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¥ Excellent Pattern Fiddity and L ow Defectivity

Three acrylate materials with high transmittance (=90%) and refractive index (1.6187~1.6337) were
fabricated by incorporating sulfur and rigid aromatic ring structures into polymers. They can be
thermally nanoimprinted in nanoscale size resolution with excellent pattern fidelity and low
defectivity.
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The development of polymeric optical materials with a higher refractive index,
transparency in the visible spectrum region and easier processability is
increasingly desirable for advanced optical applications such as microlenses,
image sensors, and organic light-emitting diodes. Most acrylates have a low
refractive index (around 1.50) which does not meet the high performance
requirements of advanced optical materials. In this research, three novel
acrylates were synthesized via a facile one-step approach and used to fabricate
optical transparent polymers. All of the polymers reveal good optical properties
including high transparency (=90%) in the visible spectrum region and high
refractive index values (1.6363) at 550 nm. Moreover, nanostructures of these
acrylate polymers with various feature sizes including nanogratings and photonic
crystals were successfully fabricated using nanoimprint lithography. These results
indicate that these acrylates can be used in a wide range of optical and
optoelectronic devices where nanopatterned films with high refractive index and
transparency are required.
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High refractive index polymeric optical materials are increasingly attracting attention both in academic
research and industrial fields due to their characteristics related to lightweight, easy processing and
outstanding mechanical properties. Polymers with high index of refraction have potential applications in
advanced optical devices [1-6] including organic light-emitting diodes [7-10], microlenses [11-14], image
sensors [15, 16], photonic crystals [11, 17-24] and matamaterials [25, 26]. According to the classical
Lorentz-Lorenz equation, the refractive index of a polymer can be reliably predicted based on the molar
refractions and molar volumes of its substituent groups and backbone repeating units [27-29]. Therefore,
incorporating chemical groups with high molar refraction and low molar volume is a common strategy used
to considerably enhance the refractive index of polymers. Generally speaking, the introduction of aromatic
groups, heavy halogens (except fluorine), sulfur atoms, and metal atoms with high molar refractions can
effectively improve the refractive index of polymers.

Sulfur is one of the elements most commonly used for increasing a polymer’s refractive index due to its
high polarizability, stability, and straightforward insertion in its molecular structure. In recent years, various
high refractive index polymers containing sulfur have been synthesized for advanced optical applications
including poly(phenylene thioether)s [13, 30-33], polyimides [34, 35], poly(thioether sulfone)s [36-38], and
poly(phenyl quinoxaline)s.®> 41 Unfortunately, these sulfur-containing polymers with high refractive index
were conceived following a complex and elaborated synthesis which along with their poor processability,
inhibit their large scale production. They also showed low transparency which makes them unsuitable for
application in optical devices where thick films are required.

Acrylate polymers have been extensively used in a broad variety of fields owing to their facile synthesis,
excellent optical transparency, convenient processability and great mechanical properties [41-46]. Most of
the existing acrylate polymers exhibit low refractive index (~1.50), which considerably prevents their
prospective application in advanced optical devices [47]. Few reports can be found with acrylic polymers
having a higher refractive index (over 1.60) including poly(pentabromophenyl methacrylate), poly(2,4,6-
tribromophenyl methacrylate) and poly(2-((1,3-dithiolan-2-yl)methylthio)ethylmethacrylate derivative) [48-
54]. However, the halogen presence in their chemical structures restricts their use due to the known
adverse effect to the environment [55]. Designing high refractive index acrylates with excellent
transparency in the visible range and a convenient and cost effective synthetic method is of great
significance for novel optical applications. High thermal stability of the polymers is another desired
property to withstand the high processing and environmental conditions the polymers are exposed to
during device integration and service life.
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Scheme 1. Synthetic routes of M-1, M-2 and M-3.

In this report, three novel acrylate polymers with high index of refraction containing sulfur atoms and
rigid aromatic rings are presented. They show excellent optical transparency in the visible wavelength
range along with high thermal resistance. The developed acrylates were successfully nanopatterned with
high resolution and fidelity using nanoimprint lithography. Three monomers having different chemical
structure were synthesized and chemically reacted at low temperatures to generate the high index acrylate
monomers (Scheme 1). The chemical structures of the synthesized acrylate monomers were determined by
Fourier transform infrared (FT-IR) and nuclear magnetic resonance (NMR) spectroscopic analyses. The
acrylate monomers are polymerized by a free radical polymerization to produce high refractive index
crosslinked polymer films. The transmittance of 30-um-thick polymer films fabricated by melt
polymerization at a temperature of 140°C for 2 h was measured with UV-Vis spectroscopy.
Thermogravimetric analysis (TGA) of these polymers shows a thermal stability higher than 250°C. The
presented acrylates show excellent optical properties and embossability and are promising candidates for a
wide range of applications in optical and optoelectronic devices.

The refractive index is one of the most important optical properties of organic optical materials and is
directly related to the chemical structure, electrical and magnetic properties. Therefore, a good
understanding of the structure-property relationships of optical polymers is essential for designing high
refractive index materials with improved properties and applications. According to the Lorentz-Lorenz
equation, which defines the relationship between the refractive index and the chemical structure of
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polymers, the introduction of sulfur atoms and aromatic rings is useful for achieving high refractive index
materials.

In this research, three acrylate monomers (M-1, M-2 and M-3) containing different chemical structures
(fluorenyl, thiadiazole and diphenyl thioether group) were synthesized in high yield through a facile one-
step procedure; the synthetic procedure of these acrylate monomers is depicted in Scheme 1. The
monomer M-1 was synthesized by the typical nucleophilic substitution reaction of
bisphenoxyethanolfluorene (BPEF) and acryloyl chloride. M-2 and M-3 were synthesized by reacting 2,5-
dimercapto-1,3,4-thiadiazole (DMTD) and phenoxybenzene-4,4'-dithiol (PBDT) with 2-isocyanatoethyl
methacrylate (IEM) by nucleophile addition reaction. The chemical structures of these synthetic monomers
were determined by using FT-IR and NMR spectroscopic analyses.

The FT-IR spectra of the synthesized monomers are shown in Fig. 1. In the spectrum of M-1, the
characteristic absorptions of the acrylate group related to the C=0 stretching vibration at 1728 cm™, C=C
stretching vibration at 1638 cm™, and C-H in-plane rotating vibration 810 cm™ reveal that the acrylate
double bond has been incorporated into M-1 successfully. As for M-2 and M-3, apart from the characteristic
peaks of the methacrylate double bond (C=C stretching vibration at 1638 cm™ and C-H in-plane rotating
vibration 810 cm™), their FT-IR spectra curves also exhibit the characteristic vibration absorptions of the
urethane carbonyl group according to the N-H stretching vibration at 3427 and 3272 cm® and C=0
stretching vibration at 1716 cm?, which indicate that both the urethane carbonyl and methacrylate
moieties have been incorporated into M-2 and M-3.

In order to further validate the chemical structures of the synthetic monomers, *H and *C NMR
spectroscopies were performed on a 400 MHz NMR instrument. Fig. 1 shows the 'H NMR spectra of three
synthetic monomers. As shown in Fig. 1, there are four groups of protons’ signals at 4.24~4.48, 5.91~6.36,
6.68~7.14 and 7.32~7.89 ppm, which can be ascribed to the protons of methylene, acrylate double bond,
phenyl and fluorenyl, respectively. Furthermore, all the characteristic peaks of carbons corresponding to M-
1 are observed in the 3C NMR spectrum shown in Fig. S1 (Supporting information). Therefore, the monomer
M-1 containing a fluorenyl structure was successfully synthesized by a nucleophilic substitution reaction.
Similarly, M-2 and M-3 were characterized by *H NMR (Fig. 1) and **C NMR (Figs. S2 and S3 in Supporting
information) spectroscopies and elemental analysis. The corresponding NMR characterization shows the
molecular structures were satisfactory results corresponding obtained. The desired structures of both M-2
and M-3 were incorporated successfully via nucleophile addition reaction.
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Fig. 1. FT-IR spectra (left) of and H NMR spectra (right) of M-1, M-2 and M-3 monomers.
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Fig. 2. Thermogravimetric analysis () and derivative thermogravimetric (b) curves of acrylate polymers. Optical properties of

acrylate polymers: (c) UV-Vis transmittance spectra (film thickness: 30 um) and (d) refractive index curves measured by
ellipsometry. (e): Photographs of a bare piece of glass (left) and acrylate polymer film with thickness of 30 um on glass (right).

The thermal decomposition of the synthesized polymers was determined by TGA measurements (Figs.
2a and b). Temperature at 5 wt% weight loss (Ts), temperature at maximum weight loss rate (T,) and char
residue at 600°C of the developed polymers are summarized in Table S1 (Supporting information). P-2
polymer exhibits excellent thermal stability, corresponding to a Ts of 402°C which is high when compared
with common acrylic polymers, such as a commercial poly(methyl methacrylate) (PMMA) [56]. The
anaerobic char yield for this polymer is 21.78% at 600°C. The high thermal stability of P-2 polymer may be
related to the presence of a strong polar thiadiazole ring structure, which can increase the intermolecular
interaction by the formation of the hydrogen bonding. The thermal stability of P-3 is far below P-1 and P-2
and shows a Ts of 254°C which is associated to its flexible thioether linkages providing a relatively low
thermal property. The derivative thermogravimetric (DTG) curve of P-1 and P-2 exhibits a single peak which
indicates their degradation occurs in a single step. However, the DTG curve of P-3 shows multiple peaks
indicating its multistep degradation process.

The transmittance of 30-um-thick polymer films fabricated by melt polymerization at a temperature of
140°C for 2 h was measured with UV-vis spectroscopy. The transmittance, measured with UV-vis
spectrophotometer, is shown in Fig. 2c. The color, cutoff wavelength (Aww#) and transmittance of the
proposed polymers are summarized in Table S2 (Supporting information). These results indicate that all the
polymers present high transmittance values (=90%) at the wavelength of 450 nm. The transparency can
be mainly associated to the non-planar and bent structures of acrylate polymers, which leads to the
inhibition of intermolecular packing. However, all polymers also show a different absorption behavior in the
wavelength region from 300 nm to 450 nm (Fig. 2c), which can be a consequence of the existence of
conjugated fluorenyl, thiadiazole and diphenyl thioether structures in these polymers. As we can observe in
the photographs presented in Fig. 2e, except for the pale-yellow color P-2 film, all polymers exhibit
excellent transparency when compared with the control samples, which are in good agreement with the
results of the UV-vis transmittance spectra presented previously.

The refractive indices of the synthesized polymers were measured by ellipsometry to determine their
possible applications in advanced optical devices and are shown in Fig. 2d. The refractive indices of P-1, P-2
and P-3 were measured as 1.6268, 1.6129 and 1.6363, respectively, at the wavelength of 550 nm (Table
S2). These high values can be attributed to the high molar refraction provided by the presence of the
aromatic groups and sulfur atoms in the main polymer chain.
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Fig. 3. SEM images of nanoimprinted polymer patterns with vaious feature sizes: (a-d) P-1,(e-h) P-2 and (i-I) P-3. Magnification
images are inserted in the upright corner of the SEM images.

The developed materials were nanopatterned with thermal nanoimprint lithography (Fig. S4 in
Supporting information) using molds having different geometries and dimensions to demonstrate their
capabilities as high refractive index films. These patterns include gratings with linewidths of 60 and 216 nm
and photonic crystal structures with diameters of 150, 200, 280 and 320 nm. The high refractive index
materials were imprinted with good fidelity and low defectivity as shown in Fig. 3. Acrylic polymers have
been previously used for nanoimprinting, including PMMA, which has shown sub-10 nm resolution [57-59].
However, their low refractive index (the index of refraction of PMMA is 1.49 at 590 nm), exclude them from
applications in advance optical devices. The nanoimprint results shown here demonstrate that the
developed acrylate optical polymers have suitable properties for high resolution nanopatterning.

In summary, three novel acrylate monomers containing different chemical structures were successfully
synthesized by a facile one-step approach. Subsequently, the monomers were polymerized by free radical
melt polymerization to produce thick crosslinked films polymers. The refractive index values of the
crosslinked films laid in the range between 1.613 and 1.636, measured at a wavelength of 550 nm, due to
the contribution of sulfur and aromatic groups. All of the resulting polymers exhibited optical transmittance
above 90% in the visible wavelength range. The thermal stability of the developed polymers was higher
than 250°C as determined by TGA measurements. The synthesized acrylate monomers can be
nanoimprinted with high fidelity and low defectivity to fabricate nanoscale gratings and photonic crystal
various feature sizes. These results show the developed materials are promising for a broad range of
optical applications.
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