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ABSTRACT
Green gas emission has been a pervasive and persistent subject of debate for a
prolonged period. The soaring number of industries and vehicle fuel emissions presage a
concomitant rise in global CO2 emissions. Global cement production is responsible for 8%
of the total CO2 release, yet, the production continues due to the surging demand. Hence,
there is an ongoing quest to find alternatives for cement and building materials produced
with zero to lower CO2 emissions. The work presented in this dissertation focuses on
finding recyclable, zero CO2 gas-producing high sulfur biocomposites materials, which can
compete with the mechanical properties of commercial building materials like Portland
cement.
Chapter one describes the biopolymer substitution for commercially derived
polymers. There is an emerging interest in substituting sustainable biopolymers fully or
partially to the most commonly used commercial polymers. Lignin being the most
abundant aromatic biopolymer, the tendency to use it as an alternative to commercial
polymers is high-pitched. Technical issues associated with lignin incorporation and the
impact of mechanical properties are specially discussed.
Chapter two elaborates the preparation of sulfur crosslinked lignin composites
through inverse vulcanization. The accomplishment of High Sulfur Materials (HSMs) with
a biopolymeric agent to secure a stabilized network of sulfur is discussed. The mechanical,
thermal properties, and mechanical integrity in recyclability are also examined.
The work delivered in chapter three is about a new substrate development to access
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high sulfur materials as opposed to the traditional olefinic units in inverse vulcanization.
The Radical induced Aryl halide Sulfur Polymerization (RASP) expands the substrate
scope for high sulfur polymers. Two unmodified wastes – chlorolignin and sulfur were
used as the most effective substrates to assess this concept. The materials’
thermal/mechanical properties and mechanical integrity over water absorption and harsh
acidic conditions analogs to commercial building materials are discussed.
The RASP can be employed with small molecules containing halide atoms. Chapter
four presents the work performed with the small molecules to fabricate high sulfur
polymers. A HSM was prepared by copolymerizing 81wt.% of elemental sulfur with a
xylenol derivative to result in a composite wherein the sulfur is distributed between
crosslinking chains and trapped free sulfur, which is not covalently bound. The mechanical
properties of the same were compared to previous RASP polymers and the commercial
building materials.
Chapter five focuses on developing an easy route to make high sulfur polymers by
employing organic molecules that generate radicals or radical reactive species via thermal
degradation. Here, guaiacol ̶ a vast abundant lignin biopolymer precursor, and sulfur were
directly reacted to form a stabilized matrix to retain polymeric sulfur. The microstructures
analysis was done using NMR and GC-MS studies to identify possible mechanistic
pathways.
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CHAPTER ONE
VALORIZATION OF LIGNIN AS A COMPONENT OF STRUCTURAL MATERIALS
AND COMPOSITES1

Abstract
Lignin is the most abundant aromatic biopolymer and is the sustainable feedstock
most likely to supplant petroleum-derived aromatics and downstream products. Rich in
functional groups, lignin is largely peerless in its potential for chemical modification
towards attaining target properties. Lignin’s crosslinked network structure can be exploited
in composites to endow them with remarkable strength, as exemplified in timber and other
structural elements of plants. Yet lignin may also be depolymerized, modified, or blended
with other polymers. This review focuses on substituting petrochemicals with lignin
derivatives, with a particular focus on applications more significant in terms of potential
commercialization volume, including polyurethane, phenol-formaldehyde resins, ligninbased carbon fibers and emergent melt-processable waste-derived materials. This review
will illuminate advances from the last eight years in the prospective utilization of such
lignin-derived products in a range of application such as adhesives, plastics, automotive
components, construction materials, and composites. Particular technical issues associated
with lignin processing and emerging alternatives for future developments are discussed.
1

This text is reproduced with permission in larger part from: Karunarathna, M. S.; Smith,
R. C. Valorization of Lignin as a Sustainable Component of Structural Materials and
Composites: Advances from 2011 to 2019. Sustainability 2020, 12 (2), 734. Permission
documentation is provided at the end of this chapter.
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Introduction
The word “lignin” is derived from the Latin word “lignum”, meaning “wood”.2 It
is in wood that lignin may be most familiar to the layperson. A sample of wood contains
light-colored material and a darker material that gives wood its characteristic grain pattern.
The darker material is primarily lignin. The stroma (structural parts) of most plants is
likewise composed of lignin intermingled with cellulose and hemicellulose. On a cellular
level, it is the plant cell middle lamella and the secondary cell wall that mainly contain
lignin, accounting for 15–35% of a plant’s dry weight.3, 4 Chemically, lignin is a threedimensional structure that combines phenyl propane units through both ether and alkyl
linkages (Figure 1.1). The rigidity afforded by the 3D structural array of primarily aromatic
subunits in lignin lays the basic foundation to provide structural integrity to plant or timberbuilt structures. Despite the well-known role of lignin as a structural element of plants,
efforts to valorize lignin as a component of synthetic structural polymers and composites
for commercial applications have not yet reached their presumed potential. One reason for
the slow development of this area may be that, in contrast to feedstock for most commercial
products, lignin is not a material having a discrete, well-defined structure, both because of
the complexity and because the particular structure of lignin differs depending on the plant
species, extraction method and even growing conditions.5 Despite the challenges involved,
developing strategies to harness lignin for value-added applications is imperative for the
success of the burgeoning green economy. The average annual disposal of lignin in the
agricultural industry is around 50 Mt, while another 6 Mt of waste lignin/chlorolignin
results from paper/pulp production,6 and current projections suggest that lignin production

2

will exceed 120 Mt by 2022.3 Lignin also comprises 15–35 wt.% of the > 9 billion tons/y
of lignocellulosic waste from agriculture.7 Only 2% of waste lignin is used to synthesize
chemical compounds like vanillin and polyol compounds, while the rest of the lignin is
burned as a low-cost, albeit low fuel value (25.6 MJ/kg).8 As momentum builds towards
cellulosic ethanol as a primary fuel source, even more lignin will be left behind after
removal of cellulose from the composite biomass for its conversion to cellulosic ethanol.
The current review focuses on significant advances in materials derived from lignin
with specific potential to replace petroleum-based chemicals. The commendable success
in generating polyols for polyurethane and phenol-formaldehyde industries, replacing
high-cost petroleum-based precursor materials in carbon fibers, and the utilization of lignin

Figure 1.1. Schematic representation for the macromolecular structure of lignin. (Major
monolignol units are colored as sinapyl alcohol-red, guaiacyl alcohol- blue, p-coumaryl
alcohol- green)

3

in extending sustainable sulfur cements are particular topics highlighted herein. In addition
to these approaches, the challenges and the impact on each application for replacing
traditional commercial materials are discussed. Remarks on future strides toward a
sustainable world and insight on possible future research directions and challenges for the
field are provided.

Lignin Derivatives for Polyurethane Synthesis
Polyurethanes are widely used plastics, traditionally prepared from petroleumderived polyols and isocyanates. Polyurethanes have shown tremendous property tunability
depending on the particular formulation, resulting in a commensurately wide range of
applications. Polyurethane products can take the form of adhesives, sealants, rigid or
flexible foams, and coatings.9 Half of the polyol market in the United States is directed to
polyurethane production.10 The high abundance of phenolic and aliphatic –OH groups in
lignin makes it an obvious candidate to replace petroleum-derived polyols in polyurethane
production. The most direct route to lignin-polyurethanes that has been explored is to
replace polyols with lignin particles.11 In these studies, careful evaluation of how properties
are related to hydroxyl: isocyanide ratio, lignin solubility in reaction media, and lignin
particle dispersion must be undertaken. Although lignin is comprised of a high number of

Scheme 1. 1. Prototype reaction showing urethane bridge formation with lignin and
isocyanate crosslinkers
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phenolic moieties, isocyanate groups exhibit moderate selectively for reaction with
aliphatic OH groups over phenolic groups. Furthermore, due to the prevalence of bulky
fragments in lignin, isocyanate groups do not react with all of the OH groups of lignin. For
these reasons, the greatest success has been observed when the NCO/OH ratio is high,
generally ≥1.0 mol NCO / mol hydroxyl.12 Another strategy to increase coupling to lignin
particles is to modify lignin to increase its solubility and to increase the number of aliphatic
OH groups available for reaction. To facilitate discussion, products are classified as
modified and unmodified lignin-based polyurethanes

Polyurethanes Prepared from Unmodified Lignin
In a recent report by Lu and coworkers,13 spruce wood meal was pretreated by
boiling in 1,4-butanediol with HCl. The pretreated lignin then reacted with methylene
diphenyl diisocyanate, (MDI) as the crosslinker in dioxane. This formulation allowed
casting of a monolithic polyurethane film. A maximum tensile strength of 41.6 MPa was
achieved at a NCO:OH ratio of 1.7, equating to an impressive 47% lignin by mass. These
polyurethanes exhibit properties competitive with traditional formulations used in coatings
requiring high performance in hardness and solvent resistance.13
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Griffini
and coworkers
demonstrated that lignin polyurethanes can also have high
Table 1.1.
Summary
of Lignin Polyurethanes
Lignin type

Application

NCO/OH Optimal

Figure of merit most

Ratio

lignin

important

wt. %

application

1.7

47.0

Tensile strength 41.6MPa

Coatings

and 1.3

70.0

Elastic modulus 3.70 GPa

adhesives

for

46.5

Lap shear strength 6.30

Spruce wood Coating

for

target

meal lignin
Kraft lignin

wood and glass
surfaces
Kraft lignin

adhesives

for 1.2

wood
Organosolve

Rigid foam

MPa
NA

33.0

Compressive

strength

lignin,

0.52 MPa, modulus 12.80

modified with

MPa

cellulose
nanowhiskers
Oxypropylated Rigid foam

1.7

100

kraft lignin

Compressive

strength

0.14 MPa, modulus 3.41
MPa
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performance metrics for wood and glass adhesives. These adhesives were prepared from
unmodified kraft lignin, which is soluble in 2-methyltetrahydrofuran (MeTHF). When kraft
lignin was reacted in MeTHF with toluene diisocyanate (TDI) as the crosslinker, a
maximum adhesive strength (3.70 GPa) was achieved with a NCO/OH ratio of 1.3 and
contained 70 wt.% lignin.14 Another approach to lignin polyurethane adhesives allows
reaction of technical-grade kraft lignin with MDI in THF.15 These adhesives displayed
reasonable performance for binding wood surfaces, with a maximum lap shear strength of
6.3 MPa achieved at a 1.2 NCO/OH ratio.

Modified Lignin
The mechanical properties of traditional polyurethane resins are mainly controlled
by the degree of crosslinking with isocyanate groups. Recent efforts have centered on
modifying lignin in ways hypothesized to increase crosslink density. Demethylation of
methyl ethers is one such strategy that can increase the number of OH groups available for
crosslinking. The 5-methoxy group in syringyl alcohol subunits, for example, is
conveniently converted to a hydroxyl group by exposure of the lignin to SO2 or HBr. The
SO2-mediated route leads to an impressive 54% increase in hydroxyl groups,16 while the
HBr-mediated method increased hydroxyl content by 28%.17 In this case, however, the
significant increase in crosslinkable sites led to films that were too brittle for practical
applications.

The brittleness can be controlled to some extent by the addition of

polyethylene glycol to tune the crystallinity. In contrast with some previous lignin
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polyurethanes comprising up to 70 wt. % lignin, however, the more-crosslinked material
could only be formulated with up to 17 wt.% lignin in this case.
Some of the technical constraints of using lignin in its crosslinked macromolecular
form can be overcome by prior liquefaction. Oxypropylation has been recognized as an
especially productive method for the liquefaction of lignin.18, 19 The lower nucleophilicity
of phenols with respect to aliphatic alcohols diminish their reactivity towards isocyanates.
Consequently, the phenolic moieties in lignin do not efficiently react with isocyanate
monomers. Oxypropylation is an effective effort to enhance the reactivity, as lignin is
reacted with propylene oxide to form aliphatic ligno-polyol derivatives and polypropylene
oxide (Scheme 1.2).20 Introducing multiple ether units as chain extenders also served to
liquify the solid lignin (Tg = −75° C), minimizing the technical issues in processability.2124

In most formulations for PU foams, the resultant polypropylene oxide homopolymer is

separated from the mixture before reacting with isocyanate monomers. Pavier and Gandini
devised an efficient method to remove the homopolymer via extraction with hot hexane
followed by vacuum drying.21

Scheme 1.2. Schematic representation for the oxypropylation of lignin
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In the quest to access lignin polyurethanes for rigid foam applications, success has
come from employing oxypropylated ethanol organosolve lignin, modified with cellulose
nanowhiskers.25

This

modified

lignin

was

reacted

with

MDI

utilizing

dimethylcyclohexaneamine and employing a Mannich base as a catalyst to improve
reactivity. Incorporating just 5 wt.% of cellulose nanowhiskers into the foam led to a
remarkable 260% increase in compressive strength, while adding an additional 1–5 wt.%
cellulose fibers did not lead to any additional improvements. The maximal compressive
strength was obtained with 33 wt.% lignin incorporation, while attempts to increase this
loading led to precipitous drop in compressive strength. Follow-up efforts have achieved
an additional 30% increase in compressive strengths when the lignin was modified with
1,4 butanediol chain extenders. The improved strength likely results from better reactivity
that should result from less steric encumbrance about hydroxyl sites.
Ragauskas and coworkers reported the utilization of oxypropylated kraft lignin for
target application as rigid foams.11 In this modification, the oxypropylation process
effectively increased the aliphatic OH content in the lignin by 3.5-fold, as compared to
unmodified kraft lignin. For comparison, control PU foams using industry standard PUs
(sucrose polyol or glycerol polyol with MDI crosslinkers) were prepared under identical
conditions. A methodical approach was undertaken in which sucrose polyol was replaced
with increasing fractions of the oxypropylated lignin. The NCO:OH ratio was held constant
at 1.7 for these foams. The beginning of the foam reaction is referred to as the cream time,
a point at which the reaction mixture turbidity increases as a result of the formation of gas
bubbles giving the mixture a creamy consistency and appearance. A shorter cream
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formation time is generally desirable. In this work, the cream time decreased with
increasing lignin content. Impressively, the yield strength and the compressive modulus of
lignin PU foams were improved by 4.4-fold and 135%, respectively, compared to the
sucrose polyol PU foams.
Applications of polyurethanes extend beyond adhesives, coatings and structural
foams. The polar urethane functional groups and relative chemical inertness makes
polyurethanes attractive components of polar stationary phases for chromatographic and
chemoselective membrane applications. One effort to leverage lignin for such applications
was undertaken by Evtuguin et al. in 2011.26 This work employed eucalyptus kraft lignin
modified with chain extenders to prepare PU in the presence of carbon nanotubes. The
lignin used was modified via oxidative treatment under aerobic conditions and the
isocyanate crosslinker was pre-modified with poly(propylene glycol) having terminal TDI
groups. One of the major objectives of this modification was to ensure that all of the
material is covalently bound in the matrix to minimize leaching of small molecular material
from composite membranes. The poly(propylene glycol) segments also contribute to very
low Tg values, making it feasible to fabricate self-plasticizing membranes at room
temperature. To maintain the thermoset properties, the polymer had to be synthesized with
a NCO:OH ratio of 1.5 and a relatively low 10 wt.% lignin content. The resultant optimized
lignin PU-doped multiwall carbon nanotubes proved moderately effective as ion-selective
membranes.
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As the efforts discussed in this section suggest, lignin can be used as a promising
substitute for petroleum-derived commercial polyols in polyurethane. Some of these
studies have already shown the potential use of lignin as the sole hydroxyl group-bearing
component. Lignin plays a role as a heterogeneous polyol compound having both aliphatic
and aromatic –OH groups to react with isocyanates. Urethane bridges are likely to be
formed with aliphatic OH groups over the phenolic groups, yet the presence of phenolic
moieties enhances the overall mechanical strength of PU.
Despite the promise of lignin in this area, the uniform reactivity of lignin towards
isocyanate is diminished due to the low accessibility of –OH groups, so more study on
pretreatment of lignin to improve the accessibility of reactive sites are needed. When some
reaction sites are inaccessible, a higher NCO:OH ratio has to be used to attain the target
materials. Utilizing low molecular weight lignin with different modifications, such as
liquefaction, oxypropylation, demethylation, and hydrogenolysis have all proven useful
for alleviating the need to use an excess of the toxic isocyanates. In addition to the
environmental and sustainability considerations, one of the major benefits of using ligninbased PU is to minimize the cost of the overall manufacturing process over current
commercial PUs. Thus, a cost analysis on each modification method needs to be undertaken
to compare and analyze the profitability of replacing petrochemicals with lignin.
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Lignin in Phenol-Formaldehyde (PF) Resins
Phenol-formaldehyde (PF) resins are synthesized by condensation of formaldehyde
with phenol. PF resins are frequently used as adhesive in wood composites such as particle
board or as binders in lamellar wood products like plywood. PF resins are preferred over
urea- or other formaldehyde-based resins owing to higher strength, good chemical
resistance, dimensional stability and resistance to moisture.27 The barrier to more
widespread use of the superior PF resins is the high cost of petroleum-derived precursors.
Lignin has great potential for replacement of the high cost phenolic components of PF
resins. In contrast to current works on polyurethanes, which has employed wood-derived
lignin, most lignin used in PF resin derives from annual, grassy plants.28, 29 Lignin from
these species are high in p-coumaryl alcohol units, the least-substituted monolignol unit.
Resins made using unmodified lignin always required longer pressing time and high
pressing temperatures. It was estimated that kraft lignin has only 10% of the reactivity
towards formaldehyde that phenol has.28, 30 Hence, the current trend is to use modified
lignin to increase the reactivity towards formaldehyde, a direction discussed for lignin PUs
in the previous section. Among all the modifying techniques, the demethylation,
phenolation, and hydroxymethylation techniques have emerged as the most effective
approaches in the last decade.30 Generally, formaldehyde reacts with the 2-,4-, and 6position of phenol due to the directing ability of the hydroxyl group for electrophilic
substitution. The demethylation converts some of the lignin methoxy groups to hydroxyl
groups, resulting in catechol moieties that have increased reactivity with formaldehyde. In
hydroxymethylation and phenolation lignin is pretreated with formaldehyde or thermally
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pretreated with phenols, respectively (Scheme 1.3). The phenolation procedure involves
treating lignin with phenol under acidic conditions in organic solvents, leading to the
condensation of phenol with lignin side chains and aromatic rings.31

Cetin, et al. reported lignin-based phenol-formaldehyde films (LPF) that have
mechanical properties on par with those of commercial PF resins. The organosolve lignin

Scheme 1.3.

Generalized Scheme to show the modification of lignin via a)

hydroxymethylation and b) Phenolation
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precursor was hydroxymethylated by its reaction with formaldehyde in alkaline aqueous
methanol.32 The LPF films made in this fashion comprise up to 30 wt. % lignin. Particle
board fabrications made using this LPF exhibited a 32 % increase in ultimate tensile
strength versus boards prepared using a commercial PF resin. Other physical properties
including modulus of rupture, internal board strength and modulus of elasticity are also
comparable. LPF resins further demonstrated lower water absorption than the commercial
resin. However, when the lignin content was increased to >30 wt. %, poor internal board
strength perpendicular to the plane of the board was noted. Likewise, the thickness swelling
rate of high lignin-content LPF-bonded particleboards (< 0.24 % h-1) is slightly higher than
that of commercial resin (0.068 % h-1) after 24 h. This may be due to high water uptake
ability of the hemicellulose fraction embedded in this type of lignin. A notable drawback
for LPF resins in this study is that they require a 30-minute gelation time. Economical
manufacturing of commercial board products, however, requires a gelation time of 10
minutes or less.27 The free formaldehyde content was also higher for LPFs (0.21-0.25%)
compared to 0.18% for control PF. Free formaldehyde is a concern from a health and
regulatory compliance standpoint.
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Another effort to utilize LPF resins for plywood bonding could incorporate up to
50 wt. % of unmodified kraft lignin without compromising performance.33 This study
demonstrated that the reactivity of LPF resins towards formaldehyde is lower than
petroleum-based PF due to the lack of available sites for polymerization. LPF-bonded
products required 10 minutes of hot-pressing to reach maximum strength. A cooling phase
applied immediately after hot pressing resulted in a 25% increase in bonding strength
between layers. This interesting behavior is likely a result of the thermoplastic behavior of
lignin in the thermosetting adhesive system. In contrast to previously discussed systems
comprising organosolve lignin, these kraft lignin-derived LPF resins showed distinct
variation in mechanical properties based on humidity, even after full curing. Tensile shear
strength, for example, falls from 6.0 MPa at 2% relative humidity to 0.9 MPa at 98%
relative humidity. The significant water uptake and consequent dependence of mechanical
strength on relative humidity is likely a result of the increase in hemicellulose content

Scheme 1.4. Generalized scheme for lignin-formaldehyde reaction under basic
conditions
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present in kraft lignin compared to the essentially saccharide-free organosolve lignin.34
Despite problems with humidity, the kraft lignin-derived LPF resins exhibit favorable
viscosity, low residual solids content, and low free formaldehyde / phenol content that
compare favorably to commercial PF resins for similar target applications.
Another utilization of modified lignin for plywood-bonding LPF resins was
reported by Huang and coworkers employing hydroxymethylated alkaline rice straw lignin.
These researchers hypothesized that alkaline lignin may perform better than other types of
lignin in bonding because larger molecular fragments of alkaline lignin could allow for
more rapid gelation.35 Resins comprising 35 or 50 wt. % lignin and formaldehyde: phenol
ratios of 1.8 or 2.2 gave the best gelation times of 10.2–10.3 minutes, with impressively
low free formaldehyde content (0.01–0.02 wt. %). The important physical properties like
viscosity, residual solid content, gelation time and free formaldehyde content are all well
within the range necessary for commercial application. A thorough mechanical properties
analysis is still needed on these materials, however, as no mechanical strength analyses
were reported.
Wang et al. used phenolated wheat straw steam explosion lignin to prepare LPF
resins.36 The phenolated lignin exhibited a 30% increase in total phenolic content per gram
of material. The resultant LPF resins were used to prepare plywood by hot-pressing.
Plywood bonded with resins in which up to 70 wt.% of the resin is comprised by lignin
passed the Chinese National Standard (GB/T 14732-2006) for first-grade plywood. The
best performance in mechanical properties (40 wt. % lignin and 0.43% free formaldehyde)
were achieved with a plywood having 1.11 MPa of tensile bond strength, compared to 1.15
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MPa for traditional commercial PF resin-bonded plywood. The gelation time was only 7
minutes and all the other parameters such as viscosity, solid content, and pH values all are
within the parameters required for commercialization standards.
Table 1.2. Summary of LPF Resins
Lignin Type
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Gelatio
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As is the case when preparing lignin PU resins, the utilization of modified lignin
resulted in more compatible for PF resin formulations. All the LPF parameters such as
viscosity, solid content, free formaldehyde content, and mechanical properties can match
those metrics required for commercial resins for plywood. However, the macromolecular
structure of lignin limits the number of reactive sites and lowers the number of phenolic
moieties per unit mass compared to commercial phenol. These impediments can be
minimized through modification techniques. A notable improvement in formaldehyde
/phenol mass ratio was observed as increased amount of formaldehyde is required to
overcome the steric impediments of phenolic moieties in lignin. As a result, the final free
formaldehyde content in LPF resins is stepped up over the commercial PF resins. However,
even a small amount of formaldehyde gas can cause serious health problems. Thus, it is
required to introduce a standard list of optimal amounts of formaldehyde, specific to each
type of modified lignin rather than using an excess. Conversely, Kordkheili et al. reported
diminishing formaldehyde emission in urea-formaldehyde resin modified with phenolated
lignin. Interestingly, even 10% modified lignin incorporation into a resin can lead to a
significant decrease in free formaldehyde content (0.26%) compared to the control (0.40
%).37

Lignin-Derived Carbon Fibers
Carbon fibers (CFs) are light weight and have high tensile strength, specific
modulus, low electrical resistivity, and high resistance to torsion, manifesting better
mechanical properties than those of steel in many applications for a fraction of the weight.38
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This attractive combination of light weight and high strength have made CFs extremely
attractive as components of vehicles to improve fuel efficiency, high-performance sporting
goods and as a substitute for infrastructure components. Unfortunately, the high cost of CF
precursors has been a hurdle to their more widespread use. The main industrial CF
precursors have been polyacrylonitrile (PAN) and pitch.39 PAN based CFs resulted in
higher tensile strength over pitch based fibers, yet pitch based fibers manifest a higher
modulus compared to PAN.
Finding more affordable and sustainable CF precursors could lead to a
transformative advance in pursuit of high strength materials to replace environmentally
damaging petrochemical polymers. Among sustainable CF precursors, lignin has emerged
as a premier candidate by merit of its composition by 60 wt. % carbon, good thermal
stability, and the general observation that aromatic polymers tend to more efficiently
degrade to CF-type materials than aliphatic precursors do. Lignin based CFs have shown
much potential for robust commercial applications, and a plethora of ongoing research can
be found in this area over the last 5–10 years. Replacing PAN-derived CF fibers with
lignin-derived CFs would reduce the emission of harmful CO2 by 22 % and could lower
manufacturing cost by 30-40% if preparation could be achieved at similar temperatures.
The decrease in the thermoplasticity of lignin, recalcitrance in processing, lower carbon
content, low molecular weight fractions, and lower modulus compared to PAN-based fibers
has slowed the development of more sustainable lignin-based alternatives.40 Among many
manufacturing processes, this review mainly focusses on low-cost extrusion and melt
spinning processes. These methods are convenient and free from using toxic solvents.
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Due to diminished thermoplastic and flow properties, the melt spinning of
unmodified lignin is a difficult task to accomplish, yet impressive recent attempts have
been reported with solvated, unmodified lignin. Gallego and Baker used both unpurified
thiolignin and a sample of the same hardwood thiolignin that was extracted in organic
solvents as CF sources.41 The unpurified lignin exhibited very poor processability under
the melt spinning technique, whereas extracted lignin exhibited better spinnability. The
extracted lignin consisted of a greater proportion of low molecular weight fractions which
are preferentially solubilized in organic solvents. Such low molecular weight fractions have
a plasticizing effect on the lignin. The best mechanical properties were achieved when CFs
melt spun from extracted lignin were subsequently oxidatively stabilized only at very slow
heating rates (<0.05°C/min). Carbonized fibers produced in this way still did not manifest
striking mechanical properties with a tensile strength of 0.51 GPa and tensile modulus of
28.6 GPa.
As the study by Gallego and Baker demonstrates, the recalcitrance of neat lignin
and subpar mechanical strength of lignin CFs is a common problem in the field. Significant
attempts have been made to employ lignin in polymer blends to achieve CFs having
improved processability and strength. In one recent study, Wang, et al. blended
fractionated commercial hardwood thiolignin with poly(lactic acid) (PLA) in varying
ratios.42 After extrusion at 220–240 °C, initial thermal stabilization was accomplished by
heating to 280 °C at a rate of (0.05 °C /min) followed by carbonization by heating to 1000
°C at 3 °C /min. CFs were successfully produced by this method for compositions
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comprising from 0–20 wt. % PLA. The addition of PLA results in increased porosity and
commensurately lower tensile strength as PLA content increases.
In 2017, Li, et al. proposed the use of a miscible blend of fractionated kraft lignin
and PAN as a means to increase the processability of CF formulations.43 Prior to mixing,
kraft lignin was fractionated into water-soluble and insoluble using a common laccasemediator system. The treatment resulted in fractions having different molecular weights of
lignin. It was claimed that treatment also leads to reduced total OH content groups in both
soluble and insoluble fractions, thus improving the interactions with PAN and the nonpolar
solvent system. The homogenized blend containing less polydisperse lignin had improved
extrusion ability to form CF fibers. To accomplish this desirable blend, target lignin
fractions and PAN were blended in a 1:1 weight ratio via electrospinning. Fibers created
in this way from the water-insoluble lignin fraction exhibited an impressive elastic modulus
of 21.8 GPa, on par with that of 20.7 GPa for PAN-based commercial carbon fibers. Water
soluble lignin-based CFs had a lower yet still practically viable elastic modulus of 16 GPa,
similar to the modulus for pure kraft lignin-derived CFs (15.7 GPa). Despite using lignin
as a sustainable feedstock in this process, it should be noted that any of the PAN-derived
CF reactions emit toxic hydrogen cyanide gas that is a drawback to this approach.44
Housseinaei and coworkers recently reported a creative and intriguing strategy in
the area of tuning the processability by blending. In this case, rather than blending lignin
with a synthetic polymer, two differently-sourced lignins, hardwood and softwood lignin,
were blended. Hardwood lignin consists primarily of 5-substituted syringyl units, so the
possibility of aryl crosslinking via dibenzodioxocin linkages is reduced compared to
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softwood lignin, which contains mostly guaiacyl units.45 As a result, lower Tg values are
observed in hardwood lignin, whereas highly branched softwood lignin structure exhibits
higher Tg values.46 Due to lower Tg values, hardwood lignin shows promising melt spinning
ability, while softwood lignins exhibit more favorable thermostabilizing ability.47 With
these fundamental properties in mind, Housseinaei, et al, mixed organosolve hardwood
and soda switchgrass lignin (15–50 wt%) in different ratios to investigate the change in
mechanical properties of resultant CFs.48 The lignin mixtures resulted in meltable, miscible
blends that could be readily extruded at 180–185 °C. From these materials it was
determined that lower amounts of switchgrass lignin and a very slow heating rate (0.05
°C/min) provide carbon fibers with the best mechanical properties. Efforts to employ grassderived lignin in place of softwood lignin led to mixtures that could not be effectively melt
spun.
An alternative strategy to blending lignin with other materials is to modify lignin
by chemical derivatization prior to processing.49 Eckert and Abdullah patented the use of
acetylated softwood lignin,50 as a source for CFs. The acetylation process employs acetic
anhydride with pyridine as the catalyst at a 50 °C reaction temperature and is relatively
affordable. Acetylated lignin was readily extruded at 220 °C and stabilized at 240 °C under
a very low heating rate of 0.2 °C /min and carbonization at 4 °C /min heating rate to 1150
°C. Although no mechanical data was reported for these initial CFs, Zhang and Ogale have
measured the mechanical properties of acetyl lignin-derived CFs by this procedure with
slight modifications.51 The mechanical properties of these acetyl lignin CFs show
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significantly improved tensile modulus, tensile strength, and strain-to-failure (52 GPa, 1.04
GPa, and 2.0 %, respectively) over previously-reported lignin-derived CFs.
Although lignin-based CFs manifest well feasibility in applying low modulus
robust commercial applications, many of the key deficiencies need to be addressed.
Already, hardwood lignin is mostly used in melt spinning over softwood due to its higher
thermoplastic behavior. Nevertheless, advanced modification of softwood lignin also
should be addressed in the future, as considerable amount of biomass is also produced from
softwoods. Maintaining the specific conditions of extraction methods to retain more ether
linkages (β-O-4), mask the OH groups by polymer grafting or copolymerization,
controlling the polydispersity and molecular weight of lignin fractions may lower the glass
transition temperatures of lignin, improving the spinnability. Concurrently, the
hemicellulose fraction embedded in lignin may result to absorb water, causing an increase
in void content. Hence, a thorough purification step is required prior to the melt spinning
to gain an undamaged, continuous fiber. Addressing these concerns may liberate some of
the barrios which keep lignin-based carbon fibers from its viable use.

Lignin in High Sulfur-Content Materials
My dissertation research focuses on contributions to the emerging field of lignin
valorization beyond its use in polyurethane derivatives, specifically to applications
involving the reaction of lignin derivatives with sulfur. Summarized here are some of the
highlights that will be discussed and developed in more detail in the subsequent chapters.
Like lignin, sulfur is one of the major underutilized byproducts of modern industry. Sulfur
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production, primarily by its removal from petroleum during fuel production, has outpaced
demand by up to 7 million tons annually for decades, leading to massive untapped
stockpiles for valorization. In 2013, Pyun reported an intriguing method for exploiting this
waste sulfur as a component of copolymers by its reaction with olefins via a process called
inverse vulcanization.52 Although elemental sulfur itself is quite brittle, durable materials
can be obtained for the copolymers comprising up to 90 wt.% sulfur.53-56 These efforts have
employed a wide range of starting materials.57-72 More recently, radical-induced aryl halide
/ sulfur polymerization (RASP) proved similarly effective for preparation of high sulfurcontent materials (HSMs) but employing aryl halides in place of the olefins required for
inverse vulcanization.73
Both inverse vulcanization and RASP have been used to prepare HSMs from
elemental sulfur and lignin derivatives. In a 2019 report, the Smith group employed
allylated lignin to react via inverse vulcanization with elemental sulfur. Allyl lignin reacted
with sulfur at 180 °C in different ratios. Allyl lignin and molten sulfur suffer from
significant immiscibility of the two comonomers, thus minimizing the amount of lignin
that can be incorporated into the HSM to 5 wt. %. The maximum flexural strength of the
allyl lignin HSM was 2.1 MPa,74 significantly lower than analogous HSMs prepared from
functionalized cellulose. Due to the thermal reversibility of S–S bond-formation, however,
these materials can be remelted and recast over many cycles without any loss in moduli or
strength.
In another report, the RASP process was used to prepare HSMs from chlorolignin
and sulfur.75 Chlorolignin can be obtained either as a byproduct of the bleach paper/pulp
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Scheme 1.5. Established (A) and new (B) routes to high sulfur-content materials.
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industry or prepared from the other lignin sources by oxidation with aqueous bleach. The
sulfur and chlorolignin are fully miscible at the 240 °C reaction temperature, allowing them
to be reacted in any ratio. The study focused on thermoplastic materials, however, so only
the remeltable copolymers, comprising up to 20 wt. % lignin, were studied in detail. The
chlorolignin/sulfur HSMs had remarkably improved mechanical strength compared to that
of the allylligin/sulfur copolymers. A maximum flexural strength of >3.6 MPa was
achieved for the material comprising 20 wt.% chlorolignin. This flexural strength is on par
with that of Portland cement (3.8 MPa), suggesting that these materials could be a
recyclable cement surrogate.

Conclusion
Lignin is the most abundant natural aromatic biopolymer and must be considered
as a leading candidate for supplanting unsustainable sources for widely-used aromatic
materials. Research from the last several years demonstrates tremendous hope for
substituting lignin materials for petrochemical plastics, adhesives, construction material,
automobile components, and composites. The structural variability in lignin sources
highlight some of the barriers that have slowed development to commercial applications.
This same variability in lignin from different species, however, also affords the possibility
to grow and harvest specific plant sources as the future feedstock for specific polymer and
composite needs. The emergence of various functionalization and depolymerization
techniques and polymer blending strategies also portend great promise for attaining metrics
required for specific industrial circumstances. The growing world population foreshadows
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concomitant explosion in production of lignocellulosic agricultural waste. Exploding waste
production and reliance on ever-depleted petrochemical resources pose a danger to
economy and ecology.
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CHAPTER TWO
VALORISATION OF WASTE TO YIELD RECYCLABLE COMPOSITES OF
ELEMENTAL SULFUR AND LIGNIN1
Abstract
Lignin is the second-most abundant biopolymer in nature and remains a severely
underutilized waste product of agriculture and paper production. Sulfur is the most
underutilized byproduct of petroleum and natural gas processing industries. On their own,
both sulfur and lignin exhibit very poor mechanical properties. In the current work, a
strategy for preparing more durable composites of sulfur and lignin, LSx, is described.
Composites LSx were prepared by reaction of allyl lignin with elemental sulfur, whereby
some of the sulfur forms polysulfide crosslinks with lignin to yield a three-dimensional
network. Even relatively small quantities (<5 wt.%) of the polysulfide-crosslinked lignin
network provides up to a 3.4-fold increase in mechanical reinforcement over sulfur alone,
as measured by the storage moduli and flexural strength determined from dynamic
mechanical analysis (temperature dependence and stress-strain analysis). Notably, LSx
composites could be repeatedly remelted and recast after pulverization without loss of
mechanical strength. These initial studies suggest potential practical applications of lignin
and sulfur waste streams in the ongoing quest towards more sustainable, recyclable
structural materials.
1

This text is reproduced with permission in larger part from: Karunarathna, M.; Lauer, M.
K.; Thiounn, T.; Smith, R. C.; Tennyson, A. G. Valorisation of Waste to Yield Recyclable
Composites of Elemental Sulfur and Lignin. Journal of Materials Chemistry A 2019, 7,
15683-15690.
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Introduction
Lignin and cellulose are the primary components of agricultural waste, of which
over five billion metric tons result from pre-consumer processing annually.1 Paper
production produces an additional 600,000 tons/yr of lignin waste.2 When embedded in a
cellulose and hemicellulose composite, lignin (Figure 2.1) is responsible for the structural
integrity of fibrous plants and thus ultimately of all timber-built structures.3,4 Despite the
structural utility of lignin in naturally-occurring composites and significant motivation to
valorize lignin as an element of synthetic materials, it remains underexploited.1 Another
abundant, underutilized by-product of human industry is elemental sulfur. Elemental sulfur
(S8) is produced by the energy sector when natural gas, petroleum and coal are refined to
produce cleaner-burning fuels.5-6 So much by-product sulfur is produced in the refining
process that even after industrial sulfur consumption needs have been met, >7 million tons
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Figure 2.1. Representative structure of lignin.
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Scheme 2.1. A generalized scheme for crosslinking olefins with sulfur
of S8 are left unused every year,3,7 spurring significant efforts to exploit it as an affordable
component of materials.8,9 Elemental sulfur itself is quite brittle, yet small quantities of
sulfur crosslinking agents improve the structural properties of natural rubber through
vulcanization.10–12 Pyun’s group has recently made significant strides to elucidating
commercial applications for high sulfur-content materials6,13–26

that are made by

crosslinking bulk elemental sulfur with lower percentages of olefins (Scheme 2.1) to yield
high sulfur-content networks. We and other groups have explored similar avenues using
other organic crosslinkers. 8,27–29 At STP, sulfur exists as S8 rings in a morphology referred
to as orthorhombic or α-sulfur. Upon heating, sulfur first melts at 120 °C and then
undergoes homolytic ring opening at 159 °C to form diradicals. At higher temperatures,
these diradicals form polymeric sulfur diradicals. It is these polymeric diradicals that react
with olefins to form the crosslinked networks (Scheme 2.1). We recently demonstrated that
materials having reasonable storage moduli and flexural strengths on par with that of
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Portland cement could be attained by utilizing a cellulose derivative as the organic
component for a high sulfur-content composite.12 This study demonstrated that mechanical
improvements could be made to sulfur by crosslinking with a minority fraction of
biopolymer: up to a 2-fold improvement in storage modulus at room temperature was
accomplished upon crosslinking with 20% of the cellulose derivative. These materials were
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∆
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Scheme 2.2. Synthesis of allyl lignin and LSx. Several type of lignin hydroxyl sites are
modified by allyl groups in the current work, as delineated in Figure 1.1 and quantified in
Table 2.1
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conditions, whereupon all non-allylated –OH groups were phosphitylated.
also thermally healable over many pulverization/recasting processes without loss of
strength.
In light of the successful crosslinking of sulfur with cellulose derivative, and on the
basis of lignin’s ability to provide structural integrity to biocomposites, we hypothesized
that we could prepare durable composites of sulfur and lignin. Herein, we report the
preparation of composites LSx (x = percent by mass sulfur in monomer feed, Scheme 2.2)
prepared by reaction of allyl lignin and sulfur, wherein x is varied from 80 to 99. The
chemical and bulk composition, thermal, morphological and mechanical properties of the
materials are discussed.

Experimental Section
Chemicals and Materials
Alkali lignin and 2-chloro-4,4,5,5,-tetramethyl-1,3,2-dioxaphospholane (TMDP) were
purchased from Sigma-Aldrich. Sulfur powder (99.5%), Endo-N-hydroxy-5-norbornene-
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2,3-dicarboximide (HNDI) and chromium (III) acetylacetonate (99.9%) were purchased
from Alfa Aesar. Carbon disulfide was obtained from Bean Town Chemical. Acetone,
sodium hydroxide (99.5%), dry pyridine, deuterated chloroform and allyl bromide were
purchased from Fisher Chemical, VWR Analytical, Acros Organics and Oakwood
Chemical, respectively. These chemicals were used without further purification unless
otherwise noted.

General Considerations
All NMR spectra were recorded on a Bruker Avance spectrometer operating at 300
MHz for protons and 121.4 MHz for

31

P NMR. In order to obtain accurate quantitative

integrations from 31P NMR spectra, a 10 s pulse delay and 90° pulse angle were employed
and chromium (III) acetylacetonate was added as a spin relaxation agent following the
established procedure.35-34 Thermogravimetric analysis (TGA) data were recorded on a
Mettler Toledo TA SDT Q600 instrument over the range 20 to 800 °C, with a heating rate
of 2 °C min–1 under a flow of N2 (100 mL min–1). Differential scanning calorimetry (DSC)
data were acquired using a Mettler Toledo DSC 3 STARe System over the range of –60 to
140 °C, with a heating rate of 10 °C min–1 under a flow of N2 (200 mL min–1). Each DSC
measurement was carried out over three heat-cool cycles, and data are reported for the third
cycle. The change in crystallinity between sulfur and the composites was calculated from
DSC data using the following equation:
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∆𝜒𝜒𝑐𝑐

∆𝜒𝜒𝑐𝑐 = 1 − �

∆𝐻𝐻𝑚𝑚(𝐿𝐿𝐿𝐿𝑥𝑥 ) − ∆𝐻𝐻𝑐𝑐𝑐𝑐(𝐿𝐿𝐿𝐿𝑥𝑥 )
� ∗ 100%
∆𝐻𝐻𝑚𝑚(𝑆𝑆) − ∆𝐻𝐻𝑐𝑐𝑐𝑐(𝑆𝑆)

- Change of percentage crystallinity with respect to sulfur

∆𝐻𝐻𝑚𝑚(𝐿𝐿𝐿𝐿𝑥𝑥 ) - Melting enthalpy of composite materials (LSX)

∆𝐻𝐻𝑐𝑐𝑐𝑐(𝐿𝐿𝐿𝐿𝑥𝑥 ) - Cold crystallization enthalpy of composite materials (LSX)
∆𝐻𝐻𝑚𝑚(𝑆𝑆)

∆𝐻𝐻𝑐𝑐𝑐𝑐(𝑆𝑆)

- Melting enthalpy of sulfur

- Cold crystallization enthalpy of sulfur

Dynamic Mechanical Analysis (DMA) was performed using a Mettler Toledo DMA 1
STARe System in single cantilever mode. DMA samples cured for 120 h were cast from
silicone resin molds (Smooth-On Oomoo® 30 tin-cure). The sample dimensions were 1.5
× 8 × 23 mm. The clamping force was 1 cN·m and the temperature range was –60 to 40 °C
with a heating rate of 2 °C min–1. The measurement mode was set to displacement control
with a displacement amplitude of 5 μm and a frequency of 1 Hz. Samples were cured for
120 h prior to stress-strain analysis at ambient conditions with the DMA instrument
operating in single cantilever mode. The force was varied from 0 to 7 N with a ramp rate
of 0.1 N·min–1. Fourier transform infrared spectra were obtained using a Shimadzu IR
Affinity-1S instrument operating over the range of 400-4000 cm–1 at ambient temperature
using an ATR attachment.

Allylation of Lignin
This procedure is based on literature precedent.34,35 Lignin 20 g was dissolved in
800 mL of 0.5 M NaOH(aq)/acetone (1:3). Allyl bromide (40 g, 0.33 mol) was added, and
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the mixture was allowed to heat for 5 hours at 40° C with continuous stirring. After 5 hours,
the solution was concentrated under reduced pressure using a rotary evaporator. The
remaining solution was acidified to pH 2 by dropwise addition of concentrated HCl(aq),
resulting in the formation of a precipitate. The precipitate was collected by vacuum
filtration followed by four consecutive washes with distilled water and then with hexanes.
The final product was vacuum dried for 24 hours at 40° C.

Phosphitylation Reaction
Phosphitylation of lignin was performed with TMDP in pyridine and CDCl3
(1.6/1.0, v/v), according to a known method.35,34 HNDI (HNDI, 121.5 mM, CDCl3/pyridine
4.5:0.5) was used as the internal standard while chromium (III) acetylacetonate (1 mg/mL)
was used as the relaxation agent. The reaction was carried out in a glove box in order to
prevent the interference of moisture.

General synthesis of LSx (x = wt.% sulfur in monomer feed)
Elemental sulfur was weighed directly into a glass vial. The vial was heated to 180
°C in an oil bath over which time the sulfur melted. Once the sulfur turned a viscous dark
red-orange color (indicative of thermal ring-opening), the appropriate amount of allyl
lignin was slowly added to the molten sulfur. Following addition, heating was continued
for 48 h with continuous stirring with a magnetic stir bar. This general synthesis was used
to synthesize LS99, LS95, LS90, LS85 and LS80 Each of the lignin- sulfur combinations
(composite materials) was subjected to elemental combustion microanalysis.
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CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas.
H2S is toxic, foul-smelling, and corrosive.

Results and Discussion
Synthesis and Characterization of Allyl Lignin
The complex, heterogeneous macromolecular structure of lignin (Figure 2.1)30 and
its low solubility make synthesis and characterization of lignin derivatives challenging.31–
33

In the current context, lignin had to be derivatized with olefinic units to allow reaction

with sulfur diradicals.8,19 Allyl lignin was prepared by an established method for this study
(Scheme 2.2).34,35 Analysis of allyl lignin by 1H NMR spectrometry, FT-IR spectroscopy
(Figure S2.1-S2.2 in the ESI), and elemental analysis match reported data.36
Depending on the source (e.g., hardwood, softwood or grassy plants), the relative
ratio of the several hydroxyl-bearing functionalities in lignin will vary (Figure 2.2, upper).
Phosphorus-31 NMR spectrometric techniques are typically used to interrogate these
ratios.34 In this work, the commercial lignin and its allylated derivative were analyzed by
first phosphitylating all hydroxyl groups with excess TMDP (Scheme 2.3) in the presence
of HNDI as an internal standard.35,34 Each of the phosphitylated –OH units has a
characteristic shift in the 31P NMR spectrum (Figure 2.2, upper). Whereas integrations of
typical 31P NMR spectra are not accurate, the integration accuracy in the current context
was assured by employing a 10 s pulse delay, 90° pulse angle, and adding chromium (III)
acetylacetonate to the samples as a spin relaxation agent. Analysis of spectra so obtained

44

(Figure 2.2a) allowed quantification of each type of hydroxyl functionality in the
commercial lignin starting material (Table 2.1), for a total hydroxyl content of 6.0
mmol/g,37 with relative hydroxyl functionality ratios typical of a softwood lignin.38
In allyl lignin some of the hydroxyl groups are allylated; those sites will not be
phosphitylated and so will not contribute to the 31P NMR spectrum. The relative decrease
in peak integration for allyl lignin versus lignin spectra allowed for the calculation of
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Figure 2.2. Structures for phosphitylated units in lignin and allyl lignin (upper) and 31P
NMR spectra (lower) for a) allyl lignin and b) commercial lignin after phosphitylation.
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percent allylation for each hydroxyl functionality (Table 2.1). The expected quantitative
allylation of phenolic hydroxyl groups was observed, in addition to allylation of 49% of
aliphatic alcohol and 72% of carboxylic acid hydroxyl groups. Overall, there are 4.9 mmol
of allyl functionalities per gram of material in the allyl lignin used to prepare the LSx
materials.

Synthesis and Characterization of Allyl Lignin-Sulfur Materials (LSx)
The reaction of allyl lignin with sulfur was carried out at 180°C, where sulfur exists
primarily as polymeric diradicals (Scheme 2.2),13 to prepare materials LSx (x = wt.% S8 in
the monomer feed). Materials were prepared wherein sulfur feed ratios ranged from 80-99
wt.%. Over the course of the reaction, the mixture changed from the red-orange color
characteristic of polymeric sulfur diradicals to the dark brown color of LSx. After reaction,
the reaction mixture consisted of primarily molten LSx and a small fraction of precipitate.
While still at 180 °C, the precipitate was separated away from the liquid and the liquid
(LSx) was retained for further study. When these molten samples of LSx were cooled to
room temperature, each became a hard, brown, glassy-looking solid. In contrast, when a
sample of pure sulfur is treated under the reaction conditions in the absence of an organic
crosslinker, the polymeric sulfur that is formed at elevated temperatures reverts to the
brittle, yellow material characteristic of orthorhombic sulfur over about 48 h at room
temperature. In sharp contrast, once LSx samples are stable for at least nine months without
change in physical appearance or deterioration in properties.
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Table 2.1 Difference in hydroxyl functionality of allyl lignin and reference lignin sample.
Structures for each functionality are provided in Figure 2.

Lignin

Shift (ppm)

(mmol/g)

Carboxylate

134-135.5

0.36

0.10

70

p-HOPh

137-138.5

0.25

–c

100

Guaicyl

138.5-140

1.69

–c

100

5-Sub−OH

140.2-145

1.61

–c

100

Aliphatic

145-150

2.05

1.0
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Functionality

c

Free OH in

Chemical

Allyl lignin

% allylated

(mmol/g)

No visible peak is observed.
Both LSx and the reaction precipitate were subjected to elemental microanalysis for

C, H, N and S to assess their composition (Table 2.1). This analysis revealed that the
precipitate consisted of primarily lignin that had separated, presumably due to poor
miscibility of lignin with sulfur. As a result, the lignin content ultimately incorporated into
LSx materials is somewhat lower than that added to the monomer feed (Table 2.2).
On the basis of our previous work,8 it was hypothesized that LSx samples could be
composites consisting of bulk sulfur that is reinforced by an interpenetrating 3D network.
If this were the case, the network would be comprised of allyl lignin crosslinked with oligo-
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Table 2.2 LSx composition data
Material

Allyl Lignin in

Allyl Lignin

CS2-insoluble

monomer feed

incorporated (wt.%) a

(wt.%)

(wt.%)

a

LS80

20

5.0

92

LS85

15

3.4

91

LS90

10

1.5

87

LS95

5

1.0

84

LS99

1

0.4

84

Determined from elemental analysis

or polysulfide chains as depicted in Scheme 2.2 and orthorhombic sulfur would fill some
of the voids in the network. Free orthorhombic sulfur is highly soluble in CS2, whereas a
highly-crosslinked polymer would not be. In an effort to extract selectively any free
orthorhombic sulfur, each LSx sample was thus extracted several times with CS2 until no
more mass was extractable. The CS2-soluble and CS2-insoluble fractions were separated
and analyzed by elemental microanalysis (Table 2.2). As anticipated, the CS2-soluble
fractions consist of almost entirely sulfur, whereas lignin and attendant polysulfide
crosslink chains are retained in the CS2-insoluble fractions. The presence of polymeric
sulfur was later confirmed by DSC measurements as well (vide infra). In lower sulfurcontent LSX samples (x = 80, 85, 90), up to 92% of the sulfur in the sample is in the
polysulfide crosslinked form, with little sulfur present in the orthorhombic form. This is in
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stark contrast to similarly-prepared materials in which sulfur was crosslinked with 5 wt. %
of a polystyrene derivative (twice the wt.% of crosslinking agent as in LS80), wherein only
19% of S was incorporated as polysulfide crosslinks and 81% was orthorhombic. The
elemental analysis data for the CS2-insoluble fraction allowed accurate calculation of the
average length of the polysulfide crosslinking chains in LS80 and LS85 to be 48 and 103,
respectively. This compares well with some of the reported cellulose-crosslinked sulfur
composite, which had polysulfide crosslinks ranging from 20 to 60 sulfur atoms in length.
The fact that LS80-90 successfully sequesters the majority of sulfur in the polymeric
form addresses a key deficiency to which some other high sulfur-content materials are
subject. Materials comprising majority orthorhombic sulfur can release sulfur through

Figure 2.3. TGA curves of 10 mg sample weight. LS80 (blue solid line) and LS85
(purple dashed line) compared with sulfur (green solid line) and allyl lignin (Yellow
dashed line).
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Table 2.3 Summary of TGA and DSC data.
Material

a

Td (°C) a

DSC

DSC

∆Hm

∆Hcc

Tg (°C)

Tm (°C)

J/g

J/g

%xtlc

LS80

236

−34

118

30

25

8

LS85

235

−35

118

34

13

40

LS90

237

NAb

117

34

NAb

67

LS95

235

NAb

107

37

NAb

63

LS99

233

NAb

113

47

NAb

91

S8

228

NAb

120

51

NAb

100

Td was determined by calculating the temperature at which 5% mass was lost. bNo

visible transition in the range studied. cpercent crystallinity compared to that of
sulfur (normalized to 100%).
sublimation or blooming of crystalline sulfur to the surface over time, whereas polymeric
sulfur effectively stabilized by a supporting network is not subject to these degradation
pathways.
In addition to establishing the presence of polymeric sulfur in LSx, direct evidence
for C−S bond formation between that polymeric sulfur and the allyl lignin was revealed by
IR spectroscopy. Specifically, a peak at 620 cm−1, attributable to C−S stretch,39 is present
in the FT-IR spectrum of each LSx sample (Figure S2.3 in the ESI). The IR spectra also
confirm retention of the characteristic peaks for softwood lignin such as the out-of-plane
aromatic C–H deformation (823-875 cm-1), symmetric aryl ring stretching (1594 cm-1),
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aromatic CH in plane deformation (1028 cm-1) and the methyl/methylene C–H stretches
(2952 cm-1).40 The extraction/elemental analysis studies confirmed the presence of some
free sulfur in LSx, while IR spectroscopy confirmed both formation of C–S bonds and
retention of the basic lignin architecture. Taken together, these data support the
characterization of LSx as composites comprised primarily of sulfur-crosslinked lignin
with some quantity of retained orthorhombic sulfur backfilling available volume in the
network.

Thermal Analysis of LSx
The thermal stability of LSx samples was assessed by thermogravimetric analysis
(TGA, Table 2.3). The TGA trace for pure sulfur exhibited a single decomposition event
with a decomposition temperature (Td) at 228° C. In contrast, lignin decomposes over a
broader temperature range, reflecting the variable stabilities of the diverse functionalities
present.41 The onset of initial lignin decomposition at 201 °C is attributable to degradation
of propanoid side chains, while the second decomposition from 360−370 °C is due to
cleavage of the β-β and C−C linkages.41 In LS90-99 the thermal decomposition is driven by
the predominant sulfur component, so all of them exhibit a Td of 233-237 °C (Figure S2.4,
ESI). These values are similar to those for previously-reported high sulfur-content
materials.17,8 In contrast, a conspicuous two step degradation was observed for LS80 and
LS85, wherein the first decomposition event resembles that of sulfur and a second
decomposition step occurs over the range of 355-365 °C, attributed to β-β and C−C
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linkages cleavage in lignin. The expected increase in char yield (at 800 °C) concomitant
with increasing lignin content was also observed (Figure S2.5 in the ESI).
Differential scanning calorimetry (DSC, Table 2.3) did not reveal any glass
transition (Tg) temperature over the range investigated for the higher sulfur-content
composites (LS99, LS95, LS90) or for sulfur alone. LS80 and LS85, however, showed the
glass transition for polymeric sulfur at −34 to −35 °C.42,43 The LSx composites also
exhibited melt peaks at approximately 106−116 °C, the intensity of which scales with the
relative amount of sulfur in the material (Figure S2.6 , ESI). DSC analysis of the mostcrosslinked LS80 and LS85 samples also show cold crystallization peaks. The cold

Figure 2.4. DMA data of LS80 (blue solid line), LS85 (purple dashed line), LS90 (orange
dotted line), LS95 (black solid line), LS99 (red dashed line), sulfur (green solid line) a)
Comparison of storage modulus curves of LSx materials. b) tan delta curves. c) Loss
modulus curves.
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crystallization exotherm reflects partial organization of polymer chains above the glass
transition temperature, typical of network-stabilized polymeric sulfur domains.44
By comparing the integration of melting and cold crystallization enthalpies of sulfur
and LSx materials, the relative percent crystallinity of the materials was calculated (the
equation for this calculation is provided in the Experimental section and data are
summarized in Table 2.3). The crystallinity of LS80 is only 8% that of pure sulfur. Perhaps
more surprisingly, the incorporation of even 1% lignin in LS95 leads to a material only 63%
as crystalline as orthorhombic sulfur. The reduction of crystallinity is one feature that
results in reduced brittleness of high sulfur-content materials, as elucidated by the DMA
measurements discussed below.

Table 2.4. Summary of DMA data.
Material

a

E’ (−60 °C)

tan δ Tg

E’’

flexural strength/modulus

(MPa)

(°C)

Tg (°C)

(MPa)

S8

373

NAa

NAa

NA

LS80

1265

3.3

−2.5

2.1/87

LS85

1049

5.9

−1.2

1.5/76

LS90

1016

6.3

0.5

1.7/57

LS95

824

NAa

NAa

ND

LS99

656

NAa

NAa

ND

No visible transition in the range studied.
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Mechanical Analysis of LSx
One of the main objectives of this work was to determine the extent to which the
incorporation of lignin into sulfur could enhance the mechanical properties of the
composite materials. Dynamic Mechanical Analysis (DMA) was thus carried out to assess
the viscoelastic properties of the LSx samples.
The results of DMA data are summarized in Figure 2.4 for the storage moduli (E’,
Figure 2.4a), loss moduli (E’’, Figure 2.4b) and energy dissipation parameter (tan δ, Figure
2.4c) for the five composites and for orthorhombic sulfur. The calculated Flexural strength
and the modulus for the strongest materials (LS80, LS85 and LS90) are also indicated in the
Table 2.4. The most lignin-reinforced material predictably had the highest storage modulus
prior to the glass transition, with steady decrease storage moduli with decreasing lignin
percentage. Remarkably, even LS99, which is comprised by only 0.4% lignin has a ~2-fold
greater storage modulus below Tg than does elemental sulfur. The storage moduli data also
validate the hypothesis that very little polymeric crosslinking agent is needed to reinforce
sulfur as compared to small molecule crosslinking. For example, sulfur/1,3diisopropenylbenzene (DIB) copolymers having 17.5 wt.% DIB crosslinking agent,
exhibits a storage modulus of 1000 MPa at −50 °C, on par with that of LS90 in which only
1.5% of the crosslinking agent has been added.17
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A)

B)

Figure 2.5. A) Stress-strain curves of LS80 (blue solid line)LS85 (purple dashed line)
and LS90 (orange dotted line). Samples broke at the point where each curve ends. B)
Inset of the stress-strain curve over the linear region for LS80.
The ability of the LSx composites to dissipate energy, as reflected in the intensity
of the tan δ curves in Figure 2.4C), also scale predictably with the percent of lignin in the
sample, with the highest ability to dissipate energy predictably assigned to the mostreinforced LS80 composite. The Tg values obtained from DMA differ from those
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determined by DSC (Table 2.4). This is expected because, whereas DSC, Tg values reflect
a change in specific heat capacity, the DMA-derived values reflect changes in the
coefficient of thermal expansion.45
Flexural stress, a combination of tensile and compression stress, are typical
challenges to structural materials. The flexural strength and the modulus were thus
calculated from stress-strain analysis of LX80–90 (Figure 2.5). As expected, the highest
flexural strength and modulus were attained for LS80 due to higher stiffness endowed by
higher crosslink density.
Because S–S bond formation is thermally reversible,29 materials comprising such
bonds are tantalizing targets for thermally-healable and recyclable materials.8 In order to
assess the thermal healability/recyclability of LS80, the storage modulus (at 25 °C) was

Figure 2.6. Storage moduli values of LS80 at room temperature, over five heating
cycles.
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measured, then the sample was subjected to several cycles in which it was pulverized into
small pieces, reheated at 180 °C in the mold, and then allowed to cure at room temperature.
After each cycle, the storage modulus was remeasured. The storage modulus was
maintained within experimental error over at least five cycles (Figure 2.6)

Conclusions
Softwood lignin biopolymer can be readily modified with allyl groups to allow its reaction
with sulfur diradicals. The resultant materials are primarily polysulfide chains that
crosslink lignin to form a network. Some free orthorhombic sulfur is still present in these
materials that is not covalently attached to the network. The composites, though comprised
of ≥95% sulfur by mass, are remarkably stronger than sulfur alone. The composites are
also thermally healable, and so can be recast over several cycles without loss of strength.
Efforts to improve on the mechanical strength of such biopolymer/sulfur composites is
underway.
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Supporting Information

Figure S2.1. 1H NMR Spectrum of allyl lignin.
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Figure S2.2. FTIR spectra of unmodified (blue color) and allyl lignin (red color)
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Figure S2.3. IR Spectra of composites materials LS80 (blue solid line), LS85 (purple
dashed line), LS90 (orange dashed line), LS95 (black solid line), LS99 (red dashed line),
sulfur (green solid line)
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Figure S2.4 TGA curves of prepared composite materials. Allyl lignin (yellow dashed
line, LS80 (blue solid line), sulfur (green solid line)
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Figure S2.5. The graph of showing residue percentages against the lignin percentages
of each composite materials

62

a)

b)

Figure S2.6. a) DSC curves of LS80 (blue solid line), LS85 (purple dashed line), LS90
(orange dashed line), LS95 (black solid line), LS99 (red dashed line), sulfur (green solid
line) b) enlarged view of DSC curves of LS80 (blue solid line) and LS85 (purple dashed
line) showing Tg and cold crystallization peaks.
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Figure S2.7. DSC Spectra of allyl lignin (blue color solid line) and reference lignin
(orange color solid line)
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Figure S2.8. DGA curves for data presented in Figure 2.3 of the manuscript
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CHAPTER THREE
FACILE NEW APPROACH TO HIGH SULFUR-CONTENT MATERIALS AND
PREPARATION OF SULFUR-LIGNIN COPOLYMERS1
Abstract
The traditional method to access high sulfur materials is long known as the inverse
vulcanization. However, the broad utilization of this method is limited as the substrates
need to have olefinic groups to build a stabilized network with sulfur. This chapter
introduces a new approach to high sulfur-content materials -Radical-Induced Aryl Halide
/ Sulfur Polymerization (RASP). RASP expands the substrate scope beyond olefins
required for the traditional inverse vulcanization route to such materials. As the most
impactful comonomer, we used chlorolignin– a waste identified as a priority pollutant in
wastewater. Chlorolignin is one of the toxic chlorinated organics in the environment yet,
remains one of the most underutilized waste products of the paper and pulp industries.
Chlorolignin is produced at about 60 Mt per year so it could be a valuable resource for
valorization.

RASP

utilizes

an

aryl

halide

comonomer

to

build

oligo

or

poly(phenylenesulfides) units. Hence, RASP allows direct reaction of two unmodified
industrial waste products to give lignin-sulfur composites. Thermal and mechanical
properties of the chlorolignin-sulfur copolymer were analyzed through dynamic
mechanical analysis, thermogravimetric analysis, and differential scanning calorimetry.
1

This text is reproduced with permission in larger part from: Karunarathna, M. S.;
Tennyson, A. G.; Smith, R. C. Facile new approach to high sulfur-content materials and
preparation of sulfur–lignin copolymers. Journal of Materials Chemistry A 2020, 8 (2),
548-553, 10.1039/C9TA10742H. DOI: 10.1039/C9TA10742H.
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The mechanical properties of these materials are on par with that of Portland cement. The
likelihood of these recyclable, chemically resistant, durable materials to use in sustainable
composites is discussed in this chapter.

Introduction
High sulfur-content materials are at the forefront of sustainable material science because
they can be thermally healable1-7 and are sometimes so environmentally compatible that
they can even be used as fertilizers.8, 9 Elemental sulfur, itself an industrial waste product,
comprises the primary component of such materials,6, 10 many of which can be made by
direct reaction of sustainably-sourced olefin comonomers with sulfur.11-13
Inverse vulcanization, whereby olefins react with thermally-generated polymeric sulfur
radicals (Scheme 3.1A), is the preeminent route to high sulfur-content materials.12, 14-16
Whereas inverse vulcanization is an exceptional route for copolymerization of sulfur with
sustainably-sourced olefins, the most abundant biomass feedstocks such as lignin and
cellulose lack olefin moieties and must be derivatized to react via inverse vulcanization.17,
18

Unfortunately, olefination / purification / separation detracts significantly from the

greenness, atom economy and affordability of such processes. A more sustainable and atom
economical process to valorise lignocellulosic waste for high sulfur-content materials
could be a meaningful advance towards a biorefinery-driven green economy.
Herein we introduce a new route to high sulfur-content materials: radical-induced aryl
halide / sulfur polymerization (RASP, Scheme 3.1B). RASP utilizes an aryl halide
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A). Inverse Vulcanization (Pyun, 2013): Employs an Olefin with Majority Sulfur

B). RASP (This Work): Employs an Aryl Halide with Majority Sulfur
X
Polyhaloaromatic
(X = Cl, Br or I)
∆

S8

X

X

•S–S –S•
n

Sw
Sv

Su

Sy

S
Sq

Sx

Sz

S
S

St

S

Scheme 3.1. Established (A) and new (B) routes to high sulfur-content materials
comonomer and thus expands the scope of viable monomers beyond olefins that can be
polymerized by inverse vulcanization.

Mechanistically, inverse vulcanization is a modification of Goodyear’s vulcanization in
which sulfur serves is the majority component (Scheme 1A). The RASP approach (Scheme
1B) likewise mirrors an established industrial process, carbonate-free Macallum
polymerization, but using majority component sulfur. Macallum polymerization is the
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S Sn S + Ar Cl

Ar

S Ar + S8

Ar Sx + Cl Sy
no supporting network

Ar Sz Ar + S2Cl2

Scheme 3.2. The reaction of aryl chlorides with elemental sulfur initially generates
polysulfur-bridged aryls that, in the absence of a supporting network, subsequently
degrade to diarylsulfide
established industrial route to polysulfides (in which only a single sulfur atom lies between
aryl groups in the backbone) and so, like vulcanization, has demonstrated commercial
scalability.19 The established mechanism by which elemental sulfur reacts with aryl
chlorides at ≥180 °C (Scheme 2) involves halide atom abstraction followed by formation
of oligo or polysulfide-bridged aryl rings.20 Such polysulfide catenates relax to
monosulfide bridges with extrusion of sulfur as the orthorhombic (S8 rings) allotrope
during or shortly following reaction. Polymeric sulfur can, however, be stabilized by a
supporting crosslinked network. The lignin/sulfur network formed by inverse vulcanization
in SAL95 (Scheme 3A), for example, stabilizes polymeric sulfur chains averaging 48 sulfur
atoms in length.17 It was thus hypothesized that chlorolignin/sulfur networks prepared by
RASP could likewise support network-stabilized polymeric sulfur domains.
Valorization of lignin remains a significant challenge in sustainability science,
especially given that lignin product value is often a limiting economic factor in biorefinery
processes. Pulp bleaching produces chlorolignin at a rate of about 60 Mt/y, a major source
of toxic anthropogenic chlorinated organics in the environment.21 Recovering and
developing useful purposes for industrial waste lignin/chlorolignin are thus imperative
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goals for a sustainable green economy. Chlorolignin was thus selected as the most
impactful substrate for testing RASP.
A)
lignin
allyl lignin O

∆

S8

S Sn S

lignin

Sz

O
O

Sy

Sx

SAL95

lignin

95 wt% S, 5 wt% allyllignin

B)
S8

lignin

∆
lignin

OH

S Sn S

O

∆

O

S
OH

Cl
OH

Sx

CLSx

Representative phenolic
group of chlorolignin

S

O

lignin

Scheme 3.3. A) Inverse vulcanization of allyl lignin produces crosslinked networks
comprising stabilized polymeric sulfur domains. In SAL95, the average polysulfide
crosslink is 48 sulfur atoms long. B) RASP of chlorolignin to form CLSx. In CLSx, the
average polysulfide crosslinks are 12-31 S atoms in length.
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Experimental Section
Chemicals and Materials
Alkali lignin was purchased from Sigma-Aldrich. Sulfur powder (99.5%) was
purchased from Alfa Aesar. Carbon disulfide, sodium chlorate and hydrochloric acid,
sodium hydroxide (99.5%), were purchased from Bean Town Chemical, VWR Analytical,
respectively. Tris(hydroxymethyl)aminomethane hydrochloride and 5, 5’-Dithio-bis-(2nitrobenzoic acid were purchased from VWR Analytical. These chemicals were used
without further purification unless otherwise noted.

General Considerations
Phosphorus-31 NMR spectra were recorded on a Bruker Avance spectrometer
operating at 300 MHz in a 10 s pulse delay and 90° pulse angle. Chromium (III)
acetylacetonate was added as a spin relaxation agent following the established procedure.22
Thermogravimetric analysis (TGA) data were recorded on a Mettler Toledo 2STARe
instrument over the range 20 to 800 °C, with a heating rate of 5 °C min–1 under a flow of
N2 (100 mL min–1). Mettler Toledo DSC 3 STARe System was used to collect the
Differential scanning calorimetry (DSC) data over the range of –60 to 140 °C, with a
heating rate of 10 °C min–1 under a flow of N2 (200 mL min–1). All the reported data were
taken from the third heat/cool cycles. Melting enthalpies and the cold crystallization
enthalpies were calculated using DSC data and the following equation17, 23 was used to
calculate the reduction of percent crystallinity of each material with respect to sulfur.
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∆𝜒𝜒𝑐𝑐

∆𝜒𝜒𝑐𝑐 = 1 − �

∆𝐻𝐻𝑚𝑚(𝐿𝐿𝐿𝐿𝑥𝑥 ) − ∆𝐻𝐻𝑐𝑐𝑐𝑐(𝐿𝐿𝐿𝐿𝑥𝑥 )
� ∗ 100%
∆𝐻𝐻𝑚𝑚(𝑆𝑆) − ∆𝐻𝐻𝑐𝑐𝑐𝑐(𝑆𝑆)

- Change of percentage crystallinity with respect to sulfur

∆𝐻𝐻𝑚𝑚(𝐿𝐿𝐿𝐿𝑥𝑥 ) - Melting enthalpy of composite materials (LSX)

∆𝐻𝐻𝑐𝑐𝑐𝑐(𝐿𝐿𝐿𝐿𝑥𝑥 ) - Cold crystallization enthalpy of composite materials (LSX)
∆𝐻𝐻𝑚𝑚(𝑆𝑆)

∆𝐻𝐻𝑐𝑐𝑐𝑐(𝑆𝑆)

- Melting enthalpy of sulfur

- Cold crystallization enthalpy of sulfur
Dynamic Mechanical Analysis (DMA) was performed using a Mettler Toledo

DMA 1 STARe System in single cantilever mode. DMA samples cured for 120 h were cast
from silicone resin molds (Smooth-On Oomoo® 30 tin-cure). The sample dimensions were
approximately 19×9×2 mm. The clamping force was 1 cN·m and the temperature range
was –60 to 80 °C with a heating rate of 5 °C min–1. The results were collected with the
measurement mode of displacement control with a displacement amplitude of 5 μm and a
frequency of 1 Hz. Each Sample was cured for 120 h prior to stress-strain analysis at room
temperature with the DMA instrument operating in single cantilever mode. The force was
varied from 0 to 10 N with a ramp rate of 0.1 N·min–1. Fourier transform infrared spectra
were obtained using a Shimadzu IR Affinity-1S instrument with ATR attachment,
operating over the range of 400-4000 cm–1 at ambient temperature. Cary 50-Bio UV-Vis
Spectrophotometer was used to obtain the UV-Visible spectra, scanning from 800-200 nm.
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Chlorination of Lignin24
Excess of 8.5 g of NaClO3 (1.5 equivalent to total phenolic groups in lignin) in
water (158 mL) was added to a fine powder of alkali lignin, (15 g) taken in a 500 ml roundbottom flask equipped with a magnetic stirring bar at room temperature followed by adding
HCl (31.6 mL) dropwise for 15 minutes. The precipitate was collected by vacuum filtration
followed by four consecutive washes with distilled water. The final product was vacuum
dried for 24 hours at 40° C.

General synthesis of CLSx (x = wt.% sulfur in monomer feed)
Elemental sulfur was weighed directly into a pressure tube under inert environment.
The tube was heated to 180 °C in an oil bath over which time the sulfur melted. Once the
sulfur turned a viscous dark red-orange color (indicative of thermal ring-opening), the
appropriate amount of chlorolignin was slowly added to the molten sulfur. Following
addition, the temperature was increased to 230°C and heating was continued for 24 h with
continuous stirring with a magnetic stir bar. The whole procedure was done under N2 gas.
This general synthesis was used to synthesize ClLS99, ClLS95, ClLS90, ClLS85 and ClLS80
Each of the lignin- sulfur combination was subjected to elemental combustion
microanalysis.

CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas.
H2S is toxic, foul-smelling, and corrosive
Depolymerization with AlBr3
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The highest lignin incorporated sample was selected for the below procedure. 30
mg of powdered CLS80 sample and 60 mg of AlBr3 were added to a 20 mL scintillation
vial. The mixture of solid was dissolved in 6 mL of anhydrous toluene in N2 environment
for 72 h. At the end of the reaction time, the solvent was filtered and 5% (v/v) HCl : ethanol
5 mL was added. The solution was subjected into three consecutive washing and the
organic layer was separated out.

The Procedure for the reaction of aryl thiols with Ellman’s reagent
The procedure was carried out according to a known method25. The stock solution
of DTNB (5, 5’-Dithio-bis-(2-nitrobenzoic acid) was prepared by dissolving 40 mg of
DTNB in 10 mL of DMSO. The solution was100-fold diluted into 0.1 mM DTNB solution
using 0.1 M Tris HCl (Tris(hydroxymethyl)aminomethane hydrochloride) buffer solution
at pH 7.4. 1 mL of the solution containing depolymerized products and 19 mL of 0.1 mM
DTNB were mixed and let it to sit for 2 minutes at room temperature. The samples were
then analyzed through UV-vis spectrophotometer by using 10% (v/v) Tris HCl: DTNB
solution as the blank. In order to confirm that the initial CLS80 sample does not carry the
thiol groups, the same procedure was carried out without adding AlBr3 and obtained the
spectroscopy.
NOTE: DTNB solution was freshly prepared for the experiment and wrapped with
aluminum foils throughout the experiment in order to minimize the formation of yellow
degradation products.
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Results and Discussion
The chlorolignin subjected to RASP in this study was derived from a softwood alkali
lignin typical of that present in pulp waste. Lignin is a complex biopolymer made up of a
variety of potential structural units26 (Table S3.1 & Figure S3.1 in the ESI for quantification
of composition of lignin used herein).22, 27, 28 Chlorolignin (8.75 wt.% Cl from elemental
analysis) was prepared by reaction of lignin with NaClO3(aq) at room temperature. The
only stoichiometric side products of this reaction are NaCl and H2O, making this an
attractive approach to produce chlorolignin from agricultural waste streams or biorefinery
lignin as well. Chlorination was evident from elemental analysis and strong IR peaks of
C−Cl deformation29 observed at 493 and 577 cm-1 and concomitant decrease in intensity
and shifting of the aromatic mode from 1512 cm-1 to 1496 cm-1 (Figure S3.2, ESI).30
A polymerization temperature of 230 °C was selected based on temperature-dependence
studies on polysulfide formation from aryl halides.31 Lignin does not exhibit appreciable
reaction with sulfur at this temperature: chlorination is necessary for RASP. Several
copolymers of chlorolignin and sulfur (CLSx, x = wt.% sulfur, varied from 80-99),
however, were readily prepared by simply heating the two comonomers together under
nitrogen. CLSx copolymers are dark solids that are readily remeltable simply by heating
above 140 °C and the molten samples can be poured into moulds to create various shapes
(Figure 3.1).

80

Whereas preparation of SAL95 by inverse vulcanization (Scheme 1) suffered from
significant immiscibility of lignin and sulfur such that a maximum of 5 wt.% lignin could
be incorporated,17 sulfur and chlorolignin were fully miscible at 230 °C, so nearly all of
break

2.5 kg

1. melt
2. recast
5 mm

25 mm

Figure 3.1. Photos of CLSx materials illustrating their appearance, remeltability and
qualitative strength of small cast items.
the chlorolignin in the monomer feed (up to 19 wt.%) was incorporated into CLSx. This
was confirmed by elemental analysis (Table S3.1 in the supporting information). In the
RASP mechanism (Scheme 3.2), chlorine is removed as S2Cl2. The S2Cl2 is quite reactive,
however, and is expected to react with the abundant alcohol functionalities in the
lignin backbone (a reaction that takes place readily even at –95 °C) to form HCl and
mixtures of ROSSOR, RO(SO)OR, and ROSSOR, which may themselves degrade to other
species at the elevated reaction temperature.32
Formation of C–S bonds in CLSx was confirmed by the emergence of a peak at 605−619
cm-1 (C–S stretch)17, 33 in the infrared spectra (Figure S3.3, ESI). The proposed aryl-sulfur
bond formation was unequivocally confirmed by analysis of depolymerization products as
follows. CLSx samples were first depolymerized by reaction with AlBr3. Aluminium
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tribromide reacts with S–Calkyl bonds to produce Br–Calkyl bonds, but the S–Caryl bonds
remain intact, producing aryl thiols after aqueous workup (Figure 3.2A).34, 35 In this way,
the only thiols in the depolymerization mixture result from S–Caryl bonds in the polymer.
Analysis of thiols by Ellman’s reagent leads to a species absorbing at ~412 nm, so that
thiol content can be assessed by UV/vis spectroscopy (Figure 3.2B).25,

36

Prior to

depolymerization, CLSx tests negative for thiols, suggesting few if any surface –SH
moieties are present. After depolymerization, however, the depolymerization products
tested positive for thiols, as manifested by the emergence of a strong peak with λmax = 409
nm in the UV/vis spectrum (Figure 3.2C), thus confirming S−Caryl bond formation as
proposed. Although most of the organic fragments from depolymerization are expectedly
too heavy to detect in GC-MS analysis, we were able to identify tolyl thiol and
ditolylsulfide by this analysis, further confirming S–Caryl bond formation and crosslinking
of aryl rings in the product (Figure S3.12, ESI).
Previous high sulfur-content materials of sulfur with cellulose/lignin produced by
inverse vulcanization are composites comprised of sulfur-crosslinked networks wherein
some of the voids contain CS2-extractable free sulfur. CS2-fractionation of CLSx likewise
allowed quantification of covalently bound versus free sulfur and thus calculation of the
average length of oligosulfur crosslinks in CLSx. This analysis revealed that the average
crosslink consists of 12-31 sulfur atoms, somewhat shorter than the average crosslink
length of 48 sulfur atoms in SAL95. This is expected because higher lignin percentages
expectedly correlate with higher crosslink density and thus shorter average crosslink
lengths.
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Figure 3.2. A) Reaction of AlBr3 with sulfur-crosslinked organics leads to cleavage of
S–Calkyl bonds but not of S–Caryl bonds, giving alkyl bromides and aryl thiols. B) The
reaction of thiols with Ellman’s reagent produces a selective colorimetric response,
producing a compound having an absorption maximum of 412 nm. C) The UV-vis
spectrum of CLS80 depolymerization products showing a positive result for aryl thiols
after exposure to Ellman’s reagent.
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Thermogravimetric analysis (TGA) was employed to assess the thermal stability of
CLSx compared to orthorhombic sulfur and lignin. Whereas orthorhombic sulfur exhibits
a single decomposition process with a decomposition temperature (Td ) at 228° C, lignin
decomposes over a broad temperature range37 characterized by two primary decomposition
events at 201 °C (degradation of propanoid side chains) and at 360−370 °C (cleavage of ββ and C−C linkages). Chlorolignin shares many of the same thermal decomposition
features of lignin. Following some water removal from 90-100 °C, a broad degradation
was observed starting at 201 °C and continuing gradually up to 450 °C. Eventually,
chlorolignin lost 47 wt.% of its initial mass, leaving a 53% char yield at 800 °C under N2.
Given that CLSx materials are 80-99 wt.% sulfur, it is unsurprising that their initial thermal
decomposition resembles that of sulfur (Figure S3.5, ESI).1,

38 17, 39

The char yield

(remaining mass after heating to 800 °C) of highly aromatic polymers like lignin is
generally quite high. The char yield of CLSx thus increases linearly with the wt. % of lignin
incorporated (Figure S3.6 in the supporting information).
Differential scanning calorimetry (DSC) revealed that only higher chlorolignin content
materials (CLS80, CLS90,

and CLS95) show endothermic peaks at −35 to −41 °C,

corresponding to the characteristic glass transition for polymeric sulfur.40, 41 CLSx samples
also showed cold crystallization exotherms ranging from 21 to 23 °C and 43 to 46 °C
attributable to partial organization of polymeric sulfur domains within the composite
(Figure S3.7 in the supporting information).42 These peaks confirm that the polymer
networks prepared by RASP stabilize polymeric sulfur domains in a manner similar to
networks prepared by inverse vulcanization, which exhibit similar features in DSC
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analysis.17 Each of the samples also exhibited a melting temperature (Tm) of 117−120 °C
attributable to the aforementioned CS2-extractable orthorhombic sulfur in the materials.
Importantly, none of the DSC data for CLSx samples showed features for lignin or
chlorolignin domains separate from the crosslinked network.
The percent crystallinity (Table 1) of CLSx relative to crystalline orthorhombic sulfur
was also readily calculable from DSC data using integrations of melting and cold
Table 3.1. Thermal analysis of CLSx materials
𝑇𝑇𝑚𝑚𝑏𝑏 /°C

∆Hm

∆Hcc

Percent

J/g

J/g

crystalli

-4, 39

117

30

12

36

237

-10, 35

117

31

6

48

CLS90

237

-11, 37

118

36

7.64

55

CLS95

237

NAd

117

32

0.3

61

CLS99

237

NAd

117

39

NAd

76

S8

228

NAd

120

51

NAd

100

Material

𝑇𝑇𝑑𝑑𝑎𝑎 /°C

Cold

CLS80

238

CLS85

s

a

crystallizatio
n peaks/ °C

nityc

The temperature at which the 5% mass loss was observed. b The temperature at the peak

maximum of the endothermic melting.

c

The reduction of percent crystallinity of each

sample was calculated with respect to sulfur (normalized to 100%).
transition in the range studied.
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d

No visible

crystallization enthalpies (Table 2). Incorporating more crosslinking chlorolignin
progressively lowers the crystallinity of the resultant material. The diminishing
crystallinity corresponds to concomitant increase in the flexibility of the materials as
measured by dynamic mechanical analysis (vide infra). The possibility of phase separation
Table 3.2. Flexural strengths for lignin-sulfur materials
Materials

Flexural
strength/Modulus
MPa

a

CLS80

> 3.6a/ 248

CLS85

> 2.4a/ 207

CLS90

2.5b/ 190

CLS95

2.1b/ 156

CLS99

1.8b/ 136

SAL95

2.1b/ 87

The sample does not break after reaching the maximum stress (10 N) applicable by

the DMA instrument, so this number represents a lower limit to the material’s strength.
b

The sample broke at its maximum flexural strength.
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or the presence of other domains besides sulfur and the crosslinked network material was
further ruled out by a combination of X-ray powder diffraction (ESI Figure S3.11) and
scanning electron microscopy with element mapping by energy-dispersive X-ray analysis
(SEM-EDS, ESI Figure S3.14) for all the materials.
The flexural strengths of CLSx composites determined from stress-strain analysis
(Figure S3.8, ESI) significantly exceed that achievable in SAL95 (Table 3.2). In fact, even
CLS99, containing only 1 wt.% chlorolignin crosslinker, has a flexural strength (1.8 MPa)
comparable to that of SAL95 (2.1 MPa). The flexural strength of CLS80 (>3.6 MPa) is
nearly identical to that of Portland cement (3.7 MPa) and to the strongest reported
cellulose/sulfur composites (up to 3.8 MPa).39
Water uptake can be detrimental to mechanical properties of polymers containing polar
functional groups like those found in lignin. A familiar example is the precipitous drop in
the Tg of nylon-6,6 from 100 °C (dry) to 43 °C upon uptake of 3.5 wt.% water, accompanied
by a drop in tensile strength at yield from 80 MPa to 43 MPa.43 Samples of CLSx
submerged in water for 24 h, however, absorbed ≤0.5% wt.% water without change in
dimensions or mechanical properties (Table S5, ESI). Given that high sulfur-content
materials have long served as preeminent acid-resistant cements,44, 45 a CLS85 sample was
also submerged in 0.5 M aqueous H2SO4 to assess its resistance to acid degradation.
Impressively, even after 24 h in the acid, CLS85 retained 100% of its flexural strength
(Figure S3.9 ESI). For comparison, a Portland cement sample of the same dimensions loses
all integrity after just 30 minutes in the acid solution. In addition to matching the flexural
strength of Portland cement while offering improved acid stability, CLSx materials retain
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full mechanical strength over many pulverization-remelt-recast cycles (Figure S3.10, ESI),
thus demonstrating recyclability unattainable with Portland cement systems.
Given that CLSx materials exhibit flexural strength on par with that of ordinary Portland
cement (OPC), one potential practical application of these materials could be as more
sustainable and recyclable building materials. In this regard, the low thermal conductivity
of sulfur (0.269 W m–1 K–1) could be an asset, as walls built of CLSx cements would be
expected to have higher insulation value than traditional cement walls. As a facile
demonstration, an architectural model made of 19 mm-thick extruded polystyrene
insulation boards was assembled with two ports cut in one of the walls (Figure 3.3). One
Extruded Polystyrene Insulation
board (19 mm)

A)

4.4 mm OPC

B)

26.2°C

3.1 mm CLSx

23.2 °C
20.4°C

Text = 19.9 °C, Tint = 34.2 °C

Figure 3.3. Two ports in the wall of an architectural model are filled with tiles of
ordinary Portland cement (OPC, left) or CLSx (right). The internal temperature raised
to 34.2 °C and the exterior was imaged by an optical camera (A) and a thermal imaging
camera (B) to demonstrate the better thermal insulative ability of CLSx.
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port was covered with a 4.4 mm-thick OPC tile, while the other was covered with a 3.1
mm-thick CLSx tile. The exterior temperature (Text) was 19.9 °C (67.8 °F), while the
internal temperature (Tint) was raised to 34.2 °C (93.6 °F) by action of a heated electric coil
positioned equidistant from the tiles. The temperature breakthrough was monitored using
a thermal imaging camera of the type used by building inspectors to test for building
insulation leaks. The CLSx tile allowed a 5 minute temperature breakthrough value
significantly better than that of the OPC tile, despite the CLSx tile being only 70% of the
thickness of the OPC tile, with the OPC tile’s external surface temperature reaching 6.3 °C
greater than ambient, whereas the CLSx tile’s surface temperature was only 4.3 °C greater
than ambient (Figure 3.3B). These data demonstrate that, not only is CLSx strong and
recyclable, but it also exhibits significantly improved thermal insulative ability in blockbuild construction over currently employed OPC installations.

Conclusions
In conclusion, RASP has been demonstrated as a viable route to high sulfur-content
materials wherein polymeric sulfur domains are stabilized by a supporting network of
sulfur-crosslinked lignin. The RASP methodology thus allows direct reaction of two
industrial waste products to prepare CLSx composites. CLSx composites exhibit flexural
strength on par with that of Portland cement, are recyclable over many cycles without loss
of mechanical properties by simply melting them down and pouring into molds to cast new
shapes. These lignin-sulfur composites also resist challenge by oxidizing acid. Such
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durable, recyclable, chemically resistant materials hold promise as elements for lignin
valorization and more sustainable building practices.
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Supporting Information
Elemental Analysis
Table S3.1. Elemental Analysis of CLSx Materials
Materials

C wt%

H wt%

S wt%

Cl wt%

CLS80

11.8

0.6

81.4

1.0

CLS85

8.6

1.1

88.4

0.6

CLS90

5.8

0.7

91.1

0.5

CLS95

3.3

0.3

95.4

0.6

CLS99

0.8

0.0

98.6

0.4
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Table S3.2. Elemental Analysis of CS2 insoluble Fraction
Materials

C wt%

H wt%

S wt%

Cl wt%

CLS80

44.9

2.5

33.4

2.4

CLS85

35.8

1.8

49.8

1.4

CLS90

25.7

1.3

63.3

1.3
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Table S3.3. Composition data
Materials

Chloro

Chloro

CS2

Removal of

Average

Lignin in

Lignin

Insoluble

Cl

Sulfur

monomer

incorporated

wt.%

wt.%

crosslink

feed

wt.%

chain length

wt.%

SAL80

20

5

92

NA

48

CLS80

20

19

31

58

12

CLS85

15

13

24

66

19

CLS90

10

9

22

64

31

CLS95

5

5

21

NA

NA

CLS99

1

1.0

19

NA

NA
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Composition Analysis of Lignin
Table S3.4. Phosphorus-31 NMR quantification of subunit composition of lignin used in
this work.
Functionality

Chemical shift (ppm)

Carboxylate

134-135.5

0.36

p-HOPh

137-138.5

0.25

Guaicyl

138.5-140

1.69

5-Sub−OH

140.2-145

1.61

145-150

2.05

Aliphatic

Carboxylate

p-HOPh

Guaicyl

Scheme S3.1. Phosphitylated subunits of lignin17
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Lignin (mmol/g)

5-Sub−OH

Aliphatic

ppm
Figure S3.1. 31P NMR of the phosphitylated lignin.
2-chloro-4,4,5,5,-tetramethyl-1,3,2-dioxaphospholane was used as the phosphitylation
agent

and

for

the

accurate

quantification

dicarboximide was used as the internal standard.26
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endo-N-hydroxy-5-norbornene-2,3-

IR Spectroscopy analysis

Figure S3.2. Inset of the IR spectra for lignin (brown solid line) and chloro lignin (green
solid line). The highlighted peaks at the chloro lignin IR spectra are the distinguished
peaks to differentiate chlorinated lignin over the initial, unchlorinated lignin sample.
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Figure S3.3. C−S stretching IR absorbance peak of composite materials CLS80 (blue
solid line), CLS85 (purple dashed line), CLS90 (orange dotted line), CLS95 (black solid
line), CLS99 (red dashed line) and the absence of the peak in Chloro lignin (green solid
line) spectrum. The box highlights the emergence of the C–S stretching band.33

96

Physical Properties analysis
Table S3.5. Water uptake test results and the densities of CLSx materials.
Materials

a

Change in the wt.% upon

Density

water uptakinga

g/cm3

CLS80

0.49

1.54

CLS85

0.46

1.61

CLS90

0

1.77

CLS95

0

1.73

CLS99

0

1.77

Samples were soaked in water for 24 h and calculated the change in the weight

percentage
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Figure S3.4. Photos of CLSx materials and sulfur.
The CLSx materials are brown to black solids and took on a progressively glassier
appearance as the percentage of chlorolignin in the monomer feed increased. The black
color of the CLSx materials retained with the aging while the pure sulfur sample heated at
the same temperature and time period, turned into yellow color from the initial black
brown color.
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Thermal analysis of CLSx materials

Figure S3.5. TGA curves of CLSx materials. CLS80 (blue solid line), CLS85
(purple dashed line), CLS90 (orange dotted line), CLS95 (black solid line), CLS99
(red dashed line), sulfur (brown solid line), and the Chlorinated lignin (green solid
line)
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Figure S3.6. The graph of char yield percentage vs the lignin wt%in monomer feed.
The char yield percentage of each composite material was progressively increased in a linear
trend with the increase in the aromatic organic wt%.
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a)

b)

Figure S3.7. a) DSC curves of CLS80 (blue solid line), CLS85 (purple dashed line),
CLS90 (orange dotted line), CLS95 (black solid line), CLS99 (red dashed line), sulfur
(brown solid line. b) Enlarged view of DSC curves, showing Tg (highlighted area) and
cold crystallization peaks of CLS80, CLS85, and CLS90.

101

b)

Figure S3.8. a) Stress strain curves of CLSx materials of CLS80 (blue dashed line),
CLS85 (purple dashed line), CLS90 (orange dashed line), CLS95 (black dashed line),
CLS99 (red dashed line). All the trend lines are depicted in solid lines. b) Enlarged
view of the linear region of stress strain curves with the trend lines.
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Figure S3.9. Stress strain curves comparison upon 24 h, 0.5 M H2SO4 soaking. Blue
line indicates before soaking and the orange line after soaking.
Stress strain data of CLS85 sample was taken prior to soak in 0.5 M H2SO4. The
sample was taken out after 24 h and air dried. The same sample was again subjected
into stress strain analysis.
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Remeltability of CLSx Materials

Figure S3.10. Storage moduli of CLS85 as the percentage of initial over five
pulverizing-melt-recast cycles.
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XRD data

Figure S3.11. XRD Data of CLS80 (blue solid line) and pure sulfur sample (orange
solid line)
All the peaks present in the CLS80 sample are broader and less intense compared to
pure sulfur sample, exhibiting the less crystallinity of CLSx samples
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GPC data
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Figure S3.12. The GC-MS analysis of depolymerization products from CLS80 sample
revealed aryl thiols such as those whose structures and mass spectra are shown above.
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Figure S3.13. Surface analysis of CLSx materials by scanning electron microscopy
revealed sample-dependent sulfur crystal morphology consistent with the high
orthorhombic sulfur content in the composites.
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CLS80

CLS85

CLS90

CLS95

Figure S3.14. Surface analysis of CLSx materials by EDS revealed distribution of carbon
and sulfur content on the polymer surface, consistent with the varying amount of
chlorolignin in the monomer feed.
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CHAPTER FOUR
COPOLYMERIZATION OF AN ARYL HALIDE AND ELEMENTAL SULFUR AS A
ROUTE TO HIGH SULFUR CONTENT MATERIALS1
Abstract
High sulfur-content materials (HSMs) have been investigated for a plethora of
applications owing to a combination of desirable properties and the low cost of waste sulfur
as a starting monomer. Whereas extended sulfur catenates are unstable with respect to
orthorhombic sulfur (S8 rings) at STP, oligomeric / polymeric sulfur chains can be
stabilized when they are confined in a supporting matrix. The vast majority of reported
HSMs have been made by inverse vulcanization of sulfur and olefins. In the current case,
a radical aryl halide-sulfur polymerization (RASP) route was employed to form an HSM
(XS81) by copolymerizing elemental sulfur with the xylenol derivative 2,4-dichloro -3,5dimethyl phenol (DDP). XS81 is a composite of which 81 wt.% is sulfur, wherein the sulfur
is distributed between cross-linking chains averaging four sulfur atoms in length and
trapped sulfur that is not covalently attached to the network. XS81 (flexural strength = 2.0
MPa) exhibits mechanical properties on par with other HSMs prepared by inverse
vulcanization. Notably, XS81 retains mechanical integrity over many heat-recast cycles,
making it a candidate for facile recyclability. This is the first report of a HSM comprising
stabilized polymeric sulfur that has been successfully prepared from a small molecular
1

This text is reproduced with permission in larger part from: Karunarathna, M. S.; Lauer,
M. K.; Tennyson, A. G.; Smith, R. C. Copolymerization of an aryl halide and elemental
sulfur as a route to high sulfur content materials. Polymer Chemistry 2020, 11 (9), 16211628, 10.1039/C9PY01706B. DOI: 10.1039/C9PY01706B.
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comonomer by RASP. Preparation of XS81 thus demonstrates a new route to access HSMs
using small molecular aryl halides, a notable expansion beyond the olefins required for the
well-studied inverse vulcanization route to HSMs from small molecular comonomers.
Introduction
Pyun’s landmark discovery that high sulfur-content materials (HSMs) can be
readily-prepared from olefins by their inverse vulcanization with majority component
elemental sulfur (Scheme 4.1A)1 has inspired a flurry of research.2-4 Inverse vulcanization
opens new vistas for valorising the >7 million tons of elemental sulfur waste generated
annually by the petroleum refining industry. Researchers have leveraged the elegance of
the inverse vulcanization procedure to prepare HSMs from a plethora of olefin-bearing
comonomers including cyclopentadiene,5, 6 styrene derivatives,1, 7-13 vinyl ethers,14 amino
acid derivatives,15 vegetable oils,16-20
such as terpenoids,6,

14, 17, 24-26

21, 22

free fatty acids,23 other plant-derived olefins

lignin,27 and cellulose.28 HSMs have demonstrated

remarkable application diversity to include infrared imaging camera lenses,29, 30 lithiumsulfur battery components,31, 32 absorbents for water purification / oil spill clean-up, 6, 8, 3335 21

slow-release fertilizers16, 20 and as cement protectant / replacement materials.28, 36-41

The thermal reversibility of S–S bonds further endow HSMs with potential for thermal
healing and recyclability by simple melt processing. 13, 23, 42-46
At STP the eight-membered S8 ring, in the orthorhombic crystal morphology, is the
most stable allotrope of elemental sulfur. Above 159 °C, thermally-induced homolytic
ring-opening and concomitant homologation occurs to form polymeric sulfur radicals
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(Scheme 4.1A). Upon cooling to room temperature, polymeric sulfur catenates are unstable
and revert back to orthorhombic sulfur with loss of mechanical integrity. In HSMs
produced via inverse vulcanization, however, the polymeric sulfur domains, often
characterized by an orange-brown colour (Figure 4.1A) are confined in a polymeric
organosulfur matrix and often do not readily revert back to the orthorhombic state. Because
the polymeric sulfur is retained in these HSMs, the mechanical durability characteristic of
a polymeric material is retained.
The burgeoning success of HSMs has inspired efforts to develop protocols that
would expand the monomer scope beyond the olefins required for inverse vulcanization.
The Smith group recently reported radical-induced aryl halide-sulfur polymerization
(RASP, Scheme 4.1B),47 wherein elemental sulfur reacts with chlorolignin to produce
HSMs having polysulfide-bridged aryl rings. In that report, the pre-existing polymer
network of lignin facilitates stabilization of polymeric sulfur domains.
We hypothesized that an appropriately-functionalized small molecular aryl halide
could undergo reaction with sulfur to produce a covalently-crosslinked network that could
likewise stabilize polymeric sulfur networks to produce HSMs similar to those made by
inverse vulcanization.48-50 Herein, the RASP of 2,4-dichloro-3,5-dimethylphenol (DDP)
with elemental sulfur is reported. Durable materials comprising polymeric sulfur trapped
within a crosslinked network (XS81) were achieved. The composition and thermal /
mechanical properties of XS81 were studied by a combination of elemental analysis, DSC,
TGA, and DMA techniques. The formation of direct S–Caryl bonds was confirmed by
depolymerizing XS81 and analysing the depolymerization products using Ellman’s

116

A) Inverse Vulcanization (Pyun, 2013): Requires an Olefin

B) RASP (This Work): Uses an Aryl Halide

Scheme 4.1. Established inverse vulcanization (A) and new radical-induced aryl halidesulfur polymerization (RASP) route (B) to (HSMs). Benzylic sites can be crosslinked in
either reaction.
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reagent. Recyclability of XS81 (Figure 4.1B) with complete retention of mechanical
strength was confirmed by recursive pulverize-melt-recast cycles followed by dynamic
mechanical analysis.

Experimental Section
Chemicals and Materials
2,4-dichloro-3,5-dimethylphenol and Carbon disulfide were purchased from Bean
Town Chemicals. Sulfur powder (99.5%) was purchased from Alfa Aesar.
Tris(hydroxymethyl)aminomethane hydrochloride and 5, 5’-Dithio-bis-(2-nitrobenzoic
acid were purchased from VWR Analytical. These chemicals were used without further
purification unless otherwise noted.

General Considerations
Thermogravimetric analysis (TGA) data were recorded on a Mettler Toledo
2STARe instrument over the range 20 to 800 °C, with a heating rate of 5 °C min–1 under a
flow of N2 (100 mL min–1). Differential scanning calorimetry (DSC) data was obtained
using Mettler Toledo DSC 3 STARe System, over the range of –60 to 140 °C, with a heating
rate of 10 °C min–1 under a flow of N2 (200 mL min–1). All the reported data were taken
from the third heat/cool cycles. Melting enthalpies and the cold crystallization enthalpies
were calculated using DSC data. The reduction of the percent crystallinity of XS81 with
respect to sulfur was calculated using the following equation.
∆𝜒𝜒𝑐𝑐 = 1 − �

∆𝐻𝐻𝑚𝑚(𝐿𝐿𝐿𝐿𝑥𝑥 ) − ∆𝐻𝐻𝑐𝑐𝑐𝑐(𝐿𝐿𝐿𝐿𝑥𝑥 )
� ∗ 100%
∆𝐻𝐻𝑚𝑚(𝑆𝑆) − ∆𝐻𝐻𝑐𝑐𝑐𝑐(𝑆𝑆)
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∆𝜒𝜒𝑐𝑐

- Change of percentage crystallinity with respect to sulfur

∆𝐻𝐻𝑚𝑚(𝐿𝐿𝐿𝐿𝑥𝑥 ) - Melting enthalpy of composite materials (LSX)

∆𝐻𝐻𝑐𝑐𝑐𝑐(𝐿𝐿𝐿𝐿𝑥𝑥 ) - Cold crystallization enthalpy of composite materials (LSX)
∆𝐻𝐻𝑚𝑚(𝑆𝑆)

∆𝐻𝐻𝑐𝑐𝑐𝑐(𝑆𝑆)

- Melting enthalpy of sulfur

- Cold crystallization enthalpy of sulfur

Dynamic Mechanical Analysis (DMA) data was acquired using Mettler Toledo
DMA 1 STARe System in single cantilever mode. DMA samples cured for 120 h were cast
from silicone resin moulds (Smooth-On Oomoo® 30 tin-cure). The sample dimensions
were approximately 19×9×2 mm. The temperature range of –60 to 80 °C was used to obtain
the temperature dependent data with a heating rate of 5 °C min–1. The samples were so
clamped with 1 cN·m force and the results were collected with the measurement mode of
displacement control with a displacement amplitude of 5 μm and a frequency of 1 Hz. The
samples cured for 120 h prior to stress-strain analysis at room temperature. The samples
were clamped under single cantilever mode. The force was varied from 0 to 10 N with a
ramp rate of 0.1 N·min–1. Fourier transform infrared spectra were obtained using a
Shimadzu IR Affinity-1S instrument with ATR attachment, operating over the range of
400-4000 cm–1 at ambient temperature. Cary 50-Bio UV-Vis Spectrophotometer was used
to obtain the UV-Visible spectra, scanning from 800-200 nm.
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Synthesis of XS81
Elemental sulfur (70 wt%) was weighed directly into a pressure tube under inert
environment. The tube was heated to 180 °C in an oil bath over which time the sulfur
melted. Once the sulfur turned a viscous dark red-orange color (indicative of thermal ringopening), 30 wt% of 2,4-dichloro-3,5-dimethylphenol was slowly added to the molten
sulfur. Then the temperature was gradually increased to 230 °C and heating was continued
for 24 h with continuous stirring with a magnetic stir bar. The whole procedure was done
under N2 gas. The prepared aryl halide-sulfur combination was subjected to elemental
combustion microanalysis.

CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas.
H2S is toxic, foul-smelling, and corrosive. This reaction may also produce S2Cl2, a toxic
and reactive material.

CAUTION: Heating material in a sealed tube can generate high pressures. Use caution
and consult the manufacturer of the pressure apparatus used for safety guidance

Depolymerization with AlBr3
The XS81 sample (30 mg) so powdered was mixed with 60 mg of AlBr3 in a
glovebox. The mixture of solid was dissolved in 6 mL of anhydrous toluene in N2
environment for 72 h. At the end of the reaction time, the solvent was filtered and 5% (v/v)
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HCl: ethanol 5 mL was added. Following three consecutive washes, the organic layer was
separated out.

The Procedure for the reaction of Aryl thiols with Ellman’s reagent
The procedure was carried out according to a known method with slight changes.
The stock solution of DTNB (5, 5’-Dithio-bis-(2-nitrobenzoic acid) was prepared by
dissolving 40 mg of DTNB in 10 mL of DMSO. The solution was 100-fold diluted into 0.1
mM DTNB solution using Tris HCl (Tris(hydroxymethyl)aminomethane hydrochloride)
buffer solution at pH 7.4. 1mL of the solution containing depolymerized products and 19
mL of 0.1 mM DTNB were mixed together and let it to sit for 2 minutes at room
temperature. The samples were then analysed through UV-vis spectrophotometer by using

X−Ar−X

Sx
HSM

S Sn S
∆
S8

Ar

n

+ S2X2

oligo-/ poly- sulfur chains:
trappable (?)

Ar

+ S8
n
Macallum Polymerization:
one S bridges aryl groups
S

Scheme 4.2. Formation of S–Caryl bonds by reaction of sulfur with an aryl halide in
Macallum Polymerization or RASP.
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10% (v/v) Tris HCl: DTNB solution as the blank. The same procedure was carried out
without adding AlBr3 to confirm the absence of thiol groups in the initial sample.

Results and Discussion
Synthesis and Structure.
The inverse vulcanization route to HSMs involves reaction of sulfur with olefins
by chemistry similar to Goodyear’s classic vulcanization,51 but in inverse vulcanization
sulfur is the majority component rather than the olefin. Likewise, the RASP mechanism
A)

B)

Figure 4.1. A backlit sample of XS81 illustrates the brown-orange colour characteristic
of polymeric sulfur (A). Facile recycling of XS81 is demonstrated by breaking a sample
followed by melt-processing from a silicone mould (B).

122

(Scheme 4.2) proceeds via chemistry similar to the classic Macallum route to poly (aryl
sulphide) derivatives, but RASP employs an excess of sulfur with respect to the aryl halide.
For the current study, 2,4-dichloro-3,5-dimethylphenol (DDP) was selected as the aryl
halide. DDP is attractive first because it is readily prepared from an abundant xylyl alcohol,
by green reaction with aqueous bleach solution, DDP is currently quite affordable at 1 USD
per kilogram (Alibaba pricelist as of this writing) and because each aryl ring has two
chlorides and two benzylic methyl groups that are cross-linkable to afford a network in
which polymeric sulfur chains could be stabilized. The presence of the electron-releasing
–OH moiety is also advantageous because electron-releasing substituents activate aryl
rings for the Macallum reaction.52
The highest flexural strength for the materials previously prepared by RASP was
accomplished in a material having 81 wt% S.47 For the current study, an initial monomer
feed was therefore selected such that the resulting material would likewise comprise 81
wt.% S. Following the established procedure for RASP,47 DDP and sulfur were thus heated
to 230 °C in a 30 : 70 mass ratio for 24 h (Scheme 4.3). This is a higher reaction temperature
than is used in inverse vulcanization because the aryl halide monomer in RASP is less
reactive than the olefins used in inverse vulcanization. As the components were heated, the
colour first changed from yellow (molten sulfur) to the brown-red colour characteristic of
polymeric sulfur radicals. Eventually, the colour changed to a dark, nearly black colour.
When the dark, viscous liquid was cooled to room temperature it became a glassy solid
(XS81) having the dark brown-orange colour characteristic of polymeric sulfur (Figure
4.1).
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Many HSMs are composites wherein sulfur – trapped in orthorhombic, oligomeric
or polymeric form – is comingled with the network of organic units that are crosslinked
with sulfur chains. The established way to quantify the amount of sulfur that is not
covalently incorporated into the cross-linked material is to fractionate the material using
carbon disulfide.13, 15, 27 Orthorhombic sulfur is readily soluble in CS2, whereas crosslinked organosulfur networks generally are not. XS81 was thus fractionated in CS2 to give
a soluble and insoluble fraction. The soluble fraction accounted for 57% of the total mass
of XS81, and was >99% sulfur, as confirmed by elemental analysis. From the
aforementioned analyses, the number of sulfur atoms in the crosslinked fraction, as well as
the number of crosslinked carbon atoms are both known. This information allowed
calculation of the average crosslinking chain in XS81 to be comprised by ≤ 4 sulfur atoms.
The sulfur crosslinks in XS81 are somewhat shorter than the average length of cross-links
in HSMs prepared by inverse vulcanization of cellulose (40 S atoms)28 or lignin (76 S
atoms),27 but comparable to those prepared from tyrosine (five S atoms)15 or polystyrene
derivatives (five S atoms).13 Some caution should be exercised in the direct comparison of
crosslinker length, however, because the number of available sites for crosslinking differ
from material to material. Despite the presence of free, extractable sulfur in XS81, no phase
separation was observed in the material. Scanning electron microscopy (SEM) imaging
with element mapping by energy dispersive X-ray analysis (EDX) confirmed the uniform
distribution of sulfur, carbon and oxygen in the materials (Figures S4.5-6 in the ESI) and
that the surface elemental analysis is consistent with the bulk composition from combustion
analysis (Figure S4.7 in the ESI).
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The integrity of the DDP-derived repeat unit in the composite was confirmed by
infrared (IR) spectroscopy (spectra are provided in the ESI). Characteristic peaks
attributable to DDP were retained in spectra of both the polymer and the CS2-insoluble
fraction, as manifested by peaks at 844 cm-1 (out of-plane aromatic C–H deformation),
1354 cm-1 (C−H stretching), 1165 (C−O stretching) and peaks near 1573 cm-1 (aromatic
C=C stretching). Peaks at 584 and 705 cm-1, attributable to C–Cl stretches, are diminished
in the spectrum for XS81 as compared to the spectrum for DDP, further confirming the
replacement of chloride substituents expected of the RASP mechanism (Figures S4.1–2 in
the ESI). The attenuation of C–Cl stretches is accompanied by the emergence of new bands
in the spectrum of XS81 at 605-620 cm-1, attributable to C−S stretches from the new bonds
formed during RASP.
As indicated in Scheme 4.2, the chlorine is initially removed as S2Cl2. Caution
should be exercised when performing the RASP reaction because S2Cl2 is highly toxic.
Some of the S2Cl2 is expected to react with the phenolic sites. In an effort to quantify the
generation of S2Cl2 released rather than reacting in situ, the reaction was performed in a
Schlenk flask vented to a water reservoir where outgassed S2Cl2 would be hydrolysed to
HCl. The pH of the water solution fell predictably, and a significant quantity of HCl was
collected by this method. However, tubing, grease and septa of the apparatus discoloured
as well, indicating reaction with S2Cl2. Stainless steel and fluoropolymer tubing were also
discoloured in subsequent trials, so the exact quantity of S2Cl2 generated could not be
accurately quantified. It would be expected that the reaction done in the sealed tube would
facilitate reaction of the S2Cl2 with the phenolic sites to a greater extent than when the
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reaction is carried out in an open or nitrogen-purged vessel, so the pressure tube reaction
appears to be the safest approach to avoid S2Cl2 release into the atmosphere. Although
OH

OH

Cl

Sx
S Sn S
Cl
DDP

S

∆
S8

OH

Sx

OH

S

S
Sx
S

S

XS81

Scheme 4.3. Preparation of XS81 by RASP. Only the covalently-incorporated sulfur is
shown in this structure.
results of the trapping experiment are consistent with the established mechanism,
contribution of other potential pathways (SNAr or EAS, for example) cannot be completely
ruled out.
Pyun has demonstrated the aforementioned benzylic crosslinking by polymeric
sulfur radicals previously.11 This crosslinking is initiated by H-atom abstraction from the
benzylic position by a sulfur radical. This ultimately leads to generation of H2S. In an effort
to quantify the upper limit on how many benzylic sites may be crosslinked in XS81, the
H2S generated was trapped by bubbling gas generated first through water (where the S2Cl2
is hydrolysed as noted above) and then through an AgNO3 solution, with which the H2S
reacts to produce Ag2S.13 The Ag2S was then collected, dried and weighed. From this
quantification, an upper limit for 17% of the benzylic sites to be crosslinked was
established, assuming that every H atom released in the H2S derived from benzylic sites.
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The depiction of XS81 in Scheme 4.3 suggests crosslinking by the established
benzyl site crosslinking mechanisms as well as by formation of direct S–Caryl bonds that
are not known to form during inverse vulcanization. The loss of chloro substituents from
aryl rings observed by IR spectroscopy and elemental analysis provide some indirect
Table 4.1. Thermal Properties Analysis
Sulfur

XS81

𝑇𝑇𝑑𝑑𝑎𝑎 /°C

228

245

DSC Tg/°C

NA

–34

DSC 𝑇𝑇𝑚𝑚𝑏𝑏 /°C

120

116

∆Hcc J/g

NA

9

∆Hm J/g

51

19

%xtl c

100

18

Material

a

The temperature at which the 5% mass loss was observed. b The temperature at the

peak maxima of the endothermic melting peak c The percent crystallinity of each
samples was calculated with respect to sulfur (normalized to 100%)

evidence for such bond formation. To more directly assess the extent to which S–Caryl
bonds were present in XS81, a sample was first depolymerized by reaction with AlBr3.
Aluminium tribromide reacts with S–Calkyl bonds to produce Br–Calkyl bonds, but the S–
Caryl bonds remain intact, producing aryl thiols after aqueous workup (Scheme 4.4A).53, 54
Following depolymerization, the thiol concentration can be quantified by the Ellman’s
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reagent method.55, 56 Ellman’s reagent is a colorimetric indicator that undergoes a specific
reaction with thiols to produce a species having an absorption maximum at 412 nm
A)
1. AlBr3, toluene, RT
Calkyl 2. HCl (aq)

Sx

R

SH

R

Br

+

Calkyl

(+ inorganics in the aqueous phase)

B)
O

NO2 O

O

S

O

O 2N

S
NO2

S
Ellman's Reagent

O

O

+

HS R
pH 7.5

S
R

S

O
O
λmax

NO2
= 412 nm

C)

Scheme 4.4. A) The reaction of AlBr3 with organosulfur compounds. B) The reaction of
Ellman’s reagent with aryl thiols to give a colorimetric response. C) UV spectrum from
Ellman’s analysis of products resulting from depolymerization of XS81 by reaction with
AlBr3.
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(Figure 4.4B). Reacting depolymerization products with Ellman’s reagent thus provides a
facile way to assess total thiol content in the polymer by UV/vis spectroscopy. The
absorbance of thiol species in the UV-vis spectrum resulting from Ellman’s analysis of
depolymerization products (Scheme 4.4C) is consistent with the aforementioned results of
sulfur / chlorine elemental analysis of soluble / insoluble fractions. The agreement of
elemental analysis and Ellman’s analysis thus provides further substantiation for the
hypothesis that each chlorine lost from the DDP monomer leads to the formation of exactly
one S–Caryl bond. Furthermore, prior to depolymerization, XS81 itself gives a negative
Ellman’s test for thiols, so the thiols detected cannot be attributable to surface or preexisting thiols from the initial RASP reaction.

Thermal and Morphological Properties
Having characterized structural aspects of the composite, the thermal,
morphological and mechanical properties of XS81 were evaluated. Thermogravimetric
analysis (TGA, Table 4.1 and Figure 4.2) revealed that XS81 had a higher char yield after
heating to 800 °C than either of the two monomers, a common feature of high aromaticcontent HSMs.5, 12, 13, 57 The decomposition temperatures of DDP and sulfur are 90 °C and
228 °C, respectively. In contrast, XS81 has two distinct decomposition temperatures
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Figure 4.2. TGA traces for sulfur, pure DDP monomer, XS81, and CS2-insoluble
fraction of XS81.

Figure 4.3. DSC data analysis of sulfur (lower dashed line), XS81 (solid line), and CS2insoluble fraction of XS81 (upper dashed line).
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events. The first decomposition event is attributable to decomposition of the entrapped
sulfur and accounts for 59% of the material’s mass, closely matching the amount of noncovalently incorporated sulfur quantified from CS2 extraction (57%). The second
decomposition event occurs at 470 °C (assigned from the local maximum of the
derivative curve) and corresponds to the expectedly high-temperature decomposition of the
aryl-sulfide part of the composite. More evidence for assignment of the decomposition
events was gained by subjecting the CS2-insoluble fraction to TGA. The CS2-insoluble
fraction of XS81 has had the unbound sulfur removed, so the decomposition attributable
to sulfur domains is much smaller in the TGA trace for this fraction, while the subsequent
degradation of organic materials is responsible for most of the mass loss.
Differential scanning calorimetry (DSC, Table 4.1 and Figure 4.3) analysis of XS81
revealed an endothermic melting at 116 °C attributable to orthorhombic sulfur. This peak
is notably diminished in the DSC analysis of the CS2-insoluble fraction of the material
from which the orthorhombic sulfur has been removed (Figure 4.3). The heating curve
exhibited a small glass transition at –35 °C attributed to the glass transition temperature of
oligomeric / polymeric sulfur catenates. Orthorhombic sulfur itself has no Tg. Cold
crystallization peaks at –3 and 92 °C are also observed for XS81 attributable to an
exothermic process resulting from partial organization of polymer chains and reflects the
amorphous nature of XS81. Given the relationship between crystallinity and mechanical
properties, the percent crystallinity was quantified by integrating cold crystallization
enthalpies and melting enthalpies in DSC traces for XS81. From this analysis, XS81 was
found to exhibit only 18% as much crystallinity as the sulfur sample (Table 4.1),
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demonstrating effective stabilization of the majority of trapped sulfur, with only about 18%
of the trapped sulfur in the orthorhombic form even after weeks of aging.

Mechanical Properties.
Dynamic mechanical analysis (DMA) was used to assess the viscoelastic properties
of XS81. DMA data (Table 4.2) were first collected over the temperature range of –60 to
+80 °C to assess the temperature-dependence of storage modulus (E’), loss modulus (E’’)
and damping factor (tan δ).
Table 4.2. Mechanical Properties of XS81
Sulfur

XS81

E’ at −60 °C (MPa)

373

633

tan δ Tg (°C)

NAa

7

E’’ Tg (°C)

NAa

–37, 4, 67

flexural strength/modulus (MPa)

NA

2.0/ 240

Material

a

No transitions were detected.
The peak maxima of the tan δ curve (Figure S4.3 in the ESI), at which the highest

energy dissipation occurs, is at 7 °C and corresponds to the mechanical Tg of the polymer.
Three peak maxima were observed in the loss modulus curve. The peak at the lowest
temperature can be attributed to β relaxations of the polymer as a result of intrinsic, non-
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constrained molecular motions in amorphous regions of the material.58 The major transition
given at 3 °C in the E’’ curve is attributed to the glass transition temperature of the polymer
as it resembles the major transition in tan δ curve and the steep drop in the E’ curve.
Transitions such as the one occurring at above 20 °C in both E’ and E’’ curves have been
attributed to freedom of relative movement of chains in less-ordered regions of a polymer
film.58
Stress-strain analysis of XS81 at room temperature provides a practical snapshot of
how the material might perform under typical operating conditions at close to standard
room temperature (25 °C). Stress-strain analysis revealed that XS81 has a flexural strength
of 2.0 MPa, similar to or exceeding the flexural strength of some previous HSMs.
The diisopropenyl benzene (DIB)-sulfur copolymers require 50 wt.% of organic
crosslinker to reach a similar flexural strength (≤ 2.0 MPa) that is accomplished with only
19 wt.% DDP crosslinker in XS81 prepared by RASP.5 However, depending on the nature
of the crosslinker, and the number of crosslinks, mechanical properties of the HSMs can
be varied. We recently reported a flexural strength of 3.6 MPa for a chlorolignin-sulfur
copolymer prepared by RASP and consisting of 19 wt % of organic crosslinker. A polymer
made from a 1:1 mass ratio of dicyclopentadiene and sulfur has a much higher flexural
strength of 6 MPa.5
One of the major issues of the current exterior building materials is that water
absorption followed by freeze-thaw cycles causes fractures, thus lowering operational
lifetime. Sulfur is quite hydrophobic, having a low critical surface energy of 27 mN/m.
When a block of commercial Portland cement is submerged in water for 24 h, for example,
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it absorbs 28% of its mass in water. In contrast, a block of XS81 takes up <0.5 wt.% of
water after being submerged for 24 h. Another especially attractive feature of HSMs for
potential commercial applications is the ease with which many of them can be processed
and recycled by simple melt casting. XS81 likewise can be subjected to many
heating/recasting cycles while retaining its mechanical strength over at least a dozen cycles
(Figure 4.4).

Figure 4.4. The mechanical strength of XS81 is retained over at least a dozen breakmelt-cast reprocessing cycles.
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Conclusions
The RASP route was employed to forms an HSM (XS81) by copolymerizing
elemental sulfur with a small molecular dichloroxylenol derivative. XS81 was
characterized as a composite wherein the sulfur in is distributed between cross-linking
chains and trapped polymeric sulfur that is not covalently attached to the network. The
formation of S–Caryl bonds was demonstrated by a combination of IR spectroscopy,
elemental analysis, depolymerization and Ellman’s analysis by UV-vis spectroscopy.
XS81 is readily melt-processable and retains its mechanical integrity over many heat-recast
cycles. This is the first report of a HSM comprising stabilized polymeric sulfur that has
been successfully prepared from a small molecular comonomer by RASP. This work thus
demonstrates a new route to access HSMs using small molecular aryl halides, a notable
expansion beyond the olefins required for the well-studied inverse vulcanization route to
HSMs from small molecular comonomers.
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Supporting Information

Table S4.1. Elemental Analysis of XS81, CS2 Insoluble Fraction of XS81 and DDP
monomer
C wt%

H wt%

S wt%

Cl wt%

XS81

16.3

0.4

80.7

0.7

CS2 insoluble fraction
of XS81

37.1

1.2

52.8

1.1

DDP

50.2

4.2

0.0

37.2

Materials
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Figure S4.1. IR spectra of pure DDP
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Figure S4.2. IR Spectra of XS81 (blue solid line) and CS2 insoluble fraction (orange solid
line) showing characteristic peaks originated from DDP monomer and the emergence of the
C−S stretching at 605-620 cm-1.
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Figure S4.3. DMA data of XS81

Figure S4.4. The average stress-strain curve of three XS81 samples.
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Figure S4.5. Surface analysis of XS81 by scanning electron microscopy (SEM)
revealed a smooth surface consistent with those observed in high sulfur-content
materials prepared by inverse vulcanization.
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A)

B)

C)

Figure S4.6. Surface analysis of XS81 by energy-dispersive X-ray (EDX) analysis revealed
even distribution of sulfur (A), carbon (B), and oxygen (C) content on the polymer surface.
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Figure S4.7. Elemental analysis XS81 from SEM-EDX surface analysis revealed that the
elemental composition of the surface is consistent with the bulk composition determined
from combustion analysis.
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CHAPTER FIVE

FACILE ROUTE TO AN ORGANOSULFUR COMPOSITE FROM BIOMASSDERIVED GUAIACOL AND WASTE SULFUR1

Abstract
A simple approach is introduced to a high sulfur-content material from biomassderived guaiacol and waste sulfur. Guaiacol is one of the major monolignol derivatives
sourced from abundant lignin biomass. The traditional inverse vulcanization and the
radical-induced aryl halide sulfur polymerization are the established methods to access
high sulfur materials (HSMs). Both methods involve polymerization upon thermally
generated radicals. Thus, contemplating the previous methods, we hypothesize that any
organic molecule generates radicals or radical reactive species upon heating enables
stabilized supporting matrix to confine sulfur chains. This direct reaction of elemental
sulfur with an anisole derivative lacking olefins or halogen leaving groups expands the
monomer scope beyond existing routes to high sulfur-content materials. The vast
abundance and the direct reaction of the two unmodified monomers would allow
1

This text is reproduced with permission in larger part from: Karunarathna, M. S.;
Lauer, M. K.; Smith, R. C. Facile route to an organosulfur composite from biomassderived guaiacol and waste sulfur. Journal of Materials Chemistry A 2020, 8 (39),
20318-20322, 10.1039/D0TA07465A. DOI: 10.1039/D0TA07465A.
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straightforward access to HSMs. The microstructure analysis for possible mechanistic
pathways and thermal/mechanical analysis of the material are discussed.

Introduction
High sulfur-content materials (HSMs) have garnered significant interest recently as
electrode materials,2-5 elements of thermal imaging cameras,6 adsorbents for water
purification,7-11 and as structural materials.12-22 Advances in HSM preparation demonstrate
that in many cases they can be readily processed,23, 24 recycled25 and prepared at relatively
low temperatures.26-29 HSMs are attainable when sulfur and an organic monomer are
copolymerized in such a way as to yield a crosslinked network that stabilizes polymeric
sulfur domains. In the absence of a stabilizing network, polymeric sulfur undergoes
spontaneous homolysis of S–S bonds even at room temperature, eventually reverting back
to the S8 allotrope.30 Current routes to high sulfur-content materials are inverse
vulcanization (requiring an olefin monomer)31-34 and radical-initiated aryl halide-sulfur
polymerization (RASP, requiring an aryl halide monomer).16,

17, 35

In both of these

mechanisms C–S bond formation is initiated by the thermal generation of radicals. In
inverse vulcanization S8 rings undergo homolysis followed by an equilibration to
polymeric sulfur diradicals that subsequently react with olefins. In RASP, thermal
homolysis of aryl halide C–X bonds creates aryl radicals that react with sulfur to facilitate
C–S bond formation. We hypothesized that elemental sulfur could likewise undergo facile
reaction with any number of organic molecules that degrade to radicals or radical-reactive
species upon heating. This strategy could thus open up routes to HSMs using previously151

inaccessible organic monomers. Guaiacol is an especially attractive molecule to test this
hypothesis because 1) it is abundant and renewably-sourced from biomass lignin, and 2)
the formation of radical-reactive species in the course of its thermal decomposition has
been well-studied (Scheme 5.1).36-43 Lignin, of which guaiacol is a primary derivative, is a
bountifully abundant yet remarkably underutilized resource, while sulfur is the primary
underutilized by-product of petroleum and natural gas refining.44 Accessing useful
polymers by direct reaction of guaiacol and sulfur could thus be a notable accomplishment
in sustainability science. Herein we demonstrate the formation of an HSM, GS80 (80 wt%
sulfur in the monomer feed, Scheme 5.2), via the direct reaction of guaiacol and elemental
sulfur. Insight into microstructures and potential mechanistic pathways by which this HSM
forms are provided by 1H NMR and GC-MS analysis.

Experimental Section
Chemicals and Materials
Guaiacol (98%) was purchased from TCI America. Sulfur powder (99.5%) was
purchased from Alfa Aesar. Lithium aluminum hydride and anhydrous toluene were
purchased from Bean Town Chemicals and Alfa Aesar, respectively. These chemicals were
used without further purification unless otherwise noted.

General Considerations
All 1H NMR spectra were recorded on a Bruker Avance spectrometer operating at
300 MHz. Thermogravimetric analysis (TGA) data were recorded on a Mettler Toledo
152

2STARe instrument over the range 20 to 800 °C, with a heating rate of 5 °C min–1 under a
flow of N2 (100 mL min–1). A Mettler Toledo DSC 3 STARe System was used to collect
the differential scanning calorimetry (DSC) data over the range of –60 to 150 °C, with a
heating rate of 5 °C min–1 under a flow of N2 (200 mL min–1). All the reported data were
taken from the third heat/cool cycles.
Tensile measurements were taken with a Mark-10 ES30 mechanical test stand
equipped with a Mark 1000 N Force Gauge (Model M3-2 or Model M3-200). The
specimens were moulded into dog bone shapes. A cross-section of the linear portion of the
dog bones was used as the area to calculate the stress on the specimen. The actual
thicknesses, widths and lengths were individually measured at several areas of each sample
using callipers. The average sample dimensions were 2.5 × 2.7 × 12.8 mm. Each sample
was clamped down with a Mark 10 wedge grip (Model G1061-1). The data reported are an
average of three runs. Fourier transform infrared spectra were obtained using a Shimadzu
IR Affinity-1S instrument with an ATR attachment, operating over the range of 400-4000
cm–1 at ambient temperature.
The GC-MS analysis was carried out on a Shimadzu QP2010SE system with an
auto injector (AOC-20i), equipped with mass selective detector, having interface
temperature of 250 °C, a solvent cut time of 3.00 min, threshold of 70eV and mass range
of 45 to 900 m/z. Compounds were separated using a SH-Rxi-5 MS capillary column
(Restek Company, Bellefonte, USA: crossbond 5% diphenyl/ 95% dimethyl polysiloxane)
having dimensions 30 m (length) × 0.25 mm (diameter) × 0.25 μm (film thickness). The
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temperature of the injector was initialized to 250°C. The temperature was programmed
from 40°C to 320°C at a ramp rate of 10°C/min.

Synthesis of GS80
CAUTION: Heating elemental sulfur with organics can result in the formation of H2S gas.
H2S is toxic, foul-smelling, and corrosive

Elemental sulfur (8.00 g) and guaiacol (2.00 g) were weighed directly into a glass
pressure flask under an atmosphere of N2 in an MBraun glovebox. The flask was sealed
with a Teflon screwcap equipped with a Viton O-ring. The flask was then placed in an oil
bath and heated to a temperature of 230°C and heating was continued for 24 h with
continuous stirring by a magnetic stir bar. After 24 h the flask was cooled to room
temperature. A small amount of oil had condensed on the walls of the pressure flask. This
oil was removed with a Kimwipe, and the remaining brown solid was collected. This solid
is termed GS80 in the manuscript. Elemental combustion microanalysis: Elemental analysis
found: C 10.10, H 0.70, S 85.50.

Depolymerization with LiAlH4
Under an atmosphere of dry N2 in a glove box, a powdered GS80 sample (0.100 g )
and 0.175 g of LiAlH4 were added into a glass vial. The solid mixture was suspended in 7
mL of anhydrous toluene. The vial was sealed with a polypropylene cap and the suspension
was stirred via magnetic stir bar for 24 h at ambient temperature under N2. At the end of
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the reaction time, the reaction vial was equipped with a rubber septum that was wired in
place. The vial was put under a constant flow of N2 on a Schlenk line and cooled in an ice
bath. The excess LiAlH4 was carefully quenched by slow addition of 5% (v/v) HCl : ethanol
until no evolution of H2 gas was noted. Insoluble inorganics were filtered, and the organic
solution washed three consecutive times washing with distilled water (acidified to pH = 5
with HCl) and then, the organic layer was separated out. Volatiles were then removed by
rotary evaporation at 50 °C, followed by drying in vacuo at 40 °C. This produced a crude
oil that was used for 1H NMR analysis (Figure 5.1 in the main article) and in the acetylation
step described below.

Acetylation protocol
The oil resulting from depolymerization described above was subjected to
acetylation by a modified literature procedure.45 The crude oil (50 mg), acetic anhydride
(1 mL), and powdered NaOAc⋅3H2O (0.10 g) were combined in a vial and stirred at room
temperature for 1 h. The acetylated product was extracted into dichloromethane and
washed with water. The dichloromethane-soluble organics were then analyzed by GC-MS.
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Results and Discussion
When guaiacol and sulfur are heated together in a 1:4 mass ratio at 230 °C under
nitrogen in a sealed pressure tube for 24 h followed by cooling to room temperature, the
product is a remeltable brown solid, GS80 (Scheme 5.1). Differential scanning calorimetry
(DSC) of GS80 confirms the presence of polymeric sulfur from observation of the
diagnostic glass transition temperature (Tg) at –30 °C. The presence of some orthorhombic
sulfur in GS80 was also indicated by the observation of a melting and cold crystallization
transitions in the DSC data (ESI Figure S5.1). Thermogravimetric analysis (TGA) showed
that GS80 also has good thermal stability, with a decomposition temperature (Td) of 264 °C
(5% mass loss by TGA, ESI Figure S5.2). Scanning electron microscopy (SEM) imaging
with element mapping by energy dispersive X-ray analysis (EDX) confirm that bulk GS80
appears homogeneous with a uniform distribution of its elemental components (ESI Figure
S5.5). In terms of mechanical strength, GS80 exhibited an ultimate tensile strength of
2.32±0.02 MPa with an elongation at break = 11±2%. The tensile strength of GS80 lies
within the range of 1.5–4.5 MPa observed for other HSMs prepared by the established
inverse vulcanization of sulfur (50 wt%) and dicyclopentadiene with either linseed oil,
ethylene glycol dimethyl acrylate or limonene.46
Having

established

the

presence

of

polymeric

sulfur

domains

and

thermal/mechanical properties consistent with other HSMs prepared by established routes,
additional investigation was undertaken to elucidate the microstructure of GS80. Being
comprised in part by a crosslinked network, composite GS80 is not itself fully soluble in
common organic solvents, so depolymerization was affected by its reaction with LiAlH4
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Scheme 5.1. Established thermal decomposition of anisole (A) and guaiacol (B)
(followed by partial acetylation of OH and SH to facilitate travel in the GC column).
Analysis of these soluble depolymerization products by 1H NMR spectrometry (Figure 5.1)
and GC-MS (Chart 2) revealed several structural units of GS80.
Established thermal decomposition pathways for anisole derivatives in general and
guaiacol in particular (Scheme 5.1) serve as the starting point for understanding the
formulation of the structural units observed in GS80 and for unravelling potential
mechanistic pathways by which these micro-structures form. The major thermal
decomposition pathways shown for guaiacol in Scheme 5.1B lead to o-quinone derivatives.
An insightful study47 on the reaction between o-quinone and in situ-generated polymeric
H–Sx–H thus provides significant insight into possible mechanisms for the formation of
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microstructures observed in GS80. That study revealed that o-quinone reacts with
polymeric sulfur radicals formed from the spontaneous homolysis of the S–S bonds in H–
Sx–H. These sulfur radicals facilitate C–S bond-formation with o-quinone to form species
such as compounds 3–5 (Scheme 5.3). GC-MS analysis was used to characterize several
products resulting from further reaction of 4 and 5. Products observed included
oligosulfanes 8 and species 10–15 resulting from typical o-quinone self-coupling motifs
(Scheme 5.4 and Chart 1). Analogous reactions between o-quinone derivatives and sulfur
radicals generated during preparation of GS80 (Scheme 5.4) provide reasonable
mechanisms for formation of the microstructures observed from 1H NMR and GC-MS
analysis of GS80 depolymerization products.
In the presence of a large excess of sulfur (80 wt.%) during the preparation of GS80,
dilution should preclude significant production of o-quinone self-coupling products, and
none of these self-coupling products were observed in the GC-MS analysis. With an excess
of sulfur, species like 4, 5 and 8 also have the potential to be appended with polymeric
sulfur that could be stabilized by the crosslinked network. The presence of such polymeric
sulfur chains in GS80 is supported by the observation of a pronounced Tg at –30 °C in the
DSC. Olefin functionalities in 5 are subject to reaction with sulfur radicals by the usual
inverse vulcanization pathway to give species such as 6, and formation of C–S bonds at
sites o- or p- to hydroxyl groups on catechol derivatives continues in a manner analogous
to the mechanism for formation of 8. Equilibration of poly- and oligosulfur chains allows
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R = H or CH3

Scheme 5.2. Preparation of GS80.

Figure 5.1. Proton NMR spectroscopic analysis of GS80 depolymerization products.
Resonance groups are attributed to the red-highlighted protons within each attendant
structure.
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the formation of the crosslinked network necessary to stabilize these extended sulfur
catenates in GS80 with the bonding motifs shown in Scheme 5.2.
Although one pathway for thermal degradation of anisole derivatives is loss of the
methyl fragment from the methoxy substituent, the observation of resonance groups III and
IV in the 1H NMR spectrum of GS80 depolymerization products confirms that some
methoxy groups are retained in the composite, while methyl migration typical for thermal
degradation of anisoles occurs for some of the rings as well. The decrease in the integration
of aromatic signals relative to the methyl resonances also confirms the expected loss of
aryl H atoms as C–S bonds are formed. Unfortunately, it cannot be assumed that all methyl
groups are retained in GS80 – methyl radicals could react with sulfur directly or aryl methyl
groups may form benzylic species as discussed below – so the absolute number of C–S
bonds formed cannot be quantified from these data. Resonance group I is consistent with
non-aromatic olefinic protons on structural subunits resulting from the addition of sulfur
radicals across an unsaturated unit of transiently-formed o-quinone species such as 5. These
quinone derivatives would also be intermediates to access subunits D1 and D1-Ac observed
by GC-MS analysis (Chart 2).
In addition to functional units shown for the representation of GS80 in Scheme 5.1,
a very small (2–3%) contribution of a species having resonances around 4.6 ppm (peak II
in Figure 5.1) is also observed. This is tentatively assigned as a unit containing a benzylic
alcohol unit. The formation of benzylic alcohols from o-methoxy phenol derivatives is
well-known, for example as a key intermediate step in the thermal production of vanillin
from syringol (a close structural analogue of guaiacol).48
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Chart 2. Depolymerization products from GS80 observed by GC-MS. Mass spectra for
these species are provided in ESI Figures S5.6–9.
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Conclusions
In conclusion, we report a new strategy for preparing organosulfur composites by the
reaction of elemental sulfur with an anisole derivative. Polymerization exploits reactivity
between radical-reactive thermal degradation products of guaiacol with majority
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component elemental sulfur. This approach thus provides a remarkably simple method to
prepare a composite (GS80) from two abundant, low-value materials – biomass-derived
guaiacol and fossil fuel waste sulfur. The functionalities observed in the microstructure are
consistent with a mechanism wherein established thermal degradation products of guaiacol
react with sulfur radicals. Work is ongoing to establish structure-property relationships in
these and related terpolymers of sulfur, guaiacol and other crosslinkers to establish optimal
monomer ratios to accomplish desired mechanical and thermal properties.
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Table S5.1. Elemental Analysis of GS80

Materials

GS80

C wt%

H wt%

S wt%

10.1

0.7

85.5

20.5

1.0

69.5

GS80-Insoluble
Fraction
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a)

Figure S5.1a. DSC 3rd heating curves of GS80 (blue solid line), CS2-Insoluble fraction
of GS80 (orange round dot line), sulfur (green dash line), guaiacol (black long dash
line).
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b)

Figure S5.1b. Enlarged view of the 3rd heating curve of the GS80 showing the broad Tg
and cold crystallization peak.

Note the broader Tg with a midpoint ~12 °C observed in the DSC curve of the CS2
insoluble fraction and the lack of the orthorhombic melting peak (at 120 °C in the trace
for pure sulfur) due to successful extraction of the free sulfur. Pure Guaiacol also resulted
in two cold crystallization peaks. The second cold crystallization peak is due to the very
slow monotropic solid to solid transition from metastable to 𝛼𝛼 stable crystals. The
metastable crystals have already begun melting whereupon the 𝛼𝛼 stable crystals
crystallizes.
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Figure S5.2. TGA curves GS80 (blue solid line), GS80 CS2-Insoluble fraction (orange
round dot line), sulfur (green dash line), guaiacol (black long dash line).
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Figure S5.3. FTIR Spectrum of pure guaiacol
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Figure S5.4. FTIR Spectrum of GS80
Note- Most of the prominent peaks from guaiacol are present in the GS80 except the
emergence of C-S stretching. The reduction in the intensity of O-H stretching implies
the consumption of phenolic groups for crosslinking with sulfur.

169

Figure S5.5. Images of GS80 generated by scanning electron microscopy (upper)
with 100 µm (left) or 250 µm (right) scale bars with elemental mapping by
energy-dispersive X-ray analysis showing sulfur, carbon, and oxygen. The XPS
spectrum is also provided (lower).
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Figure S5.6. Mass spectra for two isomers of a depolymerization product of GS80
(shown in Chart 2 in the main text)
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in the main text)
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Figure S5.9. Mass spectrum for depolymerization product of GS80 (shown in Chart 2
in the main text)
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Figure S5.10. Digital images of GS80 samples and the image of tensile strength tested
dog bone shaped GS80 sample, clamped down with a Mark 10 wedge grip.
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