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ABSTRACT: The preparation of high-sulfur content organosulfur polymers
has generated considerable interest as an emerging area in polymer science
that has been driven by advances in the inverse vulcanization polymerization
of elemental sulfur with organic comonomers. While numerous new inverse
vulcanized polysulfides have been made over the past decade, insights into
the mechanism of inverse vulcanization and structural characterization of the
high-sulfur-content copolymers remain limited in scope. Furthermore, the
exploration of new molecular architectures for organic comonomer synthesis
remains an important frontier to enhance the properties of these new polymeric materials. In the current report, the first detailed
study on the synthesis and inverse vulcanization of polycyclic rigid comonomers derived from norbornadiene was conducted,
affording a quantitative assessment of polymer microstructure for these organopolysulfides and insights into the inverse vulcanization
polymerization mechanism for this class of monomers. In particular, a stereoselective synthesis of the endo-exo norbornadiene
cyclopentadiene adduct (Stillene) was achieved, which enabled direct comparison with the known exo-exo norbornadiene dimer
(NBD2) previously used for inverse vulcanization. Reductive degradation of these sulfur copolymers and detailed structural analysis
of the recovered sulfurated organic fragments revealed that remarkable exo-stereospecificity was achieved in the inverse vulcanization
of elemental sulfur with both these polycyclic dienyl comonomers, which correlated to the robust thermomechanical properties
associated with organopolysulfides made from NBD2 previously. Melt processing and molding of these sulfur copolymers were
conducted to fabricate free-standing plastic lenses for long-wave infrared thermal imaging.

■ INTRODUCTION
Polymerizations with elemental sulfur have recently emerged as
a field in polymer chemistry and sustainability as a route to
high-sulfur content organopolysulfides which exhibit a wide
range of intriguing (electro)chemical, optical, thermomechan-
ical, rheological, and flame retardant properties.1−6 The
invention of the inverse vulcanization process by Pyun et al.
in 2013 by the copolymerization of elemental sulfur (S8) with
1,3-diisopropenylbenzene (DIB)7 has been a major driver of
these advances via the melt copolymerization of S8 with
unsaturated monomers. In the past decade, the primary
approach to enhancing the properties of high-sulfur content
organopolysulfides made via inverse vulcanization (these
polysulfides have been referred to as chalcogenide hybrid
polymers (CHIPs) or inverse vulcanized polymers) has been
through copolymerization of S8 with conventional vinylic or
olefinic comonomers, the significant scope of which can be
read elsewhere.1−6,8 Efforts to expand the scope of monomers
for inverse vulcanization include improvements based on
nucleophilic accelerators,9,10 catalysts,11,12 soluble sulfur
prepolymers by dynamic covalent polymerizations13−15 and
photoinduced16,17 polymerization methods. Novel anionic
ring-opening copolymerization methods with S8 as pioneered
by Penczek,18 have also been revisited with comonomer

variations, including Michael addition copolymerizations with
acrylates and aziridines.19−21 The groups of Lim, Hasell, and
Chalker recently expanded inverse vulcanization processes to
both episulfides (thiiranes) and epoxide comonomers.22−24

The synthesis of novel olefinic monomers for inverse
vulcanization has also been investigated in a much narrower
scope for the incorporation of vinylic moieties to core skeletal
architectures of interest, namely 1,3,5-triisopropenylbenzene,25

thiophenes,26 allyl terminated poly(3-hexylthiophene)27 and
notably most recently, perdeutero d14-1,3-diisopropenylben-
zene.28 Alternatively, the use of other elemental sulfur-derived
commodity chemicals such as sulfenyl chlorides (e.g.,
S2Cl2),

29−31 and dithiophosphoric acids,32 have been used as
monomers, or reagents for polymer synthesis. The synthesis
and ring-opening polymerization of well-defined cyclic
trisulfides,33 or dithioacetals34 has also been developed to
prepare novel organopolysulfides.
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A notable advance to improve the optical and thermome-
chanical properties of high-sulfur content inverse vulcanized
polysulfides was the Pyun group’s synthesis and inverse
vulcanization of the exo-exo dimer of norbornadiene (termed,
NBD2), affording, poly(sulfur-random-norbornadiene dimer)
(poly(S-r-NBD2), which exhibited one of the highest glass
transition (Tg) values and highest degradation temperature
onsets observed for sulfur polymers made by inverse
vulcanization (Figure 1a).35,36 Norbornene based monomers
have been elegantly demonstrated by Hasell and co-work-
ers11,37 (e.g., ethylidene norbornene, vinyl norbornene, Figure
1b) to undergo inverse vulcanization, along with the use of
dicyclopentadiene (DCPD) by Chalker and co-workers,38 to
tune thermomechanical properties. Further structural and
mechanistic studies on the inverse vulcanization of DCPD, in
conjunction with the application of the resulting polymers as
coatings, were also investigated.39 The inverse vulcanization of
nonstrained cyclic olefins was demonstrated by Alhassan and
co-workers,40 along with a low-temperature mechanochemical
reaction with norbornadiene41 and inverse vulcanization with
cyclopentadiene derived from DCPD.42 The coupling of
monofunctional substituted norbornenes via (thio)ether link-
ers has been conducted to prepare bis-norbornenyl monomers
which were subsequently applied to inverse vulcanization.
However, the racemic mixture of endo- and exo-substituted
norbornenes linked with flexible spacers only afforded low Tg
polymeric fluids.43 Free radical polymerizations (and other
chain reactions) using norbornadiene suffer from side reactions
of carbon-centered radicals formed after the initial olefin
addition with the neighboring olefin resulting in cycloaddition
reaction intermediates to the norbornane skeleton (Figure
1c).44 Despite the successful inverse vulcanization of these
norbornene and cyclic olefinic monomers, the tendency of
norbornenes (e.g., ENB, VNB) to carbonize during inverse

vulcanization precludes the application of these materials as
plastic optics (e.g., lenses, windows, fibers) for visible, or
infrared applications despite possessing high glass transition
values.6 Furthermore, inverse vulcanized polysulfides derived
from many aliphatic cyclic olefins possess low Tg values40

precluding use as solid-state optical components. Conversely,
the fused rigid symmetrical structure of NBD2 monomers
suppresses intramolecular side reactions during radical
reactions,44 while also affording desirable thermomechanical
properties, along with enhanced long wave infrared trans-
parency (LWIR %T) and melt processability.35 These
advantages of poly(S-r-NBD2) were recently demonstrated
in the first fabrication of LWIR plastic lenses which were
successfully used for achieving room-temperature LWIR
thermal imaging with sulfur-based plastics for the first time.45

The highly cross-linked nature of poly(S-r-NBD2) was recently
confirmed by small amplitude oscillatory rheology, where the
presence of dynamic S−S bonds in these polymer networks
rendered these dissociative covalent adaptive networks-
(CANs).36

The success of NBD2 and poly(S-r-NBD2) for inverse
vulcanization and polysulfides with desirable properties
warrants further investigation into the synthesis of related
strained cyclic olefins to afford high-sulfur polymeric materials
with desirable thermomechanical and optical properties.
Furthermore, despite the recent work done to interrogate the
bulk rheological and optical properties of poly(S-r-NBD2),
mechanistic and structural studies of the final polysulfides have
not yet been conducted, which is a critical step to enable
definitive structure−property studies in the design of the next
generation of polysulfide materials. To date, the only structural
confirmation of the repeating unit of poly(S-r-NBD2) was
conducted by Parker and Pyun and co-workers,35 using 13C
cross-polarization magic angle spinning NMR spectroscopy in

Figure 1. (a) Synthesis of NBD2 via dimerization of norbornadiene to afford the exo-exo dimer and inverse vulcanization with S8 to afford poly(S-
r-NBD2). (b) Norbornene-based monomers reported for inverse vulcanization. (c) Side reactions encountered with radical reactions with
norbornadiene. (d) Synthesis of “Stillene” (2), which is the endo-exo norbornadiene cyclopentadiene adduct, using a selective iodine-induced
degradation approach to remove the undesired stereoisomer 1 by engaging its proximal olefins.
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the solid state (see Figure 1a summary), which precludes
information on the exo-endo stereochemistry of C−S
norbornyl bonds in poly(S-r-NBD2), possible end-groups, or
minor alternative polymer microstructures. The chemical
complexity of these types of studies is an issue in inverse
vulcanized polysulfides due to the intractability of these
materials at high-sulfur content compositions, along with the
possibility for undesirable hydrogen atom abstraction side
reactions to thiyl radical species in liquid sulfur. Hence, there
remain limited mechanistic studies on the inverse vulcanization
process despite the significant growth in activity in this new
field. Notable exceptions include the recent report by
Njardarson and co-workers46 on the polymerization mecha-
nism and structural studies on the inverse vulcanization of S8
with DIB which notably enabled correct determination of the
polymer microstructure of poly(S-r-DIB) by the reduction
degradation of S−S bonds and structural characterization of
the organic thiylated products. Model studies on mono-
functionalized styrenics sulfurated with S8 were also elegantly
studied by Kanbara and co-workers.47 However, mechanistic
studies and microstructure conformations for norbornene-
based monomers in inverse vulcanization remain unexplored.
Herein, we report the first detailed synthetic and structural

study of inverse vulcanized polysulfides prepared from
polycyclic rigid diene monomers derived from NBD. A
selective and scalable synthesis of the endo-exo NBD adduct
with cyclopentadiene (CP) is reported as well as the first
studies on inverse vulcanization polymerizations with S8.
Designer degradation methods of these novel organopolysul-
fides vs poly(S-r-NBD2) were conducted for the first time to
reveal the correct polymer repeating unit for these materials,

which provided significant insight into the polymerization
mechanism for the inverse vulcanization of these monomers
with S8. These structural studies reveal a remarkable degree of
stereochemical control in the polymerization affording
exclusively exo-exo thiyl radical additions to norbornyl olefins,
which correlated to the high Tg values observed in these sulfur
copolymers. Finally, the desirable optical properties and melt
processability of these materials are highlighted by fabrication
into LWIR plastic optics and a demonstration of LWIR
thermal imaging with these new polymers.

■ RESULTS AND DISCUSSION
Stereoselective Synthesis of Polycyclic Dienes from

Norbornadiene. To expand the scope of possible strained
cyclic olefins beyond NBD2, the synthesis of a designer
norbornadiene-based diene was explored. The synthesis of the
endo-exo tetracyclic Diels-Alder adduct 2 from norbornadiene
and cyclopentadiene (CP) was targeted (Figure 1d), which
retained the desired tetracyclic diene motif of the exo-exo
NBD2 monomer but with a smaller carbon skeleton (C12H14
vs C14H16 for NBD2, Figure 1a,d). This new design increased
the potential for higher sulfur-to-carbon ratios in the final
sulfur copolymer materials with the aim of improving the
LWIR transparency of the resulting sulfur copolymers vs
poly(S-r-NBD2) without compromising the rigidity and
thermomechanical properties of these materials. The synthesis
of tetracyclic dienes via the reaction of norbornadiene with
cyclopentadiene was initially reported by Stille and Frey via
Diels−Alder methods which afforded mixtures of endo-exo-
linked stereoisomers.48 To date these Diels−Alder cyclo-
adducts have primarily been studied as monoene or diene

Figure 2. (a) Inverse vulcanization of Stillene to afford poly(S-r-Stillene) at both 50−70-wt % sulfur, 1 mm thick window of this polymer (50-wt %
sulfur) shown (b) Reductive degradation of all S−S bonds of poly(S-r-Stillene) followed by acylation to afford degradation products 3, 4, 5 and 6,
showing C−S bonds are all in exo-positions. (c and d) Synthesis of model compounds 3′ and 4’ exo- and endo-bis-dithioacetates from free radical
reaction of Stillene with diisopropyl xanthogen disulfide (e) 1H NMR spectrum of degraded product 3 from poly(S-r-Stillene) reduction vs (f) 1H
NMR spectrum of synthesized model compound 3′ from Figure 2c,d vs recovered degradation product 3 from Figure 2a,b, confirming correct
identification of degraded poly(S-r-Stillene).
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monomers for ring-opening metathesis polymerization
(ROMP).49−51 Related polycyclic dienes from NBD have
been prepared, notably by the reaction of NBD with
Ni(COD)2 as demonstrated by Weinreb and co-workers,52

which selectively affords the exo-exo NBD dimer (NBD2)
along with trimers and oligomers, where sublimation of the
NBD dimer is required to isolate the desired compound but
consequently afforded high purity NBD2 material on a
multigram scale. This exo-exo dimer of NBD, NBD2, is the
only example of a strained polycyclic diene used for inverse
vulcanization to date.35 In related studies, Hawker and co-
workers,53 reported on the synthesis of functional norborna-
diene-based compounds for a diverse array of polymer
coupling reactions to prepare highly functionalized polymeric
materials.
The improved total synthesis of 2 was initially conducted by

Diels- Alder reaction of norbornadiene (NBD) with cyclo-
pentadiene (CP) at elevated temperatures to afford stereo-
isomer cycloadducts 1 and 2 (Figure 1d), with isomer 2
representing the major product using the methods of Stille and
Frey.48 This stereoisomeric mixture could not be purified via
chromatographic or distillation methods, which required Stille
and co-workers to employ cumbersome and expensive silver
nitrate complexation to separate 1 from 2. We realized that
isomer 1, with its proximal olefins, would be detrimental to
inverse vulcanization processes, as thiyl radical addition to
these olefins would result in undesirable cyclization pathways
that would suppress efficient polymerization. Hence, a more
scalable and efficient synthetic strategy to separate isomer 1
from isomer 2 was achieved by employing transannular
cyclizations via engagement with iodine (I2)

54,55 in various

solvents at room temperature. The proposed transannular
cyclization reaction in diethyl ether of the undesired isomer
(1) was observed to selectively proceed to enable facile
isolation of desired endo-exo norbornadiene derived adduct 2
in good yields affording a colorless highly miscible liquid (79%,
Figure 1d), which was herein referred to as the “Stillene”
C12H14 monomer to facilitate naming of the resulting sulfur
copolymers after inverse vulcanization (as polycyclic multi-
bridged alkane nomenclature is complex). To our knowledge,
this methodology for the synthesis and isolation of stereo-
regular norbornadiene adducts has not been employed.

Synthesis and Structural Characterization of High-
Sulfur Content Sulfur Copolymers via Inverse Vulcan-
ization of Stillene. With Stillene in hand, the inverse
vulcanization with S8 was conducted with varying sulfur feed
ratios (50−70 wt %) to prepare poly(sulfur-random-Stillene)
(poly(S-r-Stillene). The neat Stillene liquid monomer was
observed to be highly miscible in liquid sulfur (vs NBD2 which
is a white crystalline solid) at elevated temperatures (T = 130
°C) and rapidly polymerized within 5 min affording a
transparent yellow glassy copolymer (Figure 2a). Higher
temperature curing (T > 160 °C) afforded brown glassy
polymeric materials. The bulk properties of poly(S-r-Stillene)
were found to be comparable to the poly(S-r-NBD2) reference
material with respect to refractive index as obtained from
ellipsometry (n = 1.75−1.85) and thermal properties (Tg > 100
°C) for sulfur copolymers with 50−70 wt % sulfur (see
Supporting Information, Figures S56, S51−55, respectively).
This desirable combination of both high Tg values and high
refractive index for poly(S-r-Stillene) vs poly(S-r-NBD2)
confirmed the benefits of these highly symmetrical rigid

Figure 3. 1H NMR spectrum of crude acylated degradation product of poly(S-r-Stillene) containing 62-wt % sulfur after sequential reactions with
LiAlH4 and Ac2O, showing spectral peak assignments of recovered degradation products 3, 4, 5 and 6. From the molar ratios of this mixture, the
exact microstructure of the original poly(S-r-Stillene) copolymer can be determined.
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tetracyclic motifs found in both polymers, which prompted
detailed structural characterization of these materials. We
previously conducted 13C CP-MAS NMR spectroscopy of
poly(S-r-NBD2) (both 50 and 70 wt %), which confirmed the
presence of terminal macro-olefinic groups and sulfuration of
norbornenyl moieties which pointed to the tetrasulfurated
NBD2 repeating unit proposed for poly(S-r-NBD2) (see
Figure 1a).35 However, more detailed structural analysis and
mechanistic insights into the inverse vulcanization of S8 and
NBD2 have not yet been explored, particularly the stereo-
chemical ratios of endo or exo isomers formed after thiyl
radical addition to norbornenyl olefins. We recently reported
on the first structural and computational mechanistic studies in
the inverse vulcanization of S8 with DIB, which revealed a
different copolymer microstructure than initially proposed in
the original 2013 publication, which pointed to the need for
these types of detailed studies to enable accurate structure−
property materials correlations.46 The poor solubility of high-
sulfur content polymers coupled with the potential for side
reactions incurred in the reactive, high-temperature medium of
liquid sulfur during inverse vulcanization has historically
complicated these types of studies. Hence, to interrogate the
correct microstructure of both poly(S-r-Stillene) and poly(S-r-
NBD2), structural analysis was conducted after full reductive
degradation of S−S bonds in the copolymer using lithium
aluminum hydride (LiAlH4), followed by in situ acylation of
thiols with acetic anhydride (Ac2O) in pyridine, which
facilitated the recovery of stable sulfurated norbornenes,
capped as thioesters, degradation products (Figure 2b).

The synthesis and degradation of poly(S-r-Stillene) was
conducted for sulfur copolymers with 50, ∼60, and 70 wt %
sulfur to interrogate the microstructure of these materials
versus varying sulfur monomer feed ratios from the inverse
vulcanization polymerizations. These degradation and isolation
efforts after silica gel chromatography revealed four sets of
sulfurated organic molecules comprising the exo-syn-bis-
thioacetate/mono-olefin 3, along with its exo-anti-thioace-
tate/mono-olefin isomer 4, episulfide/dithioacetate 5, and
tetra-thioacetate 6 as confirmed by 1D- and 2D 1H and 13C
NMR spectroscopy (NMR spectroscopically determined molar
ratios of 3:4:5:6 as shown in Figure 3). Recovered products 3,
4, 5 and 6 from the poly(S-r-Stillene) degradation were
convincingly assigned by solution 1H/13C NMR spectroscopy,
mass-spectral analysis, and X-ray crystallography (in the case of
episulfide 5 and tetrathioacetate 6, Figure 4a,b, see Supporting
Information Figures S6−10 for 3; Figures S11−15 for 4;
Figures S16−S20 for 5; and Figures S21−25 for 6). All of the
degradation products from poly(S-r-Stillene) (3, 4, 5, and 6)
were isolated by column chromatography allowing for the
unambiguous assignment of 1H and 13C nuclei (along with
high-resolution mass spectrometry confirmations). Hence, the
determination of exact molar ratios of degradation compounds
3, 4, 5, and 6 was possible using the integration of well-
resolved peaks from these molecules measured from 1H NMR
spectroscopy, as detailed below. Furthermore, unambiguous
structural assignments of these degraded products were
enabled by the synthesis of exact model compounds 3′ and
4’ by the norbornene addition of diisopropyl xanthogen

Figure 4. (a) Chemical structures and ORTEP view of 5, (b) Chemical structures and ORTEP view of 6, both from degradation and structural
analysis of poly(S-r-Stillene) from Figure 2. (c) Chemical structures and ORTEP view of 8, both from degradation and structural analysis of poly(S-
r-Stillene) from Figure 2.
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disulfide56 to Stillene to form dithiocarbonates 7 and 8, which
were separated and subjected to ethylenediamine and
immediately acetylated with acetic anhydride to form 3′ and
4’, whose solution 1H NMR spectra perfectly matched the
samples obtained from degraded products 3 and 4 (Figure
2e,f). Furthermore, to comprehensively cover all possible
sulfurated norbornene outcomes Stillene was also separately
reacted with thioacetic acid to get the corresponding mono-
and bis-thioacetate Stillene adducts, which revealed no
matches with any degradation products (3, 4, 5, and 6 from
Figure 2) obtained from poly(S-r-Stillene) reduction and
acylation. A 1H NMR spectrum of the crude acylated
degradation mixture of poly(S-r-Stillene) (product mixture
from sulfur copolymer with 62 wt % sulfur shown in Figure 3)
enabled unambiguous assignment of protons from comparison
with 1H NMR spectra of pure samples of each of the
degradation products 3, 4, 5 and 6, where integration of these
protons enabled determination of the original poly(S-r-
Stillene) copolymer microstructure. The resolution in the 1H
NMR spectra of the discrete degradation products was striking
and due to the chemical shift difference of olefinic, thiirane,
and thioacetate moieties, which tremendously facilitated the
integration of these 1H NMR resonances to determine polymer
microstructure molar compositions (Figure 3) as discussed in
Table 1. Structural analysis of these isolated degradation
products revealed that ALL of the C−S bonds from the
acylated thiols on the Stillene C12 skeleton were exo-
substituted, which pointed to stereospecific addition of thiyl
radicals during the inverse vulcanization reaction to Stillene
monomer olefinic groups. The presence of the thiirane moiety

is a novel finding that aligns with the addition polymerization
mechanism associated with the inverse vulcanization process,
where the formation of exo-exo thiirane C−S bonds can be
rationalized as a termination reaction of carbon-centered
norbornyl radicals to S−S−S units via intramolecular
addition−fragmentation processes. Evidence for this exo-
specific addition of thiyl radicals from S8 to Stillene olefins
was observed from the X-ray crystal structure of 5, which
revealed that both thioacetate and thiirane groups were exo-
substituted (Figure 4a). Furthermore, the X-ray crystal
structure of tetrathioacetate degradation product 6 (Figure
4b) provided the most convincing evidence of all exo-specific
addition of thiyl radicals from S8 to Stillene during inverse
vulcanization as this tetrasulfurated Stillene fragment was the
key repeating unit formed in the sulfur copolymer. X-ray
crystal structure of 8, (which was the dithiocarbonate
precursor to model compound 4’) was also collected, which
confirmed the stereochemistry of the exo-exo addition to the
less reactive olefin in Stillene (Table 1, mol-% composition of
3 vs 4) while importantly also unambiguously confirming the
difference between structures 3 and 4 (Figure 4c). The crystal
structure of 8 enabled a significant correlation of the synthetic
route with the degradation route by firmly establishing the
structure of 4’ (synthetic derivative of 8), which in turn
confirmed the structure of 3′ (synthetic derivative of
dithiocarbonate exo-isomer of 8, namely 7) and thus
confirmations of synthetic 3′ and 4’ being the same structures
as 3 and 4 obtained from designer S−S bond poly(S-r-Stillene)
degradations. Additional definitive supportive structural
evidence for the exo-specific addition during the inverse

Table 1. Correlation of Sulfur Copolymer Composition on Poly(S-r-Stillene) Microstructures as a Function of Sulfur Content
as Well as Results of Nickel-Catalyzed Stillene S8-Sulfuration
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vulcanization of S8 and Stillene was obtained via 2D NMR
spectroscopy techniques (1H−1H COSY, HSQC and HMBC)
as enabled by the numerous 4-bond (4J) “W-couplings” within
the rigid Stillene framework of endo-protons on thioacylated
carbons with bridgehead endo-protons and/or bridge methyl-
ene protons (see Supporting Information for full spectroscopy
details for 3 (Figures S8−10), 4 (Figures S13−15), 5 (Figures
S18−20), and 6 (Figures S23−25). The high fidelity of the
degradation and structural analytical efforts described herein
enabled precise structural insights into the microstructure and
end-groups of poly(S-r-Stillene) made via inverse vulcanization
(Table 1) along with sulfur copolymer composition effects on
the polymer microstructure. The tetrasulfurated product 6
corresponded to the primary repeating unit of poly(S-r-
Stillene) indicative of branch points in the highly cross-linked
sulfur copolymer (Table 1a). Degraded, bis-sulfurated
compounds 3 (Table 1b) and 4 (Table 1c) were assigned to
terminal olefinic end-groups of the polymer but could also
represent linear polymer units. Finally, the thiirane-bis-
(sulfurate)-degradation product 5 (Table 1d) also was
assigned to terminal end-groups from the poly(S-r-Stillene)
copolymer. Analysis of the molar ratios of the polymer
microstructures from 50 to 70 wt % sulfur in these poly(S-r-
Stillene) materials demonstrate clear trends favoring a high
content of the tetrasulfurated branched units derived from
degradation product 6 (Table 1a), with higher monomer feed
ratios of S8 and higher sulfur content ranging from 25 to 64
mol %. This trend toward high sulfuration of organic Stillene
units was anticipated for higher S8 feed ratios in the inverse
vulcanizations step. Interestingly, the reactivity of the non-
equivalent norbornenyl double bonds in Stillene toward thiyl
radical was manifested in the preferred formation of mono-
olefinic end-groups derived from degradation product 3 (Table
1b) vs the alternative mono-olefinic unit derived from
degradation product 4 (∼4:1 molar ratio) (Interestingly, this
difference is marginal when xanthogen disulfide is utilized,
Figure 2c). The preferred formation of thiirane terminal end-
groups as derived from degradation product 5 (Table 1d) was
observed to proceed when increasing sulfur composition and
S8 feed ratios from 50-wt % to 62-wt % sulfur, however, was

dramatically reduced at the higher 70-wt % sulfur composition
and S8 feed ratio due to the preferred tetrasulfuration pathway
(Table 1a) Finally, the comparison of these poly(S-r-Stillene)
microstructures determined with varying S8 feed ratios in
inverse vulcanization were compared with respect to stereo-
chemistry and yield with sulfurated model compounds
obtained by subjecting Stillene to nickel-catalyzed S8
sulfurizations57 (1 equiv Stillene, 1 equiv S8, 2 mol %
[Ni(NH3)6]Cl2 in DMF at 120 °C for 17 h) followed by
reductive cleavage of the S−S bonds using LiAlH4 and
acetylation of the resulting free thiols with Ac2O in pyridine.
These small molecule cyclic sulfides derived from Stillene
exhibited similar overall trends for product distribution molar
ratios, along with the exclusive stereochemical formation of exo
C−S bonds, although a higher yield of thiirane-containing
products was formed. These collective findings of all exo
addition of in situ thiyl radicals to olefinic groups in Stillene
during inverse vulcanization are consistent with the earlier
literature on purely thermally driven reactions44 or nickel-
catalyzed57,58 addition of S8 to norbornene.

Synthesis and Structural Characterization of High
Sulfur Content Sulfur Copolymers via Inverse Vulcan-
ization of NBD2. The synthesis and degradation of poly(S-r-
NBD2) was also conducted for sulfur copolymers with 50,
∼60, and 70 wt % sulfur using the same degradation strategy as
we had employed for poly(S-r-Stillene) to interrogate the
microstructure of these materials versus varying sulfur
copolymer composition. These methods afforded three sets
of degradation products namely monoene/bis-sulfurated 9,
monoepisulfide/bis-sulfurated 10 and tetrasulfurated 11
(Figure 5, see Supporting Information for full structural and
1D/2D NMR spectroscopic characterization for 9 (Figures
S36−40), 10 (Figures S41−45), and 11 (Figures S46−50).
The sulfurated degradation products of poly(S-r-NBD2)
produced one less sulfurated fragment vs poly(S-r-Stillene)
due to the higher symmetry of the exo-exo NBD2 skeleton vs
the endo-exo-Stillene skeleton. Structural analysis of these
isolated degradation products also revealed that ALL the C−S
bonds from the acylated thiols on the NBD2 C14 skeleton were
exo-substituted, which pointed to stereospecific addition of

Figure 5. Inverse vulcanization of NBD2 to afford poly(S-r-NBD2) at both containing both 50−70 wt % sulfur, 1 mm thick window of this polymer
(50-wt % sulfur) shown followed by reductive degradation and acylation to afford degradation products 9, 10 and 11.
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thiyl radicals during the inverse vulcanization reaction, just as
described in the Stillene polymerization.
The degradation and structural analysis of poly(S-r-NBD2)

also proceeded with high fidelity allowing for the determi-
nation of microstructures and end-groups formed by the
inverse vulcanization of NBD2 (Table 2) along with sulfur
copolymer composition effects on polymer microstructure.
The tetrasulfurated product 11 corresponded to the primary
repeating unit of poly(S-r-NBD2) indicative of branch points
in the highly cross-linked sulfur copolymer (Table 2a), which
was in agreement with the prior repeating structure determined
from solid-state NMR spectroscopy.35 Degraded, bis-sulfurated
compound 9 (Table 2b) was assigned to terminal olefinic end-
groups of the polymer, as will be discussed further below.
Finally, the monoepisulfide/bis-sulfurated degradation product
10 (Table 2c) also was assigned to terminal end-groups from
the poly(S-r-NBD2) copolymer. Analysis of the molar ratios of
the polymer microstructures from 50 to 70 wt % sulfur in these
poly(S-r-NBD2) materials revealed a more dramatic trend
toward the formation of tetrasulfurated branched units derived
from degradation product 11 (Table 2a) with higher monomer
feed ratios of S8 and higher sulfur content ranging from 32 to
85 mol %, which was a significantly higher molar fraction of
these branched units than found in poly(S-r-Stillene) (Table
1). This trend toward high sulfuration of organic units was
anticipated for higher S8 feed ratios in the inverse vulcan-
izations step. The formation of monoene/bis-sulfurated end-
groups derived from degradation product 9 was observed over
the sulfur copolymer composition range from 50 to 70 wt %,
consistent with similar units formed for poly(S-r-Stillene)

(Table 1b,c). However, the formation of monoepisulfide/bis-
sulfurated unit derived from degradation product 11 was only
observed to form at the lower sulfur copolymer composition
(50 wt % sulfur) and was not recovered from poly(S-r-NBD2)
materials possessing high-sulfur contents (62 wt %, 70 wt %).
The higher content of tetrasulfurated branched units in poly(S-
r-NBD2) in comparison to poly(S-r-Stillene) could possibly be
attributed to its higher symmetry and the central cyclobutene
ring, enhancing the reactivity of the double bonds in NBD2.
Interestingly, when the sulfur content is increased in the
inverse vulcanization reaction, the episulfide component
disappears with a constant increase of tetrathioacetate 11,
while bis-thioacetate 9 temporarily increases at the expense of
episulfide 10 and then slowly gets consumed. It is also possible
the elimination reactions with thiiranes are possible due to the
thermally lability of these groups resulting in desulfurization
with or without the presence of an activator.

Mechanistic Ramifications of These Structural Stud-
ies in the Inverse Vulcanization Process with Stillene
and NBD2. Structural analysis of the degradation fragments
isolated from the reduction of poly(S-r-Stillene) and poly(S-r-
NBD2) enabled for the first time mechanistic insights into the
inverse vulcanization mechanism of these architecturally
similar monomers. With the structural information in hand,
as previously discussed, we propose a polymerization
mechanism for the stereospecific inverse vulcanization of
Stillene and NBD2 that can be supported by the degradation/
structural studies described in Figures 2 and 5. While
numerous variations of these elementary reactions cannot be
excluded, the proposed mechanism in Figure 6 focuses on the

Table 2. Correlation of Sulfur Copolymer Composition on Poly(S-r-NBD2) Microstructures as a Function of the Sulfur
Content
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most basic homolytic reactions likely to have occurred based
on the structural studies previously described. It is also

important to note that degradation and acylation chemistry
used for these polymer microstructure studies can only inform

Figure 6. Proposed mechanism for the stereospecific inverse vulcanization of S8 with either Stillene or NBD2 proceeding via (a) ring-opening
initiation of S8 (b) stereospecific exo-addition of thiyl radicals to olefinic groups of Stillene or (c) NBD2 (d) termination processes via
intramolecular thiirane formation or terminal monoaddition to Stillene or NBD2.

Figure 7. (a) Chemical structures of poly(S-r-Stillene), poly(S-r-NBD2), and poly(S-r-DIB) with 50-wt % sulfur; (b) IR-stacked spectra for poly(S-
r-Stillene, black), poly(S-r-NBD2, red), and poly(S-r-DIB, blue) thin films with thicknesses of 0.1 mm; (c) IR-stacked spectra for poly(S-r-Stillene)
with windows of varying thicknesses from 0.1, 0.5, and 1.0 mm; (d) tabulation of LWIR %T samples in Figure 7b; and (e) tabulation of LWIR %T
values for samples in Figure 7c.
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on the structure of the sulfurated organic comonomer units,
which complicates the interpretation of mechanistic pathways
involving dynamic S−S bond scission/reorganization. Initia-
tion can be presumed to proceed via thiyl radical generation
via homolysis of S8 or other cyclic sulfur allotropes to form
diradical linear species of varying chain lengths (Figure 6a).
The exclusive isolation of exo-only substituted C−S fragments
as summarized in Tables 1 and 2 points to a remarkable
stereoselective propagation step of thiyl radical addition to
norbornenyl groups of Stillene or NBD2 via a concerted, or
stepwise fashion (stepwise mechanism shown in Figure 6b,c).
This level of stereoselectivity is normally correlated to highly
stereoregular polymers that possess semicrystalline morpholo-
gies as a consequence of improved chain packing in the solid
state. However, due to the very high content of S−S bonds in
the copolymer backbone, these effects are not observed, as
evidenced by the DSC of only a single Tg for all of these sulfur
copolymers. This type of stereospecificity has not been
previously observed in any prior polymerizations with
elemental sulfur, and, in conjunction with the stereoregular
rigid architectures of NBD2 and Stillene, afford the unusually
robust thermomechanical properties observed for both poly(S-
r-NBD2) and poly(S-r-Stillene) at high sulfur copolymer
content.36 A related example was elegantly achieved by
Chalker and co-workers, by the synthesis of an exo-exo
norbornenyl cyclic trisulfide monomer and electrochemical
polymerization of the single stereoisomer, where the exo-exo
C−S bonds were preinstalled into the monomer and carried
into the polymerization.33 The isolation of episulfide fragments
now enables the proposal of an intramolecular termination
mechanism of carbon-centered radicals formed after the thiyl
radical addition to the olefinic groups, which with lower sulfur
feeds or higher S8 conversions promote fragmentation of S−S
bonds to form the exo-exo thiirane terminal end-group (Figure
6d, middle). The higher molar fractions of bis-sulfurated
episulfide degradation products 5 and 10 (Figures 2 and 5)
isolated at higher organic monomer feeds/reduced S8 feeds
corroborate this hypothesis. Furthermore, terminal mono-
addition to Stillene affords two possible end-groups due to the
inequivalent olefin reactivity in Stillene, along with a single
possible terminal end group for the monoaddition of NBD2
(Figure 6d, left). We note that in the IR spectroscopic
characterization of poly(S-r-Stillene) or poly(S-r-NBD2) high
resolution of thicker films suggests some broad thiol S−H
peaks are observed (2500−2000 cm−1, Figure 7c), however,
these can be inferred to be the minor end-group products
formed in these polymerizations. It is important to note that
other polymerization pathways during the inverse vulcanization
of these polycyclic dienes are possible, namely, the formation
of cyclic sulfide terminal groups followed by thiyl radical ring-
opening, which would also preserve the all exo-stereochemistry
of C−S bonds in the final organopolysulfides. However, due to
the dynamic nature of S−S bond scission and reorganization,
we present the most straightforward proposed polymerization
mechanism in Figure 6 assuming only homolytic coupling
processes.
IR Spectroscopic Characterization of Poly(S-r-Stil-

lene) Windows and Comparison with State-of-the-Art
Sulfur Copolymers. To demonstrate the potentially useful
properties of poly(S-r-Stillene) materials, exploration of the
refractive index, IR transmittance, and moldability into
functional lenses were explored. High-sulfur content in
organopolysulfides prepared via inverse vulcanization has

garnered significant interest as a new class of plastic optics
for use in infrared (IR) thermal imaging, as the large fraction of
S−S bonds are transparent in both the mid-wave (3−5 μm;
3000−2000 cm−1) and long wave (7−14 μm; 1200−700
cm−1) spectral regions that are most common for this
application.8,32 For these applications, highly dense, expensive
inorganic materials (e.g., germanium, chalcogenide glass, and
sapphire) are used as transmissive optical elements (e.g., lenses
and windows) for IR imaging. Of particular interest for the
broader consumer market application is the application of
LWIR imaging systems in the 7−14 μm region due to the
relatively lower cost of LWIR vs MWIR detection systems.
Thermal imaging in the LWIR spectrum is particularly
challenging for hydrocarbon-based polymeric materials, as
the vast majority of carbon-based covalent bonds (e.g., C−H,
C−C, C−O, C−X) strongly vibrate and absorb this IR
irradiation, which has been termed, the “Fingerprint
region”.8,35 Inverse vulcanized polysulfides, also termed,
Chalcogenide Hybrid Inorganic/Organic Polymers
(CHIPs),6,8 benefit from having a reduced fraction of organic
comonomer units, however, the intense LWIR absorption of
these organic moieties is still a major factor limiting the use of
these materials for LWIR imaging. To date, several new sulfur-
based comonomers have been explored to prepare candidate
materials for LWIR imaging via inverse vulcanization, which
include tetravinyltin,59 dimeric norbornadiene (NBD2),35 aryl
halides,60 benzene-1,3,5-trithiol,61 1,3,5-trivinylbenzene62 nor-
bornadiene,41 and cyclopentadiene.42 Poly(S-r-NBD2) is
notable for possessing improved LWIR transparency and
higher Tg values versus existing inverse vulcanized polymers at
high sulfur compositions. Due to the structural and composi-
tional similarity of poly(S-r-Stillene) to poly(S-r-NBD2), IR
characterization of this new polymer was conducted, along
with fabrication via melt processing into free-standing LWIR
lenses.
IR spectroscopy of thin 30 μm films cast onto NaCl plates

was initially conducted to comparatively access the MWIR and
LWIR transmittance of poly(S-r-Stillene) vs the state-of-the-art
LWIR inverse vulcanized polymer, poly(S-r-NBD2) and
poly(S-r-DIB) (Figure 7b, all samples with 50-wt % sulfur
composition). These measurements further enabled extrap-
olation to the LWIR transmittance of fabricated Fresnel lenses,
as discussed shortly. To enable comparison of these trans-
mittance values, the average transmittance (%T) values from 7
to 14 μm were obtained and determined directly from these IR
spectroscopic measurements performed at room temperature.
The stacked IR spectra for all of these sulfur copolymers
confirmed optimal transmittance for poly(S-r-NBD2) (79.1-%
T) and poly(S-r-Stillene) (76.5-%T) with significant reduction
in LWIR transmission for the poly((S-r-DIB) (39.8-%T) thin
films (Figure 7a,d). To enable the prediction of accessible
acceptable thicknesses vs for targeted LWIR transmittance
ranges for poly(S-r-Stillene) LWIR lenses, IR spectroscopic
measurements for poly(S-r-Stillene) windows of increasing
thickness of 0.03 0.5, and 1.0 mm were conducted, where the
thicker windows were fabricated by molding the sulfur-Stillene
melt resin into poly(dimethylsiloxane) (PDMS) molds and
then polished to the target thickness (all possessing 50-wt %
sulfur composition). The LWIR transmittance for these
poly(S-r-Stillene) windows was observed to drop significantly
with varying thickness from 76.5-%T (0.03 mm), 5.3% (0.5
mm), 1.4% (1.0 mm) (Figure 7c,e), which was consistent with
similar thickness trends for poly(S-r-NBD2), with both
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significantly better than poly(S-r-DIB) (see Supporting
Information).
Fabrication of LWIR Plastic Lenses and LWIR

Imaging. An attractive feature of both poly(S-r-Stillene) and
poly(S-r-NBD2) is the melt processing features of these
materials to enable the molding of LWIR plastic lenses. We
previously demonstrated the fabrication of LWIR flat
diffractive optics using poly(S-r-NBD2) in the form of free-
standing (0.7−1.0 mm) or thin film (0.1 mm) Fresnel lenses,
along with integration into a lab scale LWIR imaging system
(Figure 8a).45 This basic benchtop LWIR imaging system was
assembled using a hot plate/stirrer as the IR blackbody source
in conjunction with a commercially available FLIR Lepton
LWIR microbolometer detector. To enable standardization of
LWIR imaging experiments, a custom-designed PMMA target
fabricated by CO2 laser was written into a PMMA sheet of
hollow lines and numbers varying from 1 to 3 mm in length
and width, and the word, Infrared, which when placed in front
of a blackbody radiator, would create a well-defined optical
resolution test chart, which was referred to as the University of
Arizona Infrared Target (UA-IR target, Figure 8b,c). A model
LWIR experiment done with a commercially available
germanium (Ge) lens imaging the UA-IR target at room
temperature was used as a reference for these experiments
affording well-focused, high-resolution images of the UA-IR
target features (Figure 8d). Using this LWIR imaging protocol,
both free-standing and thin film poly(S-r-NBD2) were found
to be capable of successful imaging, with improved resolution
and focus being particularly evident in the thicker free-standing
LWIR lenses vs poly(S-r-DIB). Using a similar melt casting
protocol, poly(S-r-Stillene) with 50-wt % was fabricated into
both free-standing and NaCl plate-supporting thin film Fresnel
lenses (thickness = 0.7 mm, see Supporting Information for
fabrication and characterization details). LWIR imaging results
of the free-standing sulfur copolymer lenses (0.7 mm thick)

most profoundly illustrated the benefits of the improved LWIR
transmittance of Fresnel lenses cast from both poly(S-r-
Stillene) and poly(S-r-NBD2), where bright and clearly
resolved imaging was still achieved at T = 200 °C of the
feature from the UA-IR target due to the higher IR photon flux
at these higher temperatures, with imaging still achieved down
to T = 100 and 60 °C. LWIR imaging below T = 60 °C with
these same Fresnel lenses was not sufficiently bright or
resolved due to the limited LWIR transmittance in this
thickness range. Conversely, the control poly(S-r-DIB) free-
standing Fresnel lens failed to achieve LWIR imaging even at
the highest temperature T = 200 °C, due to a combination of
reduced LWIR transmittance and inferior thermomechanical
properties.

■ CONCLUSIONS
The synthesis, polymerization, and structural analysis of
stereochemically pure norbornadiene-derived monomers for
the inverse vulcanization process with elemental sulfur is
reported, along with fabrication of these high-sulfur content
materials into IR plastic optics for IR thermal imaging. A novel
selective synthesis for the endo-exo norbornadiene cyclo-
pentadiene Diels-Ader adduct (termed Stillene) was devel-
oped, along with successful copolymerization with elemental
sulfur. The first structural analysis of inverse vulcanized
polysulfides made from the endo-exo-Stillene and the exo-
exo NBD2 comonomers was conducted by reductive
degradation and functionalization of free thiols degradation
products to enable quantitative structural characterization of
the microstructure of these sulfur copolymers. Using a
combination of X-ray crystallography and NMR spectroscopic
analysis of recovered degradation productions, evidence for a
highly stereospecific process was observed for the inverse
vulcanization with both Stillene and NBD2, which has
previously not been observed. These findings provide

Figure 8. (a) Schematic of labscale prototype LWIR imaging system; (b) UA-IR target fabricated for LWIR imaging standardization prepared from
CO2 laser writing into PMMA sheet; (c) specifications of UA-IR target pattern; (d) representative LWIR image of UA-IR target taken with a Ge
lens reference; (e) LWIR imaging experiments conducted with the UA-IR target and labscale imaging system from Figure 8a from T = 200−60 °C
for freestanding: (e) poly(S−r-Stillene) Fresnel lens (0.7 mm thickness); (f) poly(S-r-NBD2) Fresnel lens (0.7 mm thickness); and (g) poly(S−r-
DIB) Fresnel lens (0.7 mm thickness).
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tremendous insight into the enhanced thermomechanical
properties that arise from the inverse vulcanization of these
rigid polycyclic monomeric motifs and further validate the
importance of detailed mechanistic and structural studies for
these polymerization processes to develop next-generation
high-sulfur content polymeric materials.

■ EXPERIMENTAL METHODS
Synthesis of Endo-endo-Stillene (1) and Endo-exo-Stillene

(2). Freshly distilled cyclopentadiene (8.00 g, 121 mmol, 1.0 equiv)
and 2,5-norbornadiene (11.15 g, 121 mmol, 1.0 equiv) were added to
a 35 mL glass pressure tube containing a PTFE-coated magnetic stir
bar. The pressure tube was sealed with a PTFE bushing and immersed
in a rapidly stirred preheated oil bath (T = 205 °C). The temperature
of the oil bath was maintained at 200 °C over the course of the
reaction. After heating for 13 h, the reaction vessel was removed from
heating and cooled to room temperature. The crude reaction mixture
was slightly yellow. An aliquot of the crude reaction mixture was
removed for 1H NMR analysis using CDCl3 as the solvent. The
collected 1H NMR spectrum of the crude reaction mixture indicates
the presence of endo-exo-Stillene (2) (42 mol %), endo-endo-Stillene
(1, 10 mol %), unreacted NBD (48 mol %) and minor amounts of
side products. The reaction mixture was transferred to a round-
bottom flask using pentane. The mixture was concentrated by rotary
evaporation. Then, the concentrated mixture was distilled under
vacuum to afford a mixture of endo-exo-Stillene and endo-endo-
Stillene (6.105 g, 38.6 mmol, 32% yield; 80.8 mol % endo-exo-
Stillene, 19.2 mol %; endo-endo-Stillene; bp 46 °C, 0.24 Torr).
Isolation of Endo-exo-Stillene (2). A mixture of Stillene isomers

(1.42 g, 8.97 mmol, 1.0 equiv) having a composition of endo-endo-
Stillene (1) (16.9 mol %) and endo-exo-Stillene (2) (83.1 mol %) was
added to a round-bottom flask containing a PTFE-coated stir bar,
followed by diethyl ether (18 mL) and solid iodine (0.388 g, 1.53
mmol, 0.17 equiv). Upon adding iodine, the mixture turned dark red.
The reaction mixture was stirred overnight at room temperature, at
which point the green−brown mixture was quenched by adding
aqueous 5% (w/v) Na2S2O3 (20 mL). The resulting mixture was
stirred vigorously and then transferred to a separatory funnel. The
aqueous layer was separated, and the organic layer was washed with
another portion of aqueous 5% (w/v) Na2S2O3 (20 mL). The organic
layer was separated, and the combined aqueous washes were extracted
by using ethyl acetate (3 × 20 mL). The combined organic extracts
were washed with brine (20 mL), dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. A tan crystalline precipitate
formed as the solvent was liberated. The concentrated mixture was
purified by silica gel flash chromatography (eluted using hexanes) to
afford pure endo-exo-Stillene (1.13 g, 7.14 mmol, 79% yield).
General Procedure Preparation of Poly(S-r-Stillene) with

50-wt % Sulfur. A 20 mL scintillation vial equipped with a PTFE-
coated magnetic stir bar was charged with 1.00 g of elemental sulfur.
The vial was placed in a preheated oil bath (155 °C) and stirred at
800 rpm until fully melted. Once completely liquid, 1.00 g of endo-
exo-Stillene (2) was added via syringe to the vial, and the vial was
capped. After 10 min, viscosity increased to the point at which the stir
bar stopped stirring, and the reaction was cured for an additional 5
min. The reaction was then cooled to room temperature, and the
material was recovered by freezing the vial in liquid nitrogen and
fracturing the polymer from the vial. The final material was recovered
as a glassy, yellow-orange material.
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(55) Günbas,̧ D. D.; Algı, F.; Hökelek, T.; Watson, W. H.; Balci, M.
Functionalization of Saturated Hydrocarbons. High Temperature
Bromination of Octahydropentalene. Part 19. Tetrahedron 2005, 61,
11177−11183.
(56) Gareau, Y.; Beauchemin, A. Free Radical Reaction of
Diisopropyl Xanthogen Disulfide with Unsaturated Systems. Hetero-
cycles 1998, 48, 2003−2017.
(57) Poulain, S.; Julien, S.; Duñach, E. Conversion of Norbornene
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