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A sulfur-containing polymer was synthesized and the refractive
index (RI) reached 1.80 (633 nm) upon incorporation with nano
TiO, particles. Mixtures were formulated as high Rl dual-tone
photoresists with high transparency by introducing a photoacid
generator and crosslinker. The good patterning performance sug-
gests potential applications in optical devices.

1. Introduction

High refractive index (RI) materials have attracted significant
attention due to their diverse applications in lenses, augmen-
ted/virtual reality holographic technologies, optical devices,
etc.m? Inorganic materials usually exhibit high refractive indices
(n > 2.0),> while their low flexibility and high density limit their
applications.” Organic polymers could overcome the disadvan-
tages and offer low weight, easy processability, and improved
capability for fine-tuning properties through chemical
modification.” However, traditional optical polymeric materials
like PMMA or PS generally possess much lower refractive indices
(n ~ 1.3-1.6).° Several methods have been employed to enhance
the RI according to the Lorentz-Lorenz equation, and an effective
method is to mix nanoparticles into the polymer matrix, such as
TiO,, ZrO,, and ZnO, which have been well studied previously.” ™
Another approach is to introduce aromatic groups, highly polar-
izable atoms like halogen atoms, sulfur, phosphorus or
selenium.”>™* Of these, sulfur-containing polymers with high
RI have been extensively studied owing to the high atomic
polarizability, good stability and abundant reserves.">'® Employ-
ing a monomer with S atoms in the polymerization process is a
conventional way to obtain sulfur-containing polymers, such as
sulfur-containing poly(methyl)acrylate,’” polyimide,'® polypheny-
lene sulfide,'®*° and polysulfone,** which have been reported in a
previous review.”> The main drawback of this synthetic strategy is
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that the sulfur content depends on the monomer, limiting further
increase of the RI. Elemental sulfur is an ideal sulfur source and
is typically used in the synthesis of vulcanized rubber."® In 2013,
Pyun and Char reported a new reaction protocol,> which reversed
the established vulcanization process. In this polymerization
procedure, molten sulfur served as both solvent and reagent.
The Sg ring opened at 185 °C and released free radicals to initiate
polymerization with 1,3-diisopropenylbenzene (DIB). The content
of sulfur could reach over 50% upon adjusting the feed ratio of
the sulfur and monomer, and the polymer exhibited a high RI of
about 1.8. When increasing the sulfur content, the RI of the
polymers could reach 1.86 at 633 nm.** Further study of
this reaction involved the introduction of selenium,?” the use
of organometallic monomers,*® mechanochemical synthetic
methodology,”” etc. Though the inverse vulcanization process is
suitable for a wide range of monomers,>*>' the synthetic
approach still faces challenges. The temperature of polymeriza-
tion for inverse vulcanization was 185 °C, as previously
reported.”® Meanwhile, the process released toxic H,S, which
affected large-scale production. Wu and colleagues applied sig-
nificant effort to improve the reaction process, and they intro-
duced Zn diethyldithiocarbamate (DTC) salt to the reaction
system to reduce the initiation temperature to 100-135 °C,****
further utilizing UV light to assist the polymerization,** allowing
the reaction to occur at room temperature. This synthetic proto-
col expanded the variety of sulfur-containing polymers and
thereby broadened the potential applications,®® such as in
nanoimprinting,®® lithium batteries,”” long-wave infrared trans-
parent polymers,**?° self-healing materials,>***® and metal ion
capture resins.*' The major problem with the inverse vulcaniza-
tion product is that the polymer exhibits a dark red or brown
colour, making it unsuitable for applications requiring high
transparency. Thus, Im and coworkers reported a new method,
sulfur chemical vapor deposition (sCVD),**** in which elemental
sulfur was evaporated by the apparatus and polymerized with the
vapor-phase monomer. The transmittance remained over 90% in
the visible region and the RI reached 1.98.” The synthetic method
required complex apparatus and the heavily crosslinked polymer
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film is deposited on the surface of the substrate, which compli-
cated the patterning process. Inspired by KrF resin structures,**
we synthesized a sulfur-rich photosensitive polymer, and upon
incorporation with nano TiO,, the spin-coated film exhibited a
high RI of up to 1.80 (633 nm) with high transparency (film
thickness 300 nm). We further explored the lithographic proper-
ties of the polymer under UV exposure to fabricate microstruc-
tures, and both positive and negative tone photoresists
demonstrated promising photographic capabilities.

2. Results and discussion

A series of S-containing poly(methyl) acrylates was synthesized
by using sodium thiophenolate as an activator. We started the
exploration of the reaction using a feed ratio of [phenyl metha-
crylate]: [sulfur] = 2:1, and the homopolymer exhibited a high
RI of 1.57."® As shown in Table 1, polar solvents such as DMF,
NMP, and DMAc may assist in the cleavage of the S-S bond,
which was mentioned in the previous literature.*® It was found
that the reaction worked well in DMF and DMAc, and the sulfur
conversion reached 60% and 79%, respectively, after stirring
for 24 h. The S content decreased a little from 38.5% to 37.6%,
and the Mn of the polymers was increased from 2.1 kg mol ™" to
2.7 kg mol . Surprisingly, when we used NMP as the reaction
solvent, the sulfur was consumed within 6 hours. The elemen-
tal analysis shows that polymers synthesized in NMP contained
43.6% S and the M, of 3.1 kg mol . Increasing the monomer
feed ratio to 5:1 reduced the S content to 32.7%., while further
increasing it to 10:1 still maintained the S content above 30%,
indicating a decreasing trend with increasing monomer feed
ratio. Correspondingly, the M,, increased to 4.1 and 4.3 kg mol "
at feed ratios of 5:1 and 10: 1, respectively.

With the optimal reaction conditions, we extended the reaction
to several methacrylates. As shown in Table 2, most methacrylates
were suitable for the polymerization, including 2-naphthylmethyl

Table 1 Screening of the reaction conditions for the polymerization of
phenyl methacrylate (PMA) with sulfur®

5% PhSNa n
+
o 0 Solvent, r. t. o 0
| |
Ph Ph
Feed Time s4 M,

Entry  ratio®  Solvent  (h) Conv. (%) (kg mol™)
1 2:1 DMF 24 60 38.5 2.1
2 2:1 DMAc 24 79 37.6 2.7
3 2:1 NMP 6 >99 43.6 3.1
4 5:1 NMP 6 >99 32.7 4.1
5 10:1 NMP 6 >99 30.7 4.3

“ Unless otherwise specified, the reaction conditions were: Sg 0.256 g
(1 mmol); monomer and PhSNa feed ratio as specified; 2 mL of solvent;
under argon. ” Feed ratio: [monomer]:[Sg]. ¢ Conversion was calcu-
lated from unreacted sulfur. ¢ S content % was determined by elemen-
tal analysis. ¢ M,, was determined by GPC.

188 | Mater. Adv., 2026, 7,187-191

View Article Online

Materials Advances

Table 2 Scope of methyl acrylates in the reaction with sulfur®

reo e oo

2-NMA BzMA THPOPMA
o] o] 0 o)
AdaMMA MMA BDBMA
j 5% PhSNa a;l
+ —_—
fo) 0 NMP, r. t. 0 0
| |
R R
Entry Monomer Conv.” S¢ (%) M,? (kg mol™ ")
1 2-NMA 70 33.9 2.5
2 MMA >99 48.5 2.2
3 AdaMMA 88 25.8 1.6
4 BzMA >99 39.6 2.3
5 THPOPMA >99 28.8 3.9
6 BDBMA >99 38.1 —

¢ Unless otherwise specified, the reaction conditions were: Sg 0.256 g
(1 mmol); monomer 2 mmol; PhSNa 0.05 mmol; 2 mL of NMP; under
argon. ? Conversion was calculated from unreacted sulfur. ¢ S content
% was determined by elemental analysis. ¢ M,, was determined by GPC.

acrylate (2-NMA), benzyl methacrylate (BzMA), 4-((tetrahydro-2H-
pyran-2-yljoxy)phenyl methacrylate (THPOPMA), adamantan-1-
ylmethyl methacrylate (AdaMMA), methyl methacrylate (MMA),
and butane-1,3-diyl bis(2-methylacrylate) (BDBMA).

Proton nuclear magnetic resonance (‘H NMR) was used to
confirm the sulfide block of each polymer structure, and the
spectrum (Fig. 1a) shows that the double bonds of PMA at 6.37
and 5.77 disappeared, while a broad peak was observed between
3.44 and 4.06, which can be attributed to the hydrogen signal of
the polysulfide blocks. The peaks attributed to the protons of the
methyl and aromatic groups became broadened. This confirmed
that the monomer was polymerized, and the sulfur was inserted
into the main chain. The Raman spectrum (Fig. 1b) was used to
confirm the detailed structures. The C-S vibration peak?” of the
polymer matrix was observed at 717 cm™ ', and at low sulfur
loadings of P(PMA;(0-S50) and P(PMA,4-Ss), @ sharp signal at
around 532 cm™* corresponding to disulfide links was observed,

——P(PMA -S,9)

3 ;f:%)& b) --5-S,-- c-s
L @ 436-532 cmr! 717 emt — P(PMA40-S5)
Lt

— P(PMA0-S3)

Intensity (a. u.)

s 20 1s 10 05 o0

300 400 500 600 700 800 900 1000 1100 1200 1300

Chemical Shift (ppm) Wavenumber (cm)

Fig.1 (a) 'H NMR spectra of P(PMA4-Ss0) and the PMA monomer.
(b) Raman spectra of polymers with different feed ratios.
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Fig. 2 (a) Refractive indices of the polymers (film thickness ~300 nm).
(b) Transmittance spectra of the polymers (film thickness ~300 nm).

while at high sulfur loadings of P(PMA,(-S,), trisulfide (-S-S-S-)
and tetrasulfide (-S-S-S-S-) were predominant at 436-500 cm ™ *.*

Differential scanning calorimetry (DSC) curves were
recorded to confirm the sulfur residue in the polymers
(Fig. S3). Characteristic peaks of S were observed at 109 °C
and 123 °C, while no signals were found at that temperature for
the designed polymers, which could confirm the consumption
of sulfur. The T, of P(PMA-S,,) was measured as 1.7 °C, and
with decreasing sulfur content, the T, was increased to 19.9 °C
and 21.3 °C. The Ty of the polymers exhibited a downward trend
as the S content was increased.

The optical properties are vital for application in AR/VR
devices. As shown in Fig. 2a, the RI of the homopolymer PPMA
is 1.57 at 633 nm, which is consistent with the literature,** and
the Abbe number was calculated to be 51.6 (Table S3). As the
sulfur was inserted into the main chain of P(PMA,y-S,,) with
32.7% S content, the RI increased to 1.65 at 633 nm, and the
Abbe number decreased to 43.7. When the sulfur content
reached 43.6%, the RI increased to 1.68 correspondingly and
the Abbe number remained at 42.7. To further enhance the RI,
we mixed nano TiO, with the polymers. 20% weight of TiO, was
blended with P(PMA,o-S0) and P(PMA,-S,,), and the RI of the
nanocomposite increased to 1.76 and 1.80, respectively, while
the Abbe number decreased to 19.9 and 20.1. The transparency
of the polymer film was measured using a UV-Vis spectro-
photometer at a film thickness of about 300 nm. The homo-
polymer of PMA maintained over 90% transmittance in the
visible region, while the transmittance remained over 90%
at 400-1000 nm for P(PMA,(-S,;) and P(PMA,,y-S,), but
decreased quickly in the 250-400 nm range. After blending
with nano TiO, particles, the transparency decreased to
80-90% in the 400-1000 nm region, and it rapidly decreased
at 250-400 nm with a cutoff wavelength of 250 nm. To demon-
strate the optical properties of the material, we applied a thin
film approximately 300 nm in thickness onto a quartz substrate
and covered it with a logo, and it could be observed that all the
films exhibited good transparency.

The application of high RI polymers in AR/VR displays needs
high precision nanostructures, and lithography is one of the
most feasible and mature methods to fabricate nanostructures
in industry, enabling large-scale production. Fig. 3a shows a
typical procedure for lithography. A photoresist is spin coated
on a wafer and exposed to UV light through a designed mask.
We designed the monomer of THPOPMA with dihydropyran as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) General lithography process for a positive tone photoresist with
a rectangle and hole pattern. (b) and (c) After development inspection (ADI)
image under an optical microscope (205 x 37 um rectangle pattern).
(d) and (e) ADI image under an optical microscope (75 um hole pattern).

Development

a protecting group, which was suitable for a photoresist.
Through the polymerization method, the P(THPOPMA 4-Sy)
was synthesized, and the polymer with 20% TiO, exhibited a RI
of 1.80 and transparency of over 80% in the visible region
(Fig. 2a and b). The P(THPOPMA,,-S,,) was blended with 3%
weight photo acid generator (PAG) of triphenylsulfonium
1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfonate (TPS) and 20%
weight of nano TiO, particles to form a photoresist. The
mixture was dissolved in propylene glycol methyl ether acetate
(PGMEA, 8% solid content) as a high RI positive tone photo-
resist and spin coated on the Si substrate, covering both a
rectangle and hole pattern Cu mask (205 x 37 um rectangle and
75 um hole pattern), and the exposure process was carried out
under a 254 nm lamp for 1 min. After developing in standard
2.38% tetramethylammonium hydroxide (TMAH), the rectangle
structure (Fig. 3b and c) and hole structure (Fig. 3d and e) were
successfully transferred to the high RI surface with a step
height of 140 nm.

Low molecular weight linear polymers are usually not resistant
to solvents. To enhance the mechanical properties and resistance
of the pattern structures, a study of a crosslinked negative tone
high RI photoresist was conducted. Another 30% weight of
trimethylolpropane triglycidyl ether was added to the previous
solution as a crosslinker. The exposure time was extended to
30 min to ensure complete cross-linking, as shown in Fig. 4a. After
developing in n-butyl acetate for 1 min, the negative patterns
of the rectangle (Fig. 4b and c) and hole (Fig. 4d and e) were
transferred to the surface with a step height of 60 nm.

a)  § 88 254mmuUv

zzzZ
oz

UV exposure Development

Fig. 4 (a) General lithography process for a negative tone photoresist
with a rectangle and hole pattern. (b) and (c) ADI image under an optical
microscope (205 x 37 um rectangle pattern). (d) and (e) ADI image under
an optical microscope (75 um hole pattern).
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3. Conclusions

In this study, the introduction of nano TiO, particles into a
sulfur-rich polymer increased the RI from 1.68 to 1.80 (633 nm),
and the transmittance remained over 80% in the visible region
(film thickness 300 nm). Furthermore, the mixture formulated
with a PAG and crosslinker consists of a dual-tone photoresist.
Both positive tone and negative tone patterning capabilities
were explored, demonstrating good lithographic performance
and potential application in optical devices.
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