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Copolymerization and conjugate addition of disulfides generally and dithiolanes particularly have been
reported for various applications. Here, a new framework for preparing high refractive index polymeric
materials through the photoinitiated addition of methyl ester of lipoic acid (LipOMe) or methyl 4-methyl-
1,2-dithiolane-4-carboxylate (Me-AspOMe) with various alkynes is explored, and an infrared spectroscopy
methodology was developed for understanding the dithiolane homopolymerization kinetics. The effects
of the 1,2-dithiolane and alkyne chemical structures on reaction rates, polymer structures, and optical
properties of the synthesized polymers were examined. Characterization of the photopolymerization pro-
ducts showed significant dependence on the specific structure of the 1,2-dithiolane and alkyne
reactants. The ability of the 1,2-dithiolane/alkyne reaction to introduce a large amount of sulfide linkages
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resulted in differences in the polymer refractive index relative to that of the unreacted materials, reaching
values up to 0.07. Furthermore, the application of these 1,2-dithiolane-alkyne systems into two-stage

photopolymeric holography materials in a two-dimensional, high-refractive index structure was
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1. Introduction

High-refractive index polymers (HRIPs) play a crucial role in
many optical and optoelectronic technologies, including
lenses, waveguides, nanoimprinting lithography, and
holography."™ With the increasing advances in optical
devices, the demand for high refractive index, high thermal
stability, high transparency, and low birefringence polymers
has increased accordingly. Practically, two common ways to
achieve high refractive indices polymers include: (1) introdu-
cing high refractive index inorganic nanoparticles in the
polymer matrix®>® (2) introducing atoms or groups with high
intrinsic molar refractions.>*™® Both nanocomposites and
intrinsically high refractive index polymers offer advantages
and disadvantages. While high refractive index nanocomposite
polymers have a refractive index above 1.8, the nanoparticle
type, size, and content can negatively affect the storage stabi-
lity and processability.® Alternative, intrinsically high refractive
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index polymers usually reach refractive indices below 1.8 but
offer advantages of lower cost, high stability, and ease of pro-
cessability. Many factors affect high refractive index polymer
performance including molecular packing, molar volume,
chain flexibility, and substituent content. The main strategy to
develop intrinsically high refractive index polymers is the
incorporation of high molar refraction groups such as sulfur,"*
phosphorous,’® bromine, iodine,'® and/or aromatic struc-
tures.”” Due to its high polarizability, high stability, and
straightforward insertion in the molecular structure, sulfur
has attracted particular interest in increasing the refractive
index. In recent years, various high refractive index polymers
containing sulfur have been synthesized including poly (phe-
nylene thioether)s, poly(thioether sulfone)s, thioether-bridge
poly(phenyl quinoxaline)s,"®*>' and polythiophenes.**™>*
Unfortunately, these high refractive index sulfur-containing
materials frequently require complex and elaborate synthesis,
exhibit poor processability, and show low transparency,
making them unsuitable for optical applications where large-
scale production and/or thick films are required.

Thiol-ene chemistry, which intrinsically forms high refrac-
tive index thioether linkages, has been explored for holography
applications.’®?>*® However, despite the benefits of low
shrinkage, reduced oxygen inhibition, and delayed vitrifica-
tion,?” the nature of the reaction limits its high refractive index
capabilities since each ene can bond to only one sulfur in the
thiol-ene coupling. This limits the introduced sulfur content

This journal is © The Royal Society of Chemistry 2025
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and, thereby, the ability to enhance the refractive index of such
polymers via polymerization.

Another convenient route toward HRIPs consists of the
radical-mediated addition of thiol to alkynes. Similar in
mechanism to radical thiol-ene coupling, thiol-yne adds two
thiols per alkyne to form 1,2-dithioether while preserving the
advantages of the alkene-based reaction.”®*° Bader and co-
workers’ early work on the reaction between thioacetic acid
and various alkynes in the presence of peroxides demonstrated
that the ability to obtain the mono- and disubstituted adducts
depended on the alkyne structure.’® Blomquist and Wolinsky
described a study on the addition of ethyl mercaptan to a
range of acetylenic species under UV conditions.”® Bowman
and Hoyle’s groups demonstrated the bireactivity of terminal
alkynes with thiols during the radical-mediated thiol-yne step-
growth photopolymerization to form highly crosslinked
polymer networks where each alkyne functional group was
capable of reacting consecutively with two thiols.>>** In
addition, Chan et al. reported that the reaction of a series of
dialkynes and dithiols rapidly produces highly crosslinked net-
works with the resulting refractive index values directly depen-
dent on the sulfur content. Recently, Li et al. provided new
insight into disulfide-yne photoreaction, demonstrating that
unlike the stable product generated from thiol-yne chemistry,
the vinyl dithioether structure obtained from the disulfide-yne
reaction exhibits unique reactivity toward thiols and
disulfides.**

Another important property that substantially influences
the performance of optical materials is the volumetric shrink-
age and the associated stress. These are known to affect the
optical properties of the materials and cause both stress and
birefringence.*>*® Volumetric shrinkage occurs during curing
reactions since the van der Waals distance of two molecules is
shortened to the length of a (significantly shorter) covalent
bond.?”

A particular class of sulfur-containing molecules 1,2-dithio-
lanes, which contain a saturated five-membered disulfide ring,
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has shown remarkable potential for the development of intrin-
sically high refractive index polymers with low volumetric
shrinkage due to its ability to participate in a variety of radical
and ionic ring-opening reactions.*® Each reaction yields thio-
late or sulfur-centered radicals all of which initiate ring-
opening oligomerization or polymerization with another cyclic
disulfide producing disulfide-rich backbone of poly(dithio-
lane)s Scheme 1.3

Among the 1,2-dithiolane molecules, lipoic and asparagusic
acids (naturally occurring molecules) are the best-known
members of this group. The ring-opening reaction of 1,2-
dithiolanes occurs thermally and photochemically, even
without an initiator Fig. 1.*' Early work by Calvin and co-
workers mentions the polymerization of lipoic acid using UV
irradiation without the need for any photoinitiator,* an inter-
esting feature recently used to prepare photocurable hydrogels
without a photoinitiator.*>

The ability of cyclic disulfides to participate in copolymeri-
zation reactions with vinyl monomers upon heating or
irradiation was established around the 1950s. Lipoic acid (LA)
copolymerizes with alkenes, including styrene and vinyl
acetate.*>** Endo and co-workers studied the thermally trig-
gered radical copolymerization of lipoamide with various vinyl
monomers and established a reactivity order. Lipoamide copo-
lymerization with acrylate was readily demonstrated; however,
no copolymerization was observed with methacrylates.*®
Leveraging this feature allowed for the synthesis of a methacry-
late functionalized 1,2-dithiolane monomer to produce meth-
acrylate-based polymers with pendant 1,2-dithiolane moi-
eties.*® Recently, lipoic acid and diallyl isosorbide were poly-
merized in the presence of a photoinitiator to produce UV-
cured thiol-ene coatings’” and to permanently crosslink
hydrogels with the formation of irreversible thioethers
bonds.*®

While dithiolane-ene reactions have been explored, dithio-
lane-yne polymerization reactions have yet to be reported, so
the feasibility of 5-membered cyclic disulfides (LipOMe and
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Scheme 1 Schematic representation of the change in refractive index from monomer to polymer in 1,2-dithiolane monomers and polymers.
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Fig. 1 Thermal or light-activated homopolymerization of the dithiolanes (a) LipOMe and (b) Me-AspOMe.

Me-AspOMe) to copolymerize with various alkynes (phenyl- sitions and stoichiometric ratios were evaluated together with
acetylene, 1-octyne, propargyl acetate, and diphenylacetylene) the properties of the obtained polymers.

affording polymers with disulfide-rich backbones is demon- Although 1,2-dithiolanes have been studied since the
strated here. Fig. 2 shows chemical structures, acronyms, 1950s, to our knowledge, their copolymerization with alkynes,
names for the dithiolanes, and refractive indices of the research concerning the refractive indices of the 1,2-dithiolane
materials used during this research. Photopolymerization monomers and their polymers, and evaluation as optical
kinetics and comparison of the curing rates of various compo- materials have not been addressed until now.
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Fig. 2 Chemical structures, acronyms, names, and refractive indices for 1,2 dithiolane and alkyne monomers used in this study. Refractive index
measurements were taken at the wavelength (1) of 589 nm using an Abbe refractometer.
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2. Results and discussion

2.1. Development and implementation of an FTIR-based
technique for the homopolymerization kinetics of LipOMe
and Me-AspOMe

The methyl ester of lipoic acid (LipOMe) was synthesized fol-
lowing an analogous procedure to the one previously pub-
lished (S1).*° The synthesis was carried out using a commer-
cially available o-lipoic acid. At the same time, the methyl
4-methyl-1,2-dithiolane-4-carboxylate (Me-AspOMe) was syn-
thesized in a two-step procedure that involved the preparation
of methyl-asparagusic acid (S2), and then the methyl ester
product ($3).>° Homopolymers of the methyl ester of lipoic
acid (LipOMe) and methyl 4-methyl-1,2-dithiolane-4-carboxy-
late (Me-AspOMe) were obtained via dithiolane ring opening
photopolymerization by irradiating in bulk the low viscosity
monomers containing 1 wt% TPO as the photoinitiator with
400-500 nm filtered mercury arc lamp at 40 mW cm™> for 600
s. For the first time, FTIR was demonstrated to be suitable for
monitoring the homopolymerization kinetics of the dithiolane
unit of these two monomers. ESI, Fig. S4a and S4bf show the
FTIR spectra region between 800 and 500 cm™' for LipOMe
and Me-AspOMe before and after polymerization obtained by
attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) spectroscopy using the smart ITX acces-
sory shown in Fig. S5, here a drop of LipOMe/or Me-AspOMe
were placed over the diamond ATR crystal and covered with a
glass slide, and the corresponding before and after polymeriz-
ation spectra of the in situ polymerization were collected using
64 scans and 4 cm ™" resolution. It’s important to mention that
the ATR-FTIR with the IXT accessory allowed for the collection
of spectra from 4000 to 500 cm™', and the background
obtained with the smart accessory is quite stable due to the
controlled environment. High degrees of conversion, 92%
(LipOMe) and 75% (Me-AspOMe) were determined by measur-
ing the intensity of the peak area corresponding to C-S stretch-
ing at 676 cm™' for LipOMe and 671 cm™ ' for Me-AspOMe
before and after polymerization. The FTIR technique and the
corresponding conversions for the two 1,2-dithiolanes under
study were validated by "H NMR (32 scans, d1 = 10 s) by com-
paring the integrals of the polymer peak and monomer peak
using the signals for the CH, hydrogen in the dithiolane ring.
For LipOMe, the peak used for conversion calculations for the
unreacted monomer was found at 2.50 ppm, and for the
polymer at 2.80 ppm (Fig. S6at), while for the Me-AspOMe
monomer, the peak chosen was at 3.70 ppm (or 2.97 ppm) for
the monomer and at 3.17 ppm for the polymer (Fig. S6b¥).
Table S1, in ESI,f summarizes, among other properties, con-
version results obtained for ATR-FTIR and "H NMR, showing
agreement between the two techniques and verifying that the
FTIR technique is suitable to monitor the ring-opening of the
1,2-dithiolane during homopolymerizations.

The reversible nature of the ring-opening polymerization
reaction for LipOMe and Me-AspOMe was studied by
ATR-FTIR, monitoring the recovery of the monomer peaks at
676 cm™" and 671 cm™! for LipOMe and Me-AspOMe after

This journal is © The Royal Society of Chemistry 2025
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heating the polymer samples at 140 °C for 3 hours (Fig. S77).
The percentages of LipOMe and Me-AspOMe recovered after
heating the respective polymers under the same conditions
were 84% for LipOMe and 10% for Me-AspOMe evidencing the
more stable nature of poly(Me-AspOMe) toward depolymeriza-
tion, compared to poly(LipOMe). It may seem counterintuitive
that the monomer that exhibits lower reaction rates would also
yield lower recovery upon depolymerization. It must be noted
that it cannot be assumed that equilibrium, as governed by
the thermodynamics of the system, will correlate with kinetic
reaction rates. Alternative experimental conditions may prove
more or less favorable to the asparagusate monomer recovery.
Table S21 summarizes the conversion values obtained from
peak area values for the initial monomers, the polymer follow-
ing photopolymerization, and the sample after heating using

eqn (1):

Amp —A
m2 P 100 (1)
Ami — 4p

%m2 =
where A, is the area peak for the monomer initially, A, is
the area after heating the polymer, and 4, is the peak area of
the remaining monomer after polymerization before the
sample is heated; in other words, the peak area for the
unreacted monomer upon polymerization.

Time-dependent photopolymerization reaction kinetics
were also measured by FTIR spectroscopy during the photo-
polymerization using a previously reported in-house fabricated
device described in Fig. S$8.1°' The horizontal accessory
allowed for mounting the sample between KBr discs in a hori-
zontal orientation and irradiating it from an almost perpen-
dicular position without interfering with the IR beam through
the use of optical mirrors. The polymerization rate was calcu-
lated from the rate at which the monomer is being consumed
using the equation R, = —d[M]/d¢, where R, is the rate of
polymerization, [M] concentration of monomer at any given
time, and d[M]/d¢ is the rate of decrease in monomer concen-
tration with respect to time. Polymerization delay was observed
for Me-AspOMe but not for LipOMe (Fig. 3), demonstrating a
difference in reactivity for the 1,2-dithiolanes. As expected,
LipOMe reacted 12 times faster (R, = 0.05 s~') than Me-
AspOMe (R, = 0.006 s™"). This data correlates with ring substi-
tution patterns being determined to be an important factor in
the reactivity of 1,2-dithiolanes due to ring strain, which was
found to be more significant for LipOMe than Me-AspOMe.>°
Earlier, Whiteside and coworkers showed that higher-substi-
tuted 1,2-dithiolanes are more resistant to reduction and ring-
opening.*

A modular gel permeation chromatography (GPC/SEC) system
equipped with a refractive index detector was employed to deter-
mine the weight average molecular weight (M,,), number average
molecular weight (M,,), and dispersity D = M,,/M,, of the photo-
polymer obtained based on polystyrene standards. LipOMe and
Me-AspOMe homopolymers show molecular weights of 14 kDa
and 12 kDa with a relatively narrow dispersity of & = 1.21 and
1.23, respectively (Table S1}). Both polymers were soluble in

Polym. Chem., 2025,16, 1176-1187 | 1179
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Fig. 3 Real-time measurement of conversion as a function of time for
LipOMe (black squares) and Me-AspOMe (red circles) showing that
LipOMe reacts 12 times faster than Me-AspOMe upon exposure filtered
450 + 50 nm light at an intensity of 40 mW cm™2 (1 wt% TPO photo-
initiator). The dotted line indicates when the light was turned on at 30
seconds. Delayed polymerization was observed for Me-AspOMe.

commonly used organic solvents. The index of refraction of the
synthesized monomers and their polymers was measured at
20 °C using an Abbe refractometer (589 nm). Table S1} shows
that the ring-opening polymerization of the 1,2-dithiolanes
increases the refractive index by 0.02 for LipOMe and 0.04 for
Me-AspOMe. The high refractive index values of the polymers
obtained are a direct result of the high inherent atomic refrac-
tion of the sulfur-containing polymers.

The higher An value for Me-AspOMe is not a surprise as the
refractive index is predicted by the Lorentz-Lorenz equation

(ean (2)):
n”-1 R M
Al MV Ve @)

where R is the molecular refraction, M the molecular weight
and V the molecular volume of the repeat unit. R/M can also
be represented as molar refraction (R,,) and M/V as the recipro-
cal of the molar volume (V,).>>® Accordingly, a substituent
(repetitive unit) with a high molar fraction and a low molar
volume like Me-AspOMe will increase the refractive index (np)
of the polymer Fig. 1b.

2.2. Copolymerization of LipOMe with alkynes

Having demonstrated the effect of the homopolymerization of
1,2-dithiolanes on polymer characteristics and optical pro-
perties of their polymers, the monomers were then copolymer-
ized with alkynes. The consumption of the alkynes as a func-
tion of time during photopolymerization with LipOMe at
various stoichiometric ratios was monitored using Fourier
Transform Infrared (FTIR) spectroscopy with the horizontal
device accessory previously described.”® The peaks corres-

180 | Polym. Chem., 2025, 16, 1176-1187

View Article Online

Polymer Chemistry

ponding to the C=C-H stretching absorption, at 3301, 3313,
and 3294 cm™' for phenylacetylene, 1-octyne, and propargyl
acetate, were selected to track the consumption of alkynes
during polymerization (Fig. 4a-d). In the absence of C=C-H
stretching for diphenylacetylene, the most prominent band of
the alkynes in the IR spectrum centered at 2219 cm™", which
is associated with C=C, was used for the internal alkyne. Even
though the C=C stretching (~2200 cm™") appears as a weak
band, the resultant noise was not problematic as the standard
deviations were consistent with other trials (Fig. 4d).
Unfortunately, the ring-opening reaction of the 1,2-dithiolane
ring could not be monitored simultaneously because the
corresponding peak areas for C-S overlap with the absorption
peaks of components in the reaction mixtures; however, they
were confirmed by 'H NMR on the same samples analyzed by
FTIR. The corresponding conversions reached for the LipOMe
during copolymerization with alkynes relate to the reaction
with the alkynes as well as homopolymerization (Table S37).
Fig. 4 and Table S31 display conversion versus time for the
different compositions and ratios, final alkyne conversion (by
FTIR), calculated reaction rates, and dithiolane conversion
obtained from the 'H NMR. The rapid consumption of alkynes
occurs in the first seconds of the reaction. Moreover, a higher
degree of alkyne conversions is observed at higher LipOMe
concentrations (dithiolane:yne =4:1>2:1>1:1> 1:2) for
all the terminal alkynes. It is essential to mention that, for the
same stoichiometric ratios, the order of reaction rates observed
for the different terminal alkynes studied here follows the
trend of phenylacetylene > 1-octyne > propargyl acetate
(Table S31). The slow addition rate of LipOMe to propargyl
acetate is rationalized in terms of electron density, like in the
case of thiol-ene reactions, where photoaddition of thiols to
electron-poor vinyl groups is unfavorable.” Here, the thiyl rad-
icals known for their electrophilic character react slowly with
propargyl acetate as the electron-withdrawing carbonyl
decreases the electron density of the = bonds. This effect was
also observed for the photoinitiated addition of thiols to pro-
pargyl acetate and methyl propargyl ether.>*> It is important
to mention that while no homopolymerization of alkynes was
observed in the absence of dithiolane (Fig. S97), higher than
anticipated alkyne consumption, presumably due to chain
addition reactions between alkynes and unsaturated carbon-
carbon bonds (i.e. alkynes, vinyl sulfides), was observed at low
relative ratios of dithiolane, as monitored by FTIR and 'H
NMR(Table S31). Similar behavior was reported in thiol-
limited thiol-yne addition reactions.*?

The results obtained for the internal alkyne were unex-
pected in that at higher concentrations of diphenylacetylene
1:1 and 1:2 (dithiolane:yne) ratios (Fig. 4d), the final yne
consumption reached values of 53% and 52%, respectively,
which is similar to that found for the 4: 1 ratio of dithiolane:
yne (56%). Furthermore, the cure rates obtained exceed that of
formulations with lower ratios of diphenylacetylene and even
the ones of terminal alkynes. A more careful inspection of the
KBr windows for the formulations before and after polymeriz-
ation showed the presence of an opaque waxy solid for the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 FTIR conversion versus time plots for alkyne reactive groups (1 = 405 nm, | = 40 mW cm™2, t = 600 s). (a) LipOMe : phenylacetylene, (b)
LipOMe : 1-octyne, (c) LipOMe : propargyl acetate, and (d) LipOMe : diphenylacetylene. Black squares (dithiolane : yne = 1:1), red circles (dithiolane :
yne = 1:2), blue triangles (dithiolane : yne = 2: 1), green triangles (dithiolane : yne = 4:1).

higher concentrations of diphenylacetylene. The observed
results may suggest a level of ordering or templating in the
crystalline state, significantly enhancing the propagation reac-
tion while minimizing termination, a phenomenon that has
been reported previously.”®”” All of the conclusions drawn
from this research correlate to liquid formulations, as the
observed formation of the waxy/crystalline state for the 1:1
and 1:2 ratios (LipOMe:diphenylacetylene) will require
further and deeper studies outside the scope of this
publication.

The copolymerization of LipOMe with terminal alkynes
studied resulted in the emergence of a new peak at 1545 cm™"
in the FT-IR spectrum and an approximate chemical shift of
6.0 ppm in the "H NMR spectrum (Fig. S107). This observation
indicates the formation of a vinyl sulfide intermediate, similar
to the one observed in the case of thiol-yne photo-
polymerization.*> However, the shift to higher frequencies for
LipOMe-yne, compared to thiol-yne—which typically shows
peaks in the FT-IR spectrum between 1620 and 1600 cm™'—
suggests that the vinyl sulfide intermediate found during this
research has a distinct structure. A more detailed discussion

This journal is © The Royal Society of Chemistry 2025

on the formation of the vinyl sulfide intermediate will follow
in the next section.

GPC results of the polymerized comonomer mixtures are
presented in Table S4.7 Interestingly, the polymers obtained
through this route are characterized by narrow dispersity P <
1.4. The index of refraction for 1,2-dithiolane and alkyne mix-
tures before and after polymerization are summarized in
Table S4.f It is important to mention that a portion of 1,2-
dithiolane monomer and its homopolymers are left in the mix
after polymerization, so it is expected that the refractive index
R.1. here showed are lower than expected due to incomplete
polymerization and homopolymers formed.

2.3. Copolymerization of Me-AspOMe with alkynes

Polymerization reactions of Me-AspOMe with alkynes were also
studied using FTIR using the horizontal attachment. Similar
to LipOMe, the FTIR spectra for the photopolymerization reac-
tions of Me-AspOMe with alkynes showed, as expected, a
decrease of the peaks at ~3281 and ~2110 cm ™" corresponding
to =C-H and C=C stretching upon polymerization
(Fig. S11at). Also, as expected, the appearance of the vinyl

Polym. Chem., 2025, 16, 1176-1187 | 1181
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sulfide peak at 1530 cm ™" (Fig. S11bt) was observed at an even
higher frequency than the one observed for the vinyl sulfide
derivate of LipOMe (which was located around 1545 cm ™).
The photopolymerization of Me-AspOMe with alkynes high-
lighted differences in the reactivity between the two dithio-
lanes studied (Fig. S12 and Table S5t). The final conversion
reached for the two dithiolanes resulted in values within the
same order of magnitude. At the same time, the rates of
polymerization for Me-AspOMe were reduced by a factor of two
for the alkynes studied here. In general, the Me-AspOMe con-
versions obtained from "H NMR analysis for the copolymeriza-
tion products showed values that indicate the reaction of the
dithiolane with alkynes was favored over dithiolane homopoly-
merization. This is in contrast to the behavior observed for
LipOMe : yne systems, wherein dithiolane homopolymerization
was significant during the mixed mode copolymerizations.
Table S5t shows GPC results for Me-AspOMe and alkynes
studied. Surprisingly low molecular weights for the copolymer-
ization of Me-AspOMe and alkynes were obtained despite the
high degree of conversion (Table S67) and changes in refractive
indices from resin to polymer, which reached values of 0.06
for the Me-AspOMe : phenylacetylene 4:1, 2:1, and 1:1 ratio.
The reaction products for the composition Me-
AspOMe : phenylacetylene in a 2:1 ratio were separated using
a Biotage automatic chromatography column instrument with
hexane : ethyl acetate (80:20) as eluent, two fractions were
obtained and analyzed by "H and '*C NMR. As expected for
polymeric structures, the "H NMR of one minority product iso-
lated (Fig. S1371) is quite complex and shows broad signals.
Peaks found between 8.0-7.5 ppm corroborated the presence
of phenyl rings, while signals at 3.7-3.5 ppm, 3.3-3.0 ppm,
and 1.5-1.2 ppm ranges correspond to CH, and CH; groups
associated with the opening of the dithiolane ring. It is note-
worthy to mention the peak around 6.5 ppm, which is attribu-
ted to the presence of a vinyl sulfide unit within the polymer
chain. The obtained integration of phenyl groups to methyl
groups indicates a polymeric structure with one phenyl group
per two disulfide groups and a molecular weight of ~13 kDa
(Table S51). We suggest that the mechanism of incorporation
of an alkyne into a dithiolane polymer involves the propa-
gation of a single thiyl radical within a growing polydisulfide
across the triple bond, resulting in a carbon-centered radical
that adds to another dithiolane molecule (Scheme 2a). The 'H
NMR in CDCl, (Fig. S14}) of the second product isolated
showed aside from the presence of unreacted Me-AspOMe, a
singlet centered at 6.09 ppm, which is the region of "H NMR
spectra associated with vinylic (C=CH) protons, indicating the
potential addition of one dithiolane to one yne. Furthermore,
the presence of 5 aromatic protons in the range of
7.51-7.29 ppm, signals at 3.97-3.92 (m), 3.74 (s), 3.543.48 (m),
and 1.44 (s) together with the corresponding *C NMR are con-
sistent with the mono-addition product (intramolecular cycli-
zation), indicating the presence of the vinyl sulfide [6-
methyl,6-methylesther-2-phenyl-5,7dihydro-1,4-dithiepin] with
a chemical structure similar to the one shown on Scheme 2b.
Findings were verified by LC-MS (Fig. S151) as the mass for
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charge ratio obtained m/z: 280.06 (41.6%), 281.07 (M', 100%),
282.07 (20.8%), 283.06 (10.4%), 283.14 (3.2%) matches the
expected values for the proposed chemical structure.

The 0.4 ppm difference in the chemical shift of the vinyl
proton (C—=CH) between the polymer (6.5 ppm) and the vinyl
sulfide (dithiepin) (6.1 ppm) is not unexpected. This variation
is likely due to the positioning of the vinyl proton in relation
to the phenyl ring. In the isolated dithiepin, the vinyl proton is
positioned cis to the phenyl ring. Thus, the vinyl proton
appears at a slightly higher field, meaning its chemical shift is
lower due to the shielding effect of the aromatic ring when
compared to the vinyl proton trans to the phenyl ring in the
proposed mechanism for polymer formation.

Vinyl sulfides (dithiepins) analogous to the one obtained
here, have been reported for the reaction of 4,4-disubstituted
1,2-dithiolanes derivatives (polymerization-resistant) with acet-
ylenide anions in tert-butyl alcohol in the presence of catalytic
amounts of tert-BuOK’® or lithium butyl acetylenide which
gave the corresponding ring-opening products that isomerize
to vinylene-insertion products in protic solvents.>® We propose
that the most likely mechanism for forming the isolated vinyl
sulfide (dithiepin) is analogous to the one described in
Scheme 2b. Just like before, a carbon-centered radical is
formed by the propagation of a single thiyl radical within the
growing polydisulfide across the triple bond, but in this case,
the radical undergoes chain transfer, kicking out a thiyl
radical and forming the vinyl sulfide.

Other alkynes studied here are presumed to add similarly
to LipOMe and Me-AspOMe, as a closer observation of their
FT-IR spectra during copolymerization showed the vinyl
sulfide peak around 1530 and 1545 cm™", respectively.

2.4. Holographic recording using 1,2-dithiolane-yne
chemistry in a two-stage photopolymer

After investigating the photopolymerization reactions involving
1,2-dithiolanes (LipOMe or Me-AspOMe) and alkynes and
having identified several intriguing properties, including rapid
polymerization kinetics, medium to high final conversions,
and refractive indices reaching values of up to 1.60 upon
polymerization, the next step involved exploring the potential
applications of this chemistry in holography.

A photopolymer material containing a low refractive index
polyurethane matrix of polyol 2000/Desmodur N3900 (TNCO)
trifunctional isocyanate (np = 1.478, measured at 20 °C and 4 =
589 nm), alkyne pendant groups of 4-ethynyl benzyl alcohol
(10 wt% of total matrix weight), 30 wt% of LipOMe (based on
total weight) which correspond to a molar ratio of 2:1 dithio-
lane to alkyne and 1 wt% TPO as a radical photoinitiator
(based on monomer weight) (Fig. S16}) was prepared by
casting a ~30 pm thick layer between glass microscope slides
and tested by recording volume holographic phase trans-
mission gratings into the material using a two-beam inter-
ference setup (Fig. S177). It is worth mentioning that a higher
ratio of dithiolane to yne (4:1) was also explored; however, it
resulted in material compositions that do not fully form trans-
parent films suitable for holographic recording.

This journal is © The Royal Society of Chemistry 2025
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(@) Mechanism for copolymerization of alkynes and 1,2-dithiolanes via propagation of thiyl radical across triple bond and subsequent

radical addition to new dithiolane. (b) Mechanism for the formation of isolated cyclic vinyl sulfide via intramolecular radical disulfide scission.

Fig. 5a shows a photo of holograms illuminated near the
Bragg incidence. Fig. 5b shows the angular playback diffrac-
tion efficiency (i7) response about the Bragg condition of a
representative transmission grating with fits to Kogelnik’s
coupled wave theory. This unslanted transmission hologram
has a period of A = 650 nm and was recorded using s-polarized
Ao = 405 nm light at an irradiance of 3.7 mW cm™> for 110 s.
The quality of the fit (R* = 0.996) indicates minimal fringe dis-
tortion and high fringe fidelity. The peak-to-mean refractive
index contrast (An) of 0.006 obtained is comparable with the
value described by Hata et al. of 0.008 utilizing silica nano-
particle-polymer composites based on thiol-yne photopoly-
mers.>® More recently, Bowman and coworkers recorded trans-
mission holograms in a thiol-yne formulation which exhibited
An of 0.02 (Ao = 405 nm, I = 16 mW cm™?); however, diffusional

This journal is © The Royal Society of Chemistry 2025

blurring induced by the incomplete conversion of the writing
monomers reduced the overall index contrast and remaining a
limitation in achieving high index modulation.'® Fig. 5 shows
the grating contrast development by non-destructively moni-
toring the diffraction efficiency at the Bragg condition during
and after the optical exposure. No signal decay was observed
after the exposure, indicating stable gratings. Holograms are
stable at room temperature after a year of storage (Fig. 5d).

A step further in evaluating the optical films was measuring
the material birefringence. Birefringence is the polarization-
dependent response of a material’s interaction with light due
to an anisotropic refractive index orientation. The difference in
the material refractive index was evaluated by measuring
s-polarized (TE) and p-polarized (TM) incident light via prism
coupling.
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(a) Recorded holograms for a two-stage photopolymer sample of LipOMe and yne attachment (between glass slides with 30 pm spacers

from a Bragg-matched viewing angle). (b) Bragg-angle playback curve of a representative hologram showing excellent agreement with Kogelnik's
coupled-wave theory (CWT) for volume-phase transmission holograms. (c) Growth development curve of diffraction efficiency during exposure,
monitored nondestructively at the Bragg condition of the grating. (d) Recorded holograms after 1 year of storage at room temperature.

Photopolymer samples with 30 wt% based on the total for-
mulation weight of a 1,2-dithiolane-yne system composed of
LipOMe and 4-ethyl benzyl alcohol (in a 2:1 ratio) within a
urethane matrix exhibited birefringence values at the lower
limits of detection for the prism coupler, dn =7 + 8 X 10-4 at
636 nm, indicating that the cured medium was essentially
non-birefringent. Birefringence is known to be proportional to
internal stress distributions within a material and is often
related to stress-inducing processes like volume shrinkage.
The low birefringence values potentially result from shrinkage
compensation during polymerization due to the ring opening
of the 1,2-dithiolane monomer or other contributing factors
that can mitigate the development of internal stresses like
dynamic bond exchange during polymerization of the disul-
fides noticed by Keyser et al. during their research.*®

3. Conclusions

This work has demonstrated a methodology to explore the
reaction kinetics of dithiolane homopolymerization in real
time via FTIR spectroscopy. It also demonstrated the effective
copolymerization of dithiolanes with terminal aryl and ali-
phatic alkynes and internal bisaryl alkynes. These reactions
allow the selective bis addition of the dithiolane to the yne,
resulting in disulfide vinyl intermediate species. Materials
with different properties were prepared by adjusting the dithio-
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lane to alkyne composition and ratio. Significantly, all the
materials are readily soluble in common organic solvents. Still,
most importantly, the high sulfur content of some of the
materials prepared using this framework results in high refrac-
tive indices, which can be tuned by varying the architecture
and monomers used. The low-cost and easily prepared
materials combined with the optical properties obtained indi-
cate that these polymers are suitable candidates for the manu-
facturing of modern optoelectronic devices, including displays
and light sensors, as was shown during this investigation by
writing stable, low birefringence holograms at very low light
intensity. The development of high refractive index materials
is a crucial factor for the advancements of optical devices with
advanced features.

4. Experimental section
4.1 Materials

The structures of materials used in this study are shown in
Fig. 2. o-Lipoic acid, phenylacetylene, 1-octyne, propargyl
acetate, diphenylacetylene, diphenyl(2,4,6-trimethyl(benzoyl)
phosphine oxide) (TPO, purity: 98%), polycaprolactone-block-
polytetrahydrofuran-block-polycaprolactone (polyol 2000), and
pentaerithiritol ethoxylate 15: 4 (PE 15/4) were purchased from
Aldrich. N,N-Diisopropylcarbodiimide (DIC) was purchased
from 1PlusChem, and dimethyl aminopyridine (DMPA) was

This journal is © The Royal Society of Chemistry 2025
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purchased from Oakwood Chemical. Celite, magnesium
sulfate (MgSO,), sodium sulfate (Na,SO,), and sodium carbon-
ate (Na,COs3), were purchased from Fisher Scientific. Covestro
LLC donated Desmodur N3900 (TNCO). Methyl ester of lipoic
acid (LipOMe),*® 4-methyl-1,2-dithiolane-4-carboxylic acid (Me-
AspAc) and methyl 4-methyl-1,2-dithiolane-4-carboxylate (Me-
AspOMe) were synthesized according to previous procedures
described in the literature.®®

4.2 Formulation preparation

Each formulation was prepared by placing the appropriate
amount of monomer(s) in a 20 mL vial and mixing it with
1 wt% (based on the total monomer concentration) of TPO
photoinitiator. The mixtures were stirred using a vortex until a
fully homogeneous mixture was formed. Next, vacuum was
applied to remove air bubbles from the formulations.

4.3 Nuclear magnetic resonance (NMR)

NMR spectra were recorded on a Bruker AVANCE-III 400 NMR
spectrometer at 25 °C in a deuterated solvent. All chemical
shifts are reported in ppm relative to TMS. Eqn (3) was used to
calculate conversion (C); I, is the integral of the peak associ-
ated with the polymer and I,,, is the integral of the peak associ-
ated with the monomer.

I
c:( P )><100 (3)
I + I

4.4 Refractive index measurements

The refractive index of monomers and polymers was measured
using an Abbe refractometer (Abbemat MW) at the Fraunhofer
lines-sodium-D (589 nm) at room temperature.

4.5 Fourier transform infrared spectroscopy

ATR-FTIR (Thermo Scientific Nicolet IS FTIR with iTX smart
accessory spectrometer) or FTIR (Thermo Scientific Nicolet
6700 FTIR spectrometer) were employed to monitor the dithio-
lanes or alkyne monomers concentrations before and after
(static measurements, 64 scans, 2 resolution) or during
polymerization (real-time measurements, 2 scans, 4 resolu-
tion). Samples were irradiated using an EXFO Acticure A
4000 high-pressure mercury vapor short arc lamp with a
400-500 nm bandpass filter insert. Light intensity was
adjusted to the desired value (40 mW cm™? for all the experi-
ments conducted during this research) using a radiometer
from Thorlabs, model PM100D at 405 nm wavelength.

The ATR-FTIR spectrometer with ITX accessory (Fig. S5t)
was used to obtain the FTIR spectra of the materials syn-
thesized as well as carried out static and real-time measure-
ments for homopolymerization of the 1,2-dithiolanes under
study by placing the monomer samples directly over the
diamond crystal-covered with glass slide, this arrangement
allowed for monitoring of the C-S peak for the dithiolanes
689-660 cm ™' with a timed and defined illumination of
40 mW cm™>. To follow the copolymerization (1,2-dithiolane :
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alkynes) in real-time, optically thin samples were prepared
between two salts (KBr) plates and irradiated from the top
using a horizontal device inserted in the FTIR spectrometer
(Fig. S8%). This setup has been described previously in the lit-
erature.”® Real-time spectra at a resolution of 4 cm™" and 2
scans were collected.

Terminal alkyne concentrations were determined by integrat-
ing the peak at ~3280 cm™" corresponding to C=C-H stretching
or the C=C peak at ~2100 cm™" for the internal alkyne. Eqn (4)
was used to calculate the percentage of conversion (C); 4, is the
area under the peak associated with the unconsumed functional
group (689-660 cm™' for dithiolanes, 3552-3162 cm™ for
internal alkynes and 2235-2192 for the internal alkyne) and 4, is
the area under the functional group peak at time “¢”.

c— (1 —‘%) % 100 (4)

t

4.6 Gas permeation chromatography (GPC) - size exclusion
chromatography (SEC)

Molecular weights and molecular weight distribution disper-
sity (P = M,,/M,,) were determined by size exclusion chromato-
graphy (SEC) on a Tosoh EcoSEC system equipped with two
columns in series (SuperH4000 and SuperH2500) using refrac-
tive index (RI) detector. Chloroform was used as the eluent at a
flow rate of 0.35 mL min~" (40 °C). The SEC calibration was
based on linear polystyrene standards.

4.7 Liquid chromatography-mass spectrometry (LC-MS)

Samples were dissolved in dichloromethane at 10 mM. 25 ml
samples were injected into Waters™ SYNAPT G2 mass spectro-
meter by a manually controlled syringe system. The mass spec-
trometry data were collected under MS mode with positive
polarity. All samples were acquired in resolution mode. The
capillary voltage was set to 3.0 kV for the sample sprayer. Data
were acquired at a scan time of 1 s with a range of 100-1500
m/z. Mass correction was done using Leucine Enkephalin
(556.2771 Da) as a reference.

4.8 Film preparation for holography

Two-stage photopolymer film samples were prepared by pre-
mixing in a vial the writing component, LipOMe, measured at
a set weight percentage (30 wt%) (relative to the entire formu-
lation) and 10 wt% of 4-ethyl benzyl alcohol (yne component
of the writing system) for a dithiolane: yne ratio of 2:1, in a
matrix consisting of a mixture of tetrafunctional polyols (PE
15/4) in 13 wt% and polyol 2000 (in a 25 mL vial) in 22 wt%
and with 1% TPO photoinitiator (based on writing monomers
concentration), after mixing with vortex until homogeneous a
stoichiometric amount (OH : NCO = 1:1) of Desmodur N3900
(TNCO) trifunctional isocyanate (20 wt%) was added into the
vial and stirred until fully homogeneous, to continue the
mixture was vacuumed to remove air bubbles created during
the mixing procedure. The mixture was sandwiched between
glass slides with a spacer of 30 pm and placed in the oven at
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40 °C for 18 hours to form a polyurethane film with the
writing system on it.

4.9 Holographic recording

The holographic recording was performed using the two-beam
interference setup shown in Fig. S171 to pattern unslanted
holographic volume phase transmission gratings. A spatially
filtered laser diode (Ondax CP-405-PLR-40, Aecora = 405 nm)
was used to record the holographic gratings. Each recording
beam had a circular diameter of diecora = 9.5 mm and a slowly
varying transverse intensity profile. The two recording beams
were power matched for a total optical intensity of 3.7 mW
cm? at the plane of the sample. The s-polarized beams were
incident upon the media sample at an external recording half-
angle of 6 = 18.2° to produce an unslanted, sinusoidal inter-
ference pattern with a fringe spacing of A ~ 650 nm. A probe
laser (Areaq = 635 nm) was aligned to the center of the exposure
area at the Bragg-matching angle to nondestructively monitor
holographic fringe formation during the exposure (Thorlabs
PL202, 1 mW). The probe beam has a circular diameter of dyeaq
= 0.5 mm. The transmitted and diffracted probe beams were
monitored with power meters (Newport 2936-R and 918D-UV
x2). The grating-development time dynamics were measured
during the exposure by pre-aligning the read beam to the
Bragg condition of the grating and monitoring diffraction
efficiency throughout the grating development. Then, the holo-
gram is rotated 12 degrees about the Bragg angle using a
rotary stage (Newport URS100BPP) to acquire the Bragg-angle
detuning response. Each hologram’s diffraction efficiency (1)
was calculated by taking the quotient of the measured diffr-
acted power to the total power. This can be written as eqn (5):

_ Lait (5)
(Idiff + Itrans)

where Iy and Iirans are the measured optical intensities of the
diffracted and transmitted beams, respectively. The Bragg-
angle detuning response was fitted to Kogelnik’s coupled wave
theory (CITE) to obtain a peak-to-mean index modulation
amplitude (An) and media thickness (L).

4.10 Birefringence measurements

The s-polarized (nrg) and p-polarized (n1y) refractive indices of
the two-stage photopolymer films were measured using a
prism coupler (Metricon, model PC-2000) equipped with a He-
Ne laser (4 = 636 nm) with polarization modulated by a half-
waveplate in the light path. The dn values were calculated as a
difference between nyg and nry according to eqn (6):

on = |nTE — nTMl (6)
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