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ABSTRACT
Development of Versatile Synthetic Methods for Silicone Materials
by

Colton Allen D’ Ambra

Polymers containing a backbone of repeated Si—O bonds, referred to as siloxanes or
silicones, are a ubiquitous class of materials due to their collection of unique properties. The
exceptionally wide Si—O bond angle and high deformability of the backbone bonds results in
a low glass transition temperature of —120 °C and a crystallization temperature below room
temperature. Additionally, the high bond dissociation energy gives rise to decomposition
temperatures above 300 °C and results in a chemically inert polymer. The combination of these
features result in a massive temperature window while maintaining inert. With a market size
of over $4 billion, polydimethylsiloxane (PDMS) is the most common siloxane and has been
the subject of decades of research. These research and development efforts have led to the
material being used in numerous environments ranging from cosmetics to aerospace.

The utility of PDMS arises from the sophisticated methods used to tune the polymer
chemistry, which result in a range of properties appropriate for numerous different
applications. Robust chemical reactions, like hydrosilylation, have led to an extremely broad
scope of functional groups that can be synthetically bonded to the siloxane backbone. This
same strategy has been used to attach polymers, polymerization initiators, or polymerizable
moieties to the siloxane chain, leading to a broad scope of possible siloxane-based copolymer
architectures. One architecture that is lacking in synthetic versatility, however, is graft

copolymers with a siloxane backbone and polymeric grafts based on vinyl monomers. Chapter
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2 of this dissertation outlines a methodology to synthesize graft copolymers with siloxane
backbones using a combination of thiol-ene click chemistry and atom-transfer radical
polymerization. Optimization of polymerization conditions enabled the synthesis of graft
copolymers with a range of grafting densities and molecular weights > 5 MDa. Degradation of
the siloxane backbone enabled characterization of the polymerized grafts, showcasing
dispersities around 1.2 and molecular weights close to the targeted values.

In order to form a freestanding polymeric material, the siloxane must be crosslinked.
The network architecture is an important parameter that can be manipulated to control the
properties of the material. Additionally, novel functionality can be incorporated through the
usage of a dynamic crosslinker. An example of such a material is Silly Putty, which is PDMS
crosslinked through borosiloxane bonds. The method of synthesizing this material, however,
has remained largely unchanged since the 1940s and remains a time and energy intensive
process with limited tunabilty. In Chapter, 3 we demonstrate a novel methodology to
synthesize polyborosiloxane networks using hydrosilylation in minutes. While the current
state-of-the-art is limited to end-functionalized PDMS chains, our developed method gives
access to backbone-functionalized PDMS starting materials, which drastically increases the
degree of tunability over the final network properties.

In Chapter 4, we expand upon this method by synthesizing boronate esters containing
varying functional groups to investigate the impact of the crosslinker chemical environment
on the stress relaxation dynamics. We demonstrate an unprecedented level of control over the
rate of stress relaxation for polyborosiloxane materials while maintaining a facile and robust

crosslinking method.
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The newly developed methodologies for graft copolymers and functional polymeric
networks will enable future investigations into the properties of these materials and their
incorporation into complex composite systems to expand upon the current availability of

silicone materials.
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Chapter 1. An Introduction to Silicones

1.1 A Brief History of Silicones

Polymers containing repeating Si—O bonds, commonly referred to as silicones or siloxanes,
are a ubiquitous class of polymer with numerous uses academically and industrially. The
widespread use of silicones started in the 1930s when Corning Glass commercialized a silicone
fluid used in aircrafts.! Shortly after, the company commercialized a crosslinked silicone
elastomer, leading to a rapid expansion of silicone technology. With an estimated market size
of $4.5 billion in 2022, polydimethylsiloxane (PDMS) is by far the most commercially relevant
siloxane.? Characteristic properties of PDMS includes flexibility, chemical resistance, thermal

stability, hydrophobicity, and water vapor permeability, leading to applications including

lubricants,>> surfactants,®’ coatings,®!' medical implants,'>!> household appliances,'*
cosmetics," sealants,'®'® flexible electronics,'*?! electrical insulation,’>?? and microfluidic
devices.?*%

1.2 Origin of Anomalous Properties

The siloxane backbone has numerous distinguishing features compared to C—C and C-O
bonds that give rise to unique properties. The key difference is the siloxane bond itself. The
bond lengths of Si—O and Si—C (1.63 A and 1.90 A, respectively) are longer than C—O and C—
C (1.426 A and 1.53 A, respectively).?® Si-O—Si bonds have a wider bond angle than that of
carbon-based bonds (143° compared to 110°) and a higher deformability, being able to stretch
to form a 180° bond along the Si—-O—Si path.?”?® The combination of these features results in

a highly flexible backbone that leads to an exceptionally low glass transition temperature (7g)
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for PDMS of —125 °C with a crystallization temperature of —50 °C. Furthermore, the Si—O
bond is exceptionally strong with a bond dissociation energy of 450 kJ/mol, which is
significantly higher than the value of 350 kJ/mol for C—C and C-O bonds. The higher bond
dissociation energy results in exceptional thermal and chemical stability. Consequently, the
combination of low 7, and high thermal stability results in a large temperature range that
silicone materials can be used.?’
1.3 Industrial Scale Synthesis of Siloxanes

Industrial scale synthesis of siloxane-based materials started in the 1940s with the
establishment of the direct process by Eugene Rochow, depicted in Figure 1.1.! This method
effectively turns sand into siloxane.*® Elemental silicon is synthesized using SiO2 and carbon
in an arc furnace then crushed and packed into a fluidized bed reactor. With a host of metals
being added as promoters, chloromethane is fed through the reactor, producing predominantly
dichlorodimethylsilane. Subsequent hydrolysis produces an 8§ membered ring consisting of 4
dimethylsiloxane units, commonly referred to as D4. A ring opening polymerization can then

be performed using D4 and an end-capping siloxane dimer to produce a polymeric species.

> 1200 °C Cu, Zn, Sn, Al \ / \ O \ /
sio, + C Si + CHCl —————> (-Sig * .8, ¥ Sig *
(sand) (coke) 300 °C
co 75-90% 5-10% 1-5%
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Figure 1.1. Rochow-Muller direct method to produce polymeric silicones industrially.

1.4 Tunability in Properties of Silicones



Controlled variations in properties for silicones can be achieved through several different
methods including the incorporation of functional groups, the synthesis of PDMS-based
copolymers, and the variation in network properties. These three complementary methods
enable precise control over the chemical, physical, and mechanical properties of siloxane-
based materials.

1.4.1 Functional Groups

While the most common siloxane, PDMS, contains methyl groups bonded to the silicon
atoms, changes in this substituent can have drastic effects on the material properties. Since
PDMS is chemically inert, functionalization of a methyl-terminated PDMS molecule is
difficult. Figure 1.1 above introduces one method to incorporate a reactive handle onto a
siloxane polymer: using a functionalized siloxane dimer as a chain-transfer agent leading to
targeted functional groups on the chain-end of the polymer.*' Additionally, the aforementioned
direct method to synthesize PDMS enables copolymerization by using cyclic monomers
analogous to D4 to produce PDMS copolymers with the desired functional group, including
phenyl, ethyl, vinyl, and hydride. Importantly, the PDMS chain undergoes rapid scrambling
during the acid or base mediated polymerization, so despite being incorporated 4 repeat units
at a time, these functional groups are randomly distributed throughout the polymer chain.3%%
Addition of these comonomers have significant effects on the bulk and interfacial properties
of the resulting siloxane material. For example, phenylmethylsiloxane repeat units can be
incorporated to increase the viscosity, density, and index of refraction. The 7 also varies from
—125 to 30 °C depending on the ratio of dimethylsiloxane to phenylmethylsiloxane

monomers.>*



Post-functionalization of siloxane copolymers is an additional strategy that enables the
synthetic attachment of numerous functional groups.*>=’ The development of hydrosilylation
has been one of the most enabling technologies in the silicone industry. First reported in 1947
by Leo Sommer,*® hydrosilylation is an addition reaction between an alkene and a
hydridosilane. Development of the highly efficient Speier’s catalyst in 1957 prompted
significant interest academically and industrially. The reaction enabled the facile
functionalization of siloxane polymers with an incredibly broad chemical scope. As an
example, the addition of fluorinated groups imparts enhanced anti-wetting, anti-icing, and
solvent resistance leading to many automotive and aerospace applications.?

1.4.2 Copolymers

The covalent attachment of two polymers is a sophisticated strategy to overcome their
innate immiscibility to achieve properties inaccessible to the individual homopolymers. There
are three predominant strategies used to synthesize complex macromolecular structures
composed of PDMS and a separate polymer.*® The first strategy involves using PDMS as a
polymeric substrate for attaching a separate macromolecule. The starting polymers involved
in this method must have complementary chemical functionalities that enable efficient
coupling reactions such as azide—alkyne click, thiol-ene click, and hydrosilylation. Hundreds
of manuscripts have been devoted to hydrophilic PDMS copolymers synthesized through

hydrosilylation of alkene-terminated poly(ethylene glycol) with applications as surface

40-44 45,46

modifiers, surfactants, and in gas separation membranes.*’
Advancements in organic chemistry and polymerization techniques have enabled the
synthesis of polymers directly from siloxanes with near limitless control over the monomer

scope and resulting polymer architecture. Both uncontrolled and controlled radical



polymerization methods have been used to synthesize copolymers from vinyl monomers, and
an excellent review from the Boutevin group in 2010 captured the breadth of techniques used
to make these materials and their properties.*® In addition to radical polymerization methods,
ring-opening polymerization techniques have been performed starting from PDMS
macroinitiators to synthesize block copolymers with polyesters and polypeptides.**>!

Functionalization of PDMS with a polymerizable end-group enables PDMS to act as a
macromonomer to generate branched structures. Control over the degree of branching has
significant effects on the rheological properties of the final material, so precise control over
this feature is of utmost importance for tuning the material properties.>? Copolymerization of
vinyl monomers with PDMS macromonomers has been successfully demonstrated to achieve
good control over the composition of the resulting graft copolymer, achieving tunability in
grafting density with comonomers of ethylene,> styrene,>* vinyl alcohol,>® acrylates,>® and
methacrylates.’

Despite the numerous methods to synthesize PDMS-based block copolymers, one
architecture that is severely lacking in synthetic versatility is graft copolymers with a PDMS
backbone. While a few methods exist showcasing the synthesis of such polymers, the methods
lack the ability to achieve high molecular weight grafts and high grafting densities. The three
strategies described above are limited in the scope of synthesizable graft copolymers. Methods
to attach polymers to a PDMS backbone struggle to reach high conversion at high grafting
density due to steric hindrance. Additionally, polymerizing vinyl monomers using PDMS as a
macroinitiator through radical polymerization methods is similarly limited. Radical coupling
of propagating polymer chains is a difficult termination event to avoid, and the high number

of polymer chains per backbone leads to gelation at a low degree of bimolecular termination.



Optimization of polymerization conditions to synthesize graft copolymers with very little
bimolecular termination is necessary to impart versatility in the synthesis of such polymers.
1.4.3 Network Parameters

To prepare a freestanding silicone material, it must first be crosslinked. The two most
common methods of crosslinking silicones industrially are hydrosilylation and condensation,
though the number of methods reported academically is constantly increasing.>® %2 Changes in
the silicone network architecture have dramatic consequences on the resulting material
properties, and control over this network architecture is critical for developing a material
formulation appropriate for a particular application.®> Numerous interdependent parameters
affect the properties of the final material including crosslink density, molecular weight between
crosslinks, crosslinker functionality, stoichiometric ratio between complementary reactive
functional groups, and network defects. 4

Novel properties can also be introduced to silicone networks through functional
crosslinkers. Incorporation of dynamic motifs into a crosslinked network imparts self-healing
and reprocessablity.’”-*® One dynamic motif of particular importance for this dissertation is the
exchange of borosiloxane bonds. Networks crosslinked with such bonds can experience rapid
self-healing due to the exchange of B—-O—Si bonds across an interface. This dynamic motif
experiences numerous other modes of bond exchange in addition to the exchange of covalent
bonds that give rise to novel frequency dependent properties where the material is viscous at
low frequencies and is elastic at high frequencies. An excellent representation of a material
with such a dynamic motif is Silly Putty. While the material started as a children’s toy,

numerous manuscripts have reported the incorporation of polyborosiloxanes into composite



systems to develop self-healing double networks,® remarkably sensitive pressure sensors,’°
and impact-resistant thermoplastic elastomers.”!

Despite being initially developed in the 1940’s, the synthesis of polyborosiloxane networks
has remained largely unchanged and remains a time consuming and energy intensive
process.”>” Such networks are formed through the condensation of boric acid with hydroxy-
terminated PDMS, forming water as a byproduct, which must then be removed to prevent
hydrolysis. A robust method to rapidly form polyborosiloxane networks at moderate
temperatures would be a significant development that would greatly benefit the field.

1.5 Outline of Dissertation

Chapter 2 develops a methodology to synthesize graft copolymers with a PDMS backbone
using a combination of two robust and versatile reactions: thiol-ene click and atom-transfer
radical polymerization. Quantitative functionalization of commercially available, vinyl-
functionalized PDMS precursors with a tertiary bromide ATRP initiator was achieved for
PDMS backbones containing 1 — 50 mol% vinyl-containing comonomers. Optimization of
polymerization conditions to reduce bimolecular termination events enabled the synthesis of
PDMS graft copolymers with high grafting density and molecular weights over 5 MDa.
Subsequent degradation of the PDMS backbone with tetrabutylammonium fluoride enabled
the isolation and characterization of the synthesized grafts, showcasing dispersity values
around 1.2 and measured molecular weights similar to the target value. The developed
synthetic platform will enable important future studies to investigate the influence of the
flexible PDMS backbone on the rheological properties of the resulting graft copolymer.

Additionally, the technique is applicable to other polymeric backbones and showcases the



ability to suppress gelation during the synthesis of graft copolymers with high grafting
densities and targetable molecular weights through controlled radical polymerization methods.

Chapter 3 establishes a novel synthetic protocol to synthesize polyborosiloxane networks
through hydrosilylation. The strategy takes advantage of a commercially available crosslinker
that contains vinyldimethylsiloxane moieties covalently bonded to a boron core. The
borosiloxane-containing crosslinker enables network formation in 10 minutes at 90 °C, which
is a remarkable improvement over condensation methods that take hours to days to fully
crosslink. Step-strain rheological experiments capture the stress relaxation behavior of the
network and confirmed that the materials closely reproduce the properties of previously
reported polyborosiloxane materials. The versatility of hydrosilylation enables network
formation through backbone-functionalized PDMS, whereas condensation is limited to end-
functionalized PDMS. Importantly, a decrease in sample-to-sample variation was observed for
networks prepared with backbone-functionalized PDMS. A combination of static and dynamic
crosslinkers was used to demonstrate control over the timescale of stress relaxation and
imparted resistance to solvents. This synthetic procedure will enable the development of new
polyborosiloxane-based crosslinked networks with unprecedented control over the properties
and increased reproducibility while drastically reducing the time required to prepare the
materials.

Chapter 4 extends on the work in Chapter 3 by synthesizing novel borosiloxane
crosslinkers based on boronic acids to increase the control over the rate of stress relaxation.
Boronate ester crosslinkers with aliphatic and aromatic substituents were synthesized through
the esterification of the appropriate boronic acid with dimethylvinylchlorosilane. Subsequent

characterization of the crosslinkers confirmed the successful synthesis and purification of the



crosslinkers. Preliminary results showcase significantly increased tunability in the rate of stress

relaxation depending on the functionality of the boronate ester crosslinker.
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Chapter 2. Versatile synthesis of siloxane-based graft copolymers with

tunable grafting density!'

2.1 Introduction

Graft copolymers are a useful class of advanced materials with properties that can be
precisely tuned by modifying the backbone and side chains.!”> Numerous experimental and
computational studies have yielded insights into how these design parameters influence

material properties,®!! leading to applications in viscosity modification,'>!> thermoplastic

14-19 20-22 24,25

elastomers,'* ! photonics,? 2 pressure sensors,>* 3D printing,?*?> and polymer composites.>*

28

The development of this diverse range of graft-copolymer-based materials has been

29-36

enabled by controlled polymerization techniques along with grafting-to, grafting-

through,*”® or grafting-from*'~>°

methodologies to attach the requisite side chains. The
grafting-from method, in combination with atom-transfer radical polymerization (ATRP), is of
particular interest due to the broad range of vinyl-based side chains that can be synthesized
from a single initiator-functionalized backbone. Key to this versatility is the compatibility and
stability of the ATRP process towards siloxanes.’'> The resulting graft copolymers with
siloxane backbones are broadly desirable because of the unique properties imparted by flexible
and thermally stable Si-O—Si bonds.*¢~

Several research groups have reported the synthesis of graft copolymers with siloxane

backbones using controlled radical polymerization.>* ! However, these studies are limited to

! This chapter was originally published in Journal of Polymer Science. Reproduced with
permission from Journal of Polymer Science 2024, 62, 1, 92-101. Copyright 2024, John Wiley
and Sons.
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low grafting densities and modest backbone molecular weights due to the prevalence of
radical-coupling that leads to crosslinked gels.®? Despite these limitations, researchers have
developed unique applications for graft copolymers with siloxane backbones including water-
repellant pigment dispersants and thermally stable liquid-crystalline polymers.%** A more
versatile synthetic platform that provides access to a diverse range of PDMS graft copolymers
with high molecular weights and tunable grafting densities would therefore provide unique
access to libraries of PDMS-based materials for structure—property relationship studies,
bridging the gap between linear block copolymers and polymeric bottlebrushes.

Herein, we report the development of a versatile methodology for preparing PDMS-
based graft copolymer libraries with tunable molecular weights and grafting densities (Figure
1). This strategy leverages robust thiol-ene click chemistry to quantitatively functionalize
commercially available polydimethylsiloxane-co-polyvinylmethylsiloxane (PDMS-co-
PVMS) with thiol-containing ATRP initiators. Subsequent chain growth of methyl
methacrylate (MMA) and styrene (S) was performed using copper(l)-catalyzed ATRP,
yielding graft copolymers with tunable molecular weights and grafting densities as evidenced
by selective degradation experiments. Numerous polyacrylate grafts were prepared using
copper(Il)-catalyzed, UV-light-induced ATRP to demonstrate the broad applicability of this
approach to a wide variety of graft copolymers and polymerization conditions. This synthetic
strategy enables the preparation of high molecular weight materials (>1 MDa) with versatility
further illustrated through the co-incorporation of thiol mixtures during PDMS backbone
functionalization. In summary, the methodology described herein provides access to an
expanded library of PDMS-based graft copolymers and highlights the potential to readily

manipulate material properties like solid state fluorescence.
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Figure 2.1. General synthetic strategy for preparing siloxane-based macroinitiators and

corresponding graft copolymers.

2.2 Results and Discussion

In designing a versatile synthetic strategy, PDMS-co-PVMS copolymers were selected
as starting materials given the wide range of molecular weights and levels of backbone
functionalization that are commercially available. PVMS content was determined using 'H
NMR by comparing the integration values of the unique methyl resonances for
dimethylsiloxane repeat units at 0 = 0 — 0.3 ppm to the integration values for the distinct vinyl
protons from vinylmethylsiloxane at 6=5.7 — 6.1 ppm. For thiol-ene coupling, 2-
mercaptoethyl a-bromoisobutyrate (HS-EBiB) was synthesized by acylation of bis(2-
hydroxyethyl)disulfide followed by reduction of the disulfide to give the desired thiol group
(Figures 2.9-2.13). Quantitative functionalization was achieved for PDMS-co-PVMS
copolymers ranging from 17 to 225 kDa and a wide range of grafting densities (1 — 50 mol%
PVMS incorporation, Figure 2.13). For the initial library of PMMA graft copolymers,
polymeric side chains were grown from the siloxane backbone through copper(I) ATRP using
CuBr as the catalyst and N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) as ligand
in chlorobenzene. This reaction sequence afforded a range of samples denoted PDMS,-g,-
PMMA: where x refers to the PDMS backbone molecular weight (in Da), y represents the
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number of grafts, and z corresponds to the average PMMA molecular weight per graft (in Da).
Figure 2.2 demonstrates the successful synthesis of PDMS macroinitiator and subsequent
MMA polymerization to produce PDMSgk-g35-PMM Ak.

Because highly branched macromolecules like PDMSogk-g3s-PMMA2k have a
significantly smaller hydrodynamic radius compared to linear analogues, 'H NMR
spectroscopy proved to be more reliable than size-exclusion chromatography (conventional
calibration) for estimating molecular weights. The introduction of PMMA -grafted arms was
confirmed using '"H NMR spectroscopy (Figure 2.2) with diagnostic resonance of the methyl
ester protons on MMA observed at 6 = 3.6 ppm. Furthermore, the H atoms corresponding to —
CH2 and —CH3 units along the PMMA backbone are present at 6 =1.7 — 2.1 ppm and 6 = 0.7 —
1.1 ppm, respectively (Figure 2.14). To calculate the total PMMA molecular weight, the ratio
of '"H NMR integration values for the methyl ester group from PMMA to the methyl groups
along the siloxane backbone was calculated with the assumption that the molecular weight of
the siloxane backbone remained constant. For the graft copolymer PDMS2gk-g35-PMMAxy,
the ratio of MMA to DMS protons was 8.5:1 which leads to a total calculated molecular weight
of ~700 kDa. The side-chain molecular weight was determined assuming equivalent reactivity

of each ATRP initiating unit, resulting in an average 20 kDa per PMMA grafted arm.
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Figure 2.2. Representative 'H NMR characterization of PDMS2si-g3s-PMM Aok synthesized

from PDMS-co-PVMS with diagnostic protons highlighted.

Size-exclusion-chromatography (SEC) with a differential refractive index (dRI) detector was
used to investigate changes in nominal molecular weight and molar mass distribution upon
functionalization of PDMS-co-PVMS with HS—EBiB and subsequent polymerization of
MMA (Figure 2.3). After attaching the ATRP initiator, the peak shifts slightly to a higher
elution time due to the addition of sterically bulky, polar substituents along the siloxane
backbone that lead to a minor reduction in hydrodynamic volume. Upon polymerizing MMA,
the SEC peak for the grafted product was observed at significantly lower retention time,
confirming the successful grafting-from polymerization of MMA with minimal to no

formation of linear chains (Figures 2.3 and 2.29 — 2.36).
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Figure 2.3. SEC traces of PDMS-co-PVMS (28 kDa, 35 vinyl units) starting polymer,
macroinitiator PDMSgk-g35-Br, and graft copolymer PDMS2sk-g35-PMMAok. The dRI signal

for PDMS-co-PVMS and PDMS»sk-g35-Br are inverted for better comparison.

Radical-radical coupling that leads to crosslinking is a known challenge in grafting-
from strategies, frequently resulting in insoluble gels due to bimolecular termination of
propagating polymer chains.% This is especially significant for graft copolymers with a high
number of initiation sites along the backbone where even minimal radical-radical coupling can
form a network. For example, conditions based off previous work were only successful for low
molecular weight copolymers with up to 35 grafts,° and insoluble gels were obtained for
samples having higher levels of backbone functionalization at conversions as low as 15%. To
address this issue, polymerization conditions were optimized to minimize radical-radical

coupling reactions at high grafting densities and molecular weights. Here, by lowering the
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catalyst and monomer concentrations while increasing reaction temperature, higher
conversions were achieved while avoiding gelation allowing for the synthesis of graft
copolymers based on a wide variety of PDMS-co-PVMS starting polymers featuring both high
molecular weights and degrees of backbone functionalization (Table 2.1).

To further demonstrate the synthetic versatility of this strategy, styrene and acrylic
monomers were also polymerized from the PDMSagk-235-Br macroinitiator. As expected for
styrene polymerization at 110 °C, a minor amount of autopolymerization leads to a small peak
in the SEC chromatogram that corresponds with polystyrene homopolymer (Figure 2.37).
Acrylates are readily polymerized via photoinitiated ATRP using copper(I) bromide as
catalyst and an aliphatic tertiary amine (MesTren) ligand under 365 nm irradiation (Figure

2.14). These conditions efficiently polymerize numerous acrylates®’ %

with poly(methyl
acrylate) (PMA), poly(oligoethyleneglycol acrylate) (POEGA), poly(isobornyl acrylate)
(PiBA), and poly(tetrafluoroethyl acrylate) (PTFEA) successfully grown from the same PDMS
macroinitiator, highlighting the ability to incorporate hydrophilic, hydrophobic, and
fluorinated repeat units into PDMS-based graft copolymers (Figures 2.15 — 2.19). Notably, in
contrast to MMA, acrylates can be polymerized to higher conversions ~70% without gelation,

though the SEC traces showed increased homopolymerization (Figures 2.37 — 2.42).

Table 2.1. Summary of synthesized grafts copolymers.

Sample js‘jl?lfgr;e) Num?e[ra]()f Graft Mn[a] Total Mn[a]
n gratts (kDa per graft) (kDa)
PDMS . -g, ;-PMMA, 17 2.3 20 63
PDMS, . -g,,-PMMA, 17 2.3 41 112
PDMS,; -g, ;-PMMA 23 3.3 15 73
PDMS ., -g;.-PMMA 28 35 20 690
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PDMS;,-g50-PMMA . 50 300 14 4000
PDMS,,, 235, PMMA, | 225 350 1 680
PDMS,,,-25,-PMMA 225 350 5 2000
PDMS,, g5 PMMA 225 350 17 >5000
PDMS,, €35, PMMA 225 350 68 >5000
PDMS,,-g,5-PS 5, 28 35 23 310
PDMS,,-g;-PMA, 28 35 17 600
PDMS25k-g350-PM A2k 225 350 22 >5000
PDMS225k-g350-PM Assi 225 350 65 >5000
PDMS,,-g;-PiBA, 28 35 40 1400
PDMS, -g,.-PTFEA 28 35 18 630
PDMS,, -g,.-POEGA,, 28 35 20 720

@) Calculated based on 'H NMR.

After demonstrating the versatility of preparing grafted macromolecules from ATRP-
functionalized PDMS backbones, thermal properties of the resulting copolymers were
characterized via differential-scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA). In all cases, the DSC and TGA profiles were dominated by the vinyl grafts because
they constitute most of the mass fraction for each material.”>"’> For example, the DSC trace of
macroinitiator PDMSzsk-g35-Br shows a sharp decrease in heat flow around —110 °C
corresponding to the glass-transition temperature (7¢) of PDMS (Figure 2.43). Following
grafting, each copolymer displayed a 7y value corresponding to that expected for a
homopolymer of the side chain with values ranging from ~110 °C for PMMA to —70 °C for
POEGA. Note that these materials conceivably could still contain a 7, corresponding to PDMS

that is just much weaker, broader, and difficult to detect due to the high weight percent of
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acrylate. Additionally, POEGA grafted systems exhibited a cold crystallization at —45 °C and
a melting peak at —5 °C (Figure 2.44).

To verify the controlled nature of grafting-from polymerizations, graft copolymers
were treated with tetrabutylammonium fluoride (TBAF) to selectively degrade the PDMS
backbone. The resulting homopolymer side-chains were isolated by precipitation (for high
molecular weights) or by washing with water for low-molecular-weight materials. Figure 2.4
highlights degradation results for PDMS2gk-g35-PMMAok which illustrate minimal chain—
chain coupling during the ATRP process. The symmetrical SEC trace measured after
degradation corresponds to a molecular weight of 24 kDa with a molar-mass dispersity of P =
1.18 relative to poly(methyl methacrylate) standards. This compares favorably with the
theoretical molecular weight of 20 kDa based on the original grafted copolymer and PDMS
backbone. Likewise, most graft copolymers in this study contain side chains with actual
molecular weights agreeing with theoretical values. Notably, these observations suggest that
the bimodal character of some SEC traces after graft growth (e.g., Figures 2.29 — 2.30)
originates from a confluence of dispersity in the number of arms per molecule and molar mass,
not an uncontrolled graft polymerization process. Only at very high grafting density was
deviation between the observed grafted and theoretical molecular weights detected, which may
be due to incomplete initiation, although low dispersities were again observed (Figures 2.45 —
2.57). These selective degradation studies support the well-controlled nature of the graft
polymerization process with minimal radical-radical coupling even at high molecular weights

and grafting densities.
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Figure 2.4. (a) Selective backbone degradation of PDMS-based graft copolymers with TBAF
permits characterization of the side chains after grafting-from polymerization. (b) SEC traces

corresponding to PDMSask-g35-PMM A2k and recovered PMMAx4k with a measured number-

average molecular weight of 24 kDa (PMMA standards).

Table 2.2. Molecular weight and dispersity of isolated grafted side-chains following

degradation of the PDMS backbone with TBAF.

Sample Calzllllated si[gl]e-chain Homopol[%/]mer D
 (kDa) M, (kDa)
PDMS17k-g2.3-PMMA 1k 21 33 1.31
PDMS23k-g35-PMMA 20k 20 24 1.18
PDMSs0k-g300-PMM A4k 4 4 1.30
PDMSs0k-g300-PMMA 14 14 26 1.32
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PDMS225k-g350-PMMA 1k
PDMSS:225k-g350-PMMA s
PDMS225k-g350-PMMA 17k
PDMS225k-g350-PMMAgsk
PDMS28k-g35-PS23k
PDMS2sk-g35-PMA17¢
PDMS225k-g350-PM A2k
PDMSS225k-g350-PMAgsk
PDMS2sk-g35-PiB A4ok

1
5
17
68
23
17
22
65
40

3
8
21
67
25
16
20
43
23

1.31
1.39
1.17
1.36
1.20
1.19
1.15
1.36
1.10

l4] Calculated based on 'H NMR.

[l SEC molecular weights compared to linear PMMA standards for PMMA and to linear PS

samples for PS, PMA, and PiBA.

An advantage of this synthetic platform is the ability to introduce a mixture of

functionalized and unfunctionalized thiols along the PDMS backbone. For example, grafting

density was tuned by functionalizing a single parent PDMS-co-PVMS copolymer with

mixtures of the thiol-functionalized ATRP initiator (HS—EBiB) and 1-dodecanethiol (DDSH)

as a non-functional diluent. As illustrated in Figure 2.5, a library of materials with different

grafting densities was achieved by changing the molar ratio of HS—EBiB to DDSH from 1:9

to 1:4 and 2:3 during the thiol-ene coupling step. In this case, the starting PDMS-co-PVMS

copolymer had a molecular weight of 225 kDa with an average of 350 vinyl functional groups

along the backbone.
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Figure 2.5. Synthesis of PDMS macroinitiator with a tunable number of ATRP initiation sites
by varying the ratio of HS-EBiB to DDSH using the same starting PDMS-co-PVMS
copolymer.

For this library of materials, the ratio of substituents along the backbone was
determined by 'H NMR spectroscopy (Figures 2.58 — 2.60) with the incorporation of
functionalized and unfunctionalized thiols quantified by integrating the unique resonances at
0 =2.7 ppm and 0 = 2.5 ppm corresponding to the two S—CH; units of the ATRP initiator
fragment and the two S—CH> units of the dodecyl substituent, respectively (Figure 2.6). In all
cases, the product composition corresponded closely with the feed ratio. Additionally, unique
resonances at 4.3 ppm corresponding to the ATRP initiator are present and integrate to the
expected values. By simply varying the relative ratio of EBiB and DDSH, three macroinitiators
were synthesized from the same commercially available 225 kDa PDMS-co-PVMS polymer
to produce macroinitiators with approximately 35, 80, and 140 ATRP initiation sites per chain
(out of a possible 350 vinyl groups). As shown in Figure 2.61, the SEC traces of these
macroinitiators exhibit a monotonic increase in retention time with increasing EBiB

functionalization that is fully consistent with the shift described above for PDMSs¢-g35-Br.
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PMMA side chains with a target molecular weight of 20 kDa were grafted from each of the
PDMS macroinitiators in this sequence using optimized ATRP conditions: 0.25:1 molar ratio
of CuBr to PMDETA and a 4:1 volume ratio of chlorobenzene to monomer at 70 °C. After
purification of the graft copolymers, 'H NMR spectroscopy was used to determine overall
copolymer composition with molecular weights measured to be ~3 MDa, 1.6 MDa, and 840
kDa based on 140, 80, and 35 grafted arms, respectively. As expected, the SEC traces in Figure
2.7a show a decrease in retention time as the number of grafts increases due to the increase in
overall molecular weight. The siloxane backbone was then selectively degraded using TBAF
with the isolated grafted arms being analyzed by SEC (Figure 2.7b). Significantly, the grafted
arms from the three different starting copolymers were shown to have monomodal molecular
weight distributions with low dispersities of ~1.2 and similar molecular weights based on
PMMA standards (~20 kDa). The similarity in growth profiles for the grafting process
illustrates the ability to tune molecular weight and grafting density with vinyl-based grafts

based on a commercially available, high molecular weight PDMS starting polymer.
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Figure 2.6. '"H NMR spectra for PDMS macroinitiators with the thioether peaks of each

substituent labeled and quantified to show the ratio of functional EBiB units to non-functional

DDSH groups. The resulting macroinitiators have 140, 80, and 35 ATRP initiation groups

along the backbone and were synthesized from the same starting materials by varying the ratio

of thiols.
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Figure 2.7. (a) SEC traces of graft copolymers with tunable grafting density and controlled
molecular weights starting from the same commercially available vinyl siloxane. (b)

Recovered linear PMMA grafts after selective degradation of the graft copolymer with

TBAF.

To further highlight the ability to introduce different thiols, a mixture of EBiB and a
thiol-containing fluorophore was attached to a PDMS backbone (Figure 2.8a). Due to the
overlapping absorbance of 2,2-dimethoxy-2-phenylacetophenone (DMPA) and the
fluorophore, the thiol-ene click reaction was performed under thermal conditions using
azoisobutyronitrile (AIBN). A molar ratio of 95:5 HS—EBiB:7-mercapto-4-methylcoumain
was employed during thiol-ene coupling with 'H NMR spectroscopy again confirming the
incorporation of 4-methylcoumarin units (Figure 2.65). In this system, unique resonances of

the methylcoumarin unit were observed for the thioether peak (6 = 3.1 ppm) as well as the
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methyl unit (6 = 2.3 ppm) and aromatic group (0 = 6.2, 7.1, and 7.4 ppm). Based on the
integration of these resonances and those from EBIB, the molar incorporation of fluorophore
was calculated to be 4%, which compares favorably with the 5% feed ratio (Figure 2.66).
Further verification of fluorophore incorporation was obtained by SEC analysis using a
combination of photodiode array (PDA) and dRI detection (Figure 2.67), illustrating the
consistent level of chromophore incorporation across the molecular weight distribution of the

PDMS backbone (Figure 2.68).
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Figure 2.8. (a) Synthetic scheme for a graft copolymer with a siloxane backbone and an
attached fluorophore with PMMA graft arms. (b) Light absorbance at 330 nm measured with
an in-line PDA detector at the retention time corresponding to the peak dRI signal for a PDMS-
g-PMMA copolymer with and without a fluorophore. (c) Images of graft copolymers with and

without a covalently attached fluorophore under visible light (top) and 254 nm light (bottom).
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Growth of PMMA chains from the coumarin functionalized PDMS backbone was
accomplished using a ratio of 0.25:1 CuBr to ATRP initiator and a 4:1 volume ratio of solvent
to monomer at 70 °C. By 'H NMR analysis, the grafted copolymer was shown to have a total
molecular weight of ~300 kDa with ~8 kDa PMMA grafted arms. Both PDA and dRI detectors
attached to an SEC show a shift to lower retention time, corresponding to an increase in
molecular weight (Figures 2.68 — 2.70). As expected, the graft PMMA-PDMS copolymer with
covalently bound fluorescent coumarin along its backbone exhibits a strong absorbance at 330
nm while the corresponding graft copolymer with no fluorophore incorporation shows no
absorbance (Figure 2.8b) and a significant difference in solid-state fluorescence (Figure 2.8¢).
2.3 Conclusions

In summary, a tunable synthetic platform was presented for the preparation of high
molecular weight PDMS-g-PMMA graft copolymers from commercially available PDMS-co-
PVMS backbones. Numerous vinyl groups along the backbone were quantitatively
functionalized with HS—EBiB using thiol—ene click chemistry followed by the polymerization
of a wide range of vinyl monomers using ATRP. This allows grafted arms with good control
over molecular weight and low dispersities to be prepared. Importantly, selective backbone
degradation enabled the isolation and characterization of linear grafted arms, further
highlighting the degree of control over the ATRP process and minimal radical-radical chain
coupling even at high molecular weights and degrees of backbone functionalization. The
versatility of this strategy was further exemplified using mixtures of thiols during the initial
thiol-ene functionalization step. A combination of EBiB and dodecane thiol (DDSH) as a non-
functional thiol allowed for accurate control over the number of ATRP initiation sites per

siloxane backbone and resulting grafting density from a common starting PDMS derivative.
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Alternatively, a mixture of EBiB and thiol-functionalized fluorophore was used for the
synthesis of multifunctional graft copolymers exhibiting solid-state fluorescence due to
labeling of the PDMS backbone. Based on commercially available starting materials, the
versatility and scalability of this synthetic strategy will enable future studies on graft
copolymer systems with vinyl side-chains and flexible siloxane-based backbones.
2.4 Materials and Methods
2.4.1 Materials

Methyl methacrylate (MMA, 99%, stabilized, Acros Organics), polystyrene (PS, 99%,
stabilized, Acros Organics), methyl acrylate (MA, 99%, stabilized, Acros Organics), isobornyl
acrylate (iBA, 99%, stabilized, Acros Organics), trifluoroethyl acrylate (TFEA, 99%,
stabilized, TCI), oligoethyleneglycol acrylate (OEGA, M, = 480 Da, 99%, stabilized, Acros
Organics) were filtered through basic alumina to remove any inhibitor prior to use. Copper(I)
bromide (CuBr, 98%, Sigma-Aldrich) was purified by washing in glacial acetic acid and rinsed
with ethanol and diethyl ether then dried under vacuum prior to use. Azobisisobutyronitrile
(AIBN, Sigma-Aldrich) was recrystallized from methanol, vacuum filtered, and dried under
vacuum prior to use. N,N,N’,N” )N”-Pentamethyldiethylenetriamine (PMDETA, TCI), a-
bromoisobuytryl bromide (BiBB, 98%, Sigma-Aldrich), 2-hydroxyethyl disulfide (technical
grade, Sigma-Aldrich), 1-dodecanethiol (DDSH, 97%, Alfa Aesar), 7-mercapto-4-
methylcoumarin  (97%, Sigma-Aldrich) tris(2-carboxyethyl)phosphine hydrochloride
(TCEP<HCI, Sigma-Aldrich), tetrabutylammonium fluoride solution (TBAF, 1 M in THF,
Sigma-Aldrich), triethylamine (TEA, reagent grade, Fisher Scientific), chlorobenzene,
methanol, dichloromethane (DCM), tetrahydrofuran (THF), ethanol, ethyl acetate, dimethyl

sulfoxide (DMSO), and diethyl ether were used as received.
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2.4.2 Characterization Methods

Size-exclusion chromatography (SEC) was performed on a Waters Alliance HPLC system
using two Tosoh TSKgel SuperHZM-N columns containing 3 um crosslinked polystyrene
beads and a Waters 2410 Differential Refractometer with chloroform with 0.25% triethylamine
as the mobile phase at a 0.35 mL/min flow rate. Number and weight average molecular weights
(Mn and M, respectively) were calculated based on polystyrene standards to calculate
dispersity (D), unless otherwise specified. 'H nuclear magnetic resonance (NMR) spectroscopy
was performed on a Varian 600 MHz using a relaxation delay (d1) of 4.8 seconds. '3*C NMR
spectroscopy was performed on a Bruker 500 MHz with a d; of 10 seconds.
2.4.3 Synthetic Methods

Synthesis of bis[2-(2'-bromoisobutyryloxy)ethyl]disulfide following modified literature

procedure”’
0
B
HO\/‘\S,S\/\OH - Br)%_(o\/\s,s\/\o&m
TEA, DCM o

2-hydroxyethyl disulfide (3.8 g, 24.5 mmol, 1 eq) was dissolved into 30 mL DCM in a
100 mL round bottom flask with a stir bar. Triethylamine (6.95 g, 68.7 mmol, 2.8 eq) was
added to the solution. The solution was placed into an ice water bath and allowed to cool. 20
mL DCM was mixed separately with BiBB (14.1 g, 61.3 mmol, 2.5 eq) and added dropwise
via addition funnel (the addition funnel was capped with a rubber septum and pierced with a
needle). The solution was kept at 0 °C until the BiBB was completely added and 30 minutes
thereafter before removing the flask from the ice bath and allowing it to warm to room

temperature while stirring overnight. The product was purified by gravity filtering off the salt
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using a cotton ball placed in a funnel followed by a series of washes (50 mL of: water, | M
HCI, saturated NaHCO3, water, brine). The organic layer was dried with MgSO4 and passed
through a silica column with DCM as the mobile phase (Rf= 0.9). The solvent was removed
in vacuo to recover a slightly yellow and hazy oil (6.45 g, 55% yield).

'TH NMR (600 MHz, CDCl5): 8. 4.42 (t, ] = 6.6 Hz, 4H), 2.96 (t, ] = 6.6 Hz, 4H), 1.92 (s, 12H).
13C NMR (126 MHz, CDCl3): . 171.49, 63.54, 55.51, 36.77, 30.73.

Indexed NMR spectra are shown in Figure 2.9 and Figure 2.10.

Synthesis of mercaptoethyl a-bromoisobutyrate

o) o)
HOJ\/\P/\AOH

0 S i B Oj\OH 0
Br ~ g \/\o& r > HS™ N Br
o

o 4:1 THF:Water

TCEP<HCI (2.4 g, 8.3 mmol, 1.5 eq) was dissolved in 70 mL of a 4:1 THF and water
mixture in a 100 mL round bottom flask with a stir bar. Next bis[2-(2'-
bromoisobutyryloxy)ethyl]disulfide (2.5 g, 5.5 mmol, 1 eq) was added and the solution was
sealed with a rubber septum and left to stir overnight. The THF was removed in vacuo. 20 mL
of DI water was added, and the product was washed 4 times with 50 mL of DCM to extract the
product. The DCM layers were combined and dried with MgSQOs, and the solvent was removed
under vacuum, resulting in a faintly yellow clear oil (2.2 grams, 82% yield).

TH NMR (600 MHz, CDCl3): 8. 4.30 (t, J = 6.5 Hz, 4H), 2.79 (t, ] = 8.6 Hz, 4H), 1.94 (s, 12H),
1.57 (t,J =8.6 1H).

13C NMR (126 MHz, CDCI3): 8. 171.33, 67.00, 55.64, 30.72, 23.06.
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Indexed NMR spectra are shown in Figure 2.11 and Figure 2.12.

General procedure for ATRP initiator functionalization of PDMS-co-PVMS

o (0]
Hs\/\o)1><sr | J/S»\/\O)S<
¥ -
%% 9/}'\ DMPA, EtOAG 4%' i %;}

UV light, RT

The siloxane (VDT-731, 0.5 g, 18 pmmol polymer, 0.63 mmol vinyl groups) was
dissolved into 8 mL of ethyl acetate in a 20 mL vial charged with a stir bar. HS—EBiB (0.28 g,
1.25 mmol, 2 eq per vinyl) and DMPA (16 mg, 63 umol, 0.1 eq per vinyl) were added. The
solution was irradiated with 365 nm light for 2 hours, and then precipitated directly into 40 mL
of room temperature methanol, centrifuged, and isolated, then dried under vacuum to recover
a clear viscous oil (0.9 g, 70% yield).

TH NMR (600 MHz, CDCI3): 8. 4.30 (t, 2H), 2.57 (dd, 2H), 2.50 (dd, 2H), 1.93 (s, 6H), 0.9
(m, 2H), 0.05 — 0.12 (m, 63H).

Indexed NMR spectrum is shown in Figure 2.11.

General procedure for ATRP initiator and dodecane functionalization of PDMS-co-PVMS.
Specific example corresponds to the synthesis of 10 mol% initiator and 90% diluent from VDT-

954 (225 kDa, 10 mol% vinyl, 350 vinyl groups)

paghfic Zohe el

DMPA, EtOAc
UV light, RT
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The siloxane (1 g, 350 eq vinyl per 1 eq polymer, 4.4 pmol polymer, 1.5 mmol vinyl)
was dissolved into 8 mL of ethyl acetate in a 20 mL vial charged with a stir bar. HS—-EBiB
(100 mg, 0.2 eq per vinyl, 0.44 mmol), DDSH (570 mg, 1.8 eq per vinyl, 2.8 mmol) and DMPA
(80 mg, 0.2 eq per vinyl 0.31 mmol) were added. The solution was irradiated with 365 nm light
for 2 hours and then precipitated into 40 mL of cold methanol. Subsequently, the recovered
polymer was dissolved into 3 mL DCM and precipitated into 40 mL of a 1:1 mixture of room
temperature acetone and methanol to remove DDSH since it has poor solubility in methanol.
The material was then centrifuged, isolated, and dried under vacuum to recover a clear viscous
oil (0.2 g, 20% yield). Low yield was due to partial solubility of polymer in the precipitation
mixture.

TH NMR (600 MHz, CDCl3): 8. 4.30 (t, 0.2 H), 2.78 (dd, 0.2 H), 2.66 (dd, 0.2 H), 2.57 (dd,
1.8 H), 2.50 (dd, 1.8 H), 1.93 (s, 0.6 H), 1.55 (m, 0.6 H), 0.9 (m, 2H), 0.05 — 0.12 (m, 63H).

Indexed NMR spectrum is shown in Figure 2.58.

General procedure for ATRP reaction: Synthesis of PDMS2si-g35-PMMA >0

0O

2 0
s\/\o)f><ar " Seo B
AL iS4 N\ N, oo
I‘OH % i > I‘O}’{ 5 I
n m n m

I
CuBr, PMDETA '
Chlorobenzene

To a 100 mL three neck flask charged with a stir bar was added ATRP macroinitiator
(100 mg, 3.57 pmol polymer, 125 umol total initiator, 1 eq), 6.6 mL chlorobenzene (1:1
volume ratio to MMA), MMA (6.26 g, 62.5 mmol, 17500 eq, 500 eq per initiator), and
PMDETA (22 mg, 125 umol, 35 eq, 1 eq per initiator). The three neck flask was sealed with

three rubber septa and degassed with nitrogen for 10 minutes followed by the rapid addition of

40



CuBr (18 mg, 125 umol, 35 eq, 1 eq per initiator) (added by quickly removing the septum
while maintaining a flow of nitrogen and quickly replacing the septum after addition). The
solution was degassed for an additional 2 minutes then placed in an oil bath at 50 °C and
reacted for two hours. The septum was removed to quench the reaction and the conversion was
calculated to be 36% by comparing the '"H NMR integration values of the methoxy peaks of
the MMA monomer and PMMA. The reaction was filtered through basic alumina to remove
the catalyst and ligand then precipitated into methanol, and a white powder was collected and
dried under vacuum.
TH NMR (600 MHz, CDCl3): 6. 3.65 (s, 3 H), 1.74 — 2.07 (m, 2 H), 0.7 — 1.1 (m, 3 H), 0.05 —
0.12 (m, 0.46H). Figure 2.14 shows the full spectrum '"H NMR spectrum.

*If the above procedure resulted in a gel or significant high molecular weight shouldering
via SEC, a 4:1 ratio of chlorobenzene to MMA was used along with 0.25 eq CuBr compared
to 1 eq initiator. In Table 2.1, samples synthesized from 225 kDa and 50 kDa macroinitors

used these conditions.

Styrene was polymerized with the same procedure as above with a 1:1 ratio of

monomer:solvent and a 1:1 ratio of catalyst:initiator at 110 °C. The NMR spectrum for the

product is shown in Figure 2.15.
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General procedure for ATRP reaction to polymerize acrylates: Synthesis of PDMS>si-g35-

Ly

swoj% 5 e
froonte ?’} ST feortont

4:1 PhMe, TFE

360 nm
PMA 7k

A stock solution was initially prepared to better control the addition of ligand and
catalyst. A new stock solution was prepared the day that the reaction took place. To a 20 mL
vial was added 2.4 mL TFE, 2.7 mg CuBr», and 16.8 mg MesTren. The vial was sonicated for
30 minutes to dissolve the CuBr2. To a separate 20 mL vial charged with a stir bar was added
toluene (1.6 g), TFE (300 mg), MMA (2.3 g, 26.5 mmol, 15000 eq, 420 eq per initiator), and
macroinitiator (50 mg, 1.8 pmol, 62.5 pmol initiator, 1 eq). Subsequently, 244 pL of the stock
solution was added to the reaction vessel. The overall solution had a 1:1 volume ratio of
monomer:solvent and 0.2 eq CuBr: per initiator, 0.12 eq MegTren per initiator. The 20 mL vial
reaction vessel was sealed with a septum and degassed with nitrogen for 15 minutes. Then, the
reaction solution as placed under a UV light source and stirred for two hours, resulting in a
final conversion of 44%. The reaction solution was precipitated directly into cold methanol (2
centrifuge tubes with 40 mL each) then centrifuged and dried.

The NMR spectra for each polymerized acrylate graft copolymer are shown in Figures 2.16 —

2.19.

General procedure for degrafting of PMMA from graft copolymer

o) _\_\ 0
S\/\O Br \/\/N*/F’\/\ J/S\/\O Br
VDN o I oo
I\OH I\O |\ I > ‘}1; I;{V }
n m THF, 16 hours
X
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Approximately 100 mg copolymer was dissolved into 3 mL THF followed by the
addition of TBAF solution (2 eq per siloxane repeat unit). The solution was left to stir overnight
at room temperature then precipitated into 20 mL of cold methanol. If the polymer was too low
of'a molecular weight (>5 kDa), it couldn’t be recovered via precipitation, so the solvent of the
reaction solution as reduced under vacuum and redissolved in 3 mL ethyl acetate followed by
a basic alumina plug, washed with 30 mL of 1 M NaOH, dried in MgSQ4, and then the solvent
was removed under vacuum.

For the copolymers with dodecane chains, a different washing procedure was used to
purify the PMMA. The THF from the crude solution was removed in vacuo and the polymer
was dissolved into 30 mL DMSO. This solution was washed 3 times with 50 mL of diethyl
ether. The DMSO and ether layer would form a miscible solution in the separatory funnel when
shaken but would separate into layers when poured into a beaker. The DMSO layer could then
be separated from the ether layer. Next, the DMSO solution was diluted with 100 mL of ethyl
acetate and washed with 30 mL of brine around 5 times to remove the DMSO. The ethyl acetate
layer was dried with MgSO4. The volume was reduced to roughly 1 mL in vacuo before
precipitation into 20 mL hexanes where the product was recovered as a white powder.

"H NMR spectra for recovered homopolymers are shown in Figures 2.20 — 2.23.

Procedure for synthesis of ATRP macroinitiator with covalently bound methylcoumarin

moieties starting from PDMS-co-PVMS (VDT-731, 28 kDa, 35 grafts).
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The siloxane (500 mg, 35 eq vinyl per 1 eq polymer, 18 umol polymer, 630 pmol vinyl)
was dissolved into 3 mL of ethyl acetate in a 20 mL vial charged with a stir bar. HS—-EBiB
(380 mg, 2.85 eq per vinyl, 1.8 mmol), 7-mercapto-4-methylcoumarin (18 mg, 0.15 eq per
vinyl, 94 umol) and AIBN (28 mg, 0.8 eq per vinyl, 500 umol) were added. The solution was
degassed with nitrogen for 10 minutes and then placed into an oil bath at 70 °C. Subsequently,
the reaction solution was allowed to cool to room temperature, then was precipitated into 35
mL cold methanol in a centrifuge tube. The supernatant was decanted, and the polymer was
dissolved with 3 mL ethyl acetate then precipitated again into 35 mL cold methanol. This
process was repeated once more for a total of three precipitations. The polymer solution was
dissolved into 3 mL ethyl acetate to transfer to a vial and dried under vacuum. 220 mg polymer
was recovered corresponding to a 33% yield.

TH NMR (600 MHz, CDCl3): 3. 7.45 (d, 0.04 H), 7.08 — 7.16 (m, 0.08 H), 6.20 (s, 0.04 H),
4.30 (t, 1.92 H), 3.04 (dd, 0.08 H), 2.57 (dd, 1.92 H), 2.50 (dd, 1.92 H), 2.38 (s, 0.12 H), 1.93
(s,5.76 H), 0.9 (m, 2H), 0.05 — 0.12 (m, 63H).

Indexed NMR spectra are shown in Figure 2.65 and Figure 2.66.

2.5 Characterization Data

2.5.1 'H and *C NMR spectra of small molecules and polymers
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Figure 2.9. 'H NMR spectrum of bis[2-(2"-bromoisobutyryloxy)ethyl]disulfide (CDCls, 600

MHz).
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Figure 2.10. 1*C NMR spectrum of bis[2-(2"-bromoisobutyryloxy)ethyl]disulfide (CDCl3, 126

MHz).
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Figure 2.11. '"H NMR spectrum of mercaptoethyl a-bromoisobutyrate (CDCl3, 600 MHz).
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Figure 2.12. °C NMR spectrum of mercaptoethyl o-bromoisobutyrate disulfide (CDCl3, 126

MHz).
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Figure 2.13. 'H NMR of a representative PDMS-g-Br macroinitiator, corresponding to

PDMSsi-g35-Br (CDCls, 600 MHz).
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Figure 2.14. 'H NMR of a representative PDMS-g-PMMA copolymer, corresponding to

PDMS2sk-g35-PMM Aok (CDCl3, 600 MHz).
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Figure 2.15. '"H NMR of a representative PDMS-g-PS copolymer, corresponding to
PDMS2sk-g35-PS23k (CDCl3, 600 MHz).
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Figure 2.16. '"H NMR of a representative PDMS-g-PMA copolymer, corresponding to

PDMSzsk-g35-PMA 17k (CDCl3, 600 MHz).
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Figure 2.17. 'H NMR of a representative PDMS-g-PiBA copolymer, corresponding to

PDMS2sk-g35-PiBA4ok (CDCl3, 600 MHz).
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Figure 2.18. 'H NMR of a representative PDMS-g-POEGA copolymer, corresponding to

PDMS28k-g35-POEGA20k (CDCl3, 600 MHz).
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Figure 2.19. 'H NMR of a representative PDMS-g-PTFEA copolymer, corresponding to

PDMS2sk-g35-PTFEA 15k (CDCl3, 600 MHz).
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Figure 2.20. Typical '"H NMR of PMMA recovered from TBAF degradation of PDMS-g-
PMMA copolymer. This sample is the product of degradation of PDMSagk-g35-PMMA 20k

(CDCls, 600 MHz).
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Figure 2.21. Typical 'H NMR of PMA recovered from TBAF degradation of PDMS-g-PMA

copolymer. This sample is the product of degradation of PDMS2gk-g35-PMA 17« (CDCl3, 600

MHz).
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Figure 2.22. Typical '"H NMR of PS recovered from TBAF degradation of PDMS-g-PS
copolymer. This sample is the product of degradation of PDMSgk-g35-PS23k (CDCls, 600

MHz).

57



I
Si
X

@)
J/S\/\OWZ&
< o "0

i Ea

a

L ; I
A

3 ry

S S

7 & 5 4 3 2 1 0
0 (ppm)

Figure 2.23. Typical 'H NMR of PiBA recovered from TBAF degradation of PDMS-g-PiBA
copolymer. This sample is the product of degradation of PDMSgk-g35-PiBA4ok (CDCl3, 600

MHz).

2.5.2 SEC traces of the synthesized macroinitiators and graft copolymers listed in Table

2.1
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Figure 2.24. SEC trace of PDMS7k-g23-Br macroinitiator and commercial PDMS starting

material (VDT-123).
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Figure 2.25. SEC trace of PDMS23k-g33-Br macroinitiator and commercial PDMS starting

material (VDT-127).
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Figure 2.26. SEC trace of PDMS2gk-g35-Br macroinitiator and commercial PDMS starting

material (VDT-731).
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Figure 2.27. SEC trace of PDMSs0k-g300-Br macroinitiator and commercial PDMS starting

material (VDT-5035).
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Figure 2.28. SEC trace of PDMS22sk-g350-Br macroinitiator and commercial PDMS starting

material (VDT-954).
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Figure 2.29. SEC trace of PDMS7x-g23-PMMAs ok graft copolymer.

PDMS17¢-92 3-PMMA4 4
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Figure 2.30. SEC trace of PDMS17x-g2.3-PMMAuik graft copolymer.
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Figure 2.31. SEC trace of PDMS23x-g33-PMMA 15k graft copolymer.
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Figure 2.32. SEC trace of PDMSsok-g300-PMM A4 graft copolymer.
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Figure 2.33. SEC trace of PDMSs0k-g300-PMMA 14k graft copolymer.
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Figure 2.34. SEC trace of PDMS225k-g350-PMMA 1k graft copolymer.
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Figure 2.35. SEC trace of PDMS225¢-g350-PMMA sk graft copolymer.
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Figure 2.36. SEC trace of PDMS225k-g350-PMMA 17k graft copolymer.
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Figure 2.37. SEC trace of PDMS2sk-g35-PS23k graft copolymer.
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Figure 2.38. SEC trace of PDMSask-g35-PMA 17k graft copolymer.
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Figure 2.39. SEC trace of PDMS225k-g350-PM A2k graft copolymer.
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Figure 2.40. SEC trace of PDMS:sx-g35-PiBA4ox graft copolymer.
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Figure 2.41. SEC trace of PDMS:sx-g35-PTFEA sk graft copolymer.
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Figure 2.42. SEC trace of PDMS2sk-g35-POEGA20k graft copolymer.

2.5.3 Thermal characterization of graft copolymers
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Figure 2.43. DSC traces for the listed macroinitiator and graft copolymers with the labeled
PDMS molecular weight, number of grafts, and molecular weight per graft calculated with

NMR. Traces shown are the on the second heating cycle, heated at 10 °C per minute.
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Figure 2.44. DSC trace for the listed graft copolymer with the labeled PDMS molecular
weight, number of grafts, and molecular weight per graft calculated with NMR. Trace shown
is the second heating cycle, heated at 10 °C per minute with the glass transition (7%), cold

crystallization exotherm (7cc), and melting endotherm (7) labeled.

Table 2.3. Glass transition values (7}) for selected macroinitiator and synthesized copolymers.

Sample Ty (°C)
PDMS:s-g35-Br —-110
PDMS2s8k-g35-PMM A0k 115
PDMS:s8k-g35-PS23k 100
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PDMS:sk-235-PiB Aok 90

PDMS2sk-g35-PM A 17x 10
PDMS2sk-235-PTFEA 18k —-10
PDMS2s8k-235-POEGA20k =70

2.5.4 SEC traces of the copolymers before and after treatment with TBAF corresponding

to entries in Table 2.2

| — PDMS17k-gzl3-PMMA21k —
- e+ PMMAg3,

Normalized dRI

Retention time (min)

Figure 2.45. SEC trace of PDMSi7k-g223-PMMA 1« and the recovered linear PMMA after
TBAF degradation of the graft copolymer.
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Figure 2.46. SEC trace of PDMSsk-g35-PMMAok and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.47. SEC trace of PDMSsok-g300-PMMAs3k and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.48. SEC trace of PDMSsok-g300-PMMA 14k and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.49. SEC trace of PDMS225k-g350-PMMA 1k and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.50. SEC trace of PDMS225k-g350-PMMAGsk and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.51. SEC trace of PDMS22sk-g350-PMMA 17x and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.52. SEC trace of recovered linear PMMA from degradation of the polymer

PDMS225k-g350-PMMAssk. Graft copolymer trace is not shown because the polymer was too

high molecular weight.
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Figure 2.53. SEC trace of PDMSask-g35-PS23x and the recovered linear PS after TBAF

degradation of the graft copolymer.
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Figure 2.54. SEC trace of PDMSjgk-g35-PMA17¢ and the recovered linear PMA after TBAF

degradation of the graft copolymer.
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Figure 2.55. SEC trace of PDMS225k-g350-PM A2k and the recovered linear PMA after TBAF

degradation of the graft copolymer.
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Figure 2.56. SEC trace of recovered linear PMA from degradation of the polymer PDMS 25k~

g350-PMAgsk. Graft copolymer trace is not shown because the polymer was too high molecular

weight.
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Figure 2.57. SEC trace of PDMSsk-g35-PiBA4ok and the recovered linear PiBA after TBAF

degradation of the graft copolymer.
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2.5.5 Characterization of materials used to make copolymers with tunable grafting

densities
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Figure 2.58. '"H NMR spectrum of PDMS2,sk-g3s-Br with peaks used to calculate the ratio of

incorporated initiator and diluent labeled.
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Figure 2.59. 'H NMR spectrum of PDMS22sk-gso-Br with peaks used to calculate the ratio of

incorporated initiator and diluent labeled.
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Figure 2.60. 'H NMR spectrum of PDMS:2sk-g140-Br with peaks used to calculate the ratio of

incorporated initiator and diluent labeled.
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Figure 2.61. SEC traces of PDMS-co-PVMS (VDT-954) and the resulting macroinitiators
after attaching DDSH and HS—EBiB through thiol-ene click chemistry with varying ratios to

achieve the targeted amount of initiation sites.

Table 2.4. Dispersity and molecular weight of the graft copolymers synthesized with variable
grafting density and the dispersity and molecular weight of the recovered linear PMMA.
Copolymer molecular weights were calculated through 'H NMR, and homopolymer molecular

weight were measured via SEC compared to PMMA standards.

Copolymer M, PMMA M,
Sample PMMA D
(kDa) (kDa)

&9



PDMS2251-g35-PMMA 17k 2900 21 1.24

PDMS2251-g80-PMMA 16Kk 1600 23 1.23

PDMS2251-g140-PMMA 18k 840 26 1.15

—— PDMS225¢-9140-PMMA 1gx |-
- e PMMA,q,

Normalized dRI

Retention time (min)

Figure 2.62. SEC trace of PDMS22s5k-g140-PMMA 15k and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.63. SEC trace of PDMS22sk-gso-PMMA 6k and the recovered linear PMMA after

TBAF degradation of the graft copolymer.
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Figure 2.64. SEC trace of PDMS22sk-g35-PMMA7x and the recovered linear PMMA after

TBAF degradation of the graft copolymer

2.5.6 Characterization of macroinitiator and graft copolymer with covalently attached

fluorophore
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Figure 2.65. NMR spectrum corresponding to PDMSjgk-g35-Br with covalently bound

methylcoumarin units. Diagnostic protons corresponding to methylcoumarin are highlighted.

93



I

Wl

.
M
T« »T
S &
(e | o
32 30 28 26 24 2.2

S (ppm)
Figure 2.66. Zoomed in '"H NMR spectrum corresponding to Figure S57. Highlighted peaks

correspond to the signals used to quantify the incorporation of methylcoumarin.

94



Signal
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Figure 2.67. SEC trace of macroinitiator with attached fluorophore with dRI (solid) signal and

light absorbance at 330 nm from photodiode array detector (dashed).
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Figure 2.68. 3D SEC light absorbance plots showing light absorbance versus retention time

and wavelength for macroinitiator without fluorophore (left) and with fluorophore (right).
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Figure 2.69. SEC trace of graft copolymer, PDMS2sk-g35-PMMAgk with attached fluorophore

with dRI (solid) signal and light absorbance at 330 nm from photodiode array detector
(dashed).
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Figure 2.70. 3D SEC light absorbance plots showing light absorbance versus retention time

and wavelength for graft copolymer without fluorophore (left) and with fluorophore (right).

— PDMstk-g35-PMMA8k
---- PMMAg,

Normalized dRI

Retention time (min)

97



Figure 2.71. SEC trace of fluorescent graft copolymer PDMSask-g35-PMMAsk and the

recovered linear PMMAGgy after TBAF degradation of the graft copolymer.

2.6 References

(1)

2)

€)

(4)

)

(6)

Matsen, M. W. Effect of Architecture on the Phase Behavior of AB-Type Block
Copolymer Melts. Macromolecules 2012, 45 (4), 2161-2165.

Levi, A. E.; Lequieu, J.; Horne, J. D.; Bates, M. W.; Ren, J. M.; Delaney, K. T.;
Fredrickson, G. H.; Bates, C. M. Miktoarm Stars via Grafting-Through
Copolymerization:  Self-Assembly and the Star-to-Bottlebrush  Transition.
Macromolecules 2019, 52 (4), 1794-1802.

Allen, M. J.; Wangkanont, K.; Raines, R. T.; Kiessling, L. L. ROMP from ROMP: A
New Approach to Graft Copolymer Synthesis. Macromolecules 2009, 42 (12), 4023—
4027.

Chang, A. B.; Lin, T. P.; Thompson, N. B.; Luo, S. X.; Liberman-Martin, A. L.; Chen,
H. Y.; Lee, B.; Grubbs, R. H. Design, Synthesis, and Self-Assembly of Polymers with
Tailored Graft Distributions. J Am Chem Soc 2017, 139 (48), 17683-17693.

Zografos, A.; Lynd, N. A.; Bates, F. S.; Hillmyer, M. A. Impact of Macromonomer
Molar Mass and Feed Composition on Branch Distributions in Model Graft
Copolymerizations. ACS Macro Lett 2021, 10 (12), 1622—-1628.

Hadjichristidis, N.; latrou, H.; Pitsikalis, M.; Mays, J. Macromolecular Architectures by
Living and Controlled/Living Polymerizations. Prog Polym Sci 2006, 31 (12), 1068—

1132.

98



(7)

(8)

)

(10)

(11)

(12)

(13)

(14)

Ohno, S.; Matyjaszewski, K. Controlling Grafting Density and Side Chain Length in
Poly(n-Butyl Acrylate) by ATRP Copolymerization of Macromonomers. J Polym Sci A
Polym Chem 2006, 44 (19), 5454-5467.

Jeong, S. H.; Kim, J. M.; Baig, C. Rheological Influence of Short-Chain Branching for
Polymeric Materials under Shear with Variable Branch Density and Branching
Architecture. Macromolecules 2017, 50 (11), 4491-4500.

Paturej, J.; Sheiko, S. S.; Panyukov, S.; Rubinstein, M. Molecular Structure of
Bottlebrush Polymers in Melts. Sci Adv 2016, 2 (11), e1601478.

Liang, H.; Cao, Z.; Wang, Z.; Sheiko, S. S.; Dobrynin, A. V. Combs and Bottlebrushes
in a Melt. Macromolecules 2017, 50 (8), 3430-3437.

Abadi, M.; Serag, M. F.; Habuchi, S. Entangled Polymer Dynamics beyond Reptation.
Nat Commun 2018, 9, 5098.

Savoji, M. T.; Zhao, D.; Muisener, R. J.; Schimossek, K.; Schoeller, K.; Lodge, T. P.;
Hillmyer, M. A. Poly(Alkyl Methacrylate)-Grafted Polyolefins as Viscosity Modifiers
for Engine Oil: A New Mechanism for Improved Performance. Ind Eng Chem Res 2018,
57 (6), 1840-1850.

Brant, P.; Lu, J.; Shivokhin, M.; Yakovlev, S.; Kang, S.; Welke, B.; Raney, M.;
Throckmorton, J.; Rapp, J.; Wang, H.; Yablon, D. Strategy for Scalable Comb Block
Polyolefin Synthesis. Efficient Graft of Isotactic Polypropylene to a Commercial Broad
Molecular Weight Distribution, Hyperbranched, Ethylene Methylacrylate Copolymer.
Macromolecules 2020, 53 (15), 6353—6368.

Wang, W.; Lu, W.; Goodwin, A.; Wang, H.; Yin, P.; Kang, N. G.; Hong, K.; Mays, J.

W. Recent Advances in Thermoplastic Elastomers from Living Polymerizations:

99



(15)

(16)

(17)

(18)

(19)

(20)

21

Macromolecular Architectures and Supramolecular Chemistry. Prog Polym Sci 2019,
95, 1-31.

Lynd, N. A.; Oyerokun, F. T.; O’Donoghue, D. L.; Handlin, D. L.; Fredrickson, G. H.
Design of Soft and Strong Thermoplastic Elastomers Based on Nonlinear Block
Copolymer Architectures Using Self-Consistent-Field Theory. Macromolecules 2010,
43 (7), 3479-3486.

Zhang, J.; Schneiderman, D. K.; Li, T.; Hillmyer, M. A.; Bates, F. S. Design of Graft
Block Polymer Thermoplastics. Macromolecules 2016, 49 (23), 9108-9118.

Zhang, J.; Li, T.; Mannion, A. M.; Schneiderman, D. K.; Hillmyer, M. A.; Bates, F. S.
Tough and Sustainable Graft Block Copolymer Thermoplastics. ACS Macro Lett 2016,
5(3),407-412.

Lu, C.; Yu, J.; Wang, C.; Wang, J.; Chu, F. Fabrication of UV-Absorbent Cellulose-
Rosin Based Thermoplastic Elastomer via “Graft from” ATRP. Carbohydr Polym 2018,
188, 128-135.

Jiang, F.; Wang, Z.; Qiao, Y.; Wang, Z.; Tang, C. A Novel Architecture toward Third-
Generation Thermoplastic Elastomers by a Grafting Strategy. Macromolecules 2013, 46
(12), 4772-4780.

Liberman-Martin, A. L.; Chu, C. K.; Grubbs, R. H. Application of Bottlebrush Block
Copolymers as Photonic Crystals. Macromol Rapid Commun 2017, 38 (13), 1700058.
Wang, Z.; Chan, C. L. C.; Zhao, T. H.; Parker, R. M.; Vignolini, S. Recent Advances in
Block Copolymer Self-Assembly for the Fabrication of Photonic Films and Pigments.

Adv Opt Mater 2021, 9 (21), 2100519.

100



(22)

(23)

(24)

(25)

(26)

27

(28)

Kerr-Phillips, T.; Damavandi, M.; Pilkington, L. I.; Whitehead, K. A.; Travas-Sejdic,
J.; Barker, D. Effects of Neutral, Anionic and Cationic Polymer Brushes Grafted from
Poly(Para-Phenylene Vinylene) and Poly(Para-Phenylene Ethynylene) on the
Polymer’s Photoluminescent Properties. Polymers 2022, 14 (14).

Reynolds, V. G.; Mukherjee, S.; Xie, R.; Levi, A. E.; Atassi, A.; Uchiyama, T.; Wang,
H.; Chabinyc, M. L.; Bates, C. M. Super-Soft Solvent-Free Bottlebrush Elastomers for
Touch Sensing. Mater Horiz 2020, 7 (1), 181-187.

Nian, S.; Zhu, J.; Zhang, H.; Gong, Z.; Freychet, G.; Zhernenkov, M.; Xu, B.; Cai, L.
H. Three-Dimensional Printable, Extremely Soft, Stretchable, and Reversible
Elastomers from Molecular Architecture-Directed Assembly. Chemistry of Materials
2021, 33 (7), 2436-2445.

Xie, R.; Mukherjee, S.; Levi, A. E.; Reynolds, V. G.; Wang, H.; Chabinyc, M. L.; Bates,
C. M. Room Temperature 3D Printing of Super-Soft and Solvent-Free Elastomers. Sci
Adv 2020, 6 (46), eabc6900.

Self, J. L.; Zervoudakis, A. J.; Peng, X.; Lenart, W. R.; Macosko, C. W.; Ellison, C. J.
Linear, Graft, and Beyond: Multiblock Copolymers as Next-Generation
Compatibilizers. JACS Au 2022, 2 (2), 310-321.

Fortelny, 1.; Jaza, J. The Effects of Copolymer Compatibilizers on the Phase Structure
Evolution in Polymer Blends—a Review. Materials 2021, 14 (24), 7786.

Klimovica, K.; Pan, S.; Lin, T. W.; Peng, X.; Ellison, C. J.; Lapointe, A. M.; Bates, F.
S.; Coates, G. W. Compatibilization of IPP/HDPE Blends with PE-g-IPP Graft

Copolymers. ACS Macro Lett 2020, 9 (8), 1161-1166.

101



(29)

(30)

€2))

(32)

(33)

(34)

(35)

Sarkar, R.; Gowd, E. B.; Ramakrishnan, S. Precise Control of Grafting Density in
Periodically Grafted Amphiphilic Copolymers: An Alternate Strategy to Fine-Tune the
Lamellar Spacing in the Sub-10 Nm Regime. Polym Chem 2020, 11 (25), 4143—4154.
Hadjichristidis, N.; Pitsikalis, M.; Pispas, S.; latrou, H. Polymers with Complex
Architecture by Living Anionic Polymerization. Chem Rev 2001, 101 (12), 3747-3792.
Riva, R.; Schmeits, S.; Jérome, C.; Jérome, R.; Lecomte, P. Combination of Ring-
Opening Polymerization and “Click Chemistry”: Toward Functionalization and
Grafting of Poly(e-Caprolactone). Macromolecules 2007, 40 (4), 796—803.

Huang, J.; Xiao, Z.; Liang, H.; Lu, J. Star Graft Copolymer via Grafting-onto Strategy
Using a Combination of Reversible Addition-Fragmentation Chain Transfer Arm-First
Technique and Aldehyde-Aminooxy Click Reaction. Polym Int 2014, 63 (6), 1122—
1128.

Turowec, B. A.; Gillies, E. R. Synthesis, Properties and Degradation of
Polyisobutylene—Polyester Graft Copolymers. Polym Int 2017, 66 (1), 42-51.
Karamdoust, S.; Crewdson, P.; Ingratta, M.; Gillies, E. R. Synthesis and Properties of
Arborescent Polyisobutylene-Poly(Ethylene Oxide) Graft Copolymers: A Comparison
of Linear and Arborescent Graft Copolymer Architectures. Polym Int 20185, 64 (5), 611—
620.

Karamdoust, S.; Bonduelle, C. V.; Amos, R. C.; Turowec, B. A.; Guo, S.; Ferrari, L.;
Gillies, E. R. Synthesis and Properties of Butyl Rubber-Poly(Ethylene Oxide) Graft
Copolymers with High PEO Content. J Polym Sci A Polym Chem 2013, 51 (16), 3383—

3394.

102



(36)

(37)

(38)

(39)

(40)

(41)

(42)

Soleimani, A.; Moustafa, M. M. A. R.; Borecki, A.; Gillies, E. R. A Comparison of
Covalent and Noncovalent Strategies for Paclitaxel Release Using Poly(Ester Amide)
Graft Copolymer Micelles. Can J Chem 2015, 93 (4), 399-405.
https://doi.org/10.1139/cjc-2014-0349.

Higuchi, M.; Kanazawa, A.; Aoshima, S. Design of Graft Architectures via
Simultaneous Kinetic Control of Cationic Vinyl-Addition Polymerization of Vinyl
Ethers, Coordination Ring-Opening Polymerization of Cyclic Esters, and Merging at
the Propagating Chain End. Macromolecules 2020, 53 (10), 3822—-3831.

Lin, T. P.; Chang, A. B.; Chen, H. Y.; Liberman-Martin, A. L.; Bates, C. M.; Voegtle,
M. J.; Bauer, C. A.; Grubbs, R. H. Control of Grafting Density and Distribution in Graft
Polymers by Living Ring-Opening Metathesis Copolymerization. J Am Chem Soc 2017,
139 (10), 3896-3903.

Wang, W.; Wang, W.; Lu, X.; Bobade, S.; Chen, J.; Kang, N. G.; Zhang, Q.; Mays, J.
Synthesis and Characterization of Comb and Centipede Multigraft Copolymers PnBA-
g-PS with High Molecular Weight Using Miniemulsion Polymerization.
Macromolecules 2014, 47 (21), 7284-7295.

Wang, Z.; Yuan, L.; Tang, C. Sustainable Elastomers from Renewable Biomass. Acc
Chem Res 2017, 50 (7), 1762—-1773.

Dadashi-Silab, S.; Doran, S.; Yagci, Y. Photoinduced Electron Transfer Reactions for
Macromolecular Syntheses. Chem Rev 2016, 116 (17), 10212-10275.

Matyjaszewski, K. Advanced Materials by Atom Transfer Radical Polymerization.

Advanced Materials 2018, 30 (23), 1706441.

103



(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

Maharana, T.; Pattanaik, S.; Routaray, A.; Nath, N.; Sutar, A. K. Synthesis and
Characterization of Poly(Lactic Acid) Based Graft Copolymers. React Funct Polym
2015, 93, 47-67.

Thakur, M. K.; Thakur, V. K.; Gupta, R. K.; Pappu, A. Synthesis and Applications of
Biodegradable Soy Based Graft Copolymers: A Review. ACS Sustain Chem Eng 2016,
4 (1), 1-17.

Baek, P.; Voorhaar, L.; Barker, D.; Travas-Sejdic, J. Molecular Approach to Conjugated
Polymers with Biomimetic Properties. Acc Chem Res 2018, 51 (7), 1581-15809.

Guo, X.; Choi, B.; Feng, A.; Thang, S. H. Polymer Synthesis with More Than One Form
of Living Polymerization Method. Macromol Rapid Commun 2018, 39 (20), 1800479.

Sumerlin, B. S.; Neugebauer, D.; Matyjaszewski, K. Initiation Efficiency in the
Synthesis of Molecular Brushes by Grafting from via Atom Transfer Radical
Polymerization. Macromolecules 2005, 38 (3), 702—708.

Wang, Z.; Wang, Z.; Zhang, Y.; Jiang, F.; Fang, H. Synthesis and Characterization of
Designed Cellulose-Graft-Polyisoprene Copolymers. Polym Chem 2014, 5 (10), 3379—
3388.

Wang, M.; Kee, S.; Baek, P.; Ting, M. S.; Zujovic, Z.; Barker, D.; Travas-Sejdic, J.
Photo-Patternable, Stretchable and Electrically Conductive Graft Copolymers of
Poly(3-Hexylthiophene). Polym Chem 2019, 10 (46), 6278—6289.

Damavandi, M.; Baek, P.; Pilkington, L. I.; Javed Chaudhary, O.; Burn, P.; Travas-
Sejdic, J.; Barker, D. Synthesis of Grafted Poly(p-Phenyleneethynylene) via ARGET
ATRP: Towards Nonaggregating and Photoluminescence Materials. Eur Polym J 2017,

89,263-271.

104



(51

(52)

(53)

(54)

(55)

(56)

(57)

(58)

Wang, Z.; Yuan, L.; Tang, C. Sustainable Elastomers from Renewable Biomass. Acc
Chem Res 2017, 50 (7), 1762—-1773.

Polymeropoulos, G.; Zapsas, G.; Ntetsikas, K.; Bilalis, P.; Gnanou, Y.; Hadjichristidis,
N. 50th Anniversary Perspective: Polymers with Complex Architectures.
Macromolecules 2017, 50 (4), 1253-1290.

Strover, L. T.; Malmstrom, J.; Travas-Sejdic, J. Graft Copolymers with Conducting
Polymer Backbones: A Versatile Route to Functional Materials. The Chemical Record
2016, 76 (1), 393-418.

Coudane, J.; Van Den Berghe, H.; Mouton, J.; Garric, X.; Nottelet, B. Poly(Lactic
Acid)-Based Graft Copolymers: Syntheses Strategies and Improvement of Properties
for Biomedical and Environmentally Friendly Applications: A Review. Molecules 2022,
27 (13), 4135.

Feng, C.; Li, Y.; Yang, D.; Hu, J.; Zhang, X.; Huang, X. Well-Defined Graft
Copolymers: From Controlled Synthesis to Multipurpose Applications. Chem Soc Rev
2011, 40 (3), 1282—-1295.

Weinhold, F.; West, R. The Nature of the Silicon-Oxygen Bond. Organometallics 2011,
30 (21), 5815-5824.

Silicones and Silicone-Modified Materials, 1st ed.; Clarson, S. J., Fitzgerald, J. J., Owen,
M. J., Smith, S. D., Eds.; American Chemical Society: Washington, DC, 2000.
Berthier, E.; Young, E. W. K.; Beebe, D. Engineers Are from PDMS-Land, Biologists

Are from Polystyrenia. Lab Chip 2012, 12 (7), 1224—-1237.

105



(59)

(60)

(61)

(62)

(63)

(64)

(65)

Pouget, E.; Tonnar, J.; Lucas, P.; Lacroix-Desmazes, P.; Ganachaud, F.; Boutevin, B.
Well-Architectured Poly(Dimethylsiloxane)-Containing Copolymers Obtained by
Radical Chemistry. Chem Rev 2010, 710 (3), 1233-1277.

Nakagawa, Y.; Miller, P. J.; Matyjaszewski, K. Development of Novel Attachable
Initiators for Atom Transfer Radical Polymerization, Synthesis of Block and Graft
Copolymers from Poly(Dimethylsiloxane) Macroinitiators. Polymer 1998, 39 (21),
5163-5170.

Taran, E.; Donose, B.; Higashitani, K.; Asandei, A. D.; Scutaru, D.; Hurduc, N. ATRP
Grafting of Styrene from Benzyl Chloride Functionalized Polysiloxanes: An AFM and
TGA Study of the Cu(0)/Bpy Catalyst. Eur Polym J 2006, 42 (1), 119-125.

Seidi, F.; Salimi, H.; Shamsabadi, A. A.; Shabanian, M. Synthesis of Hybrid Materials
Using Graft Copolymerization on Non-Cellulosic Polysaccharides via Homogenous
ATRP. Prog Polym Sci 2018, 76, 1-39.

Huang, C.; Yi, L.; Yuan, H.; Chen, C. A Route to Modify Polymeric Pigment
Dispersants with Polysiloxanes by Atom Transfer Radical Polymerization. Adv Mat Res
2012, 441, 478-483.

Wang, G.; Xiong, Y.; Tang, H. Synthesis and Characterization of a Graft Side-Chain
Liquid Crystalline Polysiloxane. J Organomet Chem 2015, 775, 50-54.

Hong, S. C.; Pakula, T.; Matyjaszewski, K. Preparation of Polyisobutene-Graft-
Poly(Methyl Methacrylate) and Polyisobutene-Graft-Polystyrene with Different
Compositions and Side Chain Architectures through Atom Transfer Radical

Polymerization (ATRP). Macromol Chem Phys 2001, 202 (17), 3392-3402.

106



(66)

(67)

(68)

(69)

(70)

(71)

(72)

Shi, L. Y.; Zhou, Y.; Shen, Z.; Fan, X. H. Hierarchical Structures in Thin Films of
Macrophase- and Microphase-Separated AB/AC Diblock Copolymer Blends.
Macromolecules 2012, 45 (13), 5530-5537.

Levi, A. E.; Fu, L.; Lequieu, J.; Horne, J. D.; Blankenship, J.; Mukherjee, S.; Zhang, T.;
Fredrickson, G. H.; Gutekunst, W. R.; Bates, C. M. Efficient Synthesis of Asymmetric
Miktoarm Star Polymers. Macromolecules 2020, 53 (2), 702—-710.

Murphy, E. A.; Chen, Y. Q.; Albanese, K.; Blankenship, J. R.; Abdilla, A.; Bates, M.
W.; Zhang, C.; Bates, C. M.; Hawker, C. J. Efficient Creation and Morphological
Analysis of ABC Triblock Terpolymer Libraries. Macromolecules 2022, 55 (19), 8875—
8882.

Anastasaki, A.; Nikolaou, V.; Zhang, Q.; Burns, J.; Samanta, S. R.; Waldron, C.;
Haddleton, A. J.; McHale, R.; Fox, D.; Percec, V.; Wilson, P.; Haddleton, D. M.
Copper(Il)/Tertiary Amine Synergy in Photoinduced Living Radical Polymerization:
Accelerated Synthesis of ®-Functional and a,w-Heterofunctional Poly(Acrylates). J Am
Chem Soc 2014, 136 (3), 1141-1149.

Lin, H.; Wagner, E. Van; Swinnea, J. S.; Freeman, B. D.; Pas, S. J.; Hill, A. J;
Kalakkunnath, S.; Kalika, D. S. Transport and Structural Characteristics of Crosslinked
Poly(Ethylene Oxide) Rubbers. J Memb Sci 2006, 276 (1-2), 145-161.

Granville, A. M.; Boyes, S. G.; Akgun, B.; Foster, M. D.; Brittain, W. J.
Thermoresponsive Behavior of Semifluorinated Polymer Brushes. Macromolecules
2005, 38 (8), 3263-3270.

Jakubowski, W.; Juhari, A.; Best, A.; Koynov, K.; Pakula, T.; Matyjaszewski, K.

Comparison of Thermomechanical Properties of Statistical, Gradient and Block

107



Copolymers of Isobornyl Acrylate and n-Butyl Acrylate with Various Acrylate
Homopolymers. Polymer 2008, 49 (6), 1567—1578.

(73) Ge, X.; Fu, Q.; Su, L.; Li, Z.; Zhang, W.; Chen, T.; Yang, H.; Song, J. Light-Activated
Gold Nanorod Vesicles with NIR-II Fluorescence and Photoacoustic Imaging
Performances for Cancer Theranostics. Theranostics 2020, 10 (11), 4809—4821.

https://doi.org/10.7150/thno.44376.

Chapter 3. Facile preparation of tunable polyborosiloxane networks via

hydrosilylation

3.1 Introduction

Polyborosiloxane networks are a class of crosslinked polymers containing Si-O-B
bonds. Since their discovery in the 1940s, the unique combination of dynamic material
properties and thermal stability has generated significant industrial and academic interest,
including the commercialization of a polyborosiloxane system as Silly Putty.!? The useful
viscoelasticity of polyborosiloxane networks arises from the dynamic character of borate ester
(B—O) groups and the various mechanisms of exchange they undergo on different time scales,
leading to frequency-dependent properties with control over a material flowing, bouncing, or
breaking at different strain rates.’ Specifically, B—O covalent bonds can undergo
rearrangement, which may occur through an associative or dissociative mechanism depending
on the presence of water.* ! In addition to covalent bond exchange, weaker intramolecular
interactions also act as dynamic crosslinks in polyborosiloxane networks. Dative bonds form

between the empty p orbital of boron atoms and the lone pair electrons of oxygen atoms along
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the siloxane backbone. Residual water also results in partial hydrolysis of the B—-O—Si bonds
into B-OH groups that can then participate in additional hydrogen bonding.'!> A combination
of these numerous dynamic crosslinks and the chemical/thermal stability of the parent

polydimethylsiloxane building blocks explains the potential for polyborosiloxane-based

13,14 15,16

materials to find applications in shock-wave dissipators, impact-resistant composites,

18,19 22-24

insulation,!” fireproofing, coatings,”®?! flexible conductors, and magnetic gels,”
among other areas of contemporary importance.

Despite such widespread use, the synthesis of polyborosiloxane networks has remained
largely unchanged since the 1940s. The first reports of polyborosiloxane synthesis involved
treating methyl-terminated PDMS with boric acid at elevated temperatures to produce a
viscoelastic material.!> Since then, most reported methods rely on the condensation of boric
acid and telechelic, silanol-terminated PDMS.>?%3! There remain significant challenges with
this approach. Notably, the condensation reaction of Si—~OH and B—OH generates byproducts
including water that are deleterious to network integrity and, therefore, must be removed.
Furthermore, boric acid is insoluble in PDMS, requiring high temperatures (>150 °C) to
promote modest solubility. Alternatively, alcohol-based solvents may be used to dissolve boric
acid into PDMS, but the solvent must then be removed through heat treatment. Both
approaches require high temperature and long reaction times that cause chain-scission of the
siloxane backbone, altering the final network structure and producing networks that are highly
sensitive to preparation conditions.?’

A recently published, novel method for fabricating polyborosiloxane networks

addresses these solubility problems and improves control over the resulting polymer network.>?

Inspired by Rubinsztajn’s 2014 report showcasing the dehydrocarbon condensation of
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trimethyl borate and diphenylsilane in the presence of tris(pentafluorophenylborane) to form a
borosiloxane bond and the corresponding alkane hydrocarbon,®® the Muzafarov group
synthesized polyborosiloxane networks by reacting alkyl borates with hydride-terminated
PDMS and copolymers containing hydromethylsiloxane repeat units via hydrogen
elimination.*? In doing so, they demonstrated unprecedented control over network architecture.
However, this chemistry is intolerant to oxygen and produces flammable gaseous byproducts,
limiting its viability in the development of new materials.

Inspired by the aforementioned challenges, we developed a robust synthetic platform
for synthesizing polyborosiloxane networks that is simple, scalable, and tunable (Figure 3.1).
The key ingredient in this method is the use of tris(dimethylvinylsilyl)borate as a
crosslinker.This commercially available building block features both Si—O-B bonds and
reactive alkene moieties that are amenable to hydrosilylation—a highly efficient addition
reaction that proceeds rapidly in air.>* An additional benefit of crosslinking via hydrosilylation
chemistry rather than condensation reactions is that unwanted byproducts are avoided and the
initial solubility of the crosslinker in PDMS is significantly improved (vide infra). As shown
below, this approach is amenable to a wide variety of PDMS starting materials having different
molecular weights and architectures (Figure 3.1), as well as the co-incorporation of different
crosslinkers to yield mixed dynamic—static networks. In summary, this versatile and simple

synthetic strategy unlocks access to a diverse range of dynamic PDMS-based materials.
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Figure 3.1. This work describes the efficient synthesis of polyborosiloxane networks by
hydrosilylation chemistry, which is simple, efficient, and highly tunable in contrast to

traditional condensation chemistry.
3.2 Sample Preparation Procedure

After degassing the Si—H functional PDMS precursor under vacuum to remove any
dissolved oxygen, tris(dimethylvinylsilyl)borate was added in a 1:1 ratio of Si—H:alkene units.
Then, a solution of Karstedt’s catalyst inhibited with dimethyl fumarate was added such that
the resulting reaction mixture contained 20 ppm Pt and 60 ppm dimethyl fumarate by mass
(Figure 3.2). The mixture was poured into a container and heated at 90 °C for 10 minutes to
form roughly 1.5 mm thick elastomers. Rheology discs with diameters of 25 mm were punched
out at 140 °C and rapidly transferred to a rheometer. The temperature was chosen to minimize
the impact of thermal expansion on the sample geometry during characterization.
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Figure 3.2. Synthesis of a polyborosiloxane network using Si—H containing PDMS copolymer
and tris(dimethylvinylsilyl)borate through hydrosilylation catalyzed by 20 ppm of platinum
introduced through Karstedt’s catalyst inhibited with 60 ppm dimethyl fumarate with no added

solvent.
3.3 Rapid Mixing and Efficient Curing

The efficient mixing and curing of polyborosiloxane networks synthesized by
hydrosilylation is evident visually (Figure 3.3a) and quantitatively as measured by rheometry
(Figure 3.3b). As an initial demonstration, silyl-hydride—terminated PDMS (5 kDa),
tris(dimethylvinylsilyl)borate, Karstedt’s catalyst, and inhibitor (dimethyl fumarate) were
mixed at room temperature, resulting in a transparent solution (Figure 3.3a, leff).* As
expected, after loading this solution onto a 25 mm rheometer plate, the mixture is a flowable
liquid, as evidenced by the storage modulus being less than the loss modulus (G' < G”").
Subsequent heating of the solution to 90 °C at a rate of approximately 30 °C/min yielded an
immediate increase in G’ and solidification (G’ > G") followed by a plateau in G’ and G" within
~2 minutes (Figure 3.3b). Such rapid and complete curing at a moderate temperature with

hydrosilylation is a significant advantage over traditional condensation, which typically takes
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hours to days at higher temperatures and may require the removal of solvent. As shown in
Figure 3.3a (right), the resulting sample is transparent. Similar results were obtained for a
variety of Si—H functional PDMS starting materials with varying molecular weights and Si—H

groups either at the chain ends or distributed along the polymer backbone (Figure 3.9).

Time (min)

Figure 3.3. Rapid and efficient curing of polyborosiloxane networks via hydrosilylation. (a)
Photograph of 5 kDa telechelic Si-H functional PDMS mixed with
tris(dimethylvinylsilyl)borate, Karstedt’s catalyst, and inhibitor (dimethyl fumarate) at room
temperature followed by curing at 90 °C. (b) Oscillatory rheometry indicates fast and complete

curing within minutes when heated from 25 °C to 90 °C at a rate of 60 °C/min.

A key advantage of polyborosiloxane networks synthesized via hydrosilylation with

tris(dimethylvinylsilyl)borate is synthetic choice. Other commercially available PDMS
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prepolymers can be used to form dynamic networks. For example, fast and efficient curing
analogous to Figure 3.3 was also observed with various copolymers consisting of monomers
of dimethylsiloxane and hydromethylsiloxane, where multiple Si—H groups are statistically
distributed along the polymer chain (summarized in Table 3.1). Significantly,
tris(dimethylvinylsilyl)borate was miscible at all tested concentrations for every PDMS
prepolymer tested. In all cases, transparent networks were formed with a 1:1 stoichiometry of
Si—H groups to vinyl groups (Figure 3.9).

Network formation was further confirmed through infrared and nuclear magnetic
resonance spectroscopy as shown in Figure 3.4; note that these data are shown for formulations
containing PDMS copolymer as a representative example. Infrared spectra (Figure 3.4a)
highlight the disappearance of Si—H bond vibrations at 2250 cm™', suggesting the
hydrosilylation reaction reaches high conversion. Furthermore, both the crosslinker and the
cured networks show vibrations at 1350 cm™ as expected for Si-O-B bonds.*® These data
further reinforced by 2°Si NMR (Figure 3.4b): a distinct peak at J = 0.8 ppm in the crosslinker
shifts to 6 = 13 ppm after the addition of PDMS Si—H units to the vinyl groups of the
crosslinker. Peaks corresponding to Si—H bonds in the PDMS prepolymer that are present
between ¢ = 35 — 39 ppm also disappear upon coupling. Small peaks in the vicinity of 6 = 6.6
ppm corresponding to the trimethylsilyl end groups are also visible in both the starting material

and the product.
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Figure 3.4. Efficient formation of polyborosiloxane networks containing a 20 kDa siloxane
copolymer with 20 Si—H units as a representative example. (a) Fourier-transform infrared
spectroscopy showing consumption of Si—H units from hydrosilylation and retention of Si—-O—
B bonds in the cured network. (b) 2°Si nuclear magnetic resonance spectroscopy showing shift
in the Si—~O-B moiety from hydrosilylation and consumption of Si—H units. Note that the
crosslinker and copolymer NMR were collected in CDCI3, while the spectrum of the cured

network was necessarily acquired in the solid state.
3.4 Tunable Stress Relaxation

To compare the viscoelastic properties of polyborosiloxane networks prepared via our
novel synthetic method (hydrosilylation) and previous approaches (condensation), stress-
relaxation experiments were performed in triplicate on hydrosilylation samples prepared from:
(1) a 5 kDa telechelic Si—functional PDMS, and (ii) a 6 kDa Si—functional PDMS copolymer

with an average of 6 Si—H units.>>7 Step—strain measurements were collected over a range of
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temperatures to capture the temperature-dependent stress-relaxation behavior (Figure 3.5a,
3.5b). Note that the temperature range shown for the copolymer is higher than that of the
telechelic material due to slower dynamics of the former. Experimental characteristic
relaxation times (71/.) were determined as the time required for the relaxation modulus (G) to
reach 0.37 of its original value.*® Our polyborosiloxane networks show an Arrhenius
relationship between the rate of stress relaxation and temperature (7) as expected for dynamic
covalent networks (Figure 3.5¢).3° The average activation energy (E,) of networks obtained
from telechelic (48 = 2 kJ/mol) and copolymer (41 £ 1 kJ/mol) precursors falls within the range

previously reported for similar dynamic motifs (34 — 77 kJ/mol),>?3-37:40

indicating that our
polyborosiloxanes have similar material properties to traditional systems with greatly

enhanced synthetic availability.
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Figure 3.5. Polyborosiloxanes synthesized via hydrosilylation are dynamic and undergo
tunable stress relaxation based on the network architecture resulting from the use of different
precursors (telechelic vs. copolymer). Decay of normalized modulus over time after applying
a 1% step strain at varying temperatures for networks prepared from (a) 6 kDa Si—H functional

PDMS copolymer with an average of 6 Si—H units per polymer chain and (b) 5 kDa telechelic
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Si—H functional PDMS. (c¢) Arrhenius temperature dependence of the relaxation time measured
via stress relaxation for both networks. Error bars represent standard deviations calculated from
triplicate measurements samples.

Comparing the error bars in Figure 3.5c, networks prepared from copolymer precursors
showed significantly better reproducibility relative to those synthesized with telechelic PDMS.
While the error in activation energy is small for both networks, variation in the Arrhenius
prefactor for the telechelic systems is observed. This sample-to-sample variation may be due
to chain end fidelity and differences in the number of Si—H bonds per molecule for the different
PDMS precursors. The network connectivity, is significantly impacted by lower than ideal
chain end fidelity (n = 2) resulting in network defects and potentially dramatic variability in
mechanical properties with small changes in formulation or curing conditions. Conversely, the
copolymer precursor has an average of 6 Si—H bonds per chain. Variation in the number of Si—
H bonds, therefore, have less of an effect on overall network connectivity, leading to improved
reproducibility. We emphasize that the ability to use Si-H—containing PDMS copolymers as a
starting material in the synthesis of polyborosiloxane networks is another distinguishing
advantage of the hydrosilylation synthetic route, as analogous precursors with silanols
distributed along the backbone (for traditional condensation networks) are not commercially
available.

Single and stretched exponential fits applied to the stress-relaxation data further suggest
more homogeneous networks are generated from hydrosilylation compared to traditional
condensation polymerization. Representative fits are shown in Figure 3.14. The data (Tables
3.2 and 3.3) display good agreement between three different time constants—ri/e, Texp, TKWW—

calculated via three different methods—experimental, single exponential fit, and stretched
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exponential fit, respectively. For the networks prepared from a telechelic precursor, the
stretched exponential model provides the best fit and g values near 1 (0.84 — 0.89), suggesting
modest heterogeneity in the relaxation environment. In contrast, recent work from Porath and
Evans®” on similar polyborosiloxane networks synthesized via condensation inferred p = 0.64
— 0.83. The higher values of g and tighter range suggest PBS networks prepared via
hydrosilylation are more homogeneous, likely due to the high conversion of the hydrosilylation
reaction and the lack of deleterious water produced by condensation. Polyborosiloxane
networks prepared from PDMS precursors of different molecular weights all yielded similar
qualitative results, with differences in relaxation times related to architecture, the concentration
of crosslinks, and network defectivity (Figure 3.15).
3.5 Mixed Crosslinkers

An additional advantage of hydrosilylation is the ability to introduce multiple, different
crosslinking groups into the starting formation. This provides a simple mechanism to tune
dynamics and mechanical properties through formulation analogous to other types of dynamic
chemistry.**'=** As an illustrative example, tetraallylsilane was selected as a co-crosslinker to
improve the dimensional stability of polyborosiloxane networks by introducing static
crosslinks in addition to dynamic crosslinks derived from tris(dimethylvinylsilyl)borate

(Figure 3.6).
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Figure 3.6. Hydrosilylation chemistry unlocks the ability to mix dynamic and static
crosslinkers to produce mixed polyborosiloxane systems; tetraallylsilane is shown as a

representative example of a static crosslinker.

The rate of stress relaxation in polyborosiloxanes containing mixed crosslinkers was
found to be readily tunable based on the stoichiometric ratio between dynamic and static
crosslinks (Figure 3.7). As the incorporation of static crosslinks increases, the rate of stress
relaxation decreases due to a reduction in the number of exchangeable bonds. To visually
showcase the different stress-relaxation dynamics, bear-shaped samples were created from
different formulations and monitored over time under ambient conditions (Figure 3.7a). The
incorporation of static crosslinks significantly slowed stress relaxation at room temperature. A
fully dynamic material (0% static crosslinks) showed significant deformation after 6 days
while the three samples with static crosslinks exhibited no such change. After 16 days, the
sample with 30% static crosslinks started to show slight deformation that became more
pronounced after 30 days. Even after this extended amount of time, samples with a higher
loading of static crosslinker (70% and 100%) retained their original dimensions. The rheometry
data in Figure 3.7b quantifies this behavior and highlights the pronounced effect static
crosslinker has on the rate of stress relaxation, as depicted, at 140 °C; samples can be readily
designed to fully relax (0% static) or undergo no relaxation (100% static) with intermediate
behavior readily achieved by simply tuning the starting formulation, i.e. the relative ratio of

static to dynamic crosslinker.
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Figure 3.7. Mixtures of static and dynamic crosslinkers provide fine control over relaxation
dynamics in polyborosiloxane networks. (a) Visual representation of changes in shape over
time for networks prepared from 5 kDa telechelic PDMS with varied amounts of
tris(dimethylvinylsilyl)borate as the dynamic crosslinker and tetraallylsilane as the static
crosslinker. The listed composition corresponds to the percentage of crosslinks from
tetraallylsilane relative to the total number of crosslinks. (b) Corresponding stress relaxation

measurements performed at 140 °C.
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Typical polyborosiloxane networks are susceptible to hydrolysis and alcoholysis of Si—
O-B bonds, which can limit the applicability of these materials. For example, a common
method to remove Silly Putty from clothing is the use of rubbing alcohol (isopropanol) to
degrade the network. We postulated that introducing static crosslinks would also impart
alcohol-based solvent resistance by stabilizing the network. To test this hypothesis, fish-shaped
samples were prepared with different ratios of static and dynamic crosslinks (Figure 3.17),
followed by soaking in methanol for four days (Figure 3.8). Significantly, the introduction of
static crosslinks in both the telechelic- and copolymer-derived networks provides structural
integrity that prevents complete dissolution after methanolysis of the borate ester bonds.
Interestingly, networks prepared from telechelic PDMS materials required circa 60% of static
crosslinks to remain intact, while analogous copolymer networks showed stability starting at
20%. These findings are in qualitative agreement with a recent publication that developed
theory to predict the changes in properties of dynamic networks as static crosslinks are
incorporated. Specifically, Ramis et al. calculated the minimum fraction of static crosslinks
required to form a fully percolating static network, finding that value depends on the
functionality of the static crosslinker and starting polymer.*> For our materials, the
functionality of the starting polymer increases from 2 for the telechelic network to ~6 for the
copolymer network, resulting in a drastic decrease in the fraction of static crosslinks required

to stabilize the network.
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Static crosslinks (mol%)
10% 20% 50% 60%

Figure 3.8. Introduction of static crosslinker in the hydrosilylation formulation imparts
structural stability in the presence of reactive solvent (as depicted: methanol) that disrupts
borate ester crosslinks. Images show polyborosiloxane networks prepared from 5 kDa
telechelic PDMS (fop, blue) with 2 Si—H units per polymer chain or 6 kDa PDMS copolymer
(bottom,orange) containing an average of 6 Si—H units per polymer chain. Crosslinkers used
were tris(dimethylvinylsilyl)borate (dynamic) and tetraallylsilane (static). The listed
composition corresponds to the percentage of crosslinks from tetraallylsilane relative to the
total number of crosslinks. The dishes were covered during evaluation to limit evaporation of

methanol.

3.6 Conclusions

A novel method for preparing polyborosiloxane networks was developed to take advantage
of commercially available starting materials and robust hydrosilylation chemistry. Key to this
approach is the use of tris(dimethylvinylsilyl)borate as an efficient crosslinker for PDMS

precursors that contain Si—H bonds. The placement of Si—H groups at either the chain ends or
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throughout a copolymer backbone leads to significantly different network structures and
performace. The efficient nature of crosslinking via hydrosilylation was confirmed with
rheometry, infrared spectroscopy, and 2°Si nuclear magnetic resonance spectroscopy.
Complete curing can be achieved in minutes at 90 °C, yielding dynamic networks that undergo
tunable stress relaxation as a function of formulation and temperature. Importantly, the
relaxation time and Arrhenius temperature dependence are consistent with literature
polyborosiloxane-based materials that were synthesized by traditional condensation chemistry.
In addition to efficient, low-temperature curing, an additional advantage of hydrosilylation is
the ability to readily incorporate a mixture of static and dynamic crosslinks via formulation
modifications to control relaxation dynamics and solvent resistance. In summary,
hydrosilylation is a simple, powerful, and accessible synthetic platform for creating dynamic
siloxane-based materials that we anticipate will be broadly useful throughout the materials
community and beyond.
3.7 Materials and Methods

All materials were used as received unless specified. Tris(dimethylvinylsilyl)borate
and siloxane samples were purchased from Gelest Inc. unless otherwise specified.
Tris(dimethylvinylsilyl)borate was stored over molecular sieves in a sealed vial with a nitrogen
atmosphere. Acetonitrile, toluene, calcium hydride, lithium bis(trimethylsilyl)amide
(LiHMDS, 1 M solution in hexnanes), chlorodimethylsilane, tetraallylsilane, Karstedt’s
catalyst (2 wt% Pt in xylenes), dimethyl fumarate, and telechelic Si—H functional PDMS of 14
kDa and 25 kDa were purchased from Millipore Sigma. Hexamethylcyclotrisiloxane (D3) was
purchased from TCI and stirred in a suspension of calcium hydride overnight at 80 °C followed

by sublimation and storage in dried THF under an argon atmosphere. Telechelic Si—-H
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functional PDMS of 2 kDa and 8 kDa were synthesized following a previously reported
method, detailed below.*® An inhibited catalyst solution was prepared by prepared by mixing
I mL Karstedt’s catalyst solution, 1 mL toluene, and 40 mg dimethyl fumarate (4 molar

equivalents compared to Pt).

Representative synthesis of H-PDMS—H
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An Si—H and Si—OH functional initiator was synthesized following a previously
reported method.*” A 250 mL two neck round bottom flask equipped with a stir bar was flame
dried and purged with argon. A 50 wt% solution of the initiator in hexanes (3.87 mL, 5 mmol)
and 1 M LiHMDS in hexanes (5 mL, 5 mmol) were added and stirred under argon for 10 min
at room temperature. Then, D3 in THF (1.9 M, 45.1 mL, 85 mmol) was added to initiate the
polymerization. The reaction mixture was stirred at room temperature for 1 h followed by
adding chlorodimethylsilane (1.6 mL, 15 mmol) to quench the polymerization. After stirring
the quenched solution overnight, the organic solvent was removed under low pressure.
Subsequently, hexanes was added to the crude reaction mixture. The mixture was washed with
water, saturated NaHCO3, and brine. The combined organic layer was dried over MgSO4 and
the organic solvent was removed under reduced pressure. The washed product was precipitated

into acetonitrile three times then dried under vacuum to obtain a colorless oil.
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3.7.1 Representative example of curing networks

To a 20 mL glass vial, 3 grams (0.6 mmol) of 5 kDa telechelic Si—H functional PDMS
were added and degassed at 90 °C for at least 15 minutes. Next, 125 mg (0.4 mmol) of
tris(dimethylvinylsilyl)borate, and 6 pL inhibited Karstedt’s catalyst solution were added to
achieve a 1:1 stoichiometric ratio of Si—H to alkene functional groups and 20 ppm Pt. This
mixture was vortexed for 1 minute and briefly degassed at room temperature to remove any
air bubbles. The solution was poured into a polystyrene dish and heated at 90 °C for 10 minutes
to obtain a solid and flexible elastomer.
3.7.2 Representative example of curing shaped networks with dual crosslinkers

To prepare a 70 mol% static crosslinker sample, 3 grams (0.6 mmol) of degassed 5 kDa
telechelic Si—functional PDMS, 38 mg (0.12 mmol) of tris(dimethylvinylsilyl)borate, 40 mg
(0.21 mmol) of tetraallylsilane, and 6 pL inhibited Karstedt’s catalyst solution were added to
achieve a 1:1 stoichiometric ratio of Si—H to alkene functional groups and 20 ppm Pt. This
mixture was vortexed for 1 minute and briefly degassed at room temperature to remove any
air bubbles. The solution was poured into a polystyrene dish and heated at 90 °C for 10 minutes
to obtain a solid and flexible elastomer. Alternatively, the solution was poured into an Ecoflex
mold and heated at 90 °C for 20 minutes to obtain a solid material. Molded samples were left
on the benchtop to track their stress relaxation in an ambient atmosphere at room temperature.
3.7.3 Methanolysis of polyborosiloxane networks

Elastomers prepared in molded shapes were placed in a petri dish filled with methanol. The

dishes were left on the benchtop, covered to limit solvent evaporation, and refilled when

necessary. Images were taken to track the changes over time.
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3.7.4 Swelling ratio and gel fraction measurements

After curing the polyborosiloxane solution into elastomers, three =200 mg samples were
prepared, weighed, and placed in separate, sealed vials containing n-heptane at room
temperature. After 24 hours, the samples were removed from the vials, blotted dry, and the
mass was measured. The swelling ratio was defined as the ratio between the swollen mass and
the initial mass. Subsequently, the n-heptane was removed in vacuo from the vials, and the
remaining mass corresponded to the sol portion of the elastomer. Additionally, the swollen
elastomer samples were dried under vacuum to collect the gel portion of the elastomer. To
minimize measurement error, the gel fraction was calculated based on both portions, resulting
in two values per individual sample. Error bars represent standard deviations for each

measurement.

Table 3.1. Summary of Si—H-containing PDMS copolymers utilized during the study. Molar
mass was provided by the supplier (Gelest), and the average number of Si—H units was

measured via 'H NMR.

Product Molecular Average
Code weight (kDa) ~ mumber of Si-H
units
HMS-071 2 2
HMS-082 6 6
HMS-053 20 20
HMS-064 50 31
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Figure 3.9. Representative image of rheology discs made from the listed starting polymer and
tris(dimethylvinylsilyl) borate. Yellow tinge is due to Pt clusters precipitating from Karstedt’s

catalyst during curing.
3.8 Chemical Characterization

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
spectra were collected on a Nicolet is10 spectrometer with a diamond ATR accessory. All
spectra were collected with 64 scans and a resolution of 4 cm™' in absorbance mode, baseline
corrected, and displayed in transmittance mode. Proton nuclear magnetic resonance (NMR)
spectra were taken on a Varian Unity Inova AS600 600MHz at 25 °C with 16 scans and a
relaxation delay (d1) of 15 seconds. Solution state !'B, *C, and 2Si NMR spectra were taken
on a Bruker Avance NEO 500 MHz at 25 °C. ''B spectra used a d; value of 2 seconds and 64
scans. 13C used a d; value of 2 seconds and 256 scans. *°Si used a d value of 60 seconds and
32 scans. Solid-state NMR (ssNMR) spectra were taken on a Bruker AVANCES00 WB with
magic-angle spinning (MAS) of 14 kHz at 30° pulses. Samples were ground and placed into a
4 mm Bruker zirconia rotor. 2°Si ssNMR spectra were captured with a di of 30 seconds and
4856 scans. "B ssNMR spectra were captured with a di of 6 seconds and 12248 scans and

background corrected.
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3.9 Rheology

In order to limit hydrolysis and oxygen permeation, rheology experiments were
performed immediately after network fabrication. 25 mm discs were punched out of cured
networks at 140 °C and immediately transferred onto the 25 mm stainless steel parallel plate
within the environmental chamber of the rheometer and held at the same temperature.
Rheology experiments were performed on a strain-controlled TA Instruments ARES-G2
rheometer affixed with a forced convection oven in a nitrogen atmosphere.

Stress relaxation experiments were performed by rapidly applying a 1% strain and
monitoring the decay in measured stress over time. Three samples were measured to ensure
consistency (Figures 3.10, 3.11, and 3.12). The applied strain was confirmed to be in the linear
viscoelastic regime of each sample (Figure 3.13). For sample series requiring multiple
temperatures, rheology experiments were performed from high to low temperature. Single
(Equation 1) and stretched (Equation 2) exponential fits were applied to stress relaxation data
measurements for a polyborosiloxane network prepared from a 5 kDa telechelic Si—H
functional PDMS precursor. Representative fits are shown in Figure 3.14, and averaged values

with standard deviations are shown in Tables 3.2 and 3.3.
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Figure 3.10. Triplicate stress relaxation measurements for a polyborosiloxane network
prepared from a 6 kDa Si—H functional PDMS copolymer with an average of 6 Si—H moieties

per polymer chain.
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Figure 3.11. Triplicate stress relaxation measurements for a polyborosiloxane network

prepared from a 5 kDa telechelic Si—H functional PDMS precursor.
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Figure 3.12. Triplicate stress relaxation measurements for a polyborosiloxane network
prepared from a 5 kDa telechelic Si—-H functional PDMS precursor with (a) 30% static

crosslinks and (b) 70% static crosslinks.
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Figure 3.13. Representative example of determining appropriate strain for stress relaxation

experiments. 1% strain was used for all stress relaxation experiments.

G(t) — (1 — %) e{_(t_tO)/Texp} + %
Go Go Go

Equation 3.1. Single exponential fitting equation.

_ B
G(t) _ (1 _ Gres) e{_((t tO)/‘rKWW) } + Gres
Go Go Go

Equation 3.2. Stretched exponential fitting equation, also known as the Kohlrausch—

Williams—Watts (KWW) equation.
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Figure 3.14. Representative single and stretched exponential fits for stress relaxation

measurements for a polyborosiloxane network prepared from a 5 kDa Si—H functional

telechelic PDMS precursor.

Table 3.32. Average stress relaxation times determined via experiment (z1.) and single

(zexp) and stretched (zkww) exponential fits for a polyborosiloxane network prepared from a 5

10° 10" 10° 10°
Time (s)

kDa Si—H functional telechelic PDMS precursor.

10"

T (°C) Replicate T1/e (S) Texp (S) KWW (8) b
Replicate 1 51 50 53 0.86
140 Replicate 2 280 270 270 0.94
Replicate 3 19 19 19 0.89
Replicate 1 150 140 150 0.84
120 Replicate 2 630 600 620 0.89
Replicate 3 40 38 40 0.86
100 Replicate 1 330 320 340 0.84
Replicate 2 1300 1300 1300 0.83
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Replicate 3 85 80 85 0.84

Replicate 1 770 750 810 0.81
80 Replicate 2 3200 3100 3200 0.87
Replicate 3 200 200 210 0.84
Replicate 1 2200 2100 2200 0.83
60 Replicate 2 8300 7900 8200 0.90
Replicate 3 540 520 550 0.83
Replicate 1 5100 4700 5100 0.83
40 Replicate 2 20000 19000 20000 0.88
Replicate 3 1900 1800 1900 0.84

Table 3.3. Average stress relaxation times determined via experiment (71/.) and single (zexp)
and stretched (zxww) exponential fits for a polyborosiloxane network prepared from a 6 kDa

Si—H functional PDMS copolymer with an average of 6 Si—H moieties per polymer chain.

T (°C) Replicate T1/e (8) Texp (S) Rww (S) b
Replicate 1 90 80 91 0.69
180 Replicate 2 130 110 130 0.67
Replicate 3 130 120 140 0.68
Replicate 1 130 100 120 0.69
160 Replicate 2 130 110 130 0.65
Replicate 3 140 120 140 0.65
Replicate 1 210 170 190 0.66
140 Replicate 2 230 170 210 0.64
Replicate 3 250 200 240 0.65
Replicate 1 420 320 380 0.65
120 Replicate 2 430 310 380 0.63
Replicate 3 470 340 410 0.64
Replicate 1 920 590 700 0.66
100 Replicate 2 910 600 740 0.62
Replicate 3 860 610 740 0.64
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Figure 3.15. (a) Comparison of stress relaxation dynamics for polyborosiloxane networks
made from telechelic Si—H functional PDMS at varying molecular weights. (b) Comparison of
stress relaxation dynamics for polyborosiloxane networks made from Si—H functional PDMS

copolymers of varying molecular weight and similar crosslink density.
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Figure 3.16. (a) Swelling ratio of polyborosiloxane networks prepared from 5 kDa telechelic
Si—H functional PDMS precursor and 6 kDa Si—H functional PDMS copolymer precursor with
an average of 6 Si—H moieties with the corresponding ratio of static crosslinks produced by

tuning the ratio of tris(dimethylvinylsilyl)borate to tetraallylsilane. Swelling ratio is defined as
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the swollen mass divided by the original mass after soaking in n-heptane for 24 hours. (b)
Corresponding gel fractions. Samples with no measured value of swelling ratio and gel fraction

completely dissolved.

Static crosslinks
10% 20% 50% 60%

Figure 3.17. Fish-shaped crosslinked networks prepared from 5 kDa Si—H functional telechelic
PDMS (top, blue) or 6 kDa Si—H functional PDMS copolymer (bottom,orange) containing an
average of 6 Si-H moieties per polymer chain. Crosslinkers used were
tris(dimethylvinylsilyl)borate (dynamic) and tetraallylsilane (static) with the listed

compositions corresponding to the mole percentage of crosslinks coming from tetraallylsilane.

3.10 References
(1)  Wright, J. G. E. Process for Making Puttylike Elastic Plastic, Siloxane Derivative

Composition Containing Zinc Hydroxide, 1951.

135



2)

)

(4)

)

(6)

(7)

(8)

)

McGregor, R. R.; Warrick, E. Treating Dimethyl Silicone Polymer with Boric Oxide,
1947.

Tang, M.; Wang, W.; Xu, D.; Wang, Z. Synthesis of Structure-Controlled
Polyborosiloxanes and Investigation on Their Viscoelastic Response to Molecular
Mass of Polydimethylsiloxane Triggered by Both Chemical and Physical Interactions.
Ind Eng Chem Res 2016, 55 (49), 12582—-12589.

Cash, J. J.; Kubo, T.; Dobbins, D. J.; Sumerlin, B. S. Maximizing the Symbiosis of
Static and Dynamic Bonds in Self-Healing Boronic Ester Networks. Polym Chem
2018, 9 (15),2011-2020.

Roéttger, M.; Domenech, T.; Van Der Weegen, R.; Breuillac, A.; Nicolay, R.; Leibler,
L. High-Performance Vitrimers from Commodity Thermoplastics through
Dioxaborolane Metathesis. Science (1979) 2017, 356, 62—65.

Cash, J. J.; Kubo, T.; Bapat, A. P.; Sumerlin, B. S. Room-Temperature Self-Healing
Polymers Based on Dynamic-Covalent Boronic Esters. Macromolecules 2015, 48 (7),
2098-2106.

Yang, Y.; Du, F. S.; Li, Z. C. Thermally Healable and Reprocessable
Polymethacrylate Networks Based on Diol-Mediated Metathesis of 6-Membered
Boronic Esters. Polym Chem 2020, 11 (11), 1860—1870.

Cho, S.; Hwang, S. Y.; Oh, D. X.; Park, J. Recent Progress in Self-Healing Polymers
and Hydrogels Based on Reversible Dynamic B-O Bonds: Boronic/Boronate Esters,
Borax, and Benzoxaborole. J Mater Chem A Mater 2021, 9 (26), 14630—14655.
Zhang, X.; Zhao, Y.; Wang, S.; Jing, X. Cross-Linked Polymers Based on B-O Bonds:

Synthesis, Structure and Properties. Mater Chem Front 2021, 5 (15), 5534-5548.

136



(10)

(11)

(12)

(13)

(14)

(15)

(16)

Bapat, A. P.; Sumerlin, B. S.; Sutti, A. Bulk Network Polymers with Dynamic B-O
Bonds: Healable and Reprocessable Materials. Mater Horiz 2020, 7 (3), 694-714.
https://doi.org/10.1039/c9mh01223k.

Tang, M.; Zheng, P.; Wang, K.; Qin, Y.; Jiang, Y.; Cheng, Y.; Li, Z.; Wu, L.
Autonomous Self-Healing, Self-Adhesive, Highly Conductive Composites Based on a
Silver-Filled Polyborosiloxane/Polydimethylsiloxane Double-Network Elastomer. J
Mater Chem A Mater 2019, 7 (48), 27278-27288.

Liu, F.; Lin, Y.; Yang, X.; Zhang, D.; Xu, D.; Luan, S. Study of Hydrolysis Behaviour
of Polyborosiloxane. Polymer 2023, 278, 126005.

Lee, J.; Jing, B. B.; Porath, L. E.; Sottos, N. R.; Evans, C. M. Shock Wave Energy
Dissipation in Catalyst-Free Poly(Dimethylsiloxane) Vitrimers. Macromolecules 2020,
53(12),4741-4747.

Zhao, J.; Jiang, N.; Zhang, D.; He, B.; Chen, X. Study on Optimization of Damping
Performance and Damping Temperature Range of Silicone Rubber by
Polyborosiloxane Gel. Polymers 2020, 12 (5), 1196.

Xu, C.; Wang, Y.; Wu, J.; Song, S.; Cao, S.; Xuan, S.; Jiang, W.; Gong, X. Anti-
Impact Response of Kevlar Sandwich Structure with Silly Putty Core. Compos Sci
Technol 2017, 153, 168—177.

Myronidis, K.; Thielke, M.; Kope¢, M.; Meo, M.; Pinto, F. Polyborosiloxane-Based,
Dynamic Shear Stiffening Multilayer Coating for the Protection of Composite

Laminates under Low Velocity Impact. Compos Sci Technol 2022, 222, 109395.

137



(17)

(18)

(19)

(20)

21

(22)

(23)

Yue, C.; Zhao, L.; Guan, L.; Zhang, X.; Qu, C.; Wang, D.; Weng, L. Vitrimeric
Silicone Composite with High Thermal Conductivity and High Repairing Efficiency
as Thermal Interface Materials. J Colloid Interface Sci 2022, 620, 273-283.

Qiu, J.; Lai, X.; Li, H.; Gao, J.; Zeng, X.; Liao, X. Facile Fabrication of a Novel
Polyborosiloxane-Decorated Layered Double Hydroxide for Remarkably Reducing
Fire Hazard of Silicone Rubber. Compos B Eng 2019, 175, 107068.

Dong, Y.; Chen, W.; Zhou, X. Synthesis and Characterization of Amino-Terminated
Phosphorous Polyborosiloxane and Its Effect on Flame Retardancy of
Polymethacrylimide. Mater Today Chem 2021, 20, 100437.

Ma, J.; Porath, L. E.; Haque, M. F.; Sett, S.; Rabbi, K. F.; Nam, S. W.; Miljkovic, N.;
Evans, C. M. Ultra-Thin Self-Healing Vitrimer Coatings for Durable Hydrophobicity.
Nat Commun 2021, 12 (1), 5210.

Liu, K.; Pei, A.; Lee, H. R.; Kong, B.; Liu, N.; Lin, D.; Liu, Y.; Liu, C.; Hsu, P. C.;
Bao, Z.; Cui, Y. Lithium Metal Anodes with an Adaptive “Solid-Liquid” Interfacial
Protective Layer. J Am Chem Soc 2017, 139 (13), 4815-4820.

Wu, Q.; Xiong, H.; Peng, Y.; Yang, Y.; Kang, J.; Huang, G.; Ren, X.; Wu, J. Highly
Stretchable and Self-Healing “Solid-Liquid” Elastomer with Strain-Rate Sensing
Capability. ACS Appl Mater Interfaces 2019, 11 (21), 19534-19540.

Wu, T.; Chen, B. Synthesis of Multiwalled Carbon Nanotube-Reinforced
Polyborosiloxane Nanocomposites with Mechanically Adaptive and Self-Healing
Capabilities for Flexible Conductors. ACS App! Mater Interfaces 2016, 8 (36), 24071—

24078.

138



(24)

(25)

(26)

27)

(28)

(29)

(30)

€2))

Zhao, C.; Wang, Y.; Gao, L.; Xu, Y.; Fan, Z.; Liu, X.; Ni, Y.; Xuan, S.; Deng, H.;
Gong, X. High-Performance Liquid Metal/Polyborosiloxane Elastomer toward
Thermally Conductive Applications. ACS Appl Mater Interfaces 2022, 14 (18), 21564.
Wang, Y.; Wang, S.; Xu, C.; Xuan, S.; Jiang, W.; Gong, X. Dynamic Behavior of
Magnetically Responsive Shear-Stiffening Gel under High Strain Rate. Compos Sci
Technol 2016, 127, 169—176. https://doi.org/10.1016/j.compscitech.2016.03.009.
Liu, Z.; Picken, S. J.; Besseling, N. A. M. Polyborosiloxanes (PBSs), Synthetic
Kinetics, and Characterization. Macromolecules 2014, 47 (14), 4531-4537.

Kurkin, A.; Lipik, V.; Tan, K. B. L.; Seah, G. L.; Zhang, X.; Tok, A. I. Y. Correlations
Between Precursor Molecular Weight and Dynamic Mechanical Properties of
Polyborosiloxane (PBS). Macromol Mater Eng 2021, 306 (11), 2100360.

Porath, L.; Huang, J.; Ramlawi, N.; Derkaloustian, M.; Ewoldt, R. H.; Evans, C. M.
Relaxation of Vitrimers with Kinetically Distinct Mixed Dynamic Bonds.
Macromolecules 2022, 55 (11), 4450—4458.

Drozdov, F. V.; Manokhina, E. A.; Vu, T. D.; Muzafarov, A. M. Polyborosiloxanes
(PBS): Evolution of Approaches to the Synthesis and the Prospects of Their
Application. Polymers 2022, 14 (22), 4824.

Zhao, Y.; Qin, T.; Jiang, C.; L1, J.; Xiong, Y.; Liu, S.; Qin, J.; Shi, X.; Zhang, G.
Boronic Ester-Based Vitrimeric Methylvinyl Silicone Elastomer with “Solid-Liquid”
Feature and Rate-Dependent Mechanical Performance. Polymer 2023, 265, 125545.
Seetapan, N.; Fuongfuchat, A.; Sirikittikul, D.; Limparyoon, N. Unimodal and
Bimodal Networks of Physically Crosslinked Polyborodimethylsiloxane: Viscoelastic

and Equibiaxial Extension Behaviors. Journal of Polymer Research 2013, 20, 183.

139



(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

Drozdov, F. V.; Milenin, S. A.; Gorodov, V. V.; Demchenko, N. V.; Buzin, M. I.;
Muzafarov, A. M. Crosslinked Polymers Based on Polyborosiloxanes: Synthesis and
Properties. J Organomet Chem 2019, 891, 72-717.

Rubinsztajn, S. New Facile Process for Synthesis of Borosiloxane Resins. J Inorg
Organomet Polym Mater 2014, 24 (6), 1092—1095.

Hofmann, R. J.; Vlatkovic, M.; Wiesbrock, F. Fifty Years of Hydrosilylation in
Polymer Science: A Review of Current Trends of Low-Cost Transition-Metal and
Metal-Free Catalysts, Non-Thermally Triggered Hydrosilylation Reactions, and
Industrial Applications. Polymers 2017, 9 (10), 534.

Lukin, R. Y.; Kuchkaev, A. M.; Sukhov, A. V.; Bekmukhamedov, G. E.; Yakhvarov,
D. G. Platinum-Catalyzed Hydrosilylation in Polymer Chemistry. Polymers 2020, 12
(10), 2174.

Zinchenko, G. A.; Mileshkevich, V. P.; Kozlova, N. Investigation of the Synthesis and
Hydrolytic Degradation of Polyborodimethylsiloxanes. Polymer Science U.S.S.R.
1981, 23 (6), 1421-1429.

Porath, L. E.; Evans, C. M. Importance of Broad Temperature Windows and Multiple
Rheological Approaches for Probing Viscoelasticity and Entropic Elasticity in
Vitrimers. Macromolecules 2021, 54 (10), 4782—4791.

Christopher W. Macosko. Rheology: Principles, Measurements, and Applications;
VCH, 19%4.

Montarnal, D.; Capelot, M.; Tournilhac, F.; Leibler, L. Silica-Like Malleable

Materials from Permanent Organic Networks. Science 2011, 334 (6058), 965-968.

140



(40)

(41)

(42)

(43)

(44)

(45)

(46)

Cromwell, O. R.; Chung, J.; Guan, Z. Malleable and Self-Healing Covalent Polymer
Networks through Tunable Dynamic Boronic Ester Bonds. J Am Chem Soc 2015, 137
(20), 6492—-6495.

Robinson, L. L.; Self, J. L.; Fusi, A. D.; Bates, M. W.; Read De Alaniz, J.; Hawker, C.
J.; Bates, C. M.; Sample, C. S. Chemical and Mechanical Tunability of 3D-Printed
Dynamic Covalent Networks Based on Boronate Esters. ACS Macro Lett 2021, 10,
857-863.

Li, L.; Chen, X.; Jin, K.; Torkelson, J. M. Vitrimers Designed Both to Strongly
Suppress Creep and to Recover Original Cross-Link Density after Reprocessing:
Quantitative Theory and Experiments. Macromolecules 2018, 51 (15), 5537-5546.
Breuillac, A.; Kassalias, A.; Nicolay, R. Polybutadiene Vitrimers Based on
Dioxaborolane Chemistry and Dual Networks with Static and Dynamic Cross-Links.
Macromolecules 2019, 52 (18), 7102-7113.

Saed, M. O.; Gablier, A.; Terentejv, E. M. Liquid Crystalline Vitrimers with Full or
Partial Boronic-Ester Bond Exchange. Adv Funct Mater 2020, 30 (3), 1906458.
Konuray, O.; Fernandez-Francos, X.; Ramis, X. Structural Design of CANs with Fine-
Tunable Relaxation Properties: A Theoretical Framework Based on Network Structure
and Kinetics Modeling. Macromolecules 2023, 56 (13), 4855-4873.

Okayama, Y.; Eom, T.; Czuczola, M.; Abdilla, A.; Blankenship, J. R.; Albanese, K.
R.; de Alaniz, J. R.; Bates, C. M.; Hawker, C. J. Heterotelechelic Silicones: Facile
Synthesis and Functionalization Using Silane-Based Initiators. Macromolecules 2023,

56 (21), 8806-8812.

141



(47) Lamers, B. A. G.; de Waal, B. F. M.; Meijer, E. W. The Iterative Synthesis of Discrete
Dimethylsiloxane Oligomers: A Practical Guide. Journal of Polymer Science 2021, 59

(12), 1142-1150.

142



Chapter 4. Enahnced tunability in polyborosiloxane networks through

functionalized boronate ester crosslinkers

4.1 Introduction

Dynamic polymer networks are a rapidly developing class of materials due to the broad
range of mechanical properties that arise from the frequency dependent bond exchange.
Whereas traditional thermosets, like crosslinked silicone networks,! experience permanent
damage, the incorporation of dynamic bonds into such a network allows for reprocessing and
self-healing.>”” One notable dynamic motif is the transesterification of B-O-Si bonds.* !
Polymer networks that contain these borosiloxane crosslinks undergo rapid bond exchange that
leads to unique viscoelastic properties, resulting in a material that flows over time but feels
solid and can dampen the force of a high speed impact.!'"!> The most notable example of such
a material is Silly Putty, which was developed in the 1940s by heating boric acid mixed into a
polydimethylsiloxane (PDMS) fluid.!¢!”

Our group recently detailed a synthetic method for the facile preparation of dynamic
PDMS-based networks with a borosiloxane-containing crosslinker using hydrosilylation, but
the tunability was severely limited. Stress relaxation dynamics were tuned through network
architecture and through the addition of a static crosslinker. However, mechanical properties
are strongly connected to network architecture, and incorporation of a static crosslinker can
cause buildups of residual stress due to the non-exchangeable crosslinks.!'® As such, a way to

decouple the network architecture from the bond exchange dynamics would enable a

significant increase in control over the resulting network properties.
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Tunability in crosslinker chemistry has enabled significant advancements in the design
of dynamic networks, leading to orders of magnitude of variability in the bond exchange
timescales.!?? The Evans group has demonstrated such a strategy in PDMS networks
crosslinked through boronic acid derivatives.?? The authors synthesized a dimethylamine-
containing boronic acid crosslinker that demonstrated a four order of magnitude increase in
characteristic relaxation time compared to p-phenylenediboronic acid due to the internal
catalysis of the amine. However, the authors were unable to achieve intermediate rates of stress
relaxation. Since these networks are crosslinked through the condensation of boronic acid with
linear PDMS terminated with silanol moieties, the crosslinkers must necessarily be
bifunctional boronic acid derivatives with four reactive sites, which significantly increases the
synthetic burden associated with synthesizing a library of crosslinkers.

Notably, the polyborosiloxane networks that were previously reported by our group
can be formed from backbone-functionalized, Si—H containing PDMS. Since these PDMS
substrates have numerous reactive sites, a difunctional boronic acid derivative can be used to
form a crosslinked network. The prevalence of the Suzuki-Miyaura coupling reaction has led
to the development and commercialization of numerous boronic acid derivatives with huge
variability in functional groups. Taking advantage of such starting materials, we have
synthesized a library of crosslinkers based on esterification of boronic acids where the
substituents affect the electronic and steric environment surrounding the boron core, resulting
in enhanced tunability in the rate of stress relaxation while retaining the convenience of

hydrosilylation-based network formation.
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4.2 Experimental
4.2.1 General Crosslinker Synthesis

Boronic acids were dissolved in THF, and 2 equivalents of triethylamine were added
to a round bottom flask. Subsequently, the reaction vessel was placed into an ice bath.
Subsequently a 1.8 M solution of dimethylvinylchlorosilane in THF was added to an addition
funnel. Notably, the addition funnel was open to air, not an inert gas. To prevent unwanted
formation of HCI after the reaction, 1.95 equivalents of dimethylvinylchlorosilane were added
to ensure complete consumption. The reagent solution was added at a rate of 1 drop per second,
causing triethylammonium chloride to precipitate as a white solid. The reaction vessel was
then removed from the ice bath and left to react for an additional 30 minutes. The reaction
solution was filtered through a cotton plug to remove the salt, flushing with ether. The solvent
volume was reduced in vacuo, causing more salt to precipitate. The concentrated crude solution
was filtered through a 0.45 pum filter. Finally, the solution was distilled into a Schlenk flask
stored under nitrogen. Upon purification of the synthesized crosslinkers, the structure and
purities were confirmed through nuclear magnetic resonance spectroscopy ('H, ''B, 1*C, and
29Si), gas chromatography, and mass spectrometry.

\./
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Figure 4.1. Scheme for the synthesis of boronate esters starting from the depicted
commercially available boronic acids to generate borosiloxane crosslinkers amenable to

hydrosilylation.

4.2.2 General Sample Preparation

The Si—H functional PDMS was degassed under high vacuum at 90 °C for 30 minutes
to remove dissolved oxygen. Subsequently, the appropriate crosslinker was added to achieve
a 1:1 ratio of Si—H:alkene units. A solution of Karstedt’s catalyst inhibited by dimethyl
fumarate was added to achieve a Pt concentration of 60 ppm. The mixture was briefly vortexed
to mix the components, then briefly degassed to remove air bubbles. The clear solution was
then poured into a polystyrene dish and heated to 90 °C for 15 minutes to form an
approximately 2 mm thick elastomer. The elastomers were then heated to 140 °C on a hot plate
and 25 mm discs were punched out and transferred to a rheometer. Samples were punched out
at elevated temperatures to prevent the discs from expanding beyond the rheometer platform

when heated during experimentation.

4.3 Results and Discussion

To introduce tunability into polyborosiloxane networks, vinyl-containing borosiloxane
crosslinkers were synthesized through the esterification of commercially available boronic
acids with dimethylvinylchlorosilane. To ensure the synthesis was successful and the products
pure, 'H, ''B, 1*C, and ’Si NMR were performed to obtain complementary information about
the chemical environments of each nuclei (Figure 4.2). Three doublet of doublets between from

5.7 — 6.4 ppm in 'H NMR and two singlet peaks in the 3C NMR spectra at 130 and 140 ppm
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confirmed the presence of vinyl moieties in the final product. To ensure the successful
esterification of the boronic acid core, ''B NMR was performed. After the reaction, the single
peak shifted upfield due to the functionalization of boronic acid to a borosiloxane. The broad
peak in the !'B spectra, however, couldn’t discern between the singly and doubly esterified
species. As such, 2°Si NMR was used to track the number of unique silicon atoms present in
the final product. A single peak dominated each Si spectrum with a small impurity present in
some of the products, showing that there the product was predominantly a species with a single
unique silicon atom with 0% — 5% impurity, which likely corresponded to the hydrolyzed
product. To measure the purity while minimizing prolonged exposure to moisture, gas
chromatography (GC) was performed, which showed that the products are < 97% pure. The
combination of these characterization methods confidently proves that the boronate ester

crosslinkers were synthesized with high purity.

b
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Figure 4.2. NMR spectra probing the 'H, !'B, *C, and ?°Si nuclei for the drawn chemical

structure as a representation of the synthesized crosslinkers. The highlighted regions
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correspond to the labeled functional groups and the ''B and ?’Si spectra show a single peak,
illustrating the high purity of the product.

The steric and electronic environments were tuned through alkyl and aryl substituents
on the boron core. Three linear aliphatic chains of differing lengths were chosen to alter the
sterics. Phenylboronic acid and 4-methoxyphenylboronic acid were synthesized to investigate
the electron-donating effect of the methoxy substituent on the crosslinker kinetics—synthetic
efforts using strongly electron withdrawing groups proved difficult due to the instability of the
product. Additionally, a Wulff-type boronate ester was synthesized using 2-2-(N,N-
dimethylamino(methyl))phenylboronic acid as the starting material. Wulff-type boronate
esters have been shown to drastically increase the rate of transesterification and consequently
the rate of stress relaxation when incorporated into dynamic polymer networks.?*?°

One key element in the preparation of these networks is the solubility of the boronate
crosslinkers in the polydimethylsiloxane matrix. While solvent could be used to ensure mixing,
that solvent must then be removed after curing, a lengthy processing step that could cause
sample-to-sample variation depending on the degree of solvent removal. Significantly, the
synthesized crosslinkers are all liquids that proved to be miscible with the selected Si—H
containing PDMS fluid without the need for added solvent.

Hydrosilylation between the alkene-containing crosslinkers and the Si—H containing
PDMS fluid was conducted to induce network formation. To enable comparison between
formulations, a 6 kDa PDMS fluid with 6 Si—H substituents along the polymer backbone was
used for each synthesized network. The formulations were designed to a 1:1 stoichiometric
ratio between Si—H and alkene functional groups. Additionally, a solution of Karstedt’s

catalyst inhibited by dimethyl fumarate was added such that the formulation contained 60 ppm
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Pt. Consequently, the networks were bench stable for at least an hour but could react and form
a solidified elastomeric network when heated for 15 minutes at 90 °C. Formulations prepared
with each crosslinker cured into a solid elastomer (Figure 4.3) when heated in the presence of
Karstedt’s catalyst. Interestingly, the network crosslinked with the Wulff-boronate crosslinker
was significantly more pliable and moldable than the networks prepared with the 5 other

crosslinkers, suggesting that the network relaxed stress remarkably fast.

e TN , <

Figure 4.3. Chemical representation of the crosslinked network. The solid elastomeric films

correspond to networks formed with the depicted R group.

4.3.1 Tunable Stress Relaxation

Systematic variation in the stress relaxation behavior of the dynamic networks with
varying functionality on the boronate ester core was quantified through step-strain rheological
measurements. A rapid strain was applied to the elastomers and the decay in modulus was
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measured over time (Figure 4.4a and 4.4b). Interestingly, the Wulff-boronate crosslinker had
such rapid stress relaxation that a comparison to the other crosslinkers at the same temperature
was not possible. A characteristic time constant, 7, was as the time taken for the normalized
modulus to decay to a value of e ! where e is the mathematical constant. Importantly, the 7
values are temperature dependent and display an Arrhenius temperature dependence with an
activation energy corresponding to the bond-exchange mechanism. As such, plotting inverse
temperature versus the natural log of 7 produces a line where the slope can be used to calculate
the aforementioned activation energy (Figure 4.4c). The activation energy values for each
tested crosslinker lies in the range of 35 — 55 kJ/mol, which is in the expected value based on
23,26

previous literature.
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Figure 4.4. Stress relaxation behavior at 20 °C (a) or 100 °C (b) for polyborosiloxane networks
prepared from a 6 kDa PDMS copolymer with an average of 6 Si—H containing monomers per
chain. The labeled R groups correspond to the functionality on the boronate crosslinker. (c)
Linear dependence of In(7) versus inverse temperature shows Arrhenius behavior for each
tested crosslinker, and the wide span of 7 values showcase the broad range of stress relaxation

dynamics.
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As indicated in Figure 4.4, networks prepared from different crosslinkers displayed
different stress relaxation behavior. The electron-withdrawing effect of the methoxy
substituent did not significantly impact the stress relaxation dynamics. Interestingly, the
incorporation of the N,N-dimethylamino methyl group on the phenyl moiety led to a
remarkable increase in the stress relaxation dynamics due to the interaction between the
nitrogen lone-pair electrons and the vacant p-orbital on the boron atoms, leading an internal
catalytic effect. The crosslinker with the larger aliphatic chain displayed a counterintuitive
increase in the rate of stress relaxation compared to the shorter aliphatic chain. This change
could be due to the increase in the non-polar character of the crosslinker, which would lead to
less repulsion between the crosslinker and the neighboring PDMS chains. Further
investigations into this phenomenon are necessary to confirm this hypothesis, and a crosslinker
with a branched aliphatic chain could help decouple the effects of sterics and polarity on the
resulting stress relaxation behavior.

The incorporation of the synthesized crosslinkers into polyborosiloxane networks
demonstrates unprecedented tunability. The facile synthesis of the crosslinkers and the robust
curing mechanism results in an approachable strategy to produce a variety of dynamic PDMS
networks with a targeted rate of stress relaxation. This strategy enables new avenues of
research and facile incorporation of these materials into novel composite systems.

4.4 Conclusions

We have developed a synthetic platform to generate borosiloxane crosslinkers through
the esterification of commercially available boronic acid derivatives using
dimethylvinylchlorosilane. The vinyl-containing chlorosilane was chosen to impart a reactive

functional handle that could be used to crosslink Si—H containing PDMS copolymers through
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hydrosilylation. Commercially available boronic acids containing various functional groups
were used to vary the electronic and steric environment of the resulting boronate ester
crosslinker. Three aromatic and three aliphatic functional groups were chosen to investigate
the effects of an electron-withdrawing substituent, internal catalysis, and steric hindrance on
the stress relaxation dynamics of polyborosiloxane networks. The boronate esters were
characterized through NMR spectroscopy to confirm the expected chemical environment of
'H, !B, 13C, and #Si nuclei in the resulting products. Furthermore, gas chromatography was
conducted to quantify the purity in the products and confirmed the synthesized products were
> 95% pure. Subsequently, polyborosiloxane networks were prepared from a 6 kDa, Si—H
containing PDMS copolymer with an average of 6 hydridosilane moieties per chain.
Importantly, the crosslinkers were miscible with the PDMS fluid and the catalyst solution. The
formulations rapidly crosslinked upon heating at 90 °C. Preliminary stress relaxation
measurements showcase unprecedented tunability in polyborosiloxane dynamic networks,
with the internally catalytic Wulff-boronate crosslinker showing the fastest rate of stress
relaxation and the phenyl boronate and 4-methoxyphenyl boronate showing the slowest rates.
4.5 Materials and Methods

All materials were used as received unless specified. All siloxane samples were
purchased from Gelest Inc. Karstedt’s catalyst (2 wt% Pt in xylenes), dimethyl fumarate,
toluene, tetrahydrofuran, dichloromethane, and dimethylvinylchlorosilane were purchased
from Fisher Scientific. An inhibited catalyst solution (1 wt% Pt) was prepared by mixing 1 mL
Karstedt’s catalyst solution, 1 mL toluene, and 40 mg dimethyl fumarate (4 molar equivalents
compared to Pt).

Synthesis of bis(dimethyl(vinyl)silyl) butylboronate
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To a 100 mL round bottom flask was added a stirbar, butylboronic acid (2.50 g, 24.5
mmol, 1 eq), THF (50 mL), and triethylamine (4.96 g, 49.0 mmol, 2 eq). The flask was placed
into an ice bath and stirred. An addition funnel was added to the flask and charged with THF
(25 mL) and dimethyl(vinyl)chlorosilane (5.77 g, 47.8 mmol, 1.95 eq). The chlorosilane
solution was added at a rate of 1 drop per second whereupon a white gas formed in the
headspace of the flask and a white solid precipitated, indicating HCI and TEA*HCI formation,
respectively. After adding the contents of the addition funnel, the flask was removed from the
ice bath and left to react for an additional 10 minutes.* The salt was filtered through a piece of
cotton plugged into a plastic funnel with diethyl ether being used to rinse the flask and funnel.
The volume of solvent was reduced in vacuo and the crude mixture was filtered through a
syringe plugged with a piece of cotton and a 0.45 um filter on the end. The recovered solution
was then distilled to recover a clear liquid with a boiling point of 75 °C at 340 mTorr (4.00
grams, 62% yield). The product had a 98% purity via GC.

*At this time, there was no visible HCI gas remaining. However, HCI gas released from
the flask upon subsequent agitation during workup, so workup should be performed in fume
hood to reduce the chances of exposure to the corrosive fumes.

TH NMR (500 MHz, CD»Cl,): 6 6.15 (dd, J = 20.4, 14.9 Hz, 2H), 5.95 (dd, J = 14.8, 3.8
Hz, 2H), 5.74 (dd, J=20.4, 3.8 Hz, 2H), 1.37 — 1.19 (m, 4H), 0.85 (t, /= 7.1 Hz, 3H), 0.66 (t,
J=17.5Hz, 2H), 0.19 (s, 12H).

1IB NMR (160 MHz, CD>Cl):  30.3.

13C NMR (126 MHz, CD>Cly): 6 138.87 , 131.77, 26.91, 25.24, 13.77, -0.62.

2Si NMR (99 MHz, CD>Cl): 5 —0.86.

Synthesis of bis(dimethyl(vinyl)silyl) hexylboronate
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To a 100 mL round bottom flask was added a stirbar, 1-hexylboronic acid (3.0 g, 23.1
mmol, 1 eq), THF (60 mL), and triethylamine (4.67 g, 46 mmol, 2 eq). The flask was placed
into an ice bath and stirred. An addition funnel was added to the flask and charged with THF
(20 mL) and dimethyl(vinyl)chlorosilane (5.43 g, 45 mmol, 1.95 eq). The chlorosilane solution
was added at a rate of 1 drop per second whereupon a white gas formed in the headspace of
the flask and a white solid precipitated, indicating HCl and TEA+*HCI formation, respectively.
After adding the contents of the addition funnel, the flask was removed from the ice bath and
left to react for an additional 10 minutes.* The salt was filtered through a piece of cotton
plugged into a plastic funnel with diethyl ether being used to rinse the flask and funnel. The
volume of solvent was reduced in vacuo and the crude mixture was filtered through a syringe
plugged with a piece of cotton and a 0.45 pum filter on the end. The recovered solution was
then distilled to recover a clear liquid with a boiling point of 80 °C at 180 mTorr with 95%
purity via GC.

*At this time, there was no visible HCI gas remaining. However, HCI gas released from
the flask upon subsequent agitation during workup, so workup should be performed in fume
hood to reduce the chances of exposure to the corrosive fumes.

'TH NMR (500 MHz, CD>Cl») 8 6.15 (dd, J = 20.4, 14.9 Hz, 2H), 5.95 (dd, ] = 14.8, 3.8
Hz, 2H), 5.75 (dd, ] = 20.4, 3.9 Hz, 2H), 1.41 — 1.15 (m, 8H), 0.87 (t, J = 6.9 Hz, 3H), 0.67 (t,
J=7.5Hz, 2H), 0.19 (d, ] = 1.1 Hz, 12H).""B NMR (160 MHz, CDCl»): 8. 30.3.

1IB NMR (160 MHz, CD>Cl>): 4 29.9.

I3C NMR (126 MHz, CD2Cl»): 8. 138.56 , 131.86, 32.16, 31.85, 24.63, 22.66, 13.89-0.61.

2Si NMR (99 MHz, CD,Cl,): 5. —0.88.
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Synthesis of bis(dimethyl(vinyl)silyl) decylboronate

To a 100 mL round bottom flask was added a stirbar, decylboronic acid (2.78 g, 14.9
mmol, 1 eq), THF (60 mL), and triethylamine (3.51 g, 29.9 mmol, 2 eq). The flask was placed
into an ice bath and stirred. An addition funnel was added to the flask and charged with THF
(15 mL) and dimethyl(vinyl)chlorosilane (3.02 g, 29.1 mmol, 1.95 eq). The chlorosilane
solution was added at a rate of 1 drop per second whereupon a white gas formed in the
headspace of the flask and a white solid precipitated, indicating HCI and TEA*HCI formation,
respectively. After adding the contents of the addition funnel, the flask was removed from the
ice bath and left to react for an additional 10 minutes.* The salt was filtered through a piece of
cotton plugged into a plastic funnel with diethyl ether being used to rinse the flask and funnel.
The volume of solvent was reduced in vacuo and the crude mixture was filtered through a
syringe plugged with a piece of cotton and a 0.45 um filter on the end. The recovered solution
was then distilled to recover a clear liquid with a boiling point of 115 °C at 150 mTorr (1.33
grams, 26% yield). The product had a 97% purity via GC.

*At this time, there was no visible HCI gas remaining. However, HCI gas released from
the flask upon subsequent agitation during workup, so workup should be performed in fume
hood to reduce the chances of exposure to the corrosive fumes.

1H NMR (500 MHz, CD,Cl») & 6.21 (dd, J =20.4, 14.9 Hz, 2H), 6.01 (dd, J = 14.9, 3.9
Hz, 2H), 5.80 (dd, J = 20.4, 3.8 Hz, 2H), 1.48 — 1.19 (m, 16H), 0.93 (t, ] = 6.8 Hz, 3H), 0.72
(t, J=7.6 Hz, 2H), 0.25 (s, 12H).

1IB NMR (160 MHz, CD>Cl):  30.1.

13C NMR (126 MHz, CD»Cl»): 6 138.56 , 131.86, 32.49, 31.94, 29.67. 29.60, 29.37, 24.67,

22.70, 13.89, -0.61.
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2Si NMR (99 MHz, CD:Cl»): § —0.88.

Synthesis of bis(dimethyl(vinyl)silyl) phenylboronate

To a 100 mL round bottom flask was added a stirbar, phenylboronic acid (2.78 g, 14.9
mmol, 1 eq), DCM (60 mL), and triethylamine (3.51 g, 29.9 mmol, 2 eq). The flask was placed
into an ice bath and stirred. An addition funnel was added to the flask and charged with DCM
(15 mL) and dimethyl(vinyl)chlorosilane (3.02 g, 29.1 mmol, 1.95 eq). The chlorosilane
solution was added at a rate of 1 drop per second whereupon a white gas formed in the
headspace of the flask and a white solid precipitated, indicating HCI and triethylammonium
chloride formation, respectively. After adding the contents of the addition funnel, the flask was
removed from the ice bath and left to react for an additional 10 minutes.* The solution was
washed with 50 mL DI water. The organic layer was collected and dried with MgSOs. The
volume of solvent was removed in vacuo. The recovered solution was then distilled to recover
a clear liquid with a boiling point of 65 °C at 150 mTorr (3.2 grams, 52% yield). The product
had a 97% purity via GC.

*At this time, there was no visible HCI gas remaining. However, HCI gas released from
the flask upon subsequent agitation during workup, so workup should be performed in fume
hood to reduce the chances of exposure to the corrosive fumes.

1H NMR (500 MHz, CD2Cl;) 6 7.89 — 7.65 (m, 2H), 7.58 — 7.38 (m, 2H), 7.39 — 7.28 (m,
1H), 6.28 (dd, J =20.4, 14.9 Hz, 2H), 6.03 (dd, J = 14.9, 3.7 Hz, 2H), 5.85 (dd, J =20.4, 3.7,
1.7 Hz, 2H), 0.33 (d, J = 2.2 Hz, 12H).

1IB NMR (160 MHz, CD>Cl>):  25.3.

13C NMR (126 MHz, CD2Cly): & 138.43, 135.17, 132.34, 130.56, 127.41, -0.20.
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2Si NMR (99 MHz, CD>Cl»): § —1.27.

Synthesis of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate

To a 250 mL round bottom flask was added a stirbar, 4-methoxyphenylboronic acid
(5.00 g, 32.9 mmol, 1 eq), THF (80 mL), and triethylamine (7.33 g, 65.8 mmol, 2 eq). The
flask was placed into an ice bath and stirred. An addition funnel was added to the flask and
charged with THF (20 mL) and dimethyl(vinyl)chlorosilane (7.74 g, 64.2 mmol, 1.95 eq). The
chlorosilane solution was added at a rate of 1 drop per second whereupon a white gas formed
in the headspace of the flask and a white solid precipitated, indicating HCI and TEA<HCI
formation, respectively. After adding the contents of the addition funnel, the flask was removed
from the ice bath and left to react for an additional 10 minutes.* The salt was filtered through
a piece of cotton plugged into a plastic funnel with diethyl ether being used to rinse the flask
and funnel. The volume of solvent was reduced in vacuo and the crude mixture was filtered
through a syringe plugged with a piece of cotton and a 0.45 pum filter on the end. The recovered
solution was then distilled to recover a clear liquid with a boiling point of 110 °C at 100 mTorr.
The product had a 100% purity via GC.

*At this time, there was no visible HCI gas remaining. However, HCI gas released from
the flask upon subsequent agitation during workup, so workup should be performed in fume
hood to reduce the chances of exposure to the corrosive fumes.

1H NMR (500 MHz, CD2CL) 6 7.74 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 8.6 Hz, 2H), 6.30
(dd, J =20.4, 14.9 Hz, 2H), 6.05 (dd, J = 14.9, 3.7 Hz, 2H), 5.87 (dd, J = 20.4, 3.7 Hz, 2H),
3.85 (s, 3H), 0.35 (s, 12H).

1B NMR (160 MHz, CD:Cl>): § 25.4.
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3C NMR (126 MHz, CD>Cl,): § 161.84, 138.60, 137.01, 132.21, 132.19, 112.88, 54.99, -
0.22.

2Si NMR (99 MHz, CD:Cl,): § —1.73.

Synthesis of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))phenylboronate
To a 250 mL round bottom flask was added a stirbar, 2-(N,N-
dimethylamino(methyl))phenylboronate (5.00 g, 27.9 mmol, 1 eq), DCM (150 mL), and
triethylamine (5.6 g, 55.9 mmol, 2 eq). The flask was placed into an ice bath and stirred. An
addition funnel was added to the flask and charged with THF (15 mL) and
dimethyl(vinyl)chlorosilane (6.6 g, 54.5 mmol, 1.95 eq). The chlorosilane solution was added
at a rate of 1 drop per second whereupon a white gas formed in the headspace of the flask and
a white solid precipitated, indicating HCI and triethylammonium chloride formation,
respectively. After adding the contents of the addition funnel, the flask was removed from the
ice bath and left to react for an additional 10 minutes.* After adding the contents of the addition
funnel, the flask was removed from the ice bath and left to react for an additional 10 minutes.*
The solution was washed with 50 mL DI water. The organic layer was collected and dried with
MgSO4. The volume of solvent was removed in vacuo. The recovered solution was then
distilled to recover a clear liquid with a boiling point of 110 °C at 150 mTorr (1.33 grams, 26%
yield). The product had a 100% purity via GC.
*At this time, there was no visible HCI gas remaining. However, HCI gas released from
the flask upon subsequent agitation during workup, so workup should be performed in fume

hood to reduce the chances of exposure to the corrosive fumes.

158



1H NMR (500 MHz, CD,Cly) § 7.43 (dd, J = 6.2, 2.1 Hz, 1H), 7.19 (tt, ] = 7.4, 5.9 Hz,
2H), 7.10 — 6.91 (m, 1H), 6.12 (dd, J = 20.4, 14.8 Hz, 2H), 5.85 (dd, J = 14.8, 4.2 Hz, 2H),
5.66 (dd, ] =20.4, 4.2 Hz, 2H), 3.78 (s, 2H), 2.43 (s, 6H), 0.06 (s, 12H).

1B NMR (160 MHz, CD,CL): § 7.52.

13C NMR (126 MHz, CD2CL): & 142.20, 140.00, 130.54, 127.11, 123.21, 65.03, 45.46,
0.92.

2Si NMR (99 MHz, CD:Cl»): 6 -8.71.

Representative example of curing networks

To a 20 mL glass vial, 1.5 grams (0.6 mmol, HMS-082) of 6 kDa Si—H functional
PDMS copolymer were added and degassed at 90 °C and 100 mTorr for at least 15 minutes.
Next, 125 mg (0.4 mmol) of tris(dimethylvinylsilyl)borate, and 6 pL inhibited Karstedt’s
catalyst solution were added to achieve a 1:1 stoichiometric ratio of Si—H to alkene functional
groups and 20 ppm Pt. This mixture was vortexed for 1 minute and briefly degassed at room
temperature to remove any air bubbles. The solution was poured into a polystyrene dish and

heated at 90 °C for 10 minutes to obtain a solid and flexible elastomer.

4.5.1 Chemical Characterization

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
spectra were collected on a Nicolet is10 spectrometer with a diamond ATR accessory. All
spectra were collected with 64 scans and a resolution of 4 cm™' in absorbance mode, baseline
corrected, and displayed in transmittance mode. Proton nuclear magnetic resonance (NMR)

spectra were taken on a Varian Unity Inova AS600 600MHz at 25 °C with 16 scans and a
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relaxation delay (d1) of 15 seconds. Solution state !'B, *C, and 2Si NMR spectra were taken
on a Bruker Avance NEO 500 MHz at 25 °C. ''B spectra used a d; value of 2 seconds and 64

scans. 13C used a d; value of 2 seconds and 256 scans. 2°Si used a d; value of 60 seconds and

32 scans.

4.6 Characterization Data
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Figure 4.5. "H NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD2Cl», 500 MHz).
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Figure 4.6. ''B NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD>Cl,, 160 MHz).
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Figure 4.7. 3C NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD2Cl,, 126 MHz)
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Figure 4.8. 2°Si NMR spectrum of bis(dimethyl(vinyl)silyl) butylboronate (CD>Cl,, 99 MHz).
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Figure 4.9. "H NMR spectrum of bis(dimethyl(vinyl)silyl) hexylboronate (CD2Cl», 500 MHz).
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Figure 4.10. ''B NMR spectrum of bis(dimethyl(vinyl)silyl hexylboronate (CD2Clz, 160

MHz).
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Figure 4.11. 3C NMR spectrum of bis(dimethyl(vinyl)silyl) hexylboronate (CD>Cl», 126

MHz).
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Figure 4.12. °Si NMR spectrum of bis(dimethyl(vinyl)silyl) hexylboronate (CD2Clz, 99
MHz).
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Figure 4.13. 'H NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cl>, 500
MHz).
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Figure 4.14. "B NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cls, 160

MHz).
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Figure 4.15. 3C NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Cla, 126

MHz).
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Figure 4.16. 2°Si NMR spectrum of bis(dimethyl(vinyl)silyl) decylboronate (CD2Clz, 99
MHz).
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Figure 4.17. 'H NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD2Clz, 500
MHz).
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Figure 4.18. >B NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD,Cl>, 160

MHz).
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Figure 4.19. 'H NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD>Cla, 126

MHz).
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Figure 4.20. 2°Si NMR spectrum of bis(dimethyl(vinyl)silyl) phenylboronate (CD2Clz, 99

MHz).

OMe

315 s— 4
I
(RN = —

Iy W P
o n o mo
S © NOO
N N - o
8 7 6 5 4 3 2 1 0

Figure 4.21. '"H NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate

(CD,Cl, 500 MHz).
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Figure 4.22. B NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate

(CD2Clp, 160 MHz).
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Figure 4.23. 'H NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate

(CD2Cl2, 126 MHz).

168



OMe

20 15

10

5 (ppm)

Figure 4.24. 2Si NMR spectrum of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate (CD-

2Clz, 99 MHz).
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Figure 4.25. '"H NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))

phenylboronate (CD2Cl>, 500 MHz).
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Figure 4.26. > B NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))

phenylboronate (CD2Cl>, 160 MHz).
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Figure 4.27. '"H NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))

phenylboronate (CD2Clz, 126 MHz).
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Figure 4.28. 2°Si NMR spectrum of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))

phenylboronate (CD2Clz, 99 MHz).
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Figure 4.29. GC trace of bis(dimethyl(vinyl)silyl) butylboronate.
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Figure 4.30. GC trace of bis(dimethyl(vinyl)silyl) decylboronate.
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Figure 4.31. GC trace of bis(dimethyl(vinyl)silyl) phenylboronate.
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Figure 4.32. GC trace of bis(dimethyl(vinyl)silyl) 4-methoxyphenylboronate.
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Figure 4.33. GC trace of bis(dimethyl(vinyl)silyl) 2-(N,N-dimethylamino(methyl))

phenylboronate.
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Appendix A. Rapid and Selective Deposition of Patterned Thin Films on

Heterogeneous Substrates via Spin Coating?

A.1 Introduction

An abundance of thin film patterning techniques — for example, optical lithography,
imprint lithography,> and microcontact printing> — underpin many types of contemporary
technology ranging from microelectronics* to tailored bio-surfaces.’ Frequently, three-
dimensional design targets require iterative thin film processing to create structures that cannot
be formed in a single step." ® The added complexity of overlay and alignment can create
significant practical difficulties that amplify economic costs.” In principle, these challenges
could be alleviated by self-aligned patterning, which uses existing chemical and/or
topographic features to template subsequent layers.®

A variety of strategies have been developed to achieve self-aligned patterning of
inorganic and organic materials in thin films.”'? Each involves manipulating selectivity during
the deposition step by blocking or promoting film formation via interfacial engineering. One
common approach leverages the preferential attachment of self-assembled monolayers
(SAMs) to spatially control nucleation, growth, and/or wettability.'* For example, Bent and
co-workers have exploited alkylphosphonic acid SAMs to protect copper (Cu) and induce area-
selective atomic layer deposition (AS-ALD) of inorganic oxides only on silicon dioxide

(Si02)."* SAMs can similarly influence the spatial distribution of polymer films through phase

2 This Appendix was originally published in ACS Applied Materials and Interfaces.
Reproduced with permission from ACS Applied Materials and Interfaces 2019, 11, 23,21177—
21183. Copyright 2019, American Chemical Society.
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separation, self-assembly,!” localized brush growth,'® and thermal dewetting.
Significantly, unlike inorganics, the majority of this past work on SAM-directed polymer thin
film patterning placed SAMs on flat, homogeneous substrates, e.g., with microcontact
printing.?! Developing similar capabilities to selectively pattern polymer thin films on
heterogeneous (e.g., metal/dielectric) surfaces would provide fundamental insight that might
someday be useful in technological applications.

To address this opportunity, our attention was drawn to a technique known as spin
dewetting, which results in the local segregation of polymers during spin coating and requires
no post-processing or additional steps to generate patterns.??>* Past work has highlighted the
simplicity of spin dewetting in comparison to more complex patterning approaches.*
Bhandaru at al. explored using topographic poly(dimethylsiloxane) substrates and
demonstrated an impressive array of resulting polymer structures depending on pre-pattern
dimensions and coating conditions.?>"?¢ In addition, Lee et al. selectively deposited block
copolymers on patterned surfaces via careful temperature control.?” Despite promise, there still
remains significant uncertainty surrounding the design rules that govern spin dewetting as a
function of material selection and processing. Here, we systematically investigate SAM-
promoted spin dewetting using homogeneous (SiO2) and heterogeneous (Cu/Si0»; TiN/Si03)
substrates that are relevant to the microelectronics industry. Significantly, incomplete SAM
layers are sufficient to induce spin dewetting, resulting in selective polymer deposition on Cu
and TiN lines under optimal conditions.

A.2 Materials

Anhydrous  toluene, dioxane, methanol, octyltrichlorosilane  (OTS), and

octadecyltrichlorosilane (ODTS) were purchased from Sigma-Aldrich and used without
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further purification. Butyltrichlorosilane (BTS) and dodecyltrichlorosilane (DDTS) were
purchased from Gelest, Inc. and used without further purification. Cu and TiN stripes on SiO»
wafers were patterned by standard photolithography using lift-off.

A.3 General Methods

A.3.1 Silane deposition on Cu/SiO2 and TiN/SiOz.

Homogenous SiO: and heterogeneous TiN/SiO>. Substrates (e.g. Si0; and TiN/SiO) were
cleaned by sonication in acetone, isopropanol, and MilliQ® water for 3 minutes each, followed
by UVO treatment in a Model 18 UVO cleaner (Jelight, USA) for 10 minutes. The substrates
were immersed without stirring in 5 mM alkyltrichlorosilane solution in toluene for 5 minutes
unless otherwise noted. The substrates were sonicated in toluene and acetone for 3 minutes
each to remove excess silane. These conditions were adapted from literature procedures.?®
Water contact angle measurements indicate that silane preferentially covers TiN in the
presence of SiO» (Figure A.9).

Heterogeneous Cu/SiO;. Substrates were sonicated in acetone, isopropanol, and MilliQ®
water for 3 minutes each, treated with the same UVO cleaner for 10 minutes, and sonicated in
acetic acid for 5 minutes and acetone for 3 minutes prior to immersion in 5 mM
alkyltrichlorosilane solution in toluene for 5 minutes unless otherwise noted. The substrates
were then sonicated in toluene for 3 minutes, acetone for 3 minutes, acetic acid for 5 minutes,
and acetone for 3 minutes.

A.3.2 Spin coating conditions
A droplet of 15 pLL polymer solution (e.g., 50 mg/mL of PS in toluene or PAA in 50/50

vol% dioxane/methanol) was dispensed by a micropipette to fully cover the substrate and
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immediately spun at 10,000 rpm for 60 s at a ramp rate of 3 s using a 6800 Spin Coater
(Speciality Coating Systems, USA) unless otherwise described.
A.3.3 Surface Characterization

SIMS imaging was performed using a Camera IMS 7f system (Camera SAS, Gennevilliers,
France) with a 15 keV caesium beam on an analytical area of 200 um? by monitoring 23Si and
12C signals. About 100 images were taken over one spot and overlaid to generate the average
image. Tapping mode (AFM) experiments were performed using a Multimode system (Veeco,
USA) to investigate the surface. Measurements were conducted using commercial silicon
cantilevers (resonant frequency: 190 kHz, force constant: 48 N/m, model: Tap190Al-G,
NanoAndMore USA). Polymer film thickness on homogeneous surfaces was determined by
an alpha-SE spectroscopic ellipsometer (J.A. Woollam Co.) or a DektakXT Stylus
Profilometer (Bruker Corporation). Optical micrographs were captured with an Olympus
BX51 optical microscope in reflectance mode. Contact angle measurements were performed
using a ramé-hart Model 290 advanced goniometer. Deionized water was dispensed to measure
static contact angles. Snapshots were taken immediately after deposition of the water droplets
and analyzed by DROPimage Advanced.
A.4 Results and Discussion
A.4.1 Spin Dewetting on Homogeneous Surfaces

Spin dewetting on partially formed SAMs was initially examined using homogeneous

surfaces. As depicted in Figure A.la, SiO2 substrates were submersed in alkyltrichlorosilane
solutions and the surface silanol groups reacted for varying amounts of time (¢) to control
surface coverage. For example, using octyltrichlorosilane (OTS), an increase in the water

contact angle with ¢ (Figure A.1b) indicates a higher SAM coverage®’ due to alkyl chain
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hydrophobicity. Spin coating of polystyrene (PS) on these surfaces was then quantified by
ellipsometry and optical microscopy and correlated with the water contact angle of the surface.
Figure A.1b demonstrates a transition from spin wetting to spin dewetting on OTS-
functionalized SiO,. This reproducible transition is observed at a critical time (z. # 1 min) well
before the plateau in water contact angle (onset circa 4 min), suggesting that silanol
functionalization is incomplete at shorter times. Analogous experiments with poly(acrylic
acid) (PAA) spin coated from 50/50 vol% dioxane/methanol yield identical conclusions
(Figure S2). Homogeneous SiO: surfaces partially functionalized with OTS SAM thus induce
spin dewetting of polar (PAA) and non-polar (PS) polymers. This behavior still persists after
extended storage of the OTS—Si0; substrate (e.g., one year) under ambient conditions (Figure
A.2), which illustrates the robustness of this surface functionalization process and the ability
to control spin dewetting with incomplete grafting densities. As will be discussed below, the
specific choice of alkyl group allows for further tuning of the critical deposition time ¢ by

varying the hydrophobic SAM chemistry.
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Figure A.1. (a) [llustration of homopolymer dewetting on homogeneous SiO> functionalized
with an alkylsilane self-assembled monolayer. Spin dewetting or lack thereof depends on the
SAM deposition time 7. (b) Water contact angle measurements as a function of OTS SAM
deposition time (¢). Spin coating PS on these OTS-functionalized surfaces (see Figure A.11)
indicates spin dewetting occurs after a critical time #. = 1 min that corresponds with incomplete

SAM coverage. Spin coating conditions: PS, 21.5 kDa, 5 wt% in toluene at 10k rpm.

Having established that spin dewetting can be induced by incomplete SAMs, the role
of spin coating conditions was systematically investigated. For these experiments, SiO2
substrates were treated with OTS for 5 min prior to spin coating PS with varying molecular

weights at different spin speeds and concentrations. Figure A.2a shows the film thickness as a
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function of spin speed for 5 wt% solutions of PS in toluene on unfunctionalized SiO> surfaces (open
symbols). As expected, film thickness decreases monotonically with increasing spin speeds and
lower solution viscosity (small molecular weight or solution concentration).>**! In direct
contrast, on OTS—Si0O> surfaces (filled red symbols) complete dewetting is observed at low
spin speeds with no polymer deposited (see also Figure A.10).3? Significantly, a sharp
transition occurs at spin speeds of =4k rpm, termed w*, after which continuous films are
formed with thicknesses comparable to those on native SiO» substrates and which follow the
expected decreasing trend with increasing spin speeds. Similar abrupt transitions from spin

dewetting to spin wetting are observed for increasing polymer concentration (=2.3 wt%)

(Figure A.2b) and polystyrene molecular weight (=30 kDa) (Figure A.2c).

— (a) O Sio, (b) (c)
g 250 ® OTS-SiO, I
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g
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0O 2 4 6 8 100 1 2 3 4 5 0 20 40 60 80 100
Spin speed @ (krpm) Concentration (wt%) Molecular weight (kDa)

Figure A.2. Abrupt transitions are observed in the spin dewetting of PS from OTS-SiO; as
indicated by the film thickness dependence on (a) spin speed, (b) weight concentration, and (¢)
molecular weight. Note that the PS film thickness is nearly identical on SiO; and OTS-SiO>
after the spin-dewetting transition in all cases. Spin coating conditions: (a) PS, 51.0 kDa, 5
wt% in toluene at varying spin speeds from 2k to 10k rpm; (b) PS, 5 wt% in toluene at Sk rpm
with varying molar mass; (c) PS, 51.0 kDa, in toluene at 5k rpm with varying weight

concentration.
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We attribute this unique transition between spin dewetting and spin wetting on
homogeneous surfaces to a competition between polymer dewetting and solvent evaporation.
During the course of spin coating, surface hydrophobicity of the grafted alkylsilane in
conjunction with centrifugal forces exerted on the fluid drive polymer dewetting. This behavior
is opposed by solvent evaporation, which increases solution viscosity and reduces polymer
chain mobility until eventual film vitrification. Lower spin speeds, molecular weight, and
polymer concentration all favor dewetting before solidification. Our interpretation is further
supported by estimates of solution viscosity using an empirical equation reported by Grishchuk
and Estrin;> the spin wetting to dewetting transitions observed herein for molecular weight
and concentration occur around the same viscosity ~0.584 mPa-s (Figure A.12).

Since dewetting during spin coating is driven by the unfavorable interfacial interactions
between the substrate grafted with alkylsilane and the polymer solution, we hypothesized that
tuning the SAM hydrophobicity should allow further control over spin dewetting. To
investigate this possibility, SiO> wafers were functionalized with alkyltrichlorosilane
(C13Si—C,Hz,+1) of different chain lengths: BTS (butyltrichlorosilane, n = 4), OTS (n = 8),
DDTS (dodecyltrichlorosilane, » = 12), and ODTS (octadecyltrichlorosilane, n = 18) (Figure
A.3). Note that all SAMs were deposited for 5 minutes and there may be different #. and plateau
times for each (Figure A.1). As expected, longer alkyl chains render the SiO» surface more
hydrophobic as evidenced by static water contact angle measurements (Figure A.13).
Significantly, for the longest alkyl chain, ODTS—SiO, (n = 18), PS dewets across the entire
range of accessible spin speeds (2k—10k rpm), while decreasing the alkyl chain length from
ODTS (n=18) to DDTS (n=12) and OTS (n = 8) results in well-defined transitions from spin
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dewetting to spin wetting depending on the spin speed. This sharp transition " is observed at
8.3k rpm for DDTS (n = 12) and 4.0k rpm for OTS (n = 8). Further decreasing the alkyl chain
length to BTS (n = 4) results in the disappearance of a spin dewetting regime, with PS coating
the surface across the entire range of tested spin speeds (2k — 10k rpm). The data in Figure A.3
clearly indicate that the spin dewetting regime can be controlled by varying the chemistry of

grafted SAMs. Increased hydrophobicity leads to a wider window for spin dewetting.
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Cl5Si~C1gHa7
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150¢f C|3Si—C12H25
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PS film thickness (nm)
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Figure A.3. SAM hydrophobicity is correlated with the range of spin speeds over which spin

dewetting occurs and the location of an abrupt transition w*. Data correspond to film thickness

of PS versus spin speed on SiO; functionalized with alkyltrichlorosilanes (Cl3Si—C,H2x+1, 5
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min deposition time): BTS (butyltrichlorosilane, » = 4), OTS (n = §), DDTS
(dodecyltrichlorosilane, n = 12), and ODTS (octadecyltrichlorosilane, n = 18). Note that the
silane deposition time in all cases was 5 min. Spin coating conditions: PS, 51.0 kDa, 5 wt% in

toluene at varying spin speeds from 2k—10k rpm.

The versatility of SAM-induced spin dewetting was then demonstrated by extension to
a wide range of other polymers. For example, a variety of glassy polymers spanning different
polarities, including poly(acrylic acid) (PAA), poly(lactide) (PLA), poly(vinyl chloride)
(PVC), poly(methyl methacrylate) (PMMA), and polt(zerz-butyl acrylate) (PtBA) all exhibit a
spin dewetting-to-wetting transition. Interestingly, the critical concentration at which this
crossover occurs depends on polymer polarity (Figure A.14). This transition is also evident for
rubbery polymers (at 25 °C) such as poly(butadiene) and poly(ethylene oxide), with two
important differences. The crossover from spin wetting to dewetting is not as sharp and in this
intermediate zone the polymer partially dewets to form holes or droplets (Figure A.14). In
addition, the structures formed in the intermediate regime are unpredictable and inconsistent.
Finally, a wetting/dewetting transition is also evident for poly(methyl acrylate) bottlebrush
polymers, indicating that the spin dewetting transition is not limited to linear polymers. The
ubiquitous presence of a spin wetting/dewetting transition in all the materials described above
suggests this is a general phenomenon that can be tuned through structural as well as processing

factors.
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A.4.2 Spin Dewetting on Heterogeneous Surfaces

Having demonstrated spin dewetting on homogeneous substrates, heterogeneous
surfaces were then investigated to probe the relationship between selectivity and SAM
coverage. Equal line—space patterns of copper (Cu) or titanium nitride (TiN) on SiO> were
prepared by photolithography (Figures A.15—-A.16) with the deposition of Cu and TiN
resulting in minimal topography (circa 5 nm) when compared to the lateral pitch (=10 um). In
examining the spin dewetting process on heterogeneous surfaces, two key steps were
considered (Figure A.4): (1) preferential deposition of a SAM on select surfaces to promote
local dewetting, and (2) selective deposition of polymer over other regions via subsequent spin
coating. Based on the data presented in Figure A.3, OTS (n = 8) was chosen as a model for

preliminary studies since it places @w* at a convenient spin speed.

More Polar Less Polar
| sio, [T sio, § sio,  Sio,

l Cl,Si-CgH,; (OTS)

5 - 5 B

Coat

pai el

Figure A.4. Illustration of spin dewetting on heterogeneous surfaces. The preferential

functionalization of SiO> with a hydrophobic alkylsilane induces selective polymer deposition

on the opposing material during spin coating.
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As-fabricated Cu/SiO> and TiN/SiO; line-space patterns were therefore treated with
OTS (n = 8) for different lengths of time (7). At times greater than 7. > 1 min (c.f., homogeneous
surfaces shown in Figure A.1), OTS induces spin dewetting of both poly(acrylic acid) (PAA)
on Cu/OTS-SiO2 and PS on TiN/OTS-SiO: to give spatial localization of the polymer film
only on the Cu or TiN areas (Figure A.5). In contrast, below z., PS and PAA solutions were
observed to coat the entire substrate leading to a continuous film. This significant difference
illustrates the role that partial SAM functionalization (with application time ¢ > #.) plays in
promoting spin dewetting on heterogeneous surfaces. Note the contrast with other selective
deposition techniques that require much more uniform SAMs to achieve area selectivity, for

example AS-ALD.!"
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(c)t<t (d)tzt

Figure A.5. The critical SAM deposition time () identified with homogeneous substrates also
distinguishes spin wetting (¢ < t.) and spin dewetting (¢ > ) regimes on heterogeneous surfaces.
(a,b) Optical micrographs of spun cast PAA films on Cu/SiO; substrates treated with OTS for
(@) t=30s <t =1 min, and (b) ¢ = t. (c, d) Optical micrographs of spun cast PS films on
TiN/Si0; substrates treated with OTS for (¢) 1 =30 s <z = 1 min, and (d) 7 < . Spin coating
conditions: PS, 21.5 kDa, 5 wt% in toluene at 10k rpm, and PAA, 20.5 kDa, 5 wt% in 50/50

vol% dioxane/methanol at 10k rpm.

To further probe film coverage on heterogeneous surfaces, patterns of PAA formed by

spin dewetting on equal line—space patterns of Cu/OTS—-SiO2 (40 um pitch) were analyzed by
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secondary ion mass spectrometry (SIMS). When compared to background and control samples,
carbon signals for PAA films were only observed over areas corresponding to the underlying
Cu lines, which indicates a high degree of pattern fidelity (Figure A.6 and A.17). Similarly,
spin coating polystyrene on TiN/OTS—SiO; results in the deposition of polymer only on the
patterned TiN areas as evidenced by SIMS analysis (Figure A.18). In both cases, deposition of
the polymers also creates templated films that are observable by atomic force microscopy
(AFM) (Figures S19—-S20). Collectively, these data indicate the spin dewetting process —
under optimal conditions — is efficient at selectively coating heterogeneous substrates with no

detectable deposition of polymers over regions that dewet.

M Background mC

B - Y B

Figure A.6. SIMS chemical mapping reveals that spin dewet poly(acrylic acid) on
Cu/OTS-Si0O; exclusively covers Cu. (a) Cu/OTS-SiO2 before polymer deposition. (b) PAA
on Cu/OTS-Si0O;. Spin coating condition: PAA, 20.5 kDa, 5 wt% in 50/50 vol%

dioxane/methanol at 10k rpm.

To illustrate the broad applicability of this spin dewetting approach, selective

deposition over different pitch sizes ranging from 10 to 40 um was examined. Figure A.7
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shows AFM data demonstrating the dependence of spin dewetting on pre-pattern dimensions
for both PAA on Cu/OTS-SiO; and PS on TiN/OTS-SiOs. In both cases, the height of
resulting polymer features decreases with pitch (P), reaching approximately 30 nm for 5 um
lines of Cu or TiN. Also note that there is some variability in the height profile of different
lines at the same pitch on a given wafer. For example, the downward slope of PAA covering
Cu at P =40 um (Figure A.7b, left) can be more or less prominent, and the difference between

PS spike height at the boundaries of TiN lines (Figure A.7d) varies on the order of 20 nm.
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Figure A.7. Polymer and surface chemistry influence film coverage after spin dewetting on
heterogeneous surfaces. (a) Atomic force micrograph of PAA on Cu/OTS—-SiO2 (40 um), and
(b) height profiles at three different pitches. (c) Atomic force micrograph of PS on

TiN/OTS-Si0>, and (d) height profiles at three different pitches. Spin coating conditions: PS,
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21.5 kDa, 5 wt% in toluene at 10k rpm, and PAA, 20.5 kDa, 5 wt% in 50/50 vol%

dioxane/methanol at 10k rpm.

As is apparent in Figure A.7, there are also distinct differences between the morphology
of spin dewet PAA and PS, a result that is consistently observed across replicate samples. PS
tends to form spikes at the boundaries of TiN (and Cu, Figure A.21), while PAA features on
Cu are more rounded. We speculate that a complicated interplay involving polymer, solvent,
and surface interactions influences these results.>* Water contact angles indicate the native Cu
surface is significantly more polar than TiN (Figure A.22), which would further explain (1)
why PS (non-polar) coats Cu/OTS-SiO, (Figure A.21) with worse fidelity compared to
TiN/OTS-Si0> (Figure A.7c), and (2) why PAA (polar) dewets from TiN (Figure A.23). As
expected, the thickness of as-deposited material and to a lesser extent the shape of polymer
features also depends on solution concentration (Figure A.24). However, we have not
identified any processing conditions that circumvent the formation of U-shaped films with
polystyrene on TiN, in contrast to a literature report by Wang et al. using polymer/polymer
pre-patterns.35

Based on the successful patterning of disparate polymeric thin films on TiN- and Cu-
based substrates, we expect that the general principle of spin dewetting will enable additional
combinations of polymers and substrates to be rationally designed. This versatility will also
prove critical for scaling the selective deposition of polymers to higher resolution pre-patterns.

Preliminary data across 40, 20, and 10 pm pitches indicate PS scales well on TiN (Figure

A.7c—d) but not Cu (Figure A.21). PAA exhibits the opposite trend (Figure A.7a—b, Figure
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A.23). These observations further support the aforementioned importance of surface—polymer

interactions® in mediating effective spin dewetting.

A.4.3 Comparison to Traditional Dewetting

The kinetic arrest of polymer thin films during spin dewetting on heterogeneous
substrates can generate unique structures that are otherwise inaccessible with traditional types
of dewetting or self-assembly. Figure A.8 compares thermal dewetting on a TiN/OTS-SiO>
pattern starting from: (1) PS confined over the TiN via spin dewetting from toluene (Figure
A.8b), and (2) a continuous film of PS formed using THF as the casting solvent (Figure A.8c).
In both cases, thermal dewetting creates droplets (Figure A.8d—e) that are distinct from Figure
A.7. We attribute the propensity of PS to thermally dewet from TiN (and Cu, Figure A.25) to
the weak attractive forces mentioned above. In contrast, PAA still adheres to Cu at 170 °C after
one hour; further thermal annealing at 240 °C results in a crosslinked film (Figure A.26) that
remains essentially indistinguishable from the as-spin-dewet structure. One could envision
exploiting this concept with other types of crosslinkers to immobilize various polymer
chemistries using heat’” and/or light.*® Finally, solvent evaporation on tilted surfaces can
produce interesting multi-scale dewetting patterns of polymer blends®® that exhibit

macroscopic alignment; these too are different than the spin dewet structures described herein.
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Figure A.8. Spin dewetting leads to non-equilibrium structures that are not necessarily
accessible by thermal dewetting. Optical micrographs collected for: (a) TIN/OTS-SiO; prior
to spin coating, (b) PS confined over TiN via spin dewetting, and (c) a continuous but rough
film of PS formed via spin wetting using a different casting solvent. (d, ) Thermal dewetting
at 170 °C for 1 hour of the (d) spin dewetting and (e) spin wetting films. All images were taken
with the same light intensity and exposure time. Spin coating conditions: PS, 21.5 kDa, 5 wt%
at 10k rpm in (b) toluene and (c) tetrahydrofuran. Thermal dewetting conditions: substrates
with polymer films were annealed at 170 °C for 1 hr in high vacuum (= 4x1078 Torr). The scale

bar is valid for all micrographs.
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A.5 Conclusions

In summary, spin dewetting is a powerful technique for controlling polymer thin
formation on homogeneous and heterogeneous surfaces using incomplete self-assembled
monolayers to drive dewetting. The transition between complete wetting and dewetting for
glassy polymers is sharp and depends on polymer chemistry, processing variables, and SAM
selection. Using octyltrichlorosilane-functionalized SiO», the selective deposition of
polystyrene on TiN/SiO; and poly(acrylic acid) on Cu/SiO, was successfully demonstrated.
Secondary ion mass spectrometry indicates clean dewetting over the SAM-functionalized
region at the pitches tested (10—40 um). The morphology of polymer spin dewet onto Cu or
TiN significantly varies from rounded edges to spike-like boundary features. Under optimized
processing conditions, spin dewetting generates structures that complement those available via
other thermal dewetting or self-assembly techniques. We anticipate these results will prove
enabling for applications that necessitate simple control over the spatial distribution of
polymeric thin films.
A.6 Material Details

Table A.1. Characterization data of the polymers used herein.

Polymer SI?)mp le (le\;l)n b Source

Polystyrene PS1 2.8 1.05 Polymer Source
PS2 8.0 1.10 Polymer Source
PS3 10.2 1.05 Polymer Source
PS4 21.5 1.05 Polymer Source

PS5 35.0 1.10 Sigma-Aldrich
PS6 51.0 1.10 Polymer Source

PS7 87.2 1.20 Synthesized*’
Poly(acrylic acid) PAA1 20.5 1.10 Synthesized*! 2
PAA2 750 N.A. Sigma-Aldrich
Poly(methyl PMMA 24.0 1.25 Polymer Source

methacrylate)

Poly(vinyl chloride) PVC 35.0 1.77 Sigma-Aldrich
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Poly(tert-butyl

PtBA 12.0 1.16 Synthesized*!
acrylate)

A.7 Surface characterization

SIMS imaging was performed using a Camera IMS 7f system (Camera SAS, Gennevilliers,
France) with a 15 keV caesium beam on an analytical area of 200 pum? by monitoring 2#Si and
12C signals. Tapping mode (AFM) experiments were performed using a Multimode system
(Veeco, USA) to investigate the surface. Measurements were conducted using commercial
silicon cantilevers (resonant frequency: 190 kHz, force constant: 48 N/m, model: Tap190Al-
G, NanoAndMore USA). Polymer film thickness on homogeneous surfaces was determined
by an alpha-SE spectroscopic ellipsometer (J.A. Woollam Co.) or a DektakXT Stylus
Profilometer (Bruker Corporation). Optical micrographs were captured with an Olympus
BX51 optical microscope in reflectance mode. Contact angle measurements were performed
using a ramé-hart Model 290 advanced goniometer. Deionized water was dispensed to measure
static contact angle. Snapshots were taken immediately after deposition of the water droplets

and analyzed by DROPmage Advanced.
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Figure A.9. Selective deposition of OTS only on SiO: (vs. TiN) as evidenced by water contact
angles. (a) Illustration of the OTS treatment process. (b) Water contact angles monitored after

each step.
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(@) 1 min OTS on SiO, (b) PAA, 0 nm

(c) PS, 0 nm
100 pm
(EEe——

(d) 5 min OTS on SiO,, (e) PAA, 0 nm
1 yearin ambience

(f) PS, 0 nm

Figure A.10. For OTS-treated SiO, spin dewetting leads to complete dewetting; no polymer
is deposited. Even after 1 year, OTS-treated SiO> still induces spin dewetting. Optical
micrographs of (a) SiO; after 1 min OTS treatment, and subsequent spin coating of (b) PAA
or (c) PS. (d) SiO; after 5 min OTS treatment stored for 1 year under ambient conditions, and
subsequent spin coating of (¢) PAA or (f) PS. All images were collected with the same light
intensity and exposure time. Film thicknesses were determined by ellipsometry, except a
profilometer was used for (e) and (f). Spin coating conditions: PS, 21.5 kDa 5 wt% in toluene

at 10k rpm; PAA, 20.5 kDa, 5 wt% in 50/50 vol% dioxane/methanol at 10k rpm.
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Figure A.11. Spin dewetting of PS occurs after a critical OTS treatment time as indicated by
the PS film thickness as a function of OTS treatment time. Spin coating conditions: PS, 21.5

kDa, 5 wt% in toluene at 10k rpm. The data points correspond to the samples of Figure A.1b.
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Figure A.12. Film thicknesses and dewetting conditions are comparable when varying (a)
molecular weight and (b) weight concentration. The viscosity was calculated using the
following empirical equation from Grishchuk and Estrin:*
In g, = —5.26 + (6.51x107 + 1.326 x 10°M)c + (1.52x107~ 3.497 x 10°M)c?>—(4.309 x
10°-3.022 x 107'M) ¢ + (8280 + 458¢ — 15.55¢2 + 0.255¢%)(1/T - 0.0033)/8.31

Where 4, is the viscosity at zero shear rate, M is the weight-average molecular weight of
polystyrene, c is the solution concentration (wt%), and T is absolute temperature (K).* Note
that this equation was developed for polystyrene with a weight average molecular weight from
28 kDa to 780 kDa in toluene and is therefore an approximation for the samples used herein.

The data points correspond to the samples of Figure A.2.
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Figure A.13. Longer alkyl chains render the SiO> surface more hydrophobic. Water contact
angle measurements for butyltrichlorosilane (n = 4), octyltrichlorosilane (n = 8),
dodecyltrichlorosilane (n = 12), and octadecyltrichlorosilane (» = 18) coated on a

homogeneous SiO> substrate for 5 minutes.
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Figure A.14. Spin dewetting occurs with both glassy and rubbery polymers across a range of
polarities. Step changes in polymer heights are shown in (a) glassy polymers: poly(acrylic acid)
(PAA), poly(vinyl chloride) (PVC), poly(tert-butyl acrylate) (PtBA), and poly(methyl
methacrylate) (PMMA). Vertical shifts were applied to improve clarity. (b) Rubbery polymers
polybutadiene (PB) and poly(ethylene oxide) (PEO) exhibit a region between wetting and
dewetting where droplets form as evidenced by optical micrographs. Error bars represent the
standard deviation from three experiments. The optical images inserted in (b) are 12 um x 12
um. Spin coating conditions: (a) PAA2: 750 kDa, 6k rpm, varying concentrations in methanol;
PVC: 35 kDa, 4k rpm, varying concentration in methyl ethyl ketone; PtBA: 12 kDa, 5k rpm,
varying concentration in toluene; PMMA: 24 kDa, 4k rpm, varying concentration in toluene;
(b) PB: 93 kDa, 5k rpm, varying concentration in toluene; PEO: 36 kDa, 3k rpm, varying

concentration in 1:1 ethanol and toluene mixture.
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Figure A.15. AFM images of Cu/OTS—Si10> with different underlying pre-pattern pitches: (a)
40 pm, (b) 20 um, and (c) 10 um. (d), (e), and (f) are the corresponding height profiles of (a),

(b), and (c), respectively. The y-axis scale in (d) is also valid for (e) and (f).
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Figure A.16. AFM images of TiN/OTS-SiO> with different underlying pre-pattern pitches: (a)
40 pm, (b) 20 um, and (c) 10 pm. (d), (e), and (f) are the corresponding height profiles of (a),

(b), and (c), respectively. The y-axis scale in (d) is also valid for (e) and (f).
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Figure A.17. Cu/SiO; patterns made by photolithography exhibit no carbon signals as

evidenced by SIMS chemical mapping.

W Background mC

Sio, Sio, | SiO, Sio, j Sio, Sio,

Figure A.18. SIMS chemical mapping reveals spin dewetting of polystyrene on

TiN/OTS-Si0; exclusively covers TiN. (a) TiN/SiO» as-fabricated by photolithography. (b)
TiN/OTS-Si0; after SAM deposition but before spin dewetting. (¢) PS on TiN/OTS-SiO,
after spin dewetting. The presence of carbon signals over TiN in the as-fabricated pattern is
consistent with literature that indicates TiN can absorb carbon upon exposure to air.> After spin
dewetting, the exclusive presence of carbon on TiN stripes indicates no polymer deposited on
OTS-Si0,. Together with the height change before and after spin coating (Figures A.7d and

A.17), we conclude that polymer only coats TiN. Spin coating condition: PS4, 21.5 kDa 5 wt%
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in toluene at 10k rpm. Also note that experimentally, the images represent an average over
approximately 100 slices at different distances from the substrate. Carbon signals were in fact
observed on SiO> in Figure A.6b during some individual scans, but given the extremely thin

nature of the SAM, this effect is washed out during averaging.

Figure A.19. AFM images of PAA on Cu/OTS-Si0; with different underlying pre-pattern
pitches: (a) 40 um, (b) 20 um, and (c) 10 um. All scale bars are 10 um. Spin coating condition:

PAAI1, 20.5 kDa, 5 wt% in 50/50 vol% dioxane/methanol at 10k rpm.

(b) 20 pm

Figure A.20. PS films on TiN/OTS—-SiO> have better fidelity than those on Cu/OTS-Si0,. PS
fully covers TiN with different underlying pre-pattern pitches: (a) 40 um, (b) 20 um, and (c)

10 um. Spin coating condition: PS4, 21.5 kDa 5 wt% in toluene at 10k rpm.
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Figure A.21. PS films on Cu/OTS-SiO; exhibit U shapes with worse coverage than those on
TiN/OTS-Si10; (Figure 7c) under the same spin dewetting processing conditions. (a) AFM
image of PS on Cu/OTS-Si0:. (b) Height profile of the line cut; the green arrow corresponds
to the edges of a Cu stripe, which is not covered by polymer. Spin coating condition: PS4, 21.5

kDa 5 wt% in toluene at 10k rpm.
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Figure A.22. Water contact angles of (a) Cu and (b) TiN suggest a difference in native surface

polarity.
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Figure A.23. PAA completely dewets from TiN/OTS—SiO>. Optical images of (a)
TiN/OTS-SiO> and (b) PAA spin-dewet on TiN/OTS—SiO>. Spin coating condition: PAAI,

20.5 kDa, 5 wt% in 50/50 vol% dioxane/methanol at 10k rpm.
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Figure A.24. Changing spin coating solution concentration somewhat alters the shape of

deposited films. (a) Increasing PS4 solution concentration to 20 wt% (c.f., 5 wt%, Figure

A.7c—d). (b) Decreasing PAA1 solution concentration to 1 wt% (c.f., 5 wt%, Figure A.7a—b).
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In contrast, the deposited film thickness changes significantly with concentration. For PS, the
edge spike height increases from ~80 nm (5 wt%) to 160 nm (20 wt%), while the center
increases from ~20 nm (5 wt%) to 75 nm (20 wt%). Similarly, for PAA, the average film

thickness decreases from =70 nm (5 wt%) to 12 nm (1 wt%).

Figure A.25. PS4 dewets from Cu upon thermal annealing. Optical micrographs (a) of an as-

cast PS film on Cu/OTS-S103, and (b) after annealing at 170 °C for 1 hr.

in water. Optical images of (a) as-spin-dewet PAA, (b) crosslinked at 240 °C for 1 hr, and (c)

rinsed with water.
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Appendix B. Multi-Wavelength Photodetectors Based on an Azobenzene

Polymeric Ionic Liquid?

B.1 Introduction

Organic photodetectors (OPDs) have a tunable wavelength response and are
compatible with flexible/lightweight form factors.!™ The chemical versatility of the organic
semiconducting materials used to fabricate OPDs provides a wide range of accessible
absorption profiles and physical properties that are important in various applications. For
example, these materials can be deposited over large areas with solution-based methods (e.g.,
spin coating, inkjet printing, and roll-to-roll printing) and are processable under ambient (or
convenient) conditions.?™®

One strategy to create OPDs and other light responsive devices leverages molecular
photoswitches (including spiropyran, azobenzene, and diarylethene), which remotely modify
the properties of organic semiconductors in response to light.”® Among these photoswitches,
azobenzenes have been widely studied due to their synthetic accessibility and stable cycling
performance.!? Azobenzenes have been used to modulate the electrical properties of thin film
transistors both under and after illumination when incorporated as the gate insulator or directly

11-15 o

in the semiconductor layer.!!"!7 Generally, these effects are related to charge trapping r

photomediated changes in the azobenzene dipole moment that accompanies cis—trans
16,17

1somerization.

Despite the appeal of OPD devices containing organic semiconductors and

3 This Appendix was originally published in ACS Applied Polymeric Materials. Reproduced
with permission from ACS Applied Polymeric Materials 2021, 3, 10, 5125-5133. Copyright
2021, American Chemical Society.
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photoswitches, there are two major challenges associated with practical implementation. First,
the wavelength range over which they respond to light is typically limited to a narrow region
around the absorption profile of the two photoswitch states, e.g., trans- and cis-azobenzene.
Second, there are often processing difficulties in forming thin film stacks containing organic
semiconductors and light-responsive azobenzene-based materials because of their similar
solubilities.!® Here, we overcome these limitations by exploiting azobenzene-containing
polymeric ionic liquids (PILs) as efficient materials for multi-wavelength detection in OPDs
when used as a gate layer with the semiconducting p-type polymer poly {(4,4-dihexadecyl-4H-
cyclopenta[1,2-b:5,4- b']dithiophene-2,6-diyl)-alt-(2,3-difluoro-1,4-phenylene)} (PhF-2,3).
PILs are advantageous as light-responsive gate materials because they exhibit good solubility
in polar solvents, which allows for direct deposition via spin-coating onto less polar
semiconducting conjugated polymers. Moreover, PILs retains the advantageous qualities of
ionic liquids (ILs) such as good thermal stability and low volatility while providing tunable
mechanical and physical properties through synthesis.'® Our photoswitch-based photodetector
platform shows an increase in photocurrent over two-to-three orders of magnitude when
exposed to different wavelengths of light, as well as an attenuated response across the visible
spectrum. These multi-wavelength sensing capabilities expand the applicability of
photoswitches and PILs in flexible, solution- processable devices for broadband light
detection.
B.2 Results and Discussions
B.2.1 Design and Synthesis of a Photoresponsive PIL with Pendant Azobenzene Groups
We sought to develop a PIL-containing photoswitch as a light-responsive unit with

high solubility in orthogonal solvents to the organic semiconducting polymer PhF-2,3. PhF-2,3
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is a donor—acceptor-type semiconducting polymer based on 4,4-dihexadecyl-4H-
cyclopenta[1,2- b:5,4]dithiophene (CDT) and 2,3-difluorophenylene (2,3-DFPh) that was
chosen for its high hole mobility.!>* The electron-withdrawing property of 2,3-DFPh is
relatively weak in comparison with conventional acceptor units, which results in a higher-lying
LUMO level that provides a sufficient energetic barrier for minimizing electron injection from
gold, thereby facilitating unipolar hole transport in the semiconductor.

For the light-responsive PIL layer, we designed a polymer with covalently-attached
azobenzene units and, importantly, fixed charge groups that would solubilize the material in
polar solvents for direct deposition onto PhF-2,3 (which is soluble in nonpolar solvents).
Poly(ethylene oxide) was chosen as the PIL polymer backbone because it is a synthetically-
accessible and soluble scaffold that has a low 7, to avoid aggregation of the azobenzene
chromophore, which could lead to non-uniform and irreversible performance in devices.!>!” A
poly(ethylene oxide) homopolymer with side chains containing neutral imidazoles (7g = —20
°C) was synthesized as the PIL precursor through a thiol-ene click reaction according to
previously reported literature.?! Post-polymerization modification of this PIL precursor by
partial quaternization of the imidazoles with 1-(4-(bromomethyl)phenyl)-2-phenyldiazene??
yielded a photoresponsive azobenzene PIL (Figure B.1). This simple synthetic approach
installs the charged imidazolium group and covalently-bound azobenzene in tandem with
stoichiometric control over the level of functionalization. The extent of quaternization as
measured by '"H NMR (details shown in Supporting Information) was 37 mol%, which agrees
well with the target of 40 mol% azobenzene-IL incorporation. This concentration of PIL and
azobenzene represents a suitable balance between ionicity for solubility without making the

material too optically dense for effective light penetration.?*** The bromide anion was then
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exchanged for bis(trifluoromethanesulfonyl)imide (TFSI) (Figure B.12) via ion metathesis to
form a PIL denoted Azo-PIL (7y = —11 °C). The larger, more diffuse TFSI anion improves
solubility in organic solvents and reduces the 7, compared to other possible PIL

counterions.?>2°
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Figure B.1. Synthesis of Azo-PIL via post-polymerization modification of poly(allyl glycidyl
ether). (1) Light-mediated thiol-ene click with pendant alkenes initiated by 2,2-dimethoxy-2-
phenylacetophenone (DMPA) in methanol over 2 hours at room temperature. (ii) Partial
quaternization of imidazole side chains with 1-(4-(bromomethyl)phenyl)-2-phenyldiazene in
1:1 methanol:acetonitrile at 100 °C for 15 hours. (iii) Ion exchange with lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) in 20% water in methanol at 50 °C for 18 hours.

B.2.2 Fatigue resistant trans—cis isomerization

Upon covalent attachment to Azo-PIL via side-chain imidazoles, the isomerization of
azobenzene in the solid state was photochemically characterized by UV—vis spectroscopy.

Azo-PIL in acetone was spin-coated onto quartz substrates to prepare 400 nm thin-film
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samples. The penetration depth of light in a thin film can be calculated as / = ™!, where [ is the
penetration depth and « is the attenuation coefficient at a specific wavelength of light (Table
B.1).2” At the wavelengths of interest for azobenzene (365 nm and 470 nm), '° the penetration
depth is roughly 430 nm and 620 nm, respectively, based on 37% azobenzene in the PIL. Thus,
at the film thicknesses used in UV—vis experiments, some incident light will be transmitted
through the film. We first irradiated these samples with 365 nm light (80 mW cm™) to induce

trans-to-cis isomerization. In the UV—vis spectrum of Azo-PIL (Figure B.2), isomerization to

the cis isomer corresponds with a decrease in the Amax at 323 nm, largely associated with the ©
— ¥ transition of trans-azobenzene. The concomitant increase in Amax at 430 nm is related to
the n — m* transition of cis-azobenzene, which was observed after 1 minute of irradiation with
365 nm light. Subsequent irradiation with 470 nm light (200 mW cm2) for 1 minute resulted
in back isomerization from cis to trans. Prolonged irradiation with either 365 nm or 470 nm
did not induce further changes in the UV—vis spectrum of Azo-PIL, indicating 1 minute of
irradiation is sufficient to reach a photostationary state (PSS) (Figure 2.15 and Figure 2.16).
The cis—trans ratio at the photostationary state was quantified by UV—vis spectroscopy and 'H
NMR by extrapolating the trans and cis extinction coefficients (Table B.2 and Figure B.17).%
Calculated by this method, the PSS corresponds with 67% cis under 365 nm light. Partially
overlapping absorbances of the trans and cis states around 365 nm, which presumably results
from the proximity of the azobenzene to an electron-withdrawing imidazolium, contributes to
the modest cis content of the PSS;* in comparison with other polymers that are covalently
conjugated to an azobenzene unit, we observe a slightly lower percentage of cis isomer in Azo-

PIL at the PSS (typically ~89-95% cis form is observed after exposure to UV light).?*>!

However, the trans-to-cis ratio under UV light in Azo-PIL is consistent with the switching
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efficiency of a previously reported small-molecule azobenzene ionic liquid.?

Next, we performed cyclic irradiation UV—vis studies of the Azo-PIL under 365 nm
and 470 nm light to mimic the irradiation conditions used in devices. Exposing Azo-PIL films
to alternating 365 nm and 470 nm light demonstrates the excellent reversibility of the cis—trans
isomerization with a negligible decay in performance (Figure B.2). Once deposited on the
semiconducting polymer PhF-2,3, the Azo-PIL preserves its reversible isomerization
characteristics with a decreased absorbance in the 1 — 7 transition at 323 nm upon UV light

irradiation and a return to the original UV—vis spectrum with visible light (Figure B.18).
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Figure B.2. UV-vis studies of Azo-PIL thin films were conducted on quartz. (a) Schematic
of the irradiation setup (b) UV—vis spectra of thin-film Azo-PIL before (solid red trace) and

after (dashed blue trace) exposure to 365 nm irradiation for 1 minute. (¢) Fraction of the trans
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azobenzene isomer during multiple irradiation cycles with UV (365 nm, 80 mW c¢m2) and

visible (470 nm, 200 mW cm™2) light.

B.2.3 Multi-wavelength-stimulated increase in photocurrent driven by absorption of
azobenzene

With the reversible photochemical properties of Azo-PIL confirmed by UV-vis
studies, both two- and three-terminal lateral organic bilayer photodetectors were fabricated to
investigate the light-induced device response and associated molecular mechanism. Azo-PIL
and PhF-2,3 were introduced as photoactive and semiconducting layers, respectively. Due to
the orthogonal solubilities of Azo-PIL and PhF-2,3, Azo-PIL could be spin coated onto PhF-
2,3 without the need for an intermediate layer (Figure B.3). Details about the fabrication

methods for the devices are further described in Section B.4.5.
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Au Ayl ——s
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from non-polar solvent from polar solvent

Figure B.3. Schematic of the two-terminal photodetector device fabrication by spin-coating

Azo-PIL directly onto the semiconducting polymer PhF-2,3 on a glass substrate (previously
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passivated with n-decyltrichlorosilane (DTS)).

The response produced in these bilayer devices under irradiation was studied by
monitoring the drain current as a function of time under exposure to 365 nm and 470 nm light.
When the photodetector was initially illuminated with 365 nm light (80 mW cm™2), a 600-fold
increase over three orders of magnitude in drain current was observed with a rise-time of 10
seconds (Figure B.4). After approximately a rise-time of 50 seconds, saturation at 99% of the
final current was reached. Notably, a 90% relaxation of the current was observed within a fall-
time of 5 seconds when the 365 nm light was shut OFF, eventually resulting in a 99% decrease
in current after a fall-time of 70 seconds in the dark. To test the response to light within a
timespan of minutes, the device was subsequently irradiated with 470 nm light (200 mW cm™2),
eliciting an increase over 2 orders of magnitude to the same maximum value in current. In the
following irradiation cycles, the increase in current and decay with 470 nm is nearly identical
to the response under 365 nm light. This fast ON—OFF performance is maintained upon
repeated cycling between 365 nm and 470 nm light (Figure B.4a), performance that is within

the range of'*!> or exceeds’ !¢

other photochromism-based devices.

As the increase in current was shown to be consistent with multiple cycles of irradiation
with 365 nm and 470 nm light, the sensitivity of the device was then examined by comparing
the effect of incident power at 470 nm (0.3 and 200 mW cm™2) (Figure B.4b). Bias stress
measurements of the two-terminal device under 470 nm at 0.3 mW cm show an increase in
current of approximately one order of magnitude, smaller than the 3 orders of magnitude

increase observed under higher power (200 mW cm™2). Although the irradiation with our high-

powered 470 nm LED (200 mW cm™) is 670 times higher than that of the low-powered LED
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(0.3 mW cm™2), the current increase observed is only 25 times larger. Additionally, a
responsivity of 0.23 A W~! and an external quantum efficiency (EQE) of 59% was calculated
at this low-powered 470 nm, comparable to what is found in other planar heterojunction OPDs
(Table B.1). This non-linear dependence on power density reveals the limits of the current
increase and the sensitivity and performance of this device as an OPD.

10°

107 7
<
3

10 -

V=1V
10° 4= B 1
0 200 400 600

b Time (sec)

las (A)

D Jewt

0 —— High power vis (200 mW cm )
- = - Low power vis (0.3mWem )

0 40 80 120
Time (sec)

Figure B.4. Time-dependent current of the two-terminal device in response to (a) alternating
UV (365 nm, 80 mW cm™2) and visible (470 nm, 200 mW c¢m™2) light, and (b) high (200 mW

cm2) and low (0.3 mW cm2) power visible light.

Encouraged by these results, we next sought to determine if the Azo-PIL device would
be applicable as a broadband photodetector through exposure to different wavelengths of light
beyond the Azo-PIL wavelengths of maximum absorption. We selected three wavelengths of

light with three different photon fluxes. Specifically, the device response under 470 nm was
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compared to 600 and 700 nm wavelengths, which are lower energy than the 1 — n* and n —

n* transitions of trans-Azo-PIL and are near the absorption edge of PhF-2,3 (Figure B.5b).

Bias stress measurements of the two-terminal photodetector under lower power 470 nm
light (0.32 mW cm™2; 7.7x10'* photons s™' cm™) show an increase in current of approximately
one order of magnitude (Figure B.5a). In comparison, the current increase under a 660 nm LED
(2.1 mW cm™%; 6.9x10'° photons s~ cm™) is 37% of the current increase seen with 470 nm
light, despite a higher photon flux. With 700 nm light (1.5 mW cm™2; 5.2x10'° photons s~ cm™
%), the increase in drain current under constant bias stress was 3% of the increase in current
seen with 470 nm light (Figure B.5a). For all three wavelengths of light with differing photon
fluxes, we see an increase in current, demonstrating the capability of this device to detect light

of various wavelengths and corresponding energies.
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Figure B.5. (a) Time-dependent current of the two-terminal device under irradiation with three
wavelengths of light. (b) UV—vis spectrum of trans-Azo-PIL and trans-Azo-PIL + PhF-2,3 on
quartz with the wavelengths of irradiation from (a) highlighted. Figure 5b shows 470 nm has
absorption from both Azo-PIL and PhF-2,3, whereas PhF-2,3 contributes to the majority of the

absorption at 660 nm and 700 nm.
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To evaluate if the increase in photocurrent was dependent on the concentration of trans
or cis isomers in the Azo-PIL layer, the light-response of the bilayers was compared in
the presence and absence of the trans — cis isomerization. A three-terminal device where the
bilayer was formed on an SiO; dielectric with a doped silicon bottom gate provided a means
to modulate the number of carriers in Ph-2,3 at the SiO interface and into the bulk by
application of a gate bias. Measurements were performed in the saturation regime (Vp = —80
V) of the device under irradiation with 365 nm and 470 nm light. The devices were first kept
in the dark to ensure that the Azo-PIL layer was initially in the frans form. These three-terminal
Azo-PIL devices were then irradiated with 365 or 470 nm light. Note that little trans — cis
isomerization is observed when the Azo-PIL film in the trans form is illuminated with 470 nm
LED light (Figure B.12). As expected from Figure B.4a, an increase in current at all voltages
was observed with 365 nm light (Figure B.6). Notably, a similar shift in the transfer curve was
observed with 470 nm illumination that corresponds with minimal trans — cis isomerization,

presumably due to minor absorbance from the n — @* transition of frans-azobenzene.
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Figure B.6. Transfer characteristics of the three-terminal Azo-PIL device under dark
conditions (trans form), after 365 nm irradiation (¢rans — cis isomerization), and after 470 nm

irradiation (still in the trans form).
226



B.2.4 Mechanism

The increase in current observed with UV light could be consistent with either the
isomerization of azobenzene—which yields a change in dipole moment'®!'"—or a light-
induced charge-transfer mechanism.!'"'> With Azo-PIL, evidence suggests charge transfer
between the Azo-PIL and PhF-2,3 semiconducting layers is responsible for the current
increase. First, as shown above in Figure B.6, molecules that remain in the trans configuration
still increase device current when illuminated. Second, a change in dipole driving the
conductivity does not fully explain why the current increase is the same with both 365 nm and
470 nm light sources; as shown in Figure B.2, Azo-PIL undergoes a reversible isomerization
with 365 nm and 470 nm light. If the change in dipole controlled the increase in current, a cis-
trans isomerization would decrease the current as cis reverts back to trans if molecular dipole
effects were at play, further supporting that charge-transfer is the mechanism in the Azo-PIL
device.

Our hypothesis of charge-transfer is further supported by the higher OFF current under
365 and 470 nm light for the reverse scan of the transfer curve. Full current recovery was not
observed during the reverse bias scans, which can be attributed to incomplete charge depletion
in the bulk PhF-2,3 layer. The trapped charges in the PhF-2,3 layer are believed to keep the
device ON during the reverse bias scan above 0 V, which indicates that charge transfer occurs
at the Azo-PIL and PhF-2,3 interface.

Furthermore, this device shows the largest increases in current for the wavelengths of
light associated with Azo-PIL absorbance. As shown in Figure B.5, we observed a difference
in the increase in photocurrent under 470 nm light, associated with the Azo-PIL, and that under

660 nm and 700 nm light, outside of the Azo-PIL absorbance spectrum. Although the
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respective photon fluxes of light with 660 nm (6.9x10'° photons s cm™) and 700 nm (5.2x10'°
photons s~ cm™) are larger than that of the 470 nm LED (7.7x10'* photons s~ cm™) used in
this experiment, a smaller current increase was observed, resulting in smaller responsivities
and EQEs at these longer wavelengths (Table B.3). Additionally, the PhF-2,3 absorbs at 660
nm and 700 nm and shows a small amount of charge carriers generated compared to the
wavelengths where Azo-PIL absorbs, implying formation of the exciton in the Azo-PIL layer
(Table B.1).

Finally, in the absence of the Azo-PIL layer, the device containing only PhF-2,3 shows
minimal increases in current with irradiation of multiple wavelengths of light despite the fact
that PhF-2,3 does show some absorbance at 470 nm, 660 nm, and 700 nm in the UV-vis
spectrum!’ (Figure B.20 and Figure B.21). Taken altogether, these results strongly support that
the device response is driven by Azo-PIL absorption and subsequent charge transfer with the
PhF-2,3 semiconductor.

Frontier energy levels of PhF-2,3 and Azo-PIL were determined experimentally by
cyclic voltammetry to further support the interfacial charge transfer mechanism (Figure B.21).
The highest-occupied molecular orbital (HOMO) and lowest-unoccupied molecular orbital
(LUMO) of Azo-PIL were calculated using a ferrocene reference (4.8 eV), yielding a HOMO
energy of —5.3 eV and LUMO energy of —4.1 eV. We believe these HOMO and LUMO levels
are due to the azobenzene units on the Azo-PIL as the corresponding oxidation and reduction
peaks used for HOMO-LUMO determination are present in the Azo-PIL, but are absent from
the unfunctionalized imidazole homopolymer (Figure B.22 and Figure B.23). The HOMO and
LUMO energies of PhF-2,3 have previously been reported as —5.3 eV and -3.3 eV,

respectively.!” With the similar HOMO levels of Azo-PIL and PhF-2,3 coupled with the fact
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that PhF-2,3 does not absorb light at 365 nm,'? it is plausible that the generation of an exciton
in the Azo-PIL layer would allow for hole transfer from the HOMO of Azo-PIL to the HOMO
of PhF-2,3, thereby reducing azobenzene in the Azo-PIL layer and yielding holes in PhF-2,3
(Figure B.7). This photoinduced interfacial hole transfer increases the hole current within the
semiconductor, even with multiple wavelengths of light. In addition, the quick decay of current
in the absence of light is consistent with recombination between carriers near the interface of
the Azo-PIL and PhF-2,3 layers. This decay that begins as soon as the light is turned OFF
contrasts with the behavior of past devices which exploit azobenzene charge transfer; typically,
slow decay rates on the order of minutes to hours after UV irradiation are observed due to
sluggish hole recombination between the semiconducting polymer and azobenzene additive,
maintaining a metastable ON state.!!"!*!> In the Azo-PIL device described here, the reduced
azobenzene in the Azo-PIL layer can readily transfer an electron back to holes in PhF-2,3

resulting in fast current decay.
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Azo-PIL PhF-2,3
Figure B.7. Schematic of the charge transport mechanism as depicted with (a) an interfacial
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diagram and (b) frontier energy levels. When the device is illuminated with either 365 nm or
470 nm light, an electron in Azo-PIL is promoted from the low-lying doubly-occupied HOMO
to the LUMO, generating excitons in the PIL layer (step 1). These excitons diffuse throughout
the PIL gate layer to the interface (step 2, not depicted in 7b), stimulating electron transfer
from the doubly-occupied HOMO of PhF-2,3 to the now singly-occupied HOMO of
azobenzene and creating holes in the semiconducting layer (step 3). The generation of holes in
the semiconducting PhF-2,3 layer then allows for the lateral flow of electrons (step 4, not

depicted in 2.7b), resulting in an increase in current under multiple wavelengths of light.

To further rationalize the interfacial charge transfer mechanism between Azo-PIL and
PhF-2,3, measurements from two- and three-terminal devices were used to estimate the
surface carrier number density. For the two-terminal device, a model for the charge-transfer
mechanism was used, and the resulting estimated photo-generated carrier number density was
compared to the carrier number density estimated for the three-terminal device. The agreement
between these numbers would further support the proposed photo-induced interfacial charge
transfer mechanism.

For the two-terminal device, the expected charge carrier number density can be
extracted from the observed current increase, assuming the current increase is solely due to
photo- induced charge transfer at the interface of the two polymers. The photo-generated
current of a two-terminal, lateral organic bilayer heterojunction photoconductor can be

described by Equation B.1.3%33

Equation B.1 Jphoto = qn(n + up)E

where q is the electric charge, n is the charge carrier density, E is the applied electric field, and
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pn and i, are the electron and hole mobilities, respectively, such that u, = 1.1 cm? V- s ?%and
Up >> py. With a current increase of 0.44 pA, the surface photo-generated carrier number density
is estimated to be 3 X 1011 carriers cm 2. To further validate the application of a two- terminal
photoconductor model to our system, the carrier number density for the three-terminal device
was estimated from the transfer curve in Figure B.6. If the values of carrier number density
from the two-terminal photoconductor model and calculations based on data from the three-
terminal device match, this would support the hypothesis that the current increase is due to
photoexcitation of the Azo-PIL followed by interfacial charge transfer. The capacitance of the
gate (~4 pF) was estimated from the capacitance per unit area of 300 nm-thick Si (10.5 nF cm™
2) and the area of the channel (40 um x 1000 um). By assuming the applied voltage is equal
to the shift in the threshold voltage (30 V), the accumulated charge was calculated to be 1.2 X
10-10 coulombs. The carrier number density from the three-terminal device is estimated to be
2 X 1012 carriers cm 2. A small difference in respective calculated carrier density values can be
attributed to an overestimation of the hole mobility in the calculations pertaining to the two-
terminal device. This difference can also be due to limitations in exciton diffusion and
deviations in the PIL photoluminescence efficiency from 100%, which is seen with both the
two-terminal and three-terminal devices. As the value calculated for carrier density of the
three-terminal device is within one order of magnitude to that of the two-terminal
photoconductor model, this finding supports the proposed charge-transfer mechanism and the

13

validity of using this model.’” Since the photoconductor model is applicable to this system, it

can be used to estimate the charge carrier lifetime by extending Equation 2.1 as follows:*

E tion 2.2 L 1 1
quation ]photo = CI77¢5 T (_ + _>

th  tp
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where 1 is the photoluminescence efficiency, @ is the photon flux per unit area, L is the channel
length, d is the device thickness, 7 is the carrier lifetime, and t, and t, are the transit times of
electron and holes, respectively. With the known surface power density of both light sources
at each wavelength, the device geometry, and the photon flux attenuated by the Azo- PIL layer,
the carrier lifetime (t) of PhF-2,3 at both wavelengths was extracted and found to be in the
microsecond range (details shown in Table B.1). These results assume the photoluminescence
efficiency to be around 0.05, which is typical for organic semiconducting polymers.**>¢ Along
with the matching frontier energy levels, this analysis leads us to the conclusion that charge
transfer occurs at the interface of the Azo-PIL and the PhF-2,3 and induces a current increase
at operating wavelengths across the UV and visible spectrum.

In comparison to other light-responsive devices made with azobenzene as a
photoresponsive motif, the performance of the Azo-PIL device described here performs well
in terms of minimal decay over multiple cycles and fast response times.''"!” Our report also
explicitly shows that the trans — cis does not have a large effect on the interfacial charge-
transfer capabilities of azobenzene as demonstrated by the same increase in current with both
365 nm (trans — cis) and 470 nm (cis — trans) light excitation. In general, larger light-induced
increases in current are observed with the azobenzene devices that report operation via charge
transfer as opposed to a change in dipole, consistent with the 2—-3 orders of magnitude increase
in current observed herein.!>!4"1® Although there are examples of larger increases in current,
for example, over 6 orders of magnitude in devices that include azobenzene as a charge-trap,
the application of a large negative gate voltage or irradiation with another wavelength of light
was required to cause the current to return to its initial state.'>!*! In contrast, our device shows

an immediate decrease in current in the absence of a light source. However, both devices hold
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importance in the application of photochromic devices, with previous literature examples more
useful as writing/erasing photo-memory devices and the Azo-PIL device described here
applicable as a light sensor. As a photodetector, our device senses longer wavelengths of light
than are common in other photochromic devices.’
B.3 Conclusions

In conclusion, we have reported the fabrication of a photodetector which functions via
charge transfer between an azobenzene PIL layer and a p-type semiconducting polymer. The
Azo-PIL layer was designed to have complementary solubility to the semiconducting polymer,
PhF-2,3, which facilitates device fabrication by spin coating. The Azo-PIL was shown to have
a reversible trans — cis isomerization through UV—vis spectroscopy under 365 nm and 470
nm irradiation. However, once incorporated into devices, an increase in current was observed
with both wavelengths of light, indicating the response is surprisingly not due to the reversible
trans — cis isomerization of azobenzene. Instead, we conclude that charge transfer occurs at
the interface of the Azo-PIL and PhF-2,3 layers as evidenced by CV measurements and
supporting calculations. This charge transfer mechanism results in a fast current response
because the HOMO energy levels of Azo-PIL and PhF-2,3 are nearly equivalent. This report
reinforces the importance of tailoring materials for contemporary applications, which can
increase the processability and performance of advanced devices.
B.4 Materials and Methods
B.4.1 Materials

Methanol, acetonitrile, carbon tetrachloride, acetic acid, ethanol, 2,2-dimethoxy-2-
phenylacetophenone, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), nitrosobenzene

(>97%), toluidine (99%), n-bromosuccinimide (99%, Alfa Aesar), benzoyl peroxide (with 25%
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H>0, for synthesis), and carbon tetrachloride (anhydrous, >99.5%), were purchased from
Sigma-Aldrich and Fisher Scientific and used as received. Benzoyl peroxide was recrystallized
in ethanol before use.
B.4.2 Instrumentation

"H NMR spectra were recorded on a Varian Unity Inova 500 MHz or a Varian Unity
Inova AS600 600 MHz spectrometer at a regulated temperature of 25 °C. 'H NMR chemical
shifts were calibrated to the resonances of dimethylsulfoxide at 6 = 2.50 ppm and MeOD at &
=3.31 ppm. 'F NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400
MHz with hexafluorobenzene as an internal standard at 6 = —164.9 for calibration. UV—Vis
spectra were recorded on an Agilent UV—Vis Spectrometer. To induce photochemical
isomerizations, a 365 nm Thorlabs collimated LED lamp (80 mW/cm?), a 470 nm Thorlabs
collimated LED lamp (0.2 W/cm?), a 660 nm Thorlabs fiber LED (2.1 mW/cm?), and a 700 nm
Thorlabs fiber LED (1.5 mW/cm?) were used. Glass transition temperatures were measured on
a PerkinElmer DSC 8000. Devices were tested in a nitrogen environment using a Keithley
semiconductor parametric analyzer (model 4200-SCS).
B.4.3 Synthesis

Synthesis of 1-(4-(bromomethyl)phenyl)-2-phenyldiazene

NO - Q
O - @_,(j,@/? -

45°C ca,

1-(4-(bromomethyl)phenyl)-2-phenyldiazene was synthesized in 2 steps from a previously
published literature procedure.'

Synthesis of Azo-PIL
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Synthesis of alkene-functionalized PEG polymer

The synthesis of the starting alkene-functionalized polymer was based on a previously

published literature procedure.?

Synthesis of imidazole-functionalized PEG polymer (Poly(im))

The starting homopolymer with alkene pendant groups (n = 120), a thiol-imidazole
small molecule, DMPA, and MeOH were added to a 250 mL round bottom flask and capped
with a rubber septum. The reaction mixture was sparged with N> for 15 minutes before being
exposed to 365 nm light to initiate the thiol-ene click reaction. After 2 hours of irradiation, the
reaction mixture was exposed to air, and solvent was reduced with rotary evaporation. The
resulting mixture was purified via dialysis (MW 10k) in MeOH over 48 hours and dried under

high vacuum to yield a 100% imidazole-functionalized PAGE polymer (5.63 g, 85% yield).

Synthesis of 37% azobenzene-PIL with bromide counterion
Synthesis of PIL with azobenzene-imidazolium side chain Poly(im), 1-(4-
(bromomethyl)phenyl)-2-phenyldiazene (0.4 eq), and 20 mL 1:1 MeOH:Acetonitrile were

added to a 100 mL round bottom flask equipped with a stir bar. The flask was attached to a
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findenser and refluxed at 97 °C overnight. After 15 hours, heating was stopped and the solvent
was removed via rotary evaporation. The resulting crude material was dissolved in minimal
MeOH and precipitated into 30 mL cold ether. The precipitation solution was centrifuged for
2 minutes at 2000 rpm. The supernatant was decanted and the residual polymer was washed
with minimal MeOH before being dried under high vacuum to recover the resulting red

azobenzene PIL (1.29 g, 74% mass recovery).

lon exchange with LiTFSI to synthesize final Azo-PIL

The azobenzene-imidazolium (Br~) PIL, LiTFSI, and a mixture of 8:2 MeOH:H,0O were
added to a 100 mL round bottom flask equipped with a stir bar. A reflux condenser was fitted
to the round bottom flask and the reaction was stirred at 50 °C for 18 hours. The reaction
mixture was then concentrated via rotary evaporation and precipitated into cold deionized H»O.
The precipitation solution was centrifuged at 2000 rpm for 50 minutes. The supernatant was
decanted and the residual polymer was washed with cold H>O before being dried under high
vacuum to recover the resulting TFSI polymer (1.15 g, 97% mass recovery).
B.4.4 Spin-coating for UV—vis spectroscopy

Solutions of Azo-PIL (30 mg/mL) were dissolved in acetone for spin-coating onto
solvent- cleaned quartz slides. Thin films on quartz were made with the following conditions:
35 uL of solution, 2k rpm, and 1 minute of spin-coating.
B.4.5 Device preparation

Bottom-gate/bottom-contact two-terminal devices were fabricated on silica glass
substrates with 300-nm-thick SiO>. Thermally evaporated gold contacts with a chromium

adhesion layer were patterned on the substrates using standard lithography techniques in a
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cleanroom. The patterned substrates were cleaned by sonication in acetone followed by
isopropyl alcohol. Upon drying in an oven, the substrates were treated in a UV-O3 cleaner.
Decyltrichlorosilane (DTS) was used to form a self-assembled monolayer (SAM) on the
surface of the SiO, substrate to reduce charge trapping at the semiconductor—dielectric
interface. PhF-2,3 in chlorobenzene (35 puL, 5 mg/mL) and the photoresponsive Azo-PIL layer
in methanol (35 pL, 30 mg/mL) were deposited on top of the semiconducting layer sequentially
by spin coating. The resulting film thicknesses for PhF-2,3 and Azo-PIL were 100 nm and 440
nm, respectively. The devices were then stored under vacuum overnight to remove trace
solvent in the active layers. Prior to testing, all devices were kept in the dark so that the initial
azobenzene layer would be mostly trans as shown by UV—vis of the polymeric azobenzene on
the semiconducting polymer on quartz.
B.4.6 Cyclic voltammetry

Cyclic voltammetry (CV) was conducted using a standard three-electrode cell and a
Biologic SP-300 potentiostat. Glassy carbon was used as the working electrode, Ag/Ag™ as the
reference electrode, and platinum as the counter electrode. Ferrocene was used as an external
reference. The measurements were performed at a scan rate of 100 mV/s in acetonitrile with
tetrabutylammonium hexafluorophosphate (TBAF) (0.1M) as the supporting electrolyte. A
solution of 100 uM Azo-PIL was prepared and degassed for 15 min with nitrogen prior the
electrochemical measurement.
B.4.7 Characterization

'H NMR Spectra
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Figure B.8. '"H NMR spectrum of starting PAGE-alkene polymer in DMSO-ds.
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Figure B.9. 'H NMR spectrum of polymer after the click reaction in MeOD.
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Figure B.10. '"H NMR spectrum of azobenzene-PIL with a bromide anion in MeOD.
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Figure B.11. '"H NMR spectrum of Azo-PIL (with a TFSI counterion) in MeOD.
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Figure B.12. '°F of LiTFSI compared to azo-PIL in MeOD with hexafluorobenzene included

as an internal standard (0= —164.9 ppm).

DSC Measurements

For T; measurements of Poly(im) and Azo-PIL in the dark (trans-azobenzene), the polymers
were dried under vacuum at 1078 Torr at 50 °C. 5-10 mg of each dried polymer sample was
placed in respective aluminum hermetic pan. The sample of Poly(im) was subjected to 2 cycles
of the following protocol: cooling at a rate of —20 °C/min from 25 °C to —90 °C and then heating
at a rate of 20 °C/min to 25 °C. The sample of Azo-PIL was subjected to 2 cycles of a similar
protocol: cooling at a rate of —20 °C/min from 25 °C to —90 °C and then heating at a rate of 20

°C/min to 90 °C. T, measurements were recorded from the second cool/heat cycle.
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Figure B.14. DSC trace of final Azo-PIL polymer with 37% azobenzene-TFSI incorporation.
Table B.1 Experimental parameters used to extract the product of the carrier transit time and

photoluminescence efficiency.

242



Wavelength (nm) 365 nm 470 nm 600 nm 700 nm
Photon energy (J) 54x10" 42 %107 3.0x10Y  28x107"
P‘;ﬁ%{,‘iﬁ;‘j‘;y 80 200 2 1.5
Ij;f:;;g';"f‘;;fg‘;x 147x107 474107  686x 105 524 % 105
Abs"rpt‘(‘;‘l‘nf{’)efﬁc‘e“t 934x10°  1.61x 10° 50.0 42
A“&“h‘:ﬁf)‘igﬂ"ct;‘lz?“x 9.75x 10" 441x107  6.84x 10" 523 x 10
Percentage of light 33 6.8 022 0.19
absorbed
Jphoto 9 "
rem?) 0.44 0.74 1.69 % 10*  4.81 x 10
cm
?S; 9.0 x 10 33 x10° 4891071 1.82 x 10710

®Extracted from the Azo-PIL film thickness of 440 nm using @ = &c/loguoe.
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B.4.8 UV-Vis Spectra (on quartz substrates) and calculation of extinction coefficients
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Figure B.15. UV-vis spectra of Azo-PIL initially (solid red trace) and after irradiation with 365
nm light for 1 minute (solid blue trace) or 20 minutes at the photostationary state (PSS, dashed

pink trace).
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Figure B.16. UV—vis spectra of the Azo-PIL initially (solid red trace), after irradiation with 365
nm light for 20 minutes (dotted blue trace), and after irradiation with 470 nm light for 10

minutes (dashed purple trace).
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B.4.9 Calculation of &gqns and &gis

Solution-based UV—Vis spectroscopy was used to extrapolate the extinction coefficient
of the trans form (ewans) and the extinction coefficient of the cis form (&cis). To find the &xans, @
series of solutions of the azo-PIL (10~ M of azobenzene) were prepared and the absorbance
measured by UV—Vis. Linear regression of the absorbance, 4, was then plotted versus c/, the
concentration of the solution multiplied by the path length, to calculate the extinction
coefficient of the trans form by Beer’s law.

To calculate the extinction coefficient of the cis form, we also used Beer’s law. (Eq.
S1) A solution of azobenzene-PIL in MeOD (15 mg/mL) was stirred and irradiated with 365 nm
LED (80 mW/cm?). At each time point, ¢, the extent of trans—cis isomerization was monitored
via '"H NMR and diluted to 107> M of azobenzene in methanol for UV—Vis spectroscopy. The
concentration of trans and cis azobenzene was calculated via the ratio of methylenes
connecting the azobenzene to the imidazolium ring in the 'H NMR spectrum (Figure S10A,
blue and pink squares). The absorbance at a particular wavelength 4 represents a mixture of
the cis and trans forms at each time, . We monitored the absorbance at A =323 nm as a function

of exposure to 365 nm irradiation and calculated &5 by linear regression of A/l — Cirans€trans

VS. Ccis-
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Table 2.2 Extinction coefficients of Azo-PIL calculated by solution-based UV-vis

spectroscopy measurements.

Isomer of azobenzene Extinction coefficient (£) at 323 nm [L mol~! em™]
trans 23000
cis 2780
a ©/\ k\(}f\[ }‘1 ,—U-V_ C(\ “\[H\[H b :: —r
AR ulf i
WP i 4 P °51 N — Xma
P i Y N ",
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Figure B.17. (a) '"H NMR of azobenzene PIL initially (at t = 0) and at # = 10 min of 365 nm
light (UV) exposure, which was used to calculate the concentration of trans and cis. (b)

Monitoring the changing absorbance at different time points under 365 nm LED irradiation.
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Figure B.18. UV—vis spectra of Azo-PIL on PhF-2,3 (a) initially in the trans form (solid black
trace) and then after 365 nm irradiation (dashed blue trace) and (b) in the same 365 nm
irradiated state (dashed blue trace) and after an additional 1 minute exposure to 470 nm light

(solid purple trace).
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Figure B.19. UV—Vis spectra of Azo-PIL in the trans form and then exposed to (a) 365 nm or

(b) 470 nm light.

Table B.3 Calculation of Responsivities and External Quantum Efficiency (EQE) based on

various light sources used and corresponding photocurrents.
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Power density

External

Photocurrent Responsivity Quantum

Light Source (W em2) Power (W) (A) (A/W) Efficiency
(EQE)
High power 365 nm|  0.080 32x107° 7.5x1077 0.023 8%
High power 470 nm 0.20 8x 107 7.6x1077 0.0095 2.5%
Low power 470 nm|  0.0030 1.2 x10™7 2.7x10°® 0.23 59%
660 nm 0.0020 8.0x107 1.0x10°® 0.013 2.3%
700 nm 0.0015 6.0x-1077 8.0x1071° 0.0013 0.24%

*Power calculated based on a channel area of 40 um X 1000 pm

B.4.10 Bias stress measurements

In the absence of the Azo-PIL layer

Control experiments were performed to see the influence of the PhF-2,3 semiconductor (no

Azo-PIL) under light irradiation.
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Figure B.20. Comparison of the time-dependent current at constant drain voltage V'p=1V in

response to 365 nm (80 mW cm?) irradiation with the Azo-PIL-PhF-2,3 device (dotted blue

trace) and only the PhF-2,3 semiconducting layer (solid black trace).
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Figure B.21. Time-dependent current with only PhF-2,3 semiconductor (no Azo-PIL) at
constant V'p=1V in response to one of the four light sources: 365 nm light (80 mW cm™2, solid

black trace), 470 nm light (200 mW cm™2, dotted purple trace), 660 nm only (2.1 mW cm™2,

solid red trace). 700 nm (1.5 mW cm™2, dashed pink trace).

249



B.4.11 Cyclic voltammograms
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Figure B.22. Cyclic voltammogram of Azo-PIL (0.1 M TBAF in acetonitrile).
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Figure B.23. Cyclic voltammogram of unfunctionalized Poly(im) (0.1 M TBAF in

acetonitrile).

250



Current (mA)
o

0.0- P

Potential (V vs Fc'/Fc)

Figure B.24. Cyclic voltammagram of small-molecule Azo-Br (0.1 M TBAF in acetonitrile).
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Appendix C. Silicone-based Polymer Blends: Enhancing Properties through

Compatibilization*

C.1. Introduction

Blending polymers is a powerful technique to obtain materials with improved
properties,! often at a lower cost than the design of novel monomers and/or polymerization
routes. Procedurally, blending typically takes place using common processing equipment such
as twin-screw extruders, further reducing the financial investment associated with developing
new materials. An additional advantage is that a wide range of properties can be obtained by
simply changing the composition of blends, leading to considerable interest in a variety of real-
world applications.

The exceptional properties of silicones, like the chain flexibility imparted by the wide
silicon-oxygen bond angle paired with high bond strength, are a key driver for investigating
the preparation of polymer blends based on mixtures of silicones with a wide variety of organic
polymers. These unique properties arise from the substantial dipolar character of Si—O-Si
bonds situated along a polysiloxane backbone, coupled with an ability to readily control the
organic substituents at each silicon atom.® This versatile molecular design toolbox provides
excellent tunability over surface properties, the glass transition temperature, flexibility,
chemical resistance, and thermal/oxidative stability.” Consequently, many polysiloxane-based
materials have been manufactured in the form of fluids, resins, and as crosslinked elastomers

for thousands of commercial products.®

4 This Appendix was originally published in Journal of Polymer Science. Reproduced with
permission from Journal of Polymer Science 2021, 59, 11, 2114-2128. Copyright 2021, John
Wiley and Sons.
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Although the unique nature of Si—O bonds gives rise to the enhanced properties of
silicones, a major processing challenge lies in their immiscibility with other polymers.® When
incorporated into blends, macrophase separation usually yields undesirable mechanical
properties, and while good dispersions can sometimes be obtained with careful control of
mixing conditions, the resulting blends are often thermodynamically unstable and undergo
further phase separation over time.!? Strategies to compatibilize polysiloxanes with organic
polymers are therefore needed to develop novel, hybrid blends for advanced materials
applications.

In this report, we review state-of-the-art polysiloxane compatibilization strategies as
divided into four categories: 1) block copolymer compatibilization, 2) reactive blending, 3)
interpenetrating polymer networks, and 4) end-group functionalization. The impact of these
different approaches will be discussed in terms of phase behavior and properties.

C.2. Results and Discussion
C.2.1. Block Copolymer Compatibilization

The emulsification of immiscible polymer blends by the addition of an interfacial modifier
can lead to controllable morphologies with good mechanical properties and thermal stability.!!
These modifiers, referred to as compatibilizers, are often block copolymers where each block
is miscible with one of the blend components.!? Block copolymer compatibilizers typically
segregate to the interface between immiscible homopolymers, resulting in increased interfacial
adhesion, decreased interfacial tension and domain size, and minimal coalescence during
subsequent processing (Figure C.1).!>'* Block copolymer additives that sufficiently reduce
interfacial tension can also prevent brittle fracture due to debonding, allowing for toughening

mechanisms such as shear yielding and crazing to occur while limiting crack propagation.'*
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This interfacial toughening effect can be enhanced if the molecular weight of the copolymer is

high enough to form entanglements with the surrounding homopolymer matrix.

A-B block copolymer N

Compatibilized Blend

Figure C.1. Depiction of interfacial broadening in an immiscible polymer blend of
homopolymers A and B after compatibilization by an AB block copolymer. The block

copolymer segregates to the interface and lowers the interfacial tension.

Ternary blends of two homopolymers with copolymer compatibilizers are frequently
studied systems in statistical physics. Various theories can be used to calculate equilibrium and
non-equilibrium phase behavior, modes of phase separation, and diffusion processes,'> with
significant experimental and theoretical work having been summarized in numerous in-depth
reviews.'®!® Traditionally, block copolymers (BCPs) such as AB diblocks, ABA triblocks, or
graft copolymers are used to manipulate the phase behavior of homopolymer blends as they
segregate to A/B interfaces and suppress macroscopic phase separation.? The resulting blend
morphology is governed by experimental factors including molecular weights, composition,
and processing conditions. !’

Useful insights regarding the miscibility and phase behavior of polymers can be
inferred from the Flory—Huggins interaction parameter, y, which captures the binary
interactions between chemically dissimilar polymers.'> Theoretically, y reflects the enthalpy

associated with mixing two dissimilar polymers (A and B) normalized by thermal energy,
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where positive values indicate repulsion, which drives phase separation. In practice, Flory—
Huggins theory only accounts for the ideal combinatorial entropy of mixing with non-ideal
entropy contributions collapsed into an effective y parameter which is modeled empirically as
¥ = A/T + B, where T is absolute temperature and 4 and B are polymer specific parameters
(note that additional terms with a higher-order temperature dependence can also be
included).?%-?2 Polysiloxanes are generally incompatible with organic materials and silicone-
based BCPs are widely studied as strongly segregating, high- y systems.?*>?® Table C.1 provides
a summary of y values found in the literature for BCPs with polydimethylsiloxane (PDMS) as
the A block and various organic components as the B block. We also note that experimentally
measured values of y can vary depending on the material system (e.g., blends vs. blocks) and

measurement technique (e.g., scattering vs. rheology).?’

Table C.1. y(7) interaction parameters for AB diblock copolymers, where A = PDMS.

B Block (1D (298 K) Reference
360/T +
Poly(D,L-lactide) 1.42 28
0.21
33.5/T+
poly(3-hydroxystyrene) 0.42 29
0.31
33.2/T+
Poly(2-vinylpyridine) 0.26 30
0.14
35.2/T+
Poly(4-vinylpyridine) 0.30 30
0.18Y
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26.7/T+

Poly(methyl 0.11 0.19
31
methacrylate) 20.8/T + 0.18
0.11
19.3/T +
0.14 0.20
Poly(ethylene oxide) 32
13.9/T + 0.29
0.14
89.9/T—
Polyethylene 0.21 33
0.094
43.6/T - 0.14
Polyisoprene 34,35
0.011 0.19
41.0/T -
Poly(ethylene—propylene) 0.12 33
0.024
5.80/T +
Polystyrene 0.076 31
0.060
25.2/T -
Poly(ethyl ethylene) 0.059 33
0.021

YValues normalized to a monomer reference volume, vo, of 118 A® unless specified

otherwise.
b Reference volume not mentioned in source.

90nly value given, not equation for y(7).
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While the high-y nature of polysiloxanes with organic polymers facilitates the
development of small features in applications such as photolithography and patterning, strong
segregation presents a challenge for blend compatibilization.®3! Morse and coworkers have
investigated the impact of adding pre-made BCPs to emulsify and stabilize PDMS droplets
within an organic matrix.’® The compatibility and morphology of the resulting blends were
estimated by interfacial tension measurements, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and calorimetry. Only minor amounts of a copolymer
modifier, ranging from 0.01% to 5%, were required to compatibilize A/B blend interfaces. The
addition of compatibilizer decreases the interfacial tension of a polymer blend until the A/B
interface is saturated with BCP chains and the critical micellar concentration (CMC) is
reached, beyond which BCP micelles lacking homopolymer begin to form and there is little
change in bulk physical properties.

Leibler developed a theory to describe the interface between immiscible polymers and
to predict the interfacial tension in highly immiscible A/B/AB ternary blends.?” The theory
models copolymer chains at the interface as brushes, with one brush in homopolymer A, the
other brush in homopolymer B, and the interface separating the two brushes as a discrete plane.
“Wet brush” and “dry brush” regimes are distinguished by the molecular weight ratio of a
copolymer block relative to its homopolymer and the grafting density, o, which is defined as
the number of chains per unit area. A wet brush, where homopolymer chains intermingle with
the copolymer, is obtained for small ¢ and relatively low homopolymer molecular weights
relative to the block molecular weight. In contrast, a dry brush describes densely packed, highly

extended copolymer interfaces where the brush resembles a neat block copolymer lamella. The
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ability to distinguish these regimes is critical as interfacial adhesion is dependent on the degree
of homopolymer penetration and entanglement with the block copolymer brush.

Hu and coworkers explored this concept experimentally in immiscible polystyrene
(PS), polydimethylsiloxane (PDMS), and poly(styrene-b-dimethylsiloxane) (PS-b-PDMS)
ternary blends (Figure C.2).’® The interfacial tension was measured using an automated drop
tensiometer to evaluate the compatibilization as a function of diblock copolymer concentration
and PDMS molecular weight. When a nearly symmetric PS-6-PDMS (M, = 13 KDa, 50 wt%
PS) was added into a PDMS homopolymer phase of a PS4x/PDMS4 sk blend, the interfacial
tension decreased as the copolymer concentration increased. A reduction in interfacial tension
of 82% was achieved at the CMC (0.002 wt.%), above which no further change was observed.
These results follow Leibler’s theory for dry brush behavior and a calculated saturation
concentration of 0.003 wt.%. In contrast, a ~70% reduction in interfacial tension was observed
for a lower molecular weight PDMS blend (PS4k/PDMS; k) with a significantly higher CMC
of 0.03%. In this case, the interfacial tension observed is larger than Leibler’s theory predicts
for a dry brush, suggesting lower molecular weight PDMS chains penetrate the copolymer
brush layer, leading to repulsive interactions between the PDMS/PS homopolymers that
increase interfacial tension. Furthermore, a higher interfacial tension was observed when the
PS-b-PDMS compatibilizer was first mixed into the PS phase, likely due to the formation of

micelles with diffusion also limited by viscosity effects.
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Figure C.2. Reduction of interfacial tension (y) for PS/PDMS blends as a function of the mass
concentration of a PS-b-PDMS copolymer additive (®cop) formed at 180 °C. Adapted with

permission.®® 1995, American Chemical Society.

In addition to the compatibilizer concentration, the phase behavior of ternary A/B/AB
blends heavily depends on the composition of the AB diblock copolymer additive.*® Self-
consistent field theory (SCFT) calculations predict that the interfacial tension, p, for
homopolymer mixtures with equal degrees of polymerization and statistical segment lengths
should extrapolate to zero in the limit of a symmetric block copolymer and vary quadratically
around the minimum of fa = 0.5. To experimentally test these SCFT predictions, Chang and
coworkers measured y between polyisoprene (PI) and PDMS homopolymers mixed with a
poly(isoprene-b-dimethylsiloxane) diblock copolymer using a spinning drop tensiometer

(Figure C.3).3> Measurements were conducted on symmetric homopolymer mixtures with
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PDMS copolymer volume fractions, fppms, ranging from 0.49 to 0.73. Mixtures containing
nearly symmetric compatibilizers exhibited ultralow interfacial tension, up to three orders of
magnitude less than observed for the homopolymer PI/PDMS interface. Optical microscopy
and small-angle X-ray scattering (SAXS) confirmed that these symmetric mixtures form
lamellar or bicontinuous microemulsion phases depending on the surfactant concentration.
However, the equilibrium y was found to be a discontinuous function of fppms, particularly
between frpms = 0.60—0.63, where y changes by an order of magnitude. Chang and coworkers
concluded that the discrepancy with SCFT calculations may arise from the limiting rate at

which micelles in the PDMS phase emulsify PI homopolymer chains as they approach the

interface.
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Figure C.3. Reduction of interfacial tension (y) between polyisoprene and PDMS through the
addition of a poly(isoprene-b-dimethylsiloxane) copolymer. a) Experimental data was gathered
from a spinning drop tensiometer by varying the copolymer volume fraction (fppms) and
concentration (@¢) and compared to Leibler’s theory and SCFT predictions, denoted by the

solid line. b) Direct comparison of two different volume fractions shows a larger decrease in
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interfacial tension for a symmetric copolymer. Adapted with permission.* 2007, American

Chemical Society.

The architecture of copolymer compatibilizers also strongly impacts the interfacial
structure of macrophase-separated polymer blends. Both theoretical and experimental studies
have shown that a diblock copolymer crosses the interface only once (Figure C.4).40*3 Notably,
the number of interfacial crossings for blocky compatibilizers can be increased with multiblock
copolymers,*? for example, a triblock copolymer can cross the interface twice, and a
pentablock four times, creating multiple joints or “stitches” that improves interfacial adhesion.
With low interfacial adhesion, brittle fracture can occur due to interfacial debonding, but when
multiblock polymers are used as compatibilizers, the resulting blends are substantially
tougher.!* A caveat to the use of complex copolymer architectures is often the limited
improvement in properties due to their poor entanglement with linear homopolymer chains and
micelle formation that constrains diffusion to the homopolymer—homopolymer interface.'*

The impact of compatibilizer architecture was also examined experimentally by Jorzik
and Wolf, who measured the interfacial tension of poly(ethylene oxide) (PEO) blended with
PDMS.*® They compared the reduction in interfacial tension of diblock, triblock, and

bottlebrush PEO-b-PDMS copolymers as a function of concentration (Figure C.4).
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Figure C.4. a) Arrangement of BCP compatibilizers with various architectures at an A/B
interface. b) Interfacial tension of compatibilized PEO/PDMS blends for different copolymer

architectures. Adapted with permission.** 1997, American Chemical Society.

The efficiency of the additives with respect to the maximum reduction of y follows the
sequence triblock > “bottlebrush” > diblock. However, caution should be exercised in
generalizing this trend since it does not appear that total molecular weight nor block molecular
weight of the copolymers were controlled or varied systematically in the investigation. This
presents an opportunity for further theoretical and experimental studies as the connectivity of
blocks in the compatibilizer can play a decisive role in reducing interfacial tension.
Furthermore, insights from architectures beyond classic diblock copolymers such as tapered
block, gradient or protein-like copolymers that have yet to be studied in silicone blends may

guide future compatibilizer design.*+4¢
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C.2.2. Reactive Blending

While copolymer modifiers have been shown to be an efficient means to lower the
interfacial tension of blends, there are limitations related to cost, micelle formation and limited
interfacial diffusion. Reactive compatibilization, the in-situ formation of block or graft
copolymers at the interface by coupling reactive polymers and that are miscible with at least
one component of an immiscible polymer blend (Figure C.5), is an approach that circumvents
some of these issues.* Moreover, reactive polymers avoid the potentially costly and

complicated synthesis of block copolymers.

N+

Reactive polymers %

Compatibilized Blend
Figure C.5. Compatibilization of an immiscible A/B homopolymer blend by reactive
compatibilization. Homopolymers containing reactive groups and/or reactive small molecules
undergo in-situ coupling to form a block copolymer at the interface, which reduces interfacial

tension.

Polymers with reactive comonomers or chain-ends can be mixed or added to unreactive
homopolymers they are miscible with to generate polymer blends with block copolymers at
their interfaces. Coupling reactions between the reactive homopolymers must be rapid due to
the short processing times (often < 5 minutes) and enough copolymer must be formed to
sufficiently compatibilize the final blend.>*’ Thus, it is important to understand the yield of

copolymer generated under specific processing conditions to design blends with specific
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material properties. Multiple factors controlling copolymer generation at the interface have
been investigated, including reaction kinetics, fluid dynamics during processing, and
thermodynamic interactions between immiscible polymers.*° A key constraint of reactive
compatibilization is reaction efficiency and kinetics. For efficient coupling, reactive species
must be able to access phase boundaries and react in the melt during the short processing times
associated with blending. The resulting covalent bond must also be sufficiently stable under
the processing conditions, further limiting the range of potential functional groups.
Additionally, unreacted functional groups left within the final blend can be prone to long term
side reactions, causing significant material degradation and drifts in their properties. Despite
these challenges, reactive blending has been widely successful for the compatibilization of
immiscible polymers and is used in a variety of commercial materials.>!-2

Maric and coworkers studied the in-situ formation of block copolymers with
functionalized PDMS and PS bearing various amine (NHz)/anhydride (Anh), NH>/epoxy (Ep),
and carboxylic acid (COOH)/Ep coupling partners using size exclusion chromatography (SEC)
to probe copolymer formation and electron microscopy to determine the morphology.™
Electron microscopy of the resulting blends showed a clear particle size dependence on the
reactive functional groups (Figure C.6). As expected, non-functional PDMS/PS blends
produced large PDMS droplets that coarsened rapidly after annealing. The PDMS-Ep/PS-NH>
and PDMS-Ep/PS-COOH blends were also coarse and unstable at elevated temperatures. In
contrast, after only 5 minutes of mixing, PDMS-Anh/PS-NH> blends produced stable sub-
micron droplets (< 0.5 um) of PDMS in PS. SEC revealed that the final PDMS-Anh/PS-NH>
blend contained 3 wt.% block copolymer, which is sufficient to saturate the interface, whereas

the non-stable blends did not show evidence of copolymer formation. Maric and coworkers
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also noted that in-situ block copolymer formation was slower for the PDMS-Anh/PS-NH>
blends compared to other Anh/NH> systems in the literature. They speculated that this lower
reactivity may be due to the sharper PDMS/PS interface caused by their poor miscibility

leading to decreased chain mixing.
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Figure C.6. Compatibilization of PDMS and PS through reactive blending with functional

end groups. Adapted with permission.>* 2004, John Wiley and Sons.

Expanding on this concept, Jones and coworkers examined the impact of the polymer
backbone chemistry on Anh/NH> reactions at the polymer—polymer interface to elucidate how
y impacts the reactivity.>® (Figure C.7) The extent of interfacial reaction of anthracene labeled
Anh-terminated poly(methyl methacrylate) (PMMA-Anh) or PS-Anh with a range of amine
functional polymers was determined by annealing bilayer thin films and measuring the
resulting copolymer concentration using SEC with ultraviolet light (UV), fluorescence and
refractive index (RI) detectors . In addition, the interfacial roughness was characterized by

atomic force microscopy. Two principal effects were observed with decreasing y: an increase
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in the rate and extent of reaction at long times, as well as greater interfacial roughening.
PDMS/PS and PDMS/PMMA reactive films were found to have the lowest conversion due to
a decreased interfacial volume in which reactions can occur. Furthermore, the maximum
interfacial conversion was found to decrease for blends prepared with higher molecular weight
PMMA components, likely due the lower concentration of functional groups limiting the
amount of chains that react at the PDMS/PMMA interface. In addition, the stronger
segregation, suppressed internal fluctuations and increased block copolymer asymmetry at

higher PMMA molecular weights may be important.
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Figure C.7. a) Structure and y values (at 175 °C) of PMMA-Anh with different amine-
terminated polymers. b) Interfacial conversion vs. time for reactive blends (at 200 °C)
containing PMMA-Anh. c) Interfacial width for 12 and 31 kDa PMMA-Anh with a range of

amine functional polymers. Adapted with permission.>® 2003, American Chemical Society.
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In addition to the Anh/NHb> reaction, there are a wide variety of other potential reactive
blending chemistries for the modification of silicone-based materials based on commercially-
available polysiloxanes, including hydrosilylation, thiol-ene, and polycondensation.>* Of these
reactions, only a subset has been reported for the in-situ formation of compatibilizers, primarily
in the form of graft copolymers. Although graft compatibilizers allow for more “crossings” at
the polymer—polymer interface, the location of functional groups impacts the coupling kinetics
for reactive polymers due to potential steric hindrance from the polymer backbone.*
Significantly, the effect of compatibilizer architecture, i.e., block vs. graft compatibilizers,
remains an open question for reactive polymer blends and warrants further investigation.

The promise of these studies is illustrated by the improved flow and impact toughness
reported by Zhou and Osby for the modification of polycarbonate (PC) with a small amount of
ultra-high molecular weight PDMS.®* By promoting transesterification between the
polycarbonate backbone and hydroxyl-terminated PDMS, a novel PC/PDMS/PC-co-PDMS
polymer blend was prepared with superior flow and excellent performance at low temperatures
(Figure C.8). By carefully tuning the molecular weight of the base PC, the blend retained its
impact toughness from room temperature down to as low as —40 °C. This change was attributed
to the formation of a graft copolymer architecture through the incorporation of low-7; PDMS
chains, which reduced the ductile-to-brittle transition temperature of the final material.
Analysis of the blend morphologies by electron microscopy revealed stable, sub-micron PDMS
droplets dispersed within a polycarbonate matrix, with near optimum particle sizes between
0.2 — 0.9 um for good impact toughening. This observation is in stark contrast to nearly
identical blends prepared with non-reactive PDMS, where coalescence and macroscopic phase

separation resulted in large PDMS domains and poor mechanical performance.
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Figure C.8. a) Reactive blending and morphology of PC with PDMS. b) Notched 1zod impact
toughness for a PC-PDMS copolymer, PC-PDMS reactive blend, and PC homopolymer at

various temperatures. Adapted with permission.’® 2010, Elsevier.

In principle, many functionalization reactions are available to prepare polysiloxanes
with an array of architectures and well-defined chain ends, including hydrosilylation, thiol—
ene, halogen substitution, and esterification.” Although a variety of methods to modify
polysiloxanes exist,’%>3-43-6% the hydrosilylation of Si—-H-containing PDMS is by far the most
versatile, allowing for efficient coupling to olefins, carbonyl groups, and other
functionalities.’” Indeed, this highly effective toolbox has enabled the development of various
vulcanization strategies for the industrial production of silicone networks.>! Nevertheless, only

a few papers have explored the reactive compatibilization of silicone—organic blends via
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hydrosilylation chemistry. In 2012, Bonnet and coworkers reported the reactive blending of
Si—H-terminated PDMS and poly(ethylene-co-vinyl acetate) (EVA) via metal-catalyzed
carbonyl hydrosilylation (Figure C.9).>® The properties and morphology of the reactive
EVA/PDMS blends could be tuned depending on the viscosity and stoichiometry of the
homopolymer components. Specifically, a crosslinked material was obtained for low-viscosity
PDMS with a high molar ratio of Si—-H groups to vinyl acetate (VA) residues along the
backbone of the EVA (Si-H/VA = 0.5). In contrast, a compatibilized blend was generated by
increasing the PDMS/EVA viscosity ratio and decreasing the Si—-H/VA ratio to 3.5x1073,
allowing for the in-situ formation of EVA-g-PDMS copolymers at the interface between
immiscible homopolymers. In the absence of the Ru catalyst, no graft formation was observed,
resulting in a coarse morphology with PDMS droplet sizes between 3—5 um, compared to 0.5
um in reactive blends. This approach was later expanded to the reactive compatibilization of

polyamide/PDMS blends through amide hydrosilylation, which showed similar trends.>’
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Figure C.9. Morphology of reactive and non-reactive PDMS/EVA blends compatibilized
through a metal-catalyzed carbonyl hydrosilylation reaction. Adapted with permission.’82012,

Elsevier.
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The reactive compatibilization of silicones was also probed by Sun and coworkers by
blending linear poly(dimethyl siloxane-co-vinylmethyl siloxane) chains, i.e. silicone rubber
(SiR), and soluble styrene—butadiene rubber (SSBR) compatibilized by thiol-ene click
chemistry (Figure C.10).° A trifunctional thiol trimethylolpropane (TMPMP) was chosen to
compatibilize SiR and SSBR via an in-situ interfacial coupling during the mixing process.
Although SiR and SSBR are both vinyl functionalized and can undergo a thiol-ene click
reaction with TMPMP, SSBR contains a significantly higher vinyl content and has a tendency
to self-crosslink, inhibiting its coupling to SiR. Thus, a two-step process, where TMPMP was
first reacted with SiR and then compounded with SSBR, was investigated to address the
different reactivities. Blends prepared by a one-step process without TMPMP (referred to as
blank) were also prepared for comparison. Both the one-step and two-step blends showed an
increased tensile stiffness compared to the control. However, the tensile strength and
elongation at break of the one-step blend decreased, indicating an increasing stress
concentration from the tendency of TMPMP to internally crosslink the SSBR domains rather
than coupling SSBR with SiR to form grafted/hyperbranched architectures. In contrast, the
two-step process led to improved tensile strength and tensile modulus stemming from
enhanced interfacial SiR and SSBR interactions. These results were supported by increased
transparency and decreased SiR domain sizes within the two-step blends, characteristic of

improved compatibilization.
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Figure C.10. One-step and two-step process for forming SSBR/SiR reactive blends. Backside
illuminated images of a control blend (without TMPMP) and a two-step SSBR/SiR blend.
Mechanical properties are summarized in the table. Adapted with permission.®® 2017,

American Chemical Society.

C.2.3. Interpenetrating Polymer Networks

Unlike compatibilized blends that are thermodynamically stabilized using block
copolymers, interpenetrating polymer networks (IPNs) are kinetically trapped structures
containing two or more independently crosslinked networks.®! Miscible lower molecular
weight components (oligomers or monomers) are combined and crosslinked and/or
polymerized. This strategy forces the compatibilization of two immiscible polymers by rapidly
crosslinking the growing chains, limiting phase separation to produce materials with enhanced
properties.’>* The domain size and degree of interpenetration are tunable depending on the
blending process and the nature of the monomers/oligomers. For example, a simultaneous IPN
can be prepared using orthogonal crosslinking reactions where the polymer components are
crosslinked simultaneously to form both networks in a single step (Figure C.11a).%

Alternatively, the formation of the first polymer network can be followed by swelling with an
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additional reactive component and subsequent polymerization or crosslinking of the second

network in a process typically referred to as sequential IPN formation (Figure C.11b).

Polymerize and
Crosslink A + B

Monomer A
Monomer B

+ Monomer B

Polymerize and
Crosslink A

Polymerize and
Crosslink B

Monomer A

Figure C.11. a) Formation of an interpenetrating network by the simultaneous method starting
from homopolymer A swollen with monomer B. The polymerization of polymer B is followed
by orthogonally crosslinking both polymers. b) Formation of an interpenetrating network by a
sequential strategy starting from a matrix of polymer A. Homopolymer A is initially
crosslinked, followed by the addition of monomer B and its subsequent polymerization and

crosslinking.

The formation of silicone-containing IPNs is attractive for silicone blends due to the
wide variety of available crosslinking methods including alcoholysis, vulcanization, radiation,
and hydrosilylation.>* Careful control over the polymerization, crosslinking, and mixing during
preparation prevents macroscopic phase separation, producing small domain sizes in otherwise
incompatible polymer mixtures. In particular, the morphology and domain size of an IPN

depends on the rate of phase separation and the crosslinking chemistry.®* Phase separation can
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either occur by nucleation and growth, generating polymer droplets within a larger matrix, or
by spinodal decomposition, which generally yields a bicontinuous structure with two
interconnected domains.

Turner and Cheng prepared PDMS—poly(methacrylic acid) (PMAA) IPN membranes
using sequential monomer immersion. Pre-IPN films were first produced by mixing vinyl-
terminated PDMS with a multifunctional Si—H crosslinker, which was cured via
hydrosilylation (Figure C.12).%> The crosslinked PDMS resin was then swollen in a
methacrylic acid monomer solution containing triethylene glycol dimethacrylate as crosslinker
and the IPN formed via free-radical polymerization upon exposure to UV radiation.
Fluorescent labeling of the resulting PMAA domains by swelling in fluorescein enabled the
direct visualization of the IPN morphology by laser scanning confocal microscopy. The
morphology of these PDMS-PMAA sequential IPNs transitioned from a relatively
homogeneous hydrogel near the glass surface to coarse phase separation and finally to a
bicontinuous structure, indicative of spinodal decomposition, in the interior of the films. This
change in film morphology was attributed to a concentration gradient created by monomer
evaporation and substrate—surface thermodynamic effects. In contrast, the total immersion of
pre-IPN films in a MAA solution ensured an even monomer concentration profile and
produced a uniform bicontinuous morphology throughout the IPN. Interestingly, these
homogeneous membranes were much more permeable to water-soluble compounds, with the

dispersed hydrogels forming an impermeable layer at the air or glass—IPN interfaces.
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Figure C.12. Sequential formation of a PDMS/MAA IPN and laser scanning confocal
microscopy depth profile images of an IPN prepared on a glass substrate. Adapted with

permission.® 2000, American Chemical Society.

Although sequential strategies provide well-disperse IPNs with unique morphologies,
they are often not very practical for industrial applications. An interesting alternative to the
sequential approach is IPN formation via simultaneous polymerization processes.®® In these
systems, the morphology depends on homopolymer incompatibility and the polymerization
conditions, including mixing and the kinetics of each reaction.’ Issues such as co-solubility
and relative hydrophobicity between the polymers are major constraints in IPN formation and
are particularly evident when both hydrophobic and hydrophilic monomers are polymerized
simultaneously. To circumvent these issues, Castellino and coworkers formed
polydimethylsiloxane—poly(methacrylic  acid-stat-hydroxyethyl —methacrylate) (PDMS-

P(MAA-HEMA)) IPNs simultaneously from bicontinuous emulsion templates that were
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stabilized with polymerizable silicone/ethylene-glycol-acrylate-functionalized surfactants
(Figure C.13).°” This process provides a simpler one-step approach to form silicone IPNs with
interpenetration at the nanoscale level. The phase behavior of these pre-IPN silicone
microemulsions was evaluated using pseudo-ternary phase diagrams at different temperatures
to identify compositional ranges for potential polymerization templates. Compositions with the
desired morphology were then polymerized and crosslinked simultaneously to produce the
final IPN. Confocal microscopy on samples swollen in aqueous sodium fluorescein confirmed
that both phases were well distributed with domain sizes < 1 um, although for systems with
non-reactive surfactants the morphology was not uniform throughout the material. This non-
uniformity may be a result of changes in the template microemulsion phase behavior and
domain size during polymerization. In contrast, the bulk microstructure of IPNs produced from

reactive surfactants was more uniform with reduced domain size down to < 200 nm.
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Figure C.13. Simultaneous formation of a PDMS/MAA/HEMA IPN and phase behavior of
pre-IPN microemulsion templates with reactive surfactants. Adapted with permission.®’ 2012,

Springer Nature.

Although orthogonal chemistries are typically used to crosslink each domain during

IPN formation, additional chemical grafts between the two immiscible polymers can increase
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the compatibility of the overall material. Meyer and coworkers explored this concept by
synthesizing grafted and non-grafted IPNs based on PDMS and PMMA (Figure C.14).%® The
IPNs were synthesized through an in-situ sequential strategy involving mixing dihydroxy-
terminated PDMS, MMA, azobisisobutyronitrile (AIBN), 1,1,1-trimethylol-propane
trimethacrylate (TRIM) and either tetraethyl orthosilicate (TEOS) or trimethoxysilylpropyl
methacrylate (TMSPM) as a crosslinker for the PDMS domains. The PDMS network was
initially formed by adding tin(Il) octanoate to catalyze the polycondensation crosslinking,
followed by heating to 60 °C to initiate the copolymerization of the vinyl network.
Interestingly, the grafted PDMS/PMMA IPNs (crosslinked by TMSPM) were more transparent
when compared to their non-grafted analogs, indicative of a decreased PDMS domain size
within the composite material. In addition, differential scanning calorimetry (DSC) showed
little change in the glass transition temperatures of the PDMS and PMMA networks,
supporting phase separation in the graft IPNs. The stress—strain behavior of full and graft IPNs
demonstrated that grafting and crosslinking significantly improved the tensile modulus £ while

reducing elongation at break é&u.
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C.2.4 End-group Interaction

Although the formation of stable polymer blends has primarily focused on the design

of novel compatibilizers, several publications have demonstrated that interactions between

chain ends can significantly impact interfacial properties.®>’® This approach can lead to

increased miscibility by incorporating end groups that have repulsive interactions with both

blend homopolymers (Figure C.15). This phenomenon is primarily observed with low

molecular weight polymers as end-group effects are diluted with increasing degrees of

polymerization.”!
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Figure C.15. Compatibilization of immiscible homopolymer A and B through end-group

effects.

While underexplored, a limited number of studies have shown significant end group
effects on the miscibility of polysiloxanes with organic polymers.®*”* In one example, the
Koberstein group measured the interfacial tension of end-functionalized PDMS blended with
polybutadiene (PBD).® For this study, the authors measured the interfacial tension between
PBD blended with amine-terminated PDMS (PDMS-NH») or methyl-terminated PDMS
(PDMS-CH3). At molecular weights around 1300 Da, the interfacial tension of the PDMS-NH>
blend was 20% lower than that of the PDMS-CH3 blend. However, at molecular weights
around 19 kDa, the change in interfacial tension was only ~5%. Unexpectedly, PDMS-NH>
did not exhibit significant interfacial activity, indicating the reduction in interfacial tension
cannot be attributed to a surfactant effect, but instead to changes in bulk thermodynamic
interactions.

To understand this phenomenon, Qian et al. used a Flory—Huggins lattice model and

molecular simulations to account for end group effects and their impact on the y interaction

parameter.”? y values of PDMS and poly(methylphenylsiloxane) (PMPS) blends were
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calculated for trimethylsilyl- or silanol-terminated polymers. The results indicate end groups
in low molecular weight blends (particularly for oligomers with less than 20 repeat units)
significantly impact » and microphase separation, whereas end-group effects are
inconsequential at higher molecular weights. Expanding on this study, Lee and coworkers
measured the cloud point of low molecular weight blends of polyisoprene with PDMS-CH3,
PDMS-COOH, and PDMS-NH; (Figure C.16).”* For equivalent molecular weights, the cloud
points of PI/PDMS-CH3, PI/PDMS-COOH, and PI/PDMS-NH: dropped dramatically from
250 °C for the methyl-terminated polymer to 190 °C for PDMS-COOH and 85 °C for PDMS-
NHo, scaling inversely with the polarity of the PDMS end group. In particular, the polymer
chain end had profound effects on y, with the largest decrease associated with terminal amine
groups on PDMS. Chain ends having repulsive interactions with both homopolymers force the
functionalized polymers to interact, leading to increased miscibility as evidenced by lower
cloud points. The phase diagrams of these end-functional blends can be modeled by a modified
Flory—Huggins—Staverman lattice approach that includes binary interaction theory and group

additivity concepts that capture the effect of end groups on the enthalpy of mixing.
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Figure C.16. Experimental cloud point curves of non-reactive PI/PDMS blends with various

chain ends. Adapted with permission.” 2001, Elsevier.
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C.3. Conclusions and Future Work

Advances in silicone chemistry have forged a remarkable toolbox for the preparation
of novel block copolymers, reactive coupling systems, and functionalized materials. This
increased availability and versatility has allowed researchers the opportunity to design and tune
the stability, morphology, and mechanical properties of immiscible polymer blends. The
compatibilization of these materials has been achieved through four well-established
approaches, namely the addition of silicone—organic block copolymers, reactive blending,
highly crosslinked interpenetrating polymer networks, and end-group effects in low molecular
weight materials. With precise structural and functional group control, a wide array of silicone—
organic blends can now be achieved from previously immiscible polymers despite their strong
phase separation.

Although much progress has been made in the compatibilization of immiscible
silicone—organic blends, several key areas are still poorly understood and would benefit from
further theoretical and experimental studies. Most importantly, the impact of copolymer
architecture on silicone-containing BCP additives needs more research despite noted
architectural effects on the compatibilization and interfacial structure of immiscible polymer
blends. Further studies are also required on reactive blending as it does only form copolymers
at the interface. There is a caveat in that a large portion of the added reactive groups on the
siloxane and organic polymers are left unreacted and will be prone to degradation, further
material drift (potential long term side reactions) and potential hazards as would be in the case
of residual SiH containing PDMS (hydrogen formation). The block copolymer approach, on
the other hand, could be classified as a more inert approach but also will have its issues since

reaching the same level of silicone/organic polymer dispersion will require more (mixing)
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energy. Further fundamental studies exploring the effects of silicone-containing BCP
architecture on the morphology and mechanical properties of blended polysiloxanes may allow
these architecture effects to be more comprehensively evaluated. In addition, the impact of
other block copolymer design concepts that are known to strongly influence the phase behavior
of neat, non-blended materials—for example, conformational asymmetry—would provide an
increased understanding of opportunities in blend compatibilization. Finally, the development
of scalable, efficient, and cost-effective reactive systems that generate compatibilizers in situ
will drastically aid in the commercialization of immiscible silicone—organic polymeric blends.
We anticipate that polymeric silicone blends will continue to play a significant role in many
areas of materials science with well-dispersed silicone—organic polymer blends being central

to an increasing range of academic and industrial applications.
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