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ABSTRACT

Novel Inverse Vulcanized Polymers (IVPs) with high refractive index and excellent transparency in the NIR are achieved exploiting
the recently emerged Inverse Vulcanization (IV) process as a simple, green, efficient, and scalable synthetic method to upcycle
elemental Sulfur, which is accumulating in the environment as a by-product of the oil and gas industry. Co- and ter-polymers with
Sulfur content 50 or 60 wt% are prepared in quantitative yields utilizing different crosslinking aromatic comonomers bearing
isopropenyl functionalities. To the best of our knowledge, for the first time, two novel diisopropenyl aromatics, namely 2,7-
diisopropenylfluorene (DIF) and 2,8-diisopropenyldibenzothiophene (DIDBT), are designed, prepared in very high yields via a
sustainable, facile, single-step Suzuki-Miyaura cross-coupling reaction, and explored as suitable crosslinking comonomers for
the IV reaction. Subsequently, comonomer(s) nature, number of their functionalities, as well as Sulfur-to-comonomer(s) ratio are
varied to address both the optical behavior and filmability of the ensuing IVPs, which are technologically relevant properties for
their application and industrial scale-up. Crosslink density is nicely correlated with the experimental glass transition temperatures
of the investigated systems. Synthesized IVPs are then employed to fabricate all-polymer distributed Bragg reflectors (DBRs) and
imprinted optical components. Results pave the way for diverse applications of IVPs in advanced nanophotonics.

compounds, (bio)materials for biological applications. With the
aim of making waste Sulfur a resource, renewed interest has

1 | Introduction

Sulfur is one of the most abundant elements on Earth, commonly
found in minerals from volcanic regions, it also plays a role
as a common reaction site within biological systems. Nowadays
Sulfur is no longer extracted from mines, since elemental Sulfur
is produced ubiquitously and in huge quantities as a major
by-product of oil and gas refinery [1-4]. Most of the Sulfur
produced is transformed into sulfuric acid, which is extensively
used as batteries component, in fertilizer manufacturing, and in
the production of a variety of other chemicals, pharmaceutical

arisen in the last decades in Sulfur-based reactions; thus, beside
the great success of thiol-click chemistry [5, 6], other keywords
have grown-up, such as, Lithium- and Sodium-Sulfur batteries [7,
8], Sulfur polymers [3, 4, 9-12].

In particular, amongst promising environmentally friendly uses
of Sulfur, Inverse Vulcanization (IV) process has emerged as an
efficient method for developing polymers with unique optical and
mechanical properties [13, 14]. Unlike classical rubber vulcaniza-
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tion, where the elastomeric chains are crosslinked with minor
amounts of Sulfur [15], in the IV process massive elemental Sulfur
is crosslinked with minor-to-medium amounts of suitable unsat-
urated hydrocarbon comonomer(s), to give randomly crosslinked
Sulfur-rich polymeric architectures. The IV process takes advan-
tage of Sulfur’s tendency to open its eight-atom-ring molecule
and form linear polysulfide chains at temperatures as high as
160°C-190°C (that is well above its melting temperature occurring
around 115°C) to bind added divinyl molecules to the Sulfur
radicals being formed. Typically, the crosslinking comonomers
are aromatic hydrocarbons bearing divinyl (or analogous) [9, 13,
14] functionalities able to form bridges between the polysulfide
chains, via an essentially radical mechanism [9, 16].

Main features of IV reaction offer various advantages and
possibilities of exploitation:

* Molten elemental Sulfur acts as reactant and solvent, with no
need for organic solvents [13];

* The reaction yields are practically quantitative, in compliance
with the atom economy principle;

* For the above-mentioned reasons, the process can be easily
scaled up [17];

* Co- and ter-polymers with very high content of Sulfur (even
up to 90 wt%) can be obtained [9, 18];

* Diverse crosslinking unsaturated organic comonomer types,
e.g., aromatic alkenes [19-21], alkynes [22, 23], cyclic olefins
[18, 24], natural olefinic products [18, 25-27], aliphatic ben-
zylic comonomers [28], as well as molecules bearing other
functional groups [16, 29, 30] are suitable for the IV reaction
to give a variety of novel macromolecular architectures;

* Selenium chalcogen chains can be introduced in the IV
products as well [31-33];

* The crosslink density can be varied using comonomers at
different number of reactive functional groups.

Due to their peculiar nature, functional properties of the IV
products, christened Inverse Vulcanized Polymers (IVPs), are
unique and quite intriguing as well:

* They are thermally stable up to about 220°C-260°C [21];

* Being structures with random connectivity between Sulfur
chains and organic co-units, they exhibit amorphous behavior,
with resultant glass transition temperature (T,) depending on
comonomer(s) nature, functionality, and content [21, 18];

* The low bonding energy of the S—S bond (266 kJ/mol, with
respect to 347 kJ/mol for C—C) in the polysulfide chains, leads
to dynamic covalent behavior [29, 32], that is IVP materials
can be processed as thermoplastics and possess self-healing
capability;

* The high content of easily polarizable Sulfur atoms endows
such materials with a very high refractive index over a
broad spectral range coupled to good transparency in the
near infrared region (NIR) [20, 21, 32, 33], which is in the
telecommunication spectral window.

In this context, we develop the idea of obtaining—from
waste Sulfur and through Inverse Vulcanization with suit-
able comonomers—novel Sulfur-rich materials possessing high
refractive index (n) and excellent NIR transparency. Our main
scope was indeed to exploit the IV process as a simple, effi-
cient, and promising method of upcycling Sulfur in the design
and development of new high-added-value functional polymeric
materials suitable as high-n building blocks in the fabrication
of all-polymer 1D planar photonic crystals (PhCs) and nanoim-
printed metasurfaces.

All-polymer PhCs, i.e., nanostructures with sub-micrometric
modulation of the refractive index, with respect to the—so
far—more performing inorganic counterparts, present several
advantages, such as: materials affordability and low processing
costs; scalability and opportunity of covering large areas; light
weight; mechanical flexibility; use of upcycled materials and
possibility of obtaining free-standing structures [34, 35]; perme-
ability to small molecules both in the vapor and liquid phase
as well as the consequent swelling allow for label-free photonic
sensors [35, 36]. All these features can open new strategies
for technological applications in the field of photonic, optical,
sensing, and metamaterial devices.

However, the application of all-polymer photonic structures in
the field of light confinement is limited by the intrinsically low
and similar refractive indices typical of polymers (n = 1.5-1.6)
in their transparency window [37]. The refractive index contrast
(4n), in fact, plays a key role in the light confinement: the
larger An, the more efficient this effect. This results in higher
reflectance intensity and larger spectral width of the resultant
photonic band gap (PBG); in other words, fewer layers are nec-
essary for achieving high reflectivity, with consequent fabrication
shortening and material saving [37]. Additionally, the fabrication
of all-polymer PhCs requires the mutual processability of the
two (high-n and low-n) dielectric components, further limiting
the choice of suitable pairs and in turn reducing the dielectric
contrast achievable in the transparency region of the polymers.
In this respect, the peculiar features of IVPs, make them
appealing building blocks to develop new polymeric materials
for optical applications in the field of emerging key enabling
technologies, such as quantum photonics, non-linear optics, and
metamaterials.

In previous studies, in order to achieve IVPs exploitable
for photonic structures fabrication, a novel comonomer for
the IV process, namely 2,5-diisopropenylthiophene (DIT), was
purposely designed and first synthesized [38-40] from 2,5-
dibromothiophene substrate through a facile, environmentally
friendly, single-step Suzuki-Miyaura cross-coupling reaction
(SMCCR) [41-44].

Methyl groups borne by the isopropenyl functionalities could
ensure higher reactivity in the IV radical process with respect to
vinyl counterparts, such as commonly used 1,3-divinylbenzene.
Moreover, the aromaticity of the 7-conjugated thiophene ring
and the presence of the Sulfur atom itself might confer high
electronic polarizability [45] with consequent increase of the
refractive index of the ensuing IVP materials, as also observed
in relevant recent works on other Sulfur-rich macromolecular
structures [46-48].
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DIT comonomer was then successfully employed in the IV
reaction, obtaining a series of random S-DIT copolymers with
Sulfur content ranging from 60 up to 90 wt.%. Such DIT-based
IVP systems exhibited a very high refractive index, with values
around 1.85 at 600 nm, hat keep greater than or equal to 1.8 up to
2500 nm, thus covering the whole NIR region [38].

The S-DIT copolymers revealed also an excellent transparency in
the same wavelength range.

Despite the low, sub-ambient T,s that partially hampered their
filmability, the S-DIT copolymers were blended with polyvinyl-
carbazole (PVK, n = 1.67 at 600 nm), a commercial high-n
polymer used in the fabrication of polymeric distributed Bragg
reflectors (DBRs), also referred to as dielectric mirrors, to improve
their processability. The obtained blends were employed as high-
n medium, which was alternated to polyacrylic acid (PAA, n =
1.51at 600 nm), as the low-n component. Good quality all-polymer
DBRs, that is highly transparent media with very high reflectance
at the PBG, which are fundamental bricks for photonic structures,
were obtained even with a limited number of layers [38, 40, 49].

In this work, in order to enhance processability of
IVPs and modulate their glass transition by varying the
crosslinking density, a series of co- and ter-polymers
was synthesized using the already reported trifunctional
comonomer triisopropenylbenzene (TIB) [21] and
commercial alpha-methylstyrene (a¢MS), as monofunctional
counterpart.  Furthermore, two novel diisopropenyl
condensed aromatic derivatives with a more extended -
conjugation, namely 2,7-diisopropenylfluorene (DIF) and
2,8-diisopropenyldibenzothiophene (DIDBT) molecules, were
for the first time designed, prepared, and used as suitable
comonomers for the IV reaction (Chart 1). The achieved
IVPs were characterized, and their Tg values correlated to the
crosslink number and nature of the comonomer(s). Finally,
the most processable IVPs were used to prepare multilayered
dielectric mirrors as well as microimprinted diffraction gratings
and Fresnel lenses as a first step toward metalenses.

2 | Results and Discussion

As mentioned above, over the last dozen years, inverse vulcaniza-
tion has attracted growing interest with a proliferation of suitable
comonomers and multiple application opportunities for the so
formed Sulfur-rich polymer materials [31, 50-52].

Despite these encouraging beginnings [9, 51, 52], various issues
related to IV reaction mechanism [16, 29, 53-55] and challenges in

CH
e
aV
(H
C

H
H3

2

DIDBT

Isopropenyl aromatic derivatives used in this work as comonomers for the IV reaction.

the effective application of the ensuing IVPs are still open [19, 56].
This process is indeed in an early stage of development as testified
by the diverse experimental setups and conditions described in
the literature [51, 56], such as, different reaction times, variable
order of reagents addition, use or not of controlled atmosphere,
process temperatures variable in a certain range, post-reaction
thermal curing treatments.

IVPs are not as simple to process as often claimed. Indeed,
some issues that have emerged need to be addressed, taking into
account the following aspects:

* Volatility of organic crosslinking comonomers, which may
lead to actual copolymer compositions quite different from the
nominal feed ratio [51];

* Stability of formed IVPs over time: due to a certain tendency
to depolymerize, especially at high Sulfur content and high
temperatures, releasing back elemental Sulfur, through the
radical process of backbiting [31, 57];

* Poor solubility in suitable organic solvents (e.g., toluene)
useful for subsequent treatments;

* Filmability (processability) hampered in case of T, values
too low (too fluid) or too high (excess of crosslinking, high
viscosity, and then reduced solubility) [38, 58, 59].

All these issues are determinant for the foreseen applications and
IVPs’ industrial scale-up.

This work aims to meet this challenge: to make IVPs active
key-elements for photonics and metamaterials by chemical engi-
neering of their electronic response, which in turn controls
their refractive index. The double scope pursued is to exploit
these high-refractive-index Sulfur-based macromolecules as well
as to control their crosslinking density to make them process-
able for fabrication of multilayered nanostructures or imprinted
metasurfaces for photonics.

2.1 | Synthesis of Isopropenyl Aromatic
Comononers

Various trifunctional and difunctional isopropenyl aromatic
derivatives, purposely synthesized in our laboratories, and com-
mercial alpha-methylstyrene («MS) as monofunctional counter-
part (Chart 1), were exploited as suitable comonomers for the IV
process with the aim of modulating the crosslinking density and
T, and, consequently, possibly improving the processability and
serviceability window of the ensuing IVP materials.
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Specifically, 1,3,5-triisopropenylbenzene (TIB), which is already
described in the literature [21], and 2,7-diisopropenylfluorene
(DIF) and 2,8-diisopropenyldibenzothiophene (DIDBT)
comonomers, to the best of our knowledge for the first time here
reported, were synthesized from the corresponding commercially
available brominated substrates via the SMCCR protocol (see the
Experimental Section) we previously optimized for preparing
DIT comonomer [38, 40].

The two newly synthesized molecules DIF and DIDBT, which
both are solid compounds with melting points of 212°C and
94°C, respectively, were obtained in very high yields (93% and
95%, respectively) and characterized by IR, 'H and “C NMR
spectroscopies to confirm their expected chemical structures (see
the Experimental Section). Related spectra are collected from
Figures S1-S6 (Supporting Information hereafter).

2.2 | Synthesis and Main Characterization of IVPs

The conditions here adopted for the IV reaction of elemental
Sulfur with the envisaged isopropenyl comonomers are detailed
in the Experimental Section. In all cases, the expected random
IVPs were obtained in practically quantitative yields.

The photographs reported in Figure S7 show the reaction mixture
appearance during the initial stages (typically within 10 min)
of the IV process and a typical glassy IVP product recovered at
its end. It is also worth noticing here that, irrespective of their
composition, the IVPs prepared in this work are quite stable upon
ageing at ambient conditions, even after several months from
their synthesis (as testified by the pictures in Figure S8), without
showing any apparent de-mixing of elemental Sulfur, due to
possible backbiting of the polysulfide chains formed in-between
the hydrocarbon crosslinkers to give back the Sg molecule. In
Figure S9, the chemical structures of the new random IVP
copolymeric systems containing the newly synthesized DIF and
DIDBT comonomers are sketched.

In order to enhance the crosslinking degree and hence reduce
segmental chain mobility with consequent increase of T, of the
ensuing IVPs, our initial choice fell on the use of trifunctional TIB
comonomer. Indeed, relatively high Tg values should allow for the
fabrication of polymeric (multi)layers with good optical quality.

The S-TIB copolymers were prepared in 50/50 and 60/40 wt/wt
feed ratios in order to maintain a quite high content of Sulfur,
which is worth remembering here is a major byproduct of the
oil and gas industry that needs to be valorized into high-value
products.

Main information on the synthesized TIB-based IVPs was
acquired by infrared spectroscopy and thermal analyses.

FTIR transmittance spectra, collected by Attenuated Total
Reflectance (ATR), of the inverse vulcanization products gave
evidence of the formation of the expected copolymeric structures
(Figure la, yellow bands highlighting the most meaningful
vibrational modes). As visible in the figure, the strong absorbance
in the infrared spectrum of TIB monomer between 3100 and 3000
cm™!, due to the presence of both isopropenyl and aromatic =

a
100 - )
80
S
— 60~
—TIB
20| ——S-TIB50/50
—— S-TIB 60/40

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

504 ——DIF

—— S-DIF 50/50

—— S-DIF 60/40
40 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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—

80 4
704
Se0d 0 ‘W
50

4| —DIDBT WM
—— S-DIDBT 50/50

—— S-DIDBT 60/40
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4000 3500 3000 2500 2000 1500 1000 500

v (em™)

FIGURE 1 | ATR-FTIR transmittance spectra of: a) TIB comonomer
and S-TIB 50/50 and 60/40 wt/wt copolymers; b) DIF comonomer and
S-DIF 50/50 and 60/40 wt/wt copolymers; ¢) DIDBT comonomer and S-
DIDBT 50/50 and S-DIDBT 60/40 wt/wt copolymers.

C—H stretching bands partially overlapped, drastically decreases
in intensity upon IV reaction. By comparing the spectra of
unreacted TIB with those of the two IV products, the narrow band
at 3086 cm™ of the isopropenyl = C—H stretching completely
vanished, leaving only a weaker and broader signal centered
at 3050 cm™! due to the aromatic = C—H stretching. This was

accompanied by the disappearance of the peak at 1630 cm™,

40f15
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TABLE 1 | TGA and DSC data of IVP series containing TIB and «MS comonomers.

T, (I1 h)®

Sample Toonset” [°Cl  Tpse” [°C]  Tymax® [°C1  Awts® [%]  Awtc® [%] T, (1h)F[°C] g[("C] )
S-TIB 60/40 260 254 278 45 39 78h 73
S-TIB 50/50 264 261 287 42 44 120 115
S-TIB-aMS 50/45/5 262 256 282 47 40 99 99
S-TIB-aMS 50/40/10 257 246 274 46 37 65 65
S-TIB-aMS 50/30/20 234 220 268 46 1 29 29
S-TIB-aMS 50/20/30 235 220 271 50 10 6 6

2Corresponding to a weight loss of 1%-2%;
bCorresponding to a weight loss of 5%;

¢Corresponding to the maximum rate of weight loss of the first degradation step;

dWeight loss between onset of decomposition up to end of the first degradation step;

€Weight loss between 700°C and 850°C;

fRecorded on first heating (as prepared sample);
gRecorded on second heating (after controlled cooling);
"Broad endothermic phenomenon centered at about 112°C.

characteristic of C=C stretching of the isopropenyl moiety, and
the maintenance of the aromatic C=C stretching at 1583 cm™.
The strong absorptions at 878 and 726 cm™, ascribed to the
out-of-plane bending of aromatic = C—H in 1,3,5-trisubstituted
benzene ring were retained as well, even though with modified
intensity ratios. The stretching signals of the newly formed C—S
and S—S bond expected in the copolymers’ spectra are usually
very weak and typically fall in the 700-590 and 540-500 cm™
region, respectively. In fact, some changes, more evident in the
sample with 60 wt% Sulfur, could be detected in these regions
without however being able to give a certain assignment for the
two signals mentioned above.

Main data resulting from thermal analyses carried out by TGA
and DSC on the TIB-based IVP series are summarized in Table 1.

The S-TIB copolymers were, as expected, characterized by higher
T, values compared to the sub-ambient ones measured for the
previously achieved S-DIT copolymer series [40]; however, they
revealed poor solubility (see further in the text) in key solvents,
such as toluene.

For this reason, TIB was combined with the monofunctional
oMS comonomer to tune the crosslinking density and hence T,
of the ensuing macromolecular structures. Random S-TIB-¢MS
terpolymers at increasing content of «MS, namely in 50/45/5,
50/40/10, 50/30/20, and 50/20/30 wt/wt/wt ratios were also
prepared.

TGA measurements (Table 1 and Figure 2a) demonstrated that
the nominal Sulfur/comonomer(s) ratios were maintained upon
the IV reaction. The effective Sulfur and comonomer(s) contents
were derived by the percentage of weight loss between onset of
decomposition up to the end of the first degradation step (Awts%),
essentially due to thermal degradation of polysulfide chains [40],
and the percentage of weight loss between 700°C and 850°C
(Awt. %), indicative of comonomer(s) carbonaceous residue
combustion upon introduction of oxygen into the instrument
furnace at 700°C.

Thermogravimetric analysis also revealed a relatively high ther-
mal stability of the TIB-based IVP series, with degradation
onset temperatures (Tponse:) around 235°C-265°C, temperatures
at which the sample weight loss is 5% (Tsy) Varying from 220°C
to 260°C, and temperatures of maximum mass loss rate (Ty,,,) for
the first degradation step comprised in the range from 270°C and
290°C. These values are in line with those observed for pure Sulfur
[40]. More in detail, for the terpolymers at relatively high content
of monofunctional kMS comonomer (that is, reducing the total
number of crosslinks in the resulting macromolecular structure),
lower Tponeet Values, around 235°C, were observed, together with
a much lower carbonaceous residue.

DSC measurements (see Figures S10 and S11) revealed the
expected amorphous behavior of the TIB-based co- and terpoly-
mers investigated, which exhibit only the glass transition, with
the exception of the S-TIB copolymer at 60/40 wt/wt ratio, whose
first heating thermogram showed a weak endothermic phe-
nomenon centered around 112°C. This could be assigned to small
amount of unreacted Sulfur (perhaps due to incomplete mixing
of the two reactants during IV reaction that produces a rapid
increase in viscosity of the system) or, as already observed in the
case of IVPs with high percentage of Sulfur [13, 40], to the melting
of relatively long polysulfide chains connecting the hydrocarbon
crosslinks. The DSC thermograms of the homogeneous TIB-
based series containing 50 wt% Sulfur exhibited decreasing T,
by increasing the content of monofunctional «MS in the IVPs
composition (Table 1), with neither evident enthalpic relaxations
at glass transition nor endothermic phenomena ascribable to
melting of polysulfide chains during the first heating run.

Solubility tests in toluene (solvent of choice for the high-n
component in the fabrication of all-polymer photonic structures,
which are processed by spin casting) were carried out at concen-
tration of 10 mg mL™" by gently warming the systems at 60°C
under magnetic stirring. Figure 3 highlights that the presence
of increasing amounts «MS in addition to the TIB comonomer
effectively improves the solubility of the IVPs, even though
without achieving complete solubilization (especially at the even
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FIGURE 2 | TGA curves for the IVP series: a) S-TIB-«aMS con-
taining 50 wt% Sulfur and increasing amounts of monofunctional
aMS comonomer; b) S-DIF 50/50 and 60/40 wt/wt and S-TIB-DIF
50/40/10 wt/wt/wt; c¢) S-DIDBT 50/50 and 60/40 wt/wt and S-TIB-
DIDBT 50/40/10 wt/wt/wt.

higher concentrations required to fabricate good optical quality
DBRs), while, on the other hand, reducing the T, values down to
sub-ambient temperatures.

On the basis of these not fully satisfying findings, but relay-
ing on the promising results already obtained with the series
of S/DIT copolymers [38, 40], the two newly synthesized
molecules, namely 2,7-diisopropenylfluorene, DIF, and 2,8-

50/30/20

FIGURE 3 | Solubility tests in toluene on IVP samples from the TIB-
based series.

disisopropenyldibenzothiophene, DIDBT, were for the first time
exploited as suitable difunctional comonomers for the inverse
vulcanization process, with the double aim of (i) achieving more
adequate solubility in toluene, and (ii) possibly enhancing the
refractive index, and more in general the optical response of the
Sulfur-rich macromolecular architecture being formed, due to the
more extended 7-conjugation of the condensate aromatic rings
present in the core of such crosslinkers.

Infrared analysis of the new series of DIF and DIDBT-based
IVPs confirmed formation of the expected polymeric structures.
In Figure 1b, the IR spectra of the S-DIF copolymers at 50 and
60 wt% Sulfur are compared with that recorded for the DIF
comonomer. Both the well-evident absorbance of the = C—H
stretching at 3085 cm™ and C=C stretching at 1619 cm™ related to
the isopropenyl moieties of the comonomer are no longer present
in the copolymers’ spectra, indicating the completion of the IV
reaction. The other features due to the fluorene moiety in the core
of this crosslinker are maintained.

The infrared spectra of the two analogous S-DIDBT copolymers
are reported in Figure 1lc. Comparing them to the spectrum of
the DIDBT comonomer, reported as well, it is possible to observe
that the IV reaction also in this case has gone to completion,
as indicated by the disappearance of the absorption peaks of
the = C—H and C=C stretching characteristic of the isopropenyl
moieties, respectively at 3084 and 1622 cm ™, while the signals due
to the dibenzothiophenic core remain, as expected.

As for the S-TIB copolymers (Figure 1a), also in the IVPs prepared
from DIF (Figure 1b) and DIDBT (Figure 1c), no signals clearly
attributable to the newly formed C—S bonds and to the S—S bonds
of the polysulfide chains were evidenced.

Thermal analyses (TGA and DSC) of the synthesized DIF and
DIDBT based IVPs were carried out as well. In Table 2, the values
of the main data obtained from TGA and DSC measurements are
reported.

TGA thermograms of the S-DIF series (Figure 2b) and analogous
S-DIDBT series (Figure 2c) were characterized by the expected
double step profile of degradation, featuring first the degradation
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TABLE 2 | TGA and DSC data of IVP series containing DIF, DIDBT, and TIB comonomers.

Sample TDcmset.a [OC] TDS%b [OC]

TVmaxc [OC]

Awt*

Awts? [%] [%] T, (Ih)"[°C] T, (I h):[°C]

S/DIF 60/40 244 228 260
S/DIF 50/50 244 242 274
S/TIB/DIF 50/40/10 273 261 287
S/DIDBT 60/40 251 233 285
S/DIDBT 50/50 252 238 285
S/TIB/DIDBT 50/40/10 263 266 286

45 35 340 39
37 48 50 61
42 44 105 103
49 41 33 32
41 46 68 66
42 45 103 99

2Corresponding to a weight loss of 1%-2%;
bCorresponding to a weight loss of 5%;
¢Corresponding to the maximum rate of weight loss of the first degradation step;

dWeight loss between onset of decomposition up to end of the first degradation step;

€Weight loss between 700°C and 850°C;

fRecorded on first heating (as prepared sample);
gRecorded on second heating (after controlled cooling);
hEndothermic peak centered around 117°C.

of polysulfide chains followed by the slower decomposition of
the hydrocarbon portion to form a carbonaceous residue then
combusted by oxygen introduction. As evident from both the
Table and Figures, the weight losses of the two steps roughly
confirmed the IVPs nominal feed ratio.

DSC measurements (see Figures S12-S14) revealed the expected
amorphous behavior of the S-DIF and S-DIDBT copolymers and
of terpolymers containing also TIB (Figure S14). In Table 2 the
T, values are reported. At equal content in Sulfur (and TIB
when present as comonomer) the IVPs behave similarly, being
comparable the condensate ring structure of the two DIF and
DIDBT comonomers. In particular, S-DIF 60/40 system (Figure
S12) on the first heating run (as prepared sample) shows an
endothermic peak centered at about 117°C, likely preceded by a
broad exotherm occurring soon after the glass transition, which is
characterized by an enthalpic relaxation peak. This phenomenon
can be ascribed to the presence of unreacted Sulfur. In the first
heating curve (Figure S13) the S-DIDBT copolymers exhibit a
glass transition, with a quite evident enthalpic relaxation peak,
especially for the 50/50 wt/wt composition sample, and a tiny
broad endothermal phenomenon in the range 85°C-95°C and
90°C-100°C, respectively, for S-DIDBT 60/40 and 50/50 wt/wt,
ascribable to melting of the polysulfide chains.

Solubility tests (Figure S15) on these newly synthesized IVPs
series, evidenced that the S-DIF 50/50 copolymer gave the best
compromise between solubility in toluene and T, (61°C).

Table 3 below reports the experimental T, values plotted against
the number of crosslinks (in mol g™' 1073) for all the IVPs
prepared in this and in a previous work [40]. Interestingly, each
homogeneous series of copolymers shows a nice linear trend
between the number of crosslinks and the measured T,. Even
though there is still a lively debate on the mechanism of IV
reaction [16, 29, 53-55], whereby each C=C double bond (also
depending on its specific chemical surroundings) could lead to
a different macromolecular network density, this does not affect
this work. In fact, the proportion is here maintained because

DIT

TIB
TIB-aMS
DIF
DIDBT
TIB-DIF
TIB-DIDBT

120

100

¢4 pronm

80

*

40 -

20

=204

T T T T T T T

1 2 3 4 5 6 7 8
n® crosslink (mol g™ 107%)

FIGURE 4 | T, values plotted vs crosslink number for the different
IVP series listed in Table 3.

all comonomers considered have the same type of reactive
functionality (that is the isopropenyl moiety) toward Sulfur. By
observing the plots in Figure 4, several inferences can be drawn.
For the same number of functionalities, e.g., 2, and number
of crosslinks, the T, values can change significantly because
the aromatic core of the comonomer is of a different nature
and therefore confers different intrinsic rigidity to the ensuing
macromolecular structure. DIDBT and DIF comonomers, which
possess a similar chemical structure differing for the presence of a
Sulfur heteroatom (DIDBT) in the 5-atom central ring in place of
a methylene (DIF), exhibit indeed similar glass transition values
and similar incremental growth, by varying the Sulfur content
in the copolymer. Instead, the IVP series based on the smaller
DIT comonomer [40], is characterized by much lower T, values,
which nicely fit a straight line with a slow slope. The number of
crosslinks in Table 3 is given in millimoles per gram, but it should
be noted that the compositions of IVPs are given by weight, so
in a 50 wt% Sulfur copolymer, there will be more crosslinks if
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TABLE 3 | Experimental T, values versus calculated crosslink number for IVPs at different content of isopropenyl comonomers with different

number of functionalities.

Sample Crosslink number* [mol g~! 1073] T," [°C]
S-TIB 50/50 7.58 115
S-TIB 60/40 6.06 73
S-TIB 70/30 4.55 51¢
S-TIB-aMS 50/45/5 7.24 99
S-TIB-aMS 50/40/10 6.90 65
S-TIB-aMS 50/30/20 6.23 29
S-TIB-aMS 50/20/30 5.56 6
S-DIF 50/50 4.06 61
S-DIF 60/40 3.25 39
S-TIB-DIF 50/40/10 6.86 103
S-DIDBT 50/50 3.78 66
S-DIDBT 60/40 3.03 32
S-TIB-DIDBT 6.81 99
50/40/10

S-DIT 60/40 4.87 14
S-DIT 70/30 3.65 —gd
S-DIT 80/20 2.44 -18¢
S-DIT 90/10 1.22 —27¢

2Calculated by considering the different functionalities of the employed comonomers: that is, 3 for TIB, 2 for DIT, DIF, and DIDBT, and 1 for «MS;

bRecorded on DSC second heating (after controlled cooling);
¢From ref. [21];
dFrom ref. [40].

the comonomer has a lower molecular mass (M), obviously at an
equal number of functionalities.

Looking again at Figure 4, by comparing the two IVPs series con-
taining the trifunctional TIB and difunctional DIT comonomer,
one can observe two different linear trends. The S-TIB copoly-
mers (red symbols) show a slope higher than that evidenced for
the DIT based counterpart (black symbols), the main difference
being in this case the different number of isopropenyl reactive
functions, 3 or 2, on an aromatic (TIB) or heteroaromatic (DIT)
single-ring core.

As for the S-TIB-«MS terpolymer series, the introduction of the
monofunctional alpha-methylstyrene, while keeping constant
the Sulfur content at 50 wt%, results in a steep decrease of the glass
transition temperatures. The T, values of the three terpolymer
samples: S-TIB-DIF, S-TIB-DIDBT, S-TIB-o«MS at equal compo-
sition 50/40/10 wt/wt/wt, evidenced in the plot by the yellowish
shaded area and differing only for the third comonomer nature
and functionality, confirm the above reasoning. The introduction
in the S-TIB 50/50 system (T, 115°C) of 10 percent by weight of
the difunctional comonomers DIF or DIDBT, similar in their
chemical structure and M, leads to similar crosslink numbers and
lowers the T, of about 15°C (see also Table 3). The same content
by weight of monofunctional «MS produces instead a T, drop of
50°C, being the M of «MS about a half with respect to those of
the two difunctional comonomers the resultant crosslink number

does not differ much from that of the other two terpolymers,
but the smaller, less constrained molecules of «MS make the
macromolecular structure much less rigid accounting for the
great effect on T, lowering.

Data reported above demonstrate not only the possibility of
tuning the glass transition by varying the percentage of Sulfur
content, but also by structural design of the IVPs, that is by vary-
ing the comonomer nature and/or functionality. Macromolecular
parameters are indeed relevant for tuning the crosslink density,
processability, and serviceability of the ensuing IVP systems [58,
59].

2.3 | Growth of Dielectric Mirrors and their
Optical Analysis

The preparation of the distributed Bragg reflectors requires the
use of very high concentration polymer solutions (tens of mil-
ligrams per mL). Synthesized IVPs are still far from such solubility
values. However, with respect to our previous findings [38], no
de-mixing effects are now observed due to the improved control
of crosslinking. One problem still to be faced is the intrinsic
evolution of their behavior over time. Indeed, the reconfigurable
nature of the Sulfur-Sulfur bonds, makes metastable the system
reducing the solubility over time without significantly impacting
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FIGURE 5 | Absorbance (left scale) and fluorescence (right scale)
spectra of DIDBT and DIF IVPs in toluene solution.

on the thermal properties. In spite of that, here we report our
findings in terms of optical properties.

Figure 5 shows the absorbance spectra of IVPs containing DIDBT
and DIF as crosslinking comonomers, in toluene solutions
(<0.2 mg mL™, see the Experimental Section) for few composi-
tions. DIDBT-based systems show an absorption onset at about
560 nm with a weak and broad feature up to 470 nm where
a clear absorption rises with a peak at 423 nm. The latter is
better resolved for the sample with higher sulfur content. For
DIF based sample, the absorption structure is similar, and the
peak is observed at 428 nm. Below 400 nm, a strong unresolved
absorption where the solvent also plays a significant role, is
observed. The overall similarity of the spectra in this spectral
region for the two IVPs is assigned to the crosslinked polysulfide
chains and minor differences in the nature of the crosslinkers.

Remarkably, IVP solutions show a weak but clear fluorescence
presumably due to the nature of the crosslinker core moieties
(Figure 5). DIDBT systems show a broad fluorescence peak at
~570 nm with a satellite at ~500 nm. For DIF, the fluorescence
is mainly observed at ~480 nm. The presence of the Sulfur
heteroatom in the condensed aromatic molecule of DIDBT
drastically modifies the fluorescence spectrum with respect to
the fully hydrocarbon DIF fluorene derivatives, resulting in a
bathochromic shift of about 90 nm. A similar effect is well known
in the corresponding conjugated polymers where the absorption
of polyfluorene is observed at higher energies with respect to
dibenzothiophene based polymers [60, 61]. Figure S16 shows
the fluorescence spectra of IVPs solutions recorded immediately
after their synthesis. We noticed a higher solubility (<10 mg
mL™") allowing to record more intense fluorescence signal from S-
DIDBT, S-DIF copolymers and their terpolymers containing also
TIB with spectral features like the ones previously described.

Selected samples from these novel IVPs series were then used
to prepare photonic structures which demonstrate the inter-
esting optical behavior of such Sulfur-rich materials, possibly
exploitable for advanced photonic applications. As the procedure
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FIGURE 6 | Reflectance spectra (9 spots)of (IVP:PS)-CA DBRs made
of 5.5 bilayers, where the IVPs were S-DIDBT 50/50 (a) and 60/40 (b)
copolymers.

for DBRs preparation is very complex and requires a lot of time
after the synthesis of the IVPs, we are forced to play with a
material having lower solubility than the fresh one. For this
reason, according to our previous findings, IVP polymers alone
cannot be used to prepare the DBR [38]. However, they can be
blended with different commodity polymers in order to achieve a
suitable processability from solution. In this way, the refractive
index of the blend depends on the volume fraction of the two
components through the effective medium theory [62] while its
direct determination for thin films is still challenging (see SI).
When the amount of IVP is low, good quality DBRs can be effec-
tively grown but their properties are mainly steered by the host
polymer (usually polyvinylcarbazole or polystyrene, see Figure
S17). Upon increasing the amount of IVP (solutions described
in Figure 5), we have been able to prepare 5.5 bilayers DBR for
two different copolymer compositions. Figure 6 shows the spectra
of 5.5 bilayers DBRs grown with different Sulfur:DIDBT com-
positions blended in polystyrene. When Sulfur and DIBT have
the same concentration (Figure 6a), a clear photonic band gap is
observed at about 850 nm with a wider full width half maximum
with respect to DBR grown with lower about of DIDBT (see
Figure S17). Reflectance spectra recorded in different position on
sample surface are quite homogeneous. The spectra background
is dominated by interference fringes indicating a reasonable
control of the overall sample thickness. Upon increasing the
content of Sulfur (Figure 6b) the reflectance maximum is shifted
at about 800 nm indicating a reduced films thickness. For both
samples, the intensity is relatively weak probably due to light
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FIGURE 7 | IVP Diffraction Grating fabricated by replica molding. a) Optical profilometer image of the diffraction grating (period 4 um) obtained
from S-TIB-DIF 50/40/10 wt/wt/wt terpolymer replica molding. b) Depth profile extracted along the dashed line from a). ¢) Schematic view of the BFP
imaging. d) BFP image of the IVP diffraction grating showing the collected diffraction beams.

scattering induced by inhomogeneities within the films. In our
case, the solubility is not still perfectly fitting the requirement of
the growth thus limiting the processability and, consequently, the
optical quality of the ensuing photonic structure. The relatively
weak intensity of the peak reflectance observed in Figure 6, is
assigned to the inhomogeneities in the film thickness due to
the not-ideal processability of the IVP:PS blend solution. This
induces light scattering and reduced specular reflectance of the
spin-cast films making the measured reflectivity lower than that
observed for DBR of a comparable number of bilayers made with
commodity polymers or IVPs with larger refractive index [63, 64].

2.4 | Replica Molding of IVPs Optical Components

In addition to filmability, IVPs are suitable for fabricating more
complex optical components in a replica molding fabrication
scheme (see details in the Experimental Section), which allows
cheap and high throughput production of micro- and nano-
patterned devices.

It is worth noting that the solubility issues previously discussed
do not affect the replica molding process, which concerns only
the bulk properties. In fact, the reduced solubility observed after
a long time following IVP synthesis becomes an advantage here,
as it enhances structural stability and extends shelf life.

Figure 7a reports a false color image of the surface topography of
a diffraction grating replicated in IVP as measured by an optical
profilometer. The profile extracted along the black dashed line
and reported in Figure 7b shows a depth modulation of about
1 um. We assessed the ability of the IVP microstructure to diffract

light in a Back Focal Plane (BFP) imaging scheme (see Figure 7c).
Figure 7d shows that a collimated beam of visible light (1 =
520 nm) is effectively diffracted and several diffraction orders,
collected by a 100x objective (N.A. = 0.8), are clearly visible. We
notice a weak asymmetry of the intensity of the diffraction pattern
assigned to a small curvature of the IVP grating.

In addition to replica molding of microstructures, smooth profiles
can also be used to template IVPs. Figure 8a shows the optical
profilometer image of the IVP replica of a Fresnel lens. The depth
profile shows a modulation depth as high as 8 um, corresponding
to a phase modulation depth of >207 (Figure 8b), calculated
according to the following relation:

a® =2 pz nyyp - 1) )

where 1 =520 nm and npp = 1.85 (at 600 nm) [38, 40].

Here in particular, metasurfaces obtained by replica molding of
IVPs, which gave well-defined diffraction grating and Fresnel
lens microstructures are shown. For optical metamaterials (and
metasurfaces) a nanoscale downsizing will be necessary, but the
results reported here represent the first step in this direction

3 | Conclusions

Novel Sulfur-rich IVPs were successfully synthesized exploiting
the recently emerged IV process as an efficient method to upcycle
waste Sulfur and achieve new functional materials with unique
features.
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calculated for 4 = 520 nm (the scale of the two vertical axes has been normalized in order the two signals to be overlapped).

As suitable crosslinking comonomers for the polysulfide chains,
several isopropenyl aromatic derivatives were purposely designed
and prepared via a facile single step SMCCR procedure.

Comonomer type and amount were tuned to enhance both the
optical behavior and filmability of the resultant IVPs, that are
the technologically relevant properties for their exploitation and
industrial scale-up.

For instance, the de-mixing problem previously observed is now
resolved. Moreover, for the first time, fluorescence emission has
been demonstrated by IVPs. Distributed Bragg Reflectors have
been grown by blending different amounts of IVPs with PS and
using cellulose acetate as low dielectric material. DBRs show
relatively good surface homogeneity and wide photonic band gap
suggesting the IVPs slightly increase the refractive index of the
host PS matrix. Replica molding has been also demonstrated as a
suitable method to imprint into IVPs diffraction grating pattern
as well as microstructured Fresnel lenses, thus paving the way
toward nanoimprinted metamaterials for advanced photonics.

Open challenges in the field of polymer nanophotonics based on
IVPs concern a further increase in solubility and an improved
engineering of the macromolecular structures to limit the
reconfigurable dynamic covalent S—S reaction, which leads to
undesired back-biting phenomena, and increase shelf-life of
photonic devices. This also would help in allowing a down-scaling
of the metastructures at sub-micrometric level to fully exploit
the potentiality of these high refractive index materials, while
keeping the advantage of an easy and cost-effective fabrication
process.

4 | Experimental Section
4.1 | Chemicals and Materials
Elemental Sulfur in powder (S, Ph. Eur, BP), 13,5

tribromobenzene (TBrB, 98%), alpha-methylstyrene (aMS,

M 118 g mol™!, 99%, contains 15 ppm p-tert-butylcatechol
as inhibitor), 2,7-dibromofluorene (DBrF, 97%), 2,8-
dibromodibenzothiophene (DBrDBT 97%), 4,4,5,5-tetramethyl-
2-(prop-1-en-2-yl)-1,3,2-dioxaborolane (isopropenylboronic acid
pinacol ester, 95%, containing phenothiazine as stabilizer),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs),, 99%),
1,4-dioxane (ACS reagent, >99.0%), KOH (85%-100.5%),
dichloromethane (DCM, ACS reagent, >99.5%,), n-hexane
(>99%,), toluene (99.8%), 4-hydroxy-4-methylpentan-2-one
(98%), Na,SO, (ACS reagent >99.0%, anhydrous, powder),
silica gel (high-purity grade, average pore size 60A, 70-230
mesh, 63-200 um, for column chromatography), polystyrene
(PS, M,, = 192 000 g mol™), cellulose acetate (CA, M, =
50 000 g mol™) were purchased from Merck-Sigma-Aldrich
(Italy) and used as received. Air and/or moisture sensitive
materials were manipulated under an inert atmosphere using
dual vacuum/Argon lines.

4.2 | Synthesis of Isopropenyl Comonomers by
SMCCR

In a three-neck flask, equipped with a magnetic stirrer and a
bubble condenser, typically 1 g of the starting substrate (bromo-
substituted derivative), tetrakis(triphenylphosphine)palladium
catalyst (1.5% eq. with respect to each Br), and potassium
hydroxide (KOH, 2 eq. with respect to each Br) are introduced.
The flask is kept under a gentle Argon flow. Meanwhile, in
a separate two-neck flask, a mixture of 1,4-dioxane and water
in a 2:1 ratio is prepared. A septum is placed on one of the
necks to allow solvent (in proper amount to have 0.2 M substrate
concentration) withdrawal via syringe, ensuring that the Argon
flow remains uninterrupted throughout the system. Once the
solvent mixture has been transferred, the proper amount (1.5
eq with respect to each Br) of isopropenylboronic acid pinacol
ester reactant is added via syringe into the reaction flask. After
these steps, the reaction flask is placed in an oil bath pre-
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heated to 90°C and maintained under reflux for 24 h (the
reaction completion was checked by TLC). The obtained reaction
mixture is diluted with water and extracted four times with
DCM. The combined organic phases are then transferred back
into the separatory funnel and washed three times with water.
Further washing is repeated three times with a saturated NaCl
aqueous solution. The collected organic phase is then dried with
anhydrous Na,SO, over 24 h. The drying agent is then filtered off,
and the filtrated solution brought to small volume using a rotary
evaporator. The isopropenyl monomer product is purified by
chromatography through a column packed with silica and using
a mixture of 9:1 n-hexane/DCM as eluent. In this way, starting
from TBrB, DBrDBT, DBrF as substrates, the comonomers 1,3,5-
triisopropenylbenzene (TIB), 2,7-diisopropenylfluorene (DIF)
and 2,8-diisopropenyldibenzothiophene (DIDBT) are respec-
tively achieved in high purity and used as such for subsequent
IV reaction. It is worth noting that the SMCCR procedure here
used was successfully scaled up, starting from up to 5 g of bromo-
substituted substrate to achieve higher quantities of comonomer
when necessary.

In the following, the main spectroscopic features of the synthe-
sized comonomers are reported.

1,3,5-tri(prop-1-en-2-yl)-benzene (TIB). M 198 g mol™. Col-
orless liquid at room temperature. Actual yield 0.631 g. Yield
72%.

ATR-FTIR: v = 3086 (m; vinyl = C—H stretch, and w shoul-
der extending to 3030; aromatic = C—H stretch), 2972, 2945,
2919 (aliphatic —C—H stretch), 1787 (w; overtone of aromatic
C=C stretch), 1630 (m; vinylic C=C stretch), 1583 (m; aro-
matic C=C stretch), 878 and 726 (s and m; deformation of
aromatic = C—H typical of 1,3,5-trisubstituted benzene ring)
cm™.

'"H NMR (400 MHz, CDCl,, 8): 7.46 (s, 3H, benzene ring CH), 5.38
(app quint, 3H, Jigng range = —0.8 Hz, vinyl CH trans to CH;), 5.12
(app quint, 3H, Jigng range = —1.5 Hz, vinyl CH cis to CH), 2.19 (dd,
9H, Jiong range = —1.5 Hz and Jigpg range = —0.8 Hz, CH;) ppm.

2,7-di(prop-1-en-2-yl)-fluorene (DIF). M 246 g mol™'. Pale
yellow solid, kk 190°C, mp 212°C. Actual yield 0.711 g. Yield 93%.

ATR-FTIR: v = 3085 (m; vinyl = C—H stretch, and w shoulder
extending to 3030; aromatic = C—H stretch), 2967, 2944, 2921
(m; aliphatic —C—H stretch), 1776 (w; overtone of aromatic C=C
stretch), 1619 (vinylic C=C stretch), 1570 (aromatic C=C stretch),
1300-1000 (bending of the aromatic ring C—H), 881 and 826 (s;
deformation of aromatic = C—H) cm™.

'H NMR (400 MHz, CDCL): § = 7.71 (d, 2H, J, ;o = 8.0 Hz,
C(4,5)H), 7.65 (app s, 2H, C(1,8)H), 7.50 (dd, 2H, J,,,, = 8.0 Hz and
Jmeta = 1.4 Hz, C(3,6)H), 5.43 (app s, 2H, C(11,14)H trans to CHj),
5.10 (app t, 2H, Jiong range = —1.6 Hz, C(11,14)H cis to CH;), 3.90 (s,
2H, C(9)H,), 2.21 (app t, 6H, Jgng range = —1.6 Hz, C(12,15)H;) ppm.

13C NMR (400 MHz, CDCL,): § = 143.72 (2C, = C(10,13)-CH, qua-
ternary), 143.55 (2C, C(2,7)H), 140.93 (2C, C(8a,9a) quaternary),
139.91 (2C, C(4a,4b) quaternary), 124.48 (2C, C(4,5)H), 122.24 and

119.67 (2C and 2C, C(1,9)H and C(3,6)H), 112.25 (2C, = C(11,14)H,),
37.07 (1C, C(9)H,), 22.22 (2C, C(12,15)H;) ppm.

2,8-di(prop-1-en-2-yl)-dibenzothiophene (DIDBT). M 261 g
mol~L. White solid, mp 94°C. Actual yield 0.734 g. Yield 95%.

ATR-FTIR: v = 3084 (m; vinyl = C—H stretch, and w shoulder
extending to 3030; aromatic = C—H stretch), 2972, 2944, 2917
(m; aliphatic —C—H stretch), 1774 (w; overtone of aromatic C=C
stretch), 1622 (m; vinylic C=C stretch), 1546 (m; aromatic C=C
stretch), 866, 810 (s; deformation of aromatic = C—H) cm™.

'H NMR (400 MHz, CDCL): § = 8.22 (d, 2H, J,,.., = 1.7 Hz,
C(1L9)H), 7.78 (d, 2H, J, 4, = 8.4 Hz, C(4,6)H), 7.60 (dd, 2H, T,
= 8.4 Hz and J,,,, = 1.7 Hz, C(3,7)H), 5.50 (app s, 2H, C(11,14)H
trans to CH;), 5.18 (app t, 2H, Jigng range = —1.4 Hz, C(1L,14)H cis to
CH,), 2.29 (app s, 6H, C(12,15)H;) ppm.

3C NMR (400 MHz, CDCL): § = 14335 (2C, = C(10,13)-
CH; quaternary), 139.05 (2C, C(2,8) quaternary), 138.08 (2C, C
(9a,9b) quaternary, 135.76 (2C, C(4a,5a)-S quaternary), 124.74 (2C,
C(4,6)H), 122.61 and 118.46 (2C and 2C, C(1,9)H and C(3,7)H),
112.78 (2C, = C(11,14)H,), 22.37 (2C, C(12,15)H;) ppm.

4.3 | Synthesis of Inverse Vulcanized Polymers
(IVPs)

Random Sulfur-rich co- and ter-polymers were synthesized via
inverse vulcanization (IV) of Sulfur (S) with various aromatic
comonomers at different number of isopropenyl functionalities
(see Chart 1 in the Introduction) and in different ratios among
them, keeping the S content equal to 50 or 60 wt.%.

In a typical IV reaction, elemental Sulfur (ca. 2 g) is added to a
Schlenk reaction vessel equipped with a magnetic stirring, and
kept under a gentle Argon flow. The reaction vessel is placed in
a heated oil bath at 160°C while stirring. Once the Sulfur has
melted, the isopropenyl monomer(s) is added, and the tempera-
ture is raised to 180°C and maintained for 2 h. During heating, the
reaction mixture (molten Sulfur acts both as solvent and reactant)
of the inverse vulcanized polymer (IVP) being formed becomes
rapidly highly viscous, preventing the stir bar from continuing to
mix in about 10 min reaction time, see Figure S7. At the end of the
2-h period, the temperature is lowered to 130°C and maintained
at that level for another 24 h. After this curing time, the system
is cooled to room temperature. Following this polymerization
protocol, the IVP products are achieved in practically quantitative
yield and used without further purification.

4.4 | DBR Fabrication

DBR structures were fabricated by spin-casting 11 alternate layers
(that is 5.5 bilayers) on substrate at constant deposition volume
(100 pL) and rotation speed (150 rps). As high-n component, a
solution (40 mg/mL total concentration) obtained dissolving in
toluene the IVP sample (20 mg mL™) and polystyrene (PS, 20 mg
mL7, n at 600 nm 1.57) was used; while as low-n counterpart
cellulose acetate (CA, 25 mg mL™, n at 600 nm 1.46) dissolved
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in 4-hydroxy-4-methylpentan-2-one was employed. We notice
that the real IVPs solutions contain an undissolved precipitate.
Solutions used for spectroscopy and DBR preparation are then
the supernatant of such real mixture, and their real concentration
is unknown. Moreover, the amount of IVPs in the supernatant
is higher for fresh prepared IVPs solutions and decreases over
time as highlighted in the main text. The spectral features and
fluorescence properties of the supernatant are however very clear
and stable over time.

4.5 | Metamaterials Patterning

Replica molding microstructures were prepared by heating
selected IVP samples above their T, and imprinting them on a
glass diffraction grating of period of 4 um or on a plastic Fresnel
lens of period 180 um. Optical profilometry images were obtained
by Sensofar S Neox profilometer. The Back Focal Plane (BFP)
imaging system is described in details in Ref. [65].

4.6 | Characterization Methods

Fourier transform infrared spectroscopy in attenuated total
reflectance mode (ATR-FTIR) was performed on both
comonomers and IVPs operating with a PerkinElmer Spectrum
Two spectrometer, recording transmittance spectra in the
wavenumber range 4000-400 cm™ (16 scans, resolution 0.5
cm™).

'H NMR spectra of synthesized comonomers were acquired at
room temperature in CDCl; (internal chemical shift reference
0.03% TMS) with a JEOL ECZ400R/S3 400 MHz spectrometer on
a 10 mg sample using a 5 mm probe.

BC NMR spectra were performed on the same 400 MHz instru-
ment at room temperature in CDCl; (also used as internal
chemical shift reference), operating in single pulse decoupled
gated NOE mode on a 20 mg sample using a 5 mm probe.

Dynamic thermogravimetric analysis (TGA) measurements on
IVPs was carried out with a PerkinElmer TGA8000 instrument.
Specimens (two or three replicas for each composition) of about
15 mg were heated in the temperature range from 40 up to 700°C
at 10°C min~! under N, and from 700°C to 850°C at 20°C min~!
under O, (gas flow 35 mL min™).

Differential scanning calorimetry (DSC) measurements on IVP
samples (for each composition, two measurements were taken on
specimens of ca. 10 mg) were performed either with a Mettler DSC
821° or a Mettler DSC3+ calorimeter under N, atmosphere (flow
40 mL min~!) imposing a first heating-controlled cooling-second
heating thermal cycle at scan rate of 20°C min™: minimum
(from —30°C to 30°C) and maximum (from 160°C to180°C) tem-
peratures explored were adjusted depending on the reasonably
expected T, values.

Absorbance and fluorescence spectra were collected on IVP
solutions of ca. 0.2 mg mL~! using an in-house-assembled optical
set-up. For absorbance, a Deuterium-Halogen light source (DH
2000 BAL) and an Avantes Avaspec 2048-EVO spectrometer (250

1050 nm with resolution 1.4 nm) connected through optical fibers
were used. Fluorescence response was collected with the same
detector exciting the systems with a blue laser source (Changchun
New Industries Optoelectronic Tech, emission at 448 nm, 40 mW
power). The fluorescence signal was filtered with a 450 nm long-
pass filter (Semrock) to eliminate the excitation source from the
measured spectra.

Acknowledgements

This research was carried out in the framework of PRIN 2020
Project “PETALS Polymer mETamateriALs for nanophotonicS” (prot.
2020TS9LXS) funded by the Italian Ministry for Universities and Research
(MUR). The authors warmly thank Mr. Andrea Galatini (Department
of Chemistry and Industrial Chemistry, University of Genova) for
performing the NMR measurements.

Open access publishing facilitated by Consiglio Nazionale delle Ricerche,
as part of the Wiley - CRUI-CARE agreement.

Funding
PRIN 2020 Project “PETALS Polymer mETamateriALs for nanophoton-

icS” (prot. 2020TS9LXS) funded by the Italian Ministry for Universities
and Research (MUR).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available in the
supplementary material of this article.

References

1. G. Kutney, Sulfur: History, Technology, Applications and Industry, 3rd
ed. (ChemTec Publishing, 2023).

2. The Sulphur Institute, https://www.sulphurinstitute.org/about-sulph-
ur/learn-more-about-sulphurl/.

3.J. Wagenfeld, K. Al-Ali, S. Almheiri, A. F. Slavens, and N. Calvet,
“Sustainable Applications Utilizing Sulfur, a By-Product from Oil and Gas
Industry: A State-of-the-Art Review,” Waste Manage 95 (2019): 78-89.

4.D. A. Boyd, “Sulfur and Its Role in Modern Materials Science,”
Angewandte Chemie International Edition 55 (2016): 15486-15502.

5.C. E. Hoyle and C. N. Bowman, “Thiol-Ene Click Chemistry,”
Angewandte Chemie International Edition 49 (2010): 1540-1573.

6. C. E. Hoyle, A. B. Lowe, and C. N. Bowman, “Thiol-click Chemistry:
A Multifaceted Toolbox for Small Molecule and Polymer Synthesis,”
Chemical Society Reviews 39 (2010): 1355-1387.

7. P. Adelhelm, P. Hartmann, C. L. Bender, M. Busche, C. Eufinger,
and J. Janek, “From Lithium to Sodium: Cell Chemistry of Room
Temperature Sodium-air and Sodium-sulfur Batteries,” Beilstein Journal
of Nanotechnology 6 (2015): 1016-1055.

8. L. Lin, C. Zhang, Y. Huang, et al., “Challenge and Strategies in Room
Temperature Sodium-Sulfur Batteries: A Comparison with Lithium-
Sulfur Batteries,” Small 18 (2022): 2107368.

9. J.J. Griebel, R. S. Glass, K. Char, and J. Pyun, “Polymerizations with
Elemental Sulfur: A Novel Route to High Sulfur Content Polymers for
Sustainability, Energy and Defense,” Progress in Polymer Science 58 (2016):
90-125.

Macromolecular Rapid Communications, 2026

13 of 15

85UB017 SUOWILIOD 3A1R1D) 8|edl|dde 8Ly Ag pausenob a1 saole WO ‘8sn JO SaIn1 10} ArIg1T 8UIIUO AB|IM UO (SUO3PUOD-PUR-SWR}LI0D AS | 1M ARe4q)| U1 |UO//STY) SUORIPUOD PUe S L 38U} 39S *[9202/50/80] U0 Aiq1 8ul|uO AB|IM ‘el euRIyR0D AG LG6005202 02w 200T OT/I0p/W0d" A3 1M Atelq 1feuluo//Sdny Woj papeo|umoq ‘0 ‘LZ6ETZST


https://www.sulphurinstitute.org/about-sulphur/learn-more-about-sulphur1/

10. J. Wagenfeld, K. Al-Ali, S. Almheirri, A. F. Slavens, and N. Calvet,
“Sustainable Applications Utilizing Sulfur, a by-product from Oil and Gas
Industry: A state-of-the-art Review,” Waste Manage 95 (2019): 78-89.

11. P. Saini and N. Sandhu, “A Review on Use of Elemental Sulphur in
the Synthesis of Sulphur-based Polymers,” Materials Today: Proceedings
(2023).

12. W. Cho, S. Kim, and J. J. Wie, “Value-Addition of Wastes from
Petroleum Refining Process: Sulfur-Rich Polymers for Sustainable and
High-Performance Optical and Energy Applications,” Accounts of Materi-
als Research 5 (2024): 625-639.

13. W.J. Chung, J. J. Griebel, E. T. Kim, et al., “The Use of Elemental Sulfur
as an Alternative Feedstock for Polymeric Materials,” Nature Chemistry 5
(2013): 518-524.

14. J. Lim, J. Pyun, and K. Char, “Recent Approaches for the Direct Use of
Elemental Sulfur in the Synthesis and Processing of Advanced Materials,”
Angewandte Chemie International Edition 54 (2015): 3249-3258.

15. M. Porter, “Vulcanization of Rubber,” in Organic Chemistry of Sulfur,
(Ed: S. Oae) (Springer, 1977).

16.J. Bao, K. P. Martin, E. Cho, et al,, “On the Mechanism of the
Inverse Vulcanization of Elemental Sulfur: Structural Characterization
of Poly(sulfur- random -(1,3-diisopropenylbenzene)),” Journal of the
American Chemical Society 145 (2023): 12386.

17. 1. J. Griebel, G. Li, R. S. Glass, K. Char, and J. Pyun, “Kilogram
Scale Inverse Vulcanization of Elemental Sulfur to Prepare High Capacity
Polymer Electrodes for Li-S Batteries,” Journal of Polymer Science Part A:
Polymer Chemistry 53 (2015): 173-177.

18. J. A. Smith, X. Wu, N. G. Berry, and T. Hasell, “High Sulfur Content
Polymers: The Effect of Crosslinker Structure on Inverse Vulcanization,”
Journal of Polymer Science Part A: Polymer Chemistry 56 (2018): 1777-1781.

19. M. K. Salman, B. Karabay, L. C. Karabay, and A. Cihaner, “Elemen-
tal Sulfur-Based Polymeric Materials: Synthesis and Characterization,”
Journal of Applied Polymer Science 133 (2016): 43655.

20. J.J. Griebel, S. Namnabat, E. T. Kim, et al., “New Infrared Transmitting
Material via Inverse Vulcanization of Elemental Sulfur to Prepare High
Refractive Index Polymers,” Advanced Materials 26 (2014): 3014-3018.

21. T. S. Kleine, N. A. Nguyen, L. E. Anderson, et al., “High Refractive
Index Copolymers with Improved Thermomechanical Properties via the
Inverse Vulcanization of Sulfur and 1,3,5-Triisopropenylbenzene,” ACS
Macro Letters 5 (2016): 1152-1156.

22.7Z. Sun, M. Xiao, S. Wang, et al., “Sulfur-rich Polymeric Materials
with Semi-interpenetrating Network Structure as a Novel Lithium-sulfur
Cathode,” Journal of Materials Chemistry A 2 (2014): 9280-9286.

23.P. T. Dirlam, A. G. Simmonds, T. S. Kleine, et al., “Inverse Vul-
canization of Elemental Sulfur with 1,4-diphenylbutadiyne for Cathode
Materials in Li-S Batteries,” RSC Advances 5 (2015): 24718-24722.

24. D. J. Parker, H. A. Jones, S. Petcher, et al., “Low Cost and Renew-
able Sulfur-polymers by Inverse Vulcanisation, and Their Potential for
Mercury Capture,” Journal of Materials Chemistry A 5 (2017): 11682-11692.

25. M. P. Crockett, A. M. Evans, M. J. Worthington, et al., “Sulfur-
Limonene Polysulfide: A Material Synthesized Entirely from Industrial
By-Products and Its Use in Removing Toxic Metals from Water and Soil,”
Angewandte Chemie, International Edition 55 (2016): 1714-1718.

26. T. S. Sahu, S. Choi, P. Jaumaux, et al., “Squalene-derived Sulfur-rich
Copolymer@ 3D Graphene-carbon Nanotube Network Cathode for High-
performance Lithium-sulfur Batteries,” Polyhedron 162 (2019): 147-154.

27. A. D. Tikoalu, N. A. Lundquist, and J. M. Chalker, “Mercury Sorbents
Made by Inverse Vulcanization of Sustainable Triglycerides: The Plant Oil
Structure Influences the Rate of Mercury Removal from Water,” Advanced
Sustainable Systems 4 (2020): 1900111.

28.Y. Lai and Y. Liu, “Reaction between 1,3,5-Triisopropylbenzene
and Elemental Sulfur Extending the Scope of Reagents in Inverse

Vulcanization,” Macromolecular Rapid Communications 44 (2023):
2300014.

29.Y. Zhang, N. G. Pavlopoulus, T. S. Kleine, et al.,, “Nucleophilic
Activation of Elemental Sulfur for Inverse Vulcanization and Dynamic
Covalent Polymerizations,” Journal of Polymer Science Part A: Polymer
Chemistry 57 (2019): 7-12.

30. D. Narendiran, N. H. Sumadi, A. S. Manzoor Ghumman, et al.,
“A New Sulfur-Containing Copolymer Created through the Thermally
Induced Radical Copolymerization of Elemental Sulfur with N2,N2-
Diallylmelamine Comonomer for Potential CO, Capture,” Journal of
Composites Science 9 (2025): 362.

31.Y. Zhang, R. S. Glass, K. Char, and J. Pyun, “Recent Advances in
the Polymerization of Elemental Sulphur, Inverse Vulcanization and
Methods to Obtain Functional Chalcogenide Hybrid Inorganic/Organic
Polymers (CHIPs),” Polymer Chemistry 10 (2019): 4078-4105.

32.J. Jia, Y. Chai, X. Xun, et al., “Dynamic Covalent Sulfur-Selenium
Rich Polymers via Inverse Vulcanization for High Refractive Index,
High Transmittance, and UV Shielding Materials,” Macromolecular Rapid
Communications 46 (2025): 2400998.

33. L. E. Anderson, T. S. Kleine, Y. Zhang, et al., “Chalcogenide Hybrid
Inorganic/Organic Polymers: Ultrahigh Refractive Index Polymers for
Infrared Imaging,” ACS Macro Letters 6 (2017): 500-504.

34. G. Manfredi, P. Lova, F. Di Stasio, R. Kralne, and D. Comoretto,
“Directional Fluorescence Spectral Narrowing in all-Polymer Microcav-
ities Doped with CdSe/CdS Dot-in-Rod Nanocrystals,” ACS Photonics 4
(2017): 1761-1769.

35. M. Martusciello, A. Lanfranchi, M. Castellano, M. Patrini, P. Lova,
and D. Comoretto, “Stretchable Distributed Bragg Reflectors as Strain-
Responsive Mechanochromic Sensors,” ACS Applied Materials & Inter-
faces 16 (2024): 51384-51396.

36. L. Magnasco, M. Martusciello, A. Escher, et al., “Polymer Planar
Microcavities with CdSe-ZnS Core-Shell Quantum Dots for Label-Free
Vapor Sensing,” Responsive Materials 3 (2025): 70017.

37. P. Lova, H. Megahd, P. Stagnaro, M. Alloisio, M. Patrini, and D.
Comoretto, “Strategies for Dielectric Contrast Enhancement in 1D Planar
Polymeric Photonic Crystals,” Applied Sciences 10 (2020): 4122.

38. C. Tavella, P. Lova, M. Marsotto, et al., “High Refractive Index Inverse
Vulcanized Polymers for Organic Photonic Crystals,” Crystals 10 (2020):
154.

39. Reaxys ID 35700134, Reaction ID: 59796806, Reaxys search engine,
https://www.reaxys.com/.

40. C. Tavella, G. Luciano, P. Lova, et al., “12,2,5-Diisopropenylthiophene
by Suzuki-Miyaura Cross-coupling Reaction and Its Exploitation in
Inverse Vulcanization: A Case Study,” RSC Advances 12 (2022): 8924-8935.

41. S. E. Hooshmand, B. Heidari, R. Sedghi, and R. S. Varma, “Recent
Advances in the Suzuki-Miyaura Cross-coupling Reaction Using Efficient
Catalysts in Eco-friendly media,” Green Chemistry 21 (2019): 381-405.

42. D. A.Kader, M. K. Sidig, S. G. Taher, and D. M. Aziz, “Recent Advances
in Palladium-catalyzed Suzuki-Miyaura Cross-coupling Reactions: Explo-
ration of Catalytic Systems, Reaction Parameters, and Ligand Influences:
A Review,” Journal of Organometallic Chemistry 1030 (2025): 123569.

43. K. Osakada and Y. Nishihara, “Transmetalation of Boronic Acids and
Their Derivatives: Mechanistic Elucidation and Relevance to Catalysis,”
Dalton Transactions 51 (2022): 777-796.

44. A. Sanzone, S. Mattiello, G. M. Garavaglia, et al., “Efficient Synthesis
of Organic Semiconductors by Suzuki-Miyaura Coupling in an Aromatic
Micellar Medium,” Green Chemistry 21 (2019): 4400-4405.

45. S. Gazzo, G. Manfredi, R. Pétzsch, et al., “High Refractive Index Hyper-
branched Polyvinylsulfides for Planar One-Dimensional All-Polymer
Photonic Crystals,” Journal of Polymer Science Part B: Polymer Physics 54
(2016): 73-80.

14 of 15

Macromolecular Rapid Communications, 2026

85UB017 SUOWILIOD 3A1R1D) 8|edl|dde 8Ly Ag pausenob a1 saole WO ‘8sn JO SaIn1 10} ArIg1T 8UIIUO AB|IM UO (SUO3PUOD-PUR-SWR}LI0D AS | 1M ARe4q)| U1 |UO//STY) SUORIPUOD PUe S L 38U} 39S *[9202/50/80] U0 Aiq1 8ul|uO AB|IM ‘el euRIyR0D AG LG6005202 02w 200T OT/I0p/W0d" A3 1M Atelq 1feuluo//Sdny Woj papeo|umoq ‘0 ‘LZ6ETZST


https://www.reaxys.com/

46. K. Mazumder, H. Komber, E. Bittrich, B. Voit, and S. Banerjee,
“Sulfur Containing High Refractive Index Poly(arylene Thioether)s and
Poly(arylene Ether)s,” Macromolecules 55 (2022): 1015-1029.

47. K. Mazumder, H. Komber, E. Bittrich, K. Ulig, B. Voit,
and S. Banerjee, “Sulfur-Rich Polyimides Containing Bis(3-
(trifluoromethyl)Phenyl)Thiophene for High-Refractive-Index
Applications,” Macromolecules 55 (2022): 9766.

48. K. Mazumder, B. Voit, and S. Banerjee, “Recent Progress in Sulfur-
Containing High Refractive Index Polymers for Optical Applications,”
ACS Omega 9 (2024): 6253-6279.

49. H. Megahd, M. Villarreal Brito, A. Lanfranchi, P. Stagnaro, P. Lova,
and D. Comoretto, “Control of near-infrared Dye Fluorescence Lifetime in
all-polymer Microcavities,” Materials Chemistry Frontiers 6 (2022): 2413—
2421.

50. H. Shen, B. Zheng, and H. Zhang, “A Decade Development of Inverse
Vulcanization towards Green and Sustainable Practices,” Polymer Reviews
64 (2024): 1211-1266.

51. L. J. Dodd, “Inverse Vulcanisation: A New Starter’s Guide to an
Emerging Field,” RSC Applied Polymers 3 (2025): 10-42.

52. V. Diniz, A. Mohamud, F. T. Rahman, H. T. Rana, N. A. Ogunwoolu,
and C. R. Crick, “Inverse Vulcanized Sulfur Polymers: A Greener and
Cost-effective Alternative to Conventional Polymers—A Cradle-to-gate
Life Cycle Analysis,” Journal of Cleaner Production 524 (2025): 146507.

53.Y. Onose, Y. Ito, J. Kuwabara, and T. Kanbara, “Tracking Side
Reactions of the Inverse Vulcanization Process and Developing Monomer
Selection Guidelines,” Polymer Chemistry 13 (2022): 5486-5493.

54. Q. Lian, Y. Li, K. Li, J. Cheng, and J. Zhang, “Insights into the
Vulcanization Mechanism through a Simple and Facile Approach to the
Sulfur Cleavage Behavior,” Macromolecules 50 (2017): 803-810.

55. L.J. Dodd, O. Omar, X. Wu, and T. Hasell, “Investigating the Role and
Scope of Catalysts in Inverse Vulcanization,” ACS Catalysis 11 (2021): 4441.

56. A. S. Manzoor Ghumman, M. M. Nasef, M. R. Shamsuddin, and
A. Abbasi, “Evaluation of Properties of Sulfur-based Polymers Obtained
by Inverse Vulcanization: Techniques and Challenges,” Polymers and
Polymer Composites 29 (2021): 1333-1352.

57. B. Zheng, L. Zhong, X. Wang, et al., “Structural Evolution during
Inverse Vulcanization,” Nature Communications 15 (2024): 5507.

58.J. A. Smith, S. J. Green, S. Petcher, et al., “Crosslinker Copolymer-
ization for Property Control in Inverse Vulcanization,” Chemistry—A
European Journal 25 (2019): 10433-10440.

59. K. Orme, A. H. Fistrovich, and C. L. Jenkins, “Tailoring Polysulfide
Properties through Variations of Inverse Vulcanization,” Macromolecules
53 (2020): 9353-9361.

60. L. Niu, Q. Yang, C. Li, Z. He, J. Xin, and J. Liu, “Insights into the -
Phase of Polyfluorene: Characterization, Regulation, and Mechanism,”
Journal of Polymer Science 62 (2024): 463-479.

61. E.Jin, C. Du, M. Wang, et al., “Dibenzothiophene-Based Planar Conju-
gated Polymers for High Efficiency Polymer Solar Cells,” Macromolecules
45 (2012): 7843-7854.

62. R. J. Gehr and R. W. Boyd, “Optical Properties of Nanostructured
Optical Materials,” Chemistry of Materials 8 (1996): 1807-1819.

63. T. S. Kleine, L. R. Diaz, K. M. Konopka, et al., “One Dimensional
Photonic Crystals Using Ultrahigh Refractive Index Chalcogenide Hybrid
Inorganic/Organic Polymers,” ACS Macro Letters 7 (2018): 875-880.

64. L. Magnasco, M. Martusciello, A. Escher, et al., “Polymer Planar
Microcavities with CdSe-ZnS Core-Shell Quantum Dots for Label-Free
Vapor Sensing,” Responsive Materials 3 (2025): 70017.

65. A. B. Vasista, D. K. Sharma, and G. V. Pavan Kumar, “Fourier Plane
Optical Microscopy and Spectroscopy,” Encyclopedia of Applied Physics
(2019): 1-14.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File: marc70230-sup-0001-SupMat.docx.

Macromolecular Rapid Communications, 2026

150f15

85UB017 SUOWILIOD 3A1R1D) 8|edl|dde 8Ly Ag pausenob a1 saole WO ‘8sn JO SaIn1 10} ArIg1T 8UIIUO AB|IM UO (SUO3PUOD-PUR-SWR}LI0D AS | 1M ARe4q)| U1 |UO//STY) SUORIPUOD PUe S L 38U} 39S *[9202/50/80] U0 Aiq1 8ul|uO AB|IM ‘el euRIyR0D AG LG6005202 02w 200T OT/I0p/W0d" A3 1M Atelq 1feuluo//Sdny Woj papeo|umoq ‘0 ‘LZ6ETZST



	Novel Sulfur-Rich Polymers from Inverse Vulcanization as Functional Building Blocks for Photonics
	1 | Introduction
	2 | Results and Discussion
	2.1 | Synthesis of Isopropenyl Aromatic Comononers
	2.2 | Synthesis and Main Characterization of IVPs
	2.3 | Growth of Dielectric Mirrors and their Optical Analysis
	2.4 | Replica Molding of IVPs Optical Components

	3 | Conclusions
	4 | Experimental Section
	4.1 | Chemicals and Materials
	4.2 | Synthesis of Isopropenyl Comonomers by SMCCR
	4.3 | Synthesis of Inverse Vulcanized Polymers (IVPs)
	4.4 | DBR Fabrication
	4.5 | Metamaterials Patterning
	4.6 | Characterization Methods

	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


