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ABSTRACT: The development of organic or sulfur/organic hybrid polymeric materials for
infrared (IR) thermal imaging applications has attracted significant interest as an alternative
to expensive semiconductor transmissive materials, particularly for long-wavelength IR
(LWIR, 1250—800 cm™'/8—12.5 gm). To accelerate the design of new candidate IR polymers
with enhanced LWIR optical transparency, we have developed a protocol that integrates
density functional theory calculations for simulating IR spectra (including both frequencies
and absorption intensities of the vibrations) with high-throughput screening. This approach
enables us to explore novel hydrocarbon molecules with improved LWIR transmittance
which retain reactive groups conducive to polymerization with sulfur. The aim is to
incorporate novel candidate molecules with high predicted IR transparency into polymeric
materials, namely chalcogenide hybrid sulfur polymers synthesized by the inverse
vulcanization of elemental sulfur. Starting from a relatively large library of unsaturated
35,238 hydrocarbons, this study introduces a set of promising candidates whose high LWIR
percent window transparency values (wT) and chemical structures are expected to produce novel transparent hybrid sulfur/
organic plastic materials.
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importance for sensing device systems that have a wide
range of applications in the defense and consumer market
sectors, particularly in the long-wave infrared (LWIR, 1250—
800 cm™'/8—12.5 um) or midwave infrared (MWIR, 3300—
2000 cm™'/3—5 um) regions.' > Current state-of-art trans-
missive materials for IR imaging include mainly gallium
arsenide (GaAs), germanium (Ge), arsenic selenide (As,Se;),
and amorphous chalcogenide glasses,’ which have been of
interest due to their high transmission and high refractive index
across the IR spectrum. However, the high cost and low Earth
abundance of these inorganic IR transmissive materials
represent major disadvantages for large-scale manufacturing
and for the wider deployment of this technology to high-
volume markets. In this regard, the use of optical polymeric
materials emerges as an attractive alternative due to the lower
cost and facile processability of this class of materials versus the
current state of the art. However, the intrinsically higher IR
absorption of organic molecules due to carbon-based bond
vibrations have limited the application of synthetic optical
polymers based on hydrocarbon-based molecules for IR optical
technologies.
A significant advance to address this technological problem
was achieved by Pyun and co-workers through their develop-

Infrared (IR) imaging is of tremendous technological
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ment of high-sulfur-content chalcogenide hybrid inorganic/
organic polymers via inverse vulcanization.”” '’ This new class
of optical hybrid polymers exhibits remarkably high refractive
index and IR transparency due to the presence of a high
content of S—S bonds coupled with a dramatic reduction in IR
absorbing organic units, which has prompted significant
interest for use in IR imaging and photonics.”” ™"
Furthermore, these optical polymers are low cost due to the
enormous volume of elemental (Sg) sulfur generated via oil
and natural-gas refining processes. In the past decade, the
inverse vulcanization process'’ has been expanded to include
various types of unsaturated organic monomers including
norbornadiene (NBD), triisopropenyl-benzene (TIB),"® diiso-
propenyl benzene (DIB),'”"” divinylbenzene (DVB), ethyl-
idene norbornene (ENB), vinyl norbornene (VNB), dicyclo-
pentadiene (DCPD),”*™** and 1,3,5-trivinylbenzene (TVB).>®
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Figure 1. (A) (a—d) Schematic illustration of design and application of LWIR optical materials. The present work focuses on scheme (a) for
creating the IR simulation library starting from 35,238 molecules and scheme (b) for designing LWIR monomers. (B) Illustration of the
strategy followed for the computational design protocol of LWIR transparent molecules (wT denotes the LWIR window transparency value).

Despite the extensive synthetic work in this area, the
development of new chalcogenide hybrid polymers with
improved IR optical properties remains challenging due to
the limited number of organic molecules and materials with
high LWIR transmittance.”® We previously reported on the
concept of “IR fingerprint engineering” by harnessing the
power of DFT calculations to model the fundamental
vibrational frequencies and absorptivities of organic and
organosulfur model compounds.'® This led to the develop-
ment of “NBD2” and poly(sulfur-random-NBD2) which
exhibits an attractive suite of thermomechanical and optical
properties versus related chalcogenide hybrid polymers,
particularly for use in the fabrication of LWIR plastic optic
lenses.'® We recently demonstrated both the fabrication and
room temperature LWIR imaging with plastic lenses made
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from poly(S--NBD2), which validated the potential of
computational chemical methods to accelerate LWIR poly-
meric materials discovery. Herein, our aim is to develop a
protocol capable of simulating IR spectra across a large
chemical space; this protocol is exploited for rational design of
transparent hydrocarbon molecules with low IR absorbance in
the 800—1250 cm™' energy range'®”’ while satisfying
elemental factors for polymerization with sulfur (Figure 1).
We report an automated workflow that uses DFT
calculations to create a library (Figure 1A-a) of simulated IR
spectra and related LWIR transmittance for 31,570 organic
model compounds of varying carbon skeletal size (C2—C10),
along with rapid screening to propose novel candidate
molecules (Figure 1A-b). This original high-throughput
computational screening approach enables the search and
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identification of hydrocarbon molecules exhibiting high
transmittance in the LWIR region and is a new tool for IR
polymer materials discovery. Those molecules identified with
relatively high IR transparencies provide guidelines for the
design of new hybrid polymeric materials with enhanced LWIR
transparency. A more complete model of the material after
polymerization with sulfur would include the effects of sulfur
addition to the monomer and intermolecular interactions.
However, transparency of the monomer generally decreases
when polymerized with sulfur, so monomers with inherently
low transparency are unlikely to be appropriate for LWIR
optics when polymerized and can be rapidly discarded.'® From
a materials standpoint, the design of organic comonomers is
crucial in tailoring the thermomechanical properties and
optical transparency of high refractive index polymers from
reaction with elemental sulfur (Figure 1A-c). By leveraging
these computational methods, materials can be designed and
optimized for enhanced optical properties, enabling them to be
potentially integrated seamlessly into IR imaging devices
(Figure 1A-d).

In this work, we systematically extend previous attempts to
understand the complex spectral absorptivity features of
molecules in the LWIR region, as well as their derived
transparency and compatibility in sulfur polymerization.
Previous efforts were limited to the design of NBD2' for a
copolymerization purpose and the study of IR spectra of a few
m-conjugated carbon materials.”® Hence, our approach has
both fundamental chemistry and computational appeal and
opens new possibilities for accelerated IR imaging materials
development.

To build our library, we started with hydrocarbons due to
the demonstrated simple spectra in the fingerprint region in
the case of organic polymers based on aliphatic structures.'>'°
Furthermore, this data set offers significant value as simple
hydrocarbon-based polymers such as polyethylene (PE) and
cyclic olefin polymer (COP) are used for LWIR applica-
tions.'>'® To this end, we selected a subclass of the generated
databases (GDBs)*>** by Reymond and co-workers, referred
to as GDB-11. GDB-11 incorporates small organic molecules
having up to 11 atoms of carbon, nitrogen, oxygen, or fluorine
described via the SMILES®' representation, which is a
common text encoding used for molecules. All the molecules
in the GDB-11 bank follow the rules expressing chemical
stability and synthetic feasibility. Our data set includes 27,845
hydrocarbons with ten carbon atoms; 5,714 hydrocarbons with
nine carbon atoms; 1,274 hydrocarbons with eight carbon
atoms; 290 hydrocarbons with seven carbon atoms; and 115
hydrocarbons with two to six carbon atoms. The selected
molecules are charge neutral, closed-shell, and—to provide the
possibility to react with sulfur via inverse vulcanization—
unsaturated. They include no “heavy” atoms other than
carbon. We note that the addition of heteroatoms (N, O,
halides, etc.) are less likely to lead to highly IR transparent
molecules due to their increased dipole moments. The
database includes bicyclic (bridged, fused), tricyclic, or
polycyclic structures. The selected 35,238 SMILES are
exploited in our computational workflow as explained in the
following section.

We carried out density functional theory (DFT) calculations
with the B3LYP functional’* ™" and the 6-31g(d,p) basis set to
simulate the IR spectra (both transition energies and
absorption intensities) of the molecules.'® A number of studies
have indicated indeed the reliability of calculations at that level
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to describe the vibrational properties of organic mole-
cules.”®*>*® All DFT calculations were performed with the
Gaussian16 package.”” Considering the successfully converged
DFT B3LYP calculations and proceeding through the various
steps in our workflow, we ended up with the molar absorptivity
IR spectra (and LWIR transmittance values) and the
corresponding LWIR window transparency (wT) values of
31,570 molecules.

Our procedure is based on the workflow shown in Figure 2
that was automated via python scripts. The steps are as follows:

[ Database SMILES files }----- UFF pre-optimizations
v
r

[ xyz files |

| .sdfvfiles }--» Molecular weight files |

DFT B3LYP geometry and vibration calculations

A4 1
| IR frequencies, absorption intensities, and .xyz files |
T T

Simulated molar absorptivity spectra g« %T spectra

A 4
| Modeled LWIR spectral window transparencies wT |

Figure 2. Computational workflow to produce the data set, from
molecule enumeration to high-throughput DFT calculations to
generate the geometry-optimized molecules, the IR vibrational
frequencies and IR intensities, the molar absorptivity and %T
transmission spectra, and the corresponding LWIR spectral
window transparencies wT.

(1) The SMILE representations of the molecules are used to
generate the corresponding initial preoptimized .xyz
geometries using the universal force field (UFF), as
implemented in RDKit.”*

The .xyz geometries are used to generate .sdf
coordinates using the OpenBabel software® from
which molecular weights are obtained for the determi-
nation of the molar concentration in hybrid materials
with a 30/70 wt % organic/sulfur composition (see
below).

The UFF preoptimized .xyz geometries are the starting
point for the B3LYP/6-31g(d,p) geometry optimizations
and vibrational-frequency calculations. In this step, the
harmonic vibrational frequencies and absorption in-
tensities of the molecules are determined.

()

(3)

(4) The resulting full frequency and absorption intensity
information is then taken to generate the B3LYP-
calculated IR molar absorptivity spectra for each
molecule. To broaden the computed stick-like spectra,
we use a Lorentzian band shape with a y (half-width at
half-height) value of S cm™, for which the molar

- N 40
absorption coefficient is given as

1 v Ii
e(v) = - 2 2
1000 In(10)x v(v—v) +y

Here, the i subscript refers to a given normal mode; v;

(ecm™) and I, (cm mol™) are the frequency and the IR
intensity of the normal mode, respectively. We store the
molar absorbance spectra with 1801 frequency points
evenly spaced by 2 cm™' between 400 and 4,000 cm™".
This spacing was found to be sufficient for the numerical
determination of the window transparency.

Given the fact that the hydrocarbon molecules will
eventually react with sulfur to form a polymeric thin film

(5)
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with a high degree of sulfur (which is done to maximize
the film index of refraction), we consider a typical
composition of the hybrid material to be 30% hydro-
carbon and 70% sulfur with a polymer density of 1.7 g/
em®.' As in the earlier reports, the material thickness
was set to 1 mm.'”'® By way of Beer’s law, each
absorptivity point in the molar absorption spectrum is
multiplied by the molar concentration of the organic
molecule in the hybrid material and the material
thickness to obtain the absorbance spectrum of the
material. The absorbance spectrum is then converted to
the percent transmission spectrum (%T) where each
spectrum point represents the percent transmission at
that frequency. The window transparency (wT) values
reported below correspond to the normalized integrated
transmittance in the LWIR window between 800 and
1250 cm™". In simple terms, wT is the average percent
transmission across the spectral window.

Our work thus established a protocol, as illustrated in
Figures 1B and 2, for screening and identifying the top LWIR
transmissive hydrocarbon molecules so as to ascertain
structure—property relations for LWIR transparency. We
built a library of DFT/B3LYP IR spectra and LWIR spectral
window transparencies wT for 31,570 hydrocarbon molecules
containing from 1 to 10 carbon atoms. The distribution of the
computed wT values for the whole data set is given in Figure
3a. The corresponding median is 15% with most of the
molecules having a wT value between 5% and 30%. A low wT
value naturally points to molecules whose chemical structure/
architecture leads to significant vibrational absorptions in the
LWIR region. In considering synthetic candidates, a top
subclass of molecules exhibiting LWIR wT values above 45%
was selected to identify the functional groups that are silent in
the LWIR spectral window; some representative of these
molecules shown in Figure 3b (see also Figure Sl in the
Supporting Information) include examples of alkynes,
conjugated alkynes, cycloalkenes, propellane moieties, and
nonalkynes such as aromatic compounds, cycloolefins, bicyclic
compounds, and alicyclic compounds.

As seen from Figure 3b, compound 1, bicyclo[3.3.0]oct-
1(5)-ene, has an especially large wT value. Since this molecule
only incorporates eight carbons, its boiling point (157.4 + 7.0
°C at 760 mmHg) turns out to be too low to be suitable for
inverse vulcanization polymerization, which takes place in the
165—185 °C range."” The larger molecules with wT values
over 50% typically incorporate one or two carbon triple bonds;
while alkyne-based cross-linkers such as 1,3-diethynylbenzene
(DEB),*" 1,4—diphenylbutadiyne (DiPhDY)," and diphenyl-
acetylene (DPA)* have been reported in the literature, the
exploitation of triple-bond-containing molecules to produce
sulfur/organic hybrid polymers for IR imaging applications has
not been studied in detail yet.

It is worth keeping in mind, however, that having relatively
high LWIR wT values in the selected molecules does not
guarantee the retention of reactive groups suitable for
polymerization with sulfur. Nonetheless, we can still gain
insight into potential candidates for LWIR applications by
imposing some semiempirical structural constraints on
molecules from the full DFT library. In particular, we can
generate focused libraries that utilize and compare specifically
chosen molecular architectures and then evaluate similar
molecules versus their respective LWIR wT.
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Figure 3. (a) Distribution of the LWIR window transparency (wT)
values for the whole data set, based on the B3LYP DFT spectra for
1 mm thick organic/sulfur hybrid materials with 30/70 wt %
composition. (b) Representative structures with calculated window
transparency (wT) values above 45% in the LWIR 800—1250 cm™!
energy window for 1 mm thick organic/sulfur hybrid materials
with 30/70 wt % composition.

To date, the organic comonomers that have been studied for
the inverse vulcanization process contain C=C groups.”’44746
For the focused library shown in Figure 4a, we started with an
actual known cyclic olefin of relevance to inverse vulcanization,
norbornadiene (compound 17 in Figure 4a, NBD) and
extracted 14 similar compounds retaining similar molecular
formula and cyclopropellane architecture. The DFT IR
simulation of NBD gives a high wT of 39%, which examination
of these related 14 molecules confirm promising LWIR wT
values between 28% and 45% with the presence of at least one
vinylene functionality. As illustrated in Figure 4b, these
molecules show indeed only very weak absorptions in the
800—1250 cm™" energy range. Several of these molecules (17,
23, 25, and 27) contain two C=C groups while molecules 22
and 26 possess three C=C groups. Such structures thus
provide for more linkage points with sulfur chains in the course
of inverse vulcanization, since the polymerization process leads
to breakage of the C=C double bonds and formation of C—S
bonds;'®"” given that both C=C and C—S bonds have
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ACS Materials Lett. 2024, 6, 4371-4378


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c01037/suppl_file/tz4c01037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.4c01037/suppl_file/tz4c01037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.4c01037?fig=fig3&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.4c01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters www.acsmaterialsletters.org Letter

by Ay N PR A

(17) wT =39% (18) wT = 28% (19) wT = 32% (20) wT =39%  (21) wT =34%

£y Ky & A& D

(22) wT=39% (23) wT =33% (24) wT = 34% (25) wT =33%  (26) wT =35%

2 K £

(27) wT =45% (28) wT = 39% (29) wT =35% (30) wT =33%  (31) wT =42%

( b) 450 450

7)wTywir = 39% 400 |

(18) WTLWIR = 28%

350

350
" 300 300 |
§ 250 E 250 |
T 200 T 200 |
g S 150
o 150 / > /
100 100 |
50 u 50 | I

0 Aa 1 A o L . |

400 800 1200 1600 2000 2400 2800 3200 3600 4000 400 800 1200 1600 2000 2400 2800 3200 3600 4000

01 (19) WTwir = 32% 01 (22) Wik = 39%

350 350
7 300 300 |
E 250 E 20 |
A -
L 200 L 200
= =
S0 H S 150 /
w w

Al

e ‘A,M.AAJLL

400 800 1200 1600 2000 2400 2800 3200 3600 4000 400 800 1200 1600 2000 2400 2800 3200 3600 4000

(25) wTywir = 33% 450 | (27) wTywir = 45%

0 A .

450
400

350
g
1 300 L
E 250 u 250 |
1200 L
5 : 200
150
w
E M
50
G el i o

0 Ao A 1A
400 800 1200 1600 3200 3600 4000 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Frequency (em~ l) Frequency (cm™?)

Figure 4. (a) Illustration of building-block candidates with a large LWIR window of transmittance (800—1250 cm™',1 mm thick organic/
sulfur hybrid materials with 30/70 wt % composition) suitable for inverse vulcanization with elemental sulfur. (b) Calculated IR spectra of
selected comonomers extracted from (a). A Lorentzian band shape with a y (half-width at half-height) value of 5 cm™ is used to broaden the
computed transitions. Absorptivities in the LWIR region for those molecules are determined to be indeed very low.
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negligible activity in the LWIR region, we do not expect any
significant changes to the wT values reported here upon
copolymerization with elemental sulfur.

As mentioned above, the temperatures commonly used for
inverse vulcanization range from 165 to 185 °C. Therefore, a
suitable boiling point is also an important condition in the
selection of organic comonomers. For instance, while NBD has
been of initial interest in the design of LWIR materials, "¢ its
volatility (boiling point of ~89 °C) prevented its effective use
in inverse vulcanization. To solve this problem, a dimer of
NBD containing 14 carbon atoms (compound 44, NBD2, see
Figure S) was considered instead (we note that a compromise

(32) wT=21% (33) wT =26% (34) wT = 25% (35) wT =27%
M / Mr M M
(36) wT =35% (37) wT =35% (38) wT =40% (39) wT =28%

St

(40) WT =27%

oy oy S

(46) wT=24%

A0 QO OO

(81) wT=27% (42) wT=28% (43) wT=36%

(44) WT=27% (45) wT=23%

Figure 5. Illustration of comonomers designed on the basis of the
building blocks of Figure 4a, as potential candidates for inverse
vulcanization with elemental sulfur. The wT values indicate the
window transparency in the LWIR frequency window for 1 mm
thick organic/sulfur hybrid materials with 30/70 wt %
composition.

has to be reached between decreasing the volatility and
increasing the molecular size of the organic comonomer since
the sulfur fraction of the eventual sulfur-hydrocarbon polymer
should be maximized).'® While we have investigated molecules
with only up to ten carbon atoms, meaning that it remains
unclear how many of the best-performing molecules discussed
above actually satisfy the volatility condition, the issue can be
overcome by building up strategically somewhat larger
molecules as was considered in the case of NBD2. A simple
way to do so is to generate new molecules by fusing some of
the building blocks shown in Figure 4a. A set of molecules
obtained in this way is shown in Figure S.

As seen from Figure S, by fusing two NBD units, we obtain
the two stillene structures 32 and 33, which incorporate 12
carbons (it is interesting to mention that the radical-cations of
32 and 33 and their derivatives have been intensively
investigated in the 1980s and 1990s in the context of
intramolecular electron transfer’’). While the wT values of
these stillenes are reduced in comparison to that of NBD, they
are comparable to that of NBD2. In fact, more promising
results are obtained if, instead of NBD units, [2.2.2]propellane
structural motifs (21-23) are used as building blocks. Indeed,
compound 38 obtained in this way exhibits a wT value of 40%
that is nearly twice as large as those of the NBD-based
compounds. Also, molecule 36, while having a slightly smaller
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wT value of 35%, affords four C=C bonds that can be exploited
in the polymerization with elemental sulfur. The comparison of
the IR absorption spectra of the fused [2.2.2]propellane
systems with those of the parent fragments (see Figure S2)
indicates that they are nearly identical. Thus, compounds 36
and 38 appear to be great candidates to develop hybrid sulfur/
organic polymers with large sulfur-to-carbon ratios.

While very promising, these results call for a more systematic
study of other unsaturated hydrocarbons containing 11 to 14
carbon atoms, using either the high-throughput screening
approach developed here or a machine learning methodology.
Work along those lines is now in progress in our laboratories.

In search of new hydrocarbon molecules appropriate for the
development of hybrid sulfur-organic polymeric materials
relevant to long-wavelength IR (LWIR) imaging, we developed
a high-throughput computational screening approach based on
DFT/B3LYP calculations of the molar absorptivities in the
LWIR region of the corresponding LWIR spectral window
transparencies, wT. We applied our high-throughput protocol
to a relatively large chemical space of hydrocarbons consisting
of 31,570 molecules, which enabled us to create a library
including a series of organic molecules exhibiting high
transmittance in the LWIR energy region.

We identified building blocks with very low vibrational
absorptions in the LWIR domain and containing at least one
C=C group, from which we were able to design a set of
compounds illustrated in Figure S with high LWIR trans-
mittance values and expected low volatility. These compounds
are promising candidates as hydrocarbon component of sulfur/
organic plastics for optical applications.
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