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Recent developments in the polymerization of elemental sulfur and the preparation of functional
Chalcogenide Hybrid Inorganic/Organic Polymers (CHIPs) are reviewed. CHIPs represent a class of poly-
mers synthesized from elemental sulfur with the incorporation of inorganic chalcogenide components
(S, Se, Te) into the organic polymeric backbones. Novel CHIP materials exhibit interesting optical, electro-
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healable materials and separation science. The emphasis of this review is on the key advances in the syn-
thetic approaches to prepare functional polymeric sulfur-rich materials, with recent developments in syn-

rsc.li/polymers thesis, characterization, and application milestones being highlighted.

1. Introduction

Sulfur is the tenth most abundant element on Earth and has
been recognized as a valuable chemical agent since antiquity.
It has been used in medicine, fabric bleaching, construction of
lamp wicks, gun powder formulation and then more recently,
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in the vulcanization of latex."”? In modern petroleum refining
processes, the production of elemental sulfur (Sg) is achieved
through the removal of highly toxic hydrogen sulfide (H,S) gas
from crude oil and recovered through a thermal expansion
process.” With approximately 70 million tons of by-product
sulfur produced each year, refining of petroleum via hydrode-
sulfurization is currently the largest source of sulfur pro-
duction globally.* A significant portion of sulfur is used in the
industrial production of sulfuric acid, rubber, and fertilizers;’
in addition, modern synthetic chemistry has also benefitted
from the versatile chemistry of elemental sulfur.® However,
there is still a net excess of sulfur that offers few economic
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uses,” thus, finding large-scale uses for this sulfur, such as
conversion to useful materials, would be an important
development.

Numerous advances have been made in the last few
decades concerning the synthesis of new types of sulfur-con-
taining polymers and modification of the properties of some
important classes of polymers by adding sulfur or polysulfide
fragments to the polymer compositions.®® In many cases,
these new synthetic methods have yielded valuable polymeric
materials and have received extensive interest in this area, as
indicated by the numerous studies on the sulfur-containing
polymers.'*™* Recent research, both academic and applied,
has been focused on enhancing the properties and processing
characteristics of these materials by introducing sulfur groups
into the main-chain to broaden the scope of technological
applications of these materials.'” Different sulfur-containing
polymers (illustrated in Fig. 1) have been previously summar-
ized in various reviews.”*>™”

Since 2011, Pyun et al. have advanced this field by demon-
strating the preparation of sulfur-containing polymers via the
direct polymerization of elemental sulfur with organic como-
nomers. This process was termed inverse vulcanization in
2013 and the materials derived from this methodology were
generally referred to in the pioneering literature on this work
as “sulfur-containing (co)polymers” or polysulfides. However,
since then, there have been numerous attempts to rename this
class of polymers derived from elemental sulfur. These include
“inverse vulcanized polymers” as first seen in 2014,'® “organi-
cally modified chalcogenides” in 2017 '® and more recently
“thiopolymers” in 2019.>° The complication and redundancy
are that the aforementioned terms, all refer to the same class
of inorganic/organic hybrid polymers derived from the
polymerization of elemental sulfur. Regardless of the subjec-
tive preferences, or biases presented to name this class of
materials, it is important to establish a clear and rational
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Fig. 1 General classification of sulfur-containing polymers.

rubric for naming these types of polymers. This confusion is
already compounded by the nomenclature similarities and
ambiguities of organo-polysulfides, inorganic polysulfides, or
sulfur allotropes. For the purpose of distinguishing how poly-
mers derived from the polymerization of elemental sulphur
are structurally distinctive from other sulfur containing poly-
mers, we briefly summarize the classical terms used to
describe these types of materials.

Historically, the term “polysulfide” referred to both in-
organic forms of sulfur-containing covalent solids of sulfur
chains (-S,-), ionic compounds (S,>”, n > 2) and organosulfur
compounds in which the sulfur chain was terminated by
organic substituents R (R-S,-R). To address this issue, a
nomenclature based on sulfanes and polysulfanes was pro-
vided in a comprehensive review by Steudel in 2002.*
According to this nomenclature, the name polysulfide was
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established to describe inorganic ionic compounds.”*?** The
term “organic polysulfanes” was used to describe compounds
of the type R-S,-R with n > 2 in which the organic residues
(alkyl or aryl) are linked to the sulfur chain via carbon atoms.
The polymeric materials containing multiple sulfur units and
hydrocarbons in the backbones were often referred to as poly-
sulfide polymers.®*">*3° penczek et al. was among the first
to comprehensively review organosulfur based polymers, the
most common of which include polyalkylene sulphides, poly-
arylene sulphides, polythioureas, polysulfoxides and polysul-
fones.” From a chemical structural perspective, all of these
aforementioned sulphur containing polymers shown in Fig. 1
are composed of a single C-S moiety per repeating unit.
Organo-disulphide copolymers have also been widely
explored and contain an S-S moiety per repeating unit.>*>"3?
In a recent review, Theato et al. have elegantly discussed
recent advances in the preparation of polymers containing
thioesters, thiocarbonates, thiocarbamates and thioamides,
which contain multiple C-S moieties per repeating unit
as incorporated through thiocarbonyl-based functional
groups.””

With the advent of inverse vulcanization and other
methods for the polymerization of elemental sulfur, it is
apparent that a new subset of sulfur-containing polymers or
polysulfides has been created that warrants classification in
comparison to these known materials. In our 2016 review, we
focused on classes of sulfur-containing polymers and synthetic
methods to prepare these materials, however, we did not
address this descriptive nomenclature issue. In particular,
polymers derived from the polymerization of elemental sulfur
have developed into a distinctive class of sulfur-containing
polymers, which we recommend to be termed, Chalcogenide
Hybrid Inorganic/Organic Polymers (CHIPs). From a chemical
structure perspective, CHIPs derived from the polymerization
of elemental sulfur will contain a statistical/random sequence
& composition of -S,— units bonded to organic comonomer
units. These sulphur units may be mono, di-, or multiple S-S
bonds in the (co)polymer backbone, which is the distinctive
structural feature of CHIPs made from Sg polymerization
(Fig. 1). To date, either free radical inverse vulcanization or
anionic polymerization processes have been the primary
methods used to prepare polymeric materials from elemental
sulfur. We propose that sulfur-containing polysulfides pre-
pared from the polymerization of elemental sulfur with
organic comonomers be generally referred to as CHIPs and
appropriately categorized as a class of organo-polysulfides con-
sistent with the original Penczek formalism.® However, regard-
less of whether CHIPs, or the other variations referred to pre-
viously are used, we recommend that a consistent rubric be
used to distinguish these polymers from other sulfur-contain-
ing polymers.

The focus of this review is to discuss the recent advances in
the polymerization of elemental sulfur to prepare CHIPs, with
an emphasis on new synthetic advances since our original
comprehensive review on this subject in 2016."* In particular,
we discuss recent work on free radical and inverse vulcaniza-
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tion processes, along with new anionic polymerization
methods to prepare CHIP materials. Furthermore, we review
for the first time synthetic methods to introduce functionality
onto monomers and polymers derived from elemental
sulphur.

2. Direct polymerization with
elemental sulfur
2.1 Inverse vulcanization with elemental sulfur

In the following section, we revisit the homopolymerization of
Sg, with an emphasis on the ramifications of low-temperature
processing, along with new comonomers for polymerization
with liquid sulfur. After a brief overview of elemental sulphur,
we broadly discuss new comonomers that have been developed
since our last comprehensive review of this literature in 2016.
To aid the reader, these new comonomer advances are
grouped into how chemical modifications to monomer struc-
ture can affect the thermomechanical, optical, electrochemical
or metal scavenging properties of CHIP materials. Finally,
advances into the accelerated or “catalytic” inverse vulcaniza-
tion process are discussed.

2.1.1 Revisiting the homolytic ROP of S;. The phase tran-
sitions and behaviour of the allotropes of sulfur have been
extensively discussed.*®***® The thermodynamically stable
form of sulfur is orthorhombic sulfur, usually designated as
a-Sg, which is reported to convert to the monoclinic p-Sg form
at 95 °C and exhibits the dominant melt transition at
119 °C.>**73% Upon the continued heating of the molten
sulfur to above 159 °C, S-S bond homolysis provides thiyl rad-
icals that attack and open the ring of another molecule of
Sg.""" The polymerization is then propagated by repeated
ring-opening and S-S bond formation between Sg and the
growing polysulfide chain. Although high molar mass poly-
mers are readily formed via the ROP of Sg, polymeric sulfur is
chemically unstable at temperatures above the floor tempera-
ture of polymerization (7 = 159 °C) since terminal sulfur rad-
icals promote depolymerization back to cyclic monomeric
sulfur.*®*>** The sulfur radicals must be quenched before
depolymerization to provide stable polysulfide polymers
(Fig. 2a, i). Other than Sg, studies suggest that other cyclic S,
(n # 8) species can be present at temperatures lower than the
floor temperature®*?*364244746 and  these more strained
species contribute to the polymerization through homolytic
ring-opening reactions due to the lower activation energies
than those of Sg (S¢: 29.6 kcal mol™; S,: 30 kecal mol™"; Sq:
35 kecal mol™) (Fig. 2a, ii).*>*"*”*® The presence of Se, S, So
and other allotropes of varying sizes in liquid sulfur can be
attributed to dynamic homolytic processes that involve the
scission of S-S bonds in Sg. Appreciable rates of ROP are not
observed below the classically reported Tt of Sg, which is likely
due to the reversibility of the ROP and ring-closing equili-
brium (ie., sulfur radical concentration too low to promote
forward polymerization at T < T¢). Our own studies on the
rheology and self-healable properties of the sulfur-containing

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Inverse vulcanization of elemental sulfur and various unsaturated monomers since 2016.
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polymers suggested that the homolysis of S-S occurs at temp-
eratures lower than the melting transition temperatures of Sg
(T = 110, 118 °C) generating reactive thiyl radicals, which are
certainly below the classically reported floor temperature (7f)
of Sg (Fig. 2a, iii). Furthermore, reaction temperatures for the
copolymerization of liquid sulfur with organic comonomers
have been reported to occur well below the Tt of sulfur.**° All
of these findings suggest that homolytic ROP polymerizations
in liquid sulfur are still initiated by homolytic S-S bond scis-
sion, but can occur below Tt in the presence of reactive organic
comonomers.

This journal is © The Royal Society of Chemistry 2019

The free radical copolymerization of unsaturated organic
comonomers with liquid sulfur was studied over sixty years
ago but was limited to the production of high sulfur content
lubricants.*®**>* The free radical copolymerization of Sy with
vinylic comonomers, such as, acrylates,® vinyl acetates,>
tetrafluoro-ethylene,>*>® 2-chloroprene,*** 1,3-butadiene,®
cyclododeca-1,5,9-triene,®® cyclohepta-1,3,5-triene,®” cycloocta-
1,3-diene,*® cyclohexene,®® 1-methylcyclohexene,®® norbor-
nene,* dicyclopentadiene,®®’*7? tricyclopentadiene,®®”* limo-
nene,’®  6-dimethylocta-2,4,6-triene,’®  7-methyl-3-methyl-
eneocta-1,6-diene,’® 3,7-dimethylocta-1,6-diene®® and 2,6-di-

Polym. Chem., 2019, 10, 4078-4105 | 4081


https://doi.org/10.1039/c9py00636b

Published on 20 June 2019. Downloaded on 24/02/2026 22:16:21.

Review

methylhepta-1,5-diene®® has been investigated in the 1960s
and 1970's, which was comprehensively reviewed by Pyun in
2016."* Other classical uses of sulphur for material uses
include the production of ebonite’* or sulphur cements."?

The first demonstration of utilizing elemental sulphur as
the reactive medium for polymerization was reported by Pyun
et al. in 2011 where Au nanoparticles were formed in the
sulphur matrix.”®> In 2013, Pyun and co-workers developed a
new process, termed, inverse vulcanization, which enabled the
bulk copolymerization of molten elemental sulphur with
vinylic comonomers without the need for an externally added
initiator or organic solvent.”® In this pioneering report, 1,3-
diisopropylbenzene (DIB) was used as the organic comonomer
for bulk polymerization. In the inverse vulcanization reaction,
elemental sulphur was heated to above Tt to initiate ring-
opening polymerization followed by the addition of DIB (typi-
cally at a feed ratio of 10-50 wt%) resulting in copolymeriza-
tion and vitrification within minutes. The resulting red poly-
meric glass formed was a statistical copolymer named poly
(sulfur-random-1,3-diisopropenylbenzene) or  poly(S-r-DIB).
Because of the high sulfur content (50-90 wt% S) and the poly-
sulfide structure of the backbone of the polymer, poly(S-r-DIB)
was found to exhibit novel electrochemical, mechanical, and
optical properties.*>*>7%7% The inverse vulcanization process
has since been extended into a wider class of organic comono-
mers, which now include alkenes,>*>%7>76:80711 3]jyneg, 192719
naturally occurring olefins,’>*>'%°'" allyl ethers,
oleyamine,""”''® maleimide,""® and benzoxazines.'*>'*' The
inverse vulcanization of sulfur and other unsaturated com-
pounds such as thiourea aldehyde resin (TAR)'** has been
reported; however, extensive structural characterization of
these materials remains unexplored. The reactive medium of
liquid sulfur also enables the incorporation of other chalco-
genide elements such as selenium into CHIPs to improve the
optical or  electrochemical  properties of  these
materials.">'**""*® This inverse vulcanization method exhibi-
ted moderate functional group tolerance®>®%117,119,120,126-130
but for some functional groups,'®>*!71317133
as dichlorobenzene, tetrachloroethane, pyridine or diglyme are
necessary to create a homogeneous reaction system due to the
limited miscibility and solubility of elemental sulphur. One of
the drawbacks of the solution-based polymerization is the low
conversion of sulphur which leads to low sulphur content pro-
ducts.’®® Thus, bulk copolymerization methods have been
more extensively investigated to afford useful polymeric
materials. Furthermore, CHIP materials, in general, suffer
from poor thermomechanical properties, poor electrical con-
ductivity and poor handling characteristics (e.g., solution and
melt processability). Hence, there is a clear technological need
for exploring new monomers and polymerization methods to
improve the functionality and properties of CHIPs. This
section will focus on recent advances for the development of
new monomers for inverse vulcanization to prepare functional
CHIPs to impart improved properties and function.

2.1.1.1 Comonomers for tuning the thermal/mechanical pro-
perties of CHIPs. 1t was previously observed that poly(S-r-DIB)

114-116

9

cosolvents such
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copolymers could either be thermoplastic or thermosetting
materials depending on the processing conditions established
to prepare or mold these materials.'*>® Hence, there are
opportunities to enhance the thermomechanical properties of
CHIPs by modifying the organic comonomer structure by
increasing the functionality of reactive groups per molecule
(f), or via modulation of the rigidity within the organic
comonomer.

To increase the crosslinking density and improve the
thermomechanical properties of CHIP materials, the synthesis
of comonomers with a higher functionality than DIB was
explored by Pyun et al. using 1,3,5-triisopropenylbenzene (TIB)
for inverse vulcanization. This reaction afforded highly cross-
linked copolymers (Fig. 3a)*® with improved thermomechani-
cal properties and a dramatic enhancement of the glass tran-
sition temperature (Ty = 60-130 °C for 30-50 wt% of S) com-
pared to the first generation poly(S--DIB) CHIPs which pos-
sessed a T, of 43-49 °C determined from Dynamic Mechanical
Analysis (DMA) (Fig. 3b).%

The inverse vulcanization of sulfur and a naturally occur-
ring diene, diallyl disulfide (DA), was used to prepare flexible,
freestanding CHIP films with high sulfur content (50-90 wt%
of sulfur) (Fig. 3c and d).”®> The film showed a very low Young
modulus (1.3 to 6.1 MPa) compared to films prepared from
poly(S-r-DIB) which contain the rigid aromatic moieties (185 to
460 MPa) suggesting the increased flexibility of the
materials.”** These thermomechanical properties could be
attributed to the presence of freely rotating low aliphatic
carbon chains, which leads to the low glass transition tempera-
tures (Ty = —13 °C to —4 °C) of these sulfur containing
copolymers.

To improve the thermomechanical properties of CHIPs,
copolymerization strategies with rigid aromatic comonomers

(a) (b) 20, —o— 30 wi% TIB
A 50 wt% TIB
A i 15 —o— 30 wi% DIB
S s° —&— 50 wt% DIB
S
2 1.04
c
~s sSsA E
S. 0.5
s s
s° si 0.0
| S S
wee, . Poly(S-r-TIB) 20 40 60 80 100 120 140 160 180
Temperature (°C)
(c) (d)

SDA-80:20 | SDA-70:30

?SY\("S”:Y\S}"
n( s’)S er)
YS\)\’(,S)"\)\"/SY

poly(S-r-DA)

| SDA90:10 % SDA 70:30
4 sl

Fig. 3 (a) Schematic structure of poly(S-r-TIB). (b) Plot of tané§ as a
function of temperature. Adapted with permissions from ref. 86.
Copyright 2016 American Chemical Society (c) Schematic structure of
poly(S-r-DA). (d) Free standing films made with poly(S-r-DA).
Reproduced with permission from ref. 95. Copyright 2017 Elsevier B.V.
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have also been explored. O’Brien et al. demonstrated that the
utilization of bisphenol A dimethacrylate (BPAD) for inverse
vulcanization raised the melting and decomposition tempera-
tures of the resulting CHIPs, along with the hardness of the
sulfur copolymer which optimized the formation of robust
polymer-nanocrystal thin films."””® The DSC analysis of
S-BPAD copolymers did not exhibit an observable glass tran-
sition and only weak melting transitions at T}, = 180-245 °C
were observed, which coincided with copolymer decompo-
sition. Alternatively, Yagci et al. reported on the incorporation
of polybenzoxazine moieties where the final sulfur polymers
exhibited high tensile strength (100-125 MPa), high modulus
(3.8-4.5 GPa), and high glass transition temperatures (T =
170-340 °C) which will be discussed in detail in Section
2.1.3.1%°

Healable polymeric materials (SHPM) have received exten-
sive attention due to their structural design and material
applications.”****° Disulfide and polysulfide linkages have
been utilized in the preparation of SHPMs due to their rela-
tively low bond dissociation energy, indicating the self-healing
properties.*®?* 1117113 polyhedral oligomeric silsesquioxane
(POSS) has been demonstrated to be an effective building
block to prepare materials with improved thermomechanical
properties due to the size and rigidity of the POSS
moiety.’***® Liu et al. demonstrated the preparation of new
hybrid (S-MMA-POSS) CHIPs prepared by the direct reaction
between a multifunctional methacrylated POSS monomer
(MMA-POSS) and elemental sulfur (Sg) through the inverse vul-
canization process (Fig. 4a)."*® Due to the limited miscibility
and solubility of elemental sulfur, a cosolvent (diglyme) was
necessary to create a homogeneous reaction system. The
tensile tests provide sufficient evidence of the healability of
the S-MMA-POSS that the recovery efficiency based on the
tensile strength reaches about 91% with a thermal treatment
at 120 °C for 3 h (Fig. 4b)."*® Moreover, S-MMA-POSS CHIPs
were also useful for co-curing with other conventional thermo-
setting resins and preparing materials with high transparency
in the mid-infrared region.

2.1.1.2 Inorganic or organometallic monomers to increase the
refractive index. CHIPs made from inverse vulcanization are a
unique class of optical polymers that exhibit a high refractive
index (n) and good IR transparency in comparison to conven-
tional synthetic polymers.”®"*”"'*® The refractive index could
be further increased via the incorporation of other chalcogens
or more polarizable elements.

Boyd et al. reported on the incorporation of Se by prepa-
ration of crystalline sulfur-selenium compounds reacted at
400 °C followed by polymerization with DIB to generate poly
(S-r-Se-r-DIB) terpolymers.'® Pyun et al. reported for the first
time the use of direct inverse vulcanization processes to
incorporate Se units with gray selenium precursors by simple
“cracking” and solubilization with liquid sulfur radicals at
dramatically reduced temperatures (T = 160 °C) (Fig. 5a)."**
This one-pot, streamlined synthesis enabled the controllable
compositional control of Se feeds into poly(S-r-Se-r-DIB)
CHIPs and resulted in a profound increase in a refractive

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Schematic structure of the S-MMA-POSS copolymer. (b) The
healable properties of the thermally cured S-MMA-POSS sample evalu-
ated with tensile tests. Reproduced with permission from ref. 133.
Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

index (n) of above n = 2.0 from 633 to 1554 nm (Fig. 5b). This
unique feature of CHIP materials was also utilized to fabri-
cate one-dimensional photonic crystals (1D-PCs)/Bragg reflec-
tors as their ability to select the desired n, and create a large
refractive index contrast(An), allowing for control over the
optical bandgap of the assembled Bragg reflector in addition
to the wavelength of reflection. Pyun then demonstrated the
utilization of these ultra-high RI CHIPs for the fabrication of
highly reflective all-polymer Bragg reflectors possessing a
high refractive index contrast attained by the solution fabrica-
tion of alternating CHIPs and cellulose acetate films (An =
0.5). This allowed for very high reflectance (90-97%) at just
22 layers of alternating CHIP-cellulose acetate films and tun-
ability over the near (NIR) and the short wave (SWIR) infrared
spectrum (1-2 pm) (Fig. 5¢)."*° Mecerreyes et al. also demon-
strated an enhanced C-rate capability and high cycling stabi-
lity when poly(S-r-Se-r-DIB) was used as the cathode material
in Li-S batteries."> The incorporation of the high atomic
number (Z) element Sn via the inverse vulcanization process
with elemental sulfur and organometallic comonomer tetravi-
nyltin (TVSn) was reported by Boyd et al. (Fig. 5d)'°° and the
obtained poly(S-r-TVSn) copolymer exhibited enhanced n and
transmission in the IR region (Fig. 5e).

Polym. Chem., 2019, 10, 4078-4105 | 4083


https://doi.org/10.1039/c9py00636b

Published on 20 June 2019. Downloaded on 24/02/2026 22:16:21.

Review
a
@ ®)
] I 160°C S oS-SS ——
. y2e
- M\.———‘
= “0—‘—‘—.
l"s{se(sése‘si‘ ;u
$,Se,DIB
s —— e,
] 121 ——s 0B,
rm O T T
0g - -T Wavelength (nm)
(S-r-Se-r-DIE Sege e (c)
7 Mo, =
- —
oeEn X Y
Free standing Poly(S-r-Se-r-DIB) Bamm  CHIPs n=1.96
molded terpolymer terpolymer
d (e)
(d) (55 5
i $ AOrganl‘ y Modified ¢
s-8° i‘?gani lly Modified § **
- % L S AR N —
rganidally Modified = ™
H,C=\_,/=CH, 3 - - s ws ows s
H,C=/" \=CH, Organica dified Wavelength (nm)

Fig. 5 (a) Synthesis of poly(S-r-Se-r-DIB) terpolymer CHIPs. (b)
Refractive indices of poly(S-r-Se-r-DIB) terpolymers of varying compo-
sitions vs. wavelengths. Reproduced with permission from ref. 124.
Copyright 2017 American Chemical Society. (c) Bragg reflectors from
CHIP materials. Reproduced with permission from ref. 149. Copyright
2018 American Chemical Society. (d) Synthesis and digital camera image
of poly(S-r-TVSn). (e) Refractive index plots for poly(S-r-TVSn) at various
wavelengths. Reproduced with permission from ref. 100. Copyright 2019
American Chemical Society.

2.1.1.3 New monomers to enhance electrochemical properties.
Poly(S-r-DIB) was the first example of using high sulfur content
(>50 wt% S) CHIPs as the active materials in cathode electro-
des for Li-S batteries to improve device performance.”®’® This
advance has since inspired extensive study for exploiting
different polymeric sulfur materials for Li-S Dbattery
applications.""">"%%> The inverse vulcanization process
enabled various sulfur-enriched polymeric materials to be syn-
thesized and afforded new advanced sulfur cathodes in Li-S
batteries. However, most reported sulfur-rich copolymers pre-
pared via inverse vulcanization suffer from capacity loss
during long-term cycling because of polysulfide dissolution
and irreversible deposition of lower rank lithium sulfide dis-
charge products.'™'?7®130.151153 Extengive studies have been
made on the preparation of nanostructured composite
materials from sulfur copolymers with conductive carbon
inclusions such as carbon nanotubes, reduced graphene oxide
or carbon spheres. Li-S batteries fabricated with the obtained
nanocomposites exhibited a long cycle life with a fast cycling
rate and have been elegantly reviewed elsewhere as a separate
class of materials.”""*®'**15% However, most reported bat-
teries using sulfur-rich polymers (ie., without nano-
composites) as active materials result in low cycling rates and
rapid capacity degradation with the increase of the cycling rate
to higher than 2C."'**"

One exception is the polymeric sulfur material made from
the inverse vulcanization of sulfur and tetra(allyloxy)-1,4-
benzoquinone (TABQ). Park et al. demonstrated the prepa-
ration of sulfur copolymers from elemental sulfur and

4084 | Polym. Chem., 2019, 10, 4078-4105

View Article Online

Polymer Chemistry

(a) ° ° (b)~ :

20 SN o ‘o 1200 H H 19900
I ~o oNF O‘ g poly(s-Tasq) 0.5C

o o < 800 999999900955008

TABQ ana 2 5C: 7¢ i 1oc:

o o~NF X 8

<90 e £ -
NN £ .

0 O X~ oo~z 8 o i 0904 ¢

BAAQ TATA 2} 5 10 15 20 25 30 35 40
= Cycle Number

€5 1002

< 1200 >
E 900 N E
> . 60 2
§ e00 s OB S W 9
8 - 1 o Coulombic efficiency 3
g 300% 5/\(\" “\(\5 9@ Charge 20 s
5 . 2 4 3 o Discharge @1c o g
é- 0 50 100 150 200 250 300 350 400 450 500

Cycle Number

Fig. 6 (a) Structures of allyl ether monomers TABQ, ANQ, BAAQ, and
TATA. (b) Rate performance of lithium cells based on poly(S-TABQ) (red),
poly(S-TATA) (blue), and elemental sulfur (green). (c) Long cycle life of
the lithium cell based on poly(S-TABQ) at 1C. Reproduced with per-
mission from ref. 114. Copyright 2018 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

different allyl ether comonomers and tested their battery per-
formance fabricated with these sulfur materials (Fig. 6a).""*
Among all these, poly(S-tetra(allyloxy)-1,4-benzoquinone),
(poly(S-TABQ)), exhibited excellent cycling capability while
retaining a specific capacity of 833 mA h g™* at a cycling rate of
10C (Fig. 6b). This remarkable performance is striking for a
wholly polymeric based active material in Li-S batteries.
2.1.1.4 Inverse vulcanization with natural olefinic comono-
mers. Chalker and Hasell et al. investigated the inverse vulcani-
zation of sulfur with various renewable olefinic comonomers
(Fig. 7a) and the application of the obtained sulfur polymers
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Fig. 7 (a) Renewable olefinic comonomers for inverse vulcanization. (b)
Fe®* concentration over time for porous polysulfide (green), non-porous
polysulfide (blue), and no polymer (red) added to the solution.
Reproduced with permission from ref. 110. Copyright 2018 The Royal
Society of Chemistry. (c) The percentage Hg remaining in solution after
3 hours of exposure to each of the materials listed. Reproduced with
permission from ref. 109. Copyright 2017 The Royal Society of
Chemistry.
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for environmental protection and remediation has been ele-
gantly reviewed elsewhere.””'® These high sulfur content
CHIPs have demonstrated efficient metal-ion uptake due to
the affinity between S-S bonds and Lewis acids. Mechanistic
studies by Chalker et al. reported on the ability of S-S bonds
from CHIPs to oxidize Hg(0) to Hg(u), which exploits the intrin-
sic redox reactivity of S-S bonds in these materials.'®
Furthermore, the processability of these high sulfur content
copolymers enabled fabrication into high surface area con-
structs ideally suited for applications in water purificaion.'®
Chalker et al. reported on the sulfur-limonene copolymeriza-
tion and the application of the obtained copolymers for palla-
dium and mercury metal capture.’® The same group later
explored the sulfur copolymers made from sulfur and vege-
table oils (such as canola oil) and demonstrated the use of
these materials for metal scavenging, crude oil remediation
and slow-release fertilizers (Fig. 7b)."°®'°711%111 Hagell et al.
demonstrated the preparation of porous CHIP materials from
sulfur copolymerization with low-cost monomer dicyclopenta-
diene and renewable terpenes such as myrcene, farnesol, far-
nesene and perillyl alcohol followed by supercritical CO,
foaming,5%9%97:10916L162 Thege polymeric sulfur materials
with a high surface area exhibited efficient adsorption of
mercury from aqueous solution (Fig. 7c). More recently, the
preparation of electroactive CHIP materials from algae oil-
based comonomers has also been reported for use in Li-S
batteries.'®

2.1.1.5 Accelerated inverse vulcanization reactions. In
general, the homolytic ring opening reaction of Sg requires
heating to over 159 °C to generate a sufficiently high concen-
tration of reactive sulfur radicals for appreciable rates of homo-
polymerization. For certain comonomers, such as styrene, reac-
tion temperatures around 130 °C were observed to form oligo-
meric materials due to the presence of more reactive cyclic
sulfur species.’® However, there remain opportunities and
challenges to develop improved methods to enable polymeriz-
ations of Sg at lower temperatures, in organic/aqueous solution
and with other functional comonomers with low reactivity
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and/or low boiling point. In addition, avoiding higher temp-
eratures is crucial in minimizing the formation of hydrogen
sulfide and thiols, and dehydrogenation of olefins.'®* Thus, a
catalytic pathway that lowers the reaction temperature for
inverse vulcanization is highly desirable to avoid H,S gene-
ration and/or auto-acceleration of the reactions by the
Trommsdorff-Norrish effect.””

Pyun et al. were the first to report two types of organic accel-
erators that significantly increased the rate of inverse vulcani-
zation."®® Activated vinyl monomers, such as 4-vinylaniline
(4VA), proceeded with a profound rate enhancement during
inverse vulcanization which was attributed to polarity reversal
effects (Fig. 8a)"*>'*® and nucleophilic activators such as
N-methylimidazole (NMI) are known to ring-open Sg under
various conditions to enhance the reactivity of these reactions
(Fig. 8b).'*”7'%° We observed that with 1 mol% of 4VA or NMI
added to the sulfur-styrene copolymerization, the rate
(measured by styrene consumption) was increased by a factor
of 2 and the molecular weight of the final products was com-
parable to the copolymerization without activators.
4-Vinylaniline also provides the pathway for copolymerizations
at low temperatures (>60 °C) which will be discussed in detail
in Section 3.1. These systems were referred to as “nucleophilic
activators” since the regeneration of the initial molecular
structure of these small molecular accelerators could not be
structurally proven to warrant proper assighment of catalysis.

Hasell et al. demonstrated for the first time that a series of
metal diethyldithiocarbamate complexes (Fig. 9c) could be
used to enhance the reaction rate of the copolymerization of
sulfur and organic crosslinkers at moderate temperature
(135 ©C).*° The metal-sulfur bond allowed for the opening of
the Sg ring at temperatures lower than 159 °C, and insertion of
sulfur between the metal and diethyldithiocarbamate (DTC)
ligand to generate the accelerator. The accelerator then brings
the sulfur into proximity to the crosslinker, and presumably
lowers the energy barrier for bond formation. The copolymeri-
zation with the addition of activators was observed to proceed
without H,S gas generation and promoted the reaction of

(a) Polarity reversal contributed from the vinylic activator
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. i - \,\3 S
S [ polarity reversal
\/ \(r ~g -~ s ’7>1.1o°c NH, R NH, R
(R=H or NH,)
T i . 5 ~
(b) Heterolytic ring-opening catalyzed by nucleophilic activator
S S
(5=5 L siw
L’ .. @ S e S @ 5 .
? ? \NQN’ ~ l ’\%5 \Sf \Se e \NQN"\\S’N\\.
M55 >110°c \=/ lower BDE \=/ “s" @ —_—

Fig. 8
NMI).

This journal is © The Royal Society of Chemistry 2019

(a) Polarity reversal effects of vinylic activators (e.g., 4-VA) to Sg, (b) nucleophilic ring-opening of Sg using an externally added activator (e.g.,
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tion. Reproduced with permission from ref. 20. Copyright 2019 Nature publication.

sulfur and some crosslinkers such as glyoxal bis(diallylacetate)
(GBDA) and  1,3,5,7-tetravinyltetramethylcyclotetrasiloxane
(TVTCSi) that were unreactive without accelerators (Fig. 9b).

Sulfur-rich copolymers have drawn much attention due to
their excellent processability, flexibility and electrochemical
properties. The inverse vulcanization methodology, which pro-
vides a feasible synthetic approach for preparing various
sulfur-rich copolymers, is undoubtedly a great breakthrough in
directly utilizing Sg for the preparation of advanced materials.
However, due to the complexity of the sulfur species in the
reaction system and the limitations of characterization tech-
niques, the mechanism for the copolymerization process and
the molecular structure of the product is still not fully under-
stood. Thus, developing new model systems to investigate the
reactivity and mechanism aspects of this polymerization is
needed to enable the rational-design of novel CHIPs with
improved properties.

2.1.2 Reaction of elemental sulfur and alkyl thiols. The
synthesis of polysulfide polymers with high sulfur content has
also been investigated using the classical condensation reac-
tion of elemental sulfur and thiols.

Ss + HS-R-SH — [(S),, — R],, + HS (1)

These studies indicated that the reaction proceeded via a
free radical process and yielded a variety of hydrogen termi-
nated polysulfides or sulfanes.'’® The reaction of thiols with
sulfur was conducted in the temperature range from
130-160 °C to form polysulfide polymers via a base catalyzed
process.”” In the presence of an amine catalyst, the reaction
has been reported to occur even at ambient temperatures.
Bordoloi et al. demonstrated the amine catalyzed reactions
between sulfur and dithiols to generate polymers through a
thiol-ene type reaction which accounted for the deviation
observed in molecular weight versus the theoretical values. It
was observed that as the molecular weight of the polymer
increased, the sulfur rank plateaued to a value of 2.5.”*'7!

Vitrimers are novel polymeric network materials connected
by dynamic covalent bonds, that combine the network struc-
ture of thermosets and the remoldability of thermoplastics,
which considerably expands under the processing conditions
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of these polymers.'”>"7* Liu et al. demonstrated the synthesis

of dynamic polysulfide networks through the solution polycon-
densation of pentaerythritol tetra(3-mercaptopropionate)
(PTMP) with elemental sulfur in toluene at 80 °C for 12 h,
forming dynamic polysulfide networks with 51 wt% of sulfur
(Fig. 10)."”® Due to the presence of dynamic S-S bonds,'”®™'"®
reversible scission of these units in the material was postu-
lated to impart high malleability to the poly(S-PTMP) network.
The polysulfide thermoset could also be rapidly plasticized by
the photo-cleavage of the photo-initiator in the polymer matrix
through ultraviolet (UV) irradiation."”®'®® The photoplasticity
of poly(S-PTMP) enabled it to be manipulated into complicated
3D shapes with a radiation of 360 nm UV light under mild con-
ditions (Fig. 10).

As alluded to earlier in Section 2.1.1.3, elemental sulfur
and high sulfur content CHIPs are attractive cathode active
materials in lithium batteries because of their high theoretical
specific capacity. Cui and Fu et al. demonstrated the conden-
sation reaction of 1,4-benzenedithiol with elemental sulfur in
CS,/toluene (1:1 v/v) solvents to synthesize a highly flexible
polymer polyphenylene tetrasulfide (PPTS) as a cathode
material (Fig. 11a)."®" The high reactivity of the thiol groups,
facilitated by the conjugated nature of the benzyl ring, favors
the elimination of the protons on a condensation reaction
with elemental sulfur. These elastic polysulfide materials were
observed to accommodate strains of up to 334% (Fig. 11b),
while the carbon nanotube-based cathodes were found to be
slightly more brittle (fracture observed at 107% strain
(Fig. 11c)). This flexibility of these materials was associated
with favorable cycling performance in a lithium battery with a
high capacity (633 mA h g~' at 1C), good rate performance,
high coulombic efficiency (~99.4%), and a low capacity decay
(under 0.07% per cycle).

Sulfur based cathode materials classically possess poor
electrical conductivity and are subjected to polysulfide dis-
solution during cycling, both of which impact device perform-
ance and lifetimes.'»*>%151153 Hence, efforts have been made
to improve the battery performance by chemical modification
of the sulfur-based active materials.">""** Yan et al. reported
the covalent attachment of sulfur to sulfhydryl functionalized
graphene nanosheets for high coulombic efficiency sulfur

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Dynamic polysulfide shape memory networks derived from elemental sulfur. Reproduced with permission from ref. 175. Copyright 2017

Elsevier B.V.

Fig. 11 (a) Synthesis of polyphenylene tetrasulfide (PPTS) with visual
representation. (b) Image of the cast PPTS membrane showing its flexi-
bility and transparency. (c) Images of the PPTS-CNT cathode membrane
showing its flexible nature. (d) SEM image of the PPTS-CNT cathode
(EDS image in the inset). Reproduced with permission from ref. 181.
Copyright 2018 American Chemical Society.

cathodes.®*

Park et al. reported the utilization of porous
trithiocyanuric acid crystals (TTCA) as a soft template, where
the ring opening polymerization of elemental sulfur takes
place along the thiol surfaces to create the three-dimensionally
interconnected sulfur-rich polymeric materials S-TTCA
(75 wt% of sulfur).'®® Recently, Chen et al. synthesized the con-
ducting polymer poly(m-aminothiophenol) (PMAT) by homo-
polymerization of m-aminothiophenol and the abundant thiol
groups in PMAT were used for post-synthesis copolymerization
with elemental sulfur at 170 °C to form the highly crosslinked
cp(S-PMAT) copolymer containing approximately 80 wt% of
sulfur (Fig. 12a).'®* When sulfur was covalently bonded to the
conductive polymer chains, the polysulfide anions were in-
soluble in organic electrolytes during the cell operations
(Fig. 12b), resulting in the improved cycling capability of Li-S
batteries. The utilization of cp(S-PMAT) as a cathode retained a
high capacity of 495 mA h g™ after 1000 cycles at a high
charge-discharge current of 2C (Fig. 12c). Other approaches to

This journal is © The Royal Society of Chemistry 2019

(b)

?2” 100
Z1000 | g
= ezx w?
: 800 (c) -5
& =
2 600 P E
£ 400 ® v Charge “_g
é = & Discharge cp(S-PMAT)IC L §
3 200 { » A Efficiency 2
& S

Y 60

200 400 600 800 1000

Number of Cycles
Fig. 12 (a) Synthesis of the cp(S-PMAT) copolymer. (b) The structural

evolution in the synthesis of cp(S-PMAT) and discharge—charge process.
(c) Cycling performance and coulombic efficiency of cp(S-PMAT)/C
cathodes at 2C. Reproduced with permission from ref. 184. Copyright
2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

prepare sulfur materials with conjugate polymer fragments
such as polyaniline or polypyrrole
reported."®>'°° However, the structural characterization of the
materials remains ambiguous due to the intractability of the
uncharacterized final products. Furthermore, Li-S batteries
fabricated from these materials did not exhibit profound
improvement in the device performance upon cycling.

have also been

2.1.3 Polymerization of elemental sulfur and benzoxazines.
The preparation of benzoxazine containing CHIPs has been
recently explored to enhance the thermomechanical properties
of these materials. Polybenzoxazine is an addition polymerized
phenolic system, having a wide range of interesting features
and the capability of overcoming several shortcomings of con-
ventional novolac and resole type phenolic resins."”™%* These
materials exhibit near-zero volumetric change upon curing,"**
flame resistance,'®®> low water absorption,'*® high glass tran-
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Fig. 13 Relevant reactions for sulfur-benzoxazine polymerizations.

sition temperatures (T,),"”” high mechanical strength'®® and
high char yield."*® The molecular structure of polybenzoxa-
zines offers enormous design flexibility, which allows tailoring
the properties of the cured materials for a wide range of appli-
cations.'®® However, polybenzoxazines still have the disadvan-
tages of classical thermosets such as brittleness and difficulty
in processing. The exploitation of the dynamic covalent chem-
istry of S-S bonds is attractive to enable more versatile proces-
sing of these materials. Polybenzoxazines can be synthesized
by ring-opening polymerization of benzoxazine monomers at
temperatures between 160-250 °C, sometimes higher, without
any initiator or catalyst (Fig. 13a).>°° The thermal polymeriz-
ation process of benzoxazine is considered to be a cationic
mechanism as oxazine rings have N and O atoms which are
capable of stabilizing cations during polymerization®®"*°*> but
studies also showed that radicals could be formed on the
oxazine rings in the presence of radical initiators or radical
transfer agents.>***°* The photoinduced ring-opening reaction
of benzoxazine with thiols is also reported (Fig. 13b)
suggesting a radical process for this reaction.”®

The first example of combining elemental sulfur with poly-
benzoxazines via inverse vulcanization was elegantly demon-
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strated by Yagci and co-workers (Fig. 14a)."*" Allyl functional

benzoxazine comonomers (BA-ala) were synthesized using
allylamine, bisphenol A, formaldehyde and molten sulfur by
heating the mixture of BA-ala and elemental sulfur at various
feed ratios. The allyl groups of BA-ala were able to undergo
thiol-ene reactions with generated sulfur radicals to form
C-S covalent bonds between benzoxazine and sulfur units.
Concurrently, ring-opening reactions of the oxazine groups
also take place producing polybenzoxazine fragments. In this
way, the polysulfide chains were stabilized with polybenzoxa-
zine bridges to give a copolymer (abbreviated as poly(BA-ala-
co-sulfur)). These copolymers (50-90 wt% of sulfur) were
found to be soluble in THF which suggested that the homo-
polymerization of the benzoxazine moiety to form a cross-
linked network did not occur to appreciable conversion. With
low sulfur feed ratios (such as 20 wt% of sulfur), the cross-
linking density was much higher and, insoluble copolymer
materials were obtained. The DSC analysis of curing kinetics
revealed a more than 40 °C decrease of the on-set curing
temperature and 90 °C decrease of the end-set curing temp-
erature of sulfur-benzoxazine copolymers in comparison to
the homopolymerization of benzoxazines without the

This journal is © The Royal Society of Chemistry 2019
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addition of sulfur. The copolymer poly(BA-ala-co-sulfur) also
exhibited higher glass transition temperatures (Tg) of
52-66 °C compared with poly(S-7-DIB). The acidity of the reac-
tion system was checked by a litmus paper and the acidic
medium was associated with H,S gas formation which could
be detected with AgNO; solution. The gas release during the
copolymerization resulted in a microporous structure with an
excess benzoxazine monomer (such as 80 wt% BA-ala) feed
ratio. This sponge-like morphology is advantageous for appli-
cations that demand high mass transport, such as catalysis,
separations, and extraction science. Kiskan et al. demon-
strated the utilization of this microporous-structured poly(BA-
ala-co-sulfur) as the sorbent for mercury removal from
aqueous solution which exhibited comparable adsorption
capacity with functionalized poly(glycidyl methacrylate) and
metal-organic framework (MOF)-74-Zn.”°® The S-S bonds in
polysulfide chains were observed to be dynamic upon heating
and regenerated at lower temperatures. The self-healing
properties of the sulfur-benzoxazine polymer were also
studied.'?

Other types of benzoxazines have been used to prepare
advanced sulfur-based polymeric materials. Choi et al. demon-
strated the copolymerization of sulfur and thiol-functionalized
benzoxazine (Fig. 14b).>” Sulfur reacted with the thiol group
through the condensation reaction and the oxazine moiety
proceeded through the ring-opening polymerization to form a
sulfur-embedded polybenzoxazine (S-BOP) with a high sulfur
content of 72 wt%. The resulting S-BOP bears a homogeneous
distribution of sulfur due to in situ formation of the polymer

This journal is © The Royal Society of Chemistry 2019

backbone. This unique internal structure endows S-BOP with
high initial coulombic efficiency (96.6%) and robust cyclability
(92.7% retention after 1000 cycles at 1C cycling rate) when
tested as a sulfur cathode. Lochab et al. reported using an
agro-waste origin cardanol benzoxazine (Ca) monomer as a
suitable sustainable linker to chemically bind elemental sulfur
via bulk polymerization to form random copolymers poly(S-7-
Ca) for Li-S battery applications.>*®

The reaction between the sulfur radical and oxazine rings
was studied in depth by Liu and co-workers.?***°® They found
that sulfur was able to copolymerize with 3-phenyl-3,4-dihydro-
2H-1,3-benzoxazine (Pa) through a process termed the sulfur
radical transfer and coupling (SRTC) process (Fig. 13¢).”*’ In
the SRTC reaction, sulfur radicals were first generated at elev-
ated temperatures (>159 °C) and then the radical transferred
from polysulfide to the benzoxazine ring and generated a thiol
group at the polysulfide chain end. Benzoxazine radicals then
coupled with sulfur radicals to form C-S bonds. The generated
thiols from this process were then able to react with oxazine
moieties resulting in the ring-opening of benzoxazine and
coupling with in situ generated polysulfide radicals. This SRTC
reaction process could explain the low on-set temperature in
the copolymerization of sulfur and allyl functional benzoxa-
zines (BA-ala) and the high solubility of the copolymer with
50-90 wt% of sulfur content. The hyperbranched segments
were formed through the SRTC of sulfur radicals and oxazine
rings with high sulfur loading and the cross-linked polymer
was generated through the homopolymerization of benzoxa-
zine only at a higher benzoxazine feed ratio. This further
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afforded CHIPs from elemental sulfur and various benzoxazine
monomers with improved processability (Fig. 14c and d).**°

2.1.5 Other sulfurization reactions with elemental sulfur.
Multicomponent polymerizations (MCPs) are an emerging
field of polymer chemistry possessing a number of advantages
such as high efficiency, mild reaction conditions and high
atom economy.”'® Tang et al. reported a catalyst-free MCP of
sulfur, alkynes, and aliphatic amines at 50-100 °C to afford a
series of polythioamides with well-defined structures, high
yields, high molecular weights, high refractive indices and
photoluminescence properties.>'® When alkynes are replaced
by isocyanides, the MCP of sulfur could be conducted at room
temperature due to the higher reactivities of isocyanides
(Fig. 15a).>"" The obtained polythioureas demonstrated good
thermal resistance with their decomposition temperatures
ranging from 209 to 279 °C for 5 wt% weight loss. Thiourea
groups are well-known ligands for heavy metal ions with
strong binding to mercury ions, thus the polythioureas pre-
pared from this economic and facile MCP of sulfur are ideal
candidates as mercury sensors and adsorbents (Fig. 15b). A
dramatic fluorescence quenching was observed when the poly-
thioureas were treated with Hg”*, therefore the fluorescent
polythioureas could be utilized as fluorescent indicators as
well as efficient removal adsorbents for polluted water and the
cleaning process could be monitored simultaneously with fluo-
rescence change (Fig. 15¢).>"

A solvent-free and catalyst-free synthetic method of benza-
zoles from methyl aromatics and arylamines in the presence of
sulfur has been developed.>'**'* Coskun et al. reported on a

S

(a) =R, =
é HN=Ri-NH: o @°’ ®o ALN R'“N Rz‘Nt
C=N-R,-N=C H

Fig. 15 (a) Synthetic scheme of multicomponent polymerizations with
elemental sulfur. (b) Proposed mechanism for mercury removal with
polythioureas. (c) Fluorescence detection of mercury ions with poly-
thiourea. Reproduced with permission from ref. 211. Copyright 2018
American Chemical Society.
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Fig. 16 Synthesis of microporous polymers with elemental sulfur for
natural gas sweetening. Reproduced with permission from ref. 214.
Copyright 2016 Elsevier Inc.

related bulk polymerization strategy that enabled direct utiliz-
ation of elemental sulfur in the synthesis of highly micro-
porous benzothiazole polymers (BTAPs) (Fig. 16a)*'* with
Brunauer-Emmett-Teller (BET) surface areas up to 750 m* g~*
For the preparation of BTAPs, 2D organic linkers, 1,3,5-tris(4-
tolyl)benzene (M1) and 1,3,5-tris(4-aminophenyl)benzene (A1),
and 3D organic linkers, tetrakis(4-methylphenyl)methane (M2)
and tetrakis(4-aminophenyl) methane (A2) were synthesized
and reacted with elemental sulfur at 275 °C for 5 h under an
Ar atmosphere. During the polymer synthesis, benzothiazole
rings formed and sulfur radicals simultaneously attached onto
the aromatic rings via C-H insertion reactions.'®**"> Up to
41 wt% of sulfur content was observed in the obtained
product. With additional thermal treatment at 400 °C, BTAPs
with a high surface area were prepared and showed excellent
CO, separation performance under flue gas, natural gas, and
landfill gas conditions (Fig. 16b).

2.2 Condensation copolymerization with elemental sulfur

2.2.1 Reaction of alkyl halides with alkali polysulfides.
Organo-polysulfide materials are amongst the earliest
and simplest commercially produced sulfur-containing
polymers.>'®>'? The origin of polysulfide polymers dates back
to 1924 by Patrick and Mnookin, who carried out extensive
studies on the reaction of organic dihalides with inorganic
polysulfides.>"”**° The first synthetic polysulfide rubber was
marketed by the Thiokol company (USA) in 1929 and they still
remain the main producer of this type of liquid polysulfide.**
Patrick and Mnookin reported on the first synthesis of high
sulfur content polysulfide polymers via a polycondensation
reaction of alkyl halides and inorganic polysulfides (e.g,
Na,S,, n = 4-6) to generate high molecular weight rubbers with
good solvent and wear resistance.>'®?!7>2°

There are several methods of preparing solutions of in-
organic polysulfides from elemental sulfur (Fig. 17a): (i) reac-
tion of sodium hydroxide with sulfur, (ii) reaction of sodium
sulfide with sulfur, (iii) reaction of sodium hydroxide, sodium
hydrosulfide and sulfur, and (iv) reaction of sodium with

This journal is © The Royal Society of Chemistry 2019
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(@) (i) Sz + NaOH —= Na=(S),=Na + H,0 + Na,S,0;
(ii) Sg + NaS —— Na—(S),—Na
(iii) S + NaOH + NaSH — Na—(S),—Na + H,0

(iv) S + Na—> Na—(S),—Na

b) X-R- —-(5),~Na — -
(b) X-R-X + Naf (S)n .Na +)n R-hn+ NaX
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halides polysulfides CHIPs

Fig. 17 (a) Synthetic scheme of alkali polysulfides. (b) Polycondensation
of alkyl halides and inorganic polysulfides.

sulfur.??222

A large number of organic halides can be used in
the preparation of polysulfide polymers. The relative reactiv-
ities of the halides with alkali polysulfides follow the pattern
expected for nucleophilic substitution reactions. Alkyl bro-
mides are more reactive than alkyl chlorides, and alkyl fluor-
ides are generally unreactive.>® Patrick and Jorczak presented
several industrially available alkyl halides which are suitable
for this condensation reaction: methylene dichloride, ethylene
dichloride, propylene dichloride, glycerol dichlorohydrin,
dichloroethyl ether, bis(chloroethyl)ether and triglycol.>!”**?
Kishore et al. demonstrated the condensation reaction of
styrene dibromide with Na,S, or Na,Se, (n = 2-4) generating
copolymers with weak linkages (poly(styrene disulfide), poly
(styrene tetrasulfide), and poly(styrene diselenide)).>*?

This condensation polymerization method has also been
used recently with functional alkyl halides for building up
diverse polymer materials.”**>*° Chujo et al. reported the syn-
thesis of new hybrid materials with sulfur as an inorganic
element. Na,S, (n = av. 5) was synthesized with elemental
sulfur and Na in THF at 70 °C for 3 h and reacted with octakis
(3-iodopropyl)POSS at room temperature to prepare network
polymers with polysulfide-bridged polyhedral oligomeric sil-
sesquioxane (Fig. 18a).>”” Polyoctahedral oligomeric silses-
quioxanes (POSS) are well known as molecular building blocks
to construct thermally-stable materials as well as to improve
the mechanical properties of materials,”**>**> while the intro-
duction of sulfur-bridging moieties results in increased refrac-
tive indices of the polymer matrices.”**>*® Polymer blends of
polysulfide polymers with conventional polymers, such as
PMMA and PS, were prepared as a route to afford blends with
improved thermal and optical properties. With 10 wt%
addition of the polysulfide-bridging POSS network, the
decomposition temperatures with 20 wt% mass loss (T»0q) of
PMMA increased from 263 °C to 360 °C, indicating a higher
thermal stability of the resulting material, along with the
enhancement of the refractive indices (np) which increased
from 1.4931 to 1.4994 (Fig. 18Db).

The preparation of CHIPs from poly(anthraquinonyl sul-
fides) (PAQS) has also been investigated as a route to introduce
redox active moieties for use as electroactive cathode materials
for various battery technologies such as sodium, magnesium
and potassium batteries.”*”’>*° The electrochemical activity of

This journal is © The Royal Society of Chemistry 2019
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Fig. 18 (a) Synthesis of the polysulfide-bridging POSS network and the
estimated chemical structure of the single POSS unit in the network. (b)
Refractive indices (np) of the polymer blends with various amounts of
the polysulfide bridging POSS network. Reproduced with permission
from ref. 227. Copyright 2014 Wiley Periodicals, Inc.

the anthraquinone moiety coupled to a S-S backbone dis-
played intriguing orthogonal redox behavior which was antici-
pated to improve Li-S battery performance. Mecerreyes et al.
elegantly demonstrated the synthesis of new redox active
sulfur polymers poly(anthraquinonyl sulfides) (PAQxS) with
1,5-dicholoroanthraquinone for use as cathode materials in
Li-S batteries (Fig. 19).>* A series of PAQxS polymers with
different polysulfide segment lengths (sulfur rank x = 2-9)
have been synthesized in high yields by reacting the in situ
formed sodium polysulfides with 1,5-dicholoroanthraquinone
in N-methyl-2-pyrrolidone (NMP) at 120 °C overnight. The
electrochemical characterization of these materials exhibited a
dual reversible redox mechanism associated with both the

o~ e (L
o= )=o +N-s+ns&>oo
% Ny, Overnight

Q cl O Sney

n=0 n=1 n=4
-
ox{ =0 o )0 o Yo
&)+ s )
s )

Fig. 19 Synthesis of poly(anthraquinonyl sulfides) (top); proposed
structures for the synthesized polymers with different sulfur equivalents
and digital photographs showing the obtained powdery materials
(bottom). Reproduced with permission from ref. 224. Copyright 2018
American Chemical Society.
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Fig. 20 Synthesis of sulfur-rich nanoparticles (S-NPs), S-NP(C3), S-NP
(C2), S-NP(Th), and S-NP(Bz), from 1,2,3-trichloropropane, 1,2-dibro-
moethane, 2,5-dibromothiophene, and 1,4-dibromobenzene, respect-
ively. Reproduced with permission from ref. 226. Copyright 2017 Elsevier
Ltd.

anthraquinone and polysulfide electrochemistry. Li-S batteries
fabricated using the PAQxS redox polymers as cathodes
showed high experimental initial capacity values and less
capacity loss compared to elemental sulfur based cathodes.

Polymeric nanoparticles (NPs) consisting of S-S bond units
have been the focus of intense research. They exhibit a variety
of interesting properties, such as high specific surface area,
good solubility and processability, and characteristic sulfur-
based properties.>*'>** Mori et al. employed sodium polysul-
fide, originated from elemental sulfur and Na,S, a cross-
linking agent, and an amphiphilic block copolymer, composed
of 4-bromophenyl vinyl sulfide (BPVS) and N-isopropyl acryl-
amide (NIPAM), to synthesize sulfur-rich nanoparticles (S-NPs)
with the sulfur content up to 80 wt% (Fig. 20).**° Four
different halogen compounds were selected as the crosslinking
agents, including 1,2,3-trichloropropane, 1,2-dibromoethane,
2,5-dibromothiophene, and 1,4-dibromobenzene, which afford
core crosslinked S-NP(C3), S-NP(C2), S-NP(Th), and S-NP(Bz),
respectively. The core-shell NPs with sulfur-based crosslinked
cores and a thermoresponsive poly(NIPAM) shell were pre-
pared by the reaction of the halogen compound and sodium
polysulfide, which could also react with Br groups in the
assembled block copolymer in water. Amphiphilic block copo-
lymers with reactive Br groups in the hydrophobic segment
were chosen as polymeric surfactants to introduce good solubi-
lity in organic solvents and water while also imparting thermo-
responsiveness to the material.>*>**® This system demon-
strated the feasibility of incorporating various functionalities
and the formation of sulfur-rich nanoparticles with stable
core-shell structures, which are attractive for developing novel
sulfur-based advanced materials.

2.2.2 Reaction of unsaturated hydrocarbons with alkali
polysulfides. The alkali metal-initiated oligomerization of
unsaturated hydrocarbon monomers followed by condensation
reactions with sulfur was investigated to prepare polysulfide
polymers (Fig. 21).>77>%°

Char et al. demonstrated the preparation of monodisperse,
spherical, and water-dispersible sulfur-rich polymer nano-
particles for heavy metal ion remediation (Fig. 22).°° The
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Fig. 22 (a) Synthesis of PS,DVS and PS,DVS-SH. (b) Illustration of
PS,DVS and PS,DVS-SH nanoparticle synthesis. (c) SEM images of
PS4DVS (scale bar indicates 1 pm). (d) Adsorption selectivity tests of
PS,DVS-SH in the presence of metal ions: Mg?*, Zn?*, Na*, K*, Ca®",
Pb%*, Cd?*, and Hg?*. Reproduced with permission from ref. 250.
Copyright 2018 The Royal Society of Chemistry.

nanoparticles (PS,DVS) were synthesized by precipitation
polymerization of sodium polysulfides (Na,S,), prepared
directly from elemental sulfur and Na,S in the aqueous solu-
tion, with divinyl sulfone in the presence of an anionic surfac-
tant (sodium dodecyl sulfate, SDS) and a neutral steric stabil-
izer (polyvinylpyrrolidone, PVP). Spherical nanoparticles were
synthesized with SDS and the introduction of PVP led to a
narrow size distribution (Fig. 22c). Under the optimized con-
ditions, spherical particles with diameters in the range of
220-310 nm were obtained. The elemental analyses of the
PS,DVS indicated sulfur contents of 55.58%, 59.15%, and
64.89% for n = 2, 3, and 4, respectively, demonstrating that the
sulfur composition could be systematically controlled.
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Followed by subsequent reduction, thiol functionalized
polymer nanoparticles (PS,DVS-SH) were obtained. PS,DVS-SH
nanoparticles exhibited negligible capturing capability for
nontoxic, hard ions such as Mg**, Zn**, Na*, K", and Ca*", and
notable capturing capacity for toxic soft metals such as Pb*",
Cd**, and Hg”>* (Fig. 22d), which provided a promising plat-
form for water purification applications.

3. Post-polymerization
functionalization of sulfur-containing
prepolymers

3.1 Post-polymerization functionalization through dynamic
S-S bonds in CHIPs

The concept of accessing the dynamic S-S bonds in CHIPs has
been investigated as a route to post-polymerization processes
to prepare functional sulfur-containing polymers. Poly(S-r-DIB)
copolymers were demonstrated to exhibit dynamic covalent
bond character due to the presence of long S-S bonds in the
copolymer backbone,*® which were further exploited for heal-
able “scratch and heal” IR windows.>® Based on the earlier
findings of Tobolsky et al., the homolytic scission of di, tri-
and tetrasulfide bonds in various polysulfide materials was
observed at elevated temperatures (T > 100 °C).*>' Pyun &
Mackay et al. conducted time-dependent rheological studies
on CHIPs which confirmed the dynamic nature of S-S bonds
in poly(S-r-DIB) copolymers (Fig. 23b).*> The dynamic nature
of S-S bonds was chemically exploited as a new approach to
incorporate functional monomers into CHIP materials which
was later termed, dynamic covalent polymerizations (DCP)
(Fig. 24). Due to the limited miscibility and high melt viscosity
of poly(S-~-DIB), liquid-like CHIP resins that can be used in
bulk as the reaction medium were desirable for the DCP
process.

The copolymerization of elemental sulfur and styrene was
reported as early as the 1960s and 1970s.>°*>°® However, the
formation of low molar mass oligomeric materials was primar-
ily observed from these systems and in-depth studies on the
free radical copolymerization of Sg with styrene have not been
conducted. Zhang and Pyun et al. reported the use of styrene
as a comonomer to prepare poly(sulfur-random-styrene) (poly
(S--Sty)) copolymers through the inverse vulcanization
process.’® Detailed NMR spectroscopic studies were employed
to gain mechanistic and structural insights into these sulfur-
rich copolymers prepared from inverse vulcanization pro-
cesses. These copolymers exhibit relatively low T, (-11.2 °C-
0.9 °C for 90-50 wt% S) and much better miscibility with
organic solvents. Furthermore, the dynamic S-S bonds in the
polysulfide backbones were accessible for thermally induced
thiol-ene additions to vinylic comonomers at elevated temp-
eratures to generate sulfur radicals. Hence, this new T, CHIP
material becomes an excellent new sulfur reagent and low T,
prepolymer resin for further functionalization reactions.
Taking advantage of the improved miscibility of poly(S-r-Sty)
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Fig. 23 (a) Schematic representation of dynamic behavior under stimu-
lus (T = 100 °C) in poly(S-r-DIB) as a function of dynamic S-S bond
content. (b) In situ rheological characterization of dynamic behavior in
poly(S-r-DIB) (80 wt% sulfur) at T = 130 °C and 100 rad s*. Reproduced
with permission from ref. 49. Copyright 2014 American Chemical
Society.

copolymers, these low T, oligomers were used as reactive
resins for thermally induced reactions with acrylates and other
functional vinyl monomers using dynamic covalent polymeriz-
ations (DCP).>>*>® This approach allowed for the first time the
chemical entry of organic comonomers to prepare CHIPs that
were not initially miscible (or too volatile) with liquid sulfur.

The first demonstration of utilizing pre-made sulfur based
resins to incorporate other vinyl monomers was reported by
Todorov et al.>>® The Thiokol poly(styrene polysulfide) (PStPS)
liquid resins were synthesized from elemental sulfur and
styrene and used as the starting material for modification with
methacrylic acid (MAA). The MAA modified polysulfide terpoly-
mer poly(methacrylic acid polysulfide) (PMAAPS) was charac-
terized with NMR and IR spectroscopy. FTIR suggested the
chemical modification of the liquid resin via vinyl addition
processes, where methacrylic acid units were bound chemically
to the sulfur units in the copolymer backbone. The liquid poly-
sulfides were introduced as additives into a basic elastomer
composition utilized for the packing of high-voltage cable
sleeves. An improvement of the adhesion by, approximately,
43% was achieved after the modification with 10.3 mol% MAA.
This seminal study confirmed the viability of the DCP process
to overcome the poor solubility and miscibility of elemental
sulfur to synthesize functional polysulfide polymers.
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Fig. 24 Incorporation of functional monomers via dynamic covalent polymerization (DCP).

The dynamic covalent polymerization (DCP) process was
further expanded to a number of acrylates, styrenics and allylic
monomers by Zhang and Pyun (Fig. 25).>> Kinetic studies
suggested that the DCP could be conducted at 7 > 110 °C with
a series of poly(S--Sty) resins of varying compositions
(90-50 wt% sulfur, 10-50 wt% styrene). Size exclusion chrom-
atography (SEC) of these terpolymers indicated the formation
of low molar mass terpolymers (M,, = 1554 g mol™; M,,/M,, =
1.3) and a slight increase in molar mass relative to the initial
poly(S--Sty) precursors. Since dynamic S-S bonds were present
in the copolymer backbone, it was anticipated that marginal
differences in the terpolymer molar mass were observed. Since
sulfur radical generation must be accompanied by fragmenta-
tion, decreases in the molar mass would be expected from the
DCP process. However, since thiol-ene reactions in the DCP
process form new S-C bonds in the terpolymer backbones,
molar mass increases to nearly the original molecular weight
of the poly(S--Sty) precursor when a monofunctional acrylate
comonomer (f= 1) is used. The improved miscibility of poly(S-
r-Sty) enabled the incorporation of some vinyl monomers with
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relatively polar functional groups via the DCP process. 4-(Poly
(ethylene glycol)) styrene (PEGSty), for example, was not misci-
ble with elemental sulfur due to the relatively polar PEG func-
tional group and heating the Sg and 4-(poly(ethylene glycol))
styrene mixture generated heterogeneous products. The NMR
spectrum of the product from heating elemental sulfur and
PEGSty indicated the homopolymerization of 4-(poly(ethylene
glycol)) styrene. When using poly(S-r-Sty) (70 wt% sulfur) for
polymerization with 4-(poly(ethylene glycol)) styrene, the reac-
tion mixture became homogeneous and the incorporation of
the 4-(poly(ethylene glycol)) styrene unit was confirmed by
NMR analysis. The polar functional group on the styrenic
monomers significantly increased the solubility of the terpoly-
mer in polar organic solvents such as methanol. The DCP
process of poly(S--Sty) also enabled the tunability of molecular
weight and thermomechanical properties of CHIPs by using
multifunctional comonomers. Using this sequential process, a
wide range of functional comonomers that were otherwise
immiscible with liquid sulfur could be incorporated into
sulfur materials.

The DCP process could also be conducted with other
sulfur polymers. Sung et al. demonstrated the thermal gene-
ration of sulfur radicals from the copolymer poly(S-r-DIB)
materials for covalent attachment of polysulfide chains to
oleylamine (OLA)-functionalized reduced graphene oxide
(0-rGO).>*” Because of the relatively high glass transition
temperatures (Ty), poly(S-»-DIB) needed to be dissolved in a
high boiling point solvent 1,3-dichlorobenzene (DCB) in
order to mix with O-rGO. The reaction mixture was heated at
165 °C and yielded a homogeneous nanocomposite (poly S-O-
rGO) where the end of the aliphatic chain of OLA is covalently
linked to the polysulfide chains. Jenkins demonstrated the
incorporation of vinyl and allyl ethers using DCP with poly
(sulfur-r-divinylbenzene) (poly(S--DVB)).>*®* This method
reduces the reaction temperature from above 160 °C to 90 °C
and the incorporation of different monomers along with
varying feed ratios enabled the physical properties such as T,
to be tailored.

This journal is © The Royal Society of Chemistry 2019
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Conventional inverse vulcanization of Sg required elevated
temperatures (7 > 130 °C) and high Sg concentrations (bulk
polymerization conditions) to promote homolytic ring-opening
of Sg in order to generate a sufficiently high concentration of
reactive sulfur radicals to achieve appreciable reaction rates in
the polymerization. For nonactivated monomers such as acry-
lates, the floor temperature of this DCP process was found to be
110 °C due to the lower bond dissociation energy of polysulfide
polymers expanding the scope of comonomers available that
could be incorporated into polymeric sulfur materials.>>
However, there remain opportunities and challenges to develop
improved methods and catalytic systems to enable polymeriz-
ations of Sg at lower temperatures and with other functional
comonomers. Pyun et al. observed a profound enhancement of
polymerization rate when performing the inverse vulcanization
of elemental sulfur and 4-vinylaniline, which was attributed to a
polarity reversal effect.’*>'®® Motivated by this rate enhance-
ment effect, 4-vinylaniline was introduced into the sulfur
polymer precursor for low-temperature DCP (Fig. 26).'%> A terpo-
lymer containing pendant aniline group poly(S--Sty-r-VA) was
synthesized to investigate the low-temperature DCP with volatile
monomers such as methyl methacrylate (MMA). The styrene
segment lowered the T, of the copolymer and improved the mis-
cibility with MMA, while the pendant amine group served as the
activator to promote homolytic cleavage of S-S at temperatures
lower than 110 °C (Fig. 26b). Kinetic studies showed that the
DCP process of poly(S--Sty-r-VA) could be conducted at as low
as 60 °C which could be applied to incorporate low boiling
point comonomers that are incompatible with classical high-
temperature inverse vulcanization or DCP. This low-temperature
DCP process provides a new synthetic and accelerated method
to activate Sg for copolymerization processes with functional
comonomers at a broader temperature range enabling the
preparation of new sulfur materials.

3.2 Post polymerization functionalization through reactive
side-chain functional groups

Wei and coworkers utilized a modified inverse vulcanization
methodology to prepare soluble inverse-vulcanized hyper-
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branched polymers (SIVHPs) (Fig. 27)."® These SIVHPs were
synthesized via thiol-ene addition of sulfur radicals to DIB in
solution. This solution polymerization took place in an auto-
clave under an N, atmosphere followed by heating to 150 °C-
180 °C for 0.5-7 hours. The solution environment provides
high molecular weights and a high degree of branching. The
branching molecular architecture endows hyperbranched poly-
mers (HPs) with better solubility®>>**° than copolymers by
bulk polymerization. The described SIVHPs exhibited good
solubility in various organic solvents, such as toluene, CHCl;,
DMF, 1,4-dioxane, THF and anisole. SIVHPs contained
unreacted vinyl groups from DIB and could be further modi-
fied with sulfhydryl through thiol-ene click chemistry of 3-(di-
methylamino)-1-propanethiol (DPT) and C=C bonds under
UV initiation, followed by the Menschutkin click reaction with

propargyl bromide.*®' Different from SIVHPs, the quaternary
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ammonium SIVHPs showed superior solubility in water, which
directly demonstrated the chemical conversion from SIVHPs to
quaternary ammonium SIVHPs. The hyperbranched polymers
proved to be solution processible and could be processed into
conductive frameworks of graphene-based ultralight aerogels
(GUAs)*** by facile fluid infiltration for cathode-active
materials of Li-S batteries. The SIVHP-based cells showed high
initial specific capacities of 1247.6 mA h g~ with 400 charge-
discharge cycles. The cells also demonstrated an excellent rate
capability, being able to cycle at 5C.

The preparation of side-chain functional polymers was
developed by Dirlam and Pyun et al., where functional groups
with orthogonal reactivity to the inverse vulcanization process,
followed by post-polymerization reactions of these latent moi-
eties. This strategy was employed as a method to improve the
electrical conductance of sulfur and CHIP materials. The high
resistivity of sulfur (ca. 10"> Q m) is a principal limitation in
fully exploiting its exceptional capacity versus lithium in
electrochemical devices. The typical approach for the electrical
conductance improvement is the preparation of the wrapped
sulfur particles with conductive materials, conductive poly-
mers or various carbon materials.*®® The wrapped small sulfur
particles or micrometer-sized sulfur wires with conductive
polymers or carbon materials have been studied for use in Li-
S batteries."*****2%* Dirlam and Pyun et al. demonstrated the
post-functionalization of side chain functionalized sulfur poly-
mers via electro-polymerization of ProDOT groups (Fig. 28a).*®
The ProDOT side chains were incorporated into sulfur poly-
mers by tandem inverse vulcanization of elemental sulfur,
styrenic functional 3,4-propylenedioxythiophene (ProDOT-Sty)
and DIB. With this approach, ProDOT-Sty was initially reacted
with liquid sulfur diradicals to afford linear copolymeric
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Fig. 28 (a) Tandem inverse vulcanization and electropolymerization of
Sg and ProDOT-Sty. (b) Nyquist plots of impedance spectra of (p)
ProDIBS at an increasing number of potentiodynamic oxidative polymer-
ization scans with expansions of lower impedance regions (top to
bottom). Frequency ranging from 150 kHz to 0.1 Hz. Reproduced with
permission from ref. 85. Copyright 2015 American Chemical Society.
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species and a modest amount of DIB was added after the
initial poly(ProDOT-Sty-r-sulfur) copolymerization, which
afforded a soluble and chemically stable sulfur polymer pre-
cursor poly(ProDOT-Sty-random-DIB-random-sulfur) (ProDIBS)
with ProDOT side chain groups. ProDIBS was spun cast from a
copolymer solution in CHCl;/toluene onto a supporting elec-
trode substrate indium tin oxide (ITO) for performing electro-
chemical experiments. Post-electropolymerization of the
pendant ProDOT moieties then enabled the formation of inter-
connected poly(ProDOT) segments in the sulfur copolymer
matrix. Electrochemical impedance spectroscopy (EIS) was
conducted at varying stages of electro-polymerization to inves-
tigate the effect of introducing conjugated polymer moieties
on the electrical properties of ProDIBS thin films.?*> The impe-
dance response of pProDIBS showed an over 95% decrease in
charge transfer resistance (Rcr) in comparison to the pristine
ProDIBS after 20 or more polymerization scans. These results
clearly confirmed the presence of conjugated polythiophene
segments to improve the conductivity of CHIP materials and
demonstrate the viability of this synthetic approach to new
functional polymers (Fig. 28b).

Tsutsumi et al. reported the preparation of soluble sulfur-
based copolymers from elemental sulfur and alkenyl alcohol
and post-functionalized with a diisocyanate crosslinker for
improving the battery performance of lithium-sulfur bat-
teries."”” The copolymerization of elemental sulfur and
10-undecen-1-ol (UDOL) was conducted in bulk at 175 °C for
3 h yielding the sulfur-rich copolymer poly(S-~-UDOL-1.0)
(Fig. 29). The obtained poly(S-~UDOL-1.0) copolymers have
functional hydroxyl groups in their side chain and were
soluble in organic solvents, such as tetrahydrofuran (THF),
N-methyl-2-pyrrolidone (NMP) and chloroform, where the
hydroxyl group was exploited for post-polymerization modifi-
cation. Ketjen black (KB) was used as the porous carbon
material to support the electroactive polymers for the fabrica-
tion of the electrode.’*>*®” The Ketjen Black (KB) powder was
blended with poly(S-~UDOL) by immersing the KB powder
into a THF-poly(S--UDOL) solution and then processed into
electrode sheets for electrochemical measurements. The
hydroxyl side chain groups on poly(S-~-UDOL) were then
reacted with hexamethylene diisocyanate (HDI) to crosslink
the polymer phase within the cathode coating (Fig. 29).
Electrochemical measurements and charge-discharge studies
of Li-S batteries fabricated from these cathodes showed that
the crosslinking of poly(S-~UDOL-1.0) by HDI effectively
improved the capacity retention of the cell, which was pro-
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Fig. 29 Post-functionalization of the sulfur-alkenyl alcohol copolymer
with hexamethylene diisocyanate (HDI).
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posed to occur via the suppression of discharge product dis-
solution from the positive electrode at early discharge cycles.
Pyun et al. reported on an amine functionalized CHIP poly
(sulfur-random-vinylaniline) (poly(S-r-VA)) synthesized via the
inverse vulcanization process with elemental sulfur and 4-viny-
laniline and post-functionalization with a variety of acid chlor-
ides and isocyanates (Fig. 30)."*° The poly(sulfur-random-4-
vinylaniline) (poly(S-»-VA)) copolymer was synthesized by the
inverse vulcanization method wherein sulfur was heated above
its melting points (T, = 108-120 °C) to 130 °C and 4-vinylani-
line was added to the liquid sulfur dropwise. The reaction
mixture vitrified rapidly to form a red, transparent glass. The
retention of the amine groups in the sulfur copolymer was
confirmed by IR and NMR spectroscopy. Earlier studies have
reported the reaction of sulfur compounds activated by amine
compounds,”®®>%° hence it was initially surprising to find that
stable copolymers were formed via the reaction of sulfur and
4-vinylaniline. The stability of the copolymer was tested by
heating poly(S-7-VA) with elemental sulfur and in dichloroben-
zene solution at 120 °C for 24 h and the SEC analysis of the
product after heat treatment revealed that the copolymer did
not decompose through the reaction of sulfur and amine moi-
eties. DSC analysis of these CHIPs revealed higher glass tran-
sition temperatures (7,) for poly(S-7-VA) (Tgzowt s) = 31 °C and
Tosowtn s) = 50 °C) relative to poly(S-r-Sty) (T, = —11.2 °C-
0.9 °C), which further resulted in increasing T, for copolymers
with a higher feed ratio of the organic comonomer, 4-vinylani-
line. Post-polymerization modification of the sulfur copolymer
via the amidation of the amine group with acid chloride under
basic conditions was demonstrated for the first time. The
model reaction of amination of poly(S-»-VA) was initially
studied with benzoyl chloride. Poly(sulfur-random-(4-vinylphe-
nyl)benzamide) (poly(S--VPBA)) (2) was synthesized with poly
(S-7-VA) and benzoyl chloride in THF at 0 °C with K,CO; as the
proton sponge. The 'H NMR spectrum confirmed the for-
mation of poly(S-7-VPBA) and SEC analysis confirmed the com-
parable molecular weight of sulfur copolymers before and
after amination, which suggested that the sulfur backbone was
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intact during the amination reaction. Under the same reaction
conditions, acryloyl chloride was used to synthesize the sulfur
copolymer poly(sulfur-random-(4-vinylphenyl)acrylamide) (poly
(S-m-VPAA) (3) with crosslinkable acrylic groups. Poly(S-7-VPAA)
could be thermally crosslinked (4) by heating the material to
100 °C. Besides acid chloride, the amine group could also be
functionalized with isocyanates. Poly(sulfur-random-1-phenyl-
3-(4-vinylphenyl)-urea) (poly(S--PVPU)) (5) was synthesized
with poly(S-~-VA) and isocyanatobenzene in THF solution at
room temperature. This reaction provides another approach
for post-modification of poly(S-»-VA) to tune the mechanical
properties.

Sulfur-rich organic materials (organic polysulfanes) are
promising organosulfur electrode candidates for Li-S batteries
due to their unique structure and natural attractive polysulfide
adsorption ability.”*°" Organic polysulfanes can achieve high
sulfur loading and hence high capacity. However, the use of
this type of organic polysulfane as an electrode material
encounters several drawbacks: (i) the polymeric sulfur chains
are unstable and they always break up during the discharge
process, resulting in poor mechanical properties and bad
stability; (ii) the large volume change (~80%) of these organic
polysulfanes during charge and discharge cycles is always
accompanied by an irreversible conversion of the electrode
materials from homogeneous sulfur-rich organic polysulfanes
to heterogeneous sulfur-lean organic polysulfanes and elemen-
tal sulfur. This irreversible conversion causes an inevitable
loss of sulfur and structure variation, leading to low coulombic
efficiency and poor cycle life. Thus, designing more stable and
length controllable polysulfane bonded in the polymer so that
low-order polysulfides can directly form during discharging is
an important direction to improve the cycle life time.*>"

Liu et al. reported the synthesis of a new kind of organic
polysulfane nanosheet (OPNS) with high sulfur content (up to
93 wt% sulfur) using poly(acrylic acid) (PAA) and sulfur nano-
spheres as raw materials, where sulfur directly grafts on the
carbon frame of PAA through direct coupling reactions
initiated with decarboxylation of PAA (Fig. 31a).>’° The coup-
ling reaction proceeded with high selectivity and can be per-
formed in the solid phase, which does not require harsh reac-
tion conditions, expensive materials, or special solvents. The
final products retained desirable electrochemical activity in
devices as a consequence of this new material fabrication.
Compared with the structure of conventional organic polysul-
fane synthesized by inverse vulcanization, the structure of our
organic polysulfane with polycyclic sulfur grafted on the
carbon chain of PAA possesses the advantages of stability
during lithiation/delithiation cycling (Fig. 31b). Specifically,
the OPNS (with 72 wt% sulfur content) cathodes for Li-S bat-
teries demonstrated excellent rate performance (562 mA h g™*
at 10C) (Fig. 31c) and high initial capacity 891 mA h ¢g™" at 1C
rate (based on the mass of organic polysulfane), together with
only 0.014% capacity fading per cycle over 620 cycles.
Additionally, this facile and solvent-free method can be easily
scaled up while maintaining the high purity of the final
products.
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Mecerreyes et al. reported a new synthetic method for
sulfur-containing poly(ionic liquid)s with a unique combi-
nation of properties related to the sulfur and poly(ionic liquid)
constituents (Fig. 32).'%" In the first step, elemental sulfur was
copolymerized with 4-vinylbenzyl chloride yielding poly(sulfur-
co-4-vinylbenzyl chloride) (P(S-VBC)). These poly(ionic liquid)s
were further modified via alkylation with N-methyl imidazole
to prepare poly(sulfur-co-vinylbenzyl imidazolium)chloride
(P(S-VBMImC)). These polyelectrolyte CHIPs were found to
exhibit enhanced solubility in polar solvents such as methanol
and even water. Ion exchange functionalization of the chloride
anion was then carried out using anions, such as, bis(trifluoro-
methanesulfonyl)imide (TFSI). The obtained poly(sulfur-co-4-
vinylbenzyl imidazolium)TFSI (P(S-VBMImTFSI)) having TFSI
counter-anions exhibited an appreciable ionic conductivity of
107° to 107° S em™" in comparison to the state of the art poly
(ionic liquid) materials (Fig. 32b) as determined by electro-
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chemical impedance spectroscopy (EIS). The sulfur-containing
poly(ionic liquid)s also demonstrated unique redox properties
arising from the redox activity of S-S bonds in the CHIP
copolymer backbone.

4. Perspective and future outlook

The future is bright for this new area of polymer science as evi-
denced by the extensive reports in recent years on sulfur utiliz-
ation for the creation of advanced polymeric materials.
However, it is clear that this field remains in its infancy as
noted by the limited number of synthetic methodologies that
have been developed by sulfur polymerizations. While numer-
ous efforts have largely focused on free radical or anionic
polymerization methods, there remain numerous opportu-
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nities to apply the concepts of classical and modern polymer
chemistry to prepare CHIPs with useful properties. The devel-
opment of new step-growth, addition and condensation
polymerization methods that directly utilize elemental sulfur
remains an important opportunity to prepare polymeric
materials with worthwhile thermomechanical properties. The
development of new accelerated or catalysed processes will be
important to afford new materials. MCP processes described
in this review are an example of new synthetic methods that
use sulphur for polymer synthesis that should be further
explored. Alternatively, revisiting the elegant anionic ring-
opening chain polymerization reported by Penczek et al. is an
intriguing research opportunity to create living polymerization
methods and afford well-defined CHIP homopolymers and
copolymers.>’’7®> A major challenge for many of these
polymerization methods that contain a high sulphur rank will
be the suppression of chain transfer reactions of propagating,
or reactive end-groups to dynamic S-S bonds in the backbone
of CHIP materials. Hence, it is evident that novel and clever
synthetic solutions remain to enhance the scope of methods
and materials, which is the key to unlocking the true techno-
logical potential of this field.

5. Conclusions

In this review, we have discussed different synthetic
approaches to prepare functional CHIPs from elemental
sulfur. The two primary methods to prepare polymers, inverse
vulcanization and condensation copolymerization, were
reviewed, followed by the discussion of post-polymerization
modification methods. Condensation copolymerization was
traditionally utilized to produce Thiokol liquid polysulfide and
has recently been applied to introduce new functional groups
from various alkyl halides or unsaturated hydrocarbons. The
inverse vulcanization methodology is a feasible and atom
economical approach to prepare advanced sulfur materials.
However, this process is fundamentally challenged to under-
stand the mechanistic aspects of the polymerization, along the
structural characterization of the final materials. Thus, there
remain opportunities to develop new model systems to further
gain deeper chemical insights into this new polymerization
process. Accelerated or “catalytic” inverse vulcanization
approaches also provide a promising way to make functional
CHIPs to incorporate unreactive monomers and allow reac-
tions at lower temperatures. Some other methods to prepare
polymeric sulfur materials such as multicomponent polymeriz-
ation, sulfur-mediated cyclization and sulfur-benzoxazine reac-
tion were also discussed. Post-polymerization modification is
another important approach to introduce new functionalities.
Post-polymerization modification via reactive side chain
groups for sulfur polymers was limited by the functional
groups that could be incorporated with sulfur polymers. The
recently developed dynamic covalent polymerization (DCP)
process utilizing pre-made sulfur-rich resins as the reaction
medium provides the opportunity to incorporate new function-
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alities at a broader temperature range to prepare novel CHIP
materials.
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