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ABSTRACT

This dissertation is composed of seven chapters, detailing advances within the area of
sulfur polymer chemistry and processing, and highlights the relevance of the work to the fields of
polymer science, energy storage, and optics that are enabled thineudévelopment of novel

high sulfurcontent copolymers as discussed in the following chapters.

The first chapter is a review summarizing both the historical forays into utilization of
elemental sulfur in high sulfezontent materials and the current reskaon the incorporation of
sulfur into novel copolymers and composites for high value added applications such as energy
production/storage, polymeric optical components, and dynamitisaling materials. Although
recent efforts by the materials and poBr chemistry communities have afforded innovative
sulfur containing materials, many studies fail to take advantage of the low cost and incredible
abundance of sulfur by incorporating only minimal quantities into the end products. A
fundamental challengeni the preparation of sulftgontaining polymers is simultaneous
incorporation of high sulfucontent through facile chemical methods, to truly use the element as
a novel feedstock in copolymerizations. Contributing to the challenge are the intrinsitidimsita
of sulfur (i.e., low miscibility with organic solvents, high crystallinity, and poor processability).
The emphasis in chapter 1 is the critical development of utilizing sulfur as both a reagent and
solvent in a bulk reaction, termed inverse vulcaiora Through this methodology we can
directly prepare materials which retain the advantageous properties of elemental sulfur (i.e., high
electrochemical capacity, high refractive index, and liable bond character), obviate the
processing challenges, andabéte precise control over composition and properties in a facile

manner.
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The second chapter focuses on advancement in colloid synge=if cally an example
mediated by irsitu reduction of organometallic precursors (CPfhs) by elemental sulfur at
high temperatures. In chapter 2, elemental sulfur is employed both as a reactant and novel
solvent, generating composite composed of sdeflned gold nanoparticles (Au NPs) fully
dispersed in a sulfur matrix. While the synthesis of Au NPs in molten swhisra novel
development the challenge of analyzing the particles directly within the sulfur composite matrix
by microscopy techniques required improvement of the composites mechanical properties. To
overcome this issue, a epet reaction in which the ANPs were initially synthesized, was
vulcanized through an ambient atmospketerant bulk copolymerization by the addition of a
difunctional comonomer (divinylboenzene). The improved composite integrity enabled
microtoming and transmission electron mickgse analysis of the particles within the
crosslinked reaction matrix. Due to the facile capabilities of directly dissolving the comonomers
within the molten sulfur the inverse vulcanization methodology provides a simple route to

prepare stable, high sulfigontent copolymers in a single epet reaction.

The third chapter expands upon the methodology for direct dissolution of difunctional
comonomers into molten elemental sulfur to afford chemically stable copolymer. A major
challenge associated with the higemperature (i.e., 185 °C) bulk copolymerization reactions
between sulfur and vinyl comonomers (i.e., divinyloenzene, DVB) is the high volatility of the
organic monomers at elevated temperatures (BP of DVB =195 °C). To obviate this problem
required a nogl monomer with an increased boiling point for successful scaling of the inverse
vulcanization methodology. The work presented in chapter 3 details the employment of 1,3
diisopropenylbenzene (DIB, BP = 231 °C) to enable larger scale bulk inverse vulcanizat

reactions, allowing facile control over thermomechanical properties by simple variation in
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copolymer composition (B@0Owt% S, 1050wt% DIB). Poly(Sulfurrandoml,3
diisopropenylbenzene) ((polHiSDIB)) copolymers prepared via the inverse vulcamirat
methodology possess substantially improved processing capabilities compared with elemental
sulfur. A facile demonstration of improved processability is the generation cebthrding
micropatterned structures using a high sulfurteat liquid prepolymer resinthat can be poured

into a mold and cured into the desired final form. The highest weight percentage copolymer (i.e.,
90-wt% S) was also demonstrated to improve cycle lifetimes and capacity retention (823
mAh-g* at 100 cycles) of a Lithiussulfur (Li-S) cell when the copolymer was utilized as the

active material instead of elemental sulfur.

Chapter four focuses on the optimization ofS.icell performance as a function of
copolymer composition and provides a more thorough understanditige afieans by which
copolymer active material improves battery performance. A substantial challenge associated with
Li-S cells is the fast capacity fade and short cycle lifetimes that result from loss of the active
material (i.e., sulfur) during normal cyclimocesses. The field has generally addressed these
issues by encapsulation of the sulfur in a protective shell (e.g., polymeric, carbonaceous, or metal
oxide in nature) in an attempt to sequester the active material. However, encapsulation of sulfur
is nan-trivial and leads to low loadings of sulfur, resulting in a low energy density within the
final cell. To address the challenges associated with maintaining high capacity and long cycle
lifetimes while employing an active material which is low cost, gateerin a facile manner, and
has a high sulfur content required a novel approach. In the work presented in chapter 4 we
prepared high sulfur content copolymers via the inverse vulcanization methodology, which meet
all the requirements necessary of an a&ctivaterial, and investigated the performance &% Li

batteries as a function of the copolymer composition. A survey of several {eBIfH
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copolymer compositions were prepared with DIB compositions ranging fré@wi% DIB

(i.e., 5099 wt% sulfur) and@eened to determine optimal compositions for optim&b battery
performance. From this analysis it was determined that copolymers wititi?d®IB (90-wt%

Sg) were optimal for producing LS batteries with high capacity and long cycle lifetimes. 10
wt% DIB copolymers batteries ultimately achieved long cyclic lifetimes and maintained high

capacity ( >600 mAh/g at 500 cycles).

Chapter five details the optimization of conditions necessary to generate large scale
(>100 g) inversely vulcanized sulfur copolyreend their application towards-&i batteries. As
previously stated a significant challenge in theSLbattery field is the production of a-8i
active material with improved performance that is low cost, synthesized in a facile manner, and
possesses ¢in sulfur content. To date polySDIB) copolymers prepared via the inverse
vulcanization methodology afford some of the longest cycle lifetimes and highest capacity
retention for polymeric active materials. However, initial inverse vulcanization reaction
investigated for preparing active materials were performed on 10 gram scales. The goal of the
work presented in chapter 5 was to prepare materials on a scale applicable to fabrication of
several prismatic LS cells, each of which requires several grarhactive material. However,
scaling up of the reaction to a kilogram and utilizing the traditional inverse vulcanization
conditions (i.e., 185 °C) results in catastrophic degradation as a consequence of the Trommsdorf
effect. To address this challenge ugqd decreasing the radical concentration within the bulk
copolymerization, which necessitated performing the kilogram scale inverse vulcanization
reactions at lower temperatures (i.e., 130 °C) over a longer reaction period. Decreasing the
temperature gesrates materials that are nearly identical in thermomechanical properties to

smaller scale samples and the battery performance is likewise comparable (>600 mAh/g at 500
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cycles). The key advantage of performing the inverse vulcanization reaction at lower
temperatures is that additional monomers, with lower boiling points or degradation issues, can be
utilized and the increased gelation time, enables facile incorporation of additives (e.g., carbon

black or nanoparticles) into the reaction.

Chapter six focuss on the development of poly(DIB) copolymers as novel mid
infrared (midIR) transmitting materials and the analysis of the optical properties as a function of
copolymer composition. A challenge in the optical science community is the limited number of
materials applicable to the development of innovative optical components capable of functioning
in the mid and fafR regions. Semconductor and chalcogenide glasses have been widely
applied as device components in infrared optics due to their higletreérandices 1§ ~2.0'4.0)
and high transparency in the infrared regioinl@ um). However, such materials are also
expensive, difficult to fabricate, and toxic in comparison to organic polymers. On the other hand
organic polymers are easily processed, loost, and generated from easily accessible raw
materials. Unfortunately, polymeric materials generally have low refractive indic&66) and
are prepared from monomers with functional groups that are highly absorbing-#R @il
longer wavelengths. l@pter 6 details the realization through the inverse vulcanization
methodology of the first example of a material that is high refractive index and loMRmid
absorption, but also low cost and easily processable. Critical to achieving a polymeric material
which was appropriate for milR applications was the high sulfur content and the absence of
functional groups, both of which are afforded by the facile copolymerization process. By simply
controlling copolymer composition the optical properties of theenwt were tailorable;
allowing adjustment of the refractive index from ~1.75-¢&@6 DIB) to ~1.875 (26wt% DIB).

Finally, through facile techniques, high quality copolymers lenses were prepared and we
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demonstrated the high optical transparency over akxeggions of the optical spectrum, from the
visible (406700 nm) all the way to the miR (3i5 e m) . -r-AR) lcopblydners
demonstrated high transparency to +idlight, but still maintain the processing capabilities of

an organic polymer, the firskample of such a material to possess both qualities. Ultimately the
inverse vulcanization methodology offers a novel route to low cost, high refractive index, IR
transparent materials, opening up unique opportunities for polymeric optical components within

the optical sciences field.

The seventh chapter discusses utilization of the inverse vulcanization methodology as a
means to prepare and control the dynamic behavior of sulfur copolymers for potential
applications towards selfealing materials. The ingooration of dynamic covalent bonds into
conventional polymer architectures, either directly within the backbone or ashsiolegroups,
offers the stability of covalent bonds but with the ability of stirmesiponsive behavior to afford
a change in chemit makeup or morphology. Traditionally the installation of such functionality
requires the use of disparate, orthogonally polymerizable functional groups (i.e., vinyl) and
discrete design of the comonomers utilized to generate a responsive copolymefior@hare
challenge in developing novel dynamic copolymers is the ability to install stresgbnsive
functionality directly as a result of the copolymerization without the need for rigorous synthetic
monomer design and complex copolymerization techniqonashapter 7 we discuss the analysis
of poly(Sr-DIB) copolymers with rheological techniques to assess the composition dependent
dynamic behavior. Aided by the bulk nature of copolymerization, the feed ratigasfdSDIB
directly dictates copolymer micstructure; thus the sulfur rank between the organic groups (i.e.,
DIB) was tailorable from a single sulfur (thioether) to multiple sulfurs (pentasulfide). Control

over sulfur content and number afSSenables control over the dynamic behavior, as monitored
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via in-situ rheological techniques. The highest sutfontent copolymers (8@t% S, 20wt%

DIB) showed the fastest response when under shear stress due to the large nuidéootlS.

On the other hand when no dynamic bonds were present in the cepdlysn 35wt% S, 65

wt% DIB) there is no dynamic behavior and full recovery of the pristine mechanical properties
was not observed. The facile synthesis and simple control over copolymer microstructure affords
the inverse vulcanization methodology alvantage over other dynamic materials, and provides

potential secondary qualities (i.e., high refractive index) built directly into the structure.
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CHAPTER 1: POLYMERIZATIONS WITH ELEMENTAL
SULFUR: A NOVEL ROUTE TO HIGH SULFUR CONTENT
POLYMERS FOR SUSTAINABILITY, ENERGY , AND DEFENSE

With contributions from Jeffrey Pyun
Reproduced in part from Progress in Polymer Science, Copyright 2015, Elsevier.
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1.1. Introduction

Elemental sulfur has been recognized as a valuable chemical agent since antiquity
employed as far back as 1600 B.C.E. by the Egyptians to bleach cotton fabric. The Greeks and

Romans utilized the elemental as an antimicrobial and topical pharmaceutical; while the Chinese
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were the first credited with use of sulfur in explosives for miiitand civilian applications. The
mid-19" century saw the first application of sulfur in polymer chemistry as the accidentally
discovered vulcanizing agent of natural rubber. Industrigll§fur is currently employed in a
plethora of areas including: fpeleum refining, mining, pulp and paper processing, rubber
production, and construction; where it is consumed in commodities from sulfuric acid and
fertilizers to antimicrobial agents and chemical dy&sdditionaly, polymeric sulfur and
sulfur-containing polymers have garnered scientific attention for nearly a century. However,
limitations in chemistry involving elemental sulfur have plagued the large volume consumption
for the production o$ulfur based polymerimaterials Ultimately the facile generation of unique
polymers and composites directly from elemental sulfur offers an appealing new direction in
chemistry, materials science, and chemical engineering to create innovative materials from an
unconventionalchemical feedstockThe incorporation of a high content ofSSbonds into
polymersoffers a route to materials with a number of useful properties since these moieties are

redox active, highly polarizable, and exhibit dynamic covalent character.

Herein we review modern advances in the polymer chemistry of sulfur along with the
resulting properties and applications of high sulfur content polymeric materiadgirsfprovide
a brief history on industrial sulfur prodimt and consumption routes followed laycursory
review of historical polymer syntheses whose genesis involves elemental sulfur, as a basis to the
field of sulfurcontaining polymeric materials and methods of utilizing sulfur as a monomeric
component.Recent developments using a method termgderse vulcanizatignare also
discussed, wherehe novel concept of utilizindiquid sulfur as areaction medium and
comonometto directly synthesize high sulfur content polymeric matergalgeviewed. Finally,

we discuss and provide context for thpplcation of these materials in next generation batteries,
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infrared thermal imaging, and dynamic covalent materials, all of which have strong relevance to

the emerging needs in sustainability, energy, and defense.
1.2. Elemental Sulfur Production and Caxsumption

Elemental sulfur, mostly in the form of sulfur containing minerals, has a high natural
abundance i n Ear t h"tnost abundamttelement inkhie lithpsphete. Up tnél 1 6
the late 18 century the largest extractable source of sulfur was volcanic soil on the island of
Sicily®. As industrialization began in earnest during the-a®8 century the demand for sulfur
(mainly in the form of HSQO,) drastically increased, requiring a production route thas
commensurately large in scale and considerably lower in cost than the Sicilian source. At the
turn of the 28 century the Frasch process enabled the extraction of large volumes of molten
sulfur from salt dome deposits in North AmerfcBy liquefying sulfur within the deposits and
pumping the molten material to the surface the process enabled abstraction of deposits that were
geologically inaccessible by traditional mining methéigure 1.1).° Extraction via the Frasch
process would dominate global production until 1971 when environneaneérnsnecessitated
removal of sulfur from crude petroleum feed stoddesyan producing exceedingly large volumes

of by-product sulfur®
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Figure 1.1. Scheme depicting the Frasch process for extraction of elemental sulfur from
subterranean deposits through stdammefaction and compressed air propulsion to shdace.
(Adapted with permission from Ref. 5 Copyright 2000, Prentice Hall, Inc.).

In modern petroleum refining processelse tproduction ofelementalsulfur (Sg) is
achieved throughemoval of the highly toxic hydrogen sulfide £5) gas froncrudefeedstocks
by a stripping process utilizingminebased reactasitThe hydrocarbons are separated from the
amine scrubber and the,&l recovered through a thermal expulsion process. Complementary to
the stripping process, removal of covalently bound suifer, thiophenes, thiols) is achieved
through the hydrodesulfurization process. Catalytic hydrogenolysis cleaves thecatitiom
bonds within the feedstock to yield desirable hydrocarbons aBdybk Subsequernxidation of
H,S gas from both hydrodd$urization andthe aminestripping pre@eeds through the Claus
procesg Initially a portion of the HS is fully converted into sulfur dioxide (S elemental

sulfur, and water under substoichiometric combustion conditions at temperatures above 850 °C.
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SO, is thencatalytically reacted with additional,B generating only elem#&l sulfur and water
vapor, where &is condensed and removed in molterm from the reactor for utilization or

storage.

Fig 1.2. Examples of megaton above ground sulfur storage sites resulting from refining of
petroleum via the Claus proceé&dapted with permissions froRef. 131 Copyright 2011, John
Wiley & Sons, IncandRef. 134 Copyright 2013, Nature Publishing Group).

The removalof sulfur from petroleum feedstocks ultimately mitigates environmental
issues asociated with S@emissions resulting from fossil fuel combustion and minimizes the
poisoning of catalysts utilized during downstream chemical processes. As emissions regulations
have increased in stringency, coupled with cheaper, higher-solfitent petroleum feed stask
the amount of byroduct sulfur recovered globally has risen to ~70 billion kilograms annually.

Thus refining of petroleum via hydrodesulfurization is currently the single largest source of
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sulfur production globally (nearly ten times the peak prodocfrom the Frasch process)
Unfortunately as the global demand for energy fueled by petroleum contithesse x ces s s ul f
pr ob iwid ondy be exacerbateds oil producing countries have turnedniew reserve®f
continually idirtiero feed stockge.g, Athabasca oil sands, Saudi Arabian and Venezuelan oil)
that possess increased amounts §8 ldr othersulfur containing substanc&&Vhile a majority

of this Sg is currently utilized £90% is consumedmnainly for sulfuric acid) thenormous unused
supply currently offerdittle economicutility > Therefore the byproduct sulfur is commonly
stored in large megaton, abegmund facilitiesof S in powder, or brick forn{Figure 1.2) until

the price of downstream commodities (e.g., sulfuric acid or fertilizer) warrants chemical
conversion of sulfur While elemental sulfur is largely considered to be environmentally
innocuous, the effect of loAgrm storage of megaton quantities completely expdsettie

environment has not been fully interrogafed.

Attempts by the petroleurnd chemical industrieg® consume sulfur through utilization
in construction materials (e.g. waterless concrete and asphalt extender for road pavement) have
been largely unsicessful due to high production costs, limitations in operating temperature, and
moisture uptake sensitivity'® Thus, to date high volume consumption routes other than for
sulfuric acid are virtually noexistent. Acheéving the goal of consuming the immense amount of
by-product sulfur will require the development of novel high value, high volume products and
ultimately a resurgence in sulfur research from the materials science and polymer chemistry

communities.
1.3. High Sulfur-Content Materials

1.3.1. Polymeric Sulfur
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In the 20" century a numberof research endeavorgere conducted with the aim of
utilizing Sgfor the preparation of polymeric materials. Notakiy most intensive researaelas
devoted to thelassicalring-opening polymerizatiofROP)of neato r t h o r hSgwhmbnitre U
monomer is heated above its floor temperaturel(dO °C). Under standard conditions the most
stable form of sul fur 4Sgswhichhissecongertgddotthmbnbclince o r t h
b-Ssf orm at 95 U C :Sgfdfnh exhibitsathe dominantmieletrarfsition at 119 °C and
upon continued heating the molten sulfur undergoes equilibrium polymerizatiameEig).* %
The leating rate dictates the temperatureR@P, with extrapolation to a zero rate yielding an
onset temperature of 1598T he pol y me r i-Sisdndothermimahd endotespicthnd

therefore only favorable ale a certain temperature {{Twhen the freeenergy becomes

negative.

Additionally, evidence suggests that other cyclic monomefs (Sn i 8) contribut
polymerization through homolytic ringpening reactionsas the activatiorenergies are lower
thanthat of § (Ss: 29.6 kcal/mol ; @ 30 kcal/mol; §: 35 kcal/mol)24 These species can be
present in commercial sulfur at low concentration (i.e3 mhol%) as a result of the Claus
process utilized in the hyddesulfurization of petroleunThe equilibrium polymerization results
in a mixture of § S, ( n I, 8nd polymeric sulfur; with the content of polymeric sulfur
increasing with temperature, reaching a maximum value oft2@ at ~240 °G>?® Through
empirical determination of sulfur radical concentration via electron paramagnetic resonance
(EPR) spectroscopyh¢ calculated average degree of polymerization, assuming a diradical and
linear strature, approaches 2.14 x°1n S units) at 170 °G?8 The formation of the high

molecular weight polymer when the reaction exceeggdnerates a discontinuity in physical
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properties i(e., viscosity, specific heat, electrical conductivity, density, and magnetic

susceptibility) which has beaxtensively studied®*?

a) - b)
' Ll

>120°C >159°C

>159°C —_—

-

\ S < ,S\ S <
>159 °C T o
Elemental Molten Polymeric
Orthorhombic S3  Monoclinic Sg Sulfur

S’S‘S’S‘S’S‘S’S(S S‘S’S‘S’S‘S’S .

Figure 1.3. a) Thermdly induced ring opening polymerization of elemental sulfur to yield high
molecular weight polymeric sulfur. b) Photograjgl sulfur in different states during the thermal
ring opening polymerizatior(Adapted with permission frorRef. 134 Copyright 2013, Nare
Publishing Group)

Although high molar mass polymers are readily formed via ROR,gdfdB/meric sulfur
is chemically unstablestable at temperatures above(iTe., under equilibrium polymerization
conditions)since terminal sulfur radicals promotepblymerization back to cyclic monomeric
sulfur. However, apid quenching of the equilibrium melt polymerizatioh S has been
demonstrated to presereé the polymeric form of sulfufplasticized with small molecules S
and S ni 8) for an extended period of ti me when
transition temperature of the mixture ¢(T-30 °C). At temperatures exceeding thg tiie
amorphous mixture becomes elastic and crystallizes rapidly; ultimately leading golyneer

undergoing break down into cyclic species over time, even at low temperatures, through a
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process that is not wholly understood. While the rate of depolymerization is temperature
dependent and it is conventionally believed that the radical chds wmdergo intramolecular
reaction (backbiting), resulting in extrusion of a cyclic specigy, Epectroscopic (or other)
evidence of terminal sulfur radical spedes not beedetected in a sulfur melt below 158 °C or
in solid sulfur forms® However, the formation of aulfuranelike transition species (with
tetravalent S atomd)as been proposes an alternative means by whiatiradical terminated
polymeic sulfur can break down even at low temperasif Stabilizing the polymer chain can
be accomplished by capping the chain ends to yield a crystalline maietmlsky mtedthat
this material wa fairly stable up 90 ° C before-$ bond scissiorresulted in polymer
degradation. Despite these chemical stability isanespoor solubility of polymeric sulfur, the
polymer has found utility in the rubber industry as a wildag agent (e.g., Crystex, Eastman

Chemical)**

1.3.2. Polysulfides

To develop novel chemical synthetic methods to address the issues associated with
polymeric sulfur (i.e, poor chemical stability and inferior thermomechanicalproperties)
extensive research ovdhre past century has focused prepamg high sulfur content polymers
with enhancedproperties. In this repgriwe focus on sulfuicontaining polymeric mateds
deriveddirectly from S and thus have a high sulfoatenation (i.e., high-S bond rankjwvithin
the polymer structure. Comprehensive reviews of swfntaining polymers can also be found
in the references listed>’ Polysulfides are a class of high sulfur content polymers which are

structurally similar to polymeric sulfur, but with improved stability and processing capabilities.
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A variety of copolymerization strategies have been applied to the synthesis of polysulfides

directly from elemental sulfur including condensation, fragical, and ionic copolymerizations.

1.3.2.1. Condensation Generated Copolymers

Patrick and Mnookirreported on the first synthesis of high sulfur content polysulfides
viaa pol ycondens a talky hlideseard inbrganiapolysilfides (edaS,, x =
4-6) to generate high molecular weight rubbers with good solvent and wear resi&tdrice
proved necessary to empgl@an emulsion condensation polymerization between the aqueous
polysulfide solutions and organic alkyl halides to aid in the processing of the resulting polymer.
Several alkyl halide comonomensgre applicable to the condensation reaction and sulfur content
in the polymerwas easily varied during the emulsion polymerization step by controlling the
sulfur rank of the inorganic polysulfides (Eig 1.4a)** In turn, the sulfur rank within the
inorganic polysulfidevasdictated by the molar ratio of sodium sulfide and sulfuhaigh the
distribution of rank wa greatlyaffected by pH, temperature, and concentration. These materials
have seen wide spread use as sealants and binders, being trademarked under theokaime Thi

rubber (Morton Thiokol Inc.)
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Figure 1.4. Condensation copolymerization of elemental sulfur to generate high sulfur content
pol ysul fi des. -akyl dimakdascwiti sodium @dlysulides; k) base catalyzed
reaction of alkyl dithiols andsulfur; c) thermally or lithium metal initiated reaction of
dichlorobenzene and sulfur; d) anionic generation of dicarbanionic oligomers followed by
condensation with sulfur.

Expanding upon thee seminal findingsthe synthesiof polysulfides with highsulfur
content were alsmvestigated using alternativndensatiorsynthetic method€Bordoloi et al.
demonstrated the base catalyzed reactions between sulfur and dithiols to generate polymer
through a thiokene type reaction which accountéat the devation observed in molecular
weight versus the theoretical vatudt was observed that as molecular weight of the polymer
increasedthe sulfur rank plateaued to a value of 2.5 (Fégl.4b).**** Thermal or alkali metal
initiated reaction between sulfur and either 1,3 dichlorobenzene or 1,4 dichlorobenzene has been
investigated to generate crosslinked or linear gudfides, respectively (Fige 14c).**® The
linear, high molecular weight materials are important kggrformance thermogstics that
possess excellethermal stability and solvent resistance. Howeteg, generation of reaction
side productsgg., Li»S,, LiCl) was problematic since the removal of these byproducts increased
the costs of the overall procegoscato et &’ and Catala et 4%°* demonstrated a twstep
copolymerization involving alkali metal initiated oligomerization of vinylic comonomers
followed by reaction with sulfur (Fige 14d). Kinetic studies revealed that control over sulfur
content and polymer structure waghieved by control ofSg in the comonomer feed
Additionally, the carbanion was found to react at different rates with vinylic monomenrs€Fig
1.4d), andrate of § consumption wa®bserved to dominate in the initial stages over vinylic
polymerizatio™ More recently Bowden et al. developed a new class of sulfur containing

polymersbased upon poly(aminosulfide¥)>*
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1.3.2.2. FreeRadically Generated Copolymers

The freeradical copolymerization between sulfur and a variety of unsaturated molecules
has been extensively investigated as a means of generating high sulfur content polysulfides.
Examples include vinylics (styrefie>® methyl methacrylaté® methyl acrylaté® vinyl acetaté™
tetrafluoroethyleng®®* 2-chloroprené>’® butadiené&’); cyclic olefins (cyclododeca,5,9
triene® cycloheptal,3,5triene’? cyclooctal,3-diene>® cyclohexeng? 1-methylcyclohexené®

&®">78 tricyclopentadien®’”); and terpenoids (limoneré 2,6-

norborneng* dicyclopentadien
dimethylocta2,4,6triene®® 7-methyt3-methyleneoctd. ,6-diene>® 3, 7-dimethyloctal,6-diene’
2,6-dimethylheptal,5-dien€®) (Figure 1.5). In sdution-based copolymerizations conducted at
temperatures commonly used ftree radical polymerizations ofinylic comonomers(i.e.,
between 6090 °C)Sg acts as an inhibitodue to thesignificantchain transfer rate between the
carbon radical and sulfdf®* The high rate of chain transfer to sulfur, coupled sifbw rate of
attack on vinylic bonds by sulfur radicals ultimately led to a majority of the materialsghlaww
sulfur content (<1@vt%).>8%%%! The products o$olutionbasedcopolymerization ractionshave
been characterizableusing conventional methods, such aglpermeation chromatography

(GPC), nuclear magnetic resonance (NMR) spectroscopy, or viscometry measurantrs

polymersare generally low molecular weight and low in sulfur cahte
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Figure 1.5. Scheme demonstrating freadical copolymerization of sulfur with various olefin
comonomers to generate polysulfide copolymers.

In order to obtain polymeric materials with higher molecular weights and increased sulfur
content, bulkcopolymerization methodologies have also been explored and generally afforded
improved materials uk to the higher reactivity ratio of the monomers when compared to
solutionbasedexperimentsCurell et al.investigated bulk copolymerization reactions letw
molten sulfur and several dieic comonomers at various temperatutesThe resulting
copolymers were found to be ofoderatemolecular weight (M O 7 0 Ob@itpossessd a high
weight percentage of unreacted sulfur, which over time crystalliz=dilting in constantly
changing mechanical propertiek. was noted,however, when utilizing a monofunctional
comonomer (e.gstyreneX hat pr ol onged reaction ti mes at

in a significant decrease in molecular weighetb depolymerization and that the final polymer
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is unstable de to chain end radicals. Blight @l>>>" and Bordoloi et af® demonstrated that
reaction of higher functionality monomers (j.dicyclopentadiene) led to stable copolymeric
materials which were soluble in @SNMR spectroscopy revealed that only therbornenyl
unsaturationrwas consumeat 140 °C to yield a linear polymer microstructure with lower un
reacted sulfur content than monofuootl olefins. By heating the bulk copolymerization above
150 °C a fraction of the reactioretameinsoluble in C$ due to crosslinking.However, at
temperatures in excess o0 °C, the generation &f,S was also observed along with polymer
degradatiori®>""® Ultimately, this general route to sulfur copolymers (i.e., free radical methods)
was historically comptiated byincomplete sulfur consumption, depolymerization, arngb H
generationHowever, this work also established a strong foundation for-émelbased reactions

of Sg with vinylic monomers that would later be exploited in the inverse vulcanizationgstoce

1.3.2.3. lonically Generated Copolymers

Frequently the sidproducts of fregadical copolymerization between sulfur and olefins

(e.g, norbonene and dicyclopentadienegre small sulfurcontaining moleculesuch astri and
pentathiacyclic derivatives. These molecules and other cyclic sulfides, higanes)were
observed to readily copolymerizgith elemental sulfur under anionic conditions to generate
linear polysulfides (Figre 1.6a)%*>"® The seminal discovergn the animic copolymerization of

Ss with thiiranes was achieveay Penczek et dP®° and Duda et d°®® The sulfur content in
these copolymers could be tailored by controlling the comonomer feedsratnml reaction
temperature; altbugh the sulfur catenation in the polysulfides was found to be

thermodynamically limited to x~9 before the homopolymerization began to compete with the
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copolymerizatiorf® Evidence for true copolymerigynthesisvas established vitH, **C NMR,

and Raman spectroscop§®*® It was also observed that the reactivity of the thiolate anion
decreases with an increase in the number of S atoms in the propagatinglaanesult of
negative charge stala@ation presumably via delocalization along th& Samework UV/VIS
measurerantsverified these findingsvhich shoved a red shift inthe opticalabsorptionwith
increasing sulfur ran®¥®® Copolymers win lowersulfur rank ( < 5) were found to be soluble in
traditional organic solvent&.g, toluene, chloroform, or dimethylsulfoxide); while copolymers
of high sulfur rankx O5) were only soluble in CS The resulting copolymers were amorphous
yellow materials that weréound to be eitherubberyor glassy*® Mechanical analysis of a

particular copolyme(x = 5)revealed the materisdb e hi ghl y el asti cPa(yi el c

and% elongation at brea|:J: 900%)%°
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Figure 1.6. lonic copolymerization of elemental sulfur with cyclic sulfur containing monomers.

a) Anionic copolymerization of elemental sulfur with thiiranasd trithioles. b) Cationic
copolymerization of elemental sulfur with cyclic thianes.
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In contrast to the thiirane copolymerization, theionic copolymerization between
trithioles (e.g. norbornenyl and dicyclopentadienygnd sulfur wa found to bethe only
thermodynamically allowed route of polymerization between thefTtrithiole (101 °C for
norbornenyl derivative) and ; ©f sulfur (159 °C). Thesecopolymers were found to lpossess
moderate sulfur rank x€3i6) and moderate molar mass (Mwas belov 10° g/mol).
Interestingly, by comparison the thermally initiated copolymerization of sulfur and trithioles as
reported by Bordoloi et alielded a copolymer with comparable sulfur rank (x=5.6) but with a

muchlower molecular weight (M=700g/mol).”®

Sulfur canalso undergo copolymerization viationic conditions, athe S-S bond was
likewise demonstrated tbe susceptible to attack by electrophiles. Schmidt et al. demonstrated
cationic bulk copolymerizations by rirmpening of cyclic sulfucontaining comonomers with a

Lewis acid (i.e. BFs) to yield linear polysulfides(Figure 1.6b)5%%*

The semicrystalline
polymerwas reportedly colorless and partially decomposemupelting®® While solubility and
material propertieare not discussed in detail itassumd that dieto similaities in molecular

composition,the copolymer behavedimilarly to those prepared bgnionic copolymeriations

techniqus.

1.3.3. Sulfur and Sulfu€omposite Colloids

The preparation of sulfur sols comprised of elemental, or-vzaenmt sulfur through
precipitative methods has been investigated since the discovery by von Weimarn of sulfur
colloids at the beginning of the ®@entury. Sulfur sols are composed of colloidentaining

either liquid sulfur or high sulfucontent compounds (e,golythionates) and two prominent
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methods are generally employed to prepare the(iselshydophobic or hydrophilic method&j.

The hydrophobic and hydrophilic methods differ in the sulfurous starting material utilized to
generate the colloids (i,eelemental sulfur or sodiumitsulfate respectively. Steudel recently
provided a broad overview on the methods typically utilized in synthesis of aqueous suglfur sol
and the reader is directed to thisgelet review for further detaif$. Hydrophobic sols, also
known asWeimarn solswere the first sulfur colloids gersged by precipitation methods. Sol
generation reéd upn formation of a saturated solution efemental sulfur in polar organic
solvents which are miscible with water (e.gcetone and ethanolRilution of the saturated
sulfur solutions into an excess of water precipddtee sulfur into metatable colloids at very

low concentrations (<0.1 mg/mL). The colloidgere reported to be comprised lmfuid rather
thana crystalline solidcolloidal coresand werenitially a diameter of 800 nm as observed by
optical microscopy However, because the colloidere only metastable at 20 °C, after a few
days the liquid sulfuform reverted back tthet her mo d y n a mi-sulaudwhigh thert ab | e
crystallizedto form aggregates of up to 50 um. Weimarn seése furtherstabilized hrough
physical adsorption of surfactants tbe colloid surface and provided route to higher

concentration sols due to improved stability of the colloids against aggregation.

Hydrophilic sulfur sols, most important of which are Raffo or La Mer sabs, colloids
stabilized by the amphiphilic nature of the sulfur molecules formed duhiagprecipitaton
proces. The acid decomposition of sodium thiosulfatas demonstrated to generate sodium
polythionats and cyclic sulfur species (Sn>5). The hydropobic sulfur portion of the
polythionates and the cyclic sulfur species coalesce into the core of the colloids while the
hydrophilic sulfonate endroups provide stabilization to the colloids (g 1.7). Initially the

colloids wee reportedto be in a meastable liquid state but fier aging there is a
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disproportionation of the higher order polythionates to generateackyst isuifer. The colloids

did not aggregate as was the case with the Weimasrdgeko the electrostatic repulsion from

the chargd head groups. The pmife diameter of the Raffo sol wasmaller than that of the
Weimarn sols (100600 nm as determinedy light scattering techniquesdlkely due to the
higher stabilization in the case of the Raffo sols. Additionally, Raffo sols can be prepared in
much high concentrations (up to 600 mg/mLyedto enhanced electrostatic colloidal

stabilization,making these colloids applicable as antimicrobial &gen

Na;S,0;
+ Disproportionation
P S ———

H,S0,

Figure 1.7. Acid catalyzed generation of sulfur colloids (Raffo sols) stabilized by amphiphilic
polythionates possessing hydrophilic end groups and a core composed of crystalline cyclic sulfur
species (§ n>5).(Adapted with permission from Ref. @pyright 2003, Springer)

The antimicrobial properties of elemental sulfur have been known since the Roman
empire but the use of sulfur colloids as an antimicrobial agent was first investigated by Lawson
in 1934 Several early studies on the antimicrobial and fungicidal properties of colloidal sulfur
demonstrate that the particle sizevas directly connectedith the inhibitory propertie**® The
surface groups (i.ethionates or sulfides) of the particlegre hypothesized as the active agents
as certain chemicals actupon the potency of the colloid%®’ However, reductive degradation
of the particle into b5 has also been reported as a route for antimicrobial acfisighneider et
al. demonstrated that sulfur colloids (150 nm) were active against several microbial agents but

did not present toxicity again human cells allowing for potdgtiailgh doses of colloids for in
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vivo treatments® Recently Choudhury et al. extensively studied a vanéggspects pertaining

to the efficaciousness of sulfur colloids as antimicrobial agents (bacterial and fungal) including
the crystal phase (orthorhombic versus monoclinic), particle size, and morpfAti%yyhe

particle sizeof these sulfubased colloidsvas a key factor in the prevention of microbial
growth; with sulfur nanoparticles being more effective against traditionally swéistant
microbes. Additional y -sulfud (orthorhombic) nanoparticles were found to be the most
effective allotrope at perturbing growth (Big 1.8).'% The facile sythesis, tailorability, and

low toxicity of sulfur nanoparticles provides a crucial route to potential control over microbial
agents that have become immune to traditional treatments, posing a serious health and economic

threat to modern society.

Untreated (Control) lla-SNPs @ 8000 ppm @ B-SNPs @ 32000 ppm

Figure 1.8. Preparation of sulfur nanoparticles (SNPs) by a) liquid phase precipitation to

g e n e rsalfuremandparticles and b) watero i | emul si o nsulfyenanepartides on o f
for antimicrobial capabilities. Inset of (b) reveals the conglomeratiamasfoclinic SNPs into
tetrapodlike structures. c) Antifungal assay determining minimum concentration of sulfur
necessary to inhibit growth of Aspergillus niger (black molé&dgpted with permission from

Ref. 103 Copyright 2013, John Wiley & Sons, )nc.
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Wang and coworkers also investigated the synthesis of sulfur composites in colloidal
form for utilization as the active cathode material in lithisuffur (Li-S) batteries®™*%® In this
report, a sulfur containinganocomposite was synthesized via pyrolysis of polyacrylonitrile
(PAN) in the presence of elamtal sulfurunder iner atmosphere. eto the high temperatures
utilized during pyrolysis a reaction between the sulfur and the PAN gengrateomplex

composite which contagd a mixture of sulfur nanoparticles and polysulfane chains bonded

109112

directly tothe carbon matrix (Figre1.9).

— —n

Figure 19. a) Sulfur composite colloids generated from pyrolysis of sulfur and
poly(acrylonitrile) (PAN) at high temperatures. b) Proposed chemical structure of composite as a
result of sulfur reacting with the PAN during pyrolysiddépted with permissions from (a) Re

107 Copyright 2002, John Wiley & Sons, Inc. and (b) Ref.109 Copyright 2011, American
Chemical Society)
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1.3.4. Novel Sulfur Allotropes and Macrocycles
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Figure 1.10. Synthesis of high sulfucontent molecules through activated sulboecursors. a)
Uti | i z at i ’cyclopertadiényl)stgdnigm pentasulfide (TfSs) as the starting material to
generate several homocyclic sulfur allotropes. b) Utilization of the tetrametigietidiamine
zinc hexasulfido complex as the starting material to geneyate-tertadecasulfur () as well
as other cyclic polysutie molecules.

Steudel and coworkersxtensively investigated the synthesigeneration and
characterization of novetliscretesulfur allotropes and high sulf@wontent moleculesver the
pastfour decade8®'***° Of particular relevanceo this review is the utilization of the activated
sulfur agents toprepare for the first time a new class weéll-defined high sulfurcontent
compounds and complexéBigure 1.10). The seminal work of Steudel at al. demonstrated the

preparation of high sulfur rank cyclic polysulfide using orgagtallic metallocene precursors

115120121
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As can be seen in Rige 10a, moleculesip to thecyclotridecasulfur ($3), which possess
an odd number of sulfurs, cdre generated bthe reactioro f  B-Géyclopemtadienyl)titanium
pentasulfide (CgliSs) with a dichlorosulfane (ZCl;) containing the desired number of
remaining sulfur atoms necessary to complete the ring. Additioregityo-hexasulfur (§ and
cyclo-dodecasulfur (§) wereprepareddy the use of one or two equivalents of sulfur dichloride,
respetively. However, the synthesis of larger rings ofyclo-decasulfur (&), cyclo
pentadecasulfur ¢§, andcyclo-eicosasulfur (&) requireal the useof sulfuryl dichloride, as this
provided a necessary intermediate promote efficient cyclization(e.g, cyclic Syp).**
Interestingly,the synthesis ottyclotetradecasulfur () requiral the reaction of ahexasulfido
complex (Figire 110b) whichwas reacted with dichloro-octasulfane (§l;) to generate the
14-membeedring. This was required presumablyud to the instability of dichloroonasulfane
(SoCly) which would be necessary to react with the Tt®s complex to yield the nembered
S-Sring. To our knowledge, homocyclic polysulfidesth between 16 and 19 sulfur atoms have
not beerpreparedy the utilization of activated sulfur agfs. However, the preparation of these
speciesis presumably feasible givetihe development of suitableonditionsfor the use of

sulfuryl dichloride andhe appropriate metalloce®®,TiS, (x= 3, 5, 7, 8) complex}?**?3

The prior literature on the synthesis sidilfur-rich macrocycles in Figre 1.10b offeeda
strong precedence for the synthesishimfh sulfurcontent linear copolymers by ring opening
polymerizations with & comonomers Ding et al. demonstrated thermally initiated
copolymerization of cyclic arylene disulfides oligomers with sulfur to generate high -sulfur

content copolymers withigh molecular weights (Figurg.11).'241%
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Figure 1.11. Thermally initiated ringopening copolymerization of cyclic bis(benzedieand
higher sulfidg oligomers with elemental sulfur to generate high sutfurtent copolymers.

In these systemgyclic aromatic disulfide monomegsssessing the geminal dimethyl
groupwere observed to afforsoluble copolymers capable of characterization by GPC'ldnd
NMR. For this monomer it was observed that solution copolymerizations yietgedymers of
thehighest molecular weigh{®1, = 50,000; PDI = 2.16) at 200 ¥d maximunsulfur ranksof
x=3i 4. The adition of larger equivalents of sulfufbased upon g with respect to theyclic
oligomersonly resulted in excess unreacted sulfur after the copolymerization. However, melt
copolymerizationsof cyclic arylene sulfides andgSonducted at either 150 °C or 200 °C
afforded copolymers of higher molar mass (Mr84,000; PDI = 1.94) and higher sulfur rank
(x=8 via'H NMR) as determined from thsoluble portion of the copolymerization reaction.
When four or less molar equivalents of sulfbased upon g were copolymerized with one
equivalent of the cyclic disfitle oligomers the products were completely soluble in chloroform;
however, with five or more equivalents of sulf@based upon g added to the bulk
copolymerizations the products no longer fully dissolved in chloroform due to the sulfur
catenationMelt copolymerization of the second monontee., thioether linkage, Figurg.11l)
reportedlyyielded materials which are wholly insoluble at room temperature in common organic

solvents. Characterizatiprconductedvia differential scanning calorimetry (DSC)yrdamic
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mechanical thermal analysis (DMTA), and thermal gravimetric analysis (Ti@¥#galed that as

the sulfur content within the copolymer increased, both the glass transition temperature and the
onset tempature for degradation decreasétiThese systems demonstrated the viabilitypofk
copolymerizationusing § and obtaining high sulfur contentopolymer possessing tunable

thermomechanical properties.

1.4. Challenges in Sulfur Chemistry and Processing

Elemental Sulfur

Poor High
Miscibility Crystallinity
Immiscible Brittle, Intractable

Solid

Sulfur Mixture

Recrystallized Sulfur Dewetted, Sulfur
Sulfur (<120 °C) Solution (>120 °C) “Film”

T < : Tt
- 5 3

Figure 1.12. Scheme depicting challenges associated with attempting chemistry and processing

of elemental sulfur in molten or solution based instances. (1) powdered elemental sulfur; (2)
molten elemental sulfur; (3) immiscible solution of molten sulfur and bisamipgprerminated
poly(ethylene glycol) (Mn&d1500 g/ mol, 150 UC)
of elemental sulfur in 1,2 dichlorobenzene (150 °C); (6) precipitated elemental sulfur in 1,2
dichlorobenzene (25 °C); (7) film spun from elemeastddur solution on glass.
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Several challengeare encountered when attempting to usenental sulfur (Figre 1.12-
1) in synthetic chemistryor via processing of the bulk form of sulfur in powder or melt forms.
Although sulfur melts at relatively lonemperature (~119 °C) to form a low viscosity liquid
(Figure 1.12-2), molten sulfur is immisciblewith the vast majority of conventionarganic
reagentahich affordsbiphasicmixtures(Figure 1.12-3). However, a limited range of chemical
substances wertound to be miscible with moltengwhich is cyclic and nonpolar) which
include planar aromatic compounds, certain amines, carbon disulfige #@bmore recently,
ionic liquids®**?° Based on this literature precedence sevgeakral trenshavebeen observed
in exploring reactions with molten sulfur: 1) aromatic or conjugated linedeaues wee
regularly miscible ovea wide range of concentrations; 2) the presence of polar groups, even on
aromatic molecules, generally preclddrixing at all but very low concentrations (~1%); aBjl
molten sulfur was found to bechalcogenphilic, but oxophobic anddid not readily dissolve
molecules containing oxygen, although identical molecatestainingsulfur were miscible®
While these above trends were generally consistent, certain compounds such as, low molar mass
pol yethylene gl ycol 0) lwerg alsm und to bei miseible, Witiquda r b o wa
sulfur. Miscibility of S in certain cases was facilitated by heating mixtures above the melting of
sulfur whichcan affat s i ngl e p h as e 1.1p-d)chbwevei, rapidpecipitaion gfu r e

the Sis observed aftr cooling of the mixtur@-igure 112-5).

Melt, or solution pocessing of elemental sulfur into useful forms, sugHras-standing
objects or thin films on substrategas also highly complicatedu@ to the crystallinity and
intractability of Sg. Although molten sulfur can be @gspoured into moldswhen cooled to
130

room temperature, these materials exhipgdor mechanical properties (Figurkl2-6).

Solution procesmg of sulfur into thin films (e.g., spincoating concentrated solutignento
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surfacess also challenging sinces 8loes not wet many conventional substrgeeg., glass, Si

wafers, A, carbon)(Figure 112-7).

Ultimately the limitel miscibility of molten sulfur withconventionalorganic reagents
presened a significant challenge inleveloping synthetic methods to modify, or utilizg t&
prepare useful materialsThese synthetic challenges, coupled with the aforementioned
processingssues with were likely deterrents for exploratory studies to prepare high sulfur
content substances directly frorg. 8nd while historically elemental sulfur has been utilized in
the production of several classes of copolymers tleeestill challengs associated with
preparing novel materials which are homogenous, stable, and have controllable praglerties

while utilizing facile chemistry and process techniques.

1.5. Sulfur as an UnconventionaBolventand Reaction Medium
15.1. InSitu Colloid Synthesis

In an effort to directly utilize elemental sulfas an alternative feed stock for materials
synthesisChungand Pyuret al. demonstrated that molten sulfur could be utilized as a reaction
medium for the direct synthesis of goldnoparticlesrom an organmetallic precursor (Figre
1.13)!3' The triphenylphosphindigand on the Au(l) complexvas found to be criticafor
dissolution in molten sulfur and toultimately stabilize the formed colloidal Aurhe gold
nanoparticlegD °© 20 nm) werecharacterized by transmission electron microscopy (TEM) after
sublimation of the excess sulfur. However, in order to directly observe the particles within the
reaction medium, crosslinking of the sulfur matrix was carried out with subsequent addition of

divinyloenzengDVB, a mixture of the 1,3 and 1,4 isomerghe dark brown, glassy composite
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could then be microtomed and the particles analyzed by TEM. In a similar fashion, molten sulfur
was once again utilized as a reactant and solvent in the geneffaliéad culfide particles. The
in-situ generation of hydrogen sulfide from the reaction of sulfur and oleylamine, fadititate
reduction of the lead precursor to nanoparticles ¢30.55:m) and generatea low molecular
weight copolymer in a single step Substratesupported thin films or frestanding
particle/polymer composite filmsere easily generated via solution processing technitfaes
Additionally, Block et al. recently investigated the synthesis of a variety of allylic terminated

polysulfides (RS,-R, n=3 22) utilizing elemental sulfur as the reactant and sol&nt

‘ )5 ClAu()SPPh,
SO =
Y 4
ey @@
Sutfur Matrix
L

_Au._p Dispersed AuNPs in Elemental Sulfur

@ /.,,.,o,, m\ﬁ“
O'O OOO
QI e;Q O O

Vulcanized
Sulfur—=AuNP
Nanocomposite

Figure 1.13. Schematic representation of gold nanoparticle synthesis directly in molten
elemental sulfur followed by isolation through sulfur sublimation or matrix crosslinking through
introduction of divinylboenzene (DVBa mixture of 1,3 or 1,4 isom@rs(Adapted wih
permission from Ref. 131 Copyright 2011, John Wiley & Sons, Inc.)

15.2. Inverse Vulcanizatioof Elemental Sulfur

A major challenge associated with thhelk ROP of g via free radical process is thegh
temperaturgequired to promote homolytic gengoa of sulfur radical species (i.e.185 °C)

which limited the choice of possible vinylic comonomers that did not volatilize under these
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conditions. Comonomers, such as, DVB (b.p. = 195 °C) were sufficiently nonvolatile to use for
bulk copolymerizationsvith Sg at 185 °C; however, large scale bulk copolymerization reactions
proved to be difficult to control and reproduce. To circumvent these issues, Griebel aret Pyun
al. developed a process termeaverse vulcanizatignthat employed 1;8iisopropenybenzene

(DIB, b.p. = 231 °C) in the bulk copolymerization wit§'% This methodologyrovided a route

to high sulfurcontent, statisticalcopolymers poly(sulfurrandom(1,3-diisopropenylbenzene)

(poly(Sr-DIB) using solvent free methods and inexpensive starting materials.

a)

Molten Elemental
Sulfur

4 s
s

\S/Sn\s/

Oligomeric Sulfur
(95-35 wt%)

1,3 Diisopropenylbenzene
(DIB) (5-65 wt%)

b)

70-wt% Sg 80-wt% Sg 90-wt% Sg 100-wt% S

Figure 1.14. a) Bulk copolymerization otulfur andl,3-diisoprogenylbenzengDIB) at 185 °C
to generate high sulfur content poly(sutifandom1,3-diisopropenylbenzene) (polySDIB))
copolymers. b) Digital images illustrating control over properties of copolymers as a function of
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DIB content. (Adapted with permission from Ref. 134 Copyright 2013, Nature Publishing
Group)

Theinverse vulcanizatioproces®nabledacile control over copolymer compositiand
modulation of thermomechanical propertieg simpk variation of comonomer feed ratios
(Figure 1.14a)* In a series of poly($-DIB) copolymers, semirystalline materials were
observed at lower compositions of DIBi (( wt%), while wholly amorphous copolymers were
obtained at higher DIB compositions (8% wt%) (Figure 114b). Concurrently, the glass
transition () temperature of the copolymenscreasedas the content of DIBvas increased
within the material$** Dynamic rheological characterization of these materials confirmed the
formation of thermoplastic copolymers that were NOT crosslinkedpte] by the observation

of a zero sheariscosity3+!%

Variation in comonomer feed ratia$ S and DIBin the inverse vulcanizatiomprocess
alsoafforded differentcopolymer microstructuse as ehigherDIB content increased the degree
of branchng (Figure 1.15). As discussed previously, the hotR®OP of § afforded the linear
polymeric sulfur that depolymerized back to cyclic monankEiowever, by copolymezing Sg
with DIB via free radical processes, the introduction of branching sites into the copolymer was
achieved, which asproposedas a means tsuppresghe depolymerization processes through
the formation of polysulfide Iqms and thiol terminal groupklence, for sulfur copolymers with
10-wt% DIB (poly(Sr-DIBiowies), it was proposed the formation of thermoplastic branched
copolymers compromised of longeolysulfide loops and thidkerminated chains were formed.
Concurrently, higher DIB content copolymers {20 wt% DIB) afforded (hyper)branched

copolymers.
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Figure 1.15. Schematic representation of proposed sulfur polymer microstructure as a function
of 1,3diisopropenylbenzene (DIB) content.

One of the unusual features of the inverse vulcanization prbeéssenSg and DIB was
that each of these individual monomersgessa floor and ceiling temperatur@;, and T),
respectivelyDIB (and othera-methylstyrenics) possess a relatively low ceiling temperatuje (T
which thermodynamically preventélde formation of polymer above 66 {Eigure 1.16a)*3*!3¢
Likewise elemental sulfuhasa floor temperature ¢, which reaqiireda temperature greater than
159 °C for the formation of polymer to be thermodynamicallyofable (Figure 1.16b).
However, these comonomeesadily copolymerizé in bulk at elevated temperatures, whitrie

anticipatel that growingcopolymer chaingerminatedoy DIB radicals favor crospropagation to

Ss due to the low Jobserved in DIB free radical homopolymerizatidts
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Figure 1.16. a) Schematic representat i omethylatyrethy di gi t
undergoing depolymerization at temperatures exceeding the ceiling temperate@s(TC). b)

Schematic representation and digital images of elemental sulfur undergoirgpenigg
polymerization at temperatures exceeding the floor temperaturel&b °C).

To mechanistically probe the benefits of copolymerizirgw&h DIB in the inverse
vulcanization process, copolymerizations of Bi t h monofuncti ona- cComo
methylstyrene) were also investigated. In these model reactiowss anticipated that the
copolymerization of ga n dmetHylstyrene would afford chemitalnstable linear copolymers
that would readily depolymerize, as observed in the hB@® of $ (Figure 1.17a).
Phenomenologicbl, this was observed to bthe case, whee crude mixtures from the

copolymerization of $a n dmethylstyrene were observed to possess significant amounts of
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residwal Sg which readily crystallized from the reaction medium. Size exclusion chromatography
(SEC) of this crude reaction mixture furtheonfirmed that depolymerization processes were
dominant in the $a n dmethylstyrene copolymerization as noted byphesence of only small
molecular weightspecies (Figre 1.17b). In contrast, as discussed previously for t§i®IB
comonomer pair, B resulted in branching and quenched gotysulfide radical chain ends
which wasproposé to form macromolecular polysulfide loops that suppress depolymerization
processes (Fige 117c). Analysis via SEC at different time points in the inverse vulcaoizat

of Sg and DIB (for 50wt% DIB comonomer feeds) revealed the formation of a low molar mass

polymer of broad molecular weight distribution (&g 117d).

15 20 25 30 15 17 19 21 23 25 27
Time (minutes) Time (minute)

M, =170 g/mol M, = 1262 g/mol
M,/ M,= 1.13 M,/ M,= 2.86

Figure 117. 1 nver se vul cani zati on o f -methyistyrene)r andwi t h
difunctional (1,3di i sopropenyl benzene) comonomer s. a)
methylstyrene leading to an unstable oligomeric product that reverts back to monomers. b) Gel
permeation chromatography plot with molecular weight data showing only oligomeric products.
c) Copolymerization of sulfur and ZXdBisopropenylbenzene leading to a stable polymeric
product.d) Gel permeation chromatography plot with molecular weight sladaving polymeric
products increasing in molecular weight with reaction ti(Agaped with permission from Ref.

134 Copyright 2013, Nature Publishing Group)
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Poly(Sr-DIB) copolymers were found to be readily melt, or solution processed into a
wide rangeof arbitrary forms for a variety of applications. An attractive feature of the inverse
vulcanization process is the ability to prepare high sulfur content liquiggbyener resins that
could be poured into various molds and then cured timdinal desred form (Figire 1.18).
Poly(dimethylsiloxane) (PDMS) based moldeere readily fabricated from a variety ofaster
templates. To generate a sulfur based replica, liquigp@aner mixtures produced via the
inverse vulcanization processes were preparetheatdesired reaction scale and kept to low
monomer conversion to enable pouring into the target moldi@igl8a,b). The low viscosity
prepolymer wasthen thermally curedtal85 °C while in the PDMS moltb yield the final
replica object (Figre 118c) Several objects with a variety of different complexities have been
generated by this facile process requiring only the appropriate PDMS mold and optimizing the
curing time to lock in the final form of the sulfur copolymer. Simpler objects with onlyghesin
molded face, such as the lens asaiversity of Arizona logo (Figre1.18-1 andFigure 118-2),
were generated in twdimensional flat molds; while more complicated objects, such as the
comectable block and tire (Figur@.183 and Figure 1.18-4), were generated in three
dimensional molds. The mold utilized for creation of the object inr€id 18-5 was prepared by
PDMS replication of an electron beam generated micropattern. The peBiM® copolymer
replica can once again be prepared from this cemptructure and exquisitely illustrdt¢he
high fidelity of pattern transfer and the precision afforded from molding of theilesosity pre
polymer. While these objects are novel, the molaihghigh precision copolymer lens provile
a means of chacterizing thecopolymersfurther and ultimately the molding process clearly

demonstrate the improved properties afforded by the inverse vulcanization methodology.
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Inverse Vulcanization Low Viscosity Molding of
Reaction Sulfur Pre-polymer Sulfur Pre-polymer

Figure 1.18. Generation of high precision replica objetis molding of poly(Sr-DIB) pre-
polymer. a) Bulk inverse vulcanization reaction kept to low monomer conversion. b) Small
volume of lowviscosity prepolymer ready to pour into prepared PDMS mold. c) Pouring of
low-viscosity prepolymer into PDMS mold before thermally curing at 185 #Cvariety of
molded poly(Sr-DIB) copolymer objects: (1) plarconvex lens; (2) logo; (3) connectable
block; (4) tire; and (5) micropatterned pillars.

The inverse vulcanization methodology principal can be extendew any di, or
multivinylic, or alkynyl comonomer that can undergo these/thiotyne reactions ands
miscible in liquid sulfur!***3>*3" Fyrthermore, Dirlam & al., recently demonstrated that
functional groups can be introduced into the inverse vulcanization process by copolymerization
approaches with functional styrenics. In this system, a monofuntional styrenic compound
carrying a pendant 3gropyleneoxyditiophene (StyProDOT) was synthesized and
copolymerized with $and DIB to prepare a chemibaktable and soluble linear copolymé&he
terpolymer vas then solution deposited ontdandium tin oxide (ITO) substratesand
electropolymerizedo prepare interpenetrating networks of poly{BIB) and poly(ProDOT)

(Figure 1.19).® Both cyclic voltammetry and electrochemical impedance spectroscopy of
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electropolymerized films confirmed the formation of polythiophene inclusions in the sulfur
matrix and a dramatic increa in electrical conductancéhis demonstration clearly highligid

the utility of tandem inverse vulcanization methodology to afford materials that pastesse
desirable attributes of poly{SDIB) but with more functionality incorporated into the
copolymer and providka novel route to materials with unique properties.
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Figure 1.19. Synthesis of sulfur copolymer containing a thiophene based functional side group
using tandem inverse vulcanization followglelectropolymerization of the thiophene moieties

to geneate conductive pathways within the high suléontent copolymer(Adapted with
permission from Ref. 138 Copyright 2015, American Chemical Society)
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16. Useful Properties and Modern Applications of High Sulfur Content Polymeric

Materials
Poly(sulfur-random-1,3- Highly Processable Sulfur Plast
diisopropenylbenzene) “45),
copolymer QTS
. + Li® <>
s(S)ns . (3%3" s

Beneficial properties from S-S
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A S LN ) ot

Dynamic S-S Bonds: Self-healing
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Figure 1.20. Poly(sulfurrandom1,3-diisopropenylbenzene) copolymers possess a high sulfur
content and beneficial properties resulting from the large populatiorSdb@ds can ultimately
be exploited in a variety of novel applications.

Recent demand for materiala energy storage, energy conversion, IR optexsd
advanced stimuli responsiapplicatiors has spurred exploration into polymeric materials and

nanocomposites with high sulfur content. The incorporation -& Bonds into polymeric
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materialswas advantgeoussince such moieties are electrochemically active toward lithium,
impart high refractive indexand exhibit dynamic covalent character. In the following sections,
we provide background into the three maneas of applicatiothat our group has foundtility

for sulfur based polymerd:i-S batteries, IR imagingand dynamic covalent polymers. We
further discuss material opportunities where these sulfur baspdlymers have found

advantaggealong with a short review of related materigtems that &ave been explored.

1.6.1. Lithium-Sulfur Batteries

Investigationof sulfur for electrochemical storaggplicationshas been conducted for
the past half century, relying mainly on high temperature device architectures (é.§.amth
Lii S batteries) to emble efficient power generatidft, Early efforts into lithiumsulfur (Li-S)
batteries were focused mainly on primary cells; howeeeent renewed research effort has
concentratedon improved capacity anchigher cycle lifetime in secondary batterig§®'4?
Interest in LiS secondary batteries has ballooned in the last decade, owing to the fact that such
cells have a theoretical capacity of 1672 mAhand a theoretical specific energy density of
2567 Whkg'. Practical capacities typically range from 8®D0 mAh-@, which are
approximately4-6 times higher than that achieved irturrent Li-ion technology. The high
capacity, coupled with the low costdlow density of sulfur, provides a distinct advantage o Li
S batteries over traditional dion technology. However, several critical limitations have

prevented commercialization of -8 batteries, particularly the insulating nature of elemental

sulfur, large capacity fading, and severely limited cycle lifetif{&&*
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A traditional LiTS celll consists of a sulf
a lithium metal anode. At the time of assembly the battery resides in the charged state and both
sulfur and lithium ar@resenin their reutral form. Upon discharge; the lithium metal is oxidized
at the negative electrodanode)to produce lithium ions and electrons. The lithium ions diffuse
to the positive electrode through the liquid electrolyte while the electrons travel through an
extanal electrical circuit, thereby generating an electrical currentuf€ih21a). At the positive
electrode(cathode) sulfur accepts the lithium ions and electrons and is reducadeénies of
complex reactions to ultimately produce lithium sulfide@i Upon rechargéhe back reactions
occur and the lithium ions and electrons are stripped from the positive electrode to once again

reform sulfur at the cathode and lithium metal at the anoder@l21b).

a) p
Discharge !
Cycle 4 ’ o
LA, e L >
L
Composite Cathode + Lithium Metal Composite Cathode + Lithium Metal
Current Collector Anode Current Collector Anode
Sulfur Carbon Black s o Li,S, OCarbon Black e
Particle O Particle Lithium lon Particle Particle Lithium lon
c) Hi
igh Low .
Charged 9 Discharged

Voltage Voltage
Plateau (2.3 V) Plateau (2.1 V)

16 Li°+ Sg <« » LiyS, <«—» Li,S,<«—» 8Li,S
X=6-8 X=2-4

State (2.6 V) State (1.7 V)

Figure 1.21. Schematic representation of Lithis8ulfur battery in discharging and charging
state. a) Discharging cycle with movement of lithium ions and electrons to the cathode to reduce
elemental sulfur and form lithium sulfides £§}). b) Charging cycle with oxation of lithium
sulfides back to sulfur and movement of lithium ions and electrons back to anode to reform
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lithium metal. c) Chemical species present within th&ldgell at various voltages throughout the
cycling of the cell.

Under ideal cycling contlons, discharging results in elemental sulfur reduction and ring
opening withtheincorporation of lithium ions, to generate high order polysulfideS,li 6 < x O
8). As discharge continues, additional lithium ions are incorporated and lower ordetffuEgsu
LiSx(2 < x O 6) are for med. iFtoeventionalyadescripedasd u c t
Li,S, although mixtures of lower polysulfides haveen observetf®> The reduction of $to
LioS4 (2.3 V) results in the first of two voltage plateaus observed in the voltage profile, with the
second plateau resulting from,8; conversion to LS (2.1 V) (Figire 1.21c). Under ideal
charging conditions the £$ is converted back to the intermediate lithium polysulfide species,
and ultimately & is reformed at the end of the charging cycle. However, there is still some
debate as to whether or not within the traditional voltage window of operation fe6acéll
(2.61.7 V) if Li,S can be fully formed upon discharge and if ¢gelo-octasulfur (g) is fully
regenerated upon recharging of the cell. Regardless, the most relevant speciestéariong
functioning of a LiS cell are the highly soluble, intermediate polfides Li,S,( 6 < x O 8)

species.

The primary challengem Li-S cells that require addressiag the rapid capacity loss
and short cycle lifetimes. These challenges have primarily been attributed to two dominate
factors: dissolution of the activaulfur material from the cathode (ibdi s hut t | i ng mec ha
and mechanical deterioration of the composite cathode strdétughuttling of the active
material is a parasitic side reaction resulting from the substantial solubility of higher order

polysulfides LS, ( 6 < x O 8bpsed efectrolyies. The sduble polysulfides are able
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to diffuse from the cathode, acrab®e separator, and react with the lithium anode resulting in a
permanent loss of the active materislikhaylik et al. perturbed the parasitic side reaction
between the soluble polysulfides and the lithium anode by the addition of;liiNthe ether
basedelectrolyte’****° However,the repeated dissolution and deposition of feacipecies at

the cathodecan lead to passivation, causing an increase in the internal resistance. Mechanical
deterioration of the composite cathode structure results from the stresses placed upon the
structure deto the 80% volume expansion that occwigen sulfur is converted to 4S during
discharge. Continued stress from the volume change inevitably leads to structural breakdown and
electrical isolation from the current collector, leading to further loss of active material.
Ultimately the loss of acte material by both routes leads to quick capacity fade and outright

failure after only a short lifetime.

Preparation of novel nhanocomposite materials that encapsuyateti$e phasédas been
extensively investigated as a route to enhanced cathode materialS imattieries (Figre 1.22).
This approach primarily enallesequestration of the active sulfur phase within an electrically or
ionically conductive shell to concurrently supps dissolution of the polysulfide discharge
products and increase the mechanical integrity within the cathode. The fabrication of these
nanocomposites has focused primarily on the utilization of two methods: 1) infusion of either
liquid or gaseous sulfunto a variety of nanomaterialand 2) synthesis of sulfur nanopatrticles
which were subsequently enwrapped to generate the composite. While several in depth reviews
on the subject of novel active materials forS.ibatteries have recently been publishedtyief
discussion of the field herein is necessary to provideerstandingor the necessity of high

sulfur-content polymers as an alternative means of improvirg lhattery performancé>°%18
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Figure 1.22. Schematic representation of commonly generated sulfur nanocomposite active

materials for LiS batteries formed by a) diffusion of sulfur into the nanomaterial; or b)
precipitative methods to generate sulfur nanoparticles followed by enwrapping.

The pre@ration of enhanced 1$ cathode materials via the synthesis of sulfur
nanocomposites by infusion methods (e.g., with molten or vaporized sulfur) has been extensively
studied as a route to both suppress polysulfide dissolution during cycling and impeove th
electrical conductivity ofthe active cathode materialhe hybridization of sulfur with a
conductive filler, such as, carbon black, was initially investigated since the microporosity of
particulate carbon bl ack en afpeydulfiles’d'Pleaterdi a me t
efforts to control (micro)porosity in conductive carbon additives to enhance compatibility with
impregnated sulfur were also reported as a means of improviSgohttery performanc&®*

In 2009 Jiet al. reported on the preparation of carbon sulfur nanocomposites using a hierarchical
mesoporous carbon agent (pore diamet&0m) folloned by infusion of molten sulfdf® This
seminal work demonstrated a means of improving capacity retention by presumably confining
the active sulfur phse/discharge products into nanoscopic domains, thereby perturbing

polysulfide dissolutionNumerous groups have since reported on using ordered carbonaceous
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fillers, or additives to improve capacity retention and promote longer lifefiffid
Additionally, several other examples of mesoporous materials have been utilized for polysulfide
sequestration. The mechanism of sulfur entrapmentisaime as microporous carbons but with
the ability to incorporate higher sulfur loadings and allow easier infiltration of liquid

electrolyte! 818

High aspect ratio -D nanomaterials (i.ehollow nanotubes and solid nanofibers) have
also been hybridized witsulfur to prepare enhanced -85 cathode materials as a route to
improve the mechanical integrity and electrical transport within the cathode composite. For
various nanotubes, a large axial diffusion length coupled with a minimal radial diffusion distance
was faund to favorahl affect polysulfide dissolution while affording high sulfur utilization
within the composite as the electrolyte and lithium ions were permeable to the walls of the
nanotubes® Cui et al. generated composites frdwllow nanotubesnd elemental sulfur,
which yielded high initial capacity coupled with longer lifetimes as a result of the nanotube
morphology(>900 mAh-g* at 300 cycles}*"**° However,when moreextreme temperatures are
utilized for the sulfur infiltrationstep, a detrimental effect on the-&ibattery performanceas
observed® Nanotube composites have also been demonstrated to form polymerfhiedei

S cathodes, by direct growth of namoes onto the currentollector®>%%°

or through the
formation of freestanding cathodesa processing of theanotubes®"?°*2%2 Similar results with
nanofibersulfur nanocomposites have also been reppriedile composites of glymeric
nanotubes and nanofibers also gaedémproved cycling performancia Li-S batterie$®*?*
Xiao et al. demonstrated the use of poly(aniline) nanotubes as reactive reservoir for sulfur,

showing that partial vulcanization occurred during infusamd afforded improved capacity

retentionof >400 mAh-g™ after 500 cycles at 1(1C = 1672 mAhy™).2*#%13
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The fabrication of LiS cathode materials from nanocomposites using mesoporous hollow
carbon spheres have also been explored, where the large int@dospaceof these hollow
colloids (200500 nm), enabled facile infiltratiorf sulfur and suppressed polysulfide dissolution
upon battery agling.”**?** Jayprakash et ateported the first example of hollow carbsuffur
coreshell colloid composites and demonstrated high capacity retention (rRABQy" after 100

cycles at0.5C). %

More recently the fabrication of 1$ batteries with improved lifetimes400
mAh-g* after 1000 cycles at 1fwasachieved by Peng et al. by generation of hollow graphene

nanoshells on a solid templ&t8

Coreshell colloids for LiS cathode materials have also been prepared using various
heterophasic polymerization methods (e.g., suspension, dispersion polymerizations). Using these
approaches, colloidal sulfur dispersiomere prepared using standard nuth (e.g., the methods
of LaMer),?*? followed by overcoating of the sulfur colloidal core withmes conductive shell,
typically a polymeric material, such as, poly(pyrrci&§??® poly(thiophenef?"?® or poly(3,4
(ethylenedioxy)thiophene) (PEDOTY?*° Recently, Li et aldemonstrated a coshell colloidl
nanocomposite composed of an interisulfur shell and an exterior shell of either
poly(vinylpyrrolidone), or PEDOT, which when used as the active material-B tathodes
afforded batrieswith high cycle stability (1000 cycles at5C) or high rate capabilities (849
and 610 mAh-g at, 2C and 4C, respectiveS The largeinterior void space provided volume
for expansion that takes place during conversion from sulfur,8 bbviating themechanical
stress on the cathod&n a similar fashion researchers have also investigated the formation of
yolk-shell morphologies. Zhou et al. demonstrated a-gbkdl composite composed of a sulfur
yolk and a polyaniline shell which demonstrated impabeapacity retentio(v65 mAh-g* after

200 cycles at 0.2C¥? Likewise Seh et al. demonstrated a yshiell composite with atinium
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dioxide shell, which possessextremely high cycling stability (67% retention in capacity at

1000 cycles§*

The use of graphene and graphene ox@®) as conductive agents imgparing sulfur
nanocomposites for L$ cathode materials have also received considerable attention as a route to
improved battery performanceNanocomposite formation has been achieved via infusion

technique&*?+

and through precipitation of sulfur colloids onto dispersed graphene, or GO
shee$.?***! Song et al. demonstrated drastically improved performance v@®-aulfur based
nanocomposite encapsulated with an ionic surfactantdetyltrimehlyammonium bromide®

Li-S batteries fabricated using these materials exhibited extended cycle lifetimes (1500 cycles);
however, deconvolidn of the effect which the composite structure has upon the battery
performance is diffialt since a no#iraditional discharge/charge protocol, electrolyte, and binder
were also utilized in thbattery®®? Qiu et al. demonstrated enhancedS_battery performance in
graphenesulfur composites via nitrogen doping of the graphene to generate electrostatic
interactions with the polysulfide discharge produet850 mAh-g* at 2C after 2000 cycles)

Polymer bindeffree electrodegontaining graphene or G€ulfur composites have also been

investigated for improved £$ batterie$>¥%>*

While it is clear there has been significant improvement t& lbatteries in terms of
capacity retention and cycle lifetimes through the utilization of sudasel nanocomposites;
translation of these approaches to industrial scale production would appear to offer numerous
challenges. Additionally, the reduced loading of active sulfur materialin these various
nanocompositealso lowers the ultimatenergy densityf the LiS batteries &low that of Ltion

technology, negating the higher charge capaaiantageattributed toLi-S batteries systems
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An alternative approach to preparing improved cathode materials 8rdnd other
related syst@s has been the delopnment of new electrochemicallgpctive polymers to afford
improved performance. In the past two decades a number of different functionalities have been
applied to this purpose; however, the low weight fraction of redox active bonds within the
polymeric $ructure leds to low capacities and low energy densifig€’® Additionally, a
number of the initial studies on secondary batteries containing redox active polymer systems
showed poor cycling stability.utkenhaus and coworkers have recently demonstratedhiggny
cycle number and fast-€ate capabilitbased on electroactive polymé&t&?®3 Liu et al. and Jeon
et al. recatly demonstrated electroactive polymer cathodes with high cycle numbers and having

capacities similar to that of ion batterieg® 200 mAh-g').28+2%

The development of high capacity polymeric electrodes fdralttieries has more recently
been focused ornincorporatinga higher weight fraction of redomctive bonds into the
macromoleculg Trofimov et al. demonstrated polyeneoligosulfides with up tevi®s sulfur
content, which showed an increased capacity of >700 miAfogthe initial dischargé®®2%®
Unfortunately these novel polymers exhibited significant sherhtcapacity fading (extended
cycle experiments were not conducted). With the notion of improvirtg lhattery performance
through the use of a high sulfoontent copolymer, Chung et al. investigated poly(sulfur
randoml,3-diisopropenybenzeng (poly(Sr-DIB)) copolymers as the active material in%i
batteries. In these systems, high sulfur content copolymers based onpDI&) (90-wt%
sulfur and 16wt% DIB) were synthesized and readilyiliaed to preparecopolymerbased
cathodes for LS batteris that exhibited large initial charge capacities (1100 mAhajong

with high cycle stability (823 mAh-after 100 cyclesat 0.1Q."** Cyclic voltammetry of these

sulfur copolymers andgSound that the two materials were nearly electrochemical equivalent
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under the conditions encountered when used as the active material in cathodes lhatteries.
However, copolymerbasedcathodesfabricated from poly(Sr-DIB,g) afforded batteries with
significantly improved performance relative tg-l#sed cathodes at 100 cyclgsgure 1.23;
sulfur (639 mAh-g*, red squares and poly(Sr-DIByo) (823 mAh-g*, blue triangle3).
Fabrication methods witkhopolymeractive materials were further optimized in-8 batteries
using poly(Sr-DIB1g) and afforded a higher initial capacity (1225 mAfh.galong with
enhanced cycle lifetimes and very good capacity retention (635 rAfieg 500 cyclesat 0.1C,
Figure 1.23 black drcles).’* The performance of these-Bi batteries after extended cyclings

among the highest reportegdecificcapacities using a polymdrased electrode material.

A singular advantage that poly(SDIB) cathode systemexhibit in improving LiS
batteries performance is the low cost of the materialsfaeil process opreparing thesulfur
copolymer. Griebel et atlemonstrated facile scale up for the preparation of these msitesiiady
a singlestep, low temperature (i,e130 °C) inverse vulcanization qmess to successfully
generate one kilogram of the poly(®IB1) copolymer®® Thermal analysis (e.gDSC and
TGA) revealed the copolymer products prepared ftbis scaled upprocess were essentially
identical to materials prepared from smaller scale reactions as noted by the decomposition
temperatures andyT Furthermore, these materials also exhibited excellent capacity and cycle
stability when used as theta® material in cathode for £$ batteries (initial capacity of 1033

mAh-g* and 631 mAh-g after 500 cycles at 0.1C, kige 1.23 greendiamonds.
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Figure 1.23. Comparison of capacity as function of cycle number for elemental silfiand
poly(sulfurrandom1,3-diisopropenylbenzene) copolymers: first example of poely(8Bi)
copolymer battery, Nature Chemistry woidgj optimized poly(S-DIB1g) copolymer battery,

ACS MacroLet t er s wo r-kg scéles poly(S-RlR,6 copolymerbattery, Journal of
Polymer Science Part A workd)( Cycling rate of 0.1 C, 167.2 mg’. (Adapted with
permissions from Ref. 134 Copyright 2013, Nature Publishing Group; Ref. 145 Copyright 2014,
American Chemical Society; and Ref. 289 Copyright 2015, Yitey & Sons, Inc.)

An attractive feature of the inverse vulcanization process is the ability to readily prepare
poly(Sr-DIB) copolymers of varying composition to enable facile structure property correlations
of sulfur content on LB battery performamc Hence, a survey of several poly(BIB)
copolymer compositions were prepared with DIB compositions ranging fré@wi% DIB
(i.e., 5099 wt% sulfur) and screened to determine optimal compositions for id&albhitery
performance(Figure 1.24).**° In this study, copolymers of very low DIB content (i.ew®b;

Figure 1.24-openpurplecircles) exhibited rapid charge capacity fading in a manner comparable
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to Li-S batteries fabricated from gSbased cathodes (Figurg24-filled black diamonds).
Conversely, poly(8$-DIB) copolymers with a higher DIB content (B® wt% DIB) also
exhibited rapid capacity fading within 75 chamdjscharge cycles (Fiuge 1.24-filled left-
pointing navy bludriangles for 26wt% DIB; openright-pointing maroortriangles for 30wt%

DIB; filled red hexagos for 50wt% DIB). The highest retention of charge capacity were
observed for DIB copolymer compositions frorl5 wt% of the organicomonomer, where
compositions of 9@vt% sulfur/10wt% DIB (i.e., poly(Sr-DIBowts) Were deemed optimal from

the standpoint of high sulfur loading, cost and processing characteftsticse 1.24-open red
triangled.>*® From this study, DIB incorporation into sulfur copolymer cathodes was proposed
to generate intimate blends of organosulfur species (from DIB) with polysulfide discharge
productsands er ved te®0 Aph as tigtcihamalischade cyclimyAt optimal
copolymer compositions (.,eLl0-wt% DIB) the organosulfur discharge product of the copolymer
suppressed irreversible large deposits oSL(x ~ 1 3) on the composite structure, thereby

mitigating mechanical wear of the cathode.
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Sun et al. utlized 1,3 diethynylbenzene (DEB) as the comonomer in the bulk
copolymerization withSg to afford a seminterpenetrating network that was used as the active
material in cathodes for 1$ batteriegFigure 1.25).?*° The copolymer could also lgenerated in
the presence of carbon black, which the authors argue is entrained within the network once the
copolymer forms and camrther improvebattery performance. While the sulfur content is lower
than for the poly(S-DIB1o) copolymer, botipoly(Sr-DEB) batteries shoedvery good cycling
stability out to 500 cycles at 1C, with the copolymer containing carbon black demonstrating a

high capacity of 504 mAh:at 500 cycles.

Wei et al. recently utilized a modified inverse vulcanization methodologyet@rate a

soluble inverse vulcanized hyperbranched polymer (SIVHFjgure 1.26)%° Post
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functionalization of the poly(®-DIB) copolymer by a thiekne reaction, followed by a
Menschutkin click reaction afforded a wassuble c@olymer. These copolymers were then
processed with graphemide inclusions to prepamolymeric nanocomposite acéivmaterials

for Li-S batteriesThe SIVHP nanocomposites were found to be superior in performance to a
control sulfur/graphene composite, showing an initial capacity >1200 ritAdmd remaining
higher in capacity at 400 cycles. Additionally, the SIVHP nanocomposite was able to perform
more effectively under varying rate conditions, being able to cycle at 5C (8360 nA-is
foreseen that additional copolymer active materials, with facile metbbdgneration, will

afford even greater improvements beyond those recently demonstrated with utilization of the

inverse vulcanization methodology.
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Figure 1.25. Schematic representation of the bulk copolymerization between elemental sulfur
and 1,3diethynylbenzene (DEB) at high temperatures to generate a-irgempenetrating
network copolymer(Adapted with permission from Ref. 290 Copyright 2014, Royal Society of
Chemistry)
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1.6.2. High Refractive Index Polymeric Optics

P < —

Figure 1.27. a) Thermal imaging digital camera capable of capturing mid anthffared
wavelength images (Xenigsobi Camera, Stemmer Imaging Ltd.). b) Thermal image of female
subject captured with a digital thermal imaging camera in the-IRiidvavelengths. c)
Germanium windows capable of transmitting mid andirffnared light (21 6 € m) ( Edmun
Optics Inc.).

Infrared (IR) optical technology has numerous potential applications in the civil, medical,
and military arenas. As all objects eni radiation (i.e., black body radiation) the detection of
that radiation and generation of a digital thermogsaith an imagng device (Figurel.27a)
provides a means of observiiig emitting objects entirely without illuminatiofiFigure 1.27b).
Traditional materials utilized as the optical componenttRinmaging devides are base upon
inorganic semiconductors (e.g., Ge, Si) and chalcogenide glgsgase 1.27c). Such materials
have been widely used for device components functianitige mid (38 & m) -85 f ar
e m) r eupitodheishigh refraive indices (i ~ 2.07 4.0) and low optical losses from1b
mm. However, such materials are also expensive, difficult to fabricate, and toxic in comparison
to organic polymers. Unfortunatelyne development of polymeric materials for riiRl optical
applcations has not been achieved due to challenges in designing systems with sufficiently high

refractive index 1) and good transparency in the IR spectral regime. Covalent bonds, such as,
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those between carbon and hydrogen atoms$l)Gtrongly absorb in th&-5 ¢ mIR window,
which precludes the vast majority of synthetic polymeric materials for use as an IR transmitting
material. Therefore to date, high refractive index polymiesse been primarily used foptical

and imagingapplicatiors within the visble spectrum

High refractive index (higim) polymers have recently been investigated due to the
advantages the materials have over inorganic glasses, such as, increased impact resistance,
reduced densities (i.e., lighter weight) and fasitéution/melt processability. High polymeric
materials, whether thermoplastic or thermosetting in nature, are easily processed into lenses,
prisms, and waveguides through traditional mettf3d¥he majority of work in the area has
been motiveed by fabricationof componentdor device applications requiring highandhigh
transparency in the visible spectrum. As such, the field has focused on developing novel
polymeric materials for advanced optoelectronic devices such as antireflectiviaggoat
adhesives and encapsulants for LEDs, and microlens arrays for charge coupled devices (CCD) or
complementary metal oxide semiconductor (CMOS) image sefiSdueda and coworkers
recently provided a broad overview of the higlpolymer field and current advances to novel
chemistry affording highn polymers®®2?°® However, a brief summary herein will provide a

quick perspective on purely organic materials with the highest refractive indieek §5).

Traditional organic polymers (i,gpoly(styrene) or poly(methyl methacrylate)) typically
possess refractive indices in the ranga of1.3 1.6 in the visible spectrum and therefore are not
amenable to the opticapplications mentioned abovén order to access high polymers,
researcherfave relied heavily on the use of the Lorebhtzenz equation as a guide to proper
selection of functionality within the polymer structiifé?®® Previous approaches to prepare high

n polymers incorporated functional groups lwitigh molar refractivity and low molar volumes,
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such as, aromatic moieties (ehenyl and naguthyl), heavy halides (e.goromine and iodine),
and chalcogenide(e.g, sulfur and selenium). High polymers have also been generated with

nitrogen and pbsphorus containing functionalities.

The introduction of sulfur containing functional groups (e.g., thioethers, thianthrenes,
trithiocarbonates, or thiophenmto polymers has been extensively investigated as a means of
imparting high molar refractivityUeda and coworkers have prepared several examples of
copolymers, with varying sulfur content and facile control over the polymer structure and
properties via the modularity afforded by polyimide chemigBigure 1.28a).2°%2°¢3% These
materials posseed high refractive indices ranging from 1.695 to 1.76@8easured and
operating at 589 nmgoupled with excellent thermomechanical properties. The same researchers
also investigated other high suloontent copolymers such as poly(thioether suljofiégure
1.28b);3*° and polyithianthrene phenylene sulfides) (Big 1.28¢c).3'° The generation of the poly
(thianthrene phenylensulfides) copolymers was found be to a highly versatile and modular
system for the preparation of highpolymers.This class of materials possessed the highest
refractive index for optically transparent polymers reported in litergture 1.802Q0 measured
and operating at 633 rjmNakano et al. demonstrated the preparation of poly(trithiocarbonate)
copolymers by a coordination anionic copolymerization of propylene sulfide and carbon
disulfide (Figire 1.28d).3** The resulting copolymer had a high refractive index=(1.78
measured and operating at 589)nbut also a lowl g (i.e., 25 °Q due to the high sulfur content

and aliphatic backbe.

The incorporation of heteroatoms aside from sutiralso been invegjated to increase
the refractive indices of polymeric material$ie inclusion of heterocyclic moieties containing

C=Ni Ci bonds have more recently been investigated adt@amative approach to prepare high
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polymers Li et al. prepared a series of poly(phenylquinoxalines) in a modular fashion to enable
optimization of the refractive index by control over copolymer structiigure 1.28e)3#33
These materials pessed refractive indices ranging from 1.6996 to 1.7988easured and
operating at 633 nm)Ueda and coworkers reported on the generation of processabley high
polymers by preparation of triaziw®ntaining poly(phenylene sulfides) (Big 128f).343%
These materials ka vastly improved slubility compared to traditional poly(phenylene sulfide)
and possess refractive indices ranging from 1.6990 to 1.{fii28sured and operating at 633
nm). Allcock et al. have extensively studied the improvement of refractive indices in
poly(phosphazene) peners through variation in the side groups; showing a range of high
refractive indices (1.62@.753) (measured and operating at 550 n(R)gure 1.28g).3'%3’
Carbazole or fluorene moieties werealso found to increasethe refractive indiceswhen
incorporated into the backbone of poly(thiaathpolymers™® but the optical properties were
even furtheimproved uponfunctionalization of the ring in the polymeric structure with high
molar refractivity elements (e,gbromine and iodine) (Fige 1.28h). Minns et al. prepared
several functionalized camlade rings as sidgroups on a poly(methyl methacrylate) backbone
to generate materials with good thermomechanical properties and high refractive indices (
1.68'1.77, measured at 589 nit® Unfortunately for halide containing polymers there is
concern about stability undérgh intensityilluminated conditionsAnd, although not as widely
utilized in the optics fieldit should also be mentioned that extensive work has been conducted
on conjugated and more rigid functionality systems for preparing-migllymers®?®3#

However, the strongly absorbing grouped bonds inall of these materials unfortunately

relegatesheir useto visible wavelength optical devices.
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Figure 1.28. High refractive index (higtm) polymers detailing the structures and highest indices
reported for several classes of polymerspaly(imides); b) poly(thioether sulfone); c) poly
(thianthrene phenylene sulfides); d) poly(trithiocarbonate); e) poly(phenylquinoxalines); f)
triazinecontaining poly(phenylene sulfides); g) poly(phosphazenes); and h) functionalized
carbazole rings on pglmethyl methacrylates).

In addition to visible wavelengtdevices there are also technological opportunities to
develop high refractive polymeric materials for applications functioning in the near anrd mid
infrared (near and mitR) wavelengths. Such rexials would complement traditional inorganic
glasses which possess very high refractive indices but are difficult to process, contain toxic
materials, and are generally expensive. To date, investigation into polymeric materials
functioning at such wavengths has not been undertaken due to the high content of IR absorbing
functional groups (i.eCi H, Ci O, C=0,1 OH, N=0O) within the polymeric structures presented

above. The IR spectral window from53microns is of particular interest for IR thermal inragi
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which also overlaps with the IR absorbance froitH®onds. Hence for the preparation of
highly transparent IR transmitting polymers, the omission of widely usét] G O, G N bonds
would be required, which greatly narrows the scope of possible céendidderials.

Griebel et al. demonstrated the use of poly(stiumdom1,3-diisopropenylbenzene)
copolymers with a high content of S bonds for IR imaging, since these bonds were largely
inactive in the neaand mid IR spectrum of intereét? The poly(Sr-DIB) copolymers were
easily processed into several forms (ihin-films and freestanding lens) and the optical
properties were investigated aeveral wavelengths across the -M¥ible-near IR optical
regimes (Figure 1.29). Ellipsometry measurements confirmed that control over refractive index
in the material was readily accomplished by variation of the copolymer composition. Refractive
index values remained above= 1.7 with minimal losseo ut t o fbr. pbhEr-DIB)m
compositions ranging from 580 wt% Sg (Figure 1.29). An attractive feature of these
copolymers was the high transparency throughout large portions of the visibl&@G0m,

Figure 1.29%); nearlR (1550 nm, Figre 1.29c); and midIR (3i5 & mure 1R%d)gspectrum.
Poly(Sr-DIB) copolymers were the first example of high refractive index polymers which
possessed high optical transparency in all three regions of the mlagtretic spectrumBy
comparison a traditional thermoplastic, such as, poly(methyl methacrylate) was found to be
highly opaque in the mitR region of interest for IR thermal imaging (big 1.29%). The easy

of processing, control over refractive index,dahigh transparency in the miR clearly
demonstrated the ability to upely(Sr-DIB) copolymersas processable, highmaterias for IR

imaging in the near and mik.
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Figure 1.29. High refractive index poly(stuir-random1,3-diisopropenylbenzene) copolymers.

a) Ellipsometrically measured refractive indices as a function of wavelength for copolymers with

50 80-wt% elemental sulfur. b) Visible light (50900 nm) transparency of poly{SDIB o)

copolymer lens. Inset: digitainage of poly(S-DIB2o) copolymer lens. c) Nedr R (1. 55 & m)
transparency of poly(&DIB,o) copolymer lens. d) MidR (315 e m) transparency
DIB,g) copolymer window. Inset: digital image of polyt®IB,r) copolymer window. €) Mid

IR (3r5 ¢ mahsparency of poly(methyl methacrylate) fil(hdapted with permission from

Ref. 322 Copyright 2014, John Wiley & Sons, Inc.)

1.6.3. StimultResponsive Polymeric Systems

Selthealing polymers are a class of materials receiving a resurgence of interest, as there
is a growinginterestto integrate molecular level functionality enabling the repair of damage,
impart reprocessability, or enable longer lifetimes insslinked polymeric material§?*334
Stimuli-responsive polymers are materials in which there is an inherent dynamic bond
incorporated into the polymer architecture (either within a side araine polymer backbone)
that is structurally dynamic and upon exposure to stimuli (e.g. heat or light) allows for
reorganization of the polymeric architecture, translating a moletual interaction into a
macroscopic scale response. Stiamabponsie polymers encompass two regularly recognized

types of dynamic bonds: dynamic covalent bonds anecowalert supramolecular interactions.

Dynamic covalently bonded materials combine the stability of covalent bonds with the
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reversibility of noncovalent ineractions. Likewise, reversible, noovalent interactions in

supramolecular materials afford high molecular weights and combine the properties of a typical
covalent polymer with those of low molecular weight molecules. Dynamic covalent chemistries
employed for selfhealing materials dve ncluded disulfide exchange (Figule30a)>*33>3%’
radical mediated additieflagmentation chain transfer reaction&igure 1.30b)>3%3%¢

347350 thermoreversible Dielélder reactions

alkoxyamine exchange reactioBigure 130c),
(Figure 1.30d)***** and transesterification reactiongFigure 1.30e)**>**® Supramolecular
materials with selhealing capabilities have been prepared through incorporation of hydrogen
bonding motifs(Figure1.30f),**%%** "= s t a ¢ k dnalitips(Figura £30g)°°**° and metal

ion ligand interactiongFigure1.30h)324327333363365382

While a variety of functionalities have been utilized to synthedi®amic covalent
polymers the investigation of polymers where the dynamic bonds constituent a ynafjdhie
st r uct-wpehave Od Been intensively studiedurthermore, the preparation of these
types of dynamic covalent materials requires thaieix installation of functional moieties that
enable reversible bond scission that are orthogonal to the polymerization priemmssus work
by Tobolsky and coworkers on suloontaining poly(urethanes) provided the basis for
controlling dynamic progrties within the copolymer by control over the sulfur catendfofi’
A notable and recent exception was developed by Rowan et al. on the preparation of dynamic
covalent polymers based on polysulfitietworkthat also exhibited shape memory properiiés
Building upon this, Griebel et al. reported the preparation of dynamic covalent copolymers
via the inverse vulcanization ofs@nd DIB™® An attractive feature of the poly(SDIB)
copolymers is the ability to control sulfuank and the SS bond scission dynamics by simple

variation in the comonomer feed ratios (Hig1l.31a). The variation in sulfur rardnd control
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over dynamic properties of the copolymerasvinterrogated with rheological sehiealing
experiments at diffent strain loads (Fige 1.31b). Under low strain rates the materials
possessed high molecular weights and a commensurately high mddeltesthe intact covalent

S S Db(Bigurd 31b-1). However, upon application of a high strain, which cd&& bord
scission, the molecular weight and modulus gegpsubstantially (Figre 1.31b-2). Once the

high strain is removed the initial shear modulus was fully recovenddthe material regains is
pristinestate propertiesas the dynamic covalent bonds are nefed (Figure 1.31b-3). The
response of the copolymers to the high strain conditions was found to be composition dependent

and the damagkeal cycling was fullyeversiblyfor several cycle¢Figure1.31b-4 and 5).
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Figure 1.30. Stimuli-responsive functionality incorporated into polymer architecture to enable
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Figure 1.31. a) Schematic representation of dynamic behavior under stimulus (T = 100 °C) in
poly(Sr-D1 B) copol ymers as a funct ilositu rbeologiday na mi c
characterization of dynamic behavior in pol(®IB,o) copolymers at T = 130 °C and 100

rad/s. Regionsvithin the plots represent: (1) initial modulus; (2) 100% strain, 1st damaging

cycle; (3) 8% strain, 1st recovery cycle; (4) 10a%aia, 2nd damaging cycle; (5) 8% strain, 2nd
recovery cycle(Adapted with permission from Ref. 135 Copyright 2014, American Chemical
Society)

1.6.4. Photocatalysiand SemConducting Particles

The facile and low cost generation of energy (estgctricity or hydrogen fuel) from
renewable resources is an area receiving intense investigation in an attempt to curb the issues
associated with the burning of fossil fuels for current energy production. The photocatalytic
splitting of water offers a elhn and environmentally friendly process to create renewable
hydrogen for transportation or grstale energy production. A significant challenge in the
production of clean hydrogen is the development of cheap and efficient shgititelriven
catalysts wh photochemical and photoelectrochemical (PEC) activity tfee hydrogen
evolution reaction (HERF**%? Recent efforts have focused on usirgBd S derived materials
as agents to assist i n either catalytic, or
particularly i n fAseng ®lartassstddeptessesBoly(suffuerandomd,3 u
diisopropenylbenzene) copolymer has been utilizgarépare botlphotocatalytic nanowires for
HER reactionsnd the synthesis of photoactive quaternaryZ88nS colloids for photovoltaic

devices. Zhuo et al. recently denstrated the use of the inverse vulcanization technique to
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prepare poly(S$-DIB) copolymers within anodic aluminum oxide (AAO) templates to form free
standing 1D polymeric materials after etching of the AAO phase. Theg® dolymeric
materials(along wit copolymers modifiedby deposition oEemiconductor NPs) were then cast
onto an ITO electrode and demonstrated to generate a photocurrent upon UV and visible
irradiation (Figure 1.32).3*' It was demonstratethat these -D templatel copolymers were
superia in photocurrent generation than bulk elemental sulfur. Additionally, the photocurrent
generation was observed to depend on copolymer composition and morphology with optimal
performance observed using 100 nm wide nanowires of polABB3p). In an addibnal
seminal publication utilizing poly(&DIB) copolymer, Zou et al. synthesized quaternary
photoactive semtonducting colloids (GZnSng) by high temperature reactions between the
copolymer and metal precursqfgure 1.33).3%? It was found that because of the high reactivity

of the sulfur in the poly(8-DIB3g) copolymer that the wurtzite crystal phase of the colloids was
accessible. These novel uses of the inverse vulcanization mitpdand poly(S-DIB)
copolymers continue to expand the area of sulfur research; which is ultimately necessary for

further increasing the consumption of sulfur by novel materialsapptications.
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Figure 1.32. a) Schematic representation of polr(®IB) pre-polymer synthesis and templating

of nanowires in anodic aluminum oxide scaffolds. Low resolution (b) and high resolution (c)
scanning electron microscopy (SEM) images of copolymer nanow#idapted with permission
from Ref. 391 Copyright 2014Royal Society of Chemistry)
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Figure 1.33. a) Transmission electron microscopy (TEM) images otZ@G8nS (CZTS)
nanoparticles generated with polyw(®IB3) copolymer as the sulfur source. b) Corresponding
X-ray diffraction pattern of nanoparticle@dapted with permission from Ref. 392 Copyright
2013, American Chemical Society)

1.7.Conclusions and Outlook
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In this review we have discussed the traditional production and consumption methods
that contribute to an ever expanding global issue of elemental sulfur utilization and storage. We
then reviewed the field of polymers apdlymer synthesis which utilizelemental sulfur to
generate high sulfuzontent polymers; followed by a discussion of recent research that
highlights additional high sulfucontent precursors to generate colloidal sulfur and novel sulfur
allotropes. The reader is then provided with a brigiopsis on the limitations of sulfur
utilization in chemistry, focusing on the challenges associated with the dissolution and
processing of elemental sulf@vercomingthesechallengesenabledhe utilization of elemental
sulfur asa novel solvent and fally led to the development of the inverse vulcanization
methodology. A thorough discussion on the high sulfur content copolymers afforded by the
inverse vulcanization process highlights the novelty of the materials and sets the stage for the
unique fieldsof research to which the material can be applied. Ultimately a discussion of new
areas in which the sulfur copolymer have been utilized will provide guidance for the reader in
their own investigations of sulfur chemistry and novel applications with wioidsegin sulfur

consumption.
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CHAPTER 2: ELEMENTAL SULFUR AS A REACTIVE
MEDIUM FOR AU NANOPARTICLES AND NANOCOMPOSITE

MATERIALS

With contributions fromWoo Jin Chundinitial synthetic work on narparticle synthesis and
characterization, leaduthor), Adam Simmonds (synthetic support), Eui Tae Kim (miorotg
and TEM characterization)Hyo Seon Suh (characterization support);Bo Shim (XRD),
Richard Glass (synthetic suppp Douglas Loy gyntheticsupport), Patrick Theato (synthetic
suppor), Kookheon Char (support d&ui Tae Kimand coauthor), and Jeffrey Pyun (coauthor

and PI).

Reproduced in part from referent&l. Copyright 201, John Wiley& Sons Inc.

2.1 Introduction

The preparation of advanced materials using elemental sulfumigarof increasing interest
for emerging areas in materials chemistry and energy technologies. Current global production of
elemental sulfur is on the order of 70 million tons annually, the majority of which is produced
from refining of petroleum produstvia hydrodesulfurizatiofr> Traditional utilization of
elemental sulfur is directed toward the productadncommodity chemicals, such as, sulfuric
acid, and phosphates as fertilizers for agrochemicals. Smaller niche markets for specialty
chemicals, such as, vulcanization processes for rubber (e.g., tires) also directly utilize elemental
sulfur. Despite thesexisting technologies, nearly 7 million tons of sulfur is produced in excess,
the majority of which is stored in powder form, or as compressed bricks in exposed, above

ground megdon deposits (Figur@.1).3* Hence, the sheer abundance of elemental sulfur offers



83

opportunities to develop new chemistry and processing methods to utilize asilfarnovel
feedstock for synthetic advanced materials.

A number of technologies have been realized which consume elemental sulfur. Sulfur has
been extensively used as a reagent in organic syntHesisl in nanomaterials synthesis (e.g.,
semiconductor nanocrystafSy. The incorporation of sulfur moieties into polymers has also
been conducted to prage high refractive index organic films for optoelectronic applicatighs.

A recent demonstration of novel sulfur utilization was demonstrated by Fi&fchktas resists

for scanning probe lithograpHy® In all of these existing systems, sulfur was a minor
constituent of the total comp@sn of the material used for these various applications. A notable
exception is in the area of energy storage, where elemental sulfur has been demonstrated to be a
light-weight, high energy density cathode material for lithismifur batteries?”!0921439739%

However, because of both the inherently poor electrical and mechanical propertiesesitalem

sulfur, direct sulfur utilization as materials for these emerging applications remains challenging.

Figure 2.1. Example of meg#on sulfur storage block nearly 18 m in height, courtesy of Alberta
Sulfur Research Ltd.

Efforts to either modify owtilize elemental sulfur to create polymeric materials have been
investigated by both polymerization and processing methods. It has long beerfRhomat
under ambient conditions, elemental sulfur primarily exists in an-eigitbered ringorm (S)

which melts afl = 120124 °C and undergoes equilibrium ringening polymerization (ROP) of
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the § monomer into a linear polysulfane with diradical chamds, abové@ = 159 °C (i.e., the

floor temperature). (Co)polymerization strategies withh&ve been developed via anionic
ROP? free radical processé§step growth copolymerization with cyclic disulfidé$®® and
precipitation approaches for ceskell colloid$?"%® to modify the properties of sulphur. The
preparation of nanocomposite materials with elemental sulfur is a new opportunity in materials
chemistry that has not been extensively explored. Due to the incompatibility of sulfur with the
majority of chemical ragents, composites with a high sulfur cortand colloidal inclusions
have typically required higkenergy milling®®” Multi-step synthetic approaches have more
recently been explored as demonstrated byal.,for the preparation of graphene oxisigfur
nanocomposites, which enabled enhancerérthe electrical conductivit?® However, there

are currently no reports on the direct modification of elemental sulfur with dispersed fillers, or
nanoinclusions without the need for midtep processing methods. Hence, there is a clear

opportunity to develop new sulfur chemistry for these types of nanomaterials.

Herein, we report on the utilization of elemental sulfur aexael medium for the formation of
AuNPs and for the in situ crogsting of these colloidal dispersions to form vulcanized
nanocomposites (Schem2l). We report for the first time the direct dissolution of
organometallic Au(l) complexes in liquid sulfur for the formation of discrete, dispersed metallic
AuNPs Furthermore, to enhance the mechanical properties of these dispersions, reaction of the
elemental sulfur matrix with divinyloenzene afforded crosslinked nanocomposites with AuNP
inclusions. To the best of our knowledge this is first example of thetditdization of
elemental sulfur as a solvent and reactive medium for the preparation of nanomaterials, which is
analogous to related reports using unconventional media, such as, ionic liquids, for the formation

of nanomaterial&*4%4
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Scheme2.1. Synthetic scheme for the synthesis of AUNPs in elemental sulfur followed by either
sublimation of free sulfur to afford isolated ligand capped AuNPs, or vulcanization of the sulfur
AuUNP reaction mixture to form crosslinked nanocomposite.

2.2 Results and Discussion
2.2.1.Au Nanoparticle Synthesis and Isolation

The general strategy for the preparation of Au nanoparticles and nanocomp@sitése
direct dissolution of organometallic complexes and vinylic monomers into liquid sulfur without
the need fop additional organic solvents.Nonpolar complexes such as gold (I)
triphenylphosphine chloride (CIAu(l)PBhand gold(l) chlorocarbonyl (CIAY)CO) were found
to be soluble in liquid sulfur at temperatures abdwve 120 °C and were initially used for the

synthesis of AUNPs.

For the preparation of AuNPs in liquid sulfur, elemental sulfur was heated in biilkto

200 °C, which resulted in the formation of polymeric sulfur as noted by the vitrification of the
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medium and deep red color. The addition of CIAu(1)PBhwt% relative to g in powder form

to this viscous mixture & = 200 °C afforded a homogeneouswn solution, which within a

few minutes exhibited a drastically reduced viscosity, relative to the polymeric sulfur mixture
formed at this temperature. The physical appearance of this reaction mixture after the addition of
CIAu(l)PPhy at T = 200 °C wassignificantly different relative to pristine elemental sulphur
(Figure2.2c). Furthermore, isolated powders from this reaction could-beeled afl = 140 °C

to form stable, brown colloidal dispersions (lig 22d). To increase the loading and yield o
AuNPs within sulfur matrices, the pdéssolution and concentration of CIAu(l)PP{b0-wt%
relative to @) and elemental sulfur was conducted in carbon disulfidey)(@& form
homogeneous composites, followed by heating to 200 °C. To enable charagiation of
AuNPs, removal of free elemental sulfur was conducted by sublimation to afford brown powders
which were sparingly dispersible in €&ee Supporting Information for calculation of yields).
We also note the evolution of a gaseousgplyduct fran the reaction, which was found to be ClI

resulting from the reduction of the Au(l) precursor to Au(0) NPs.
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Figure 2.2. a) TEM of AuNPs (D = 5.1 £ 3 nm) formed directly in liquid sulfur usingtSo
CIAu(PPh b) TEM of AuNPs (D = 6.9 £ 2 nm) formed using-&@ CIAu(l)PPh by
predissolution with sulfur using G&nd removal of the solvent c) Digital image of sulfur &
CIAu(l)PPh before (left) and after AUNP formation (right) Bit= 200 °C and cooled to room
temperature d) Neat liquid sulfur 8t = 140 °C below floor temperature for ROP (left) and
molten form of AuNPsulfur nanocomposite formed at= 200 °C, cooled to room temperature
and remelted afl = 140 °C (right).

2.2.2.Au Nanoparticle CompositeCharacterization

Transmission electron microscopy (TEM);rXy diffraction (XRD) and Xray photoelectron
spectroscopy (XPS) of isolated powders were conducted to confirm the formation of discrete,
nonaggregated metallic AuNPs. TEM of AuNPs prepared uairigading of 5wt% of the
Au(l) precursor afforded colloids of spherical morphology with a broad distribution of particle
size (D = 5.1+ 3 nm, Figire 2.2a). Similarly, AUNPs prepared with a-8@% loading of
CIAu(l)PPh also exhibited a spherical morphology and slightly larger size (D =&%m,

Figure 2.2b). Powder XRD of isolated materials after sublimation confirmed the formation of
metallic fcegold of low crystallinity, as noted by broad diffraction peaks @t 2 38°, 44°,

64.5° and 77° (seAppendix A Figure A.5a). XPS of similar samples confirmed the formation

of zero valent gold by the photoemission of core electrons with binding energies of 82.7 eV and
86.3 eV, corresponding to Au#fand Au 4§, spinrorbit components (se&ppendix A Figure

A7)

An important finding in this system was the serendipitous role of triphenylphosphing (PPh
derived from CIAu(l)PPkto solubilize Au(l) salts in liquid sulfur and form the ligand species
required for AUNP famation. In the absence of PPAu(I)Cl was insoluble in liquid sulfur and

gave large microsized Au agglomerates. In contrast, the external addition of one molar
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equivalent of PPhalong with Au(l)Cl and &afforded a homogeneous solution when melted
above T = 120 °C and formed discrete AuNPs (D = 5.4 + 4 nm) when further heafedto

200 °C. (sedppendix A Figure A8).

2.2.3. Stabilizing Ligand Identification

A second key finding was the recovery of chloro(triphenylphosphine sulfide)gold(l)
(CIAu(l)SPPh) crystals from dispersions of isolated AuNPs (i.e., after sulfur sublimation) in
CS, (see Appendox A Figure A9). It can be postulated that the formation of the
triphenylphosphine sulfide (SPBhligand, which is necessary to form the CIAS8PPh
complex in situ, occurred via dissociation of RRiom CIAu(l)PPh precursor, followed by
reaction with § The mechanism is supported by the findings of Baetedt.,*>> who reported
that PPh readily attacked §Sto dford a betaine intermediatd,(Scheme2.2) with a positive
charge on phosphorus and a negative charge on the displaced sulfur atom. Nucleophilic attack of
an additional PPJon intermediatel) resulted in the formation of SPP4nd a shortened betaine
(2, Scheme2.2), where SPPhre-complexes with Au()Cl in the sulfur phase to form
CIAu()SPPH. The CIAu(l)SPPhprecursor is then likely reduced by anionic polysulfides, which
are known reducing agents for Au (Ill) salts to form zerovalent AUNPs (Sche)f&® Further
evidence for this mechanism was confirmed by a final control experiment using Au@¥eidS
externally added SPRAt T = 200 °C. Under these conditions, discrete,-aggregated AuNPs
of comparable size & morphology (D = 6.5 £ 3 nm) to Au colloids formed from CIAu()PPh
precursor, which confirmed the critical role of SPRIs the key intermediate to solubilize
Au(l)CI in liquid sulfur and facilitate the formation of AUNPs (Jggpendix A Figure A10).

Given the findings of these different experimental conditions and other control experiments (see
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Appendix A), it is important to note the possibility of alternative reidg species and reaction
pathways in addition to those from-situ generated polysulfides. However, in the presence of
PPh, it is likely that the AUNP reaction proceeds via the proposed mechanism as described in
Scheme 2.

Further characterization vidMR, laser desorption/ionization mass spectrometry {M3)
of isolated AuNPs after sublimation confirmed that CIAu(l)SfPBérved as a steric ligand
coating imparting colloidal stability (se&ppendix FiguresA.13-A.15). The exact chemical
nature of te CIAu(l)SPPB interaction with the nanoparticle surface is still under investigation,
however, we hypothesize that Au@u(0) interactions are present given the precedence for

Aaurophilico bondind”between Au(l) complexes.
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Scheme 2.2. Proposed mechanism for the formation of AuNPs in liquid sulfur using
CIAu(l)PPhs.

2.24. In-situ Crosslinking of Composite and Characterization
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In addition to the formation of AuNPs in sulfur, vulcanization of crudeSAteaction
mixtures was conducted to improve upon the poor mechanical properties of these materials. In
this systemthe direct addition of divinylbenzene (DVB) at elevated temperattres180 °C)
to reaction mixtures of sulfur and AuNPs was conducted at both low and high NP loadings (from
5-wt% and 56wt% CIAu(l)PPhR). Vulcanization with DVB of 4wvt%, 8wt%, 16wt% and 32
wt% relative to sulfwlAuNP mixtures was performed, where nanocomposites with improved
mechanical integrity were observed for formulations abowet% of DVB crosslinker.
Furthermore, DVB vulcanaion of nanocomposites enabled microtoming of bulk samples
mounted in crosslinked epoxy matrices for morphological interrogation by TEMré=@a,b).

In general, AuNPs (D =-8 nm) were found to be wedlispersed in vulcanized matrices of bulk
nanocomposite samples at low filler loadings (bBig 2.3a). Aggregation of AUNPs into small
flower-like clusters was observed for samples with higher filler loadings. Interestingly, for
samples prepared using -8@% CIAu(l)PPh and 16wt% DVB, well-defined flowe-like
clusters (D = 24 + 5 nm, Figur2.3b), which most likely arose from depletion induced

aggregation of primary AuNPs as crosslinking of the matrix proceeded.
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Figure 2.3. (a) TEM of microtomed films of crosslinked sufAUNP nanocomposites prepared
from 5wt% and (b) 56wt% Au(l) salts and after vulcanization with-8@% DVB, (c) Raman
spectroscopy of elemental sulfurl¥ and vulcanized nanocomposites witiwv®bo (c-2), 8-wt%
(c-3), 16wt% (c¢4) and 32wt% DVB (c-5), (d) image of free standing, mgltessed film of
crosslinked sulfwAUNP nanocomposite prepared fromb®6 Au(l) salts after vulcanization
with 30-wt% DVB.

Raman spectroscopy of elemental sulfur and vuleshimnocomposites confirmed the DVB
sulfur copolymerization as noted by the consumption-8f\8brational stretches (153, 219 and
473 cm') and the progressive increase of aromatic stretches (1442 and 13p@@mnre2.3c).

After mechanical reinforceamt of nanocomposites by vulcanization, free standingsSAums
were able to be fabricated by simple nmkess processing (Rige 23d). Meltprocessing of
AuNP-sulfur reaction mixtures without crosslinking only afforded liquids (when heated above
the np of the matrix) which yielded granular solids with poor mechanical properties when

cooled to room temperature.

2.3. Conclusion

In conclusion, we demonstrated the ability to use elemental sulfur as a solvent medium,
reducing agent for Au(l), oxidizinggent for phosphorus(lll), NP ligand and crosslinking matrix
for the synthesis of AUNP nanocomposites. This general approach is anticipated to open a new
avenue of research for sulfur utilization by direct modification of elemental sulfur as a novel

feedsock for material synthesis.
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CHAPTER 3: THE USE OF ELEMENTAL SULFUR AS AN

ALTERNATIVE FEEDSTOCK FOR POLYMERIC MATERIALS

With contributions fromWoo Jin Chung (synthesis and characterization of sulfur copolymers
and coauthoy, Eui Tae Kim (assistance in micropatterning experiments), Hyunsik Yoon
(characterization supportpdam Simmond&oin cell battery fabrication and characterizatjon
Hyun Jun Ji (DSC characterization supporfphilip Dirlam (development of additional
monomer} Richard Glasgsynthetic suppo)t Jeong Jae Wi€¢XRD characterization support
Ngoc NguyenDSC and TGA characterizatipnBrett Guralnick (synthetic suppo)t Jungjin

Park (battery characterization supparthrpad Somogyi (mass spectroscopy charagsgion),
Patrick Theato (support of Brett Guralnick), Michael Mackay (support of Jeong Jae Wie and
Ngoc Nguyen)Kookheon Char (support dEui Tae Kim and coauthyyrand Jeffrey Pyun

(coauthor and PI).

Reproduced in part from referent®4. Copyright 2038, Nature Publishing Group

3.1 Introduction

The preparation of novel polymers and nanocompositextly from elemental sulfur
offers an intriguing new direction in chemistry, materials science and chemical engineering to
create novel materials from an alternative chemical feedstock. More than 60 million tons of
elemental sulfur is produced annyalthe majority of which comes as the-pgsoduct from
petroleum refining through hydrodesulfurization processes to reduce sulfur dioxide emissions
from the combustion of fossil fuel s. I n par

reservoirsm regions of Canada requires extensive preprocessing to remove sulfurous substances,
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such as alkylthiols, ultimately producing elertarsulfur as a byroduct (Figure3.1a) 394408409

Elemental sulfur is most widely utilized for the production of commodity chemicals, such as,
sulfuric acid and phosphates for fertilizers. = Smaller niche markets for specialty chemicals,
notably, synthetic rubber @e. tires) via vulcanization processes and cosmetics also directly
utilize elemental sulfut* However, due to the limited demand of sulfur for these existing
applications, a huge surplus of elemental sulfur on the order of 7 million tons is generated
annually, the majority of which is stored powder form or as solid bricks in massive above
ground deposits (Fige 3.1).3% Hene, the sheer abundance of elemental sulfur offers a clear
and strong motivation to develop innovative chemistry and processing methods for its utilization

as a new feedstock for the synthesis of novel polymeric and nanocomposite materials.

While it is known that sulfur possesses a number of interesting properties, namely high

(Wg169214227:228249397410414 ang high refractive indiceS?*'® synthetic

electrochemical capaciti
and processing methods to prepare wefined materials with high sulfur content are sorely
lacking. Elemental sulfur exhibits limited solubility in the vast majority of organic solvents, with
the exception of sparing solubility imanatic media (e.g. toluene), carbon disulfide and certain
ionic liquids!® It has long been known that under ambient conditions, elemental sulfur
primarily exists in an eightnembered rindorm (S) which melts into a clear yellow liquid
phase at T = 12024 °C. Rings with 85 sulfur atoms are formed and further heating of the
liquid sulfur phase above T = 159 °C (i.e. the floor temperature) results in equilibrium ring
opening polymerization (ROP) of the Bionomer into a linear polysulfane with radical chain
ends, which subsequently polymerizes into high molecular weight polynsulfur (Figire

3.1b). This diradical form of polymeric sulfur exhibits a deep red color and depolymerizes back

to the monomeric ring forms (of varyingng size) (Figure 3.c). Polymeric sulfur generated
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from thermal ROP forms a seimiystalline, irtractable solid with poor mechanical properties,
which is not amenable to melt or solution processing. Stabilization of the diradical polymeric
sulfur form of this material can be achieved by quenching of the radical chain ends via
copolymerization with enes, such as dicyclopentadiene, which chemically stabilizes the
polymer, but still affords a brittle crystalline material. These stabilized polymeric sulfur

materials are also used for rubber vulcanization in tires, but otherwise have found limited utility.

1LT>159 °C
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s SNek %s/ Sse
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Figure 3.1. a) Example of &posed deposit of elemental sulfur from hydrodesulfurization in
petroleuem refining processes. The large abundance of sulfur points to an important opportunity
to use this as a new chemical feedstock for polymeric matds)aBchematic for thermal ring
opening polymerization (ROP) of $to polymeric sulfur diradical forms) Bulk forms of $

powder, molten liquid sulfur and polymeric sulfur formed via thermal ROP. Despite the
formation of high molecular weight polymericltw from the ROP of § the presence of
diradical species results in depolymerization back to monomeric and oligomeric sulfur
allotropes.
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Copolymerization strategies have been explored to modify the properties of elemental
sulfur by incorporation into glymeric materials. The seminal work of Penczek et al.,
demonstrated the ability to anionically copolymerizer&h propylene sulfide to prepare linear
polysulfides with up to nine -S bond€>®” Stillo et al., examined the free radical
copolymerization of Swith styrene which mainly afforded oligomeric products, asldivinyl
monomers were used to balance the depolymerization process with crosslinfisigda et al.,
reported the copolymerization of diynes witht8 form regiorandm polythiophene$:® More
recently, Hay and Ding et al., demamaséd the copolymerization of cyclic disulfides with S
which afforded intractable copolymers with increasing sulfur feed rifiosvhile all of these
reports point to the potential for sulfur utilization, these materials either havedgrees of
sulfur incorporation into the final copolymer, or form polymeric materials with limited tunability

of properties and processability.

To enable the preparation of chemically stable (i.e. suppressed depolymerization) and
processable polymers with very high content of sulfur, we explored the possibility of
conducting chemistry directly in molten liquid sulfur as an unconventional medium akin to
supercritical fluids and ionic liquids. We previously demonstrated the ability to form Au
nanoparticls directly in liquid sulfur from soluble Au(l) complexes, followed by chemical
crosslinking to form dispersed, mechanically robust nanocompdditesowever, the direct
utilization of liquid sulfur as a solventless medium to prepare chemically stable and processable

polymeric materials has never been exploited.

Herein, we present the utilization of elemental sulfur for the synthesis of polymeric

materials with a very high content of sulfur iaverse vulcanizationwhich enabled the
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preparation of chemically stable, processati@olymers by copolymerization with divinylic
comonomers. In conventional vulcanization, polydienes are crosslinked with a small fraction of
sulfur to form synthetic rubber. In theverse vulcanizationprocess, we describe the
stabilization of polymean sulfur against depolymerization by copolymerizing a large excess of
sulfur with a modest amount of small molecule dienes. This process enabled for the first time
via copolymerization, the manipulation of elemental sulfur into processable polymeritaisate
Additionally, this facile, solventree methodology enabled the preparation of rgriim scale
copolymers with sulfur, which possess tunable thermomechanical properties. As a direct
consequence of copolymerizing sulfur with divinylic styrenienoaomers, we were able to
prepare soluble prepolymer sulfur resins with a very high content of sulfur (upAt9®8ulfur),

which could be processed into micropatterned films using polydimethylsiloxane (PDMS) molds
via imprint lithography. With these syrgtic developments, we retain many of the desirable
properties of elemental sulfur (e.g. electrochemical activity), but convert sulfur into a copolymer
form with improved chemical and processing characteristics. We demonstrate that this sulfur
copolymer an be used as the electroactive material in cathodes {8rHatteries which was
observed to exhibit the highest reported specific capacity & energy density to date for a

polymeric material.

3.2 Resultsand Discussion

The general strategy fanverse vicanization was the direct dissolution of divinylic
monomers into liquid sulfur followed by heating the molten solution above the floor temperature
(Ty) for the ROP of § which enabled free radical copolymerization with -1,3

diisopropenylbenzene (DIB) witlut the need for additional initiators or organic solvents at T =
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185 °C. Direct control of the thermomechanical properties and optical transparency of
poly(sulfurrandoml,3-diisopropenylbenzene) (polWiSDIB)) materials was achieved by the

variationof DIB feed ratios (160-wt%) during the melt copolymerization.

3.2.1.Copolymerization Conditions and Requirements

For the preparation of poly{SDIB) copolymers viainverse vulcanization the
copolymerization of DIB in liquid sulfur was conductatdT = 185 °C to promote efficient ROP
of S and afford chemically stable copolymers that did not readily depolymerizer¢)3g?2).
Bulk copolymerization in liquid sulfur at T = 185 °C was conducted to ensure a sufficiently high
concentration of sulfudiradicals generated from homolytic cleavage @ft& promote the
efficient initiation of the polymerization, as well as, efficient homopropagationgfsulir
diradicals and crosgropagation to DIB!’ Because copolymerizations were done in liquid
sulfur at T = 185 °C, the use of comonomers that were both misciblenwsiten sulfur and
nonvolatile wergequired, which led to usage of DIB. Initial experimental conditions for these
reactions explored copolymerizations with relatively Biéh feed ratios, §(70-wt%) and DIB
(30-wt%), where liquid sulfur was heated to T = 185 °C, capsie onset of ROP. This process
was accompanied by a rapid color change of the medium from yellow to red. At this stage a
room temperature aliquot of DIB was added to the oligomeric sulfur mixture at T = 185 °C,
which after a very short mixing perioésulted in a homogeneous yellow solution of lowered
melt viscosity, in comparison to the oligomeric sulfur mixtures. Complete vitrification of the
medium was observed within 5 minutes, at which point, the reaction mixture was allowed to cool
to room tempmature, resulting in the formation of a transparent red polymeric glass. Differential

scanning calorimetry (DSC) confirmed that ias fully consumed in the copolymerization as
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noted by the absence of two characteristic melting transitiopsf(@m the athorhombic and
monoclinic phases at 109 °C and 119 °C, respectivelyAppendix BFiguresB.2 & B.3 for

discussion of Sconsumption).

d 7l b
| |
Ng o
lT=185°C %
; \’ff\/ ‘ Molten Sulfu
Divinylic
T 185°C T 185°C

comonomer

R

Poly(S-r-DIB) copolymer
Poly(S-r-DIB) copolymer

Figure 3.2. a) Synthetic scheme for the copolymerization gfath DIB to form vulcanized
sulfur-DIB  copolymer. b) images of liquid sulfur and poly(sulfuandoml,3
diisopropenylbenzene) (polHiSDIB) glass with 3éwt % DIB (scale bar is 2 cm). The key
feature of this synthetic method is the direct use of liggutfur as both the solvent and
comonomer, along with DIB, to form chemically stable glassy copolymers.

Concomitantly, DSC of the copolymer product revealed the emergence of a new glass
transition () at 17 °C. In contrast to polymeric sulfur, poly(®1B) glasses were observed to
be chemically stable, remaining as red, transparent films over a period of several months while
stored under ambient conditions. A full series of copolymer composition was explored ranging
from 1050-wt% DIB and 9650-wt% elenental sulfur, which corresponded on average td@4
S-units per DIB unit in the copolymer, respectively. In general, we observed that all of these
feed ratios efficiently copolymerized in bulk at T = 185 °C, where reaction mixtures with a

higher composion of DIB (2050-wt%) afforded transparent red films; while copolymer films
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with 10wt% DIB were red and opaque. The origin of the red color in these copolymers is still
under investigation although similar observations have long been made in theRdinaf S

and remain under speculatitfi. Because of the simplicity in tHaverse vulcaizationprocess,
robust larger area films were easily fabricated on agum scale by pouring molten solutions

of Sg and DIB prepolymer into petri dishes, or molds of various shapes and thermal curing of the

resins at T = 185 °C. (Fiuge 33a)

Poly(S-r-DIB)
30-wt% DIB

Poly(S-r-DIB)  Poly(S-r-DIB)  Poly(S-r-DIB) Solid Sg
30-wt% DIB 20-wt% DIB 10-wt% DIB

Figure3.3.a) 25 g scale synthesis of poly(SDIB) copolymer transparent glass film with-8@

% DIB cured in petri dish (outer diameter = 15 cm) with golf ball as reference for scale
(diameter = 4 cm)b) range of compositions from left: 30, 20,-M% DIB and elemental sulfur
cured in petri dishes (outer diameter = 5 cm). An attractive feature of inverse vulcanization is
the ability to suppress the crystallization @fé®d polymeric sulfur via introduction of DIB units

into the copolymer, which enables theeparation of transparent glassy films with increasing
DIB content.
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In addition to DIB, we have found that isocyanate functicarahethylstyrene
comonomers can be modified to prepare both momodifunctional isopropenytomonomers
that also readily copolymerize withg $see Appendix B FiguresB.12-B.15 for discussion of

these new monomers and copolymerization experiments gith S

3.2.2Thermal and Rheological Properties of Sulfur Copolymers

Thermal gravimetric analis (TGA) and differential scanning calorimetry (DSC),
coupled with rheological characterization of sulfur copolymers were conducted to investigate the
effects of copolymerization on the thermomechanical propertiesAfgeendix BFiguresB.17-

B.23 for detds on thermal analysis and rheological characterization). DSC revealed that-poly(S
r-DIB) copolymers with compositions ranging from-30-wt% DIB exhibited [0 s -F4r@ m

to 28 °C, where increasing DIB content progressively increagedf The final c@olymer
(Figure 3.4a). Copolymers with a higher content of DIB (iz220-wt%) were found to be
amorphous, as indicated by the absence of melting/crystallization transitions and from wide
angle Xray scattering (WAXS) measurements. Poli{SIB) copolymes with a lower content

of DIB (10-wt%) exhibited two transitions in DSC corresponding tq & 714 °C and a weakn]

=114 °C, which correlated with the optical opacity of films cast from this copolymer. Elemental
sulfur exhibits melting transitions at,T= 110 and 120 °C in the first scan of DSC,
corresponding to melting of orthorhombic and monoclinic phases. Furthermore, polymeric
sulfur generated solely by thermal ROP @fe&hibited a F = -30 °C and complex melting

transitions in the range of 140 °C*’
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Figure 3.4. a) DSC thermograms showing glass transitiong OF elementakulfur and
poly(Sr-DIB) of varying DIB content from 130 wt%. b) Zero shear viscosity of poly{s
DIB) copolymers with varying content of DIB. These measurements demonstrate that control of
thermal and rheological properties of these materials canrdelg modulated by DIB content
in the copolymer.

The melt rheology for the poly{&DIB) copolymer series , generated from master curves
referenced to PDMS standards at T = 130 °C, indicated that the terminal viscosity progressively
increased with higheDIB content for samples containing -BO-wt% DIB (Figure 34b).

However, the 5wt% DIB sample demonstrated a reduction in the terminal viscosity, which is
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consistent with the formation of hi ghly bran
result d the higher density of branch points from DIB subunits in the copol§tfie€orrecting

for a change of the glass transition showed that the trend of viscosity with DIB conoardiet

not change and the 50 wt% sample had the lowest viscosityfgeEmndix BFiguresB.21-B.23

for rheological characterization of poly(SDIB) copolymers)

3.2.3.Structural and Kinetic Analysis of Sulfur Copolymers

Although bulk thermal andheological characterization confirmed the formation of
sulfur-DIB copolymers, further interrogation of the copolymer structure was necessary. A
fundamental challenge encountered in the structural characterization of these materials was the
limited solubilty of copolymers containing a high content eSSepeating units. Fortunately,
copolymers with 5@vt% DIB were found to be completely soluble in Aawiar organic solvents
which enabled both NMR spectroscopy and size exclusion chromatography (SEQatoidx
out. SEC in THF of poly(8-DIB) copolymers with 58nm% DIB, calibrated against polystyrene
(PS) standards, exhibited low apparent number average molecular weight and high polydispersity
(Mn = 1,260 g/mol; M/M, = 2.70). The low apparent molarass and high polydispersity of
this copolymer was attributed to both branching through DIB units and predominant termination
by intramolecular coupling of sulfur radical branches to form more staBle S onded Al ooy
which is also a proposed mechanism dappressed depolymerization as a consequence of DIB
copolymerization (seAppendix BFiguresB.10 & B.11 for discussion of structural aspects of
poly(Sr-DIB) copolymers and supporting control experimen®heological characterization of
this copolymersupported this structural hypothesis by the observed zero shear viscosity at the

highest DIB content (5@t%) which suggested that hyperbranched copolymers were formed
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(Figure 3.4b). Further structural characterization of poly(BIB) copolymers using NNV
spectroscopy, laser desorption mass spectrometryMBD and SEC were also conducted for
structural characterization (seAppendix B Figures B.4-B.9 for NMR, SEC and MS

characterization).

3.2.4.Melt processing of Sulfur Copolymers into Micropattemed Films

As a direct consequence of timverse vulcanizatiotechnique, processable prepolymer
forms of elemental sulfur with DIB were prepared, enabling for the first timepradtessing of
sulfur into patterned films.  Imprint lithography*?° was utilized to prepare micropatterned
poly(Sr-DIB) films, where PDMS molds were fabricated to generate cylindrical post features,
which possess feature sizes and periodicity on the micron scale. Several different PDMS molds
of varying fature size and spatial arrangement were utilized to generate a series of
micropatterned films.  Micropatterned films of poly(®IB) were prepared by bulk
polymerization of § and DIB (36wt% DIB) which was held to low monomer conversion,
followed by pouing of the viscous prepolymer into a PDMS mold. Curing at T = 200 °C for 20
minutes and mold release generated free standing micropatterned thin films. Scanning electron
microscopy (SEM) of molded poly{6DIB) films confirmed high pattern fidelity andansfer
from PDMS masters, with copolymer posts ranging freBricrons in height and periodicities
ranging from 1€20 microns (repreentative pattern shown in Figure5B. This particular
composition and feed ratio of A% S and 30wt% DIB was chosen for molding, primarily for
practical reasons associated with favorable viscosity and mixing time required to make and
process the sulfur prepolymer before application to the PDMS molds. While numerous other

processing conditionend methods would be worthwhile to investigate, we demonstrate here the
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benefits ofinverse vulcanizatioto modify elemental sulfur into a prepolymer form that exhibits
enhanced handling characteristics, which will enable other solution and melt prgcastiods

to be pursued in future studies.

a =
e - il‘ ‘:‘ P
ot ) 220" mmp ToeiE G
[e) (;' > » > ® o o ﬁ'
- Released . '
from
Micropatterned Drop cast S-DIB Curing mold
PDMS Mold copolymer at 200 °C Free-standing
micropatterned S-DIB
copolymer
b C

Figure 3.5. @ Schematic depicting imprint lithography of poly($IB) copolymers to form
micropatterned films, all from a composition of -6 DIB, 70wt% sulfur. b), c)
Environmental SEM (ESEM) of micropathed poly(S-DIB) copolymer pillars at varying
magnification. Inverse vulcanization enables melt processing of €dlBiresins into PDMS
molds to prepare patterned copolymer films. This type of melt processing and imprint
lithography readily applietb fabricate sulfur films, due to the difficulty in solution processing
Sg and the crystallization of gSvhich affords brittle solids that fracture when subjected to the
imprint lithography described above.

3.2.5.Electrochemical Characterization of Copdymers and Li-S battery Cathode

Considerable interest in elemental sulfur and modified sulfur materials has been

generated for their use in-8 batteries. A central motivation of theverse vulcanization
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chemistry was to enable modification of eleméstdfur into a processable polymeric form that
still retained the electrochemical activity of elemental sulfur. A fundamental challenge in this
area is to fabricate sulfdrased cathodes that exhibit retention of high specific capacity after
extensive cgling. To interrogate the electrochemical properties of petyit8B) copolymers,
cathodes incorporating the sulfur copolymer-(i® DIB) as the active material were fabricated
and electrochemically evaluated by cyclic voltammetry (CV) and battery gyekperiments.

CV for both S and poly(Sr-DIB) were observed to be very similar as noted by peaks &.2.3

V, which was associated with sulfur reduction generating higher order linear polysulfides, along
with a second peak at 2201 V assigned to thiermation of lower order sulfides down to,5i
(Figure 3.6a). These CV experiments confirmed that poliy{3B) copolymers exhibited very
similar electrochemical behavior t@.SAnN intriguing feature of these materials was manifested
in battery cyclingexperiments, as the polySDIB) copolymer exhibited an initial specific
discharge capacity of 1100 mAh/g with high capcatiy retention andtérng cycle stability

(823 mAh/g at 100 cycles at a rate of C/10). More extensugstigation ofC-rate stutes and
experiments above 200 cycles were also conducted, which confirmed retention of charge
capacity over longer cycling periods (s&ependix B Figures B.25 and & for Grate studies

and extended cycling experiments). Previous reports on enhanded-bsisled cathodes
required the preparation of complex cateell colloids that encapsulate elemental sulfur with a
conductive shell of either a conjugated polymer, or a conductive carbon c§atigf’ 2+

The specific capacity of L$ batteries made from these cstell colloids a the active material

was observed to range from 60000 mAh/g at 100 cycles and comparabteate. While the
capacity and cycle stability of polyiSDIB) based cathodes fell within the range achieved

using coreshell colloid derived electrodes, the #yetic simplicity, low cost and amenability to
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large scale production of polySDIB) copolymers are distinctive advantages relative to the
previously discussed coshell colloid examples. Furthermore, these poly{3B) copolymers

exhibit the highest specific capacity of any polymer based cathodes reported to date. While the
causality of these exceptional electrochemical properties is still under investigation, we
demonstrate that these inexpensive, easily symssulfur copolymers exhibited enhanced

electrochemical properties as a direct consequence of copolymerization ifrerse

vulcanization
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Figure 3.6. Electrochemical performance of 10% D#-wt% sulfur copolymer:a) cyclic
voltammetry of puresulfur (solid black line) and poly¢&DIB) (10-wt% DIB, open circles) at a

scan rate of 20uV/s.b) Battery cycling data for poly(&DIB) (100wt % DI B) (C/ 10 r &
di scharge and (0) c h ar g efficerey) withithe ynset showidg a( z ) C
typical charge/discharge profile. These results show that this composition of-paNg$

copolymer exhibits comparable voltammetry ta8d retains high specific capacity when cycled

in a Li-S battery.

3.3. Conclusions

In conclusion, we demonstrated the ability to use elemental sulfur as a novel feedstock to
prepare chemically stable copolymers by the development of a new synthetic methodology,
termed, inverse vulcanization. As a direct consequence of this cgperization technique,
copolymers with a very high content of sulfur were prepared that are both solution and melt
processable, in sharp contrast to the properties of elemental sulfur. Furthermore, we demonstrate
that these sulfur copolymers maintain &lechemical activity and are suitable as the active
material in LiS batteries. This general synthetic approach is anticipated to open a new avenue of
sulfur utilization research for polymeric materials and enable the preparation of a novel class of

electochemically active materials for battery applications.

3.4.Methods

3.4.1. General procedure for the preparation of poly(sulfurrandom(1,3

diisopropenylbenzene)) (Poly(S-DIB))

To a 24 mL glass vial equipped with a magnetic stir bar was added gsgdfumasses
detailed below) and heated to T = 185 °C in a thermostated oil bath until a clear orange colored

molten phase was formed. iLBisopropenylbenzene (DIB) was then directly added to the
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molten sulfur medium via syringe. The resulting mixture wtigsed at T = 185 °C for-80
minutes, which resulted in vitrification of the reaction medium. The product was then taken
directly from the vial using a metal spatula and removal of the magnetic stir bar for
determination of yields after allowing the réan mixture to cool to room temperature. (detailed

synthetic & processing protocols are in Supporting Information)

3.4.2.Preparation of micropatterned poly(Sr-DIB) copolymers

To a 24 mL glass vial equipped with a magnetic stir bar was added the Sglf850 g,
13.7 mmol) and the vial was then heated to T = 185 °C in a thermostated oil bath until a clear
orange colored molten phase was formed:OijSopropenylbenzene (1.50 g, 9.48 mmol) was
added to the molten sulfur medium and the resulting mixtuas further heated at this
temperature for a few minutes to form a viscous red colored prepolymer resin. The viscous
solution was placed onto a micropatterned PDMS mold and then immediately placed in an oven
heated at T = 200 °C and cured for 30 minutemled to room temperature and removed

carefully from the PDMS mold.

3.4.3.Coin cell fabrication and electrochemical testing experimental

Poly(Sr-DIB) (10-wt% DIB) was combined with conductive carbon and polyethylene as
a binder in a mass ratio of 75:80respectively and milled into a slurry with chloroform. The
slurry was then blade cast onto carbon coated aluminum foil and dried in air. This cathode was
assembled into CR2032 coin cells with a polypropylene separator and lithium foil as the

referenc&counter electrode in an argon filled glove box. The electrolyte used was 0.38 M
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lithium bis(trifluoromethane)sulfonimide, 0.31M lithium nitrate in a 1:1 (v/v) mixture of 1,3
dioxolane and 1;2imethoxy ethane. Cyclic voltammetry was done on a CH ingtntsn600
potentiostat at a scan rate of 20egV/s from 2.

BT2000 battery tester at a rate of C/10 (167mA/g sulfur) from 1.7 to 2.6 V.
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CHAPTER 4: INVERSE VULCANIZATION OF ELEMENTAL
SULFUR TO PREPARE POLYMERIC ELECTRODE

MATERIALS FOR LI -S BATTERIES

With contributions from Adam Simmonds inftial coin cell battery fabrication and
characterizatiorand coauthor),Jungjin Park (battery characterization suppeiwi Ryong Kim
(battery characterizatin support) Woo Jin Chundsyntheticsupport),Vladmir OleshkqEELS
and FESEM characterizatiop) Jenny Kim (FESEM characterization supportgui Tae Kim
(thermal analysis supportRichard Glass(synthetic suppo)t Christopher Soles (support of
Vladimir Oleshko and Jenny KimfungEun Sundsupport ofKwi Ryong Kin), Kookheon Char

(support ofEui Tae Kim and coauthyrand Jeffrey Pyun (coauthor and PlI).

Reproduced in part from referenté5. Copyright 2014American Chemical Society

4.1. Introduction

Lithiumi sulfur (Lii S) batteries are an intriguing candidate for electric vehicle (EV)
applications because of the high theoretical specific capacity of sulfur at 1672 mAh/g, as well as
the high specific energy of agpimately 2600 Wh/kd> While initial capacities of 1200 mAh/g
are fairly common fo standard LiS batteries, rapid fading of charge capacity is
observed® This poorlongt er m per formance has been associ at
polysulfides dissolved into the electrolyte medium, in addition to irreversible deposition of solid
lithium sulfide (LLS) and other mixtures of insoluble discharge productsS{LLi,Ss) on the
cathod€e’?! The addition of lithium nitrate (LiNg) to the battery electrolyte has succesyfiéd

to suppression of polysulfide shuttling, enabling high Coulombic efficiehti&E.However,
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repeated cycling in LIS batteries, ultimately leads to insoluble sulfide deposits that are
encrusted on the carbon cathode framework resulting oitth lmechanical and electrical

detachment from the electrode, leading to failure.

Since the recent advance of Nazar et®@l, number of reports have demonstrated the
preparation of sulfubased nanocomposite materials as a route to improve the performance of
LiTS batteries. Subsequent stgps to prepare enhanced cathode materials have aimed to
encapsulate or sequester the elemental sulfg)r {@ich enabled in many systems excellent
retention of charge capacity inilS batteries beyond 1000 chairdischarge cycle¥ #14227232
233252423 . . . . .

However, challenges still persist in the creation of chemistry for sb#fsed cathode

materials that are inexpensive and amenable to large scale production, while retaining high

charge capacity and electrochemical stabffity.

Herein, we report the synthesis and characterization of poly(salfidloml,3
diisopropenylbenzene) (polWiSDIB)) copolymers and explore composition effects on the
electrochemical performance of these copolymers as the active cathode materiaSin Li
bateries. We previously reported on the synthesis of these copolymers via a process termed
inverse vulcanization and demonstrated thatSLbatteries fabricated from these materials
exhibited high specific capacity (823 mAh/g at 100 cyct&sn this report, we explore for the
first time with these sulfur copolymers a direct strudtpreperty correlation of copolymer
composition with electchemical properties to afford optimal polymeric materials for these
battery systems. We further demonstrate improveéd Lhattery lifetimes out to 500 charge
discharge cycles with excellent retention of charge capacity. The enhanced battery performance

observed with these polymeric active materials arises from in situ generation of organosulfur
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additives (from DIB units) and linear polysulfide segments,§)i via electrochemical
fragmentation of the initial poly(&DIB) copolymer. We propose that theseganosulfur
species suppress irreversible deposition of insoluble discharge produ&ts (1JS,, Li»S) and

are mechanistically distinct from recenti 6i battery systems that nanoencapsulate sulfur to
suppress dissolution of linear polysulfides. Thidusubased copolymer is also a new addition to

an emerging class of electroactive polymers that have been used as polymeric electrodes for Li
batteries, examples of which include conjugated polymers andxidegreadical functional
polymers?>3270271276277282424429 1 gyr knowledge, these novel sulfur copolymexkibit one

of the highest capacities of any wholly polymeric material serving as the active material in

batteries cycled to extended lifetimes.

4.2 Results and Discussion

4.2.1. Improved Cathode Stability with Sulfur Copolymers

The Lii S battery using §&as the active material in the cathode functions as a liquid
electrochemical cell, where discharge causes the reductiong iotoShigher order linear
polysulfides (LpSs, Li>Ss, Li-Ss) that fully dissolve into the electrolyte medidfh. Continued
discharge results in the soluble higher order polysulfides being further reduced to insoluble lower
order sulfides (e.g., b$,, Li,S) thatredeposit onto the carbdmnder cathode framework. iL$
batteries fabricated with poly{iSDIB) copolymers as the active cathode material are identical to
traditional Li'S batteries using sS with the exception of soluble organosulfur species (i.e.,
thiolated DIB units) generated upon discharge of the copolymer. These organosulfur products

co-deposit with other insoluble lower order polysulfides onto the cabmer cathode
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framework at the end of di schar ge, polyduliide h we
discharge products, enabling more efficient battery cycling. This hypothesis was readily tested
by the preparation and electrochemical evaluation of pelhip#8) copolymers with systematic
variation of DIB content. It is important to note thaoly(Sr-DIB) copolymers with a high
content of sulfur initially exhibit poor solubility toward the electrolyte medium when cast onto

the cathode, but form soluble products after discharge to lower polysulfides.

Elemental Sulfur
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Figure 4.1.Synthetic scheme for the inverse vulcanization process yielding poly(saifdom
1,3-diisopropenylbenzene) copolymers.

The poly(Sr-DIB) copolymers employed in this study were synthesized by inverse

vulcanization through direct dissolution and copolyizeion of DIB in liquid sulfur*
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134430 This pracess is essentially a bulk copolymerization of molten sulfur and DIB heated above
the floor temperature Tf) for the free radical ringpening polymerization (ROP) of

Ss (Figure4.1). The copolymerization ofgSvith varying DIB feed ratios from 1 to 50% loyass

was conducted to prepare suthased copolymer materials, where the incorporation of
electroactive BS bonds was directly controlled. Sulfur copolymers with 50% by mass DIB were
found to be soluble in organic solvents (facilitating solution chanaatens such as NMR and

SEC)*while higher compositions of sulfur afforded sparingly soluble materials.

4.2.2. Investigating Optimal @polymer Composition in Li-S batteries

To investigate composition effects on battery performance, poHAB) copolymers
were fabricated into 2032 type battery coin cells and cycled at a rate of C/10 (167.2 mA/g) with
lithium foil employed as the anod€&iQure4.2). The sulfur copolymers with 1% by mass DIB
exhibited cycling performance comparable to elemental sulfur, whereas copolymers with
compositions of 20% or greater by mass DIB exhibited little to no improvement over elemental
sulfur. However, poly&-r-DIB) copolymers with compositions of 5, 10, and 15% by mass DIB
all exhibited high initial capacities, low initial capacity loss, and consistently reduced capacity

loss per cycle.
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Figure 4.2. Cycling performance of LIS batteries from sulfurcopolymers of varying
composition (050% by mass DIB) up to 78&ycles. Inset figure shows a plot of the specific
capacity measured at the 75th cycle against sulfur copolymer composition.

From this survey of compositional effects on the electrochemicpkepies, copolymers
with a composition of 10% by mass DIB were found to perform optimally (inset, Hd)re
Preliminary studies of this copolymer as an active materialii§ battery cathodes exhibited a
specific capacity of 823 mAh/g at 100 cycféSFurther optimization of cathode coating
methods has yielded significant improvement in both initial capacity and suppression of capacity
fading. An initial capacity of 1225 mAh/g was observed in theSLbatteries fabricated in the
present study and lowapacity loss was exhibited as noted by the capacities of 1005 mAh/g at
100 cycles and 817 mAh/g at 300 cycles with a Coulombic efficiency of 99% throughout.
Currently this system has been extended to 500 cycles while retaining a significant capacity of
635 mAh/g (Figure4.3). Additionally, these sulfur copolymers were capable of sustaining high

capacities at faster-@tes producing over 800 mAh/g at 1C (inset, Figu8g¢. Although, at 2C,
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the capacity is significantly reduced as the charge/dischargbeatenes comparable with the

inherent rate of diffusion required for the complete sulfur electrochemical conversion processes.

s R 3
2 8004 5 5 , : 5
< ; =10 635 mAN/g| 0.6 -
1 12004 Cl5 CI10 “ ' E
E ‘o &g@ Ci2 pottcicts : I 0]
= 600—55 10004 . ; : o
S E 800/ Lo 5-0.4 .g
% 400_5% 600 { s} Q ' %
O L@ 2C
'3 400/ Q
& Rz 5 | O
© 200/ ; loz
200—5 0 ; !
: 0 10 20 30 40 50 60 .
Cycle number :
0% T T T T T T T T T 1—0.0
0 100 200 300 400 500

Cycle number

Figure 4.3.Cycling performance of LIS battery from 10% by mass DIB copolymer batteries to
500 cycles with charge (filled cie$) and discharge (open circles) capacities, as well as
Coulombic efficiency (open triangles). Ther&te capability of the battery is shown in the figure
inset.

4.2.3. Effect of Copolymer Composition on Electrochemical Processes

For further insight intdhe enhanced performance of pol{®IB) copolymers in LiS
batteries, the normalized charge and discharge profiles of batteries fabricated from copolymers
with different DIB concentrations (50% by mass) were compared. While changes in the
voltage versus normalized capacity curves witlB @bntent are observed, the curves have the

same basic salient characteristics for all compositions. This fact suggests that similar reactions
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occur for both the &and poly(Sr-DIB) copolymers proving that bothi S and organosulfur

moieties in the copolyer were electroactive in both voltage regimes (Figud®

2.5
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Figure 4.4.Normalized charge and discharge profiles of copolymer cathodes with different DIB
composition. Charging profiles for 5% (dark red), 10%, 20%, 30%, and 50% (light red) and
dischargingprofiles for 5% (dark blue), 10%, 20%, 30%, and 50% (light blue). Proposed
assignments of chemical products formed during the discharge cycles are indicated in Figure
4.5a.

In the voltage versus normalized capacity plots, the effect of DIB concentnatgomost
evident in the low voltage plateau of the charge and discharge prolfies, where both profiles
shifted toward lower voltage with an increase in DIB content (Fig4he This trend provided

support for the proposed mechanism of Bi@.und sulfur codaosition within a matrix of lower
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order sulfide discharge products (i.e.;Sl Li>S;, LioS). Initially during discharge of poly(&

DIB) copolymers in the high voltage plateau regime, we propose the formation of both higher
order organosulfur DIB unitsna Li,Sg (1 and2 in Figure4.5a); with further reaction generating
organosulfur DIB units (with shortened oligosulfur units) angSL(3 and4in Figure4.5a).
Continued discharge into the lower voltage plateau resulted in the converd@amaf into

fully discharged organosulfur DIB products and insoluble mixtures & kind LpS, (5 and6 in

Figure4.5a), which codeposited on the cathode, as supported by XP&gserdix Q.

(a) LJSJ
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Figure 4.5. a) Proposed electrochemistry of poly(®IB) copolymersin LiT S batteries; b)
proposed equilibrium between lower polysulfides and organosulfide discharge products, which at
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higher DIB compositions favors formation of soluble higher order polysulfidéscations
omitted for clarity due to the presence of escestions in the electrolyte.

Furthermore, the improved battery performance for these copolymers was not primarily from the
electrochemical properties of organosulfur DIB discharge products, but rather that these
organosul fur uni essbunaot t 6L, & disclinfyd paockluetipltasez
Hence, we propose that the enhanced cycle stability of thé&&e Hatteries arises from the
presence of these organosulfur units dispersed in the insoluble lower order sulfide phases to
suppress reversible deposition of these discharge products to abate capacity losses. However, at
higher compositions of DIB in the copolymer (above 15% by mass), these organosulfur
discharge products were presumably more concentrated in the electrolyte andbn@guiith

other free polysulfides, (e.g., 438) to reform high order polysulfides (see Figbtgb). These

high order polysulfides were more soluble in the electrolyte medium and hence, did not
efficiently codeposit with lower polysulfides on the catleo (seeAppendix G Figure C.5),

resulting in rapid capacity fading, as shown in Figuge

4.3 Conclusions

The synthesis of sulfur copolymers via inverse vulcanization for enhanced cathode
materials in LiS batteries is reported. We demonstrate that this inexpensive, bulk
copolymerization can sufficiently modify the properties of sulfur to improve the battery
performance without the need for nanoscopic synthesis or processing. This system also
demastrates for the first time that high capacity polymeric electrodes can be fabricated while

also suppressing capacity fading after extended battery performancedygct)
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CHAPTER 5: KILOGRAM SCALE INVERSE VULCANIZATION
OF ELEMENTAL SULFUR TO PREPARE HIGH CAPACITY

POLYMER ELECT RODES FOR LI-S BATTERIES

With contributions fromGuoxing Li (initial synthesis and characterization of multiscale
copolymer reactions and coauthor), Richard Gla&ynthetic suppojt Kookheon Char

(coautho), and Jeffrey Pyun (coauthor and PlI).

Reproduced in part from referen2g9. Copyright 205, John Wiley & Sons, Inc

5.1. Introduction

The development afnproved electrode or electrolyte materials for lithium sulfurSMi
batteries have recently been investigated as a route to enhanced device perfofttance.
153421431 A humber of approaches prepare novel cathode materials ford batteries have been
explored, with many based on encapsulation or nanocomposite hybridization of elemental sulfur
(S) with conductive carbon or conjugated polymgfge9198199214227231-233252423432435 Thage
met hods aim to suppress the fAshuttlingo of h i
lower order sulfides during cycling. Alternatively, the exploration of new solution andstatiel
electrolyte systems have been developed which also offattiattive route to improved 13
battery performanc€®*3° The preparation of sulfur containing polymers with electroacti®& S

units has also been investigated to prepare electroactive cathode materials to prepare high

capacity LiS batterie§?4*4°
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Despite these recent advances in enhanced electrode and electrolyte niatekiats
batteries, the development of facile chemistry and inexpensive materials amenable to large scale
production remains a significant challenge. Cui et al., recently demonstrated a scalable synthesis
of coreshell poly(N-vinylpyrrolidone) colloids theencapsulat& and further afforded LS
batteries with excellent capacity and cycle stabffityHowever, in a general sense, the
development of synthetic and processing methods to preparelefieied materials with high
sulfur content are still sely lacking. Abruia et al. recently reported that high sulfur content in a
Li-S battery is particularly important to ensure superior performance comparedido Li

batteries™!

The synthesis of novel polymeric materials directly from elemental sulfur remains a
substantibchallenge and is an important direction in chemistry, materials science, and chemical

engineering.

Recently, we have developed a new chemical methodology, termed inverse vulcanization
to prepare chemically stable copolymers at small scale using elenseffisl as a novel
feedstock** Inverse vulcanization enables direct bulk copolymerization of liquid sulfur with
1,3-diisopropenylbenzen¢DIB) at 185°C to form chemically stable polymeric glasses. Our
group recently prepared high sulfur content polymers via the inverse vulcanizatewitsf
1,3-diisopropenylbenzene (DIB) and demonstrated that these sulfur copolymers were
electrochemicajyl active and could serve as the electroactive material S Llbattery
cathodes?® Batteries fabricated from these sulfur copolymers exhibit enhanced retention of
chage capacity (1000 mAh/g at 100 cycles at C/10) and device lifetimes out to 500icharge
discharge cycles. However, the development of synthetic methods via inverse vulcanization

amenable to large scale production have not yet been investigated.
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Herein, we rport on a facile and environmentally benign synthetic methodology that is
amenable to kilogram scales and enables preparation of high sulfur content polyédam
(1,3-diisopropenylbenzene)) (pelr-DIB) copolymers (Figur®.1). The focus of the crent
study was to determine optimal polymerization conditions to prepare high sulfur content<i.e., 90
wt % sulfur) poly(Sr-DIB) copolymers, since these were previously observed to afford optimal
Li-S battery performance as the electroactive cathodeialdféHowever, to screen conditions
and enable solution characterization of sulfur copolyn&rd)IB feed ratios of 1:by weight
(i.e., 50wt % sulfur) were alsanvestigated. The effects of temperature, reaction scale, and
comonomer feed ratios on the inverse vulcanization proceSsaofl DIB were explored to
enable large scale synthesis of high sulfur content polymers. We further demonstrate that the
poly(Sr-DIB) copolymers made from this kgrale process still maintain high charge capacity
and electrochemical stability in 413 batteries and are comparable to materials made from

smaller scale inverse vulcanization reactions.
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a) S-S, b)
oL

‘g=g’

Sulfur DIB
T=130°C

Poly(sulfur-random-1,3-
diisopropenylbenzene ) copolymer T=130°C

Figure 5.1.a) Synthetic scheme ifdhe synthesis of poly¢&DIB) at T = 130°C; b) Pictures of
scaledup polymerization (1 kg, 10 wt % DIB); and c) Image of 1 kg pch{3B) with 10 wt
% DIB.

5.2. Results and Discussion
5.2.1. Effect of Inverse Vulcanization Reaction Scale and Polymeta®ility

Initial attempts to scale up polymerization conditions previously employed for small
scale reactions proved to be unsuccessful due to autoacceleration, or the Trommsdorf effect,
incurred during the reactioi® The inverse vulcanization process is essentialybulk
polymerization of liquid sulfur and DIB conductedTt 185 AC and It was
initiation occured by the free radical riogpening ofS. Copolymerizations of and DIB,

regardless of the comonomer feed ratios conducted under these earidtions (i.e.,



bulk, T=
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at

react.i

ons

scal

es

of

10,

124

25,
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within minutes and without degradation of the copolymer. However, when copolymerizations

using either 90 or 50 wt % in the comonomer &H on a total scale of 1 kg were used, vigorous

evolution of gaseous byproducts (e.gaSHand other volatile sulfur rich molecules) were

observed, suggesting that at this large soalsjtuoverheating of the polymerization via the

Trommsdorf effect radted. Overheating of the polymerization mixture under these conditions

was particularly undesirable since earlier thermogravimetric analysis revealed the onset of

decomposition of these sulfur copolymers to occur afiove 2 1'% 1A Gitumonitoring of

copolymerizations using a thermocouple probe conducted with feed ratios of 5Gwistrég a

reaction scale of 1 kg confirmed that intdrteanperatures to have exceeded

min (see Appendix D Figure D.1).

200
100 T /- . L | ]
|
4180
80
< y
= 60 4160
c o
(=] N ]
2 /\A/ .
g 40 {140
>
o
O 24 *
4120
04 —s— Conversion of DIB
—a— |nternal Temperature
T T T T 100
0 20 40 60 80 100 120

Time (mins)

Internal Temperature (°C)

240AC withi

Figure 5.2. Plot of DIB conversion (left ordinate) determined frérh NMR from aliquots of
reaction mixture vs. reaction time. Right ordinate also plots the intexaetion temperature for
90wt % S, 1 kg scale reaction.
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5.2.2. Kilogram Scale Synthesis of Battery Active Materials

To overcome these autoacceleration issues, the use of sdlaged copolymerizations
or lower reaction temperaturéB¥ 1 3 0 A C)stigatedgo enablertlee large scale synthesis of
poly(Sr-DIB) copolymers containing either 90 or 50 wt % sulfur. We initially tested solution
copolymerizations ofsand DIB with 1,2dichlorobenzene (50 wt % with respect to total
monomers) to suppress thaal autoacceleration in the polymerizationTat 18 5 AC, whi
proved to be successful when utilizing 50 wt % sulfur in the comonomer feed. However, these
solution copolymerization conditions proved unsuccessful when using comonomer feed ratios of
90 wt %S and 10 wt % DIB, as noted by low monomer conversions of DIB and from size
exclusion chromatography (SEC) of the oligomeric products. Hence, the use of lower
temperatures (T = 130AC) i n SandkDIH (farrbgtte50and al e i
90 wt %S feed ratios) was conducted. The copolymerization of 90 v&,% kg scale was
observed to efficiently proceed to high monomer conversions without overheating of the reaction
as confirmed by thermocouple measuremétntsNMR of aliquots from tk polymerization
mixture confirmed that high DIB conversions (>99%) were obtained by 75 min under these
conditions (Figurés.2). For polymerizations done with comonomer feed ratios of 90 wt % sulfur
conducted aT= 13 0AC, t her mocoupl e sligmbey ahégher entemal t s re
temperatures T(a 1 B0°C) at higher DIB monomer conversion differential scanning
calorimetry of poly(&-DIB) copolymers (both 50 and 90 wt % sulfur) also confirmed high

sulfur conversions were obtained as noted by the abséSgenelting transitions>*
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Figure 5.3. SEC chromatograms of poly{SDIB) copolymers using RI detection (a)-8@
% S prepared on kg scale at 130°C (5 h sampM;, = 3300 g/molM,/M, = 39.1) (b) 56wt
% S of prepared on 10 g scale at 185°C (9 min sanibles 2400 g/molMy/M;, = 4.7).

SEC of soluble poly($-DIB) copolymers (50 wt % sulfur) exhibited dramatic
differences in molamass distributions as a consequence of the reaction scale and polymerization
temperature used in these copolymerizations. The most dramatic differences were observed for
sulfur copolymers prepared & 185 AC on smal | scal e ((mMabs g) wh
and fairly high polydispersityM,= 24 00 M@gM,mo4 , 7) after short r eac
and reached above 95% conversion of DIB. Conversely, sulfur copolymers prepared
atT= 130AC on a 1 kg scale exhi bght mudvery igh numb
polydispersity,= 33 00M@gM,m039. 1) after reaction ti mes
of 70% (Figure 5.3). We attributed this drastic difference in molecular weight distributions to

different dynamic equilibria of S S bonds andulfur radicals in the copolymers, where higher
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temperatures favored the depolymerization process as observed in the homopolymerization

of sat high temperatures (@0 160AC) . Hence, at | ower re
equilibrium was shifted moreoward $S bonds, but still presumably retained a sufficient
concentration of sulfur radicals to recombine and promote the formation of higher molar mass
polymers. This hypothesis was further supported by heating poif8) copolymers prepared

atT= TQ for very long reaction times of 21 h to further promote the depolymerization
process which again afforded low molar copolymers of much lower polydispawity ( 2 0 5 0

g/mol;My/M,= 1. 63) .

5.2.3. Longterm Cycling Performance of Kilogram Scale Materials

Finally, to confirm the electrochemical activity of poly($IB) copolymers (10 wt %
DIB) prepared on 1 kg scale at bdtk 1 3 0 AT€1854Q) tthe copolymer was processed into
Li-S cathodes and fabricated into 2a8@e coin cell batteries. These batsrwere cycled
between 2.6 and 1.7 V at a rate of C/10 (167.2 mA/g) with lithium foil employed as the anode.
We recently reported that4S batteries fabricated from poly¢SDIB) copolymers (with 90 wt
% sulfur) exhibited low capacity loss as noted by the capacities of 1005 mAh/g at 100 cycles and
626 mAh/g at 500 cycles with a Coulombic efficiency of 99% throughSin. our earlier
reports, sulfur copolymers were prepared on reaction scales of 50 g or less, typically
atT= 185AC. I n the current study wusing sul fur
performance was observed to lighly dependent on the polymerization temperatures used to
make the copolymer. These differences were attributed to undesirable degradation of the
copolymer material, as previously discussed at higher polymerization temperatures. Batteries

fabricated froma 1 kg reaction performed at high temperatdie ( 1 8 5 A C) showed ac
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capacity fade and cell death prior to 225 cyctese (Appendix Origure D3). In comparison, ki

S battery performance for tie=130°C reaction was observed to be similar inqrerfince to

our previous report on smaller reaction scales, with a slight increase in capacity retention over
long cycle lifetimes (>60% capacity retention at 500 cycles; Figue We further
demonstrated the enhanced device performance, as noted ftyoretsf the specific capacity
(>400 mAh/g) when going to a faster rate of C/2 after 500 chdrggharge cycles and then
returning to a rate of C/10. The battery retains a high capacity (>600 mAh/g) even after 100
cycles at a faster rate. Such cyclingfpenance demonstrates the improvement imparted by the
copolymer on the battery, as an increase in rate after such extended cycling would lead to device
failure in an elemental sulfur battery. To date, this is the highest number of ictiacharge

cycles dserved for a L-battery using a polymer based active material and the only example to

demonstrate high capacity at higher rates after 500 cycles.
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Figure 5.4.Cycling performance of E5 battery from poly(8-DIB) copolymer (16wt % DIB,
1 kg scale) to 40 cycles with charge (filled circles) and discharge (open circles) capacities, as
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well as coulombic efficiency (open triangles). Cyclé€l99 are run at a rate of C/10 (167.2
mA/g); cycles 500599 are run at C/2 (836 mA/g); and cyclesiG®® are run at &0 (167.2
mA/qg).

5.3. Conclusions

In conclusion, we demonstrate the large scale synthesis of pel(B) copolymers
with a high content of sulfur (90 wt %) by optimization of the inverse vulcanization process. To
enable manufacturing of 1$ batteriesthere is clear need for inexpensive electrode materials
that can be synthesized on large scale using facile synthetic methods. In particular, we report on
an unusual phenomenon where a destructive Trommsdorf effect is observed when attempting to
prepare thse sulfur copolymers on a 1 kg scale. However, by using lower temperatures in the
reaction these issues could be circumvented allowing the synthesis of these copolymers and

fabrication of LiS batteries exhibiting excellent device performance.

5.4. Experimental

5.4.1. General Procedure for Large Scale Preparation of Poly{SDIB) Copolymers

To a suitable sized round bottom flask or condensation reactor equipped with a large
magnetic stir bar was added sulfur and the glassware was then heated to 130aCcleatil
orangecolored molten phase was formed. DIB was then added directly to the molten sulfur
medium. The resulting mixture was stirred at 130°C for a suitable time, which resulted in
vitrification of the reaction medium. The product was then cooledripyce and taken directly
from the glassware and the magnetic stir bar was removed to determine the yields (detailed

synthetic and processing protocols are given in the Supporting Information).



130

5.4.2. CoinCell Fabrication and Experimental Electrochemicd Testing

The poly(Sr-DIB) copolymer powder was combined with conductive carbon and
polyethylene as a binder in a mass ratio of 75:20:5, respectively and ball milled into a slurry with
anhydrous chloroform. The slurry was then blade cast onto carboml @ateinium foil and air
dried resulting in a sulfur loading of roughly 0.75 mgfciihe cathode was assembled into
CR2032 coin cells (MTI) with a polypropylene separator and a lithium foil anode in an argon
filled glove box. The electrolytes used were@MR lithium bis(trifluoromethane)sulfonimide
and 0.38 M lithium nitrate in a 1:1v/v mixture of ig®xolane and 1;2limethoxy ethane.

Battery cycling was done on an Arbin BT2000 battery tester from 1.7 to 2.6 V.
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CHAPTER 6: NEW INFRARED TRANSMITTING MATERIAL

VIA INVERSE VULCANIZATION OF ELEMENTAL SULFUR

TO PREPARE HIGH REFRACTIVE INDEX POLYMERS

With contributions fromSoha Namnabat(analysis of copolymeroptical properties and
assistancewith IR imaging, Eui Tae Kim (characterization support), RotatHimmelhuber

(initial assistance in refractive index measurements), Dominic Moronta (support on copolymer
synthesis and analysis), Woo Jin Chung (synthetic support), Adam Simmonds (characterization
support), Kyunglo Kim (infrared imaging support), Johrawv der Laan (infrared imaging
support), Ngoc Nguyen (DSC and TGA characterization), Eustace Derenvaler( of thermal
imaging camera and support of Kyudg Kim and John van der Laan), Michael Mackay
(support of Ngoc Nguyen), Kookeon Char (support of Eag Kim),Richard Glasgsynthetic
suppor), Robert Norwoodoptical properties expertise, support of Soha Namnabat and Roland

Himmelhuber, and coauthprand Jeffrey Pyun (coauthor and PI).

Reproduced in part from refereng22. Copyright 2014 JohnWiley & Sons, Inc

6.1. Introduction

The development of polymeric materials for infrared (IR) optical applications has not
been achieved due to challenges in designing systems with sufficiently high refractivenindex (
and transparency in the IBpectral regime. IR optical technology has numerous potential
applications in civil, medical, and military areas, where inorganic semiconductors (e.g., Ge and
Si) and chalcogenide glasses have been widely used as materials for device components due to

therr high refractive indexn(D 2.0 4.0) and low losses fromil 0 e m. Whi |l e such

m
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well suited for these applications, they are inherently more expensive, toxic, and difficult to

process in comparison to organic polymeric matef{ar§*

The preparation of high refractive index polymers (HRIP, whéde 1. 7) nhave b
explored for various optoelectronic device applications, such as, organic light emitting diodes
(OLEDs), and microlens components in both charge coupled devices (CCDs) and high
performance complementary image sensors (CP84i general, thevast majority of organic
polymers exhibit relatively lom-values i D 1.5 1.6) and exhibit high optical losses due to IR
absorptions of vibrational modes from cardogrdrogen, or heteroateimydrogen bonds (e.g.,-C
H, O-H, and NH bonds which absorb at8 & m) . For wuse in OLEDs an
design and synthesis of colorless, transparent HRIPsnwithh.6 1.8 in the visible spectrum
have been pursued, incorporating either highly polarizable heteroatoms (e.g., P and S) or rigid
aromatic moietje§?"310319413445449 Lig\wever, further increasing the refractive index of these
materials above D1.8 without optical losses in the IR spectrum remains a difficult synthetic
chemistry challenge. Hence, there remains an opportunity to design polynadeicals for IR
optics that possess significantly higher refractive indines 1.8), low loss and are amenable to

melt, or solution processing.

Herein, we report on the synthesis and characterization of a high refractive imng@ex (
1.8)thermoplastic cpolymer for IR optics containing a very high content e $onds (5080
wt% sulfur). These copolymer materials were prepared by a process temweese
vulcanization®* where molten sulfur, acting as a solv&tit®® was copolymerized with 153
diisopropenylbenzene (DIB) to prepare a chemically stable and processable sulfur plastic

(Figure6.1). This process is a bulk free radical copolymerization conducted in molten. sulfur
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These materials are intriguing for IR optics, since t# I®nds in the copolymer are largely IR

inactive in the near and midfrared regime and impart highto the macromolecule. To
demonstrate the viability of these materials for IR applicationsrepert on the following:

optical characterization of the refractive index of poly(sutamdom1,3-diisopropenylbenzene)
(poly(Sr-DIB)) copolymers in the spectral regime of 82600 nm, interrogation of the optical
transparency of these materials using-\ds-near IR absorption spectroscopy from E8000

nm, and evaluation of IR imaging capabilities of fstanding poly(S-DIB) copolymer lenses

in the near (1550 nm) and mi@ (315 e m) wavelengths. To our knc«
example of high quay near and midR imaging using a high refractive index polymeric

material.
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Figure 6.1.a) Synthetic scheme for the copolymerization givgh 1,3-diisopropenylbenzene

(DIB) to form poly(sulfurrandom1,3-diisopropenylbenzene) copolymer. b) Digitedlage of
different thickness poly(#-DIB) (80-wt% &) copol ymer samples (Il eft
gl as s, 10 em f i | wmtanding filgh) aads2anm frést@nalingdems) (scale war =
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2.5 cm). ¢) Refractive indices versus wavelength as atium of poly(Sr-DIB) copolymer
composition for 200 em fil ms; results are the
perpendicular to the film surface.

6.2. Results and Discussion

6.2.1. Copolymer Synthesis and Processing into Multiple Morphogies

The inverse vulcanization process enabled the synthesis of high-cuifient poly(S -
DIB) copolymers with tunable copolymer composition, along with improved processability over
elemental sulfur. Copolymers with varying composition frorii8Dwt% sulfur were prepared
by controlling feed ratios of gand DIB in the inverse vulcanization process to afford
amorphous, glassy materials. Copolymerization gfwih DIB also served to suppress the
crystallinity of the sulfurous phase in the copolymerbéing both melt and solution processing
of these materials into optically transparent films, or free standing lenses for IR optical
characterization (Figuré.1b). The enhanced solubility of the copolymers (relative to elemental
sulfur) in organic solventsnabled spin coating of films, which to our knowledge is the first
example of thin film processing of a copolymer with such high loadings of sulfur. We previously
observed that poly(&DIB) copolymers of high sulfur content (880 wt% sulfur) exhibited
limited solubility in conventional organic solverité.However, these sulfur copolymers were
observed to readily dissolve into warm -tli2hlorobenzene (DCB; above= 125 °C). Using
this processing method, stable thin films of
copolymers with compositions of 580 wt% S (20 50 wt% DIB) by simple variation of the

copolymer concentrain in DCB (see Apppendix E).

6.2.2. Refractive Index as a Function of Copolymer Composition
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A direct correlation between copolymer composition and refractive indices of these
materials was observed using prism coupling optical measurements of free starliig € m
copolymer films (prepared by thermomechancially forming copolymer powders, see Supporting
Information). The highest refractive index was observed for materials with the highest sulfur
content (80 wt% sulfur) ranging from= 1.865 to 1.845 from 63® 1554 nm across the visible
and near IR spectra. Moreover, even sulfur copolymers with the lowest content of sulfur (50 wt%
sulfur) still retained high refractive indices ¥ 1.765 to 1.745 in the same spectral window.
Tunability in the refractive idices of these sulfur copolymers was achieved by control of the
copolymer composition as noted by the intermediate refractive index values of-payg$
materials with 30 and 40 wt% DIB (Figuéelc). The trend of increasing refractive index with
higher sulfur content was attributed to the large polarizability of the sulfur electrons, which
shifted the refractive index to higher values in comparison to conventional hydrocarbon
polymers (see Appendix E, Figure E.1). The high refractive index of theseiaisatwas
accompanied by both low optical losses and birefringence from 633 to 1554 nm @igueand
Appendix E, Table E.1). It is important to note the coloration in these pollA8) materials,
which is present despite variation in copolymer contposi Similar observations of color from
yellow to red have long been known in the henmy opening polymerization (ROP) og ®
polymeric sulfur and remains largely unexplained, although the formation of radical anion
species during the ROP of Bave leen proposed to be caudalWhile this coloration would be
problematic for use in the visible spectrum, these absorbances ae isstie for use in the IR

applications.

6.2.3. Analysis of Copolymer Transparency over Broad Wavelengths
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The optical transparency of polySDIB) films containing 80 wt% sulfur was
interrogated using UWis-nearlIR transmission spectroscopy over a broptical window (500
3000 nm) to determine the effect of sample thickness on optical transpafegune6.2). The
fabrication of thin, or free standing fil ms (
either the solution or melt processing methods, &ppendix B which afforded samples
exhibiting faint yellow to deep red coloration (Fig@db). Hgh optical transparency (above
85% transmission) was o0 bs er-wDdBj filnis @epositett onto (1 a
either glass, or NaCl supporting substrates (Figuzb). A sharp decrease in transmission was
observed for 10 ¢lassabove 2600ynmmevhich ivas latmisutedtom abgprption
from the glass substrate itself, as confirmed by minimal absorbance at these wavelengths for 1
em films cast o0n6.2b). Tha @tical pansparency fo( tikickey, free standing
copolyme films (200 em & 2 mm) di minished, as ex
nearlR absorbances from 1508000 nm which were attributed to overtones of thHeHC
vibrations in DIB cemonomer units (see Appendix E, Figure E)Nevertheless, the optical
transp@arency of these films could also be tuned by controlling the sulfur content in the-poly(S
DIB) copolymers (see Appendix E, Figure E.3). These films exhibited low transparency below
600 nm in the visible spectrum, as readily evidenced by the red cotbe djulk copolymer
material. However, the retention of high transparency in the visible (above 600 nm) aifid near
spectrum was comparable to that of other high refractive index polymers but with the added
benefit of retaining a significantly higher reftae index and low optical scatterify*>
Furthermore, the optical transparency of pol{{SIB) copolymers containing 80 wt% sulfur, in
comparison to a widely used polymer, such as, pwyflyl methacrylate) (PMMA) was

observed to be significantly higher, particularly at wavelengths above 2000 nAp(serdix E
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Figure E4). Ultimately, the low optical scattering, even for very thick films, provided for high

transparency and high refraatiindex at many wavelengths of technological interest (e.g. 600

1600 nm andi@® & m)
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Figure 6.2. a) Stacked transmission FTIR spectrum (arbritrary transmission units) comparing
poly(Sr-DIB) copolymers (20 wt% DIB (top spectrum); 50 wt% DIB (middle $peu)) to

pure 1,3diisopropenylbenzene aoonomer (bottom spectrum). b) UXsible-nearlR
transmission spectra for 8&% Sulfur/20wt % DI B copol ymer s with vary
(red); 10 em (blue); 200 em (green); 2 mm ( bl

6.2.4. Imaging Capaliities of Copolymers in Near and Mid-IR

A key processing advantage of this process was the ability to mold peDii)
copolymers into arbitrary objects using low viscosity-poéymer resins (held to low monomer
conversion) directly from the reactiomixture. Free standing, high quality poly($IB)
copolymer lenses were prepared for IR imaging experiments by replicating commercially
available glass lenses using PDMS negative mold8KN-Glass, diameter = 15 and 25.4
mm, Figure6.3 and Appendix E, Fjure E.7). Due to the significantly higher refractive index of
the poly(Sr-DIB) copolymers, lenses made from these materials were found to possess reduced
focal lengths compared to glass or PMMA (which both have lower refractive indices),
particularly inthe near and miR regime (see Appendix E, Table E.2). The significant decrease
in focal length for these sulfur plastic materials points to the potential for more compact optical

systems.
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Figure 6.3.a) Digital image of lenses (left) polyiSDIB) copdymer (80 wt% %) and (right)

glass (b) digital image of a USAF target through copolymer lens in visible wavelengths and (c)
image captured with a neanfrared camera of the USAF target illuminated with a 1550 nm
laser. (scaldars = 25.4 mm) (d) Thermal imaging of human subject through PMMA filin (

mm) inthe mdR (3’15 em) regime (dotted white |ine hig
sitting). (e) Thermal imaging of human subject through 80 wipo§/(Sr-DIB) copolymer
film (D1 mm) in the midR (3i5 & m) regi me. (I mages are fals

corresponds t®37 °C and brown corresponds@4 °C)

While the optical transparency of poly(IB) lenses in the visible region were
apparent, the performance tbe polymeric lenses in the near and +iRdwavelengths required
further investigation. To interrogate the optical transparency and determine the image quality
when focusing through an 80 wt% [®ly(Sr-DIB) lens in the nealR, a chromium target was
illuminated with a 1550 nm laser and the image captured through the lens with a digilRl near
camera (see Appendix E, Figure E.9). Comparison between the images captured in the visible
(Figure6.3b) and nealR wavelengths confirmed that at 1550 nm the wsutfopolymer lens
maintained high optical transparency and enabled the capture of detailed images6(Bmure
Further probing into longer wavelengthsi$3 € m) requi r ed-IRtchinera tose of

capture detailed thermograms. An ambient temperaterendi image captured through a sulfur
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copolymer film (80 wt% & showed low attenuation and detailed resolution of a human subject
(Figure6.3e). In comparison, a PMMA film of similar thickness showed large attenuation of
mid-IR light (Figure6.3d). To thebest of our knowledge this is the first example of a-iRid
imaging experiment conducted with a high refractive,-ftaading polymeric film and verified

the high transparency of these novel copolymers at wavelengths where glass and other polymeric

materals were opaque (see Appendix E, Figure E.13 and E.14).

6.3. Conclusions

In conclusion, we demonstrate the preparation and processing of a thermoplastic
copolymer via the inverse vulcanization of sulfur to afford high refractive index polymers.
Copolymerswith compositions ranging from 580 wt% sulfur were found to possess high
refractive indicesrn(> 1.7) out to 1550 nm. Furthermore, these materials were readily processed
via solution, or melt techniques into films, or free standing objects. High qumbiying in the
near (1.5 -IR@)>5 a&mjd miedyi ons wusing a high refra
demonstrated for this first time with these materials. These findings are anticipated to open new

avenues of research for polymeric materials in plRcal applications.

6.4. Experimental Section

6.4.1. Preparation of poly(sulfurrandom(1,3-diisopropenylbenzene) (poly(S r -DIB)

copolymers
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To a 24 mL glass vial equipped with a magnetic stir bar was adgl¢d.&g, 15.6 mmol
based on § and heatedotT= 185 °C in a thermostated oil bath until molten.-1,3
Diisopropenylbenzene (DIB, 1.00 g, 1.08 mL, 6.32 mmoles) was then added to the molten sulfur.
The resulting mixture was stirred until vitrification of the reaction, at which point the sample was

coded to room temperature affording a red, glassy solid (yield = 4.98 g).

6.4.2. Fabrication of poly(sulfurrandom(1,3-diisopropenylbenzene) (poly(S r -DIB)

copolymer lenses

To a 24 mL glass vial equipped with a magnetic stir bar was added suylfdrd$), 15.6
mmol based on gp and heated td = 185 °C in a thermostated oil bath until molten.-1,3
Diisopropenylbenzene (DIB, 1.00 g, 1.08 mL, 6.32 mmoles) was then added to the molten sulfur.
The resulting mixture was stirred Bt 185 °C until a deegherry red solution resulted. The
solution was poured into the prepared PDMS mold and covered before placing into a heated
oven held aff = 185 °C and cured until completely vitrified. Once cured the sample was cooled

until glassy and removed from the rdol

6.4.3. Spin coating poly(sulfusrandom(1,3-diisopropenylbenzene) (poly(S r -DIB)

copolymer solutions

To an 11 mL glass vial equipped with a magnetic stir bar was added pdDiEH
copolymer powder (2.0 g) followed by the addition of-diéhlorobenene (2.0 mL) before
heating tol = 125 °C in a thermostated oil bath until a deep red colored solution resulted.

Substrates were then sginated with the copolymer solutions: 1) 2000 rpm with an acceleration
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rate of 266 rpm/second for 15 seconds; 2) 8500 with an acceleration rate of 665 rpm/second
for 15 seconds. The films are cured in a vacuum oven held at T = 185 °C under reduced pressure
(-28 in. Hg) for 10 minutes and then for an additional 10 minut&s=at85 °C under ambient

pressure. After cimg the samples were cooled to room temperature.
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CHAPTER 7: PREPARATION OF DYNAMIC COVALENT
POLYMERS VIA INVERSE VULCANIZATION OF

ELEMENTAL SULFUR

With contributions fromNgoc Nguyen (rheological characterization of copolymers and
coauthor), Andrei Astashkin (EPR analysis), Richard Gf{agsthetic support), Michael Mackay
(support of Ngoc Nguyen and coauthdthokeon Char (coauthorgnd Jeffrey Pyun (coauthor

and PI).

Reproduced in part from referent&5. Copyright 2014American Chemical Society

7.1. Introduction

The preparation of synthetic macromolecules containing dynamic covalent bonds has
been recently investigated as a versatile approach to prepatdi-responsive and selfealing
polymeric material§>3The ability of covalent bonds to dissociate and reform allows one to
develop structurally dynamic polymeric systems that can adapt their structure, morphology, or
composition, enabling a macroscopic response to an external stiffdfG&333%331 A key
requisite for the preparation of these kinds of polymeric materials is the installation of dynamic

functionalgroups using synthetic methods that are orthogonal to the polymerization process.

A number of dynamic covalent chemistries have been incorporated in polymers to create

5336
)

stimuli-responsive materials via disulfide exchaf radical mediated additién

fragmentation chain  transfer  reaction§***alkoxyamine  exchange reactiofts,

348 ?356,358 §5l353
) .

transesterification reactioni and thermoreversible Diglalder reaction
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354 Furthermore, supramolecular polymers with dynamic capabilities have been prepared through
the incorporation of hydrogen bonding mof8;i° st ac ki ng *famchmetdlioo nal i t i
ligand interaction§?"3°®3"® However, in the vast majority of these cases, the dynamic or
exchangeable chemical bonds required to impart stiregponsiveness (e.g., disulfides,
hydrogen bonding groups) need to be explicitly installed as disparate, orthogonadrfaincti
groups relative to the polymerizable moieties (e.g., vinyl). The recent work of Rowan et al. on
the preparation of polymeric disulfide networks via oxidative polymerizations -ofardtil
tetrasulfide comonomers is a notable example where the dynanaitecbbonds were installed

in the polymer forming reaction and accessed to creatéhseling films and shape memory
materials>*>’ However, in a general sense, there remain opportunities to directly install dynamic
covalent bonds into polymeric materials via polymerization methods with inexpensive

monomers.

Recently, we reported on the use of inverse vulcanization to enable the direct conversion
of S into chemically stable and processable sulfur copolymers. Using this approach, the sulfur
content (and number ofi S bonds) was controlled by variatiohcomonomer feed ratios used
in the copolymerizatiof** Synthetic access to polymeric materials with a high conteni §f S
bonds affordednaterials with novel electrochemical and optical properties that were exploited
for high capacity lithiurnsulfur (LiT S) batteries and high refractive index polymers for IR
optics}*3%%322Both of these examples demonstrate that certain useful folerties can
emerge in polymeric materials that are comprised of long cha® Sonds. However,
exploitation of the chemical nature of these bonds (in this case, the presence of dynamic bonds)

in these sulfubased polymers has not been explored.
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Figure 7.1.Synthetic scheme for preparation of poly(Sulfandom1,3-diisopropenylbenzene)
copolymers utilizing the bulk inverse vulcanization process.

Herein, we report on the preparation of dynamic covalent polymers via inverse
vulcanization, where lale Si' S bonds were controllably installed by the direct copolymerization
of Sgwith DIB (Figure7.1). Furthermore, reversible scission ®SSonds in these poly(sulfur
randonmi(1,3-diisopropenylbenzene) (polWiSDIB)) copolymers was achieved by external
thermomechanical stimuli (i.e., both heat and shear), where siglfucopolymer compositions
correlated with more facile reversible bond scission as revealed biesdilig rheological
characterization. We attribute these findings to lower bond disgntienergies of S§S bonds in
longer SS chains, as observed in copolymer systems with-adedihed polysulfide materials
(i.e., disulfide, trisulfide, tetrasulfidé®>To our knowledge, this is the first example where the
nature ofthe dynamic chemical bonds in a polymeric material could be directly controlled by a

simple variation of copolymer composition.

7.2 Results and Discusion
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7.2.1. Copolymer Synthesis and Dictation of Dynamic Behavior

To interrogate the presence of dynai§iiS bonds in poly(8-DIB) samples, copolymers
with varying content of sulfur (35, 50, 70, and 80 wt %) were prepared and characterized using
both electron paramagnetic resonance (EPR) spectroscopy and rheological measurements. Due to
the limited solubiliy of high sulfur content copolymers, the development of characterization
methods capable of detecting the thermal or mechanical generation of sulfur radicals from neat
solid samples of these materials was required. These specific compositions werdebassa
the stoichiometric ratios ofg$o DIB afforded tunable copolymer microstructures ranging from
short polysulfide (35 wt % sulfun D1 bridging sulfur, Figur&.2) to longer polysulfide (80 wt
% sulfur,n D 10 bridging sulfurs, Figuré.2) spacers between the DIB units. Based on previous
investigations of small molecule -ditri-, and tetrasulfide compounds and polymers, bond
dissociation energies ofi S bonds were observed to decrease with increasing satlr(i.e,
number of $S bonds)>* These general trends in sulfur rank were anticipated to directly affect

the dynamic behavior of poly{SDIB) copolymers.
35-wt% S

(n~1 S rank)

S. A . 5
RTR ROR so.wt%s
n~2 S rank
R...S A ( )

59R ...——"‘R,S_-S‘R

70-wt% S
(n~6 S rank)
R...5...5...5. ———R.o-5.¢.5.a-S.
S 5SR S8 TSR 80-wt% S
e s s A (n~10 S rank)
5705 Y55V R = R 8.5.5.4,5.5.8.5.S g

Figure 7.2. Schematic representation of dynamic betwawnder stimulus (T = 100 °C) in
poly(Sr-DIB) copolymers as a function of dynamieSShond content.
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7.2.2. Radical Trapping and EPR Experiments

To confirm the formation of sulfur radicals upon thermal activation i@ onds in
poly(Sr-DIB) copolymers, EPR spectroscopic spin trapping experiments were conducted with
the samples of varying sulfur content (as described above) in the presencedioheil)-1-
pyrrolineN-oxide (DMPO), which is able to trap sulfur centered radicals (Figua®). The
specific thermal conditions for the sample preparatioa (00 °C, 1 h) were chosen based on
the earlier findings of Tobolsky et al., where the homolytic scission of disulfides in various
polysulfide materials was observed at 100**CSolution blending of DMPO into a thermally
annealed poly($-DIB) copolymer sample yielded EPR active species observed ig=th2
region (Figure 7.3b). The analysis of the EPR spectraXgpendix F) reveals the presence of
the DMPO spin adductwith a sulfurcentered radical species (marked by asterisks in
Figure7.3b), which confirms that thel S bonds in poly(8-DIB) are dynamically forming the
sulfur radicals aff = 100 °C. Native copolymers treated under identical conditions without

DMPO didnot show detectable EPR signals.

7.2.3. Rheological Analysis of Dynamic Behavior in Sulfur Copolymer

Further evidence of dynamid S bonds in poly($-DIB) copolymers and the influence
composition has on the dynamic behavior was determined via in siblogical monitoring of
shear induced IS bond scission at varying strain rate§ at 130 °C. Sekhealing rheology
experiments were conducted Tat 130 °C since the melt viscosities of poly(®IB)

copolymers were observed to be too higi at100 °C(as conducted for the EPR spin trapping
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experiments). Additionally, these experiments were conducted at temperatures well above the
glass transition temperatur&y) of the various copolymers studie@y & 9, 20, and 28 °C for
poly(Sr-DIB) with 80, 70, ad 50 wt % sulfur, respectively, see AppendixFigure F.2) to
decouple the effects of dynami€¢ Sbond content and copolymikywith selfhealing dynamics.
Ultimately, these rheological measurements provided direct evidendeSab@hd scission as a

function of sulfur rank in poly(8-DIB) materials and closely tracked with composition effects.

a) R'S'S‘S‘S(s)S'S'R b)
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o
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Figure 7.3. a) Trapping of sulfur radicals generated under dynamic conditions to enable
spectroscopic analysis. b) Room temperature EPR spectrum of-thgd8ulfur copolymer in

the presence of DMPO (soluble fraction in toluene, see the Supporting Information for details).
The asterisks mark the lines of the sulfentered spin adduct.

Dynamic rheological behavior experiments were conducted by initial detsion of
the storage modulus for pristine copolymer samples by application of a low strain rate (8%) at a
constant frequency (100 rad/s) within the linear deformation regime (Hglureegion 1). These
samples were then subjected to a high strain amagli{100%) for 5 min to promotd S bond
scission as evidenced by a substantial drop in the storage mo@Nus ( F7.4gragioe 2).
After 5 min, the strain rate was once again decreased (8%), and a temporal depen@sijcenot s
measured to ascertainetiime required for recovery of the initial storage modulus dug ® S

bond formation (Figur&.4, region 3). Once the original modulus was recovered, the strain
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amplitude was again increased (100%) to test for cyclability of shéaced $S bond scissio

and recovery (Figuré.4, regions 4 and 5). As can be seen in Figutethe damage/recovery
cycling was repeatable for high sulfur content pols(SIB) copolymers (Figur&.4, region 5

and cycles thereafter). A direct correlation between copolymepasition and dependence on

the dynamic recovery time was observed, where sulfur copolymers of high sulfunri@ank ¢ 0 ,

80 wt % sulfur) exhibited a dramatically faster recovery of the original storage modulus (149 s,
Figure 7.4a). Poly($-DIB) of lower sufur rank ha 6 , 70 wt % sul fur) rap
of the initial storage modulus at lower applied strains (25 s) but required longer recovery times to
fully recover to 100% of the initial storage modulus (655 s, Figutb). Poly(Sr-DIB) (na 2,

50 wt % sulfur) was still observed to undergo reversibie&s $ond scission as noted by a
dramatic reduction of the storage modulus upon increasing applied strain. These copolymers
exhibited distinct selhealing profiles as noted by a reduced recovery ostbege modulus at

short times (58% of modulus in 30 s, Figdréc) and longer times for complete healing of the
material to the originally observed storage moduli (421 s). Finally, the pol8)
copolymers witm D 1 (35 wt % sulfur) did not exhibd selthealing behavior (as evidenced by
rheological measurements) under identical conditions, presumably due to the large content of
monosulfide bonds (i.e.,iGi C bonds, see Appendix F, Figure F.3), and they deformed in a
manner consistent with convemtial thermoplastic polymers. In this class of materials, the stress
becomes large enough to affect the sample integrity and it is impossible for any recovery to
occur. It is also interesting to note that after the first damage/recovery cycle in higler sulf
content copolymers (580 wt % sulfur) the process of recovery quickens in subsequent cycles.

We attribute this phenomenon to the reorganization of the copolymer microstructure into a state
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that favors recombination of sulfur radicals generated duheghain scission process induced

at high strain amplitudes.
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Figure 7.4. In-situ rheological characterization of dynamic behavior in pely(8B)
copolymers at T = 130 °C and 100 rad/s: aw8% sulfur; b) 76wt% sulfur; and c) 5@vt%
sulfur. Regionstte in plots represent: 1) initial modulus; 2) 100% stralhddmaging cycle; 3)
8% strain, ' recovery cycle; 4) 100% straifi“amaging cycle; 5) 8% straifi“¢ecovery cycle.

7.3. Conclusions
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In conclusion, we demonstrate the preparatiostwhuli-responsive, dynamic covalent
copolymers via the inverse vulcanization of elemental sulfur, where thlesgig dynamics of
these materials was controlled by simple variation of copolymer composition. These copolymers
represent a new class offskkaling materials where the unique propertiesi@ Bonds can be

exploited (i.e., batteries, optics, and coatings).
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APPENDIX A i SUPPLEMENTARY DATA FOR CHAPTER 2

ELEMENTAL SULFUR AS A REACTIVE MEDIUM FOR AU

NANOPARTICLES AND NANOCOMPOSITE MATERIALS

This Appendix is included to provide supplementary information and supporting data for the
experiments discussed in Chapter 2 on the syntheg@ahanoparticles directly in molten
sulfur and creslinked composite formation

Reproduced in part from referent®l Copyright 201 John Wiley & Sons, Inc
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A.1l. Experimental

A. Materials and Characterization

Sulfur  (sublimed powder, EMD), Carbon disulfide (ACS grade, EMD),
Chlorotriphenylphosphine gold(l) (CIAu(l)PEh 98 9%, Strem), Chlorocarbonybold(l)
(CIAu(l)(CO), 97 %, Strem), Triphenylphosphine sulfide (SEP88 %, Alfa Aesar),
Triphenylphosphine (PRBh 99 %, Aldrich), Chloro(dimethylsulfide)gold(l) (CIAu(l)SMe
Aldrich), Gold(lIl)chloride trinydrate (HAuGI3H,O, 99.9 %, Aldrich), Oleylanme (70 %,
Aldrich) and 1,2,3,4Tetrahydronaphthalene (tetralin, 99 %. Aldrich),anhydrous dichloromethane
(DCM, EMD) and anhydrous diethylether (EMD) were commercially available and used as
received without further purification. Transmission electron rsimopy (TEM) images were
recorded on a Phillips CM12 model at an operating voltage of 80 kV or-JE®I2100 at an
operating voltage of 200 kV, using-louseprepared carbon coated copper grid (Cu, hexagonal,
300 mesh). Analysis of images was carried @imgiImageJ software (W.S. Rasban, National

Institutes of Health, 1992007, http://rsb.info.nih.gov/i). Relative uncertainty of particle size

determination using ImageJ was found to be 1 % of the diametagave.g., 20 £ 0.2 nm). -X

ray di ffraction ( XRD) me a s ur e mean difractometere per
(PwW1827, Phillips) at room temperature with C
characterization was performed on a KRATOS 165 Uttnatoelectron spectrometer, using a
monochromatic Al KU radiation source (20 eV
obtained using a 2920 Modulated DSC (TA Instruments) running Thermal Solutions 1.4E (TA
Instruments) software. TGA analysis was cafreut using a TGA Q50 (TA Instruments)
instrument and software from TA Instruments. SEM images were taken on a Hitachi 4800 FE

SEM on asprepared samples. AFM images were obtained on Model Nanoscope, Dimension


http://rsb.info.nih.gov/ij/
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3100, Digital Instruments, Santa Barbara, Aapping modéH NMR spectra were obtained

using a Bruker DRX 600 MHz, or BrukerAvance Ill 400 MHz spectromet&#?. NMR spectra

were recorded withiH decoupling on BrukerAvance Il 400 MHz spectrometer using a 5 mm
broad band direct probe at 162 MH&klass spectrum was acquired on a Bruker 9.47T1CH

(Apex Qh) instrument using laser desorption/ionization (LDI) with aNd/Yag laser (352 nm).
Raman spectra were acquired using a Renishaw structural and chemical analyzer inVia model

with 50 mW at 514 nm ¢gon laser).

B. Synthetic Procedures

Preparation of Au nanoparticles (AuNPS) in liquid sulfur with 5-wt% CIAu(l)PPh sat T =

140 °C

To a 24 mL glass vial equipped with magetic stir bar was added sulfur (3.8 g, I*2Znol)Gand
heated at T = 140 °C until a clear yellow molten phase was formed. CIAW(®Ply, 4.0 x

10* mol) in powder form was then directly added to vigorously stirred liquid sulfur. The
resulting composite wastirred at T = 140 °C for 30 minutesd cooled to room temperature.

The reaction product waken ground into a powder and subjected to sublimation under reduced
pressure (I8 mm Hg) at T = 100 °C for several hours to give a brown solid (270 mg). Samples
for TEM analysis was prepared bysgersing the isolated powder in S mg/mL) via

sonication for 1 minute, followed by drop casting onto a carbon coated Cu grid.
Preparation of AuNPs in liquid sulfur with 5-wt% CIAu(l)PPh zat T = 200 °C

To a 24 mL glass vial equipped with magetic stirwas added sulfur (3.8 g, 1.2 x“1fol) and
heated at T = 200 °C until a clear red molten phase was formed. CIAW(PPh, 4.0 x 10

mol) in powder form was then directly added to the vitrified sulfur medium. The resulting
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composite was stirreat T = 200 °C for 30 minutes and cooled to room temperature. The

reaction product wathen ground into a powder and subjected to sublimation under reduced
pressure (I6mm Hg) at T = 100 °C for several hours to give a brown solid (92 mg). Samples
for TEM analysis was prepared by dispersing the isolated AuNPs,i{6G&g/mL) via

sonication for 1 minute, followed by drop casting onto a carbon coated Cu grid. The particle size

of resulting AuS nanocomposites measured by TEM was 5.1 £ 3.5 nm.
Preparation of AuNPs in liquid sulfur with 50-wt% CIAu(l)PPh zat T = 200 °C

Sulfur (2.0 g, 6.2x 16 mol) and CIAu(l)PPk(2.0 g, 4.0 x 18 mol) were dissolved in G15

mL), sonicated and evaporated under reduced pressure to make -&BMI{lyPPh; composite.
Theresulting composite was placed into a thermostated oil bath heated at T = 200 °C for 30
minutes and cooled to room temperature. TheéSMuanocomposite was ground into a powder and
subjected to sublimation under reduced pressuréri Hg) at T = 100 °Cair several hours

to give a dark brown solid (1.8 g). Samples for TEM analysis were prepared by dispersing the
isolated AuNPs in CS5 mg/mL) via sonication for 1 minute, followed by drop casting onto a
carbon coated Cu grid. The particle size of resglfn-S nanocomposites measured by TEM

was 6.9 + 2.1 nm.
Preparation of oleylaminecoated AUNPs

Gold nanoparticles were synthesized by the method o&Salnas reported previously.

HAuUCI,-3H,0 (0.25 g, 6.4x 1O mol) was added to 25 mL of tetralin, followed by the addition

of oleylamine (2.5 mL, 7.6 x I®nol) to form a dark red solution. The solution was heated at T =

65 °C for 21 hours and then cooled to room temperature. Gold nanoparticles were precipitated by

the addition of a tefold excess of ethanol and isolation by centrifugation (yield = 0.14 g).
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Samples for TEM analysis was prepared by dispersing the isolated AuNPs in toluene (1 mg/2
mL) via sonication for 15 minutes, followed by drop casting onto laotacoated Cu grid. The

particle size of resulting Au nanoparticles measured by TEM was 12 + 1.7 nm.
Preparation of Au-S nanocomposite with oleylamineoated AUNPs and sulfur

Preformed oleylamineoated AuNPs (40 mg) and sulfur (0.76 g, 2.4 X &®l) were dissolved

in CS (5 mL) by sonication followed by removal of the solvenvacuo The resulting
composite was placed into a thermostated oil bath heated at T = 200 °C for 30 minutes and
cooled to room temperature. Samples for TEM analysis were pdeparispersing the isolated
powder in C$ (5 mg/mL) via sonication for 1 minute, followed by drop casting onto a carbon

coated Cu grid.
Ligand Exchange of Sublimedisolated AuNPs

To a mixture of oleylamine (1 mL) and tetralin (1mL) in a 4 mL vial alority wiagnetic stir bar

was added sublimed AuNPs (10 mg). The solution was heated at T = 100 °C for overnight and
then cooled to room temperature. Gold nanoparticles were precipitated by the additiorr of a ten
fold addition of ethanol and isolation by cenightion (yield = 3.0 mg). Samples for TEM

analysis was prepared by dispersing the isolated AuNPs in toluene (1 mg/2 mL) via sonication
for 15 minutes, followed by drop casting onto a carbon coated Cu grid. The particle size of

resulting Au nanoparticles rasured by TEM was 12 + 2.8 nm.
Preparation of AUNPs in liquid sulfur with 5-wt% Au(l)CI

Sulfur (3.8 g, 1.2 x 1®mol) was heated at T = 200 °C until a clear red molten phase was formed

in a 24 mL glass vial with a magnetic stir bar. Au(l)Cl (0.2 g, 816’mol) in powder form
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was directly added. The resulting mixture was stirred at T = 2006r°80 minutes and cooled to
room temperature. The reaction product was ground into a powder and subjected to sublimation
under reduced pressure {m Hg) atT = 100 °C for several hours to give a dark brown solid

(140 mg). Samples for TEM analysis was prepared by dispersing the isolated powdefSn CS

mg/mL) via sonication for 1 minute, followed by drop casting onto a carbon coated Cu grid.
Preparation of AUNPs in liquid sulfur with 5-wt% CIAu(1)(CO)

Sulfur (3.8 g, 1.2 x 16mol) was heated at T = 200 °C until a clear red molten phase was formed
in a 24 mL glass vial with magnetic stir bar. CIAu(l)(CO) (0.2 g, 7.7 %r6l) in powder form

was added. The resulting mixture was stirred at T = 20@r°80 minutes and cooled to room
temperature and the resulting composite was ground and subjected to sublimation under reduced
pressure at T = 100 °C for several hours te@ givdark brown solid (81 mg). Samples for TEM
analysis was prepared by dispersing the isolated powder.i(b@%g/mL) via sonication for 1

minute, followed by drop casting onto a carbon coated Cu grid.
Preparation of AUNPs in liquid sulfur with 5-wt% Au( I)Cl in the presence of PPh

Sulfur (3.6 g, 1.1 x THmol) and PPH(0.2 g, 8.6 x 1Umol) were weighted into a 24 mL glass
with a magnetic stir bar and heatedrte 200 °C, which resulted in the formation of a clear red
molten phase within a few minutegu(l)Cl (0.2 g, 8.6 x 10 mmol) in powder form was then
added to the reaction mixture. The resulting mixture was stirred at T = 200 3C minutes

and cooled to room temperature, then the resulting composite was ground and subjected to
sublimationunder reduced pressure at T = 100 °C for several hours to give dark brown solid

(190 mg). Samples for TEM analysis was prepared by dispersing the isolated AuNR$5n CS
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mg/mL) via sonication for 1 minute, followed by drop casting onto a carbon coatgddCur he

particle size of resulting Au nanoparticles measured by TEM was 5.4 + 3.7 nm.
Preparation of Au-S nanocomposite with 8vt% Au(l)ClI in the presence of SPPh

Sulfur (3.6 g, 1.1 x 1®mol) and SPPH0.3 g, 8.6 x 1Umol) were weighted into a 24L glass

with a magnetic stir bar and heated toT = 200 °C, which resulted in the formation of a clear red
molten phase within a few minutes. Au(l)Cl (0.2 g, 8.6 X rimol) in powder form was then
added. The resulting mixture was stirred at T = 200r@fominutes and cooled to room
temperature and the nanocomposite was ground and subjected to sublimation under reduced
pressure at T = 100 °C for several hours to give a dark brown solid (153 mg). Samples for TEM
analysis was prepared by dispersing mated AUNPs in G5 mg/mL) via sonication for 1

minute, followed by drop casting onto a carbon coated Cu grid. The particle size of resulting Au

nanoparticles measured by TEM was 6.5 = 2.6 nm.
Preparation of CIAu(l)SPPh;

To a solution of CIAUSMg(1.0g, 3.4 x 16 mol) in CH.Cl, (40 mL) was added a solution of
SPPh (1.0 g, 3.4 x 18 mmol) in CHCl, (6 mL). The resulting mixture was stirred at room
temperature for 30 minutes and concentrated to about three quarters of original wwolumes
vacuq thendiethyl ether (60 mL) was added. Témlution was placed in a refrigerator
overnight, which then afforded white crystals and were recovered by filtration, washed with
diethyl ether and drieith vacuoto give CIAu(l)SPPk(1.4 g) in 80 % isolated yield'H NMR

(400 MHz, CDC}) d7.81-7.76 (m, 6H), 7.6§.63(m, 3H), 7.577.51 (m, 6H)>'P NMR (162

MHz, CDCL) d42.9.



159

Preparation and Morphological Characterization via TEM of Vulcanized AuNP-S

nanocomposites.

AUNP-S nanoscommosite were prepared by the addition of CIAu(l)P@&awt% or 50wt%

relative to sulfur) into liquid sulfur heated at T = 200 °C and stirring at this temperature for 30
minutes. After cooling to room temperature, the resulting product was ground tqawider.
Vulcanization of AUNPS dispersions was conducted by the addition of divinylben@ene
mixture of the 1,3 and 1,4 isome#s 8, 16 and 32vt% relative to AUNPS reaction mixture) to
the AUNRS solid and was then heated at T = 190 °C for sewdraltes until the reaction

medium was vitrified.

After cooling to room temperature, the crosslinked AtIRano composite was embedded in an
epoxy resin in molds and cured at T = 60 °C for 24 hours. The resin mixture for molding was
prepared by mixin@5.6 g of Embed 812 resin, 13.5 g of dodecenyl succinic anhydride, 10.9g of
Nadic® methyl anhydride, and 1g of DVB®. All components were purchased from Electron
Microscopy Sciences. The cured resins were sliced with a microtome (Leica Microsystems). The
100nm slices were prepared with diameamwéted knife (DIATOME) at an angle of 6° and a

cutting velocity of 0.1mm/s. The slices were suspended in water and supported on a Cu grid.

A.2. Results and Discussion

A. Effect of temperature on the synthesis oAuNPs in liquid sulfur with CIAu(l)PPh 3

The preparation of AUNPs in liquid sulfur at different temperatures was investigated. Initially,
sulfur (S) was heated at T = 140 °C, followed by the addition of CIAu(I}XB4wt% relative to

Sg). The resulting mixture was stirred at T = 140 °C for 30 minutes, cooled to room temperature

and purified by sublimation at T = 100 9@ vacuoto remove residual sulfur. The size and
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morphology of AUNPs were investigated by transmission electron mmapggTEM). When the
reaction was carried out at T = 140 °C, the formation of poorly defined, microscopic aggregates
were observedHigure A.1a). Conversely, reaction performed at T = 200 °C resulted in the
formation of discrete, colloidal AUNPs with piate sizes of 5.1 + 3.5 nniFgure A.1b). While

these experiments do not conclusively reveal the effects of temperature on AuNPs size and
morphology, it is clear that high temperatures (T > 170 °C) favor the formation of smaller, well
defined nanoparties. The causality of these results is still unclear, since both nucleation and
growth processes for NP formation are strongly temperature dependent, in addition to any

mechanistic chemical species (e.g., reducing agent) that may need higher temperé&iures t

situ.
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Figure A.1. TEM images of AUNPs from reactio.n‘ in iiquid sulfur with CiAu(I)BI%tIn different
temperatures: (a) at T =140 °C, (b) at T =200 °C (D =5.1 £ 3.5 nm)

B. Synthesis of AUNPs with higher feed ratios of CIAu(l)PPkh(50-wt% relative to Sg)

Simultaneous dissolution of CIAu(l)P®im liquid sulfur to form a homogeneous dispersion was
obviously critical for the formation of uniformly sized Au colloids. In order to circumvent

problems, such as, inefficient mixing andlayed dissolution associated with the addition of
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larger amounts of CIAu(l)PRInto liquid sulfur, predissolution of CIAu(l)PRand Sin carbon
disulfide (CS) was performed, followed byn vacuoremoval of the solvent to prepare a
homogeneous CIAu(l)AR-sufur composite (5Wt% relative to . The reaction with the
resulting homogeneous composite in powder form was heated to T = 200 °C to afford AuNPs
with a spherical morphology and slightly large sizg@ggre A.2). To confirm the bulk
morphology ofthese nanocomposites, samples were cured within an epoxy matrix, heated at T =
60 °C and microtomed in thin cresections for TEM analysis. TEM images of samples

confirmed the presence of well dispersed AuNPs with diameters of 5.0 + 3Rgure(A.3).

Figure A.2. TEM images of AuNPs from reaction with CIAu(l)PRB0O-wt% relative to 9):
(a) low magnification, (b) high magnification (D = 6.9 + 2.1 nm)






















































































































































































































































































































































































































































