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Inverse vulcanisation is a rapidly developing field of chemistry and materials science with the potential to
afford low cost, green chemistry adherent, next generation polymeric materials from the industrial waste
product: elemental sulfur. With tuneable properties, recyclability, as well as convenient and adaptable
syntheses and processing, inverse vulcanised polymers may be used in several desirable applications,
such as batteries, water purification, and advanced optical components. In the ten years since the field's
conception, inverse vulcanisation has garnered growing research interest and popularity, and has even
seen some recent commercial uptake. This review article is focused on supporting the growth of the
inverse vulcanisation field by providing a resource for new researchers to have the most efficient possible
start in the field. In that regard, this review article is designed to act as an ideal starting point for research-
ers looking to become invested in the field. This review first outlines the origin of inverse vulcanisation,
before giving a small account of the applications of inverse vulcanisation and pointing to other useful
reviews on these applications, thus making a case for research interest and providing sources of potential
inspiration for new ideas. Most importantly, this review goes on to provide an effective resource for lab
based researchers to establish themselves with foundational knowledge of the field, while offering a guide
to practical skills in performing inverse vulcanisation. In doing so, this review offers a guide to standardis-
ing methods in inverse vulcanisation whilst also allowing new lab workers to avoid some of the pitfalls that
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1. Introduction

Inverse vulcanisation is an emerging field of polymer chem-
istry, founded in 2013 with a publication that as of August
2024, has more than a thousand citations." Inverse vulcanisa-
tion is a polymerisation reaction that utilises an industrial
waste product, elemental sulfur, as a low-cost reagent along-
side an organic comonomer, to produce polymers of high
sulfur content by mass percentage. The reaction is diverse and
versatile in that it can accept a wide variety of organic comono-
mers, with different loadings of sulfur, in many possible
polymer architectures, all of which allows polymers of wide
ranges of physical properties. The details of the polymerisation
reaction will be discussed later in this review, but in short,
inverse vulcanisation is usually a low cost, simple method,
bulk copolymerisation of elemental sulfur with a species that
usually contains two or more alkene bonds, resulting in cross-
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analysing inverse vulcanised polymers, which can be challenging, and sometimes needs careful consider-
ation. Finally, this review looks at some mechanistic considerations of inverse vulcanisation before pro-
posing directions for future research in the field.

linked polymers with a vast array of attractive potential appli-
cations such as water purification sorbents, advanced optical
materials, and cathode materials for next generation lithium-
sulfur batteries to name but a few.>” Although inverse vulca-
nised polymers are yet to be applied outside of an academic
context, recently inverse vulcanised polymers have seen com-
mercial uptake by several companies, such as ThioTech,
Outside the Box Materials, Uberbinder, and Clean Earth
Technology, exemplifying that these polymers have desirable
properties that could be exploited in mainstream applications
with commercial benefit and societal impact, if some issues
such as the scalability of the reaction and the cases of instabil-
ity in the polymers can be addressed.®™*

It is because of these properties and the low cost of their
production that inverse vulcanised polymers have seen steadily
growing research interest,
suffers from a poorly understood mechanism and little regi-
mentation or standardisation in how the syntheses are per-
formed. Furthermore, the field of inverse vulcanisation is
deceptively simple, both in its theory and practice, resulting in
several non-obvious pitfalls and nuances that are not common

however inverse vulcanisation
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to other fields of chemistry, and this combines with a severe
challenge in characterising the polymers to give a research
field that is less accessible than it seems at first glance.

There are several excellent review articles on the field of
inverse vulcanisation, including articles that cover the field in
general, such as “polymerizations with elemental sulfur: a
novel route to high sulfur content polymers for sustainability,
energy and defense”, “sulfur chemistry in polymer and
materials science”, and “recent advances in the polymerization
of elemental sulphur, inverse vulcanization and methods to
obtain functional Chalcogenide Hybrid Inorganic/Organic
Polymers (CHIPs)”.'*"'* Meanwhile, other review articles con-
centrate on one or more of the potential applications of the
polymers; such reviews will receive due mention in the later
parts of this review. This review article aims to address the
aforementioned issues whilst also providing a convenient
starting point for researchers wishing to become invested in
the field of inverse vulcanisation. As such, this review will
cover the origin of inverse vulcanisation and its chemical con-
cepts in order to provide foundational knowledge that can act
as a springboard to access the rest of the field. This review
will then give a brief discussion of some of the core potential
applications of inverse vulcanised polymers, outlining why
the field of inverse vulcanisation deserves such research
attention and simultaneously pointing to other reviews that
comprehensively cover these applications, and can serve as
inspiration for new research directions. Most importantly,
this review will then tackle how inverse vulcanisation can be
performed, what can be achieved with the syntheses, and
what can be modified to alter the synthetic outcome toward a
desired goal. This will also extend to post synthetic modifi-
cation of the polymers, and look at alternate routes of syn-
thesis. Next, this review will look at the commonplace ana-
lysis techniques used in inverse vulcanisation, informing new
researchers what equipment they need access to, and what
they stand to gain from such analyses. Penultimately, this
review will give an overview of the poorly understood mecha-
nisms that may be behind inverse vulcanisation, and what
these may mean for the polymerisation. Finally, this review
will give an outlook of where the field of inverse vulcanisation
may proceed in terms of research direction, pointing to
several current issues in the field and hopefully inspiring the
focus of new starting researchers. Overall, this review article
is intended to be an ideal starting point for new researchers
to the field of inverse vulcanisation, teaching the prerequisite
foundational knowledge to access the field, whilst also giving
clear, easy to apply, standardised methods for practically per-
forming inverse vulcanisation, which is something less
addressed by prior reviews.

2. Origin of inverse vulcanisation
2.1. Sulfur

More than 60 million tonnes of elemental sulfur is produced
annually by the refinement of petrochemical feedstocks.™® In
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order to prevent acid rain, fuels must be purified of sulfurous
contaminant compounds, which would combust to form
sulfur dioxide, then going on to dissolve in atmospheric rain-
water to form sulfuric acid. As such crude fuels are subjected
to hydrodesulfurisation and the Claus process, which convert
sulfurous contaminant compounds in petrochemicals, to
elemental sulfur.”>”"” Although this sulfur has several appli-
cations, such as being used to create fertilisers and sulfuric
acid, the supply greatly outweighs the demand, resulting in the
excess sulfur being stored on the megaton scale in open to air
stockpiles, with unexplored environmental consequences
(Fig. 1).">'® Elemental sulfur is known to have some antibac-
terial properties, which could mean that megaton scale sulfur
stockpiles could be harmful to surrounding microbiological
ecosystems which could have cumulative effects on food
chains that rely on them."® There is also the consideration that
elemental sulfur can be ignited (Fig. 1), and burns to form
sulfur dioxide, so if a sulfur stockpile were to be struck by
lightning, there is a possibility of a large, hazardous fire that
liberates toxic sulfur dioxide into the atmosphere, thereby
undoing the efforts to mitigate acid rain.*® These stockpiles
are expected to expand more rapidly in coming years as
the depletion of fossil fuels forces the usage of previously
avoided petrochemical resources of higher levels of sulfur
contamination.

Fig. 1 Top: a sulfur stockpile at Syncrude near fort McMurray, 2007,
Alberta, Canada. Bottom: the characteristic blue fire of burning
molten sulfur, Kawah ljen volcano, Indonesia. Top image source: https://
metro.co.uk/2015/03/17/no-computer-trickery-here-just-real-bright-
blue-lava-5108300/. Bottom image source: https://www.enersul.com/
operations/.
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Because of the excess production of elemental sulfur, it is
an abundant resource that is widely available, and often pur-
chasable for close to the cost of shipping. One potential way to
utilise the excess of elemental sulfur, is in the field of
materials chemistry. At room temperature, elemental sulfur
exists primarily as the a-sulfur allotrope, a crown shaped eight
membered ring in an orthorhombic crystal structure, with
traces of the less stable cyclo-heptasulfur allotrope
present.'®?'? At 95.3 °C a-sulfur converts to p-sulfur, another
eight membered ring of sulfur atoms, this time in a monocli-
nic crystal structure.”*** Continued heating results in the
melting of elemental in the range of 114 °C to 120 °C, which is
broad due to the interconversion of f-sulfur into various other
forms of sulfur, all with different melting points.>*>*

Through the molten phase to 159 °C or above, sulfur-sulfur
bonds enter into an equilibrium where they homolytically
cleave into thiyl radicals (Fig. 2), though the exact temperature
where this process becomes non-negligible is debated.'®?*?*
These thiyl radicals formed from the opening of elemental
sulfur rings, are radical capped chains of sulfur atoms, and
can attack upon one another and other sulfur rings to extend
their chains forming sulfur oligomers, polymers, and large
rings which are the predominant species when elemental
sulfur forms a clear red solid at temperatures of 190 °C or
above (Fig. 2).'® This polymeric solid is not stable to depoly-
merisation, and upon cooling, depolymerises back to cyclo-
sulfur, prohibiting its use in any long term application.'®?*?®
Note that the floor temperature refers to the temperature
where elemental sulfur can begin to homopolymerise, indi-
cated by changes in its properties, like viscosity. The tempera-
ture where elemental sulfur can form thiyl radicals may be
lower than the floor temperature.

2.2. Inverse vulcanisation

For nearly two centuries, elemental sulfur has been used in
conventional vulcanisation for the modification of polymer
properties by crosslinking organic polymer chains with sulfur
bridges, though the mechanism of this has long been
debated.” 1t is presumed that the thiyl radicals formed by
homolytic cleavage of cyclo-sulfur utilise o-allyl hydrogen
abstraction to form carbon-sulfur bonds, as suggested by
Coleman et al., of which Fig. 3a shows a schematic adapted

Initiation by Homolytic Cleavage Propagation by Radical Attack Homopolymerisation
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Fig. 2 The homolytic cleavage of cyclo-octasulfur to form thiyl radicals
and subsequently, their homopolymerisation to form a sulfur polymer, as
well as photographs of elemental sulfur at various stages of heating.18222%
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Fig. 3 (a) A simplified reaction scheme for conventional vulcanisation.
Note that the carbon-carbon double bonds may be incorporated into
the macromonomer chains as part of the backbone or as pendant
groups. (b) A simplified reaction scheme for inverse vulcanisation. (c)
Names, abbreviations and structures of representative examples of small
organic molecules that are active in inverse vulcanisation.>>~*” Note that
divinylbenzene is usually supplied as a mixture of the ortho and para
isomers as shown.
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from their work.”® It should however be noted that it has not
been proven beyond reasonable doubt that thiyl radicals are
responsible for this crosslinking, and that an alternate
theorem is that elemental sulfur cleaves heterolytically to form
a zwitterion, though there is less evidence of this.>® Other the-
ories suggest mechanisms closer to that of thiol-ene click
chemistry.>” Regardless, conventional vulcanisation does not
use large amounts of sulfur, and so cannot be the solution to
the ever-increasing excess sulfur problem.

Inspired by conventional vulcanisation, some anionic copo-
lymerisations with elemental sulfur, and some earlier works
on the copolymerisation of sulfur with styrene or dicyclopenta-
diene (DCPD), Pyun and coworkers made the landmark discov-
ery of inverse vulcanisation in 2013: a bulk polymerisation of
molten sulfur with an organic small molecule crosslinker that
contains at least two carbon-carbon double bonds
(Fig. 3b)."**! This reaction is capable of forming inverse vul-
canised polymers of high sulfur content that can sometimes
be stable to depolymerisation, and the variety of reactive cross-
linkers gives rise to a plethora of unique materials with
differing properties. The reaction itself requires no solvent
(though one can be applied if desired to modify the properties
of the product) and has a theoretical atom economy of 100%
(note that side reactions occur in practice that reduce the atom
economy).! Fig. 3c shows the structures of some representative
small organic molecules that can be used in inverse vulcanisa-
tion reactions as comonomers. Note that there are several
examples of crosslinker molecules derived from renewable
sources, for example limonene, and that the scope of inverse
vulcanisation has been expanded to include molecules with
one double bond, more than two double bonds, and even
triple bonds.>*’ It is also important to remember that the
structure shown in Fig. 3b as a representative of an inverse vul-
canised polymer structure has not been proven conclusively,
and is a presumed structure. Side reactions and newer research
that will be discussed later, all point to the structure shown in
Fig. 3b being a drastic simplification.

Previously, there has been some lack of clarity regarding
the definition of an inverse vulcanised polymer. The definition
that shall be used in this article, is that a conventionally vulca-
nised polymer is one where sulfur chains crosslink a macro-
monomer, and that an inverse vulcanised polymer is one
where sulfur chains crosslink small organic molecules. Both of
these definitions refer to a direct thermal polymerisation of
sulfur and comonomer, and discussed later will be alternate
routes of synthesis that do not use heat to generate derivatives
of inverse vulcanised polymers.

In their seminal publication, Pyun and coworkers reacted
1,3-diisopropenylbenzene (DIB) with molten elemental sulfur
in a bulk polymerisation method, at 185 °C using between 50
and 90% by mass in the reaction feed.! Within five minutes a
glassy red solid formed, which was then cooled to room temp-
erature, revealing that it was stable to depolymerisation over
the course of months, shape-persistent, and showed no signs
of crystalline elemental sulfur contained within its structure.
Powder X-ray diffraction (PXRD) revealed only amorphous scat-
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tering with no peaks corresponding to crystalline elemental
sulfur, and differential scanning calorimetry (DSC) indicated
glass transition temperatures (7T,’s) which are diagnostic of a
polymer structure, and showed no peaks corresponding to the
melting of either a-sulfur or $-sulfur (95 °C and 115 °C respect-
ively) when the sulfur feed ratio was 80% by mass or less."?">*
It is worth noting that more recent research has pointed out
that both PXRD and DSC rely on elemental sulfur being in a
crystalline state in order to detect it, though this will be dis-
cussed later in detail.

Pyun and coworkers also found that the polymers’ T,’s were
tuneable with sulfur content; highest with more DIB, and
lowest with more sulfur." The reasons for this trend will be
explained later, as they are multifaceted, and recent findings
regarding DIB add an extra element to the discussion. When
the prepolymer was poured into a hot mould towards the end
of the five-minute reaction time, it was found that the prepoly-
mer would take on the shape of the mould before forming into
a shape persistent red glass, thereby allowing for melt proces-
sability." To conclude their publication, Pyun and coworkers
examined the electrochemical behaviour of their DIB inverse
vulcanised polymers as the cathode material of lithium ion
batteries. They found that the cyclic voltammogram of their
fabricated batteries were quite similar to those of elemental
sulfur, but in contrast to other lithium sulfur batteries, their
materials demonstrated good capacity retention with extensive
discharge and recharge cycles."

3. Applications of inverse vulcanised
polymers

Pyun and coworkers demonstrated in their initial publication
that inverse vulcanised polymers could find application in the
field of energy storage materials, however in the years since,
numerous potential applications for inverse vulcanised poly-
mers have become apparent as their properties have been
explored.’ At the time of publication, inverse vulcanised poly-
mers have not been applied outside of an academic context,
and have not transitioned to industrial chemistry scales, but
with further incubation of the technology, inverse vulcanised
polymers may see full commercialisation in the potential
applications that will soon be discussed, possibly through the
aforementioned companies or new start-ups that could arise in
the future.> ! In addition to their low-cost reagents, simple
and facile synthesis, and potential for recyclability, inverse vul-
canised polymers can sometimes display self-healing pro-
perties. These self-healing properties, as well as their combi-
nation of thermoplastic and thermoset properties, and recycl-
ability and remoulding potential, are all resultant from the
reversible breakage and formation of the sulfur-sulfur bonds
within their structures.'” It is worth bearing in mind during
the following discussion of the potential applications of
inverse vulcanised polymers, that many inverse vulcanised
polymers possess these properties innately, making them
attractive candidates for next generation materials. The fact
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that inverse vulcanised polymers adhere well to the principles
of green chemistry on the following grounds: their solventless
synthesis; the reagent sulfur is an abundant industrial waste
product; the organic comonomer can come from a renewable
source; and the polymers can be recycled, all furthers how
attractive inverse vulcanised polymers are as next generation
materials in a society that is pushing towards being more
sustainable."®**? It is not the aim of this review to discuss
at length, the applications of inverse vulcanised polymers, but
it would be remiss not to mention the core reasons why
inverse vulcanised polymers receive such research attention.
As such, a brief mention of the most popular potential appli-
cations will be given, as well as directing the reader towards
more comprehensive articles on these topics.

3.1. Lithium-sulfur batteries

Lithium-sulfur batteries are an attractive class of next gene-
ration energy storage devices due to the low cost of the sulfur
cathode and the relatively high specific capacities they can
provide.*® However, the poor processability of elemental sulfur
can make fabrication of effective cathodes difficult, and the
discrete molecular nature of sulfur promotes the loss of
electrochemical intermediates into the electrolyte, and away
from the cathode where they are useful, (referred to as the
shuttling effect) which limits the retention of specific capacity
and ultimately decreases the cycle life of the battery.>® Inverse
vulcanised polymers may be able to remedy these drawbacks
as they can provide sulfur source in the form of a melt or solu-
tion processable solid, that contains sulfur bonded into and
therefore trapped as part of, a crosslinked matrix, which may
be able to prevent the shuttling effect.’*%3°

As a result, lithium-sulfur battery cathodes have become
one of the most extensively researched topics regarding inverse
vulcanised polymers. This application requires a detailed
understanding of battery electrochemistry which cannot be
included here, however there are several commendable reviews
that already exist on this topic: “engineering strategies for sup-
pressing the shuttle effect in lithium-sulfur batteries”, “revisit-
ing the role of polysulfides in lithium-sulfur batteries”, and
“recent advances in applying vulcanization/inverse vulcaniza-
tion methods to achieve high-performance sulfur-containing
polymer cathode materials for Li-S batteries”.**™*?

To give a brief overview, Pyun and coworkers investigated
the electrochemical properties of a DIB inverse vulcanised
polymer, as part of a standardised testing cell (known as a
coin cell)." Cyclic voltammetry experiments found that coin
cells of sulfur and coin cells of DIB inverse vulcanised poly-
mers behaved relatively similarly. The reduction peaks
between 2.3 V and 2.4 V in both cyclic voltammetry traces were
assigned to the initial reduction of sulfur to linear lithium
polysulfides (Li* S7™-S,-S” Li") and the reduction peaks
between 2.0 V and 2.1 V were assigned to further reduction of
these linear lithium polysulfides to shorter chain linear
lithium polysulfides, though cyclic voltammetry experiments
alone cannot confirm these assignments. More in depth
studies of the battery cycling behaviour revealed that the DIB
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inverse vulcanised polymer coin cells had long cycling lives as
well as specific capacities in the range of other cutting edge
cathode composites for lithium sulfur batteries, which were at
that time, the best for any polymer-based cathode in such bat-
teries, outperforming those of a much more expensive and
difficult fabrication." Besides review articles and the seminal
publication of inverse vulcanisation, another noteworthy publi-
cation is that of Hoefling et al., who used a challenging solid
state NMR approach to derive critical insights into the oper-
ation of inverse vulcanised polymer cathodes in lithium-sulfur
cathodes, and is therefore recommended reading for those
interested in the battery applications of inverse vulcanised
polymers.*®

3.2. Optical components

Since inverse vulcanised polymers are comprised of chemical
bonds with very low polarity, mostly sulfur-sulfur bonds and
carbon-sulfur bonds, (note that carbon and sulfur have the
same Pauling electronegativity) they often have low infra-red
absorbances, as their stretching modes either do not, or very
weakly, satisfy the selection rule for infra-red spectroscopy,
that being, infra-red vibrational modes must cause a change in
dipole moment.*’ In addition to this sulfur is a highly polari-
sable atom, and a high proportion of polarisable atoms within
a material’s structure gives rise to high refractive index.** As
such, inverse vulcanised polymers are potential next gene-
ration materials for infra-red optics, which are applied in
thermal imaging devices.

A high refractive index allows for lenses to be made thinner
and still achieve the same lens power, which can be important
to the application of the lens (lightweight devices), but also its
lifetime, as it can be that heavier lenses are gradually
deformed by their own weight, pulling them out of their
precise shape which is vital to their function. Thinner lenses
also require less material, inherently lowering the cost, though
inverse vulcanised polymers are far cheaper than the current
industry standard chalcogenide glasses and crystalline semi-
conductors.** Crystalline semiconductors such as silicon, ger-
manium, and zinc selenide give high performance com-
ponents, but can be hard to refine to a sufficient purity,
difficult to appropriately shape, and have poor scalability to
their synthesis and purification raising the cost as a result.**
Meanwhile chalcogenide glasses, defined as a non-crystalline
compound of a chalcogen (sulfur, selenium, or tellurium) with
a group 14 or 15 element, are almost as infra-red transparent
as crystalline semiconductors, with the additional advantage
of solution processability under an inert atmosphere.
Chalcogenide glasses are accepting of a wide variety of chalco-
gen to group 14 or 15 element, with heavier chalcogens
tending to give chalcogenide glasses of poorer mechanical pro-
perties and shape persistence but greater transparency.
However, the raw materials to make chalcogenide glasses must
be very pure, and need multiple, expensive, high temperature
purification processes for material fabrication. Worse, the end-
of-life products of these materials can be toxic, and so require
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special disposal to avoid environmental and health
consequences.**

Since inverse vulcanised polymers remedy many of the
drawbacks of chalcogenide glasses and crystalline semi-
conductors, in that they can be mechanically robust, melt pro-
cessable, and highly infra-red transparent and refractive, as
well as being cheap, easy to make, scalable, and often have no
need for purification, they could be ideal replacements for
chalcogenide glasses and crystalline semi-conductors, from
which several publications have been centred.** The publi-
cation titled “100th anniversary of macromolecular science
viewpoint: high refractive index polymers from elemental
sulfur for infrared thermal imaging and optics” gives an excel-
lent overview of these publications as well as setting out the
field, and is thoroughly recommended reading.** Here, a few
noteworthy publications that exemplify important principles
in inverse vulcanisation will be mentioned.

Pyun and coworkers recognised that if their previous
organic crosslinker of DIB contained a third olefin moiety,
then the crosslinking potential of a single molecule could be
increased, thereby resulting in a higher crosslink density
which would give higher T, and mechanical robustness.*” It
would also allow for more sulfur stabilisation, raising the per-
centage of sulfur in the polymer, which has a twofold effect: it
raises the proportion of highly polarisable sulfur atoms for
greater refractive index, and it reduces the percentage content
of organic units, which are the main cause for infra-red
absorption. As such 1,3,5-triisopropenylbenzene was syn-
thesized, and inverse vulcanised to yield materials’ whose T,
was tuneable with sulfur content and showed self-healing
when exposed to heat, allowing for it to be repaired when
damaged, which is a large advantage over the current industry
standard materials which must be discarded if damaged.*’

A seemingly sensible advancement toward inverse vulca-
nised polymers as infra-red optical components, would be the
substitution of sulfur for selenium, which as a heavier
element, is more polarisable and therefore would instil a
higher refractive index to the resultant material.*® However, as
will be discussed later, there are numerous issues with substi-
tuting elemental selenium into inverse vulcanisation reactions.
To circumvent these issues, two methods have been employed.
In the first method, elemental sulfur was doped with sel-
enium, to replace some sulfur atoms in cyclo-octasulfur with
selenium, leading to a precursor material: So,Seq, and
although the selenium loading was limited, it was successfully
employed in inverse vulcanisation with DIB to generate a
polymer with higher refractive index than the selenium free
analogue.”” The second method achieved higher loadings of
selenium and avoided the issues incurred by its many allotro-
pic phase transitions, by heating elemental sulfur to the
molten state, and then introducing grey selenium (an allotrope
of elemental selenium) to the molten elemental sulfur. The
thiyl radicals of the molten elemental sulfur cracked the
chains of selenium atoms, creating an in situ mixed chalcogen,
which was then used to crosslink DIB. The resultant material
showed higher loadings of selenium than the products of the
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first method, as well as exhibiting refractive indices as high as
2.1.%

In another publication, it was recognised that because most
of the infra-red absorbance of inverse vulcanised polymers
stems from their organic comonomer units, choosing a como-
nomer of low infra-red absorbance would allow inverse vulca-
nised polymers of minimal infra-red absorbance could be pre-
pared.”® DFT was used to predict which co-monomers might
have low infra-red absorbance, directing to norbornadiene,
though it was rationalised that norbornadiene had a boiling
point too low to be successfully implemented in inverse vulca-
nisation, and so a dimer which was termed dinorbornadiene
was employed in inverse vulcanisation, and the resultant
polymer was subjected to a study of its optical properties.*’
Another noteworthy publication in regard to inverse vulca-
nised polymers for infra-red optics is that of Tonkin et al., and
is recommended reading.’® Tonkin et al. used an atypical syn-
thetic method that will be discussed later to generate a cyclo-
pentadiene inverse vulcanised polymer for infra-red optics,
supported by DFT simulation of the infra-red spectra, to create
a polymer of optimised infra-red transparency.>’

3.3. Antimicrobial materials

Elemental sulfur itself has antimicrobial properties, but is
limited in its applications due to its powdered form.'®
Inverse vulcanised polymers are a potential means to provide
sulfur as a continuous solid with sufficiently robust mechani-
cal properties that they can be applied in a wider range of anti-
microbial materials, for example, thin coatings." One publi-
cation by Smith et al. examined the antimicrobial properties of
the inverse vulcanised polymers of two organic crosslinkers,
DIB and DCPD, finding that inverse vulcanised polymers of
both organic crosslinkers prevented exponential growth and
biofilm (a surface film made up of adhered bacteria) formation
of E. coli bacteria on their surfaces.>® Further, more controlled
characterisation of the surface bactericidal effects of these
inverse vulcanised polymers, showed that the DIB inverse vul-
canised polymer caused a 99.9% reduction in the survival of
two different species of bacteria on its surface, E. coli and
S. aureus, while the DCPD inverse vulcanised polymer showed
a lesser reduction in the number of surviving E. coli bacteria
on its surface, and showed little reduction in the population of
S. aureus surviving on its surface. From these results, it is clear
that the choice of organic crosslinker has significant influence
over the extent to which, and over the species of which an
inverse vulcanised polymer can kill bacteria.>

Another important publication in the field of antibacterial
studies was that of Dop et al, who used more in-depth
methods to characterise the bactericidal effects of a range of
different inverse vulcanised polymers made from a wider
range different crosslinkers.>® It was found that not only does
the bactericidal effects depend on the identity of the organic
crosslinker, but also upon the T, of the polymer. Of excep-
tional importance, Dop et al. discovered that their inverse vul-
canised polymers showed little or no bactericidal effects when
tested at temperatures below their T, but showed significantly
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greater bactericidal effects when tested at temperatures exceed-
ing their T,. This not only informs future research, but also
suggests that it could be the reversible sulfur-sulfur bond for-
mation may have a role to play in the antibacterial properties
of inverse vulcanised polymers, as it is above the T, where
homolytic bond cleavage becomes more significant, presenting
a greater presence of thiyl radicals, and Dop et al. noted that
other studies have shown that such sulfur radicals can be toxic
to bacteria. Dop et al. also tested whether the hydrophobicity
of the polymers had an effect on their bactericidal effect but
found no correlation. Because Dop et al. observed a reduction
in viable cells in solutions treated with inverse vulcanised poly-
mers, a leaching study was conducted, despite the fact that
Smith et al.’s worked had steered away from the conclusion of
leaching effects.”® They found that some inverse vulcanised
polymers showed more rapid reductions in viable cells when
tested above their T, which could be because when the
polymer is above its T, it has greater chain mobility, permit-
ting easier diffusion of bactericidal species out of its structure
and into the surroundings.”® Additionally, yellow precipitates
formed in the test containers by the end of the tests, which
DSC confirmed to be elemental sulfur. "H NMR was conducted
on the solution that had been treated with the inverse vulca-
nised polymer, and no signals were detected, suggesting that
the leachate contained no hydrogen containing species such
as inverse vulcanised oligomers. However, inductively coupled
plasma optical emission spectroscopy revealed that the solu-
tion did contain elemental sulfur. Dop et al did note that
further studies should be conducted to determine with greater
certainty, what species leach out of the polymer, such as H,S.
It is worth noting that in a following publication, Dale et al.
showed that inverse vulcanised polymers generate hydrogen
sulfide gas over long periods of contact with water.>
Regardless, Dop et al.’s study inadvertently highlighted that
analysis of the presence of crystalline elemental sulfur alone in
inverse vulcanised polymers is not sufficient, as none of their
polymers contained crystalline elemental sulfur, yet either
amorphous sulfur leached out and crystallised, or the poly-
mers depolymerised to form it.>?

3.4. Remediation of water

Elemental sulfur itself can be used to sequester chemically
soft metals from water, which are a significant health concern
in many parts of the world.* However, sulfur has relatively low
affinity for these metals in comparison to specialised metal
uptake materials, and it is difficult to process into effective
devices due to its high crystallinity and powdered
morphology.***>'” Inverse vulcanised polymers are a potential
alternative as they have been shown to have high affinities for
soft metals like palladium, gold, and mercury, and are often
melt processable into useful shape persistent devices.*®
Inverse vulcanised polymers are also of lower cost in compari-
son to other technologies, making inverse vulcanised polymer
sorbents more economically accessible in the poorer parts of
the world, which is where this technology is most needed.*®®
Recommended reading on this topic includes “the mercury
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problem in artisanal and small-scale gold mining” and
“inverse vulcanized polymers for sustainable metal remedia-
tion”, as well as “best practices for evaluating new materials as
adsorbents for water treatment” which gives some much
needed standardised methods for heavy metal sorption
testing, which has been an issue in the field of inverse
vulcanisation.*®®

Chalker and coworkers were among the first to report
inverse vulcanised polymers with application of water remedia-
tion as the target.’® They reported a material, produced by a
modified inverse vulcanisation method, comprised of elemen-
tal sulfur and limonene. The reaction was performed with an
active vacuum distillation attached to the reaction vessel,
which drew off p-cymene, volatile thiols and sulfides as the dis-
tillate. Chalker and coworkers noted that the formation of aro-
matic p-cymene from limonene in the presence of sulfur had
been reported in the literature previously, but it does hint to
the conclusion that the mechanism of inverse vulcanisation is
likely more complex than simple radical attack, and can have
unexpected branches to its reaction pathways.>® The product of
the reaction was too low molecular weight to be considered a
true polymer, but rather an oligomer which was otherwise easy
to synthesize, scalable to 100 g in its synthesis, and had an
affinity for aqueous mercury(u) and palladium(u). The waxy
material was capable of taking up 55% of mercury(u) from a
HgCl, solution (10 mL, 2000 parts per billion) in water, and
the mercury(u) could not dissociate from the material back
into water once bound. Though 55% uptake is relatively poor
compared to some materials, sulfur-limonene polysulfide’s
remarkably low cost and ease of processing could make it an
attractive material. What makes it more attractive is the fact
that the material undergoes a distinct colour change upon
absorbing mercury(u) which may provide a simple means of
assessing the material’s lifetime.>®

Since Chalker and coworkers’ publication, several other
inverse vulcanised polymers have been demonstrated to
uptake mercury and other harmful metals from water, with
greater efficiency than Chalker and coworkers’ sulfur-limo-
nene material and better investigated absorption thermo-
dynamics and kinetics. It has become apparent that the choice
of the organic monomer strongly influences metal uptake, but
also that the morphology and microscopic structure of inverse
vulcanised polymers play critical roles in several factors regard-
ing metal uptake. It has also been shown that modifications to
the polymer structure, both during and post synthesis can
have a large impact on the mercury uptake of inverse vulca-
nised polymers.>”*® These modification methods will be dis-
cussed later in more detail.

4. Performing inverse vulcanisation

As described above, inverse vulcanisation is a polymerisation
that reacts elemental sulfur with an organic comonomer.’
There is wide variety in the comonomers that can be used,
though it is generally accepted that inverse vulcanisation uti-
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lises comonomers with at least one carbon-carbon double
bond. Use of comonomers with a single alkene generates
linear inverse vulcanised polymers, with chains of sulfur
atoms that are interrupted by organic units.>> Much more
common is the use of comonomers with multiple alkenes,
thereby leading to a crosslinked network, where chains of
sulfur atoms connect together organic units that act as cross-
linking centres.” This is because linear inverse vulcanised poly-
mers have a tendency to be less stable to depolymerisation,
and more crosslinked polymers have a tendency to be more
resistant to depolymerisation.>*®® Special attention should be
paid to the lifetime of inverse vulcanised polymers, because it
is known that they change with time at different rates based
on crosslinking degree, sulfur content, and comonomer iden-
tity, and this is particularly prudent to the analysis and appli-
cation of inverse vulcanised polymers.>*®® The results of ana-
lysis techniques may differ depending on how much time has
passed since their synthesis, and the properties of inverse vul-
canised polymers are known to change as they age, which
needs to be assessed before they enter applications such as
construction materials.®* %

This section will give an overview of how to perform inverse
vulcanisation: setting out basic methods, looking at variants,
and outlining how certain principles affect the reaction and its
products.

4.1. General bulk polymerisation methods

The most common method to perform inverse vulcanisation is
bulk polymerisation, with a good general method being as
follows (Fig. 4)."**%%” A desired amount of elemental sulfur
stirring from a
polytetrafluoroethylene (PTFE) stirrer, in a disposable glass
reaction vessel. Disposable reaction vessels can be convenient
because of the challenge in satisfactorily cleaning glassware of

is heated to its molten state with

Balloon for pressure regulation. Can be
filled with air or nitrogen. Can be
replaced with a Schlenk line.

Thermocouple connected to hotplate.

Needle and septum for gas inlet/outlet.

Disposable glass vial containing PTFE
stirrer, sulfur, and comonomer (once
poured in or injected).

Heating block beneath the foil wrapping
ensures good thermal contact and
consistent positioning of reaction vials.

Aluminium foil improves temperature
stability and protects from temperature
fluctuations due to air flow.

Heating plate ensures consistent
positioning and minimises hotspots.

Hotplate.

Fig. 4 A recommended inverse vulcanisation bulk polymerisation set
up.
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inverse vulcanised polymers, usually requiring aggressive
cleaning measures such as concentrated KOH base baths.
Besides, if the reaction is to be taken to completion in this
glass reaction vessel, then it is likely that the vessel will need
to be shattered to retrieve the polymer.

In regards to the temperature used, it is recommended that
the minimum temperature should be no lower 135 °C, as
below this temperature there is the risk of sulfur struggling to
remain in the molten state; and that the maximum tempera-
ture used should be no higher than 185 °C, as above this temp-
erature elemental sulfur will become solid, and this can lead
to inhomogeneous reactions once the comonomer is
introduced."®**?°

In regards to the method of heating, both oil baths or alu-
minium heating blocks upon hot plates can be used, however,
inverse vulcanisation reactions are particularly sensitive to
their conditions, and so if a higher degree of control is
required, an aluminium heating block and heating pan may
be preferrable, as it allows consistent positioning of the reac-
tion apparatus upon the hotplate, and this ensures consistent
stirring between reactions.®®®” Aluminium heating blocks are
also better conductors of heat, whereas oil baths are more
insulating, with a higher specific heat capacity. This could
mean that oil baths are more prone to inducing auto-accelera-
tions in inverse vulcanisation reactions, as it is harder to trans-
fer heat out of the reaction and into the an oil bath in com-
parison top aluminium heating block. It should be noted that
for bulk polymerisation inverse vulcanisation, the stirring has
a significant effect upon the reaction, and so careful attention
should be paid to the size of the PTFE stirrer bar and the stir-
ring rate.®>®” Whether using an oil bath or an aluminium
heating block, good contact with the reaction vessel must be
ensured: this allows for good thermal control, minimising the
variability in the reaction, but it also allows for effective heat
dissipation. Inverse vulcanisation is known to be exothermic
and prone to the Trommsdorff-Norrish effect, wherein a reac-
tion will violently auto-accelerate, at best leading to an incon-
sistent product, and at worst posing a hazard to health.®®¢”
Good contact with the surrounding medium and therefore
good heat dissipation from the reaction vessel into its sur-
roundings, minimises this auto-acceleration risk (Fig. 5), and
generally improves reaction consistency.

With these initial factors in mind, the elemental sulfur
should be left to equilibrate at the desired temperature, in the
absence of comonomer. If the comonomer is present, this
leaves a poorly defined start point for the reaction, and it is a
known principle in controlling polymerisations, that a sharp
and well-defined initiation event leads to more consistent
polymer products.®® °® Heating the sulfur to the reaction temp-
erature in the presence of the comonomer also promotes self-
polymerisation of the comonomer: thiyl radicals do not form
while elemental sulfur is solid, so all throughout the heating
process up until the reaction reaches the melting point of
sulfur at greater than 100 °C, inverse vulcanisation cannot
occur, leaving any competing reactions like comonomer self-
polymerisation unopposed.'®2*23
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Fig. 5 An inverse vulcanised polymer that has undergone an auto-
acceleration during its synthesis. Bubbles can be seen throughout its
structure as auto-accelerations in inverse vulcanisation are associated
with increased hydrogen sulfide generation. Note the inhomogeneity in
the polymer.

Once the sulfur is thermally equilibrated, the desired como-
nomer can be added. This comonomer needs to have a boiling
point sufficiently high that volatilisation at the chosen reaction
temperature will not be rapid. Where this is not possible, a
later discussed method can be employed. With the comono-
mer added, the stirring rate again becomes a point of impor-
tance: early in the reaction, the comonomer will almost cer-
tainly be immiscible with the molten sulfur, and so the stir-
ring strongly influences the intimacy of the mixing of elemen-
tal sulfur and comonomer.®®*””* Usually, a high stirring rate is
preferred to ensure an intimate mix of the two phases.

From this point, it is possible to leave the reaction be, and
allow it to reach completion by simply leaving it with heating
and stirring for an extended period of time (usually
overnight).®%773

Comonomer evaporation can be minimised quite effectively
by sealing the reaction vessel with a septum, and then affixing
a balloon to the septum via a needle for pressure regulation
(Fig. 4).°®%”7> This prevents volatilised comonomer from
leaving the reaction vessel, thus raising the vapour pressure,
and encouraging comonomer to remain in the liquid phase. In
the event that an inverse vulcanisation is to be performed
under an inert atmosphere, it is not difficult to affix the
septum after adding the sulfur to the reaction vessel, then
purge the reaction vessel with an inert gas, followed by affixing
a nitrogen balloon, thermally equilibrating the molten sulfur
at the desired reaction temperature, and then injecting the
comonomer (Fig. 4).°>°77>

Observing the reaction after the comonomer has been
added, without stirring the reaction mixture will separate into
two phases, with the denser sulfur phase sinking to the
bottom, whilst the comonomer phase floats to the top (Fig. 6).
With stirring, these two phases intersperse, resulting in a light
scattering dispersion (Fig. 6).°*°” With continued heating and
stirring, the biphasic dispersion will eventually become mono-
phasic and therefore, clear (Fig. 6).°>°” This signifies that reac-
tion mixture is no longer predominantly unreacted sulfur and
comonomer, but is instead predominantly inverse vulcanised
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| Early in Reaction

Without stirring, the sulfur and
comonomer phase separate.
Stirring should be applied at all
times to avoid this.

Early in Reaction

With stirring, the sulfur and
comonomer become a light
scattering, biphasic mixture.

Later in Reaction

The sulfur and comonomer
become monophasic leading to a
clear reaction mixture. The colour
varies between reactions and can
be yellow, orange, red, or brown.

Reaction Taken to Completion

The reaction mixture solidifies or
vitrifies into a fully reacted inverse
vulcanised polymer. Note that a
solid polymer made need curing to
take the reaction to completion.

Fig. 6 An inverse vulcanised polymer at various stages of reaction.

oligomers.®® These oligomers are of low molecular weight and
are not stable to depolymerisation upon cooling. Continued
heating will normally result in a darkening of the reaction
mixture a ccompanied by an increase in viscosity, corres-
ponding to the oligomers growing in molecular weight and
achieving higher degrees of crosslinking if they are able. In
many cases, this viscosity can become so great that that the
stirrer ceases to rotate, indicating an inverse vulcanised
polymer of solid characteristics.®® It is important to note that
the reaction may not yet be complete, and further heating,
often termed curing, for an extended period of time is required
for the polymer to reach a thermodynamic minimum, with the
maximum possible consumption of comonomer double
bonds.®*®” The exact time needed to reach completion in this
way varies with comonomer and reaction/curing conditions, so
it is advisable to study the extent of reaction with reaction/
curing time. This can be done easily by reacting or curing for
different amounts of time and then performing infra-red spec-
troscopy or DSC on the polymers.®® When there is no change
in the C=C stretch intensity in infra-red spectroscopy, and no
change in the T, from DSC with increasing curing time, the
reaction can be taken as complete.
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Once a solid inverse vulcanised polymer is obtained, it will
usually be insoluble. Thus, often the easiest way to remove it
from the reaction vessel is to first cool the reaction vessel with
liquid nitrogen, separating the polymer from the reaction
vessel walls by thermal shrinkage, and embrittling the
polymer, before shattering the reaction vessel so that the
polymer can be retrieved.®®®” Mechanical grinding can then
powderise the polymer (Fig. 7), convenient for analysis, though
it should remembered that low T, polymers are not amenable
to grinding, as the rise in temperature from the mechanical
grinding will often result in the polymer exceeding its T, and
becoming a thick viscous paste that is damaging to the grind-
ing apparatus and challenging to clean off.

Shattering a reaction vessel is not always convenient, and is
certainly not appropriate in industrial processes, so a common
alternative is to carry out the inverse vulcanisation reaction
until a prepolymer has formed, and then pour that prepolymer
into a preheated silicone mould, which is then placed into an
oven for curing.**’® This is convenient as it can allow melt pro-
cessing of inverse vulcanised polymers into any number of
useful and creative shapes (Fig. 8). However, there is nuance to
this prepolymer pouring technique: pour the polymer too
early, and an inhomogeneous polymer may result as the
denser sulfur sinks toward the bottom of the mould in the
absence of stirring; pour too late, and the polymer may be too
viscous to effectively pour into and take on the shape of the
mould.>*”® To determine when the prepolymer can be poured
into a preheated mould, the “dip test” is commonly employed:
the tip of a micro-spatula is dipped into the reaction mixture
and used to remove an aliquot. This aliquot is observed while
it cools, and if it can remain at room temperature without
elemental sulfur crystallising within the aliquot, then this is
taken as an indication that the prepolymer is ready to be
poured (Fig. 9).>>”® There is also the consideration that once
poured into a mould, the prepolymer is without stirring, and
therefore more susceptible to the Trommsdorff-Norrish effect.
However, there is little that can be done to mitigate this
beyond keeping the curing temperature as low as possible,
using a less reactive comonomer, and keeping the reaction to a
small scale. As a side note, one should always consider that
when scaling up any bulk polymerisation, including an inverse
vulcanisation, the Trommsdorff-Norrish effect becomes more

o
A\ VA *\.

Fig. 7 Examples of (a) shattered pieces of inverse vulcanised polymer,
and (b) powdered inverse vulcanised polymers. Typical colours include
red, orange, yellow, and brown.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

Fig. 8 Inverse vulcanised polymers that have been moulded into
various shapes and dimensions, by pouring the pre-polymer into a
mould and then curing the pre-polymer until it is shape persistent. Fully
reacted inverse vulcanised polymers of low Ty can also be melt pro-
cessed in this fashion.

Reaction progress

Pour

Too early to pour into a mould

Clear

Sulfur precipitate in aliquot

Light scattering aliquot

Fig. 9 The result of dip tests at different times during an inverse vulca-
nisation, indicating the appropriate time to pour the reaction mixture
into a mould. The mixture can be poured any time after the dip test is
clear, provided the reaction mixture is of low enough viscosity to pour.
Pouring the reaction mixture into a mould at different times can lead to
different results.

likely, thus typical lab scale inverse vulcanisations are nor-
mally performed on the scale of 10 g.>*°%%7:7>7¢

Sometimes, inverse vulcanised polymers can contain
elemental sulfur entrapped within their structures, and in
some cases, it can be desirable to remove this impurity. A rela-
tively simple method to achieve this is Soxhlet extraction,
though this requires the polymer to be in powder form in
order to be effective.’®’> Toluene can be an effective solvent
for Soxhlet extraction, as elemental sulfur does show some
solubility in toluene, though this does require that the
polymer itself be insoluble in toluene.”””

Finally, it is recommended that inverse vulcanised polymers
be stored in the dark, as it has been shown that exposure to
ultraviolet light can degrade the polymers.>*°>®” Storage in
cold conditions can slow the aging of inverse vulcanised poly-
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mers, and storage in dry conditions can reduce uptake of
water into the polymer structure, which also another cause of
polymer aging.>*%°

4.2. Principal variables in inverse vulcanisation reactions

The chief variables that can be varied in all inverse vulcanisa-
tion reactions include: sulfur loading, comonomer identity,
and reaction temperature."*>”%> This section will discuss
these variables and their effects on the resultant polymer.

The sulfur loading, being the mass percentage of sulfur
that is input into the reaction, is what gives inverse vulcanised
polymers their tuneable properties in many cases."*?
Generally, the sulfur loading can be varied between 10% and
90% by mass, though this range varies between the different
crosslinkers used and how many reactive carbon-carbon
double bonds are present. Low loadings of sulfur are often not
investigated because the excess sulfur problem incentivises the
usage of large percentages of sulfur in inverse vulcanisation,
and many of the applications of inverse vulcanised polymers
benefit from the polymers having a higher percentage of
polymerised sulfur in their structure.”®*°"*%323% QOtherwise,
extremely low sulfur loadings can lead to non-polymeric pro-
ducts, as there is insufficient sulfur present to react with the
comonomer, or polymers that mostly consist of homopolymer-
ized comonomer. At the other end of the range, extremely high
loadings of sulfur can lead to unstable polymers that depoly-
merise with time; an effect called sulfur bloom, where elemen-
tal sulfur becomes visually evident in the polymer.>*®® High
loadings of sulfur also promote incomplete reactions where
elemental sulfur remains unpolymerized and entrapped
within the polymer network.>*®°

With these extremes in mind, varying the sulfur loading
leads to several general trends, such as the effect on the
soluble fraction and Ty. This is more intuitively explained from
the perspective of the comonomer loading rather than the
sulfur loading: as the comonomer percentage is increased,
assuming this comonomer has at least two double bonds and
acts as a crosslinker, the final polymer product becomes
increasingly  crosslinked, which lowers its soluble
fraction.?*®%%7757% The increased crosslinking also raises the
T,, explained by two principles. Firstly, as more crosslinker is
added, the crosslink density of the polymers is increased,
which makes the chains more immobile. Therefore, they
require more input thermal energy to allow them to move
more freely.>*®%%77>77 The second principle is that adding
more crosslinker results in shorter crosslinking chains of
sulfur, as fewer sulfur atoms are distributed across more reac-
tive carbon-carbon double bonds. It has been shown in the lit-
erature, that longer chains of sulfur atoms contain weaker
central sulfur-sulfur bonds, which are easier to break.®””983
Therefore, with more crosslinker, there are fewer of these
weaker bonds, making it harder to break enough sulfur-sulfur
bonds that the chains can move over one another. As the
comonomer percentage is increased further, the soluble frac-
tion continues to decrease and the T, continues to increase,
however in some cases, there comes a point where past a
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certain comonomer loading, the trends reverse, and increasing
the comonomer loading then begins to increase the soluble
fraction and decrease the T,.°>*””* This is because there is not
enough sulfur present to react with all the double bonds,
resulting in increasing linear character to the polymers as the
comonomer loading is increased. Note that in the seminal
publication, Pyun and coworkers reported that an inverse vul-
canised polymer of DIB had high T, at high DIB loading and
low T, at low DIB loading.' A recent publication revealed that
DIB is a special case and actually forms a mostly linear
polymer, so the changes to its T, and soluble fraction are likely
explained by increasing molecular weight with increasing DIB
loading.®*

The next variable that can be modified in inverse vulcanisa-
tion is the reaction temperature, though there are more
restraints on how this can be varied. As mentioned before, it is
recommended that inverse vulcanisation be performed
between 135 °C and 180 °C. At the lower