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Green chemistry and polymers made from sulfur

Sulfur is a by-product of the petroleum industry, with megaton
stockpiles accumulating across the planet. The Perspective details
the opportunities for co-polymerising sulfur with other waste
materials or renewable plant oils. The emerging applications

in mercury capture and new battery technologies benefit the
environment. These and other opportunities in the

Green Chemistry of sulfur polymers are discussed.
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Green chemistry and polymers made from sulfur

Max J. H. Worthington, Renata L. Kucera and Justin M. Chalker*

Polymers are among the most important mass-produced materials on the planet, yet they are largely
derived from a finite supply of petrochemicals. To ensure the sustainable production of polymers and
functional materials, alternative feedstocks are required. This Perspective examines this challenge in the

context of an emerging class of polymers made from elemental sulfur. Because sulfur is a by-product of

the petroleum industry, converting it into useful polymers and related materials is an advance in waste

valorisation. Additionally, co-polymerisation of sulfur with renewable monomers represents an additional
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Introduction

The impact of synthetic polymers and functional materials on
human life is profound. Such materials ensure access to clean
air and water,"”> medical devices that improve quality of life,**
sustainable power generation and energy storage,”® building
materials for transportation and infrastructure,” high-tech
devices for communication and information processing,®’
fibres for functional textiles,'®'" and a host of other far-reach-
ing capabilities.”>™* Our everyday routines and economies
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contribution to sustainability. These reactions are often solvent free and benefit from full atom economy,
futher augmenting their Green Chemistry credentials. Applications of these materials will be discussed,
with a spotlight on environmental benefits. A forward looking assessment of the opportunities for using
sulfur polymers in Green Chemistry is also included.

also rely heavily on synthetic polymers, especially plastics.
With approximately 322 million tonnes of plastics produced in
2015," polymers are among the most widely produced syn-
thetic materials on Earth. To ensure sustainable access to
these materials, it is imperative that the synthesis of polymers
aligns with the principles of Green Chemistry.'®"” Given that
the vast majority of synthetic polymers are derived from finite
resources such as petroleum feedstocks,"® a grand challenge in
polymer chemistry is to identify sustainable building blocks
that provide monomers already in use or polymers that are
functional equivalents to existing macromolecules. To this
end, the Green Chemistry and polymer communities have
made some admirable gains. Through the use of safer sol-
vents,'® greener and catalytic processing,"®*° starting materials
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Fig. 1 Polymers are largely derived from a finite resource: petroleum. However, the future of polymer synthesis will depend on sourcing monomers
from alternative feedstocks such as renewable biomass, agricultural waste, and industrial by-products such as CO, and sulfur. This Perspective
examines the opportunities in Green Chemistry afforded by the use of sulfur as a building block for functional materials that benefit the environ-
ment. The tree and oil barrel graphics were licensed from 123RF.com with image credit to lilu330 and dvarg, respectively. Copyright 123RF.com.

derived from renewable biomass,*'”** re-purposing agricultural

and industrial waste as a starting material,”***** using CO, as

a monomer'® or converting it into a traditional olefin
25

monomer,”~ and designing new strategies for recycling and
bio-degradation,”®*” the Green Chemistry metrics over the life-
time of synthetic ~macromolecules have improved.

Simultaneously, the introduction of new polymers that address

Fg} Dr Justin M. Chalker earned a
. BS. in Chemistry and a B.A. in
the History and Philosophy of
Science at The University of
Pittsburgh  in  2006. At
Pittsburgh, he contributed to the
total synthesis of several natural
products under the direction of
Theodore Cohen. Supported by a
Rhodes  Scholarship and a
National Science Foundation
Graduate Research Fellowship,
Justin then completed his D.Phil.
at the University of Oxford under
the supervision of Prof. Benjamin Davis where he developed
several tools for the site-selective modification of proteins. In
2012, Justin started his independent career as an assistant pro-
fessor at The University of Tulsa where he established a diverse
research program in organic chemistry, biochemistry and material
science. In these projects, contributions to sustainability, environ-
mental protection and human wellbeing are priorities. In 2015,
Justin moved to Flinders University in Adelaide, Australia where
he is a Lecturer in Synthetic Chemistry and recipient of an
Australian Research Council Discovery Early Career Researcher
Award. In 2016, Justin was named Tall Poppy of the Year for
South Australia in recognition of his achievements in research,
teaching and science communication.

Justin M. Chalker

This journal is © The Royal Society of Chemistry 2017

these concerns also improves the outlook for sustainability
and environmental benefit. In this Perspective, we discuss one
of these classes of new materials—polymers made from sulfur
—and the many ways in which they are green in their prepa-
ration and use. While this class of materials alone will not
solve the problem of polymer sustainability, it may contribute
in several important ways. Accordingly, this Perspective exam-
ines how polymers made from sulfur can be derived from
waste and renewable sources, and how the resulting materials
can be used in applications that benefit the environment

(Fig. 1).

Sulfur: a widely available and
underused building block

Sulfur has been used for many centuries in applications as
diverse as medicine, fabric bleaching, construction of lamp
wicks, gun powder formulation and then more recently in the
vulcanisation of latex.?®?° In these cases, sulfur was sourced
largely through geological deposits.”® With the growing con-
cerns for acid rain, however, the desulfurisation of crude oil
shifted the major share of sulfur production to the petroleum
sector from 1970 to 1990.%° By removing sulfur from crude oil
and natural gas, SO, emissions from combustion of pet-
roleum-derived fuels are curtailed, preventing acid rain.>® In
the desulfurisation process, the sulfur atoms in H,S and organo-
sulfur compounds are ultimately converted to elemental
sulfur.’® Although elemental sulfur is not toxic,*" it is a flam-
mable solid** so finding productive uses for this stockpiled
material is important. With approximately 70 million tonnes
produced each year from petroleum refining,”®*® elemental
sulfur is widely available and inexpensive (~$120 USD per
tonne).>® A significant portion of sulfur is used in the indus-
trial production of sulfuric acid, and in the United States 90%
of all sulfur consumption is tied to the synthesis of H,5S0,.%°

Green Chem., 2017, 19, 2748-2761 | 2749
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Fig. 2 A stockpile of sulfur produced from the hydrodesulfurisation
process in petroleum refining. Approximately 70 million tonnes of sulfur
were produced in 2015 by the petroleum industry. Image credit: Gord
McKenna, made available through a Creative Commons license: https://
www.flickr.com/photos/gord99/5170487123/.

On a smaller scale, sulfur is used directly in the production of
rubber®® and fertiliser.*® Modern synthetic chemistry has also
benefitted from the versatile chemistry of elemental
sulfur.®™” still, there is a net excess of several millions of
tonnes of sulfur produced each year in petrochemical refin-
ing.” This excess sulfur is accumulated and stored in megaton
deposits, often open to the environment (Fig. 2). Finding
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large-scale uses for this sulfur, such as conversion to useful
polymers, would be an important advance. And while any
product made from this sulfur should rightly be classified as
petroleum-derived, there are also well-established methods to
access this abundant element directly from geological sources,
should this prove necessary in the future.*® In the first
instance, however, it is best to take advantage of the excess
waste sulfur generated by the petroleum industry. In doing so,
this by-product is repurposed for value-added applications—a
clear opportunity to develop novel sulfur chemistry.

Polymers and materials made
from sulfur

Given the wide availability of sulfur, there has been a resur-
gence in using it as a starting material for polymers and
materials.***' In order to make polymers directly from sulfur,
however, there are several challenges. The main limitation has
been the instability of polysulfides*> made by the ring-opening
polymerisation (ROP) of sulfur (Fig. 3).>>** When elemental
sulfur is heated above its floor temperature (159 °C), S-S bond
homolysis provides thiyl radicals that attack and open the ring

of another molecule of Sg.**** The polymerisation is then pro-
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Fig. 3 Mechanistic aspects of inverse vulcanisation. Sulfur is heated to a temperature at which S-S bonds undergo homolysis and generate thiyl
radicals. These thiyl radicals react with sulfur (Sg or polysulfides) and alkene co-monomers. Without an alkene cross-linker, the terminal thiyl radicals
are unstable and decompose (through backbiting, for instance) to reform Sg. Addition of the thiyl radical to the alkene, followed by radical termin-
ation, provides stable polysulfide polymers. The termination may result in polysulfide loops by intramolecular thiyl radical recombination. Where
H-atoms are available (as allylic or benzylic H-atoms, for instance) thiyl groups can be converted into thiols and chain transfer results in increased

branching.
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pagated by repeated ring-opening and S-S bond formation
between Sg and the growing polysulfide chain (Fig. 3).
However, the reaction is reversible and the terminal thiyl rad-
icals of the polysulfide can depolymerise and expel Sg or other
cyclic sulfur species. Backbiting is one mechanism by which
this depolymerisation may occur (Fig. 3), providing thermo-
dynamically favoured Sg in preference to terminal thiyl rad-
icals.* To provide stable polysulfide polymers, the thiyl rad-
icals must be quenched before depolymerisation. Pyun, Sung,
Char and collaborators have shown that trapping the thiyl rad-
icals with polyenes can provide a stable polymer made predo-
minately from elemental sulfur.*®> As outlined in Fig. 3,
addition of the linear polymeric sulfur to polyenes results in
branching of the polymeric chains. In the termination events,
the thiyl radicals are thought to be quenched by at least two
different mechanisms. In one case, intramolecular recombina-
tion of thiyl radicals would provide stable polysulfide loops
(Fig. 3).* In cases where H-atoms are available (e.g. allylic and
benzylic hydrogen atoms from the alkene co-monomer),
H-atom abstraction may convert the thiyl radical to a thiol
(Fig. 3).>®*® Notably, the H-atom abstraction pathway would
result in chain transfer processes that ultimately lead to
increased branching at the alkene co-monomer (Fig. 3). In any
case, by quenching the thiyl radicals in the polysulfide
polymer, the depolymerisation is suppressed and a stable
macromolecule is obtained. In classic vulcanisation, elemental
sulfur is used in relatively small quantities to cross-link latex
or other preformed polymers. In the so-called inverse vulcani-
sation in Fig. 3 (coined by Pyun, Sung, Char and collabor-
ators),”> the alkene co-monomer is used in relatively small
amounts and links together and branches the polysulfide poly-
mers. Through inverse vuncanisation, polymers containing
very high sulfur content can be obtained (typically 50-90%
sulfur by mass). Of relevance to Green Chemistry, inverse vul-
canisation does not require exogenous solvents or reagents in
the synthesis. The sulfur and alkene are used as co-monomers
and the reaction medium. Furthermore, the reaction is entirely
atom economical, with all of the starting material incorporated
into the product.

In Pyun’s seminal report, he and his collaborators used 1,3-
diisopropylbenzene (DIB, 1) as the organic cross-linker. In the
event, sulfur was heated to 185 °C to initiate ring-opening poly-
merisation. Addition of DIB (typically at a feed ratio of
10-50 wt%) resulted in cross-linking and vitrification within
minutes (Fig. 4a). The resulting red polymeric glass is referred
to as poly(sulfur-random-1,3-diisopropenylbenzene), or poly
(S-r-DIB). Because of the high sulfur content (typically targeted
at 50-90 wt% sulfur) and the polysulfide structure of the back-
bone of the polymer, poly(S--DIB) has several interesting
chemical, material, and optical properties. For instance, the
poly(S--DIB) polysulfides are redox active and useful as next
generation cathode materials for lithium-sulfur batteries, as
Pyun and co-workers demonstrated in their original®® and sub-
sequent studies.”’ ' The high sulfur content also imparts a
high refractive index and an IR region of transparency that is
convenient for night vision, thermal imaging and other optical

This journal is © The Royal Society of Chemistry 2017
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applications.>®>* Furthermore, the S-S crosslinks of the poly-
sulfide are dynamic, which allows for straightforward repair of
the polysulfide by thermal annealing.>*?*

These creative contributions from Pyun and co-workers
have since inspired further exploration of inverse vulcanisation
with a variety of unsaturated cross-linkers to obtain polysul-
fides with complementary properties (Fig. 4). Pyun and associ-
ates showed, for instance, that inverse vulcanisation using
triene 2, provides a polysulfide with improved thermomechani-
cal properties in the form of a higher glass transition tempera-
ture (over 100 °C) than the first generation poly(S--DIB) which
possessed a Ty, of 43-49 °C.>* In other studies, inverse vulcani-
sation with divinylbenzene (DVB, 3),>°® styrene (4),*® and
a-methylstyrene (5),>° demonstrated that traditional and
widely available monomers for radical polymerisation can also
be converted into polysulfides. In the case of DVB, the syn-
thesis of the corresponding polysulfides was informed by early
studies in the Pyun laboratory in 2011 when sulfur was used as
a reaction medium to prepare gold nanoparticles and related
composites. In this prescient study, sulfur was cross-linked
with DVB.®® The more recent DVB polysulfides, prepared by
inverse vulcanisation, could be fashioned into a highly IR
transparent thin film,’® or used as a cathode material for Li-S
batteries.”® The co-polymerisation of sulfur, DVB, and bis-mal-
eimide 6 also provided a novel cathode material for Li-S
cells.”” In the case of styrene, important mechanistic aspects
of the polymerisation were revealed in the inverse vulcanisa-
tion. Specifically, chain transfer reactions can occur after thiyl
radicals abstract the benzylic hydrogen atom available after
styrene is incorporated into the polysulfide (see Fig. 3 for
related processes). The chain transfer results in branching—
despite styrene having only one alkene—and provides a stable
polysulfide that is resistant to depolymerisation.*® The result-
ing polymers were further tested for their potential as cath-
odes. For a-methylstyrene, the resulting polysulfide was used
as a reaction medium for CdS nanoparticle synthesis. This was
possible because the polysulfide derived from 5 was a liquid at
the temperature of the CdS synthesis (200 °C). The CdS nano-
particles formed could then be isolated by centrifugation after
dissolving the polysulfide in chloroform.>® These studies by
Luscombe built upon prior work in nanoparticle composite
preparation by Pyun®® and Char®" in which liquid sulfur and
polysulfides formed from DVB® or oleylamine (7)*' provided a
matrix for the synthesis of gold and PbS nanoparticles.

To improve the prospects of polysulfides as cathode
materials, several polymers have been prepared by inverse vul-
canisation that contain polythiophene cross-linkers that over-
come the high resistivity of sulfur. For example, polythio-
phenes such as 8 and 9 contain alkene end groups that can be
cross-linked by inverse vulcanisation.®”®* An alternative
approach features monomer 10 in which the inverse vulcanisa-
tion is carried out first, with a second-stage electrochemical
oxidation of the polysulfide providing the target polythiophene
polymer.*® This tandem and orthogonal polymerisation strat-
egy is notable not only for its entry to polythiophenes after
inverse vulcanisation, but also for the manner in which it

Green Chem., 2017, 19, 2748-2761 | 2751
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(a) Inverse vulcanisation of 1,3-diisopropenylbenzene (DIB) provides the polysulfide poly(sulfur-random-1,3-diisopropenylbenzene), or poly

(S-r-DIB).*> The polymer can be processed, moulded and cured in a variety of architectures. The image of the poly(S-r-DIB), cured in a petri dish,
was adapted with permission from ref. 55. Copyright 2014 American Chemical Society. (b) A selection of unsaturated cross-linkers used for inverse
vulcanisation and related reactions used to access polysulfide polymers. The corresponding authors and the associated citations are indicated for

reference.

installs complementary and distinct polymer backbones. Such
sequential cross-linking has also been studied by Kiskan and
Yagci using monomer 11. In this report, inverse vulcanisation
of 11 was followed by ring-opening polymerisation of the
oxazine to provide polysulfide phenolic networks reinforced by
both polysulfide branching and polybenzoxazine
linking.®*

Dienes 12 and 13 were also used to form polysulfides, with
further testing as cathode materials in Mg-S and Li-S cells.®>

Cross-

2752 | Green Chem., 2017, 19, 2748-2761

The polyether groups were proposed to increase ion mobility of
the magnesium or lithium ions. Other studies toward novel
cathode materials also revealed that poly-alkynes are suitable
monomers for the synthesis of polysulfides. Alkyne 14 provides
highly crosslinked polysulfides in which thiyl radicals of the
growing polysulfide can add multiple times to the alkyne
carbons.®” In the case of di-yne 15, addition of sulfur to the
alkynes ultimately provides a thiophene derivative that is cross-
linked through polysulfide linkages.®®

This journal is © The Royal Society of Chemistry 2017
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It should also be noted that while alkene and alkyne cross-
linkers are highlighted in Fig. 4, other functional groups react
with sulfur in which alternative mechanisms are operative in
the inverse vulcanisation. For instance, Park has illustrated
how polythiols such as trithiocyanuric acid can be used to
prepare sulfur-rich polymers by reaction with elemental
sulfur.®® Coskun and Choi have also explored aromatic thiol
cross-linkers in inverse vulcanisation.”® The same laboratories
also described a unique cross-linking mechanism in which
thiyl radicals of the polysulfide chain insert into aromatic C-H
bonds.”®”" These materials were tested further as cathodes for
Li-S batteries.®*”*

In the survey of unsaturated cross-linkers for inverse vulca-
nisation discussed so far, many are relatively valuable fine
chemicals. Other than the monomers 3-5, which are available
in bulk quantities because of their use in traditional poly-
merisations, alkenes 1-15 in Fig. 4 are comparatively expen-
sive, require multiple steps to prepare, or are simply not avail-
able in the multi-kilogram quantities required for bulk
polymer synthesis. These features may be irrelevant for high-
end applications where monomer cost and raw material supply
are not primary considerations. Also, it is entirely possible that
increasing demand for these cross-linkers, and their polysul-
fides, could lead to bulk production and lower cost. These
future prospects aside, there is still a mismatch in scale and
supply of these co-monomers when compared to sulfur, which
is available in multi-million tonne quantities. It is therefore
worthwhile to consider other co-monomers for inverse vulcani-
sation that are available on large scale as either industrial by-
or co-products or renewable feedstocks from biological
sources. In considering such co-monomers for inverse vulcani-
sation, the excess sulfur produced industrially can be produc-
tively consumed. This strategy also draws strong links to the
principles of Green Chemistry by using industrial by-products
and renewable feedstocks as the sole materials in the synthesis
of valuable polymers. Monomers 16-24 were explicitly chosen
for use in inverse vulcanisation because they address this over-
arching goal of sustainability.”>””® The resulting polysulfides
have also been employed in applications that benefit the
environment, such as environmental remediation and sustain-
able energy technologies. These polysulfides, and their appli-
cations in Green Chemistry, are discussed in more detail in
the next two sections.

Polysulfides for environmental
protection and remediation

Using sulfur as a monomer aligns with several principles of
Green Chemistry in that its polymerisation benefits from excel-
lent atom economy and does not require solvent. Furthermore,
because sulfur is a by-product of the petroleum industry, using
it as a starting material is an advance in waste valorisation.
The environmental benefits are compounded when sulfur is
co-polymerised with a renewable olefin and the resulting
polymer is used in pollution monitoring and remediation.

This journal is © The Royal Society of Chemistry 2017
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Specifically, the high sulfur content of these polysulfides is
expected to impart affinity for soft Lewis acids, such as certain
heavy metals. But, in contrast to elemental sulfur, the polysul-
fide polymers have the capacity to be processed into forms
that confer mechanical, chemical and thermal properties that
are complementary or superior to elemental sulfur.

Our lab contributed in this regard with the development of
a polysulfide made from elemental sulfur and p-limonene
(Fig. 5a).”* The p-limonene monoterpene (16) is found in the
zest of citrus fruit and is produced on the order of 70000
tonnes per year in the citrus industry through steam distilla-
tion of the non-edible peel.”” By simply reacting sulfur with
p-limonene using an inverse vulcanisation protocol, a poly-
sulfide wax was formed that was effective in capturing palladium
and mercury salts.””

Palladium is a valuable catalyst in a variety of organic trans-
formations,®>®! and its recovery from waste streams is desir-
able. More recently palladium has been identified as a pollu-
tant leached from catalytic converters by automobile exhaust.®?
The capture of palladium therefore confers both economic
and environmental benefits, so it is valuable to know that poly-
sulfides can be used to recover this transition metal.

Mercury is a highly toxic metal that is encountered in a
variety of industrial activities such as oil and gas refining, coal
combustion and artisanal and small-scale gold mining.*?
Exposure to mercury can lead to serious health problems,

A1 = Hg?*
A2 = Cu?*
A3 = Niz+
B1 = Li*
B2 = Pb2+
| B3=K+

| C1=Fes
C2 = Mg2+
C3 = Mn?*
D1=_Ca?
D2 = Zn?*
D3 =H,0

Fig. 5 (a) A polysulfide made from elemental sulfur and p-limonene.
(b) The limonene polysulfide changes colour from dark red to yellow upon
binding to mercury(i) and removing it from water. (c) The chromogenic
response to mercury(i) is selective among the metals screened in the
study. These images are reproduced with permission from the authors
and ref. 72 under a Creative Common License.

Green Chem., 2017, 19, 2748-2761 | 2753
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including debilitating neurological and embryotoxic effects.®*
The remediation of mercury pollution is therefore essential in
protecting the environment and human health. For these
reasons, it was encouraging that the limonene polysulfide was
effective in removing highly toxic mercury(u) from water.”> The
mercury removal was even suitable for remediating pond water
littered with silt and other debris.””> Upon capture of the
mercury(u), the polysulfide underwent a colour change from
dark red to yellow—revealing an additional (and unexpected)
sensing capability of the material (Fig. 5b). The chromogenic
response was selective for mercury(n) among the metals inves-
tigated in this report (Fig. 5¢).”>

The Green Chemistry aspects in this limonene polysulfide
synthesis are worth noting. The synthesis does not require
exogenous reagents or solvents, it requires only limonene and
sulfur.”” Like the majority of inverse vuncanisations, the syn-
thesis of the limonene polysulfide is highly atom-economical,
though some small molecule by-products such as p-cymene
were produced.”” Furthermore, both co-monomers can be con-
sidered by- or co-products of industrial processes, so this is an
example of a value-added material made entirely from re-pur-
posed waste.

Building upon the use of polysulfides in mercury capture,
Hasell and co-workers®® studied both the limonene polysul-
fide”” and Pyun’s poly(S-+-DIB) co-polymer*’ in the removal of
mercury(u) chloride from water. Their team found the active
surface of the limonene polysulfide, due to its soft waxy
nature, can actually be regenerated by the mechanical force of
stirring.®> More impressively, the authors disclosed a method
to form polysulfide foams from the polymers using supercriti-
cal carbon dioxide.® The foam dramatically increases the
surface area and the polymer’s ability to capture mercury(u)
from water (Fig. 6). For instance, a foam prepared from
Pyun’s poly(S-~-DIB) was able to reduce the concentration of
mercury(u) in water from 2000 ppb to ~80 ppb after a 3 hour
incubation. Translation to a continuous process was also
demonstrated where the polysulfide foam was packed into a
column as a solid adsorbent for water purification.®®
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The Hasell laboratory has since extended these foams to
polysulfides made from the reaction of sulfur with the low
cost, industrially produced monomer dicyclopentadiene (21)
and renewable terpenes such as myrcene (18), farnesol (19)
and farnesene (20).”* Again the high surface area imparted by
supercritical carbon dioxide foaming or using sodium chloride
as a porogen allowed efficient sequestration of inorganic
mercury from water. In this study, the authors deliberately
explored renewable alkene cross-linkers so the preparation of
the polysulfides is imminently scalable and sustainable—a
necessary requirement for applications in environmental pro-
tection and remediation.

Another effective method for imparting high surface area to
polysulfide polymers is electrospinning.®*®®” Theato and co-
workers recently demonstrated for the first time that polysul-
fides prepared by inverse vulcanisation, such as poly(S-~-DIB),
are compatible with electrospinning.®® Using a carrier polymer
such as high molecular weight poly(methyl methacrylate)
proved important in accessing uniform fibres with diameters
on the order of 1 micron (Fig. 7).

The high surface area of these fibres was beneficial in
mercury uptake studies in which an impressive 98% of
mercury(u) could be removed in just a few seconds from water
containing 20 ppm HgCl,. The authors also demonstrated a
higher affinity of the polysulfide fibres for Hg>" than for other
metals ions examined (Cd**, Co**, Cu®**, Fe*", Pb**, and
Zn*").®® The rapid binding to mercury and high distribution
coefficients (K4) on the order of 10° mL g~ bode well for appli-
cations of electrospun polysulfides in water filtration devices.

The polysulfide polymers prepared by inverse vulcanisation
can be further converted to porous carbon materials.®® The
Hasell laboratory showed that heating the polysulfides at
750 °C in a furnace under a flow of argon leads to the thermal
extrusion of sulfur and sulfurous by-products—some of which,
the authors note, could be recycled and re-used. The remain-
ing carbonised product is porous and doped with between 7
and 14% sulfur—a value independent of the amount of sulfur
in the original polysulfide.®® The authors further characterised

Fig. 6 A porous version of poly(S-r-DIB) was prepared by foaming with
supercritical CO,. This material was effective in removing mercury salts
from water. The image was adapted from ref. 85 with permission from
the Royal Society of Chemistry.

2754 | Green Chem., 2017, 19, 2748-2761

Fig. 7 Electrospinning a blend of poly(S-r-DIB) and poly(methyl meth-
acrylate) provides uniform fibres with very high surface area. The fibres
showed excellent performance in capturing water soluble mercury.
Adapted from ref. 88 under a Creative Commons License.
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the gas sorption properties for their porous carbonaceous
materials made from both Pyun’s poly(S-~-DIB) and Chalker’s
sulfur-limonene polysulfide.®* Remarkably, these porous
materials were complementary in their gas adsorption selecti-
vity. The carbon derived from the poly(S-~-DIB), for instance,
was microporous and readily adsorbed nitrogen and carbon
dioxide. In contrast, the porous carbon derived from the
sulfur-limonene polysulfide occluded nitrogen, but readily
adsorbed hydrogen and carbon dioxide.®® Porous materials are
widely used in a variety of industrial separations and environ-
mental applications,”® such as gas separations,”® carbon
dioxide sequestration,”>®® oil spill cleanup,” waste treat-
ment,”>°® and water purification.’” The authors also explicitly
point out that the synthesis of polysulfides by inverse vulcani-
sation is atom-economical, solvent free, and makes use of
industrial by-products such as sulfur and limonene.*’
Therefore, Hasell’s work constitutes an important advance not
only in waste valorisation and sustainable material synthesis,
but also how such materials can be tailored for environmen-
tally focussed end uses.

Polysulfides for sustainable energy
production and storage

Sustainable energy production and storage are two of the great-
est challenges facing our species.”®?® And while it is still an
exploratory period for polysulfides, several studies using these
high sulfur content materials have revealed promising results
in energy generation and battery research.

Liu, Gardner and Kloo, for instance, recently demonstrated
that polysulfides prepared by inverse vulcanisation work as
hole-transport materials in solid-state dye-sensitised solar
cells."® Using poly(S-+-DIB) at 50% sulfur by weight, the
authors demonstrated a power conversion efficiency of 1.5%.
While this result is modest in comparison to high-perform-
ance dye-sensitised solar cells, the very low cost of the sulfur
polymer will likely lead to further studies to improve its per-
formance in generating power from sunlight.

Polysulfides prepared by inverse vulcanisation have also
been used in the photochemical generation of hydrogen fuel.
Zhang and co-workers prepared poly(S-r-DIB) as nanowires and
explored their use in the photochemical splitting of water with
visible light to generate hydrogen, a clean-burning fuel.’®* The
nanowires were prepared using an anodic aluminium oxide
membrane as a template, in which poly(S-»-DIB) was syn-
thesised and cured. The template was removed by etching with
sodium hydroxide, providing the polysulfide nanowires. The
photocatalytic activity of these polysulfide nanowires was
superior to bulk sulfur, a feature attributed in part to their
high surface area. This study is an important report of the
ways in which inexpensive sulfur can be converted into a valu-
able catalyst that can harness visible light for the generation of
clean fuels.

In a third area of energy research featuring polysulfides,
polymers prepared by inverse vulcanisation have been inten-

This journal is © The Royal Society of Chemistry 2017
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sely studied as next-generation cathode materials for batteries.
Because many forms of sustainable energy production are
intermittent (e.g. solar and wind power), high performance
energy storage is required.”® Because Li-S cells have a theore-
tical capacity and power density that exceeds current Li-ion
technology, and sulfur is very inexpensive, there has been
intense interest in developing practical Li-S cells."®>'% The
original report on inverse vulcanisation by Pyun and associates
explored, among other things, the use of their poly(S-r-DIB)
polymers as cathode materials.”> One of the main objectives
was to determine if their sulfur-DIB co-polymers could
address the rapid capacity loss and short cycle lifetimes of
typical Li-S cells. Indeed the authors found that poly(S-r-DIB)
at 90 wt% sulfur and 10 wt% DIB displayed superior capacity
to sulfur over hundreds of cycles.*®*>**® Specific capacities
on the order of 1000 mA h g~ over 100 cycles are especially
encouraging.”” A key to this success is the polysulfide’s ability
to suppress lithium sulfide deposits on the cathode and
protect it against mechanical wear.*

Since these reports,*>*”** many more studies have emerged
in which inverse vulcanisation and related processes are used
to prepare cathode materials and other composites with high
Sulfur COntent.46’48’50'51’57’58’62’63’65_71’73’75_78’104_109 Rather
than reiterate these achievements here, we instead highlight
some recent efforts where renewable alkenes were used in the
inverse vulcanisation. In this way, the cathode materials can
be prepared entirely from waste and renewable resources,
thereby raising their Green Chemistry profile. Theato, for
example, prepared polysulfides from plant trigycerides
(linseed oil, sunflower oil, and olive oil) and sulfur in an
inverse vulcanisation procedure.”® A simplified structure of the
triglyceride monomer (23) is shown in Fig. 4. And while oleic
acid is shown as the fatty acid in 23, it should be noted that
polyunsaturated linoleic acid is also a major component of
these triglycerides.”® The resulting material was a polysulfide
rubber containing embedded particles of free sulfur. The
materials were studied as cathode materials for “green Li-S
batteries.””® Encouragingly, the authors discovered high initial
specific capacities (880 mA h g™') and established a bench-
mark in capacity retention for these green materials over 100
cycles (63%). In a similar effort, Mecerreyes and co-workers
explored the inverse vulcanisation of the renewable alkenes
diallyl disulfide and myrcene, derived from alliums and
thyme, respectively.”> Subsequent electrochemical tests
demonstrated the use of the polysulfides as cathode materials
for Li-S batteries.”” Initial capacities of 770 mA h g~ and
790 mA h g~' were measured for the diallyl disulfide and
myrcene polysulfides, respectively, with a capacity retention of
about 80%.

Renewable monomers 22 and 24 have also been reported
recently in inverse vulcanisation, with further electrochemical
testing. Polyisoprene 22, for instance, can be converted to a
polysulfide very similar to vulcanised rubber, but with higher
sulfur content necessary for use as a cathode.””> Importantly 22
is a renewable polyene. similarly, 24 is interesting in that it is
derived in part from an agricultural waste material, cardanol,

Green Chem., 2017, 19, 2748-2761 | 2755
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Green Applications of Polysulfides
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Fig. 8 Polysulfides prepared by inverse vulcanisation have been explored in diverse areas of sustainability including power generation, power
storage, photocatalytic water splitting, and environmental remediation. Graphics of solar panels, batteries, gas cylinders, and mercury symbol were

licensed from 123RF.com, with image credit to Michael Rosskothen, mrga

and therefore provides an advance in waste valorisation as well
as a contribution to sustainable power storage materials.”””®

The merger of waste sulfur and renewable plant oils to
access polysulfides is an important effort in sustainable syn-
thesis. Furthermore, the polysulfides are useful in a variety of
applications that benefit the environment. In particular, these
materials have been demonstrated to be effective in power
generation and storage, photocatalysis for the production of
clean fuels, and sequestration of heavy metal pollution. These
green applications are summarised in Fig. 8.

Green chemistry outlook for sulfur
polymers

The sustainable synthesis of polymers and functional
materials is critical for our future. Among the diverse efforts
toward this goal, polymers made from sulfur have emerged as
a new class of materials useful in several applications. Because
sulfur can be considered a by-product of the petroleum indus-
try, the preparation of high sulfur polymers is an innovative
example of waste valorisation. Furthermore, the syntheses of
sulfur polymers typically benefit from high atom economy and
often require no solvent—two ways in which they align with
priorities of Green Chemistry. Further benefits to the environ-
ment come from preparing these polymers through the co-
polymerisation of sulfur and renewable alkenes such as ter-
penes and triglycerides. Additionally, several recent reports
were discussed in which these polysulfide materials were used
to capture heavy metal pollution, and generate and store
power. In this way, the synthesis and application of polymers
made from sulfur provides a broad platform for sustainable
science and technology. In order to realise the full benefit of
these features, however, there are several challenges on the
horizon. We outline these challenges and opportunities to

2756 | Green Chem., 2017, 19, 2748-2761
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help motivate future research in the Green Chemistry of poly-
mers made from sulfur.

Controlled polymerisation of sulfur at low temperature

The microstructure of polysulfides prepared by inverse vulcani-
sation can be controlled in part by simply varying the feed
ratio of sulfur to alkene.*® Higher levels of sulfur result in
longer stretches of catenated sulfur atoms (higher sulfur rank),
while lower levels provide shorter stretches of sulfur atoms
between the alkene co-monomer (lower sulfur rank). This
feature allows some control over the level of crystallinity, as
higher levels of sulfur in the polysulfide result in more crystal-
line polymers. Nonetheless, inverse vulcanisation still provides
a statistical distribution of polysulfide microstructures. It
could be advantageous, perhaps, to devise alternative poly-
merisation conditions in which the sulfur rank, cross-linking,
molecular weight and polydispersity can be better controlled.
Such control would benefit fundamental studies in how
specific polysulfide structures affect their function. In Green
Chemistry, for instance, control over the polysulfide structure
would allow the preparation of materials with optimised
electrochemical properties for power generation and storage,
or optimal structures for binding a particular heavy metal pol-
lutant. While devising methods for the controlled polymeris-
ation of sulfur are a task for future research, there have been
some notable efforts to use reversible addition-fragmentation
chain transfer (RAFT) to control the rate of inverse vulcanisa-
tion.'%® This strategy also provides a polysulfide with dormant
RAFT groups ligated to the polymer, presenting further oppor-
tunities for post-synthetic functionalisation.’®® These early
steps in controlling the polymerisation of sulfur will help
guide future efforts to exact more control of polysulfide
structure.

Limited control of inverse vulcanisation is due, in part, to
high temperatures employed in the polymerisation (typically

This journal is © The Royal Society of Chemistry 2017
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160 to 200 °C). These temperatures likely lead to random and
equilibrated microstructures, due to thermal scission and
recombination of S-S bonds in the polysulfide backbone. The
high temperatures could also lead to side reactions such as
undesired H-atom abstraction, chain transfer, or oxidation.
When limonene is used as the alkene cross-linker, for
instance, its oxidation by sulfur to p-cymene was an undesired
side reaction.”” The high temperatures used for inverse vulca-
nisation also necessitate energy input that violates a principle
of Green Chemistry. It is therefore worth identifying alternative
methods for polymerising sulfur at lower temperatures. In
doing so, energy input would be reduced, side reactions may
be suppressed, and it is likely that more control could be
exerted over the polymerisation. To achieve this aim in radical
polymerisation of sulfur, it is likely that alternative methods of
initiation will be required, as well as a suitable solvent or form
of sulfur that is miscible with the co-monomer or reaction
medium. It may be the case that entirely different mechanisms
of polymerisation are required. For instance, ionic conden-
sation polymerisation of polysulfides and haloalkanes pro-
ceeds efficiently at 30 °C.'*°

The ability to carry out polymerisations of sulfur at lower
temperature will also allow a far greater range of alkene cross-
linkers to be used in the reaction. Using the standard inverse
vulcanisation protocol, the alkene typically requires a relatively
high boiling point. In Fig. 4, for instance, most of the alkenes
have a boiling point higher than 160 °C. Of these co-mono-
mers, styrene has the lowest boiling point at 145 °C. If the
radical polymerisation of sulfur can be carried out at lower
temperatures, alkenes with lower boiling points could then be
readily employed as co-monomers. As the material properties
of the polysulfide also depend on the alkene, this is an impor-
tant way in which complementary materials can be accessed.
Even the relatively small panel of alkenes in Fig. 4 illustrate
this point: inverse vulcanisation with 1 provides a glass,*
while 16 provides a wax’> and 23 a rubber.”®

Green solvents for polysulfide synthesis and processing

While inverse vulcanisation can be executed under solvent
free conditions (i.e. the unsaturated cross-linker is reacted
with molten sulfur and polysulfide pre-polymers), it is worth
considering what green solvents are available for both poly-
sulfide synthesis and processing. In the relatively few solu-
tion-phase syntheses of polysulfides by inverse vulcanisation,
non-green organic solvents such as o-dichlorobenzene,®® pyri-
dine'""" and carbon disulfide®” have been used because of
their relatively high boiling points and ability to solvate
sulfur. Likewise, in experiments that required manipulation
of polysulfide polymers in solution (such as casting polysul-
fides into thin films or electrospinning polysulfide solutions),
non-green solvents such as dimethylformamide,®>®® aceto-
nitrile,”” tetrahydrofuran,®™””*® and 1,2-dichlorobenzene,>
were used. It is therefore worthwhile to identify safe, sustain-
able and biodegradable solvents suitable for the synthesis
and manipulation of sulfur polymers. The limited solubility
of sulfur and sulfur-rich polymers, as well as the high reac-
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tion temperatures typically used in inverse vulcanisation,
make this a largely unmet challenge.

Notably, a few reports have integrated green solvents into
the processes involving sulfur polymers. Pyun, Char and co-
workers, for instance, have made progress in interfacial con-
densation polymerisations in water, studying inorganic poly-
sulfides (NaS-[S],-SNa, derived from sodium sulfide and
elemental sulfur) and their reaction with 1,2,3-trichloro-
propane.''® The polymer products presented as nanoparticles
containing above 75% sulfur by mass. While this polymeris-
ation is mechanistically distinct from inverse vulcanisation, it
is a clear demonstration of converting elemental sulfur into
polymers in a safe and relatively green aqueous solvent.
Importantly, even though the polymer particles were not
soluble in water, they could be processed as dispersions.

For polysulfide processing, super critical carbon dioxide
has been explored by Hasell and co-workers in the preparation
of polysulfide foams, as described previously and shown in
Fig. 6.”%% In addition to establishing a route to high surface
area polysulfides, Hasell’s work illustrated that super critical
carbon dioxide can innervate and swell polysulfides—perhaps
providing a lead for further studies in solvating polysulfide
melts or pre-polymers. As supercritical carbon dioxide is recog-
nised as a relatively green solvent for polymer processing,'*?
its use in the manipulation of polysulfides is encouraging.

Outside of these few studies, the integration of green sol-
vents with sulfur polymer synthesis and processing is limited.
There is clearly an opportunity for further progress in identify-
ing green solvents for sulfur polymer chemistry.

Toxicity of polysulfides

A central tenet of Green Chemistry is the design of safer
chemicals. While elemental sulfur is non-toxic, little is known
about the toxicity of polysulfide polymers. For the polysulfide
prepared using sulfur and limonene,’” it was shown by our
team and collaborators that nothing toxic was leached from
the material into water, as indicated by cell viability assays of
HepG2 and Huh7 liver cells. This result was used as motiv-
ation to explore these polysulfides for water purification in
both natural waterways and in municipal water systems—
research that is ongoing in our lab. Other than these relatively
simple tests, there have not been additional toxicity studies on
polymers prepared by inverse vulcanisation. It is likely that the
toxicological profile will vary based on the organic cross-linker
and its products of biodegradation. As this information
becomes available, it will help guide the use of these polymers
in environmental and biological applications.

Biodegradability of polysulfides

The persistence of polymers in the environment is cause for
concern.'™ A future line of research in the biodegradability of
sulfur polymers is therefore worth considering. The mechan-
ism of degradation will likely depend on both the polysulfide
stability and the organic cross-linker. For instance, the S-S
bonds of polysulfides are susceptible to reduction and photoly-
sis, so polysulfide polymers might be degraded by reductases
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found in living organisms or after long-term exposure to sun-
light. Additionally, by using cross-linkers that contain labile
groups, biodegradability can be programmed into polysulfides.
Polyenes 10, 12, 13, and 23, for instance, contain esters that
can hydrolyse—perhaps slowly upon exposure to water or at
the provocation of esterases. It remains to be seen whether
these reactions are efficient, and if the products of degradation
are ecologically innocuous, but the chemical lability of polysul-
fides could potentially be leveraged in the preparation of poly-
mers with programmed lifetimes and biodegradability.

Recycling polysulfides

Consideration of polymer lifetime also prompts investigation
of recycling methods. Unlike traditional polyolefins, which
contain a very stable backbone of carbon-carbon bonds, poly-
sulfides are comprised of relatively labile S-S bonds. It is there-
fore intriguing to consider ways in which polysulfides pro-
duced on an industrial scale could be depolymerised back to
re-usable monomers or oligomers. Such a process does not
necessarily have to provide Sg and the original alkene, but only
a suitable precursor to other polysulfide polymers. Relatedly,
polysulfides may be amendable to repair or restructuring by
virtue of dynamic S-S bonds. Reports in thermal healing of
fractured poly(S-7-DIB) bode well for such strategies.>*>*

Commercial use and scalability

Commercial and industrial uptake of polysulfide materials pre-
pared by inverse vulcanisation is required for wide impact in
Green Chemistry. Otherwise, the applications in Fig. 8 will be
confined to the research laboratory. One technical hurdle that
will need to be overcome is the large-scale preparation of high-
sulfur polysulfides (>50% sulfur) by inverse vulcanisation. As
classic vulcanisation has long been used for the commercial
production of rubber, factice, ebonite, and other sulfur-rich
materials (typically containing up to 30% sulfur by mass),**
this challenge seems surmountable. Moreover, kilogram scale
inverse vulcanisations have been reported.*® Yet, it is possible
that commercial applications in energy and environmental
protection would require hundreds of kilograms or even
tonnes of polymer. In meeting such demand, the complex
thermodynamics and changes in viscosity during inverse vul-
canisation would make even pilot-scale batch processing a
challenge. Therefore, it may be necessary to develop continu-
ous processes for polysulfide production in which the scale of
the reaction at any given time is relatively small, but sustained
or parallel operation provides several kilograms of polymer or
pre-polymer per hour. In one form, this may involve the direct
polymerisation of sulfur and the alkene in an extruder. This
reactive extrusion process would provide the polysulfides on a
large scale and likely benefit from a superior safety profile
when compared to batch methods.

Targeting problems of scale

In several parts of this Perspective it was argued that making
polymers from elemental sulfur constitutes waste valorisation.
The excess sulfur produced from petroleum refining demands
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such efforts. However, this excess sulfur problem will not be
seriously addressed by inverse vulcanisation unless commer-
cial production of polysulfides proves viable. It is therefore
worthwhile considering sectors of the economy that would
benefit from industrial production of polysulfides made from
low-cost alkenes and elemental sulfur. Likewise, the potential
benefits in Green Chemistry will only have impact if such poly-
sulfides are deployed in applications and problems of
immense scale. Several of these areas have been mentioned
already, with power generation, power storage, water and air
purification, and environmental remediation likely requiring
industrial scale polysulfide production for serious impact.
Other areas such as construction and agriculture may also
benefit from an industrial supply of inexpensive polysulfides,
so there are ample opportunities for future research to benefit
these sectors. In our own efforts, we are aiming to devise new
and versatile sulfur polymers—made entirely from renewables
and industrial waste—that benefit the environment and align
with values and priorities of Green Chemistry.
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