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ABSTRACT: Organosulfur polymers, such as those derived from
elemental sulfur, are an important new class of macromolecules that
have recently emerged via the inverse vulcanization process. Since the
launching of this new field in 2013, the development of new monomers
and organopolysulfide materials based on the inverse vulcanization
process is now an active area in polymer chemistry. While numerous
advances have been made over the last decade concerning this
polymerization process, insights into the mechanism of inverse vulcanization and structural characterization of the high-sulfur-
content copolymers that are produced remain challenging due to the increasing insolubility of the materials with a higher sulfur
content. Furthermore, the high temperatures used in this process can result in side reactions and complex microstructures of the
copolymer backbone, complicating detailed characterization. The most widely studied case of inverse vulcanization to date remains
the reaction between S8 and 1,3-diisopropenylbenzene (DIB) to form poly(sulfur-random-1,3-diisopropenylbenzene)(poly(S-r-
DIB)). Here, to determine the correct microstructure of poly(S-r-DIB), we performed comprehensive structural characterizations of
poly(S-r-DIB) using nuclear magnetic resonance spectroscopy (solid state and solution) and analysis of sulfurated DIB units using
designer S−S cleavage polymer degradation approaches, along with complementary de novo synthesis of the sulfurated DIB
fragments. These studies reveal that the previously proposed repeating units for poly(S-r-DIB) were incorrect and that the
polymerization mechanism of this process is significantly more complex than initially proposed. Density functional theory
calculations were also conducted to provide mechanistic insights into the formation of the derived nonintuitive microstructure of
poly(S-r-DIB).

■ INTRODUCTION
The use of elemental sulfur (S8) as alternative, commodity
feedstock for polymer synthesis has become an attractive
technological aim to sustainably create high-value chemical
products.1−3 While this endeavor is incentivized by the large-
scale generation of S8 from petroleum refining, the dearth of
synthetic polymerization methods to directly employ elemental
sulfur as a monomer has hindered significant advances in this
area. Furthermore, discernable structure−property advances of
S8-derived polymers vs those of classical commodity hydro-
carbon-based polymers have historically been lacking, which
stifled research of high-sulfur content polymeric materials. A
notable early exception in this field was the elegant work of
Penczek et al. on anionic ring-opening copolymerization of S8
with propylene sulfide.4,5 While the melt, homolytic ring-
opening polymerization (ROP) of S8 has long been known to
undergo equilibrium polymerization,6,7 the concept of using
liquid sulfur as a comonomer reaction medium had not been
developed.

A major advance in this area was the development of a new
polymerization process termed inverse vulcanization,8 which
enabled the bulk copolymerization of molten elemental sulfur
and unsaturated comonomers without the need for externally
added initiators or solvents.1,3,7,9,10 The inverse vulcanization
process proceeds at elevated temperatures where the
equilibrium between S8 (also other cyclic forms) and ring-
opened sulfur diradicals drives the polymerization (Figure 1).
A diverse range of unsaturated organic comonomers have been
investigated for inverse vulcanization in the past decade, which
include styrenes, α-methyl styrenes, cyclic olefins, natural
olefinic products, allyls, alkynes, and benzoxazines,2,7,9,10 as
well as aliphatic benzylic comonomers.11 A common major
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obstacle in screening new organic comonomers is poor
miscibility with liquid sulfur, which greatly narrows the scope
of accessible comonomers for inverse vulcanization. Recently
reported efforts to expand the scope include the use of liquid
sulfur resins as prepolymers for dynamic covalent polymer-
ization (DCP),12−16 organic nucleophilic activators,14,17,18

organo/metal salt dithiocarbamate catalysts,19,20 or photo-
induced processes.21,22

High sulfur content organosulfur copolymers made via
inverse vulcanization have been referred to by different names
such as inverse vulcanized polymers and chalcogenide hybrid
inorganic/organic polymers (CHIPs), both of which refer to
sulfur copolymers with a statistical sequence of S−S bonds in a
copolymer backbone with organic comonomers.9 The high
sulfur content of these polymers has imparted intriguing
optical and electrochemical properties for emerging applica-
tions in infrared optics,23−32 Li−S batteries,8,33−40 self-healing
materials,24,41−43 environmental remediation,44−47 agrochem-
ical fertilizers,48 adhesives,49 thermoplastic elastomers,15

rubber vulcanization agents,16,50 and flame retardant materi-
als.15,51 While the inclusion of S−S bonds imparts unusual
properties to these materials, it also renders these polymers
intractable, which has complicated structural characterization
of these materials. To date, either solid-state 13C NMR
spectroscopy of sulfur polymers or solution-state NMR
spectroscopy characterization of soluble, oligomeric forms of
these materials has been conducted to identify the copolymer
microstructures.
It has been a decade since the pioneering development of

the inverse vulcanization of S8 with 1,3-diisopropenylbenzene
(DIB),8 which has since been highly followed. Poly(sulfur-
random-1,3-diisopropenylbenzene) (poly(S-r-DIB)) has be-
come one of the most widely studied high-sulfur-content
polymeric materials derived from the inverse vulcanization of
S8. The repeating unit proposed from poly(S-r-DIB) was
initially reported by Pyun et al. using soluble oligomers by
solution 13C NMR spectroscopy; it was posited that the
reaction proceeds via a thiyl radical addition to vinyl groups of
DIB followed by coupling of the resulting radical with thiyl

radicals, or ring opening of S8, affording a polymer micro-
structure repeating unit consisting of −S−CH2−C(CH3)(Ph−
R)−S bis-sulfurated groups (Figure 1a). Subsequent solid-state
13C NMR spectroscopic characterization by cross-polarization
magic angle spinning (CP-MAS) NMR spectroscopy of
poly(S-r-DIB) was conducted which also seemed to support
this proposed microstructure.52,53 The limited solubility of
poly(S-r-DIB) has complicated more detailed NMR spectro-
scopic studies of the exact microstructure of this new material,
along with spinning side band issues that easily arise for 13C
CP-MAS NMR spectroscopy; this further confounded an
unambiguous structural assignment of the correct repeating
unit structure of this high sulfur content polymer. Further-
more, the synthesis and isolation of bis-thiol or tertiary thiols
that can serve to model compounds for NMR spectroscopic
analysis are nontrivial to conduct due to oxidative stability
issues to form disulfide products, which has further hampered
work on this important question.
Herein, we report a complete study on the structural

characterization of poly(S-r-DIB) derived from inverse vulcan-
ization through a combination of solid-state NMR spectros-
copy of the insoluble polymer and solution-state NMR
spectroscopic studies of degraded organic units from the
same polymer. Essential to these studies is suppression of
spinning side bands in the 13C CP-MAS NMR spectroscopic
measurement, along with cross-polarization spectral editing
(CP-editing) and T1 relaxation experiments of bona-fide 13C
resonances from the material. We further report on synthesis of
exact model bis-thiol compounds to match the new proposed
repeating unit structure for poly(S-r-DIB). These studies reveal
that the primary microstructure of poly(S-r-DIB) is a bis-
thiocumyl fragment (Figure 1b), which represents a profound
departure from the initially proposed microstructures.
Importantly, we demonstrate that we can engage this bis-
thiol model compound with sulfur monochloride (S2Cl2) to
prepare precise linear polytetrasulfide model polymers, for
comparison with the structure and properties of inverse
vulcanization-derived poly(S-r-DIB), to corroborate the

Figure 1. Proposed microstructures for poly(S-r-DIB) from the inverse vulcanization of S8 with DIB: (a) previously proposed microstructure from
the original discovery of Pyun et al. and (b) revised bis-thiocumyl microstructure.
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corrected structure. Access to these key bis-cumyl tertiary
thiols allows facile designer synthesis of polytetrasulfides of
exact sulfur rank via a powerful union with sulfur
monochloride (S2Cl2). Finally, density functional theory
(DFT) calculations provide mechanistic insights into the
polymerization pathways that afford poly(S-r-DIB) from
inverse vulcanization.

■ RESULTS & DISCUSSION
Solid-State NMR Spectroscopy of Poly(S-r-DIB). 13C

CP-MAS NMR spectroscopic characterization of poly(S-r-
DIB) was initially conducted to investigate the predominant
carbon atoms and functional fragments observed in the
polymer. For the current study, poly(S-r-DIB) with a 50-wt
% sulfur composition was prepared by inverse vulcanization at
either 160 or 185 °C followed by isolation of the wholly
insoluble fraction of this material (∼60-wt % of crude product)
to afford purified materials for solid-state NMR spectroscopy.
Computationally predicted 13C chemical shifts of the fully
sulfurated “idealized” bis-sulfurated microstructure for poly(S-
r-DIB) of the aliphatic carbons of the sulfur copolymer
backbone afford predicted resonances at 29 ppm for methyl
carbons, 51 ppm for methylene carbons, and 60 ppm for the
tertiary carbons. What is immediately apparent in the 13C CP-
MAS NMR spectrum of poly(S-r-DIB) is the contrast with this
idealized microstructure as noted by the observation of two
major 13C resonances corresponding to a methyl signal (30
ppm) possessing a peak area nearly twice that of the Ctert
tertiary carbon (55 ppm) and the absence (or trace amounts)
of methylene carbon resonances which points to the formation
of a mono-sulfurated branched thiocumyl f ragment in the
copolymer microstructure (Figure 2a,b). Addition of thiyl
radicals to the isopropenyl olefin followed by sulfur trapping of
resulting radical intermediate with thiyl, or S−S species would
afford two C−S bonds and give rise to the −S−CH2−
methylene and −S−C(CH3)(Ph)− fragments as depicted for
the idealized bis-sulfurated microstructure (Figure 1a). A
significantly less abundant methyl carbon signal (20 ppm) is
also observed, which points to the formation of another minor
poly(S-r-DIB) microstructure suggestive of a mono-sulfurated
linear propyl fragment (Figure 2a,c). 13C resonances at 128
and 153 ppm are due to the aromatic carbons of the DIB ring
which match as expected the corresponding solution-state 13C
NMR spectroscopic assignments for the DIB monomer. A

critical experimental parameter in this analysis is the effect of
the spinning rate during 13C CP-MAS NMR spectroscopic
analysis of poly(S-r-DIB), which we delineate by variation of
frequency from 7−12 kHz. While the 13C CP-MAS NMR
spectroscopy of poly(S-r-DIB) has been investigated,53 non-
optimal sampling conditions continue to confound accurate
structural assignment of insoluble S8-derived polymeric
materials. As illustrated in Figure 2d (red line higher spectra),
the 13C CP-MAS NMR spectrum of poly(S-r-DIB) collected at
7 kHz exhibits numerous spinning side bands (from the two
aromatic signals) at 230, 195, 185, 90, and 87 ppm, which are
largely eliminated by spinning at 12 kHz (Figure 2d, black line
lower spectra). Elimination of these large spinning side bands
seems obvious but is a nontrivial condition to accurately
discern the correct microstructures for poly(S-r-DIB). Finally,
longitudinal (T1) relaxation (see Supporting Information,
Figures S25−27) and spectral editing (Figure S30) 13C CP-
MAS NMR measurements of poly(S-r-DIB) carbons were
made for each 13C resonance shown in Figure 2a to confirm
assignment of methyl and tertiary carbons and the absence of
methylene carbons not reported previously. The collective
findings of these solid-state NMR spectroscopic investigations
indicate that the primary microstructure of poly(S-r-DIB) is
constituted of bis-thiocumyl units, with a minimal contribution
of a minor microstructure of mono-thiolated propyl units,
which unambiguously points to an alternative polymerization
mechanism for the inverse vulcanization process than
previously proposed.

Solution-State NMR Spectroscopy of Model Com-
pounds and Degraded Polymer Products. To further
corroborate the surprising structural findings from solid-state
NMR spectroscopy, designer reductive S−S bond degradation
of poly(S-r-DIB) and solution-state NMR spectroscopic
characterization of the resulting isolated thiolated DIB
products were conducted to provide unambiguous reference
solution NMR spectra. Furthermore, synthesis of exact model
compounds was performed to provide accurate reference
spectra for NMR analytical assignments and comparisons with
degraded products. After surveying reagents and conditions
most suitable to efficiently cleave all sulfur−sulfur (S−S)
bonds for insoluble poly(S-r-DIB) materials,54,55 lithium
aluminum hydride (LiAlH4) emerged as best suited for this
chemo-selective reductive degradation. Toward that end, the
insoluble sulfur copolymer was suspended in dry tetrahy-

Figure 2. (a) Solid-state 13C cross-polarized magic angle spinning (CP-MAS) nuclear magnetic resonance (NMR) spectrum (12 kHz) of insoluble
poly(S-r-DIB) with signal assignments. Large 128 ppm signal, from aromatic CH carbons, gives small spinning side-bands at 222 ppm (red
asterisks), (b) chemical structure of the MAJOR thiocumyl fragment labeled with peaks from Figure 2a, (c) chemical structure of the MINOR
thiopropyl fragment from (a), and (d) solid-state 13C CP-MAS NMR spectrum of insoluble poly(S-r-DIB) measured at different spinning rates (7,
12 kHz) to show these effects on spinning side band peaks.
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drofuran (THF) and treated with LiAlH4 overnight at room
temperature wherein it became homogeneous. Isolation of the
sulfurated DIB degraded units was achieved by acidic workup,
multiple extractions, and separation by silica gel chromatog-
raphy to afford thiols 1, 2, and 3 for characterization by
solution state 1H and 13C NMR spectroscopy (Figure 3a). This
reductive degradation protocol revealed that the major product
formed from this reaction was bis-cumyl thiol 1 (Figure 3a) as
these were almost exclusively the peaks (CH3, 35 ppm; Ctert,
46 ppm) observed from solution-state 13C NMR spectroscopy
of the reduced poly(S-r-DIB) crude mixture before silica gel
purification (Figure 3f). The solution-state 13C NMR spectra
of these degraded DIB units also tracked closely to the bis-
thiocumyl fragment observed in the 13C CP-MAS NMR
spectra from poly(S-r-DIB) (Figure 2a). Furthermore, two
additional thiol compounds were recovered (2, 3), which were
observed in the solution 1H and 13C NMR spectra of the
degraded mixture; these corresponded to minor microstructure
fragments in the sulfur copolymers, as inferred from the
isolated yields relative to the bis-cumyl thiol 1 (Figure 3a and
Supporting Information). These minor products (2, 3) were
identified as a degraded DIB unit bearing a single thiocumyl
group in addition to either an isopropenyl or bis thiol group
(Figure 3a). Thiol 2 could be most readily attributed to
terminal units of the poly(S-r-DIB) copolymer with dangling
vinyl groups. Conversely, thiol 3 containing both thiocumyl
and bis-thiol units points to a very minor contribution of the
“idealized” bis-sulfuration of an olefinic unit as shown in Figure

1a. Comparative analysis of the soluble phase of poly(S-r-DIB)
recovered after washing of the crude product initially afforded
more complex solution 13C NMR spectra than observed for the
solid state 13C NMR spectra of the insoluble fraction (shown
in Figure 2a); however, after reductive degradation of this
soluble poly(S-r-DIB) mixture with LiAlH4 in THF, similar
solution 13C NMR spectra were obtained, which also revealed
the predominant formation of bis-cumyl thiol 1 (see
Supporting Information, Figure S41).
Independent syntheses of model compounds 1 and 2 were

conducted to unambiguously confirm the structures of the
organic fragments (Figure 3b,c). Tertiary thiols are historically
challenging to prepare, with synthetic methods for bis-tertiary
thiol representing a neglected area with few available choices.
Furthermore, it is important to note that isolation of these
dithiols for structural characterization is challenging due to
rapid oxidative coupling reactions to form disulfide byproducts.
Treatment of 2,2′-(1,3-phenylene)bis(propan-2-ol) 4 with
thioacetic acid (HSAc) in the presence of zinc(II) iodide
(ZnI2)

56 in dichloromethane (DCM) converted the two
tertiary benzylic alcohols into bis-thioacetates (5, 6), which
were then cleaved with potassium carbonate (K2CO3) in
methanol to form bis-cumyl thiol 1 (Figure 3b). The solution-
state 13C NMR spectrum of 1 (Figure 3d) gratifyingly matched
the peaks in the 13C NMR spectrum of the insoluble poly(S-r-
DIB) material after LiAlH4 reduction as most notably observed
in stacked 13C NMR spectra of the model compound 1 and the
crude degradation mixture (Figure 3e,f). Furthermore, the

Figure 3. (a) Synthesis scheme for the reductive degradation of the insoluble poly(S-r-DIB) with LiAlH4, (b, c) synthetic schemes for model
compounds bis-cumyl thiol 1 and cumyl thiol 2, (d) solution-state 13C NMR spectra of bis-cumyl thiol 1 with labeled structure of carbons C1−C6,
and (e) solution 13C NMR spectra of bis-cumyl thiol 1 overlayed with (f) solution 13C NMR spectra of the crude degradation products of the
insoluble poly(S-r-DIB) after LiAlH4 reduction with −CH3 (35 ppm), and −Ctert (46 ppm) peaks highlighted in yellow.
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same bis-cumyl thiol 1 could also be converted to a mono-
thioacetate wherein the unreacted tertiary alcohol converted
into a propenyl group using the Burgess dehydration protocol
(Figure 3c).57 Hydrolysis of the thioacetate completed the
independent synthesis of 2, whose analytical data matched
those of the minor poly(S-r-DIB) organic fragment degrada-
tion product.
These collective findings corroborate the correct assignment

of the primary microstructure of poly(S-r-DIB) to be the bis-
thiocumyl unit with one C−S bond per vinyl group. While the
spectroscopic and experimental studies for poly(S-r-DIB)
prove the formation of bis-thiocumyl units, numerous
mechanistic questions remain on the formation of these
thiocumyl units where only one C−S bond is formed per
isopropenyl group in DIB. Furthermore, conversion of
isopropenyl groups to thiocumyl fragments requires one
additional H-atom per each olefinic moiety (2H-atoms per
DIB molecule), where the only sources of H-atoms are the
DIB monomers themselves since inverse vulcanization is
conducted as a bulk, addition polymerization. The formation
of thiocumyl fragments can be rationalized by the thiyl radical
addition to the tertiary olefinic carbon of the DIB vinyl groups,
affording a primary methylene radical that could in principle be
terminated by −SSH sulfane species in the molten sulfur
media. Chemically similar organohydropersulfides have been
reported to be highly reactive H-atom donors toward both
thiyl and alkyl radical species.58 While this regiochemistry
appears unfavorable, similar regiochemistry was observed for
the inverse vulcanization of S8 with styrene by solution 1H

NMR spectroscopy of the soluble poly(S-r-Sty) material.59

Nevertheless, this is a dramatic mechanistic departure from the
originally proposed mechanism for the inverse vulcanization of
S8 with DIB, which prompted quantum chemistry calculations
to provide insights into this unusual polymerization processes.

Computational Modeling of the Inverse Vulcan-
ization of S8 and DIB. DFT calculations at the M06-2X/6-
31 + G** level with the Gaussian 16 package60 were
conducted using α-methyl styrene (MeSty) and tetrasulfane61

thiyl radical species (H−S−S−S−S·, Figure 4) as the reactants
to model the inverse vulcanization of S8 and DIB. These
calculations afforded the Gibbs free energies (G) of possible
intermediates and the transition states of the proposed reaction
pathways of interest, along with the reaction rates of most
likely reaction pathways (Figures 4−567). Frequency analyses
followed by geometry optimizations were conducted at the
same level of theory to confirm the nature of the stationary
points; minima, such as those corresponding to reactants or
products, have zero imaginary frequencies while transition
states (TS) have one imaginary frequency corresponding to a
saddle point on the reaction potential energy surface. For TS
calculations, intrinsic reaction coordinate analyses were carried
out. The rate constants for the reaction were calculated as

k T e( ) k T
hc

G RT/B a=
‡

where kB, h, and R denote Boltzmann’s
constant, Planck’s constant, and the ideal gas constant,
respectively; T is the reaction temperature (taken here as
433 K, i.e., 160 °C); ΔGa

‡ is the Gibbs free energy of activation,
i.e., the difference between the free energy of the reactant state

Figure 4. (a) Reaction schemes considered in the DFT/M06-2X calculations of tetrasulfane thiyl radical to MeSty via thiol-ene, or H-atom
abstraction pathways and (b) reaction coordinate profile for the possible reactions of tetrasulfane thiyl radical to MeSty.
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and that of the TS; c denotes the concentration, which is

conventionally set to be 1 M; ( )1 h
k T

1
24

Im( )
2

B
= + is the

tunneling correction factor based on the Wigner model62,63

and Im(ν) is the imaginary frequency derived at the
corresponding TS.
Simulations of Chemo- and Regioselectivity of Thiyl

Radicals with α-Methyl Styrene. Computational studies were
initially conducted for the reaction between MeSty and the
tetrasulfane thiyl radical species (H−S−S−S−S·), see Figure 4,
to evaluate the energetics of thiyl radical addition to form
either a primary radical (color-coded in blue in the figure) or a
tertiary radical (orange), along with an allylic radical (yellow),
obtained from thiyl radical hydrogen abstraction from the
allylic methyl group; we deemed these to be the most likely
reaction scenarios between these two species (Figure 4a). Not
surprisingly, formation of the tertiary radical, as observed in
classical thiol-ene addition reactions (Figure 4a), is a
significantly more favorable process than formation of the
more sterically challenged cumyl-sulfide primary radical.
Calculations support this chemical intuition as noted by
lower energetic barriers for tertiary radical formation (ΔGa

‡

=17.1 kcal/mol) vs generation of the primary radical (ΔGa
‡ =

25.3 kcal/mol) and significantly faster reaction rates
(∼10,000×) for tertiary radical formation (k = 2.27 × 104
L/mol s vs k = 1.74 × 100 L/mol s, Figure 4b). The competing
thiyl radical hydrogen abstraction process to form protonated

H−S−S−S−S−H and MeSty allylic radicals was observed to
be endergonic and to proceed with a significantly higher
energetic barrier (ΔGa

‡ = 32.8 kcal/mol) and slower reaction
rates (k = 4.25 × 10−4 L/mol s) relative to both thiol-ene
reaction pathways (Figure 4b). However, the calculated
energies of the HSSSSH and MeSty allyl radical products
(ΔG = 17.1 kcal/mol) were intermediate to those of the
tertiary (ΔG = 9.5 kcal/mol) and primary (ΔG = 22.4 kcal/
mol) radical products, which will prove to be a significant
finding, as will be detailed below (Figure 4b). Furthermore, the
allylic hydrogen abstraction pathway affords a homolytic
process to form -SSSSH sulfane species in situ which can
serve as the H-donor species to form thiocumyl units, vide
inf ra. The overall assessment of these initial bimolecular
processes of thiyl radicals and MeSty indicates that the
formation of the tertiary radical tetrasulfide adduct is the
predicted addition product. However, since these types of
microstructures are NOT observed experimentally for poly(S-
r-DIB), further quantum-chemical calculations were carried
out on the stability and reactivity of tertiary radical species for
polymer forming reactions, which we discuss in the next
section.

Reversible Elimination Reactions from Tertiary Methyl
Styryl Radical Species. A deeper assessment of the tertiary
radical species (7, Figure 5a) formed by the thiyl addition to
MeSty revealed four very different reaction pathways. Most
notably is the reversible elimination processes back to MeSty

Figure 5. Center panel: Reaction scheme illustrating four possible reaction pathways for tertiary radical species 1 to undergo (a) elimination-
depolymerization, (b) cyclization to thiirane, (c) ring-opening addition to S8, and (d) allylic H-atom abstraction from thiyl radical species to form
allylic and vinyl sulfides.
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olefin +HSSSS· thiyl radicals (Figure 5a), which was calculated
to be the most favorable and fastest process (ΔGa

‡ = 7.6 kcal/
mol; k = 1.44 × 109 L/mol s); in addition, the cyclization of
the same tertiary radical intermediate (Figure 5b) to form a
thiirane had slighter lower exergonicity (ΔG = −8.9 kcal/mol
for cyclization vs −9.5 kcal/mol for elimination) and slightly
lower rates (ΔGa

‡ = 12.9 kcal/mol; k = 2.87 × 106 L/mol s).
Nevertheless, the exergonicity and fast rate of these elimination
processes revealed that this tertiary radical species is not a
viable intermediate for the C−S bond-forming reactions
required for inverse vulcanization. This conclusion was further
supported by calculations of the tertiary radical ring-opening
addition to S8 (Figure 5c), which proceeded with a higher
energetic barrier (19.2 kcal/mol) and led to the endergonic
(ΔG = +2.6 kcal/mol) and much slower (k = 1.93 × 103 L/
mol s) formation of a bis-sulfurated MeSty product with two
tetrasulfide units. Furthermore, the H-atom abstraction
reaction of thiyl radical species from either allylic- methyl, or
methylene positions of the tertiary radical intermediate was
evaluated and calculated to proceed via a barrierless, highly
exergonic process (ΔG = −21.3 kcal/mol) to form the allylic
sulfides (9) or, in a two-step highly exergonic process (ΔG =
−23.4 kcal/mol), to afford vinyl sulfides (10), respectively,
depending on sites of abstraction (Figure 5d).

Formation of Thiocumyl Groups via Homolytic vs
Heterolytic Processes. Since the results of the calculations
illustrated in Figure 5 indicated the preference of tertiary
radical intermediates for an elimination-depolymerization
process, additional studies were conducted on the primary

Figure 6. (a) Synthetic scheme and (b) reaction coordinate for the
formation of thio-cumyl units via HSSSS radical abstraction or direct
addition to a-methyl styrene.

Figure 7. Calculated Gibbs free energies of activation and rate constants for the coupling of primary radicals (derived from thiyl radical addition to
MeSty) with HS- species of varying sulfur rank.
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radical addition pathway as the most likely process to form
thiocumyl microstructures for inverse vulcanization with DIB.
The most direct possible mechanistic pathway for forming the
observed thiocumyl fragment for HSSSS· and MeSty is via
termination of the thiocumyl radical by abstraction of a
hydrogen atom from a sulfane −SSSSH species (Figure 6a,b),
which can be formed by direct abstraction of allylic hydrogens
from the methyl position of MeSty (Figure 4b).
This process was calculated to be highly exergonic (ΔG =

−26.3 kcal/mol) and proceeded with a fast reaction rate (k =
5.11 × 107 L/mol s) (Figure 6b). We also evaluated the
heterolytic electrophilic addition process of the sulfane HSSSS-
species to the olefin of MeSty in a Markovnikov fashion; the
resulting pathway was found to be far less favorable (ΔGa

‡ =
29.3 kcal/mol, k = 1.60 × 10−2 L/mol s), and thus considered
unlikely. Interestingly, the computational results (see Figure
6a) indicated that the barrier for abstraction from HSSSS was
10.6 kcal/mol; this value is significantly lower compared to the
scenario wherein the primary radical is terminated by
abstracting a hydrogen atom from the allylic fragment (25.0
kcal/mol), leading to a rate difference of almost seven orders of
magnitude. Furthermore, and most strikingly, our computa-
tional studies highlight that H2S is about two orders of
magnitude slower (ΔGa

‡ = 15.2 kcal/mol) in delivering a
hydrogen atom to the primary radical in comparison to HSS
(ΔGa

‡ = 11.7 kcal/mol), HSSS (ΔGa
‡ = 10.2 kcal/mol), and

HSSSS (ΔGa
‡ = 10.6 kcal/mol), see Figure 7.

The overall picture collected from the quantum-chemical
calculations shown in Figures 4−7 offers several important
mechanistic insights into the inverse vulcanization of sulfur
with DIB. These calculations reveal that despite the more
favorable thiol-ene type addition of thiyl radical to form
tertiary styryl radicals (Figure 4), the resulting elimination of
this intermediate back to MeSty (Figure 5) suggests that
similar “dead-end” depolymerization processes are observed

for the inverse vulcanization process with tertiary styryl radical
species formed from DIB. The reversibility of tertiary methyl
styryl radicals is consistent with the low ceiling temperatures
(Tc = 61 °C) observed in the free radical homo-polymerization
of MeSty.64 Additionally, while allylic H-atom abstraction from
the methyl groups of the MeSty monomer is an endergonic,
slow process (Figure 4), allylic H-atom abstraction from
methyl and methylene groups on tertiary styryl radicals
proceeds with high exergonicity and fast rates (Figure 5),
which offers two different routes for H-atom abstraction to
form H-donor sulfane species. Finally, the homolytic
termination of primary radicals (generated from thiyl addition
to MeSty) with sulfane H−SSS species was calculated to
proceed exergonically to form thiocumyl units (Figure 6),
which provides a viable reaction pathway to form thiocumyl
units in poly(S-r-DIB). This type of mechanism is consistent
with earlier studies reported in the rubber vulcanization
literature, where allylic H-abstraction and C−S bond formation
is predominantly observed versus C−S bond formation via
olefin addition pathways.65

Pending Mechanistic Studies. An unresolved question
that is still being investigated is the competitive generation of
dithiole thione species via the reaction of elemental sulfur with
isopropenyl or α-olefinic molecules versus allylic H-atom
abstraction by thiyl radical species. Earlier literature prece-
dence has documented the possibility of both processes to be
present, with homolytic allylic hydrogen abstraction reactions
dominating at lower temperatures and shorter reaction times.
At higher temperatures, it is the conversion of isopropenyl/
alkyl propenyl moieties into dithiole thione groups with
evolution of H2S that has been reported to occur.65 More
recently, this has elegantly been experimentally confirmed by
Kanbara and co-workers for reactions of S8 with MeSty, as
noted by the formation of the dithiole thione and H2S.

66 This
oxidative process could in principle be a source of H-atoms

Figure 8. (a) Sulfuration of cumyl thiol 11 with S2Cl2 to afford model tetrasulfide 12 and solution-state 13C NMR spectrum of 12, (b) synthesis of
linear polytetrasulfide 13 by sulfuration of 1 with S2Cl2 and solution-state 13C NMR spectrum of 13, and (c) solution 13C NMR spectrum of bis-
cumyl thiol 1.
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required for thiocumyl fragment formation, but would presume
near stoichiometric generation of H2S gas during the inverse
vulcanization of S8 and DIB. While some generation of H2S has
been reported during inverse vulcanization with DIB,53 visible
bubbling of the reaction media is not observed under most
bulk polymerization conditions, in contrast with inverse
vulcanizations of S8 with 1,3-phenylene diamine,18 or reactions
that have undergone thermal runaway.35 In our kinetic studies
of the inverse vulcanization of S8 with DIB, we do observe
small amounts of dithiole thione as noted by 1H NMR
spectroscopy of bulk polymerization aliquots (see Supporting
Information, Figure S42). Hence, it is now evident that dithiole
thione formation occurs in the inverse vulcanization with DIB,
but the mechanistic pathway to form these species and the role
of these reactions to form poly(S-r-DIB) are still unclear and
the subject of ongoing research. Our preliminary quantum-
chemical calculations demonstrate a possible homolytic
pathway to dithiole thione formation by exhaustive allylic H-
atom abstraction of methyl groups in DIB, followed by
subsequent C−S radical coupling and elimination of thiyl
radical species from the liquid sulfur phase (see Supporting
Information, Figures S43−44).
Synthesis and NMR Spectroscopy of Cumyl Tetra-

sulfides and Linear Cumyl Polytetrasulfides. Synthetic
access to both mono- and bis-cumyl thiols has opened the door
for designer preparation of cumyl tetrasulfide model
compounds and linear polytetrasulfides which allowed for
concrete structure−property comparisons to inverse vulcan-
ization-derived poly(S-r-DIB). Mono-cumyl thiol 11 was
prepared by the basic cleavage of the corresponding cumyl
thioester and further reacted with sulfur monochloride in the
presence of triethylamine to prepare target tetrasulfide 12
(Figure 8a).67 Similarly, bis-cumyl thiol 1 was used as an A2
monomer in a step-growth polymerization with sulfur
monochloride (S2Cl2 as the B2 monomer) to prepare linear
polysulfide 13 which possesses an exact sulfur rank of 4-sulfur
units throughout the polymer chain. SEC in THF confirmed
that a polymeric material was formed from this process (Mn =
13,200 g/mol; Mw/Mn = 2.4). Synthetic access to both the
small molecule and linear polytetrasulfide containing only the
thiocumyl units allows for precise comparison of the solution
13C NMR spectra of these reference materials to the 13C CP-
MAS NMR spectra profile of poly(S-r-DIB).
Solution 13C NMR spectra of tetrasulfide 12 and linear

polysulfide 13 showed both methyl (29 ppm) and Ctert (55
ppm) resonances of comparable peak heights, which closely
matched the 13C NMR spectra of bis-cumyl thiol 1 (Figure 8c)
but with these peaks shifted downfield as a consequence of the
higher sulfur rank. Linear polysulfide 13 is the perfect linear
version of poly(S-r-DIB) composed of only 1,3-phenylene bis-
thiocumyl units with an exact sulfur rank of four, while poly(S-

r-DIB) derived from inverse vulcanization has a statistical
distribution of sulfur ranks and the possibility for other minor
repeating unit microstructures. Despite these structural
differences, the 13C NMR spectra of these various polymers
are remarkably similar with respect to the primary number of
carbon peaks, chemical shifts, and relative peak heights. The
collective assessment of the spectral similarities of these model
materials with the insoluble fraction of poly(S-r-DIB) provides
further evidence for the newly proposed thiocumyl repeating
unit for this copolymer. Further comparison of the bulk
properties of linear polytetrasulfide 13 vs poly(S-r-DIB)
revealed significant differences in thermal properties (Tg poly6
∼ 15 °C vs Tg poly(S‑r‑DIB) ∼ 25 °C from modulated DSC, see
Figure S21), which can be attributed to the more controlled
linear structure and precise sulfur rank of the linear
polytetrasulfide model material. The refractive index of linear
polytetrasulfide 13 (n589nm = 1.71, see Figure S22) was found
to be slightly lower than those of poly(S-r-DIB) (n > 1.75 for
50-wt % sulfur),23 which indicates that poly(S-r-DIB) exhibits
comparable sulfur rank to those of these linear polytetrasul-
fides. A more detailed structure−property comparison of these
materials is currently in progress.

Ramifications of Cumyl Dominant Microstructures
for Poly(S-r-DIB). The implications of these structural and
mechanistic studies are significant for understanding both the
fundamental polymerization chemistry aspects of the inverse
vulcanization of DIB and the structure−property aspects of
this material in comparison to other comonomers. The main
conclusion of this comprehensive study is that the complete
microstructure of poly(S-r-DIB) made from inverse vulcan-
ization (Figure 9) must now be revised to primarily consist of
thiocumyl fragments as the major microstructure unit, followed
by minor units composed of thiopropyl fragments, or bis-
thiopropyl fragments as inferred from the degradation studies
in Figure 3. Furthermore, the poly(S-r-DIB) end groups can be
inferred to be either −SSH sulfanes, or dangling isopropenyl
moieties. As the primary microstructure of this polymer is
composed of the thiocumyl units, for technical communicative
purposes, it is recommended to present the chemical repeating
unit of poly(S-r-DIB) prepared by inverse vulcanization as
shown in Figure 1b. The important role of allylic hydrogen
abstraction in the inverse vulcanization of DIB has further been
supported by a recent report on the inverse vulcanization of
tris-isopropylbenzene11 where abstraction of benzylic H-atoms
has afforded polymeric materials with NMR spectroscopic
profiles similar to those described herein. Finally, it is further
recommended that all new sulfur derived polymers (i.e.,
inverse vulcanized polymers) include both NMR spectroscopic
characterization of the polymer (either solution or solid state),
along with analytical structural characterization of degraded
organic comonomer units, as detailed in this report. This utility
of this approach has effectively been demonstrated for

Figure 9. Proposed complete microstructure of poly(S-r-DIB) synthesized by the inverse vulcanization of S8 and DIB.
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characterization of inverse vulcanized derived polymers from
dicyclopentadiene.68 Furthermore, this comprehensive charac-
terization protocol holds promise for new S8 derived
organopolysulfides prepared via thiirane-S8 ring opening
copolymerizations.69 It is important to note that different
mechanistic pathways will likely be observed with different
organic comonomers, which warrant detailed structural
analysis as described herein.

■ CONCLUSIONS
Comprehensive structural and mechanistic studies were
conducted on poly(S-r-DIB) copolymers prepared by inverse
vulcanization using solution and solid-state 13C NMR spec-
troscopy. A combination of solid-state NMR spectroscopic
analysis of the insoluble polymer, along with polymer
degradation studies and synthesis of model compounds,
highlights that the predominant repeating unit in poly(S-r-
DIB) is composed of thiocumyl units formed during inverse
vulcanization. This unexpected microstructure is further
supported by the results of quantum-chemical calculations
that describe the possible reaction pathways to form this
thiocumyl repeating unit and further clarify why the previously
proposed thiol-ene type addition mechanism is not observed.
Our findings indicate that the previously reported “idealized”
microstructures for poly(S-r-DIB) are not predominant, which
represents a major outcome in the field of sulfur polymer
chemistry. Our results have profound implications on the
understanding of the structure−property relationships of the
polymeric materials prepared from inverse vulcanization and
provide new mechanistic insights into this process. Additional
studies are in progress with other well-established organic
comonomers for inverse vulcanization, with the goal of
establishing more predictable comonomer structural landscape
that is well matched for inverse vulcanization and our many
long-term application goals with new S8 derived polymeric
materials.
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