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21 SUMMARY:
22 The goal of this protocol is to initiate polymerization using dynamic sulfur bonds in poly(S-
23 divinylbenzene) at mild temperatures (90 °C) without using solvents. Terpolymers are
24  characterized by GPC, DSC and *H NMR, and tested for changes in solubility.
25
26  ABSTRACT:
27  Elemental sulfur (Ss) is a byproduct of the petroleum industry with millions of tons produced
28 annually. Such abundant production and limited applications lead to sulfur as a cost-efficient
29 reagent for polymer synthesis. Inverse vulcanization combines elemental sulfur with a variety of
30 monomers to form functional polysulfides without the need for solvents. Short reaction times
31 and straight forward synthetic methods have led to rapid expansion of inverse vulcanization.
32 However, high reaction temperatures (>160 °C) limit the types of monomers that can be used.
33  Here, the dynamic sulfur bonds in poly(S-divinylbenzene) are used to initiate polymerization at
34  much lower temperatures. The S-S bonds in the prepolymer are less stable than S-S bonds in Ss,
35 allowing radical formation at 90 °C rather than 159 °C. A variety of allyl and vinyl ethers have
36 been incorporated to form terpolymers. The resulting materials were characterized by *H NMR,
37 gel permeation chromatography, and differential scanning calorimetry, as well as examining
38 changes in solubility. This method expands on the solvent-free, thiyl radical chemistry utilized by
39 inverse vulcanization to create polysulfides at mild temperatures. This development broadens
40 the range of monomers that can be incorporated thus expanding the accessible material
41  properties and possible applications.
42
43  INTRODUCTION:
44  Conversion of organosulfur compounds to Sg during petroleum refinement has led to the
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amassing of large stockpiles of sulfurl. Elemental sulfur is primarily used for the production of
sulfuric acid and phosphates for fertilizers?. The relative abundance provides a readily available
and inexpensive reagent making elemental sulfur an ideal feedstock for materials development.

Inverse vulcanization is a relatively new polymerization technique that repurposes sulfur into
functional materials3. The Ss ring converts to a diradical, linear chain upon heating above 159 °C.
The thiyl radicals then initiate polymerization with monomers to form polysulfides3. In addition
to traditional radical polymerizations, inverse vulcanization has been utilized to initiate
polymerization with benzoxazines®. The resulting polymers have been used for a wide range of
applications including cathodes in Li-S batteries>”, self-healing optical lenses®®, mercury and oil
sorbents>1%1> thermal insulators’®, to aid in the slow release of fertilizer'® as well as
demonstrating some antimicrobial activity!’. One group has provided a thorough systematic
analysis of these polysulfides providing more information about the insulating character and
mechanical properties with varied S content*®. The specific details may aid in further applications
development. The dynamic bonds present in these materials have also been utilized to recycle
the polysulfides'®?°. However, the high temperatures required by inverse vulcanization, typically
185 °C, and lack of miscibility with Sg, limit the monomers that can be used3.

Early efforts focused on the polymerization of aromatic hydrocarbons, extended hydrocarbons,
and natural monomers with high boiling points®. These methods have been expanded by using
poly(S-styrene) as a prepolymer improving miscibility between Ss and more polar monomers
including acrylic, allylic, and functionalized styrenic monomers?!. Another method utilizes
nucleophilic amine activators to enhance reaction rates and lower reaction temperatures??.
However, many monomers have boiling points well below 159 °C and thus require an alternate
method for polysulfide formation.

In the stable crown form, S-S bonds are the strongest, thus requiring high temperatures for
cleavage??. In polysulfides, sulfur is present as linear chains or loops, allowing S-S bonds to be
cleaved at much lower temperatures?*, By using poly(S-DVB) (DVB, divinylbenzene)as a
prepolymer, a second monomer with a lower boiling point such as 1,4-cyclohexanedimethanol
divinylether (CDE, boiling point of 126 °C), can be introduced?*. This work demonstrates further
improvement by lowering the reaction temperature to 90 °C with a family of allyl and vinyl ether
monomers. Reactions incorporating a second monomer remain solvent-free.

PROTOCOL:

1. Synthesis of poly(S-divinylbenzene)

1.1 To prepare poly(S-divinylbenzene), combine elemental sulfur (Sg) and divinylbenzene
(DVB) at various weight ratios (30:70, 40:60, 50:50, 60:40, 70:30, 80:20, and 90:10 of Sg:DVB).

Prepare the reaction according to prior methods described below??2>,

NOTE: All reactions here were conducted on a 1.00 g scale. A typical reaction contains 500 mg of
Ss and 500 mg of DVB.
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1.1.1 Place the reagents in a 1-dram vial equipped with a magnetic stir bar. Insert the vials in
an oil bath at 185 °C for 30 min.

1.1.2 Remove the samples from the oil bath and immediately quench the reaction by placing
the vials in liquid nitrogen. Break open the vials to remove the polymer. Liquid nitrogen not only
guenches the reaction but also aids in complete removal of the polymer.

CAUTION: All samples are extremely hot upon removing from bath. Use caution when handling
the samples. Use proper PPE when dealing with broken glass.

2. Preparation of terpolymers

2.1.  Synthesize terpolymers by combining poly(S-DVB) and an additional monomer in a 1-
dram vial equipped with a magnetic stir bar.

NOTE: All samples were prepared on a 600 mg scale. Monomers examined include 1,4-
cyclohexanedimethanol divinyl ether (CDE), cyclohexyl vinyl ether (CVE), and allyl ether (AE).

2.1.1. Crush poly(S30-90%-DVB10-70%) with a mortar and pestle for higher surface area interaction
with CDE. Alter the composition by varying the ratio of poly(S-DVB):CDE from 1:1 to 1:100 by
weight. Additional monomers are only tested at a 1:1 ratio of poly(Sso%-DVBso%):monomer.

2.1.2. Place the samples in an oil bath at 90 °C for 24 h and then cool to room temperature.
Longer reaction times are required for some monomers.

2.1.3. Some reactions will not result in complete monomer incorporation. For those reactions,
dissolve the soluble polymer portions in dichloromethane (DCM) and precipitate in cold
methanol. For samples with limited solubility, wash the solid polymer samples with cold
methanol to remove any unreacted monomer.

2.2.  Prepare terpolymers using maleimide

NOTE: Maleimide does not have a low boiling point. However, it does have just one reactive site
towards thiyl radical modification.

2.2.1. Synthesize poly(S-DVB) prepolymer using slightly altered methods. Combine sulfur and
DVB at a 30:70 Sg:DVB ratio. Combine the reagents in a glass vial equipped with a magnetic stir

bar on a 5.00 g scale.

2.2.2. Place the vials in an oil bath at 185 °C for 1 h. Immediately place the samples in liquid
nitrogen upon removal from the oil bath.

2.2.3. Combine the prepolymer with maleimide in a 1-dram glass vial with a 3:1 poly(S-
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DVB):maleimide ratio (w/w). Prepare all samples on a 200 mg scale and dissolve in 10 mg/uL of
dimethylformamide (DMF). Place the vials in an oil bath at 100 °C for 24 h.

CAUTION: Inverse vulcanization reactions produce a small amount of gas. For reactions above a
1.00 g scale, use larger vials or drill a hole in the vial cap to prevent the build-up of pressure.

NOTE: Prepolymers that are more malleable cannot be crushed into a powder. However, these
polymers soften very easily when heated providing miscibility with most monomers.

2.3.  Monitor percent conversion for the addition of a variety of monomers (CDE, CVE, AE, and
maleimide).

2.3.1. Prepare all samples using poly(S-DVB) as described in section 2.2.1-2.2.2. Synthesize
poly(S-DVB-CDE), poly(S-DVB-CVE), and poly(S-DVB-AE) in a 1-dram glass vial with a 3:1 poly(S-
DVB):monomer ratio by weight. A typical sample should have 150 mg of prepolymer and 50 mg
monomer. No solvent is needed for most of these polymerizations. However, in order for
maleimide and poly(S-DVB) to interact fully, 20 uL of DMF must be added.

2.3.2. Remove the samples at various time points (t=0, 15, 30, 60, 180, 360, 720, and 1440 min).
Dissolve the polymer in 600 pL of chloroform-d and analyze them by *H NMR.

3. Control polymerizations

3.1.  Synthesize poly(Sso%-DVBso%) as described in section 1.1. The sample can then be used in
three control reactions. Combine the finely crushed polymer with additional DVB. Place only
poly(S-DVB) in a separate vial. Heat all samples at 90 °C for 24 h, then cool them to room
temperature.

3.2. Test elemental sulfur under a variety of conditions in order to confirm that sulfur from
the polymer rather than Ssg is required for polymerization. Conduct individual reactions by
combining Sg with CDE, DVB, and AE, as well as using Sg alone. Combine Ss, CDE, and poly(Sso%-
DVBso%) in another vial. Heat all samples at 90 °C for 24 h, then cool to room temperature.

4, Polymer characterization

4.1. Use thin layer chromatography (TLC) for initial detection of Sg in polymers. Spot polymer
samples onto silica TLC plates with hexanes eluent. In hexanes, Sg has a R¢ value of 0.7, and
polymers do not move from the baseline, R¢ =0.

4.2.  Analyze all polymers by *H NMR in chloroform-d. Integrate the resulting *H-NMR spectra
to determine the extent of the reaction. Prepare all samples by dissolving the polymer of interest

in chloroform-d. Perform simple filtration to remove undissolved particulates.

4.3. Analyze the samples by gel permeation chromatography (GPC) using DCM eluent. Use a
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GPC with two mesopore columns in sequence and a refractive index detector for analysis.

4.3.1. Dueto the relatively low solubility of most terpolymers and broad polydispersity, dissolve
each polymer at a seemingly high concentration, 75 mg/mL in DCM. Remove particulates from
the soluble portion using a 0.45 um hydrophobic filter.

4.3.2. Determine the number average and weight average molecular weights (M, and My
respectively) based on a calibration curve of polystyrene standards. Use these values to obtain
the polydispersity index (PDI).

4.4. Study the thermal properties of the polymer samples. Fill the aluminum pans with 30-50
mg of polymer providing enough sample to adequately discern the glass transition temperature
(Tg) from the resulting thermograms. Scan the samples from -50 °C to 150 °C at a rate of 10
°C/min, cool back to -50 °C at 20 °C/min and heat them again to 150 °C at 10 °C/min. Obtain all
Tg values from the second scan.

5. Solubility studies

NOTE: Terpolymers demonstrated highest solubility in DCM. Solubility of the polymers can be
altered by varying the composition.

5.1.  Measure approximately 150 mg of each polymer into a pre-weighed vial and dissolve in
DCM to reach 75 mg/mL. Dissolve the samples for 8 h before removing the soluble portion. Wash
the insoluble portion with DCM two times and dry the remaining insoluble sample in an oven for
10 min to remove remaining solvent.

5.2.  Reweigh the vial after letting the vial cool to room temperature. Calculate the percent
solubility by determining the difference in starting and final weights.

REPRESENTATIVE RESULTS:

Poly(S-DVB) was synthesized according to published protocols using high temperatures (185 °C)
to initiate Sg ring cleavage forming radicals®. These radicals then initiate polymerization with DVB.
The molten sulfur and liquid DVB eliminate the need for solvents. Within 30 min, sulfur and DVB
react completely for form poly(S-DVB). Upon removal from the vial, the polymer is a hard, brittle
material at lower sulfur content (30-40%). Mid-range sulfur content (50-60%) produces a tacky
material that is very malleable, and higher sulfur content (70-90%) forms a tough and flexible
solid. Furthermore, the polymers become more opaque with increasing sulfur content. This
material then serves as a prepolymer for further modification. Dynamic sulfur bonds within
poly(S-DVB) can be utilized to initiate polymerization with additional monomers (Figure 1).

A family of vinyl and allyl ethers were combined with poly(S-DVB) and heated at 90 °C to form
terpolymers. Both monofunctional and difunctional monomers were tested. These monomers
were chosen due to their relatively low boiling points (95 — 147 °C) to examine the effectiveness
of reduced reaction temperatures. All monomers tested were successfully polymerized,
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confirmed by NMR (Figure 2). Maleimide which has a higher boiling point and a higher melting
point, ~90 °C, was also tested to determine if this method would still be successful. A small
amount of solvent was required to obtain interaction with the prepolymer. The monomer
content for all polymerizations were monitored over the course of 48 h (Figure 3). Control
reactions were performed to determine the role of poly(S-DVB) versus Sg in the polymerization
(Figure 4). The products were examined by *H NMR and TLC to examine changes to the polymer
structure, monomer incorporation, and to determine if Sg was fully incorporated.

A variety of polymerizations were conducted to examine the polymer structure of poly(S-DVB-
CDE). The sulfur, DVB, and CDE content were altered and characterized by GPC and differential
scanning calorimetry (DSC) (Figure 5). Both increased sulfur content and the addition of CDE led
to an overall decrease in the Tg. After an initial decrease in the molecular weight, the addition of
CDE led to an overall increase in chain length.

The inclusion of CDE into poly(S-DVB) changed the characteristics of the prepolymer. With a 1:1
poly(Sso%-DVBso%):CDE ratio, the polymer exhibited a mocha brown color compared to the
reddish black prepolymer color. The material was also able to resist any physical force applied by
hand to break apart the polymer. Even light scratching of the polymer showed minimal surface
deformation. This is in stark contrast to the poly(Sso%-DVBsox%) prepolymer’s tacky and malleable
properties.

The terpolymer solubility in DCM was also examined by varying Sg:DVB ratio and the CDE content
(Figure 6). Maximum solubility was achieved for poly(S-DVB) synthesized with 40-50% sulfur. The
addition of CDE led to decreased polymer solubility in these samples. However, the opposite
occurred for high sulfur content poly(S-DVB). Initially, very low solubility in DCM was observed,
but incorporating CDE into the polymers substantially improved solubility in DCM.

FIGURE AND TABLE LEGENDS:

Figure 1: Formation of poly(S-DVB) prepolymer via inverse vulcanization followed by mild
temperature modification to form poly(S-DVB-CDE). The additional monomers used to modify
the poly(S-DVB) are depicted in blue.

Figure 2: 'H NMR spectra of poly(S-DVB) in red, poly(S-DVB-CDE) in purple, and 1,4-cyclohexane
dimethanol divinyl ether monomer in blue. The spectrum of poly(S-DVB-CDE) shows the
presence of aromatic protons from the prepolymer, alkyl protons from the cyclohexane ring, and
the formation of new HC-S bonds. This figure has been reproduced from Macromolecules 51,
7233-7238 (2018)%*. Reprinted with permission from Macromolecules Copyright 2018 American
Chemical Society.

Figure 3. Percent conversion of 1,4-cyclohexanedimethanol divinyl ether (CDE), cyclohexyl vinyl
ether (CVE), allyl ether (AE), and maleimide by poly(S-DVB). Compounds with vinyl groups, CVE
and CDE, reacted the most rapidly. The internal double bond of maleimide reacted notably slower
than the other monomers tested.
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Figure 4. Characterization of control polymerizations. (A) 'H NMR spectrum of control
polymerizations: reheated poly(S-DVB), poly(S-DVB) in chloroform-d. (B) Thermograms of Sg and
CDE without (red) and with (blue) poly(S-DVB). (C) Detection of elemental sulfur by TLC including
elemental sulfur (Sg), poly(Sso%-DVBso%) [1], Ss + poly(Sso%-DVBso%) + CDE [2], Ss + CDE [3] and
poly(S-DVB-CDE) [4].

Figure 5: Polymer molecular weight and glass transition temperature at varied sulfur content.
(A) Characterization data of poly(S-DVB-CDE) by GPC and DSC. (B) GPC traces and (C) DSC traces
of poly(S-DVB) prepolymer made with 30% S (red), and poly(S-DVB-CDE) produced by concurrent
addition of poly(S-DVB) and CDE (black) and produced by heating prepolymer for 5 min before
CDE addition (blue). This figure has been modified to include multiple figures from
Macromolecules 51, 7233-7238 (2018)%*. Reprinted with permission from Macromolecules
Copyright 2018 American Chemical Society.

Figure 6. Solubility of poly(S-DVB) and poly(S-CDE). (A) Image and (B) percent solubility of poly(S-
DVB) at varied Ss:DVB ratios. (C) Image of poly(S-DVB-CDE) made with 50% S at varied
prepolymer:CDE ratios. (D) Percent solubility of poly(S-DVB-CDE) with 30-90% S at varied
prepolymer:CDE ratios. This figure has been reproduced from Macromolecules 51, 7233-7238
(2018)%4.

DISCUSSION:

The primary benefit of this method is the ability to form polysulfides at mild temperatures, 90 °C
versus >159 °C for traditional inverse vulcanization. The extended sulfur chains and sulfur loops
in poly(S-DVB) are less stable than S-S bonds in Sg?>%6, Lower temperatures can then be used to
cause homolytic scission and thiyl radical formation?*. For monomers with melting points well
below the reaction temperature, this can still be accomplished without the need for solvents.
Stable polymers were obtained with 1,4-cyclohexanedimethanol CDE, CVE, and AE (Figure 1).
This is especially noteworthy for CVE, a monofunctional compound. There has been successful
polymerization of styrenic compounds by inverse vulcanization??’. However, without cross-
linking from the monomer, most other monofunctional compounds do not form stable
polysulfides leading to depolymerization and precipitation of Ss. Poly(S-DVB-CVE) showed no
signs of depolymerization, even after 6 months?*.

A slightly different protocol is needed for monomers with high melting points. Maleimide was
also incorporated to determine how monomers with melting points near the reaction
temperature would affect the reaction. Initially, no interaction between the prepolymer and
maleimide was observed. For this monomer, a higher reaction scale was utilized for the
prepolymer synthesis. Larger reaction scales tend to decrease the Tg of poly(S-DVB) allowing
better interaction with the monomer. Although this improved the interaction some, there was
still distinct separation between poly(S-DVB) and the maleimide. A small amount of DMF had to
be added at 10 mg reactants/uL DMF for a successful reaction. However, poly(S-DVB) still
provides the benefit of stabilization for this monofunctional compound.

Fabrication of all terpolymers was monitored by 'H NMR to determine the percent monomer
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incorporation. Monomers with vinyl groups, CDE and CVE, reacted the most rapidly (Figure 2).
Difunctional CDE demonstrated > 90% conversion and solidification within 1 h. Allyl ether took
slightly longer to react likely due to the depressed reaction rates of allyl groups?®. Maleimide took
the longest to react and only reached ~70% incorporation after 48 h. The slow initial reactivity
may be due in part to the limited interaction between the poly(S-DVB) and maleimide. However,
maleimide also contains an internal alkene that does not readily undergo radical propagation.
This is likely a major contribution to the limited maleimide incorporation overall.

Control polymerizations were conducted by heating poly(S-DVB) in the presence of additional
DVB and reheating poly(S-DVB) with no additional monomer. Polymer structures were examined
by 'H NMR to compare the formation of HC-S bonds (2-5 ppm) versus HC-C bonds (1-2 ppm)
formed by radical propagation (Figure 3A). Heating poly(S-DVB) in the absence of monomers
showed no notable changes to the polymer structure. Combining poly(S-DVB) with additional
DVB resulted in comparable HC-C:HC-S bond formation relative to the prepolymer. Unlike CDE,
alkene peaks were observed by 'H NMR even when poly(S-DVB-DVB) was precipitated into
methanol. The presence of partially incorporated monomers with unreacted double bonds have
been observed in other polymer systems?°.

Additional controls were conducted by combining Sgwith different monomers in the absence of
poly(S-DVB) prepolymer to determine if the prepolymer alone initiates polymerization. Although
Ss must be heated above 120 °C to melt on its own, an incomplete reaction occurred when Sg
was combined with CDE at 90 °C for 72 h. However, when examined by TLC and DSC, there was
still unreacted elemental sulfur remaining (Figure 3B,C). When the same control was repeated
with DVB and AE, no reaction occurred after 72 h. To determine if additional sulfur rather than
just additional monomers could be incorporated, a reaction combining a 1:1:1 weight ratio of
Ss:CDE:poly(S-DVB) was conducted. A substantial portion of the added sulfur was polymerized;
however, the reaction was incomplete leaving some unreacted Sg in the sample (Figure 3B).

Prepolymer and terpolymer solubility was investigated in DCM at 75 mg/mL (Figure 5). Poly(S-
DVB) with high sulfur content demonstrated limited solubility, which has been observed
previously3. However, the incorporation of some CDE improved solubility substantially. Beyond
1:50 poly(S-DVB):CDE ratio, extensive cross-linking led to a less soluble, more gel-like network.
Although terpolymer samples appear homogenous (Figure 5A), solubility tests demonstrated
samples contain fully soluble and fully insoluble portions. Polymer insolubility may be caused by
regions of high sulfur content, extensive cross-linking and/or high molecular weight. Only the
soluble fraction was used for characterization by NMR and GPC (Figure 4). Since there are likely
competing effects between high sulfur content and cross-linking, it is difficult to discern how the
NMR spectra are affected by insolubility. For GPC, the soluble fraction likely underestimates the
overall molecular weight and PDI of the terpolymers. Despite these challenges, poly(S-DVB-CDE)
demonstrated improved solubility relative to many of the prepolymer samples providing more
complete information.

The field of inverse vulcanization has grown rapidly since it was first introduced. Short reaction
times, solvent-free synthesis, and the development of functional materials make this method



353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

very attractive. However, high reaction temperatures preclude the use of many monomers.
Utilizing dynamic sulfur bonds of polysulfides to initiate polymerization has decreased the
reaction temperature substantially to 90 °C. Additionally, monofunctional monomers can be
combined into stable polymers. This development allows more monomers to be utilized creating
a diverse set of materials. Developing polymers with a wider range of physical properties will
likely expand the use of recycled waste to create functional polymers.
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Name of Material/ Equipment Company Catalog Number
Fisher
Sulfur, 99.5%, sublimed, ACROS Organics Scientific AC201250250SDS
Fisher
divinylbenzene Scientific AA4280422
1,4-Cyclohexanedimethanol divinyl ether, mixture of isomers Sigma Aldrich 406171
Fisher
Cyclohexyl vinyl ether Scientific AC395420500
Allyl ether Sigma Aldrich 259470
maleimide Sigma Aldrich 129585
Fisher
dichlormethane Scientific D37
Fisher
N,N-dimethylformamide Scientific D119
Auto sampler Aluminum Sample Pans, 50uL, 0.1mm, Sealed Perkin Elmer  B0143017
Auto sampler Aluminum Sample Covers Perkin Elmer  B0143003
Fisher

EMD Millipore 13mm Nonsterile Millex Syringe Filters - Hydrophobic PTFE Membrane, 0.45 um Scientific SLFHX13NL
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ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
EJStandard Access

Item 2: Please select one of the following items:

D Open Access

mThe Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author wha is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3: Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in- all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in ltem 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JOVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in ltem 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JOVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. _Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assignhed, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without Ilimitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11, JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmiess from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
loVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
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Department:
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Institution:
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Title: Nssisturd  Frolessor

Signature:
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Date: (2./2( ,20\8

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Atin: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Response to Reviewer Comments

Editorial Comments

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

2. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to
your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend,
i.e. “This figure has been modified from [citation].”

3. For in-text referencing, please put the reference number before a period or comma.

4. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). Any text that cannot be
written in the imperative tense may be added as a “Note.”

5. Please add a one-line space between each of your protocol steps.

6. Please make all schemes as figures. Please renumber all figures in the order of their
appearance and ensure that all figures are numbered correctly.

7. For each figure, please provide a title and a short description in figure legend.

8. Please do not abbreviate journal titles for all references.

9. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and
Materials.

Response:
All editorial comments have been addressed as detailed below.

1-2. The manuscript has been carefully proof read and copyright permissions have been obtained and
provided.

3. All reference numbers have been placed before punctuation.
4-5. The protocol section has been changed to the imperative tense and the spacing has been fixed.
6. Scheme 1 was changed to Figure 1 and the numbering on all other figures have been adjusted.

7. Descriptions have been added to Figures 1-3 and titles have been added to Figures 4-6 so that all
figures now have clear titles and captions in the legends.

8. All journal titles are now written out fully.
9. The trademark symbol has been removed from the Table of Equipment and Materials
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Reviewer: 1
Comment:

| think it would also be good to add some high resolution images of the polymers produced so
that it is clear how their colour or mechanical properties change between each terpolymer. The
video that will be forthcoming should be an excellent opportunity to do this: please include not
just the synthesis, but also some video demonstrations of the properties of each polymer (Are
they flexible? Hard? Tacky? Brittle? Friable? Etc).

Response:

Discussion about the properties of each polymer is a good suggestion. The video should offer a
great opportunity to clearly show changes to the polymer color and demonstrate the mechanical
properties of the polymer. The following text has been added to the Representative Results
section of the manuscript regarding poly(S-DVB) on p. 5 and poly(S-DVB-CDE) on p. 6.

“Upon removal from the vial, the polymer is a hard, brittle material at lower sulfur content (30-
40%). Mid-range sulfur content (50-60%) produces a tacky material that is very malleable, and
higher sulfur content (70-90%) forms a tough and flexible solid. Furthermore, the polymers
become more opaque with increasing sulfur content.”

“The inclusion of CDE into poly(S-DVB) changed the characteristics of the prepolymer. With a
1:1 poly(S50%-DVB50%):CDE ratio, the polymer exhibited a mocha brown color compared to
the reddish black prepolymer color. The material was also able to resist any physical force
applied by hand to break apart the polymer. Even light scratching of the polymer showed
minimal surface deformation. This is in stark contrast to the poly(S50%-DVB50%) prepolymer’s
tacky and malleable properties.”

Comment:

In addition to the suggestions above, the authors should include a few citations of other
properties and applications of these sulfur materials in the introduction. I believe this is
important because it illustrates how Jenkins' monomer insertion method is likely to have far
reach in material synthesis and the many applications that follow. For instance:

1. Sustainable inverse-vulcanised sulfur polymers. Parker, Chong, Hasell.

RSC Adv 2018, 27892. This paper shows, among other things, that polysulfides prepared by inverse
vulcanisation can be recycled into different shapes. This is a bit different concept than the 'self-healing’
or repairable applications first demonstrated by Pyun (though the chemistry is similar). This is an
important concept in recycling and repurposing these materials.

2. Worthington et al. Chem. Eur. J. 2017, 23, 16219-16230. This is a paper from the Chalker lab that is a
comprehensive study on using sulfur polymers in mercury capture. It should be cited because it is the only
study of mercury sorption that includes mercury metal, organic, inorganic and mercury gas. For mercury
metal, it is actually oxidised to cinnabar. In this way, the sulfur polymers are not merely physical



sorbents, they are reactive sorbents. This is consistent with the dynamic S-S bonds that Jenkins and Pyun
use in their insertion methods.

3. Chalker has also used these sulfur polymers as oil sorbents. This application in oil sorption is
mentioned in the introduction, but | don't think this paper was cited. Please cite: Worthington et al. Adv.
Sustainable Syst. 2018, 1800024.

4. Alhassan has shown that sulfur polymers are excellent for thermal insulation. This is a unique
application and should be cited: Chemical Engineering Journal 332 (2018) 1-7. They also test mercury
vapour sorption.

5. Theato and Lienkamp have studied a very interesting and distinct application of sulfur polymers as
antimicrobial surfaces. The data is preliminary and hard to interpret, but it is the first paper in this space
and an opportunity for development. With a broader range of monomers now available perhaps this can
be advanced. Please cite Macromol. Chem. Phys. 2018, 219, 1700497

6. Hasell and Chalker also published a recent paper in using sulfur polymers in fertiliser applications.
Like the antibacterial application, this is a completely distinct use of polymers made by inverse
vulcanisation. Please cite: Mann et al. Sulfur polymer composites as controlled-release fertilisers. Org.
Biomol. Chem. 2018, in press. DOI: 10.1039/c80b02130a

7. Theato and Pauer have prepared terpolymers previously and have shown that using sulfur and two
organic monomers gives interesting mechanical and electrical properties. These reactions are all done at
high temperature, unlike in the submitted manuscript, but it is a good paper to cite as an example of how
sulfur terpolymers have interesting and even tunable properties. Please cite: Polymers 2017, 9, 59, doi:
doi:10.3390/polym9020059

8. An alternative method to make sulfur polymers at lower temperature is to use nucleophilic activators.
This strategy, reported by Glass, Char and Puyn, is mechanistically distinct from Jenkins' method, but it
should still be cited: J. Polym. Sci., Part A: Polym. Chem. 2019, 57, 7-12

Response:

Thank you for pointing out the benefit of including more polymer applications in the manuscript.
All of the requested citations have now been included (sources 13-20 and 22). Additional text
has been added to the introduction section on p. 1 and is included below.

“The resulting polymers have been used for a wide range of applications including as cathodes in
Li-S batteries™>7, self-healing optical lenses®®, mercury and oil sorbents®%5, thermal
insulators'®, to aid in the slow release of fertilizer'® as well as demonstrating some antimicrobial
activity!’. One group has provided a thorough systematic analysis of these polysulfides providing
more information about the insulating character and mechanical properties with varied S
content!8, The specific details may aid in further applications development. The dynamic bonds
present in these materials have also been utilized to recycle the polysulfides'®°.”

“Another method utilizes nucleophilic amine activators to enhance reaction rates and lower
reaction temperatures??.”



Reviewer: 2
Comment:

Reaction of elemental S reaction is not limited to traditional chemistry associated with double
and triple bonds. There are benzoxazine linkages which are susceptible too (Polymer 2016, 99,
349-357; Sci. Rep. 2016, 6, 1-13; ChemistrySelect, 2016, 1, 594-600), where so-formed
copolymers are explored for battery work. It needs to be mentioned in introduction

Response:

Thank you for pointing out the missing information and citations. The requested citations have
been added (sources 4 and 7) along with the text below.

“In addition to traditional radical polymerizations, inverse vulcanization has been utilized to
initiate polymerization with benzoxazines®.”

Comment:

Data w.r.t. CDE is only shown, respective data and change in behavior with the incorporation of
other co-monomers should be given. CDE data has already provided by this group in their
earlier publication. Author stated "this figure has been reproduced from Macromolecules™. What
IS new in the current work needs to be presented. A comparative analysis helps.

Response:

Full characterization was completed only for CDE due to the rapid reaction times for this
monomer compared to other monomers. Performing full characterization including a range of S
contents and prepolymer:monomer ratios on all of the monomers would take a substantial
amount of time and would be outside the scope of this particular article. Since JOVE is a methods
focused journal, the authors decided it was more important to include a very thorough
investigation of one monomer rather than trying to include every monomer tested to provide the
audience with a general idea of the range of physical properties that could be obtained.

Comment:

A generalised synthetic scheme should be there in the beginning to assist the understanding.
Monomers examined include 1,4-cyclohexanedimethanol divinyl ether (CDE), cyclohexyl vinyl
ether (CVE), and allyl ether (AE), maleimide that should be illustrated.

Response:

Figure 1 has been updated to include the additional monomers utilized in the polymerization.
The figure legend has been altered to include the text below.

“The additional monomers used to modify the poly(S-DVB) are depicted in blue.”



Comment:

Please rewrite"” Within 30 min, poly... is fabricated."” It is not fabrication?
Response:

The text has been rewritten as requested and is included below.

“Within 30 min sulfur and DVB react completely for form poly(S-DVB).”



Reviewer: 3
Comment:

In the abstract, in reference to the potential for comonomers to be used, simply say, "However,
high reaction temperatures (> 160 °C) limit...".

Response:
The text has been rewritten as requested and is included below.

“However, high reaction temperatures (>160 °C) limit the types of monomers that can be used.”

Comment:

In Section 2.3.1, is the DMF added solely to dissolve the poly(S-DVB-maleimide) polymer? It
would be helpful to include a brief statement explaining its purpose.

Response:
Additional text was added to section 2.3.1. This section now includes the text below.

“No solvent is needed for most of these polymerizations. However, in order for maleimide and
poly(S-DVB) to interact fully, 20 pL of DMF must be added.”

Comment:

"Aluminum™ is misspelled in Section 4.4.1

Response:

The spelling error has been corrected and the manuscript has been checked thoroughly for
additional errors.
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