-
sized and then attached together through cross-linking or coupling chemistries to
form star polymers. In this way, each polymer arm has a known chain length
and molar mass prior to coupling. However, these techniques are plagued by
both broad molar mass distributions, due to statistical distributions of the num-
ber of arms per molecule, and the need for extensive purification to remove any
unreacted linear polymers. [108] As such, the "core first” strategy has attracted
significant attention due to the excellent yields of pure star polymers with a known
number of arms from multifunctional cores via a simple purification process to re-
move monomer and other small molecules. However, an on-going drawback of
the latter strategy, especially when combined with reversible-deactivation radical
polymerization RDRP (e.g. ATRP), is the propensity for deleterious side reac-
tions such as bimolecular star-star coupling and disproportionation. |[120}[121,/122]

Size Exclusion Chromatography (SEC) analysis shows evidence of these side re-
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actions, indicating undesired variable star architectures. The tendency towards
these side reactions is not surprising, given that star polymers inherently contain
multiple propagation sites relative to their linear analogues and are statistically
more likely to undergo radical-radical termination events. These unwanted events
become even more probable over time, at high monomer conversions, or when
higher molar masses are targeted.

To address these challenges, star polymerizations are typically stopped at
low monomer conversions (e.g. 10-40 %) before any severe coupling events oc-
cur. [109[123}124] Alternatively, synthesis can also be conducted under extremely
dilute conditions (e.g. 1-10 wt% of the monomer) to reduce intermolecular cou-
plings. Both of these strategies are wasteful of starting materials, inspiring poly-
mer chemists to find better methods. Whittaker and co-workers partially ad-
dressed these issues by using an excess of CuBry deactivator (0.16 eq. per arm)
in dimethylsulfoxide (DMSO), although these star multi-block copolymers were
confined to low molar masses (M, <10,000). [125] In addition, Haddleton and
co-workers reported that star-star coupling could be suppressed by designing a
system in which the star polymers phase separate from the reaction medium al-
lowing for the synthesis of polymers with a significantly improved degree of control.
However, this strategy was limited in scope to a particular solvent and monomer
combination, and no star block copolymers were demonstrated. [126),127]

To widen monomer scope, accessible molar masses, and arm topologies in the
preparation of well-defined star polymers, we utilize Cu(0)-wire RDRP [128,[129,
130|131} [132] to prepare star polymers via the ”core first” approach. Through

careful optimization of reaction conditions, trifluoroethanol (TFE) was found to
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be an optimal solvent as it can maintain the critical balance between catalyst
and polymer solubility while simultaneously minimizing star-star coupling. With
the use of parts per million (ppm) concentrations of copper, tetra-, octa- and
cyclodextrin-based initiators were used for the synthesis of a breadth of well-
defined star polymers. All polymerizations exhibited near quantitative monomer
conversions (>95 %) and narrow molar mass distributions (D~ 1.1) with minimal
star-star coupling, even for higher molar mass stars, up through degrees of poly-

merization per arm, DPpe, qrm, is equal to 600, and the M, = 171,000 g-mol ™.
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Figure 6.1: Synthesis of polyacrylate star polymers via Cu(0) RDRP in TFE.
Chemical structures of the multifunctional 4-, 8-, and 21-arm ATRP initiators
are shown, where R is 2-bromo-2-methylproprionate.
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6.2 Materials and Methods

Materials

Methyl acrylate (MA) (99 %), tert-butyl acrylate (tBA) (98 %), hexyl acrylate
(HA) (98 %), and butyl acrylate (nBA) (99 %) were purchased from Sigma Aldrich
and passed through a column of basic alumina (150 mesh, Brockmann I grade) just
prior to use. Reagent grade solvents were used as received: 2,2-trifluoroethanol
(TFE) and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich and
acetonitrile (MeCN), N,N-dimethyl formamide (DMF), N-Methyl-2-pyrrolidone
(NMP), tetrahydrofuran (THF), pyridine (anhydrous), dichloromethane (DCM),
ethyl acetate, isopropanol (IPA) and toluene were purchased from Fisher Sci-
entific. Copper(Il) bromide (CuBrs) (99 %), tris[2 (dimethylamino)ethyl]amine
(Meg-TREN) (97 %), -cyclodextrin, and 2,2-trifluoroethyl acrylate (TFEA) were
purchased from TCI America and used as received. (-Lactose, 2-bromoisobutyryl
bromide (EBib), pentaerythritol, and triethylamine were purchased from Sigma
Aldrich and used as received. Copper (0)-wire (0.25 mm gauge) was purchased
from Comax Engineered Wires.

Characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 600
MHz spectrometer using CDCl3 or CD30D as the solvent. Analysis of number
average molecular weights (M,,) and weight average molecular weights (M ,,) was
performed via size exclusion chromatography (SEC), relative to linear polystyrene
standards, on a Waters 2690 separation module equipped with Waters 2414 re-
fractive index and 2996 photodiode array detectors. CHCI3 containing 0.25 %

1

triethylamine was used as the eluent at a flow rate of 1 mL - min™". Fourier
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Transform Infrared (FTIR) spectra were collected on a Nicolet is10 FTIR spec-
trometer with a Smart Diamond ATR accessory from Thermo Fisher Scientific.
Electrospray ionization spectra were taken on a Waters Xevo G2-XS TOF mass
spectrometer with ESI source.

Synthesis of 4-arm ATRP initiator

The four arm initiator was synthesized according to the literature. [133] All
glassware was flame dried before use and Argon flow was present during addition
of EBib, and the remainder of the reaction was performed under an Argon at-
mosphere. 2-bromoisobutyryl bromide (5 eq., 25 g, 0.11 mol) dissolved in 80 mL
of dry THF was added dropwise to another solution containing pentaerythritol
(1 eq., 3.0 g, 0.022 mol) and triethylamine (5 eq., 11 g, 0.11 mol) dissolved in
220 mL of dry THF at 0 °C. The reaction was allowed to stir for 6 h and then
filtered to remove the salts. The filtrate was concentrated by rotary evaporation.
The crude product was dissolved in 300 mL ether and sequentially washed with
(3 x 100 mL) 10 wt % HCI, (3 x 100 mL) saturated NaHCOj3 solution, and brine.
The organic layer was collected, dried over anhydrous MgSQOy, and filtered. The
filtrate was concentrated by rotary evaporation. The concentrate was purified by
silica gel column chromatography using ethyl acetate/petroleum ether (1/6, v/v)
as the eluent. Yield: white crystals, 10 g, 65 %.'H NMR (600 MHz, CDCl3): §
1.94 (s, 24H), 4.33 (s, 8H). 1¥3C NMR (150 MHz, CDCl3): § 171.04, 63.04, 55.34,
43.82, 30.79.

Synthesis of 8-arm ATRP initiator from lactose

A synthetic protocol was adapted from previous literature reports. [134] (-

Lactose (1 eq., 5.0 g, 0.015 mol) was dissolved in a mixture of anhydrous pyridine

148



Well-defined star polymers via Cu(0)-mediated reversible-deactivation radical
polymerization Chapter 6

(33 mL) and anhydrous DCM (33 mL) under nitrogen atmosphere and cooled
in an ice bath to 0 °C. 2-bromoisobutyryl bromide (9.6 eq., 17 mL, 0.14 mol)
was dissolved in 17 mL anhydrous DCM and slowly added dropwise with an
addition funnel to the cooled lactose mixture. The reaction was allowed to warm
to room temperature and react for 72 h with stirring. The mixture was then
diluted in DCM and washed first with ice water, then (3 x 100 mL) aqueous
saturated NaHCOj3, and then again with HyO. The organic layer was collected,
dried over MgSQOy, and concentrated by rotary evaporation to yield orange syrup.
The product was recrystallized from ethanol to yield a white powder. Yield: 1.25
g, 5.6 %. 'H NMR (600 MHz, CDCl3) ¢ 6.32 (d, J = 3.7 Hz, 1H), 5.63 (t, J = 9.9
Hz, 1H), 5.49 (d, J = 3.2 Hz, 1H), 5.25 (dd, J = 10.5, 8.1 Hz, 1H), 5.08 (dd, J =
10.3, 3.8 Hz, 1H), 5.01 (dd, J = 10.5, 3.3 Hz, 1H), 4.74 (d, J = 8.1 Hz, 1H), 4.69
(dd, J = 12.9, 2.7 Hz, 1H), 4.48 (dd, J = 12.8, 2.1 Hz, 1H), 4.42 - 4.29 (m, 2H),
4.27 - 4.13 (m, 3H), 2.06 - 1.84 (m, 45H), 1.77 (s, 3H). MS (ESI, m/z): [M + H]
+ caled for Cyy Hgo Brg Oq9: 1533.73; found, 1533.9.

Synthesis of 21-arm ATRP initiator from [(-cyclodextrin

A synthetic protocol was adapted from previous literature reports. [135,/136]
To a dry 100 mL round bottom flask fitted with an addition funnel and in an
ice bath was added f-cyclodextrin (1 eq., 1.1 g, 0.003 mol), stir bar, and 10 mL
anhydrous NMP. In a separate flask, 2-bromoisobutyryl bromide (42 eq., 10 mL,
0.13 mol) and 5 mL anhydrous NMP were added and stirred until thoroughly
mixed; this was then introduced to the addition funnel and added dropwise to
the reaction flask. The reaction was allowed to warm up to room temperature

overnight and let react for 72 h. The reaction mixture was diluted with 50 mL
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DCM, washed first with (2 x 100 mL) aqueous saturated NaHCOj3 and then with
(2 x 100 mL) HyO. The organic layer was concentrated under reduced pressure and
dried overnight under vacuum, followed by dialysis (MWCO = 2000) against DI
H5O for several days until white and brown sediment settled in the dialysis tubing.
The brownish /white precipitate was dissolved in DCM, dried over MgSQy, filtered,
and redissolved in minimal DCM. The product (herein referred to as cyclodextrin-
initiator or CD-initiator) was then precipitated in cold hexanes to yield a white
powder. Yield: 1.68 g, 14 %. FTIR ecm™': 2991 -2910 (v ¢_p), 1737 (v c=0),
1150 (v ¢—o_c), 1034 and 1102 (v ¢_¢c and v ¢_p). 'H NMR (600 MHz, CDCl3):
§1.19 (d, J = 86.8, 2H), 2.35-1.60 (m, 126H), 5.89-3.54 (m, 49H). MS (ESI, m/z):
[M] + caled for Ci96 Hyzs Brag Osg: 4264; found, 3992.

General synthesis of star polymers from multi-arm initiators via Cu(0) RDRP

The synthesis of PtBA, PMA, PHA, and PnBA were performed at room tem-
perature using either the 4-, 8-, or CD- initiators. A typical reaction to prepare
4-arm PtBA stars with 37 repeat units per arm, [M]/[I]=150, contained: 5 cm of
copper wire, 1 eq. of initiator (0.039 g, 0.055 mmol), 150 eq. of tBA (1.2 mL, 8.2
mmol), 0.05 eq. of CuBry (0.6 mg, 0.027 mmol; 0.0125 eq. per CH-Br), 0.72 eq. of
MegTREN (0.0026 mL, 0.040 mmol; 0.18 eq. per CH-Br), and 1.2 mL of solvent
(TFE, MeCN, toluene, DMSO, or DMF, all 1:1 with the monomer). The copper
wire was first activated in HCI for 10 minutes, rinsed with acetone, and wrapped
around a stir bar. CuBrs, solvent, and Meg TREN were added in that order to a
glass reaction vial and sonicated until the mixture turned a bright green color and
all of the CuBry was dissolved. The initiator and monomer were then added to

the reaction vial, the stir bar was placed at the top of the vial and held in place
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Figure 6.2: Photo of the reaction setup showing the stirbar with copper wire
wrapped around it. The stir bar is magnetized to the side of the reaction vessel
during the degassing step.

with a magnet, and everything was sealed with a suba-seal septum and degassed

by purging the solution with N, (Figure [6.2)).
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Subsequently, the stir bar was allowed to drop to the bottom of the vial and the
reaction commenced with stirring. Small aliquots were taken periodically for the
kinetic experiments under an inert N, atmosphere, taking care not to introduce
oxygen into the system. At reaction completion as indicated by NMR, the vial was
opened to air. For chain extension reactions, after the first block reached very high
conversion (typically >98 %), a degassed solution of monomer and solvent (1:1
v/v) were added in situ via syringe without the need to purify the macroinitiator.
For example, for chain extensions of the PtBA mentioned above, 1.2 mL of hexyl

acrylate and 1.2 mL of solvent were added to yield PtBA-b-PHA.

6.3 Results and Discussion

Two inherent problems that plague all chain ends on star polymers are bi-
molecular and intramolecular reactions, where star-star coupling or termination
events become inevitable at high monomer conversion where there is a high con-
centration of chain ends (relative to linear analogues). Not only does this lead
to uncontrolled coupling and variable star architectures, it precludes chain exten-
sions to form diblock star copolymers, which are interesting to the research com-
munity for their self-assembly behavior and potential applications as drug delivery
agents. [137,138] Certain solvents and monomers seem more prone to loss of control
and star-star coupling, in particular solvents such as DMSO and DMF, which are
widely used for copper mediated RDRP. In addition, there is a dichotomy between
the polar solvents needed to solubilize the catalyst/ligand for Cu(0)-RDRP and

the types of star polymers that researchers are interested in, such as hydrophobic
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stars, which necessitate the use of a nonpolar solvent like toluene. In this study,
we surveyed the literature and screened a number of solvents commonly used for
Cu(0)-RDRP. N,N-Dimethyl formamide (DMF), acetonitrile (MeCN), dimethyl
sulfoxide (DMSO), toluene, mixtures of toluene/isopropanol, and trifluoroethanol
(TFE) were assessed for their capability to produce well defined star polymers.
Moreover, in situ chain extensions were conducted for each solvent. Tert-butyl
acrylate was chosen as a model monomer as it provides a synthetic handle to both
hydrophobic and hy-drophilic stars, if deprotected with trifluoroacetic acid to yield
poly(acrylic acid) stars. [139] Polymerization conditions were chosen that flout
usual measures to suppress star-star coupling: a high concentration of monomer
(1:1 with the solvent), a low amount of deactivator ( 0.01 eq. of CuBry per CH-
Br), and reaction cessation at high conversion (> 95 %). Such small amounts
of copper have previously been reported to give rise to substantial star-star cou-
pling. [140] While MeCN and DMF could efficiently solubilize the catalyst mixture
and resulted in relatively low dispersities (D~ 1.1), evidence of star-star coupling
at higher monomer conversions (>80 %) was observed (Figure [6.3| part a and b,

respectively).
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Figure 6.3: SEC traces (dRI CHCl3) of 4-arm star PtBA homopolymers (solid
orange line) synthesized via Cu(0) RDRP using (a) DMF, (b) MeCN, (c)
toluene, (d) TFE. All reactions were run to high monomer conversion (> 95

%).
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Figure 6.4: Reaction scheme and SEC traces (dRI CHCl3) of 4-arm PtBA and

PtBA-b-PHA stars in toluene/isopropanol (4:1).

In toluene, a complete loss of control was observed (D~ 1.8) (Figure [6.3| part
¢), which was attributed to the limited solubility of the catalyst complex used in
this solvent. To circumvent this, a mixture of toluene with a small amount of
isopropanol (4:1 toluene/IPA) resulted in minimal star-star coupling using this
protocol (Figure , however chain extension of these stars did not give repro-

ducible results.
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Figure 6.5: Reaction scheme and SEC traces (dRI CHCI3) of 4-arm PMA stars
in DMSO.

Similarly, when the polymerization was performed in DMSO (methyl acrylate
was polymerized instead due to the limited solubility of PtBA in DMSO), the
most widely used solvent for Cu(0)-wire polymerizations, [132,/141] substantial

star-star coupling was detected (Figure [6.5).
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This is in good agreement with previous reports showing substantial star-star
coupling of stars consisting of MA in DMSO, whereas n-butyl acrylate could be
polymerized in the absence of radical-radical coupling due to phase separation
from the reaction medium upon polymerization. [127] Finding star-star coupling
and loss of control to occur readily in these solvents, we turned our attention
towards other solvents capable of solubilizing hydrophobic stars and the catalyst
system. Inspired by reports from Percec and co-workers, as well as recent work in
the Hawker group using semi-fluorinated solvents for the controlled synthesis of
linear polyacrylates and polymethacrylates via Cu(0)-RDRP [79,[80}81} 82,8384,
85,86] and light ATRP [87,88] respectively, efforts were directed to trifluoroethanol
(TFE). TFE is a commercially available solvent that is capable of solubilizing a
vast array of monomers with different functionalities, including both hydrophobic
and fluorinated side chains. In order to access these functionalities, TFE was
used in the following study. Upon sonication for ~15 min, CuBry and MegTREN
exhibit good solubility in TFE, evidenced by a solution color change to bright
green. Polymerization of tBA was allowed to commence at room temperature,
resulting in uniform stars with minimal star-star coupling and narrow molar mass
distributions (Figure part d).

A kinetic study was performed on tBA polymerization in TFE. Kinetic analysis
revealed a linear increase of In([M]y/[M];) vs. time as well as linear evolution of
M,, with monomer conversion (Figure , suggesting a controlled reaction and

no star-star coupling evidenced by SEC even at high conversion (Figure .
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Figure 6.6: A single kinetic experiment for PtBA (DPygrget, per arm =37) using
the 4-arm star ATRP initiator exhibits a) linear kinetics and controlled growth

through high conversion and b) molar mass evolution versus conversion shows
livingness of the reaction.
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13.0 13.5 14.0 14.5 15.0 15.5
retention (min)

Figure 6.7: SEC traces (dRI CHCIl3) of 4-arm star PtBA (DPtarget, per
arm=37) corresponding to each time point of kinetic experiment for 4-arm
star PtBA (DPigrget, per arm=37). SEC traces show no star-star coupling
through high monomer conversions
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Figure 6.8: SEC traces (dRI CHCl3) of 4-arm star PtBA polymers synthesized

via Cu(0) RDRP in TFE. Target degrees of polymerization per arm are shown

in legend (DP = 5-600 per arm). Narrow molar mass distributions and minimal

star-star couplings are notable for these polymers.

While there is some deviation between experimental and theoretical M,, values,
it should be noted that star polymers adopt significantly different hydrodynamic
volumes relative to the linear PS standards used for SEC calibration. |142] Nev-
ertheless, narrow molar mass distributions (D~ 1.1) were observed throughout

the polymerization with minimal star-star coupling even at very high monomer

conversions (>95 %).
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M, (kg mol-')
Entry DPcr arm conv (%) theor exp® bp
1 5 99 3.3 2.9 1.08
2 10 99 5.6 5.8 1.07
3 19 99 10.3 9.3 1.07
4 37 99 20 15.6 1.05
5 75 99 39.1 28.2 1.09
6 150 99 77.6 48 1.09
7 300 97 154 99 1.08
8 600 95 308 171 1.11
9 1200 93 616 225 1.18
10 2400 92 1213 318 1.21

Figure 6.9: Table of 'H NMR and SEC analysis of 4-arm PtBA stars. In all

polymerizations, 5 cm of Cu(0)-wire, 5 % CuBrg, and 72 % MegTREN with

respect to initiator (mol %) were utilized. The volume ratio of monomer to TFE

was maintained at 1:1. Conversion was calculated via '"H NMR. *Determined

by SEC relative to PS standards.

In order to probe the potential of this technique to maintain control for both
very low and very high molar masses, a series of polymers were synthesized tar-

geting degrees of polymerization (DP) from 5 to 2400 per arm using the 4-arm

initiator.
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Figure 6.10: SEC traces (dRI CHCl3) of 4-arm polymer PtBA stars (DPperqrm

= 1200).

A low molar mass 4-arm PtBA star (DP e qrm = 5, Figure , entry 1) gave
rise to a narrow molar mass distribution (D= 1.08). Upon targeting a range of
star polymers with dif-ferent molar masses (DP,¢;qrm = 10-600, Figure entries
2-8), narrow molar mass distributions were also achieved (P~ 1.1) with very
minimal star-star coupling (Figure , even at quantitative or near-quantitative
monomer conversions (>95 %). For instance, targeting DPpeqrm = 600 yielded
a well-defined star polymer with M, = 171,000 g-mol~! with a P= 1.11 at a
conversion of 95 %. Pushing the system further to target DPper arm = 1200 and
DPperarm = 2400 (Figure , entries 9-10) gave rise to broadened distributions,
suggesting that the limits of the technique had been reached (Figure and
6.11] respectively). Nevertheless, molar masses up to 320,000 g -mol~"! (relative
to linear polystyrene standards) could be targeted with a final D= 1.21 at very
high conversions (>90 %) (Figure [6.11).
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Figure 6.11: SEC traces (dRI CHCI3) of 4-arm polymer PtBA stars (DPperarm
= 2400).
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The scope of the technique using the 4-arm initiator was then extended to
a library of acrylic monomers including n-butyl acrylate (nBA), methyl acrylate
(MA), hexyl acrylate (HA) and trifluoroethyl acrylate (TFEA).

All polymerizations (DPepqrm = 37) reached very high monomer conversions
(>95 %) within 8 h while exhibiting narrow molar mass distributions (D~ 1.1)

and minimal star-star coupling (Figure and Figure [6.13)).
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Figure 6.12: SEC traces of 4-arm homopolymer precursors (solid orange lines)
of (a) PnBA, (b) PHA, and (c¢) PtBA and the corresponding star block polymers
following chain extension with PtBA or PHA (dashed blue lines).
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M, (kg mol-')
Entry DPer arm conv (%) theor exp® bv
1 BA 99 20.0 14.5 1.06
2 TFEA 97 23.8 10.8 1.09
3 nBA 99 19.9 15.1 1.07
4 HA 99 241 15.4 1.07

Figure 6.13: Table of 'H NMR and SEC analysis of various acrylates polymer-
ized using the 4-arm initiator. In all polymerizations, 5 cm of Cu(0)-wire, 5 %
CuBrg, and 72 % MegTREN with respect to initiator (mol %) were utilized.
The volume ratio of monomer to TFE was maintained at 1:1. Conversion was
calculated via '"H NMR. ?Determined by SEC relative to PS standards.
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These monomers showed slightly more star-star coupling at very high conver-
sions (>99 %) than the negligible coupling of PtBA stars. Compared to current
literature reports, this coupling of other monomers tested is incredibly minor. In
order to determine chain-end fidelity of the PtBA stars, in situ diblock copoly-
mers were synthesized (Figure . Upon completion of the polymerization of
PtBA (~99 % conversion), an equimolar aliquot of hexyl acrylate to the tBA
monomer feed ratio was injected into the polymerization mixture. Without the
need to purify the macroinitiator, a well-defined star diblock PtBA-PHA was ob-
tained in a one-pot synthesis (M,, = 28,600 g-mol™!, D~ 1.1). Limited star-star
coupling was observed, thus highlighting the ability of TFE to suppress undesired
coupling while maintaining good chain-end fidelity. In addition to PtBa-b-PHA,
two other diblocks were synthesized: PnBA-b-PtBA and PHA-b-PtBA. The suc-
cess of these reactions, including re-initiation of the macroinitiators in a one-pot
synthesis (D 1.1), indicates the relative monomer and sequence tolerance of this
chemistry (Figure . Similar attempts to do chain extensions of HA from
PtBA in other solvents (e.g. DMF and MeCN) resulted in inefficient re-initiation
of the macroinitiator and/or severe star-star coupling (Figure and . In
DMEF, the first block of tBA reached 99% conversion, with M, = 16,700 g-mol~!
and P~ 1.12. The chain extension with HA to 93% conversion resulted in M,, =
19,100 g-mol~! and P~ 1.19, with visible star-star coupling. In MeCN, the first
block of tBA similarly reached 99% conversion with M, = 15,000 g-mol™! and
D~ 1.14. The chain extension of HA in MeCN at 90% conversion showed a M,,

= 27,400 g-mol™! and D~ 1.14, also with visible star-star coupling.
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Figure 6.14: SEC traces (dRI CHCl3) of 4-arm PtBA and PtBA-b-PHA stars in DMF

4-arm star '
—tBAs; B

retention (min)

Figure 6.15: SEC traces (dRI CHCI3) of 4-arm PtBA and PtBA-b-PHA stars
in MeCN
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0]
Br

Figure 6.16: Reaction scheme of 4-arm PtBA-b-PHA stars (DPpepqrm = 37 for

each block) in toluene/IPA

Re-initiation to grow a second block using HA in the toluene/TPA mixture did
not work well, with low monomer conversion even after 14 h (Figure [6.17).

Repetitions of this polymerization led to mixed results, sometimes showing
better control but to lower conversions (less than 90%), therefore showing a less
robust chemistry than the TFE solvent. When TFE was used as a solvent for light-
mediated ATRP (no copper wire), significant star-star coupling was observed at
high monomer conversion. This suggests that it is the combination of TFE and
heterogeneous catalysis using Cu(0)-wire that facilitates the synthesis of well-
defined stars that can undergo chain extension and exhibit marginal star-star

coupling.

169



Well-defined star polymers via Cu(0)-mediated reversible-deactivation radical

polymerization Chapter 6
Entry Block Rxn DPper arm Conversion M, o [9/ M, oxp. [0/ b
time (%) mol] mol]
1 BA 8h 37 91 20,000 16,000 1.07
2 BA-b-HA 30 h 37 30 43,400 21,000 1.06
3 BA-b-HA 39h 37 39 43,400 21,000 1.08

Figure 6.17: Table of GPC and NMR data for 4-arm PtBA and 4-arm Pt-
BA-b-PHA stars (DPperqrm = 37 for each block) in toluene/IPA
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After establishing optimal conditions for the synthesis of several monomers
and for a range of molar masses, a further challenge to this system included eval-
uating the compatibility of this chemistry using initiators with a greater number of
initiating sites or "arms.” One would expect that a higher number of arms would
increase the local concentration of radicals within a certain volume, exacerbating
any star-star coupling events. For this purpose, an octa-arm initiator was syn-
thesized from lactose following a well-established literature protocol. [134] Kinetic
investigation of the polymerization of tBA with a target DP = 37 per arm revealed
a short inhibition period (~40 min), likely due to initial insolubility of the initia-
tor in TFE, followed by fast polymerization rates with full monomer conversion
achieved within 4 h (Figure [6.18). SEC traces show perfectly unimodal distribu-
tions throughout the polymerization without any visible star-star coupling, while
the molar mass distributions remained at D= 1.1 for the entire reaction. Upon
reaching very high conversions for PtBA (~ 98 %), hexyl acrylate was added to
the polymerization mixture in situ yielding a well-defined PtBA-b-PHA diblock
copolymer with a final D= 1.1 (Figure [6.19).
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Figure 6.18: (a) Conversion (closed circle) and kinetic plot (open triangle) for
the polymerization of tBA using the 8-arm initiator. (b) Corresponding SEC
chromatograms of produced star polymers isolated at various times.
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8-arm star
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Figure 6.19: SEC traces (dRI CHCl3) of the 8-arm diblock polymers showing
PtBA homopolymer precursors (solid orange line) and PtBA-b-PHA diblock
copolymers (dashed blue line).
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M, (kg mol?)
Entry DPper arm conv (%) theor exp® pb
1 18 95 18.2 12.5 1.05
2 37 95 35.7 22.7 1.06
3 75 94 72.1 37.7 1.05
4 150 94 144 77 1.06
5 300 91 280 119 1.07

Figure 6.20: Table of {H NMR and SEC analysis of 8-arm PtBA stars. In all
polymerizations, 5 cm of Cu(0)-wire, 5 % CuBrg, and 72 % MegTREN with
respect to initiator (mol %) were utilized. The volume ratio of monomer to TFE
was maintained at 1:1. Conversion was calculated via 'H NMR. ?Determined
by SEC relative to PS standards.

No star-star coupling was observed for the 8-arm PtBA-b-PHA diblock copoly-

mer, demonstrating the capacity of the Cu(0)/CuBry/TFE system to prevent this

side reaction even with more arms.

polymers were prepared from tBA, resulting in well-defined stars (6.20)).
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Figure 6.21: 'H NMR of the cyclodextrin initiator. 18 methyl protons per
sugar unit x 7 = 126H at 1.1ppm, 7 acetal protons per sugar unit x 7 = 49H
from 3.6-5.5ppm.

To expand the scope beyond tetra- and octa- arm stars, a cyclodextrin based
initiator (CD), with up to 21 arms, was targeted through a literature protocol.
[135] According to 'H NMR, the synthesis of the CD-initiator reached completion
as evidenced by the integration of methylene protons between 5.89-3.54 ppm equal
to 49 relative to the 126 methylene protons found at 2.35-1.60 ppm, in agreement

with previous reports of the compound (Figure [6.21)).
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IR spectroscopy was also used to analyze consumption of the hydroxyl groups,
showing a disappearance of the broad peak at 3320 cm™! (Figure . ESI-MS,
on the other hand, confirmed functionalization of the cyclodextrin through 19
bromines, averaging 17 ATRP functionalities per cyclodextrin molecule (Figure

6.23).
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Figure 6.22: IR spectra comparing cyclodextrin starting material (top) to the
effectively 17-arm CD-initiator (bottom).
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Figure 6.23: ESI of the multi-arm initiator (up to 19 arms and an average of
17 arm) showing a range of arms functionalized.
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Mass (arms) Ions Peak
3364 (15 arm) 2H +4Na" 3458
3514 (16 arm) 3H+ INa" 3540
3664 (17 arm) 4H +4Na" 3759
3814 (18 arm) 3H+ INa 3840
3964 (19 arm) 2H + INa" 3989
4264 (21 arm) - -

Figure 6.24: Analysis of the ESI spectrum with counter ions for ESI-MS
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M, (kg mol-')
Entry DPer arm conv (%) theor exp® bP
1 7 96 23.2 8.3 1.13
2 32 94 90 21.3 1.19
3 52 90 132 31.3 1.26
4 79 92 196 63.5 1.10

Figure 6.25: Table of 'H NMR and SEC analysis of CD PtBA stars. In all

polymerizations, 5 cm of Cu(0)-wire, 5 % CuBrg, and 72 % MegTREN with

respect to initiator (mol %) were utilized. The volume ratio of monomer to TFE

was maintained at 1:1. Conversion was calculated via 'H NMR. *Determined

by SEC relative to PS standards.

Given that the number of arms was at least double the octa-functional initia-
tor, reactions proceeded in TFE using tBA. Low molar mass tailing of the SEC
trace of the CD-stars for the tBA homopolymer is in accordance with the lit-
erature. [136] When the polymerization of tBA reached high conversion (96 %),
trifluoroethyl acrylate was subsequently added in situ, efficiently yielding a PtBA-
b-PTFEA diblock copolymer (Figure |6.26, M, = 22,800, D= 1.04). Higher molar
masses were targeted for these multi-arm PtBA stars, which showed low disper-
sities (Figure [6.27, and Figure 6.25]). No star-star coupling was observed for
these multi-arm polymers, further highlighting this technique as a way to obtain

semi-fluorinated star polymers of low viscosity but high molar mass, which may

find use in a wide range of applications (e.g. MRI agents).
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Figure 6.26: SEC traces (dRI CHCl3) of the cyclodextrin-star (CD-star) di-

block polymers showing PtBA homopolymer precursors (solid orange line) and
PtBA-b-PTFEA diblock copolymers (dashed blue line).
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Figure 6.27: SEC traces (dRI CHCl3) of PtBA stars polymerized from CD- ini-
tiator (max. 19 arms) in TFE (DPperqrm shown in legend). 'H NMR conversion
and GPC values found in Figure [6.25
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6.4 Conclusion

In conclusion, we developed the combination of Cu(0)-wire RDRP and TFE
to synthesize well-defined stars for a range of hydrophobic and semi-fluorinated
acrylic monomers. Different molar masses (DP¢pqrm = 5-2400) of star polymers,
including multi-arm diblock stars, could be obtained while exhibiting low mo-
lar mass distributions and high end-group fidelity, even through high monomer
conversions. This level of control permits the in situ generation of diblock star
copolymers with minimal side reactions, thus allowing facile access to the synthesis

of well-defined star materials for a variety of applications.
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