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Abstract: Photonic technologies are nowadays dominated by highly performing inorganic structures
that are commonly fabricated via lithography or epitaxial growths. Unfortunately, the fabrication
of these systems is costly, time consuming, and does not allow for the growth of large photonic
structures. All-polymer photonic crystals could overcome this limitation thanks to easy solubility
and melt processing. On the other hand, macromolecules often do not offer a dielectric contrast large
enough to approach the performances of their inorganic counterparts. In this work, we demonstrate
a new approach to achieve high dielectric contrast distributed Bragg reflectors with a photonic band
gap that is tunable in a very broad spectral region. A highly transparent medium was developed
through a blend of a commercial polymer with a high refractive index inverse vulcanized polymer
that is rich in sulfur, where the large polarizability of the S-S bond provides refractive index values
that are unconceivable with common non-conjugated polymers. This approach paves the way to the
recycling of sulfur byproducts for new high added-value nano-structures.

Keywords: polymer photonic crystals; inverse vulcanization; distributed Bragg reflectors;
refractive index

1. Introduction

In the last few decades, photonic crystals have become of increasing technological relevance due
to their potential of serving in many applications including lasers, optical switchers, and sensors [1-3].
Thus far, such applications have been circumscribed to inorganic structures that offer large dielectric
contrast and the possibility to obtain several geometries via lithographic and epitaxial methods [2].
Inorganic materials offer almost defect-free structures that are characterized by a large dielectric
contrast and performing light confinement. On the other hand, these systems require complex, costly,
and time-consuming fabrications methods that can hardly be applied on a very large area. To this
end, polymers promise to reduce fabrication costs and simplify processes while allowing for the easy
obtainment of square meter scale structures [4-6]. Actually, large area and industrial fabrications have
already been reported for colloidal opals that are made of self-assembled microspheres [7] and for
multilayered distributed Bragg reflectors (DBRs) [8-10]. The latter are being increasingly studied for
light management applications [11-14] and sensing purposes. Unfortunately, polymers offer refractive
index values (n) in the transparency region ranging from 1.35 for fluorinated compounds to about
1.7 for aromatic non-conjugated species [2]. The limited dielectric contrast that is available between
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commercial polymers is thus making the engineering of the refractive index important to achieve
capability and commercial applications that, so far, have been limited to inorganic systems [15,16].

Several approaches have been employed to engineer the refractive index in polymer systems.
Low indexes can indeed be obtained by using low density amorphous per-fluorinated macromolecules,
where the strong electronegativity of the fluorine atom reduces electronic polarizability [17-20], or by
using porous systems, where the large void volume fraction reduces the refractive index of the polymer
matrix accordingly to effective medium theories [15,21-23]. Unfortunately, the solution processing
of such polymers is still an open issue. Concerning high refractive index polymers, materials with
n values larger than 2 in the near ultraviolet spectral region have been used to fabricate lenses for
lighting devices [21-23], but the extension of such values to the visible and near infrared spectral
windows is challenging, especially if accompanied by high transparency. Indeed, large values in
the ultraviolet region can be obtained thanks to a pre-resonant enhancement that quickly disappears
when approaching the visible spectral region [24,25]. To overcome such limitations, researchers
have focused on polymer doping with high index inorganic nanoparticles, such as metal oxides
and diamonds [11,19,26-28]. In these cases, a large volume fraction of the nano-load increases the
refractive index of the ensuing composite medium [19,29]. A different approach relies on the covalent
addition of highly polarizable groups or atoms including conjugated moieties and sulfur or selenium
in the polymer backbone [30]. In these terms, hyperbranched polysulfides are very promising, even
though only few researchers have reported on the fabrication of photonic crystals from them [31-33].
It is indeed known that, due to the high polarizability of the S-S bond, elemental sulfur possesses
a high molar refractive index and excellent transparency in the near infrared region of the spectrum.
Recently, polymers with very high content of S-S bonds were proposed by Char and Pyun as very high
refractive index polymer materials (n~1.8) with excellent transparency in the near-infrared spectral
region [34]. These sulfur-based polymers appear particularly intriguing from the applicative point of
view due to their stability, thermoplastic behavior, and self-healing characteristics [35,36]. Such systems
can be obtained by means of an efficient and simple synthetic process called inverse vulcanization
(IV) and take the name of inverse vulcanized polymers (IVPs) [36,37]. In the IV process, molten
sulfur, also acting as a solvent, is typically bulk copolymerized via free radical copolymerization with
comonomers that bear vinylic moieties, such as 1,3-diisopropenylbenzene [34,36,38], thus leading
to random copolymers. The inverse vulcanization process is thus an original and efficient method
to exploit elemental sulfur to obtain new polymers and materials with unique functional properties.
Sulfur is one of the most abundant and inexpensive elements on Earth, as well as a major by-product
of oil refinery processes, and it also has a role as a common reaction site within biological systems [39].
Research involving sulfur has spanned a broad spectrum of topics within the physical sciences [40],
including research on improving energy efficiency, environmentally friendly uses for oil refinery waste
products, the development of polymers with unique optical and mechanical properties, and materials
that are produced for biological applications.

In this work, we demonstrate the use of new IVPs that were created via the copolymerization
of elemental sulfur (S) with 2,5-diisopropenylthiophene (DIT) comonomer in the fabrication of
all-polymer DBRs. Due to their relatively low glass transition temperature, the prepared random
Ssulfur-DIT copolymers (S-r-DIT) were blended with poly(N-vinyl carbazole) (PVK, n = 1.67 at 600 nm),
a widely used polymer in the fabrication of plastic DBRs [2,13,41,42], to improve their processability.
The obtained blends were employed as high refractive index medium that was alternated to polyacrylic
acid (PAA, n = 1.45 at 600 nm) as the low index medium in the fabrication process.

2. Materials and Methods

Synthesis of 2,5-di(prop-1-en-2-yl)-thiophene:  Elemental sulfur in powder (S, Ph.
Eur., BP), 2,5-dibromothiophene (95%), 4,4,5,5-tetramethyl-2-(prop-1-en-2-yl)-1,3,2-dioxaborolane
(isopropenylboronic acid pinacol ester, 95%), Cs,CO3 (99%), Pd(PPh3)4 (99%), 1,4-dioxane (= 99.5%),
as well as other chemicals and solvents, were purchased from Sigma-Aldrich (Italy) and used as
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received. As in a typical synthesis, 8.109 g of Cs,COj5 (24.89 mmol, 4 eq.), 0.108 g of Pd(PPh3),
(9.03 x 1072 mmol, 1.5 % mol), and 0.70 mL of 2,5-dibromothiophene (6.20 mmol, 1 eq.) were added
under an Ar atmosphere in a two-necked flask that was equipped with a magnetic stirrer and a bubble
condenser. In a separate flask, a mixture (30 mL) of 1,4-dioxane/H,O (2:1) was prepared while bubbling
with Ar for 30 min. The solvent mixture was then added to the reaction flask while mixing the liquid
phase and the suspended solid catalyst for 40 min under magnetic stirring. Then, 3.5 mL (18.60 mmol,
3 eq) of isopropenylboronic acid pinacol ester were dropped into the reaction flask that was heated in
an oil bath (T = 90 °C) and maintained under reflux for 24 h. A brown oil was obtained and purified
on chromatographic column to isolate a yellow, low-melting crystalline solid (yield 89%).

Inverse Vulcanization: The IVPs were synthesized via the copolymerization of elemental sulfur
with DIT as the comonomer at different S/DIT weight ratios. The IV reaction was carried out by means
of an experimental set-up that exploited a Biichi glass oven that operated in controlled temperature
conditions and under an Ar atmosphere. The proper amounts of S and DIT were placed in a Teflon
vessel that was equipped with a lid and magnetic stirrer. The temperature was raised from 25 to 170 °C
in 7 min, kept at 170 °C for 70 min while maintaining the magnetic stirring, and finally lowered to
25 °C in 20 min.

DBR Fabrication: The obtained IVPs were then purified by dissolution and filtration in toluene to
remove possible immiscible impurities that could affect the photonic structure quality. The process
allowed for the obtainment of IVP solutions with a concentration of 10 mg/mL in toluene. To enhance
filmability and processability of the IVPs, PVK was further dissolved in the IVP solutions to reach
a concentration of PVK of 10 mg/mL. After stirring, the IVP:PVK solutions were used to fabricate the
DBRs by using PAA (35 mg/mL in 2-methyl-2-pentanol) as a low refractive index polymer. All the
multilayers were fabricated by casting 21 alternated layers (realizing 10.5 periods) of the two mentioned
orthogonal polymer solutions by spin-coating while using a constant rotation speed (160 round per
second) and deposition volumes (75 puL).

Characterization Methods: Thermogravimetric analysis (TGA) was carried out with a Perkin
Elmer 8000 analyzer (Perkin Elmer, Waltham, MA, USA) by heating the polymer specimens (ca. 15 mg)
under N from 25 up to 700 °C and then under O, up to 850 °C (gas flow 40 mL/min). Two or three
measurements were done for each sample. Effective S/DIT ratios were determined by the carbonaceous
residue (wt%) at 700 °C.

Differential scanning calorimetry (DSC) measurements on IVPs (ca. 15 mg) were performed with
a Mettler DSC 821°€ instrument (Mettler Toledo, Columbus, OH, USA) by heating at 20 °C/min from
=50 up to 200°C under an N, atmosphere (flow 40 mL/min). The reported values of glass transition
temperature (Tg) were the average of two or three replicas for each sample.

Spectroscopic ellipsometry measurements were performed by using a VASE instrument (J. A.
Woollam Co, Lincoln, NE, USA) in the range 250-2500 nm at different incidence angles from 55° to
75° on films that were deposited on both quartz and Silicon standard substrates. Reflectance and
transmittance at normal incidence were also measured with a Varian Cary 6000i spectrometer in the
spectral range of 200-1800 nm. As a result, the complex refractive index for all materials was evaluated
by the WVASE32® software (J. A. Woollam Co, Version 3.774, Lincoln, NE, USA) while adopting
oscillator models that that guaranteed a Kramers—Kronig consistency [41,43].

Normal incidence reflectance and angle resolved transmittance measurements were collected with
an optical-fiber setup coupled with a charged coupled device spectrometer (Avantes AvaSpec-2048,
200-1150 nm, resolution 1.4 nm) (Avantes, Apeldoorn, Netherlands) and a deuterium—-halogen
Micropak DH2000BAL as a white light source, as previously described [44]. The optical response
of the multilayered structure was modelled by using a Matlab® home-made software based on the
transfer matrix method (TMM) formalism that was reported in [2]. For the calculation, we used the
sample architecture (order and number of layers), the refractive index reported in Figure 1 for the IVP
polymer, and the optical functions previously reported in literature for PVK and PAA as inputs [41].
The geometrical thicknesses of the single layers were instead retrieved as fitting parameter.
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Figure 1. Structure (a) of the sulfur S-»-DIT copolymers that were obtained by the inverse vulcanization
and complex refractive index spectrum (b) of the S-r-DIT copolymer with 70 wt% concentration; n
(red line and scale) k (black line and scale).

3. Results and Discussion

The choice of the DIT comonomer, namely 2,5-diisopropenylthiophene, to be employed
in the subsequent polymerization via the IV process originated from various considerations:
(i) The heteroaromatic thiophene ring further enhances the refractive index of the resulting IVP
by both its high electron density and the presence of the sulfur atom; (ii) the methyl groups borne by
the isopropenyl substituents favor the reactivity in the IV radical process, with respect to the more
commonly used vinyl functionalities; (iii) and, last but not least, the DIT molecule has never been
synthesized before this work, even though it can be easily obtained by a cross-coupling reaction (CCR)
starting from the commercially available 2,5-dibromothiophene substrate and a proper reactant that
bears the isopropenyl moiety.

Among a number of cross-coupling reactions based on palladium catalysis, the one that has
aroused particular interest both in academia and the industry for its experimental peculiarities (mild
reaction conditions, the availability of a variety of precursors, functional-group compatibility, stability
towards air and moisture, and the use of nontoxic and easily produced boronic acids), that ensure
versatility and important applications is the condensation reaction of Suzuki-Miyaura [45-48]. Often
referred to simply as Suzuki coupling, this reaction uses a boron derivative [R-BZ, (Z = R, OR)] as the
carbon nucleophile partner for the formation of a new controlled C-C single bond [46]. The introduction
of this class of reactants gave the classic catalytic cycle of palladium elements a novelty that had
not yet been found in the common coupling reactions that make use of other metal-derivatives, so
much so that it merited the awarding of the Nobel Prize in 2010 [49]. In this work, DIT was, for
the first time, synthesized while adapting a Suzuki coupling protocol that is used for synthesizing
1,3,5-triisopropenylbenzene [32], as described in the Materials and Methods Section. Moreover, also
for the first time, DIT was used as the comonomer in the inverse vulcanization with elemental sulfur.

As for the IV process, a specific method was developed to operate (i) in controlled conditions
of temperature and atmosphere and (ii) to avoid DIT comonomer losses while efficiently stirring the
reaction mixture. A series of IVPs, namely S-r-DIT copolymers at increasing sulfur contents (60, 70 and
80 wt%) were prepared. TGA measurements on the synthesized S-r-DIT copolymers demonstrated
a good accordance between the residual mass (wt%) that was measured at 700 °C, essentially due to
the carbonaceous residue that was derived from the DIT comonomer, and the amount of the latter in
the reaction feed. Thermograms also revealed a relatively high thermal stability (well above 200 °C)
of the copolymers. Both the temperatures of the degradation onset (starting from about 220 °C) and
the maximum rate of mass loss (centered around 260 °C) were increased by increasing the sulfur
percentage (respectively, of about 10 and 15 °C when passing from 60 to 80 wt% sulfur).

Figure 1a reports the schematic structure of the synthesized S--DIT copolymers. Figure 1b shows
the real (n) and imaginary (k) part of the complex refractive index (n + ik) of the polymer with the
intermediate 70 wt% sulfur concentration (n, red line; k, black line). The extinction coefficient was
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almost structureless, and only two weak features at 230 and 300 nm could be detected and assigned
to the sulfur chains, with an absorption tail extending to the near infrared [50]. The real part of the
refractive index showed a relevant value out of resonance (1.77 at 2500 nm) and a normal dispersion
up to the broad peak at 372 nm (n = 1.88). An additional structure was observed at 281 nm. These
two peaks were the counterparts of the two resonances that were observed in the k spectrum. In the
visible spectral range where the absorption tail was negligible, we could exploit the high refractive
index (n = 1.83 at 600 nm) to grow one-dimensional photonic crystals with a high dielectric contrast.
The availability of the spectrum of n + ik over a wide spectral range also allowed for the fine engineering
and modelling of the optical response of the multilayers.

The DSC analysis of the copolymers revealed a quite low glass transition temperature, with values
ranging from about 0 to —30 °C when passing from 60 to 80 wt% sulfur. Indeed, by increasing the
percentage of the DIT comonomer, the points of reticulation increased, reducing segmental chain
mobility. Still, the glass transition temperature of the IVPs remained very low and did not allow for the
fabrication of multilayers with good optical quality. Indeed, the low IVP viscosity led to the washout
of the polymers during subsequent depositions. For this reason, to increase the IVPs’ processability,
we blended them with commercial PVK, which represented the transparent polymer with the higher
refractive index and better processability that is available on the market [41]. The new blends were
then spun-cast alternatively to PAA as a low refractive index medium to fabricate three DBR structures
(Figure 2a). Figure 2 displays the reflectance spectra—different line colors correspond to different
points on the sample surface—and the digital photographs of the surfaces of these DBRs. When the
lower amount of sulfur was employed (sulfur to monomer ratio 60:40), the sample surface presented
a greyish color that arose from the optical response reported in Figure 2b. The spectrum showed
a weak and broad reflectance structure at about 420 nm that did not have enough intensity to provide
surface coloration but could be assigned to the photonic band gap (PBG) of a very disordered structure.
In spite of that, the spectra backgrounds that were collected in different spots of the surface presented
a quite homogeneous interference pattern, showing that the upper and lower DBR interfaces possessed
good optical quality and plane parallel surfaces [2]. These apparently opposite results suggested
a reduced control and reproducibility of the thickness and interfacial roughness for the inner layers
only, indicating that the multilayer behaved more similarly to a composite effective medium than
to a photonic crystal. These results indicated that the polymer containing the 60 wt% of sulfur was
not able to be processed to obtain photonic structures by spin-coating deposition. Upon increasing
the amount of sulfur to 70 wt% with respect to the DIT organic component (S:M ratio = 70:30) we
noticed the sample became violet and highly homogenous, as demonstrated in Figure 2c. In this case,
the spectra were characterized by a sharp and intense reflectance peak (R = 80%) that was assigned to
the PBG at 430 nm. The superimposition of the collected spectra further supported the homogeneity
of the photonic crystal structure, including the internal layers. In this case, the interference fringe’s
visibility was higher than in the previously described sample, demonstrating a better quality of the
overall structure due to the improved processability of the IVP-PVK blend. Upon a further increase
of the amount of sulfur to 80 wt%, the quality of the ensuing structure decreased again, and only
an interference pattern was detectable in the spectra (Figure 2d). In this case, the homogeneity was also
lacking, and no evident structural coloration could be detected on the sample surface, which appeared
greyish. These data confirm that only the S--DIT copolymer with 70 wt% in sulfur allowed for films
with an optical quality that was sufficient for the fabrication of DBR structures.
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Figure 2. (a) Schematic and (b-d) reflectance spectra and surface photographs of three inverse
vulcanized polymer: poly(N-vinyl carbazole)—polyacrylic acid (IVP:PVK-PAA) distributed Bragg
reflectors (DBRs) made of 10.5 bilayers where the IVPs were synthesized from reactant mixtures that
contained 60 wt% (b), 70 wt% (c) and 80 wt% (d) of sulfur with respect to 2,5-diisopropenilthiophene.

To further characterize the optical quality of the DBR structure, Figure 3 reports the calculated
normal incidence reflectance spectra for the sample prepared with the IVP that contained 70 wt% of
sulfur (compare with Figure 2c), together with both the theoretical and experimental angular dispersion
of the PBG. In detail, Figure 3a shows that the experimental and modelled reflectance spectra of the
sample were in full agreement. As described in the Materials and Methods section, the reflectance data
were modelled by using the refractive index of the polymer components and the sample geometry
as inputs, while the layer thicknesses were the fitting parameters. The latter resulted in 43 nm for
the IVP polymer and 95 nm for PAA. These data also agreed with the polymer concentration that
was used during the layer deposition (see Materials and Methods section). As widely reported in the
literature for Bragg reflectors [2,13,41,51-55], these modelling data, together with the high homogeneity
of the sample spectra reported in Figure 2¢, confirm the presence highly homogeneous layers with
controlled thickness. [2,13,41,51-55] To further confirm the PBG assignment, we also recorded its
angular dispersion and compared it with theory. Figure 3b schematizes the measurement set-up.
The sample was placed in the path of a collimated light beam and tilted to collect the transmittance
spectrum at different light incidence angles. In the plot of Figure 3b, this angle is reported on the y-axis,
and light wavelength is reported in the x-axis. The color scale, indicated in the sidebar, represents
the transmittance intensity such that the blue shades show the lower intensities and the red shades
the higher ones. The data are reported for unpolarized light only, as in agreement with theory [2]
and previous reports [41], the Brewster angle cannot be detected due to the IVP polymer and glass
absorbance which predominates the PBG spectral feature at wavelength shorter than 370 nm. The PBG,
which is indeed visible in blue tones in the plot, was initially detected at 430 nm at normal incidence, as
expected from Figure 2b. The low intensity signal detected slightly above 350 nm was instead assigned
to the absorbance of the glass substrate and of the S-r-DIT copolymer itself. By increasing the angle
of incidence of light, the spectral position of the PBG structure shifted to the short wavelength side
of the spectrum, as expected from the theory [2,55]. Indeed, the spectral peak position of the PBG
(black squares) is compared with theoretical predictions (red dots) in Figure 3d, where theoretical and
experimental data are again in full agreement. These data unambiguously confirm the formation of
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a PBG in the DBR structures that were grown with the IVP. The good optical quality of the structure
and its reproducibility are very promising for further development in the fields of photonics and
sensing [2].

a) = Calculated )
= = «Experimental

S dow.= 43 Incident Transmitted

950+ A nin : beam beam

= dsr.oiT-Pvk= 95 NM —

©

()]

[=

(0]

e

0 T T T T
400 600 800 1000 0
Wavelength (nm) 06=0
245 d) am W Experimental |
Uy ® Calculated
5 _ s
3 £ 420+ °
e 5 v
s 2 9
['%
< < 4004 s
9’
380 T T T
600 800 1000 0 20 40 60
Wavelength (nm) Angle of incidence (deg)

Figure 3. (a) Comparison between experimental and modelled normal incidence reflectance of the
DBR that was made by using IVP with an initial sulfur concentration of 70 wt%; (b) schematic of the
transmittance measurement set-up; (c) contour plot of the angular resolved transmittance spectra that
were collected for a 10.5 bilayer DBRs; and (d) comparison between the experimental and theoretical
spectral positions of the PBG.

Interestingly, notwithstanding the absorbance of the IVP in the ultraviolet and visible spectral
range (Figure 2), the blend with PVK allowed us to tune the PBG within this spectral range without
incurring in strong light absorption phenomena. This allowed us to employ the IVP in a very broad
spectral range spanning from 400 to 2600 nm, thus making this material promising not only for the
telecommunication windows but also for light control applications including lasing [2,13]. These
data confirm that despite the low T of the IVP, it is possible to obtain polymer DBRs with good
optical quality and with relatively high dielectric contrast by employing simple polymer blends. These
systems are promising for the development of highly confined, all-polymer photonic structures that
are processable from solution or even by melt processing on a large area.

4. Conclusions

In summary, we developed new, inversely vulcanized polymers that are endowed with a very
high refractive index (n = 1.83 at 600 nm) and were obtained through the simple copolymerization of
molten elemental sulfur with 2,5-diisopropeniltiofene comonomer in different ratios. The new IVPs
were blended with PVK to enhance processability, thus allowing for the obtainment of very high optical
quality all-polymer planar photonic crystals. The possibility to blend the IVPs with a commercial
polymer led to highly processable high refractive index media that were characterized by optical
transparency in the spectral range from the near ultraviolet to near infrared. Furthermore, the large
availability of sulfur wastes makes these new systems highly promising and technologically relevant
for a variety of applications spanning from lighting devices to light emission control and lasing.
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