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A B S T R A C T   

The build-up of elemental sulfur waste poses problems such that only the advancement of process and product 
design might act as a solution. Inverse vulcanisation, a process for the generation of high sulfur content poly
meric materials may be one such resolution. However, a complete understanding of how these materials form is 
yet to be fully agreed in this emerging field. Herein is an investigation into the understanding of ‘dark sulfur’ – 
amorphous, unreacted sulfur, not incorporated into the polymer backbone – in an attempt to understand further 
the formation mechanisms behind inverse vulcanisation. This research posits theories regarding polymer for
mation, thermal rearrangement, and the actions of OH to control the degree of product crosslinking, in relation to 
the quantity of sulfur unreacted into the polymer structure. The detriments and benefits of this dark sulfur in 
relation to application and general usage are also investigated, showing that a high content of dark sulfur may 
encourage planktonic bactericidal activity, while also promoting safety considerations from generated species 
such as hydrogen sulfide and carbon disulfide, concluded as components of this dark sulfur.   

1. Introduction 

Naturally occurring elemental sulfur has long played a part in human 
history, with reference being given as far back as ancient Greece in 
Homers Odyssey [1]. In modern times sulfur is largely produced as the 
product of the desulfurization of crude oil [2,3]. Strict rules exist as to 
the level of sulfur acceptable in gasoline and petroleum-based products, 
with a maximum of 10 ppm being permitted as of 2017 under the United 
States Environmental Protection Agencies Tier 3 program [4]. As such 
this leads to the production of significant quantities of waste sulfur, with 
up to 7 million tons of excess sulfur produced annually [5]. It has 
therefore become important to investigate new methods and products 
that utilize this sulfur, and as such to reduce the build-up of waste. One 
such process that has gained momentum in recent years is that of inverse 
vulcanisation (IV). A term coined by Chung et al., inverse vulcanisation 
involves the ring opening of elemental sulfur followed by reaction with 
organic co-monomers, resulting in the formation of polymeric materials 
stabilizing >50 wt% sulfur in a backbone between organic moieties via a 

process that has the potential to makes use of significant quantities of 
sulfur waste [6]. The thermal and mechanical characteristics of these 
materials can be manipulated through alterations in the sulfur loading 
or crosslinker identity, with lower contents of sulfur and petrochemi
cally sourced co-monomer molecules like dicyclopentadiene (DCPD) 
[7], ethylidene norbornene (ENB) [8], and divinyl benzene (DVB) [9] 
presenting a tendency to form materials with a higher glass transition 
temperature (Tg) and tuneable mechanical properties [10]. Renewable 
crosslinkers such as myrcene, [11] eugenol, [12] or geraniol [13] often 
yield lower Tg polymers with an increased flexibility but limited shape 
persistency. These widely tailorable properties promote a variety of 
potential applications, with the petrochemically sourced 1,3-diisopro
penyl benzene (DIB) demonstrating its use in Li-S batteries [6] and 
antibacterial applications [14,15], whereas pinene derived mono
terpenes such as limonene present application in heavy metal remedi
ation of waste water [16]. Many other polymers have also been applied 
to these applications in batteries [17–19], antimicrobial [20–22] and 
water cleaning services [23–26], as well as in IR lenses [27,28] and in 
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fire retardant capacities [29,30]. Such is the variability in product for
mation that minor changes in synthesis conditions can create products of 
vastly differing properties [31] (see Fig. 1). 

While notable research has been directed towards applications and 
the assessment of new organic co-monomers, fewer investigations have 
been directed to understand polymer structure or the reaction mecha
nism [31–34]. Difficulties continue in the analysis of sulfur polymers 
due to the limited number of analytical techniques available for char
acterization, the lack of solubility of heavily crosslinked polymers 
rendering many important techniques such as solution NMR non- 
applicable. As such the exact polymer structure is challenging to 
determine, however research into this area continues with Hwang and 
co-workers suggesting rather than a homogeneous system the presence 
of both organic and sulfur dominated domains [35]. Previously, differ
ential scanning calorimetry (DSC) [36] or powder x-ray diffraction 
(PXRD) [37] have been applied to determine if crystalline sulfur is 
present within the polymer, the common conclusion stating that the 
absence of crystalline sulfur suggests all available sulfur has been sta
bilized into the polymer structure. ‘Dark sulfur’ as recently reported is 
unpolymerized sulfur existing in an amorphous form that cannot be seen 
by these pre-established methods [38]. High-performance liquid chro
matography (HPLC) was applied to quantify this dark sulfur after 
extraction from within the polymer structure, adapting a method pre
viously used for the quantification of elemental sulfur in coal [39]. Since 
this point Raman spectroscopy has also been applied to analyse for the 
existence of dark sulfur, determining that a sample of S-divinylbenzene 
prepared with a sulfur loading of 70 wt% contained 11.6% unreacted 
sulfur [40]. However, it has not been determined as to how this dark 
sulfur forms, or its identity. Answering these questions may yield 
important information regarding how these polymeric materials form, 
and what structure the polymer has at different stages throughout the 
synthetic process. Discovering routes by which dark sulfur may be 
controlled, either by promoting formation or hindering it, may prove 
beneficial to certain applications. 

In this work new methods for unpolymerized sulfur quantification 
are developed, alongside an investigation into the form that dark sulfur 
takes, how to control dark sulfur formation, and the benefits and det
riments of its presence within inverse vulcanised polymers. This in turn 
reveals information regarding the synthesis mechanism, and the struc
ture of the polymers after reaction and curing. These conclusions then 
allow the dark sulfur content of sulfur polymers to be intentionally 
controlled in a way that could benefit certain applications, such as in the 
inhibition of the growth of planktonic bacterial cells by release of dark 
sulfurous species into aqueous media. This would be of benefit, as 
release of planktonic bacterial cells by preestablished bacterial biofilms 
can lead to dissemination of these bacteria and the generation of new 
biofilms, thus advancing the growth of bacteria and contributing to the 

progression of infection or transmission of bacteria to further environ
ments [41–43]. This work demonstrates further the importance of un
derstanding certain process fundamentals when considering inverse 
vulcanisation. 

2. Results and discussion 

The analysis of unreacted sulfur in IV polymers has been previously 
reported, characterized by HPLC methods [38]. However, the details of 
this “dark sulfur”, specifically its’ identity, formation, and effects on 
applications have not yet been discussed. It is prudent to fully under
stand the answers to these questions if the future commercialization of 
the IV process is to be successful. Before these questions could be 
addressed however, it was deemed necessary to develop a new charac
terization technique for dark sulfur quantification. If used as a metric for 
polymer product quality control it would be appropriate for analysis to 
be quick and cheap. UV–Visible (UV–Vis) spectrophotometric methods 
were therefore developed, allowing for rapid analysis of unreacted sul
fur. HPLC systems can be expensive, but benchtop UV–Vis instruments 
are reasonably priced, and provide rapid absorbance values. The method 
previously reported using HPLC made use of a diode array detector 
(DAD) operating at 290 nm ± 20 nm. Elemental sulfur and dark sulfur 
yield a lambda max within this range (Fig. S1-2). 

Using elemental sulfur as a standard allows for the best reference for 
the photoactive species in dark sulfur, as HPLC analysis demonstrates 
similar residence times for elemental sulfur and dark sulfur (6.85 and 
6.99 min respectively) analysed under the same wavelength (290 nm), 
also observed in the previous work on this topic [38]. The slight 
distinction in residence times however does suggest a different compo
sition between elemental and dark sulfur, although due to the variety of 
species considered under the definition of dark sulfur this comparison 
would prove the best way to consider all dark sulfurous species in total. 
This was then compared to a prepared Beer-Lambert plot of absorbance 
vs concentration of elemental sulfur dissolved in ethyl acetate at con
centrations of 0.05 mg mL− 1 to 0.30 mg mL− 1, at 0.05 mg mL− 1 intervals 
(Fig. 2). Ethyl acetate was selected as the solvent of choice as it has a 
lower solubility for sulfur species, so was expected to only extract dark 
sulfurous species and not oligomeric fractions from within the polymer, 
and it shows no absorption under UV at the wavelengths of interest 
unlike the previously reported toluene (figure S3-4). At the solution 
concentrations required for analysis (1 mg mL− 1) elemental sulfur fully 
dissolves in EtOAc, thus when the dark sulfur solutions are prepared at 
this concentration of polymer (1 mg polymer undissolved in 1 mL 
EtOAc) the dark sulfur species would be fully dissolved, as the elemental 
sulfur at a much higher concentration was dissolved. No dissolution of 
any of the polymers considered herein was observed in EtOAc. An 

Fig. 1. (a) The components and stages of an inverse vulcanisation reaction, 
progressing from separate sulfur and crosslinker, to a homogenous prepolymer 
stage, followed by curing and moulding into various forms. In this case, a 1:1 wt 
ratio of sulfur to DIB comonomer was used. (b) General reaction scheme of 
inverse vulcanisation. 

Fig. 2. (a) Pictorial representation of the solvent extraction process of dark 
sulfur from within the polymer structure into ethyl acetate solvent. (b) Beer- 
Lambert plot showing the linear increase in absorbance at 290 nm of 
elemental sulfur solutions with increasing concentration. 
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extinction coefficient of 9.6341 was determined, allowing for applica
tion of the Beer-Lambert law to calculate concentration of dark sulfur (in 
mg mL− 1) after acquisition of the absorbance value. Further calculations 
yielded the amount of unreacted sulfur in the polymer in wt.% in 
accordance with Eq. (S1). This method was then applied to all future 
investigations. 

The first question that required answering was that of the identity of 
dark sulfur. While previously hypothesized to be comprised of unreacted 
S8 in an amorphous form, polysulfides, and radicals, this was never 
conclusively established. Analysis of dark sulfur solutions in ethyl ace
tate firstly by HPLC/MS using an electrospray ionization mass spec
trometer were completed. A number of mass peaks were observed 
(Fig. S5-9), correlating to potential polysulfides or stable radical species. 
A peak at an m/z value of 55 is cautiously proposed to be a single S atom 
associated with a positively charged sodium derived from within the 
mass spectrometer, while a peak at 73 Daltons was ascribed to be 
hydrogen thioperoxide (HOSH) associated with sodium. The appearance 
of a peak at 101 Daltons (mass spectra analysed in negative mode, actual 
m/z = 102) was tentatively ascribed to be a cluster of 3 H2S molecules. 

Further mass spectrometry analysis was conducted using a Waters 
Xevo G2-XS QToF with Acquity UPC (ToF) (Fig. S10). Dark sulfur 
samples of the vitrified polymers prepared at 165 ◦C were analysed. 
Species identified include thiols and sulfur rings, specifically S6 and S8 
in an amorphous form. This is an important determination when 
considering both how the IV reaction progresses, and the potential ap
plications for these materials in the future. CS2, a dangerous neurotoxin 
[44], was also observed in this analysis. While likely only present in 
small quantities, its presence must be noted for product safety purposes, 
an argument that could similarly be made for thiols as they may progress 
further to form hydrogen sulphide, a toxic gas that can be fatal even in 
low concentrations [45]. Dark sulfur therefore confers an issue 
regarding safety in addition to that of altering polymer properties. If 
there is a large quantity of unpolymerized sulfur in a polymer then the 
thermal and mechanical properties may be altered due to the change in 
the potential length of the polymer backbone. It is therefore key to 
investigate the formation mechanisms of dark sulfur in IV polymers. A 
series of parameters were subsequently altered for IV reactions including 
reaction time, reaction temperature, curing time, catalyst presence and 
reaction speed, and product washing. 

Electron paramagnetic resonance (EPR) spectroscopy was also con
ducted on both polymer and dark sulfur samples (Fig. S11-12) to 
determine if unreacted sulfurous based radical species that could react 
further to generate more of these dangerous species were present. 
Polymer samples were prepared at varying reaction temperatures of 
135, 165, and 195 ◦C, with dark sulfur samples prepared from these 
polymers. No radical species were observed at room temperature by EPR 
analysis in dark sulfur solutions prepared in hexane (hexane selected as 
it is a non-polar solvent for use in EPR that also has solubility for sul
furous species without solubilizing the polymer), suggesting that dark 
sulfur does not contain any thiyl radicals. The 3 S-DIB (50 wt% sulfur, 
50 wt% DIB) polymer samples each gave an EPR signal similar to that 
observed by Wadi et al., consisting of a structure-less derivative with g 
2.0046 [46]. Dong and co-workers suggest this g value corresponds to 
polyenyl radicals, generated by allylic proton abstraction [47]. A com
parison was conducted between washed (hexane wash solution) and 
unwashed polymers (Fig. S13). No change in radical signal was observed 
in the EPR trace, thus suggesting that this radical signal is conferred by 
the organic section of the polymer, in agreement with the research 
completed by Wadi et al. This radical species remained stable and 
persistent after 50 days of aging (Fig. S14-15). 

In a consideration to firstly understand the formation of dark sulfur, 
alterations in reaction time and temperature were considered. Three 
reaction temperatures were considered (135, 165, and 195 ◦C), with 
samples being taken throughout the prepolymer state until vitrification. 
No crystalline sulfur was observed by DSC analysis in any sample 
considered (Fig. S16-31). It was observed that reaction time has no clear 

correlation to the formation of dark sulfur, therefore suggesting that the 
formation of dark sulfur in the reaction progress is random, with large 
degrees of rearrangement between polymeric and dark sulfurous states. 
The high reaction temperature encourages a larger degree of polysulfide 
chain breakdown, forming a higher quantity of shorter chain poly
sulfides that may react with organic sections to form highly crosslinked 
sections. This in turn leads to a higher incidence of collision between 
sulfur radicals and olefinic crosslinking points, resulting in a much faster 
reaction. This faster reaction of shorter polysulfides yields a much 
higher Tg product due to the shorter polymer chains and thus reduced 
chain mobility, while a lower temperature promotes a slower reaction 
and less sulfur chain breakdown, allowing longer chains to be incorpo
rated into the polymer backbone. This reduces the quantity of unreacted 
sulfur, and increases chain mobility thus decreasing the Tg (Fig. S32). 
This would therefore suggest that while reaction time presents no cor
relation to unreacted sulfur, reaction speed has a notable effect. This 
dark sulfur can be washed out of the polymer into solvents with good 
solubility for sulfur with no detriment to the polymer properties 
(Fig. S33-35). Hexane is selected as it does not damage the polymer 
structure but maintains reasonable sulfur solubility. Washing of the 
vitrified samples at each reaction temperature before TGA showed no 
decrease in the mass loss of sulfur (determined by TGA wherein the 
sample is heated to 600 ◦C at 10 ◦C min− 1, with sulfur decomposition 
mass loss occurring at approximately 220 ◦C, see SI for details) in the 
sample prepared at 135 ◦C upon decomposition of sulfur, an expected 
result as there is no free unpolymerized sulfur to be removed via 
washing. The percentage change in mass loss decreases for the samples 
prepared at 165 ◦C (2.0% less mass lost on decomposition), and 195 ◦C 
(3.2% less mass lost on decomposition) (Figs. 3, S36-37). This data 
echoes the increasing amount of dark sulfur found to be present at 
elevated reaction temperatures. Not all dark sulfur has been removed, 
predicted to be due to the solubility of sulfur in hexane as only a single 
wash was conducted, and the diffusion rate of sulfur out of the polymer 
structure into the solvent. Polymer curing time allows for different 
properties due to structure rearrangement [48]. Upon reaching a pre
polymer state the solution can be poured into a silicone mould and cured 
in an extracted oven at elevated temperature. S-DIB prepolymers were 
sampled at the start of the prepolymer window. These samples were then 
left to cure for different lengths of time between 1 and 96 h. Fig. 4 shows 
firstly a direct inverse correlation between dark sulfur and Tg, signalling 
to the effects of sulfur chain length and structure on the polymer prop
erties. In the first 5 h a rapid increase in Tg and decrease in dark sulfur 
are observed. This is predicted to be due to rearrangement of the poly
mer chains into a more crosslinked state, while incorporating all the 
sulfur into the polymer backbone, made possible by the dynamic S-S 
linkages breaking and reforming. This yields a highly crosslinked 
product. From this point onwards the Tg decreases and dark sulfur in
creases. This is predicted to be due to rearrangement into a more ther
modynamically favoured branched state, with sulfur loops and 
branching points becoming more prominent over crosslinking, thus 
increasing dark sulfur as it is released from the crosslinked structure. 
Onose et al. posit that continued heating can results in an increase in the 
terminal character of the polymers, with 1,2-dithiol-3-thione ring sys
tems and terminal methyl groups suggested as terminating groups [49]. 
This suggestion of methyl terminating groups is echoed by Pyun et al., 
along with thiol groups also [50]. It is hypothesized that rearrangement 
of the polymer structure in the first 24 h causes the creation of ‘trailing 
arms’ and unbound polysulfides that contribute to the dark sulfur con
tent analysed. These “trailing arms”, while part of the polymer structure, 
may break off upon addition of solvent due to the weaker S-S bonds 
present compared to a chain stabilized between stronger C-S bonds, and 
subsequently inflate the dark sulfur quantity. The solubility in THF after 
24 h remained low for the 5 h cured sample before gradually increasing 
until after 48 h of curing the samples were fully soluble, confirming that 
the prolonged application of heat causes rearrangement into a more 
linear and therefore soluble form, likely contributed to by the formation 
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of trailing arms and sulfur loops. This was then repeated for two other 
polymers, the renewably sourced limonene and petrochemical ENB. 
Both however showed a different relationship, wherein dark sulfur 
shows a relative increase within the first 5 h, before a decrease to a 
relative plateau. Both interestingly provide lower dark sulfur levels than 
DIB after 48 h of curing. The previous report considering dark sulfur 
showed limonene presenting higher levels of dark sulfur compared to 
DIB, however this was only considered after 24 h curing whereas on this 
occasion it would appear that limonene may indeed stabilize more sulfur 
within the polymer structure after 24 h curing than DIB. Therefore, the 
ability to tailor these polymers with regards to dark sulfur is easily 
conducted through alterations in curing time, but first requires an un
derstanding of the polymer behaviour. 

Catalysts have previously been reported to accelerate the rate of 
reaction in IV polymers [32,51]. In order to understand how reaction 
speed affects dark sulfur formation a number of catalysts representing a 
wide range of reaction times were selected from the work completed by 
Dodd et al. [51]. Operating under the assumption that the IV reaction 
occurs, at least in part, through a radical mechanism, (2,2,6,6-tetra
methylpiperidin-1-yl)oxyl (TEMPO) was also used in this study with the 
expectation of its’ action as a radical scavenger, thus slowing down the 

rate of reaction, potentially promoting the generation of dark sulfur as 
the sulfur may not be stabilized into the polymer structure with 
decreased radical action. Contrary to this hypothesis, TEMPO acted as a 
catalyst, rapidly accelerating the reaction rate, catalysing the reaction to 
a similar degree as Na(DEDC). It is theorized that TEMPO stimulates a 
radical type mechanism and acts here as an initiator to accelerate the 
reaction and the breakdown of polysulfide chains as would be conferred 
by a higher reaction temperature. The application of catalysts resulted, 
in all cases, in an increase in generated dark sulfur (Fig. 5a). This could 
be due to the break-down of the sulfur chains causing the same effect 
observed by increasing the reaction temperature. A higher temperature 
or the use of a catalyst leads to the breakdown of sulfur chains into 
shorter polysulfides, increasing the incidence of collision and increasing 
the rate of reaction. 

However, while no increase in reaction rate was observed for NaOH, 
a dramatic increase in dark sulfur formation was observed. A compari
son of the FTIR spectra of reactions with and without NaOH added 
showed a weak peak arising at 1683 cm− 1, ascribed to a conjugated 
carbonyl group, and strengthened peaks appearing at 1124 cm− 1 and 
1003 cm− 1 corresponding to C-O stretching (Figs. 5b, S38). It is hy
pothesized therefore that OH radicals may also partake in the IV 

Fig. 3. (a) The change in dark sulfur quantity throughout the prepolymer window until vitrification of reactions carried out with a 1:1 wt ratio of sulfur to DIB 
comonomer for 3 different reaction temperatures. The data suggest that higher reaction temperatures lead to increased generation of dark sulfur, hypothesized to be 
due to creation of many short chain polysulfides as represented in the structures suggested. This increases the incidence of collision and thus the rate of reaction. (b) 
The difference in dark sulfur and Tg between prepolymer and vitrified polymer states. (c) The change in mass loss of the sulfur decomposition transition acquired by 
TGA and percentage mass loss comparing washed and unwashed polymers for each of the considered reaction temperatures. 
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reaction, generated from present moisture or the addition of NaOH. This 
results in terminal C=O or OH groups that occupy potential crosslinking 
points. This would increase dark sulfur and polymer linearity, as a 
reduced quantity of sulfur can be stabilized into the polymer structure. A 
series of reactions were conducted increasing the loading of NaOH (0, 1, 
5, 10, 15 wt%), (Fig. 6a). The solubility and dark sulfur increased with 
increasing NaOH loading, suggesting the formation of more linear sec
tions as hydroxide species move to occupy crosslinking sites before 
sulfur chains. The colour of these polymers progresses from a black 
opaque solid to a more translucent red with increasing NaOH loading 
(Fig. 6b). It is tentatively suggested that the colour of these polymers 
derives in part from the interaction of light with the C-S bond, thus a 
colour change is observed as C-S bond formation is replaced with C-O 
bond formation. This conclusion regarding the loading of NaOH could 

be useful for tailoring polymer properties, particularly with respect to 
any application relating to optics e.g. high-refractive index lenses, 
[52,53] as it may allow for a specific degree of lens transparency by 
loading of an optimized quantity of NaOH. 

In this consideration, the appearance of these FTIR peaks when no 
NaOH is present would suggest that there is potential for moisture in the 
air, or trapped moisture in the sulfur powder, to contribute to the IV 
reaction mechanism. Comparison of FTIR spectra of the samples pre
pared at varying reaction temperatures also shows an increase in OH and 
C-O stretching at lower reaction temperatures, suggesting that with a 
longer reaction time there is more opportunity for moisture to partake in 
the reaction and block crosslinking sites (Fig. S39-41). Selected ion flow 
tube mass spectrometry (SIFT-MS) headspace analysis under nitrogen of 
IV reactions with and without drying of sulfur powder under vacuum for 
24 h showed that without drying a greater quantity of hydrogen sul
phide gas is evolved (Fig. S42). H2S gas is commonly thought to 
generate from the hydrogen abstraction of olefinic protons by sulfur 
acting to initiate the IV reaction [31]. The SIFT-MS analysis thus sug
gests that hydrogen abstraction also occurs from environmental mois
ture. Water may therefore act as an initiating species for the IV reaction, 
with a notable observation being that under open conditions the reac
tion progresses at a much faster rate than under a controlled nitrogen 

Fig. 4. (a) Change in Tg and solubility in THF of S-DIB polymers with curing 
time. (b) The change in dark sulfur over curing times of up to 96 h for S-DIB, S- 
ENB, and S-Limonene. While dark sulfur increases in the first 5 h before 
decreasing and plateauing for the latter 2 polymers, S-DIB shows the opposite, 
proposed as due to the rearrangement to a more linear structure. (c) Suggested 
structure of “trailing arms” theory that promotes linearity while increasing dark 
sulfur generation. Highlighted in red show the concepts of (left) sulfur looping 
and (right) trailing arms. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 5. (a) Comparison of the quantity of dark sulfur generated by the addition 
of catalysts at 10 wt% loading, showing that all catalysed reactions generate 
more unreacted amorphous polysulfides. The relative reaction rate of each 
catalysed reaction to the uncatalyzed analogue reaction is also given, calculated 
by the timing of each reaction from addition of comonomer to vitrification. (b) 
FTIR spectra of a reaction under standard conditions (blank) and a reaction 
with 15 wt% NaOH loading showing an increase in intensity of the peaks at 
1124 cm-1and 1003 cm− 1, correlating to C-O bind formation. 
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atmosphere, yielding average prepolymer window times to reach vitri
fication of 13.0 and 17.4 min respectively. This conclusion would state 
that the humidity and moisture content of the IV reaction should be 
controlled, in order to increase repeatability and prevent the terminal 
OH blocking of crosslinking sites. 

Understanding the consequences of dark sulfur formation is key, as 
previously mentioned mass spectrometry suggests the presence of 
dangerous sulfur containing species. However, the benefits of these 
unreacted sulfurous species should not be overlooked, such is to say that 
dark sulfur could act as a sulfurous reservoir, useful in an antibacterial 
capacity. A series of S-DIB polymers were therefore synthesized as 1 cm3 

and split into 3 sets, with no crystalline sulfur present in any samples 
(Fig. S43). The antibacterial activity of the materials was evaluated 
against a methicillin-resistant Staphylococcus aureus (USA300), a Gram- 
positive bacterium that causes significant numbers of global infections 
annually [54]. The first set were tested as made. The second set were 
washed in deionized (DI) water for 7 days, while the third set were 
washed in hexane for 6 days, before washing with water for 1 day to 
remove any residual hexane that may contribute to the bactericidal ef
fects. These polymers were then left to dry and evacuate residual water, 
before testing against S. aureus (Fig. 7). 

The inhibitory effect of the samples against planktonic S. aureus was 
found to decrease compared to the unwashed sample. The washing 
process removes dark sulfur species that, upon entering the water-based 
growth medium, may have an inhibitory effect against viable S. aureus 
cells. No difference in the change in the number of surface associated 
cells before and after washing was observed, suggesting a different 
mechanism by which bacteria are killed in this instance. The observed 
surface inhibitory effect could be due to the sulfur chains within the 
polymer structure. Naturally therefore the surface effect would remain 
unchanged following a period of washing, as the polymer structure is 
unaffected during this procedure. A greater decrease in efficacy is 
observed in the set of samples washed in hexane, showing that hexane is 

a much more proficient washing solvent compared to water. However, 
these data also show the potential for the use of water as a less efficient 
washing medium for dark sulfur. 

3. Conclusions 

An investigation into the formation, identity, and benefits and det
riments of unreacted amorphous “dark” sulfur has been conducted, with 
UV–Vis spectrophotometry applied to assist in dark sulfur quantifica
tion. The presence of a series of sulfurous ring species (e.g. S6, S8), 
carbon disulphide, hydrogen sulphide, and thiols in dark sulfur present 
key safety concerns for any large-scale production of inverse vulcanised 
polymers, though methods of removal such as polymer washing, or 
production control e.g. lower reaction temperatures, controlled curing, 
etc. allow for this issue to be negated. The benefits of dark sulfur in the 
inhibition of planktonic bacterial cells are also demonstrated, with the 
potential to increase dark sulfur production by e.g. higher reaction 
temperatures, use of catalysts, or the application of NaOH in order to 
potentially further this antibacterial effect. Research also indicates the 
interaction of water, specifically OH species, in the inverse vulcanisation 
mechanism, with potential crosslinking manipulation and colour tuning 
conferred through the use of NaOH, while the drying of sulfur can 
decrease the production of hydrogen sulphide during the synthesis. 
Therefore, it is believed that the research conducted herein provides 
further steps towards control of the inverse vulcanisation process, and a 
new paradigm for the tailoring of bespoke high-sulfur content polymeric 
materials. The advancement of the understanding of IV promotes greater 
benefit to this green solution to the waste sulfur problem. 
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