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ABSTRACT: The synthesis of deuterated, sulfurated, proton-free,
glassy polymers offers a route to optical polymers for infrared (IR)
optics, specifically for midwave IR (MWIR) photonic devices.
Deuterated polymers have been utilized to enhance neutron cross-
sectional contrast with proteo polymers for morphological neutron
scattering measurements but have found limited utility for other
applications. We report the synthesis of perdeuterated d14-(1,3-
diisopropenylbenzene) with over 99% levels of deuteration and the
preparation of proton-free, perdeuterated poly(sulfur-random-d14-
(1,3-diisopropenylbenzene)) (poly(S-r-d14-DIB)) via inverse vulcanization with elemental sulfur. Detailed structural analysis and
quantum computational calculations of these reactions demonstrate significant kinetic isotope effects, which alter mechanistic
pathways to form different copolymer microstructures for deutero vs proteo poly(S-r-DIB). This design also allows for molecular
engineering of MWIR transparency by shifting C−H bond vibrations around 3.3 μm/3000 cm−1 observed in proteo poly(S-r-DIB) to
4.2 μm/2200 cm−1. Furthermore, the fabrication of thin-film MWIR optical gratings made from molding of deuterated-sulfurated,
proton-free poly(S-r-d14-DIB) is demonstrated; operation of these gratings at 3.39 μm is achieved successfully, while the proteo
poly(S-r-DIB) gratings are opaque at these wavelengths, highlighting the promise of MWIR sensors and compact spectrometers from
these materials.

■ INTRODUCTION
The synthesis of deuterated molecules and materials is being
widely studied for mass spectroscopic labeling, pharmaceut-
icals, and photonic devices.1−6 In physical organic chemistry,
deuterium labeling for mechanistic studies has long been
known by exploiting kinetic isotope effects (KIE).7,8

Furthermore, (per)deuterated synthetic macromolecules have
been developed to enhance contrast for dimensional and
morphological characterization of (co)polymers using neutron
scattering techniques, most notably small angle neutron
scattering (SANS).9,10 Deuteration of polymers has been
conducted for telecommunication photonics to reduce optical
losses at 1310 nm.3 However, wide-scale deployment of
deuterated chemical and material products remains fairly
limited in scope, pointing to the potential of new technologies
exploiting the value of H/D exchange.

Synthetic methods to prepare deuterated molecules have
focused on selective or partial deuteration of a target
compound, with minimal examples of highly (per)deuterated
molecules for pharmaceuticals. Deuteration methods require
the use of heavy water (D2O), molecular deuterium (D2), or
deuterated solvents as deuterium sources.4,5,11 H/D exchange
have been classically conducted in the presence of acid, base,
and metal complexes for both homogeneous and heteroge-

neous processes.1,2,4,5,12−14 Well-defined iridium-based cata-
lysts have been used for deuteration of activated aromatic13

vinylic C−H bonds11,15 or nonactivated aliphatic C−H bonds
with heterogeneous metal oxide catalysts.5 More recent efforts
have demonstrated selective isotopic labeling of bioactive
molecules using the photoredox iridium catalysts of MacMillan
et al.,22 homogeneous iron catalysts for H/D exchange with D2
gas by Chirik et al.,23 and heterogeneous Fe(0)/FeC catalysts
by Beller et al. using heavy water deuterium.24 The synthesis of
(per)deuterated polymers have primarily focused on a small
subset of polymers (e.g., polystyrene, poly(methyl methacry-
late), or polyethylene (PE)) for use in morphological SANS
measurements, where deuteration is often conducted with D2
and solid-supported rhodium16 or platinum−rhenium alloyed
supported catalysts17−21 onto a polymeric substrate. More
complex synthetic targets for deuteration require total
synthesis approaches using perdeuterated starting materials,
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such as hexadeuterobenzene for the synthesis of perdeuterated
α-methylstyrene.25 Beers et al. developed an elegant synthesis
of wholly or partially deuterated polyethylene(s)26 beginning
with NMR-grade deuterated solvents (d6-DMSO, 99.9%) for
the polyhomologation. However, the total synthesis of
deuterated monomers of more complex architectures (e.g.,
deutero-substituted styrenics) has not widely been explored and
poses significant synthetic challenges.

Deuteration holds intriguing possibilities for infrared (IR)
optical polymers, particularly for the MWIR spectrum from 3
to 5 μm (or 3300−2000 cm−1), where replacement of C−H
for C−D bonds shifts and reduces the intensity of vibrational
resonances from ∼3.3 μm (∼3000 cm−1) to 4.2 μm (∼2200
cm−1); this has also been highlighted in our recent computa-
tional work.27 Synthetic polymers, particularly hydrocarbon-
based materials, have had limited use for MWIR optical
applications due to C−H bond vibrations in this spectral
window, which has prompted the use of inorganic materials for
these applications.28 While H/D exchange does not completely
remove MWIR absorbances outside the 3−5 μm spectrum,
shifting of the vibrational resonance away from the 3.3 to 3.4
μm wavelength by replacing C−H with C−D bonds has
significant utility given the importance of this spectral
wavelength for chemical sensing and other emerging on-chip-
miniaturized IR photonic devices.29 Furthermore, spectral
MWIR windows from ∼4.2 to 5.0 μm are rendered unusable

for numerous MWIR optics and photonic applications (e.g.,
defense) because of carbon dioxide atmospheric absorption,
further valorizing the MWIR window from 3.3 to 4.2 μm for
application development. A breakthrough in polymer chem-
istry and optical sciences reported a decade ago was the inverse
vulcanization polymerization of elemental sulfur (S8) with
proteo-1,3-diisopropenylbenzene (DIB), where the reduction
of MWIR absorbing organic C−H bonds dramatically
enhanced the IR transparency.30−35 These hybrid polymers
are analogous to inorganic chalcogenide glasses and hence
have been referred to as chalcogenide hybrid inorganic/organic
polymers (CHIPs) when used for optical applications.28,36−46

Herein, we report on the first total synthesis of
perdeuterated 1,3-diisopropenylbenzene (d14-DIB), copoly-
merization with elemental sulfur via inverse vulcanization,
and MWIR optical device fabrication with these perdeutero
chalcogenide hybrid copolymers. The current work is focused
on the fundamental chemistry aspects of deuterated monomer
synthesis and conducting the first IR optical structure−
property comparison of deutero and proteo sulfurated
copolymers. The emphasis of this study on the fundamental
aspects of deuteration and sulfuration on IR transparency is a
notable departure from the focus of S8 utilization for polymer
synthesis via inverse vulcanization. Prior emphasis in this field
has been technologically focused on the production of high
performance commodity polymers to enable consumption of

Figure 1. (A) Restricted suitable starting material selection and total synthesis challenges. (B) Total synthesis of d14-DIB from d8-toluene: (a)
KMnO4, Na2CO3, H2O, 120 °C (54%); (b) KBrO3, K2SO4, H2O (94%); (c) MeOH, H2SO4 (86%); (d) CD3MgI, Et2O then CH3OD (63%); (e)
p-TsOD, benzene, 110 °C (53%); (f) n-BuLi, Et2O, D6-acetone, −78−0 °C, then CH3OD (64%); (g) p-TsOD, benzene, 80 °C (54%). (C) Inverse
vulcanization reaction of d14-DIB with S8 to prepare perdeuterated poly(S-r-d14DIB) and (D) reductive polymer S−S bond degradation to
determine the copolymer microstructure.
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the enormous volume of S8 produced from petroleum refining.
Conversely, deuterated d14-DIB was chosen as a challenging,
esthetically appealing synthetic target to highlight how
deceptively difficult it is to navigate this total synthesis with
respect to selection of reactions and reaction order to realize
99%+ deuteration at all positions. While the multistep
synthesis of this deutero monomer precludes use for
commodity polymer applications, synthetic access to both
proteo and deutero-DIB monomers allows for the interrogation
of novel isotope effects on the inverse vulcanization polymer-
ization, along with the comparative studies of proteo vs deutero
poly(sulfur-random-(1,3-diisopropenylbenzene)) (poly(S-r-
DIB)). In particular, the synthesis of both proteo and deutero
poly(S-r-DIB) copolymers demonstrates the benefits of
deuteration and sulfuration to engineer IR transparency as
realized through the fabrication of IR polymer optical devices
operating at 3.39 μm. This is the first demonstration of a
functional IR optical element made from both deuterated and
sulfurated polymers, opening up new technological possibilities
for deuteration science and inverse vulcanization.

■ RESULTS AND DISCUSSION
Synthesis of d14-DIB. Careful analysis of commercially

available deuterated starting material candidates factoring in
both price and deuterium enrichment levels (99%+) revealed
only a handful of deutero aromatic precursors, along with
deuterium oxide and acetone-d6, that fit our synthetic criteria
(Figure 1A). A number of different synthesis approaches were
attempted but either led to undesirable H/D exchanges or
challenges in accessing critical deutero reagents/intermediate
products, which once again illustrated the major challenges
encountered to synthesize fully deuterated target structures
with high enrichment levels of deuterium at every position. For
example, use of cross-couplings employing deuterated boron or
stannane 2-propene groups were challenged by starting
material syntheses, incomplete reactions, unacceptable H/D
exchanges, and competing side reactions that resulted in
additional obstacles in purifications.

The insights gained after several rounds of unsuccessful d14-
DIB total synthesis attempts enabled the design of a total
synthesis of d14-DIB with accessible deuterium-rich starting
materials that negated the use of transition metals and
employed steps to suppress hydrogen atom incorporation.
Deuterated toluene (d8-toluene) emerged as an optimal
starting material, and strategies involving precise addition
and elimination steps proved to be the most reliable in
ensuring high deuterium incorporation throughout the total
synthesis (Figure 1B). Toward that end, after oxidation47 and
bromination of d8-toluene,48 the resulting meta-bromo
carboxylic acid 1 was esterified and subjected to CD3MgI
addition to afford 2, following deuteration with CH3OD.
Dehydration was accomplished with deuterated para-toluene-
sulfonic acid (p-TsOD), yielding propene 3. Transmetalation
of the bromide and trapping of the resulting aryl lithium
nucleophile with d6-acetone delivered alcohol 4. The final step
in the total synthesis was dehydration with p-TsOD, which
interestingly proceeded not only faster but also at lower
temperatures than the earlier dehydration step. We were able
to realize the first total synthesis of d14-DIB with 99.2%
deuterium incorporation, as evident from solution 13C and 2H
NMR spectroscopy (Figure 2, see the Supporting Information,
pg. S7, for details) and high-resolution mass spectrometry (see
Figure S1). To our knowledge, this is the first 13C NMR

spectrum of a synthesized deutero meta-substituted styrenic
monomer with only triplet resonances (since 2H deuterons are
spin +1 nuclei) observed for the deuterated carbon nuclei,
which is only possible for very high levels of deuteration
(Figure 2A). Solution 2H NMR spectroscopy of the
synthesized d14-DIB is also striking evidence of successful
deuteration (Figure 2C), where the chemical shifts of deuteron
nuclei are near identical to the those of peaks from proteo-DIB
from solution 1H NMR spectroscopy (Figure 2D).
Synthesis of Perdeuterated Sulfur Copolymers via

Inverse Vulcanization. With d14-DIB in hand, the inverse
vulcanization with S8 was conducted (Figure 1C) with both 50
and 70 wt % sulfur feed ratios to prepare deuterated poly(S-r-
d14-DIB). Poly(S-r-d14-DIB) with 50 wt % sulfur was solely
used for fabrication of MWIR photonic devices as discussed
below, since this copolymer composition afforded the most
favorable melt processing characteristics and slightly higher
glass transition vs high sulfur content copolymers. d14-DIB was
observed to be miscible in liquid sulfur at elevated temper-
atures (T = 165 °C) and produced orange glassy copolymers
comparable to those of the proteo sulfur copolymers. Refractive
index (n) characterization of both proteo and deutero sulfur
copolymers was conducted via prism coupling (see Figure
S21) with nearly identical values as the effects of H/D
exchange are known to exhibit a negligible effect on n-values.49

Thermal analysis using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) confirmed a slight
difference of a few degrees in the Tg values for the deuterated
copolymers in comparison to proteo poly(S-r-DIB) 50/50

Figure 2. Solution 13C NMR (in CDCl3) spectra of (A) d14-DIB
(note only C, D carbons afford triplet peaks) and (B) proteo-DIB. (C)
Solution 2H NMR spectrum (in C6D6) of d14-DIB. (D) Solution 1H
NMR (in C6D6) spectrum of proteo-DIB (ppm scales for all four
spectra).
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composition (Tg proteo = 29.7 °C, Tg deutero = 23.6 °C, see Figure
S3).

Structural Characterization of Poly(S-r-d14-DIB). We
recently reported that, in the inverse vulcanization of proteo-
DIB with S8, the copolymer microstructure is primarily a
monosulfurated cumyl unit formed per olefinic group, in
contrast to a bis-sulfurated microstructure from two C−S
bonds formed per vinyl group as originally proposed.50 Due to
carbon-deuterium quadrupolar effects, solid-state 13C NMR
spectroscopic analysis of deutero poly(S-r-d14-DIB) is not an
accessible characterization technique. Hence, to interrogate the
correct microstructure of deutero poly(S-r-DIB), structural
analysis was conducted after reductive degradation of S−S
bonds in the copolymer using LiAlH4, followed by in situ
acylation of thiols with proteo acetic anhydride, which
facilitated recovery of the stable thioester degradation
products. This reductive protocol was applied to both proteo
and deutero poly(S-r-DIB) (50 and 70 wt % sulfur), which
allowed for isolation of the three primary degradation products
and comparisons of their relative ratios between (1) proteo and
deutero and (2) weight %S on microstructure composition (our
first NMR microstructural characterization of proteo poly(S-r-
DIB) focused only on 50 wt % copolymer composition).50

Isolation of the proteo and deutero thioacetate functional
degradation products were conducted by silica gel chromato-
graphic isolation of the degraded organosulfur units to enable
structural identification of the deutero poly(S-r-d14-DIB)
copolymer microstructure using 1H NMR spectroscopy. The
acylation of degraded deutero units afforded proteo-thioacetate
groups, which were used to quantify the copolymer micro-
structure. For the proteo poly(S-r-DIB), we observed that the
bis-thiocumyl microstructure (50 mol %, X, 5, Figure 1C,D)
was still the predominant copolymer unit; however, we also
observed a minor microstructure unit with bis-sulfuration of
olefins affording a tetrasulfurated microstructure unit (12.8
mol %), and a mixed microstructure unit with both thiocumyl
and bis-sulfurated fragments. Most notably, the microstructure
of the deutero poly(S-r-d14-DIB) for both 50 and 70 wt % sulfur

compositions exhibited significantly higher molar ratios of the
tetrasulfurated microstructure (Z, 7, Figure 1C,D) and mixed
cumyl/bis-sulfurated unit (Y, 6, Figure 1C,D) vs the proteo
poly(S-r-DIB) due to isotope effects incurred in the inverse
vulcanization (see the Supporting Information, Table S1 and
Figures S4−S9).

Mechanistic Computational Calculations of the Isotope
Effects during Inverse Vulcanization. These important
differences in the microstructures of proteo vs deutero poly(S-
r-DIB) and between 50 and 70 wt % sulfur compositions
established from the degradation efforts prompted us to launch
detailed computational studies using density functional theory
calculations (DFT) as we reported previously for the proteo-
DIB inverse vulcanization.50 These calculations used tetrasul-
fane (H−S−S−S-S•) and α-methylstyrene (MeSty) as model
compounds for the inverse vulcanization of S8 and proteo-DIB.
Summarized in Figure 3 are the key reactions (A−G) and the
kinetic isotopic ratios (kH/D) from these DFT calculations,
which illustrate the pathways most affected by deuteration (see
the Supporting Information, Figures S17−S20 for detailed
results of the calculations). DFT calculations were carried out
for the tetrasulfane thiyl radical addition to the less substituted
carbon (Figure 3, A) or the more hindered carbon of d10-
MeSty/Me-Sty olefin (Figure 3, B), as well as for the
competing allylic C−H/C−D abstraction pathway (Figure 3,
C). As established from our earlier calculations, regiospecific
thiol−ene pathway A to generate tertiary benzylic radicals is
the preferred pathway and is 104 times faster than pathway B to
generate primary radicals. The C−H/D allylic abstraction
pathway C is 104 times slower than pathway B, although it is
critical to emphasize that the retro-elimination reactions and
the amount of sulfur used were shown to favor preferential
formation of the 1° radical resulting in thiocumyl micro-
structures (Figure 3, D). The kinetic isotope effects for these
competing pathways are most noteworthy, with both thiol−ene
pathways (A and B) proceeding at a 2.0x faster rate for d10-
MeSty compared to proteo MeSty, with the less significant
allylic abstraction pathway (C) favoring proteo MeSty.

Figure 3. Calculated kinetic isotope effects from DFT for d10-MeSty/Me-Sty model reactions with thiyl radicals to form observed thiocumyl and
bis-sulfurated microstructures along with relevant competing reaction pathways.
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Furthermore, proteo sulfane (H-SSSSH) termination of the 1°
radical to form one of the primary thiocumyl microstructures
(Figure 3, D) proceeds significantly faster (1.8×) for the proteo
MeSty than for the deutero reaction pair, thus providing a route
for the deutero radical elimination back to d10-MeSty and for 3°
radical formation en route to bis-sulfurated products.
Formation of the bis-sulfurated product was calculated by
ring-opening of S8 with the 3° radical species, where the KIEs
were negligible (Figure 3, E). It is important to note that of the
two competing disproportionation pathways (Figure 3, F,G)
on the deutero 3° radical, thiyl radical abstraction of methylene
deuterium atoms (pathway F) was 5.4× slower than for the
proteo reaction pair. Collectively, our DFT results on the
possible KIE reactions confirm that for the deutero Me-Sty
pathways, the generation of deutero tertiary radicals proceeds
faster than for the proteo species (pathway A), and C, D thiyl
radical abstraction is slower (5.4×) than the proteo species
(pathway F), which then enhances the likelihood of the deutero
3° radical species to form the bis-sulfurated product in pathway
E. Hence, from these DFT calculations, the enrichment in
tetra- and bis-sulfurated microstructures (Figure 1, micro-
structures Z, Y) of poly(S-r-d14-DIB) can now be attributed to
KIEs in the inverse vulcanization with d14-DIB.
IR Spectroscopic Characterization of d14-DIB and

Poly(S-r-d14‑DIB). IR spectroscopy of d14-DIB vs proteo-DIB
was conducted with neat liquids drop cast between NaCl plates
(effective thickness ≫50 μm) and demonstrated the differ-
ences between key vibrational C−H (3.3−3.4 μm) (∼3000−
2900 cm−1) vs C−D bonds (2200−2000 cm−1/4.2−5 μm) in
the MWIR spectrum (Figure 4A,B, see the Supporting
Information for details). The IR spectra of poly(S-r-d14-DIB)
(50 wt % sulfur) were taken on free-standing melt-processed

films of varying thickness (from ∼100 to 500 μm) and were
found to be similar to those of the d14-DIB monomer except
for broadening of C−D fundamental vibrations from 2400 to
2000 cm−1. A notable difference in the IR spectra of poly(S-r-
d14DIB) copolymer films vs drop cast d14-DIB were two peaks
around 2900 cm−1/3.4 μm (from 0.8 mol % C−H in d14-DIB,
99.2%) and 3250 cm−1/3.1 μm (from C−D vibrational
overtones). The IR spectra for thicker films revealed that the
trace amount of proteo C−H bonds in the deutero poly(S-r-d14-
DIB) becomes more apparent at larger film thicknesses above
0.1 mm (see Figures 4C and S10 for full discussion). This
corroborates the need for ultrahigh levels of purity (>99.99%)
in IR inorganic semiconductors such as germanium to enable
use for fabrication of free-standing lenses and windows
exceeding 1 mm in thickness.28 While it was evident from
these studies on IR transmittance versus film thickness that
bulk IR freeform optics exceeding 1 mm in thickness would
require higher levels of deuteration in organic comonomers for
inverse vulcanization, the benefits of deuteration in poly(S-r-
d14-DIB) were most evident in melt-pressed films at 250 μm.
For such films, at the MWIR wavelengths of interest (3.3−3.4
μm), the IR transmittance of the deutero poly(S-r-DIB) was
around 60-fold higher than the proteo poly(S-r-DIB) for 50 wt
% sulfur compositions (Figure 4D). Hence, the opportunities
to demonstrate the benefits of both deuteration and sulfuration
in inversely vulcanized CHIPs for thin-film polymer MWIR
photonics were investigated.
Design and Fabrication of MWIR Optical Grating

from Proteo vs Deutero Poly(S-r-DIB). MWIR optical
diffraction gratings were selected to highlight the benefits of
sulfuration and deuteration in a moldable polymeric medium
using a MWIR laser operating at 3.39 μm, comparing both

Figure 4. Stacked FTIR (A) transmission spectra of DIB (red) and d14-DIB (blue) from 2.5 to 20 μm and (B) absorbance spectra DIB (red) and
d14-DIB (blue) from 3.0 to 5.0 μm. (C) Stacked transmission spectra of poly(S-r-d14-DIB), 50 wt % S hot-pressed films of varying thickness from
100 to 500 μm. (D) Stacked IR transmission spectra of of proteo vs deutero poly(S-r-DIB) films (250 μm thick); the dashed line at 3.3 μm indicated
a 60-fold difference in IR transmission between proteo and deutero poly(S-r-DIB).
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proteo and deutero poly(S-r-DIB) composed of 50 wt % sulfur
(see Figures S11 and S12 for design and fabrication details).
The key demonstration is visualization of the MWIR diffracted
wavefront pattern (see Figures 5A,B for diffracted beam
examples) irradiated through a deutero poly(S-r-DIB) grating
at MWIR wavelengths where the proteo diffractive grating is
opaque. As shown in Figure 4D, this condition can be achieved
for a 250 μm thick film of the poly(S-r-DIB) copolymer, for
which the optical grating performance can be visualized by
observing the various diffraction orders that occur at positions
predicted by the grating eq (Figure S11). The periodicity of
the gratings (6 μm end-wall to end-wall distance (Λ), 1 μm in
height (h)) were chosen to maximize MWIR first-order
diffraction spots due to the low intensity of MWIR photons
and MWIR cameras used in this experiment (Figures 5A,B and
S14 for details). To our knowledge, the fabrication of a MWIR
polymeric optical grating has not been previously demon-
strated. This particular MWIR experiment is particularly
challenging because (1) MWIR laser sources operating near
3.3 μm are not widely available, (2) visualization of the MWIR
diffracted wavefront pattern requires a MWIR thermal imaging
camera, and (3) the majority of optical polymers contain C−H
bonds that render the material opaque in the MWIR. For
observation of the diffracted beams, both proteo and deutero
poly(S-r-DIB) gratings were irradiated with 633 nm, 976 nm,
and 3.39 μm monochromatic laser sources. As anticipated,
these optical gratings performed identically in the visible
spectrum at 633 nm (affording both low- and high-order
diffraction spots, Figure 5B) and in the NIR at 976 nm
(zeroth- and first-order spots projected onto the NIR card, see
Figure S14). However, at 3.39 μm, only the deutero poly(S-r-
DIB) optical grating produced a diffraction pattern with
zeroth- and first-order MWIR spots (Figure 5D), whereas the
proteo optical grating showed neither transmission nor
diffraction (see Figure 5E) due to C−H bond vibrations in
the polymeric medium. Furthermore, for the deutero poly(S-r-

DIB) optical grating at 3.39 μm, the experimentally measured
diffraction angle (θexp = 33.7°) was found to be in good
agreement with the theoretical value (θtheoretical = 34.5°) at 3.39
μm for the deutero poly(S-r-DIB) optical grating. Related work
on the fabrication of MWIR polarizers from poly(S-r-DIB) has
been reported,51,52 with notable optical performance improve-
ments by Cho et al.,44 achieved through superior nanoimprint
methods for MWIR polarizer fabrication.

■ CONCLUSIONS
The preparation of a new class of proton-free optical polymers
is reported, which demonstrates the benefit of both sulfuration
and deuteration to enable molecular engineering of IR
transparency at the 3.3 μm/3300 cm−1 wavelength to enable
MWIR photonics. The current report demonstrates numerous
milestones toward this advance by the first total synthesis of
perdeuterated d14-(1,3-diisopropenylbenzene) at previously
unattainable levels of deuteration (99%+) and application to
the inverse vulcanization with S8 to prepare deuterated poly(S-
r-d14-DIB). Detailed structural analysis and quantum computa-
tional calculations of the polymerization process demonstrate
significant kinetic isotope effects which alter the mechanistic
pathways to form different microstructures for deutero vs proteo
poly(S-r-DIB). Finally, we fabricate thin-film optical diffraction
gratings via polymer melt processing and molding of both
deutero and proteo poly(S-r-DIB) where we demonstrate the
benefits of deuteration to significantly improve IR trans-
mittance (up to 60-fold enhancement of deutero vs proteo
diffraction grating) and demonstrate MWIR imaging of the
optical diffraction wavefront pattern in the MWIR spectrum.
While the multistep synthesis of d14-DIB using expensive
deuterated starting materials precludes direct use for certain
applications, this synthetic approach to proton-free, glassy, and
moldable optical polymers holds significant potential for IR
photonics as new, more cost-effective synthetic routes to
deuterated monomers are developed. Furthermore, this

Figure 5. (A) Design of optical grating and schematic for diffraction grating experiment in the VIS−NIR−MWIR. (B) Optical diffracted beam
through the poly(S-r-d14-DIB) optical grating (total thickness = 250 μm with 50 μm flash layer) in the visible spectrum with 633 nm irradiation.
(C) SEM image of poly(S-r-d14-DIB) diffraction grating. (D) MWIR thermal image of 3.39 μm generated diffracted beam of zeroth and first orders
through the poly(S-r-d14-DIB) optical grating (total thickness = 250 μm). (E) Featureless MWIR image of 3.39 μm generated diffracted beam
through the proteo poly(S-r-DIB) optical grating (total thickness = 250 μm, with a 50 μm flash layer).
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demonstration also opens new possibilities for deuteration
chemistry to impact the fields of optical polymers and IR
photonics.

■ EXPERIMENTAL METHODS
General Procedure Preparation of Proteo or Deutero Poly(S-

r-DIB) with 50 wt % Sulfur. A Teflon-coated stir bar and sulfur
(0.250 g, 7.8 mmol) were added to a small vial. The sulfur was heated
in a silicone oil bath at 175 °C until the sulfur was melted and
transparent, at which time DIB (0.250 g, 1.6 mmol) was added. The
reaction was allowed to stir at 175 °C until the stir bar could no
longer function due to the increased viscosity of the material. The
reaction was further heated for 5 min at 175 °C to ensure completion
of the polymerization. The vial was cooled to room temperature and
then cooled in a dry ice/acetone bath. The vial was then broken to
extract the dark red p(S-r-DIB). For the deuterated DIB samples, the
same procedure was followed. However, it was observed that the
point at which the stir bar stopped due to the viscosity of the reaction
was several minutes faster, and the color of the product was
significantly more orange.
General Procedure for Melt Processing of Optical Gratings

from Proteo or Deutero Poly(S-r-DIB). An appropriate quantity of
proteo poly(S-r-DIB) was placed in the hot-press between the two
layers of the Kapton film. Using a 250 μm shim, the poly(S-r-DIB)
was slowly pressed at 100 °C. The pressure was increased to 1 Ton,
and the sample was held. at 100 °C for 10 min. The heat was then
turned off, and the sample was allowed to cool to room temperature
while still under pressure. The sample was then removed from the
hot-press and the top Kapton film was removed. A previously
prepared PDMS optical grating mold was added to the now exposed
face of the sample, and it was placed back in the hot-press. The
sample was heated to 100 °C, and the top plate of the press was
lowered until it barely touched the PDMS mold (enough to provide
heat transfer but not a significant amount of pressure). The sample
remained at 100 °C for 20 min after which it was cooled to room
temperature. Upon cooling to room temperature, the PDMS mold
was carefully removed revealing the transferred optical grating pattern
on the surface of the p(S-r-DIB) sample. For the deutero poly(S-r-
DIB), the same process as for the proteo sample was used except a
higher temperature (T = 150 °C) was employed.
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