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High-refractive-index polymers (HRIPs) are attrac-
tive materials for the development of optical devices with high H-Bond OH SMe
performances. However, because practical components and T, : S H@:
structures for HRIPs are limited from the viewpoint of synthetic S X
techniques, it has proved difficult using traditional strategies to = ST
enhance the refractive index (RI) of HRIPs to more than a certain np =1.85
degree (over 1.8) while maintaining their visible transparency. Here, SMe
we found that poly(phenylene sulfide) (PPS) derivatives featuring @ Ultrahigh-Refractive-Index
both methylthio and hydroxy groups can simultaneously exhibit s{ with
balanced properties of an ultrahigh RI of np = 1.85 and Abbe
number of vy, = 20 owing to the synergistic effect of high molar
refraction and dense intermolecular hydrogen bonds (H-bonds).
This brand new strategy is anticipated to contribute to the
development of HRIPs displaying ultrahigh RI with adequate Abbe numbers beyond the empirical np—vp threshold, which has
not been achieved to date.

Density, Hydrogen Bonds, Poly(phenylene sulfide), Sulfur Content, Ultrahigh Refractive Index

np =1.81 “Densely Polarized Structure”

transparency) of the resulting films and limited their
applications in this wavelength region. HRIPs with balanced
properties (ultrahigh RI, thermostability, and adequate Abbe
number) are required for outstanding optical materials.

High-refractive-index polymers (HRIPs) have attracted world-
wide attention in the field of optical devices from the viewpoint
of enhancing performance and flexibility.'™* To date,

numerous HRIPs bearing hi%hl_?r polarizable groups with a As a solution to this _problem, Polymers with large. numbers
small volume (e.g., aromatics’™’ and heteroatoms ~14) have of short polysulfide chains synthesized by sulfur chemical vapor
been reported to display high refractive indices greater than deposition of elemental sulfur using comonomers containing
1.7. The desired refractive index (RI, n) values of optical multiple vinyl groups were recently reported.22’23 These
polymers have been increased alongside the rapid development polymers exhibited superior transparency and much higher
of photonic technologies; for example, transparent materials RI values (up to np, = 1.982, where D denotes the sodium D
with RI values exceeding 1.8 are required for use as LED line at $89.3 nm)*’ compared to those of previously reported
encapsulants in order to enhance the light extraction HRIPs, although the versatility of the synthetic route was
efficiency.’ However, HRIPs displaying both ultrahigh RI limited by the need for vapor deposition. Therefore, the
values of over 1.8 and amorphous features have seldom been development of facile and versatile preparation methods for

reported among optical polymers. for visible-light usage. This HRIPs with ultrahigh RI values, adequate Abbe numbers, and
can be ascribed to the .relatlvely IOW‘ polarity of t.he film formability has become a critical issue in the field.
components of most organic polymers. Thianthrene-contain- We recently reported that the simultaneous incorporation of

; 15 . .
ng polygghenylene sulfide) (PPS) "~ and triazine-bearing a backbone with a moderately high [R] value and substituents
polymers ° are among the few reported examples of HRIPs

with RI values above 1.8 in the visible-light region. Selenium-
or tellurium-containing polymers'’ ™" and sulfur-rich poly-
mers””?! have also been found to exhibit ultrahigh RI values
exceeding 1.8 owing to their very high molar refraction ([R]).
However, these polymers also displayed strong absorption
bands in the near-UV—visible region, which led to coloration
or low Abbe numbers (i.e., large chromatic aberration and low
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Figure 1. Concept of this study. (a) Synthesis of SMePPS through oxidative polymerization. (b) Further RI enhancement strategy enabled by the
copolymerization with the H-bonding scaffold OHPPS leading to higher [R]/V values.
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Figure 2. Synthesis of SMePPS. (a) "H NMR spectrum of SMePPS in chloroform-d. (b) IR spectra of SMeDPS and SMePPS. (c) (i) "*C and (ii)
BC-DEPT 135 NMR spectra of SMePPS$ in chloroform-d. (d) "H—"H COSY spectrum of the sulfoxide-labeled SMePPS. The repeating structure
was determined to be 2-methylthio-1,5-thiophenylene (structure circled by red square) owing to the correlation signals observed between the
aromatic protons at the lowest field.

with hydrogen bonding (H-bonding) capability effectively decline of Abbe numbers and transparency.”* In particular,
afforded polymers with ultrahigh RI values without serious hydroxy-substituted PPS (OHPPS) exhibited an ultrahigh RI
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Figure 3. Optical properties of SMePPS. (a) UV—vis transmittance spectrum of an SMePPS thin film (inset: photograph of the film on a glass
substrate). (b) Refractive index of SMePPS in the visible-light region. See Figure S6 for the detailed spectrum including extinction coefficient in the

wider wavelength range.

(np = 1.80) with an Abbe number of vy = 20. Our detailed
examination revealed that these superior properties originated
from the effects of H-bonds between the side chains.
Specifically, this unprecedented example was ascribed to the
densely packed yet amorphous bulk polymer structure,
affording a high RI with high molar refraction and low
molecular volume (V).**

In this study, we further expand this proof-of-concept work
toward a rational strategy for designing ultrahigh RI polymers,
which enables breaking through the traditional empirical RI
threshold as well as overcoming the typical trade-oft between
RI and Abbe number among organic polymers.

First, methylthio-substituted PPS (SMePPS) with a high
sulfur content (42 wt %) was prepared as an ultrahigh-RI
polymer (n, = 1.81) with high polarizability (Figure 1a).
Moreover, by introducing H-bonding scaffolds into the highly
polarizable PPS chain through copolymerization with OHPPS
(Figure 1b), the RI was further enhanced to np, = 1.85 with an
Abbe number of v, = 20. To the best of our knowledge, this is
the first reported example of HRIPs simultaneously displaying
such an ultrahigh RI and adequate Abbe number, which
exceeded the empirical np,—vyp threshold. The synergistic effect
of high polarizability and intermolecular H-bonds was revealed
to be effective for maximizing the RI by increasing the [R]/V
values, which was also quantitatively demonstrated by
investigation of the bulk structure and properties.

First, methylthio-substituted PPS (SMePPS) was synthesized
through the oxidative polymerization of bis(2-methylthiophen-
yl) disulfide (SMeDPS). The SMeDPS monomer was
prepared via Grignard reaction of 1-bromo-2-thioanisole and
subsequent oxidation of the thiol, affording yellow needle-like
crystals. The structure of SMeDPS was confirmed by 'H
NMR, *C NMR, and FAB-MS spectra (see the experimental
procedure and Figure S1). Owing to the oxidation feasibility of
SMeDPS, as confirmed by the presence of an irreversible
oxidation peak at 1.56 V vs Ag/AgCl in the cyclic
voltammogram (Figure S2), the oxidative polymerization of
SMeDPS proceeded with either oxygen with the VO(acac),—
H* redox catalystb or 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
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none (DDQ)* as the oxidant. The reaction behavior and
polymer structure were investigated through various spectro-
scopic measurements and density functional theory (DFT)
calculations. The linear structure with two carbon—sulfur
bonds per one unit was confirmed from the 'H NMR
spectrum, in which the signals corresponding to the aromatic
and methylthio protons were detected with the same integrals
(Figure 2a). From the IR spectrum of the polymer, the
presence of 1,2,4-substituted phenylene moieties was verified
from not only the absorption bands at 750 and 850 cm™,
which were derived from the terminal 1,2-substituted phenyl-
ene, but also the newly observed bands at 810 and 890 cm™
after the polymerization (Figure 2b). Therefore, in the
oxidative polymerization of SMeDPS, the chain-growth
reaction (i.e., the electrophilic substitution of the sulfonium
electrophile and the sulfide monomer/oligomer) dominantly
proceeded at the 4- or S-position to the carbon—sulfur bonds
on the benzene ring. The *C and *C-DEPT NMR spectra of
the polymer revealed six kinds of aromatic carbons, three of
which were assigned as carbons with C—H bonds, indicating
the obtained polymer was composed of a single structure with
trisubstituted aromatic rings (Figure 2c). Because of the similar
electromagnetic features of the aromatic protons and carbons
adjacent to the methylthio-substituted carbons and the arylene
sulfide-substituted carbons, these signals were indistinguishable
in the '"H and "C NMR spectra. Therefore, we further
converted only the methylthio substituents to S=O moieties
by mCPBA oxidation to separate the two peaks. In the 'H—'H
COSY spectrum of the sulfoxide-labeled polymer, a 'H-'H
correlation was observed between the aromatic proton signals
at 7.9 and 7.6 ppm, indicating that this pair of adjacent
aromatic protons was located just next to the labeled sulfoxide
(Figure 2d), and therefore, the structure of SMePPS was
finally determined as that of poly(2-methylthio-1,5-phenyl-
enesulfide). The DFT calculation results for SMeDPS also
demonstrated Friedel—Crafts reactivity of the carbon at the S-
position higher than that at the 4-position, as confirmed by the
presence of both a more distributed HOMO and more
negative Mulliken charge of the carbon at the S-position
(Figure S3).

The molecular weight of SMePPS remained relatively low
(up to M, = 23 X 10%) according to size exclusion
chromatography (SEC) measurements (Table S1). Owing to
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the relatively low oxidation potential of SMeDPS among PPS
derivatives, the monomer was instantly oxidized in the early
stage of the reaction, and the subsequent electrophilic
substitution (corresponding to chain propagation) can be
defined as the rate-determining step. Indeed, the polymer-
ization proceeded better in a low-donor-number solvent at low
concentration but remained with small M,, values, suggesting
that the low molecular weight of the polymers was ascribed to
not the solubility of the polymers but the lower Friedel—Crafts
reactivity of SMeDPS compared to that of other DPS
monomers.”” The rigidity and high steric hindrance of the
1,5-disubstituted oligomeric structure during the electrophilic
attack ultimately affected low reactivity, which finally resulted
in low molecular weight for SMePPS.

Next, the outstanding thermal and optical performances of
SMePPS were confirmed from various measurements. The
differential scanning calorimetry (DSC) thermogram of
SMePPS revealed high thermal stability with single glass-
transition behavior in a suitable temperature window (up to T,
= 103 °C) (Figure SSa inset). The X-ray diffraction (XRD)
profile also revealed no crystalline peaks derived from pristine
PPS, indicating the completely amorphous nature of SMePPS
owing to the steric effects associated with the bulky methylthio
substituents (Figure SSa). Thermogravimetric analysis (TGA)
of SMePPS indicated a high thermal degradation temperature
of Ty4s = 319 °C, which is similar to the reported values for
other PPS and its derivatives obtained by oxidative polymer-
ization (Figure $5b)."**” On the basis of these superior
properties as an optical material with high processability and
good solubility, thin films of SMePPS were fabricated on glass
and Si substrates to investigate the optical properties. The
SMePPS films showed visible transparency with a trans-
mittance of >74%T for a thickness of 5.4 um (normalized
transmittance: > 94%T for 1 ym thickness) (Figure 3a). This
was ascribed to the dispersed nature of the sulfur atoms as
sulfide bonds rather than polysulfides,”” which may cause film
coloration (Figure 3a), although the transparency was lower
than that for OHPPS with a similar RI (np = 1.80).”* This
decrease in transparency was also confirmed by the larger
extinction coefficient of SMePPS compared to that with other
alkyl-, alkoxy-, or hydroxy-substituted PPS in the near-UV
region owing to its abundance of highly polarizable sulfur
atoms (42 wt %) (Figure S6). Furthermore, SMePPS exhibited
an ultrahigh RI of ny = 1.81 and an Abbe number of v, = 19,
the former of which especially represents the highest among
the PPS-derived homopolymers to the best of our knowledge
(Figure 3b). Increasing [R] through the introduction of short
sulfide side chains, which also served as a source for steric
effects affording amorphous bulk film, was thus demonstrated
to be an effective strategy for enhancing the RI of PPS
derivatives while maintaining an adequate Abbe number.

Next, we anticipated that the RI of SMePPS could be further
enhanced by decreasing the free volume through the
introduction of hydroxy-substituted PPS (OHPPS) moieties
as a copolymerization unit, which can contribute to realizing
higher [R]/V values.”* First, copolymers composed of
SMePPS and OMePPS units (P1) were synthesized through
the oxidative polymerization of SMeDPS and OMeDPS to
serve as precursors for yielding copolymers with SMePPS and
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OHPPS units (P2) (Figure 1b). Three kinds of P1 with
different composition ratios were prepared to investigate the
effect of introducing the methoxy and hydroxy groups into the
polymer sequence on the RI values (Table S4). The DOSY
NMR spectra of P1 confirmed the presence of copolymerized
products, as demonstrated by the same diffusion coefficient for
all the signals corresponding to each unit (Figure S7). The IR
spectra of P1 also revealed the presence of 1,2,4-substituted
benzene rings (Sc_p (an: 810 and 900 cm™") and terminal 1,2-
substituted benzene rings (Sc_p (a): 750 and 840 cm™),
indicating that each unit was successfully incorporated as in the
case of OMePPS”” and SMePPS (vide supra) (Figure S8). We
also checked the copolymerization kinetics in the system
containing the same number of equivalents of fed monomers
(Figure S9). The molecular weight of the product increased
drastically over the first hour before increasing more gradually
(Figure S9a,b). Therefore, the copolymerization proceeded
according to a step-growth mechanism in the early stage of the
reaction, whereas disulfide exchange and coupling reactions of
the oligomeric products appeared to be the major reactions in
the middle and latter stages. The reactivity of each monomer
was almost identical from the perspective of oxidation potential
(E,, = 1.56 V for SMeDPS and 1.58 V for OMeDPS),”’
resulting in an almost constant composition ratio x with values
close to the theoretical ones (xy., = 0.5) during the
polymerization progress (Figure S9¢). Consequently, a series
of P1 were afforded as nearly ideal random copolymers. On the
other hand, OMePPS—PPS copolymers obtained by oxidative
polymerization were gradient-like polymers, which was
confirmed from the larger introduction rate of OMePPS unit
(see black dots on Figure S9e for the DDQ oxidant system,
and see our previous report’* for the O,/VO(acac),-H*
system). Due to the randomly incorporated sequence during
the copolymerization for P1 synthesis, the oligomers of P1
were highly soluble until the later stage of polymerization and
the termination of polymerization was also prevented.
Although the molecular weight of P1 still remained in small
values of M,, ~ 10°, higher Friedel—Crafts reactivity and p-
selectivity of the OMeDPS counterpart prolonged the
polymerization and resulted in higher M, values than
SMePPS.

Finally, the target copolymers consisting of OHPPS and
SMePPS units (P2) were prepared via postpolymerization
modification of P1, according to the same strategy described in
our previous report.”* First, the disulfide bonds in the main
chain of P1 were functionalized to obtain methyl-terminated
P1 (Me-P1) beforehand for preventing the simultaneous
occurrence of disulfide cleavage and demethylation of methoxy
groups (Table §5).%* Although the 'H NMR signal
corresponding to the terminal methyl group was observed in
the same region as those of the methylthio substituents and
could not be detected independently, the progress of the end-
functionalization was confirmed from the increased integral
ratio of the broad peak near 2.4 ppm in the spectra of Me-P1
with respect to that of P1 (Figure S10). No newly observed
peaks were detected in the IR spectra after end-functionaliza-
tion and Me-P1 contained no structural defects (Figure S11).
The degree of end-functionalization was greater than 88%,
determined by comparison of the M, values from the NMR
and SEC measurements. The lower M, and M,, values of Me-
P1 compared with P1 indicated that the disulfide bonds of P1
were located not only at the terminus but also within the
polymer chains. The subsequent demethylation of Me-P1 also
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Figure 4. Synthesis and properties of P2. (a) 'H NMR spectra of Me-P1 (run 2’) and P2 (run 2”) in DMSO-d. (b) IR spectra of Me-P1 (run 2’)
and P2 (run 2”). (c) UV—vis spectra of Me-P1 and P2 thin films (thickness was normalized to 1 ym). Inset: thin films of Me-P1 (run 2’) and P2

(run 2”). (d) Refractive indices of Me-P1 and P2.

proceeded efficiently with high conversions (>93%), as
monitored through the corresponding peak changes in the
'"H NMR and IR spectra (Figure 4ab and Figures S12 and
$13). P2 was finally obtained without any degradation, as
confirmed by the similar M, values before and after the
demethylation (Table S6). However, the bulk properties of the
PPS derivatives, i.e., molecular weight, mechanical properties,
and melt processability, should be further improved for
practical applications. We have currently been focusing on
these remaining issues by means of engineering the reactive
disulfide bond in the PPS chains, which can be accomplished
through the end-functionalization using multiarm modification
agents, disulfide metathesis, or other transformation reactions
(e.g, click reactions) as chain-extension techniques.”* ™

The amorphous natures of Me-P1 and P2 were revealed from
their XRD profiles, irrespective of the x values and the
presence/absence of hydroxy groups (Figure S14). Even after
the introduction of the H-bonds, the random sequence of each
unit and the efficiency of plausible intermolecular interactions
other than H-bonds between hydroxy groups (e.g., H-bonds
involving methylthio groups as acceptors, S—x interactions of
the aromatic rings and methylthio groups, and z—x
interactions between the aromatic rings) contributed to the
amorphous nature of P2. In addition, the bulkiness of the 1,5-
substituted phenylene units compared with 1,4-substituted
units presumably assisted with the amorphous structures of
Me-P1 and P2.
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According to the DSC thermograms, a single glass transition
for P1, Me-P1, and P2, which was same as the case for
OHPPS-PPS copolymers, suggested a homogeneous bulk
structure in a molecular level. The T, values of P1 were
increased according to larger x values owing to the higher T, of
OMePPS (T, = 105—132 °C)*’ compared with SMePPS; this
trend of T, versus x was retained for the series of Me-P1
(Figure S15a). However, the T, values of P2 were slightly
lower than those of the corresponding Me-P1, contrary to the
expected effect of H-bonds described above. This trend was
similar to that observed for the demethylation of OMePPS—
PPS copolymers but distinct from that for OMePPS, which
makes T, higher.”* The random sequence of P2 was the key to
decreasing T, owing to its lower rotational barrier than Me-P1,
whose effect exceeded the binding effect of polymer chains

through H-bonds.

Finally, the influence of the sulfur and hydroxy contents on the
optical properties was investigated. Me-P1 and P2 were more
transparent in the visible region (over 96%T for 1 um
thickness) than SMePPS owing to their lower contents of
highly polarizable sulfur atoms, preventing excessive inter-
actions involving sulfide moieties in the bulk state (Tables 1
and S7). Additionally, higher transparency of P2 than OHPPS-
PPS copolymers* held the difference of microstructures in the
bulk state, suggesting that P2 had more homogeneous
structure with less clustering of particular segments and optical
scattering would have been prevented. The smaller solution
absorptivity of P2 compared with SMePPS also contributed to
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Table 1. Optical Properties and Density of P2

Eo %T" at np° vp© density”

run  polymer (=) 400 nm (=) (=) (g em™)
SMePPS 0 94 1.81 19 1.39
1” P2 0.27 97 1.80 16 1.39
2 P2 0.53 97 1.85 20 1.48
3 P2 0.77 96 1.83 17 1.47
OHPPS 1.00 97°¢ 1.80°¢ 20°¢ 1.50°

“Determined by 'H NMR. Determined by UV—vis spectroscopy
(normalized values for a thickness of 1 pm). “Determined by
o d . .
spectroscopic ellipsometry. “Determined by a dry density meter (the

values were density for powder samples). “Values from ref 24.

the higher transparency of the polymers mainly derived from
their inherent structures (Figure S19), which was ascribed to
the small number of lone pairs and polarizable atoms adjacent
to the aromatic rings."* Focusing on the properties through the
demethylation, the transparency of P2 was slightly decreased in
the bulk state but increased in diluted solution (Figure 4c and
Figures S20 and S21), which was a different trend from those
of Me-OMePPS and OHPPS.”* Therefore, plausible inter-
molecular interactions involving methylthio groups as accept-
ors, such as H-bonds and S—x interactions, apparently
occurred in the bulk films of SMePPS and P2, leading to
their low visible transparency. The RI values of SMePPS, P1,
and Me-P1 decreased upon the introduction of methoxy
groups in accordance with the decreased average molar
refraction per repeating unit (black lines in Figures 4d and
S23). After the demethylation, P2 displayed RI values larger
than those of the corresponding Me-P1 owing to the more
compact skeleton (red lines in Figures 4d and S23).

Furthermore, the differences in np were small (~0.02) in the
low-x region (run 1”) but larger (~0.08) in the large-x region
(runs 2” and 3'’), although the Abbe numbers (vp) were
maintained with values of approximately 20 irrespective of the
«x values (Figure Sa). This difference was attributable to the
number of H-bonds, whose effect on lowering the free volume
was exerted only in the bulk state with the densely
incorporated H-bonds. Furthermore, the relationship between
the x and np, values of P2 was anomalous: the change in RI was
not proportional to x and the maximum np of 1.85 was
observed at the intermediate composition (x = 0.53, run 2”)
(Figure Sa and Table 1). In general, the RI values of
bicomponent copolymers change monotonically following
additivity rules and decrease as the composition ratio of the
unit with small [R] increases, similar to that in the previous
report;>" the ny, values of Me-P1 changed with x according to
this trend. However, this empirical rule was not applicable to
the P2 system owing to the unusual bulk structure derived
from the H-bonding effect induced by the OHPPS units.

To elucidate the mechanism underlying the anomalous
relationship between the RI and composition ratio of P2, the
bulk properties of P2 were further investigated. First, the
density of P2 was measured for each x value to examine the H-
bonding effect, for the density of a polymer is directly related
to its free volume.

P2 with a small x value (run 1”7, x = 0.27) exhibited almost
the same density as SMePPS, whereas the density of P2 with
larger x values (run 2”, x = 0.53, and run 3, x = 0.77)
displayed remarkably high densities similar to that of OHPPS

a) 4, b) 165 C) 19
1.85+
R 16
1.85] A , * 1851
R 18l * - e 155 g Experimental/ . N -..
—~ P2 — 2 . :
e A r s 15 = Ly e K}
.~ < @
-P1 "H- Q
Me-P1 - ___ 1.75 145 3, Estimated ,f%\\
L ~ = B~ -
1.75 . 1.75% - T L
. 14 T
T 1.7
17 s e 1.35 17 , : : :
0 02 04 06 08 1 &5 X T 3 9o 0 02 04 06 08 1
Composition ratio x (-) et @’ of Composition ratiox (-)
d)
SMePPS OHPPS-PPS Copolymer P2

No H-bonds
Ultrahigh [R]
ny=1.81

Gradient H-bonds
High [R]
np =1.78 (max)

Random H-bonds
Ultrahigh [R]
np = 1.85 (max)

Figure S. RI changes for Me-P1, P2, and homopolymers depending on the methoxy/hydroxy content. Values for OMePPS (Me-P1 with x = 1.00)
and OHPPS (P2 with x = 1.00) were referred from the previous reports (refs 27 and 24, respectively). (a) Relationship between composition ratio
and experimental np, for Me-P1 (black squares) and P2 (red triangles) (before and after demethylation). (b) Experimental n, (line graph) and
density (bar charts) for SMePPS, OHPPS, and P2. The error bars indicate the standard deviation of the density measurements (average of five
times). (c) Estimated (blue open triangles) and experimental (red circles) ny, values for SMePPS, OHPPS, and P2 at each composition ratio. The
error bars indicate the standard deviation of the estimated RI values, which were in accordance with the deviation of the density measurements. (d)
Schematic comparison of H-bond distribution, [R] values, and ny, values for SMePPS, OHPPS—PPS copolymer,24 and P2. The blue and red circles
represent high-[R] moieties and H-bonding moieties, respectively, and the dotted lines represent intermolecular H-bonds. The color depth of the
blue circles represents the magnitude of the [R] values.
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(1.50 g ecm™) (Figure 5b).>* This trend was in accordance
with the sharp enhancement of RI in the case of P2 from run
1” to run 2"". These results suggested that the introduced H-
bonds markedly lowered the free volume in the case of P2 with
moderate to high hydroxy contents, which led to the
synchronized RI enhancement in this system. To estimate
the precise RI values taking the contributions of the [R] and V
changes into account, we also estimated np, values for each x
through the Lorentz—Lorenz equation, by adopting measured
densities and calculated molar refractions (Figure Sc). The
estimated np, values (blue data points in Figure Sc) followed
the same trend as the experimental values (red data points in
Figure Sc) with increasing number of hydroxy groups,
suggesting that the experimental RI values varied in accordance
with the change in [R]/V values. The deviations of the
estimated RI values from the experimental ones were ascribed
to the more densely packed structure of the polymers in the
bulk (film) states compared with the powder states (the
density of powder samples was adopted as an alternative to
that of films in this study, owing to the difficulty associated
with preparing free-standing films). Because the polymer
chains were less densely packed in the powder state than in the
bulk state on account of the higher concentration of voids and
boundaries, which resulted in a smaller number of neighboring
polymer chains,”” the P2 films would be expected to display
higher densities than the powder samples, implying higher
experimental RI values in the bulk system. By comparing the
IR spectra of P2 before and after film fabrication, the O—H
stretching vibrations involving H-bonds were found to shift to
lower wavenumbers (Figure S24), indicating the presence of
H-bond networks with a more dense and homogeneous
distribution in the P2 bulk films.

In our previous study,”* we reported that copolymers
composed of OHPPS and unsubstituted PPS (termed
OHPPS—PPS copolymers hereafter) exhibited lower RI values
than OHPPS; however, in this study, P2 showed RI values
higher than those of both OHPPS and SMePPS. This
difference suggests that the RI values of OHPPS and its
copolymers are strongly dependent on the sequence, the [R]
values of each component, and the content of hydroxy-
substituted moieties (Figure Sd). Although OHPPS—PPS
copolymers were obtained with gradient-like sequences and
therefore the hydroxy groups were randomly and sparsely
incorporated, P2 were random copolymers with homogeneous
distributions of hydroxy groups. In particular, the randomness
of the P2 sequence was the highest for the composition ratio of
x ~ 0.5 owing to the approximately equivalent incorporation of
each unit in the copolymer. The above difference in the unit
distribution depends on the reactivity of the monomers toward
disulfide oxidation and Friedel—Crafts substitution, both of
which are defined as elementary reactions during the oxidative
polymerization.”® Because the introduction of electron-
donating groups to a DPS monomer is effective for both
lowering the oxidation potential (E.,) and enhancing the
electrophilic substitution of the sulfonium cation, the oxidative
copolymerization of OMeDPS with another DPS monomer
having a similar oxidation potential is effective for obtaining
nearly random copolymers with homogeneously distributed H-
bonding sites. Furthermore, the higher [R] values of the
SMePPS unit compared with the PPS unit partially resulted in
different RI changing trends in the system. Taking this
hypothesis into account, the synergistic effect of high [R] and
H-bonds would lead to an RI enhancement in the case of
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copolymers composed of OHPPS and another PPS unit if the
latter unit satisfies the following conditions: (1) a higher [R]
value than the OHPPS unit (contributing to higher unit
refractivity) and (2) an E,, value of the corresponding DPS
monomer close to that of OMeDPS (affording random
sequences). The preparation of OHPPS-incorporated PPS
copolymers (OHPPS—PPS copolymers, P2, etc.) possessing
various sequences, which would be enabled by the develop-
ment of a precisely controlled oxidative polymerization
strategy, and investigation of their optical properties will be
among the key objectives for our future work to expand this RI
enhancement strategy.

A series of ultrahigh-refractive-index PPS derivatives bearing
both hydroxy and methylthio groups were synthesized by
means of postpolymerization modification of the methyl-
protected precursors. These copolymers exhibited higher RI
values (up to np = 1.85) than the corresponding homopol-
ymers while maintaining adequate Abbe numbers (v, ~ 20),
owing to the synergistic effect of highly polarizable groups and
densely incorporated robust H-bonds. This mechanism was
also elucidated from a classical perspective using the Lorentz—
Lorenz equation, revealing that the dual incorporation of
methylthio and hydroxy groups enhanced the [R]/V values of
the polymer on the macroscopic scale, leading to higher
refractivity. Practically, these superior optical properties are
notable among the previously reported polymers including
other PPS derivatives (Figure S25). To the best of our
knowledge, this copolymer system is the first example that
enhances RI through the copolymerization of each component.
This novel strategy is expected to be applicable to the design of
not only PPS derivatives but also various other promising
HRIP candidates to realize ultrahigh RI values with adequate
Abbe numbers beyond the empirical np—vy, threshold.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.2c00030.
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