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(57) Abstract: Curable ink compositions include at least one aromatic (meth)acrylate, at least one multifunctional (meth)acrylate with
heteroaromatic groups, fused aromatic groups, heteroalkylene groups, or a group containing both heteroalkylene and aromatic groups,
and a photoinitiator. The curable ink composition is Inkjet printable, having a viscosity of 30 centipoise or less at a temperature of from
room temperature to 35°C, and is free from solvents. The ink composition, when printed and cured has a refractive index of 1.55 or
greater, and is optically clear. The cured ink composition, when cured to a thickness of from 1-16 micrometers, has a surface roughness
of less than or equal to 5 nanometers.
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CURABLE HIGH REFRACTIVE INBEX INK COMPOSITIONS AND ARTICLES
PREPARED FROM THE INK COMPOSITIONS

Field of the Disclosure
This disclosure relates to curable compositions that have a high refractive index
relative to typical polvmeric compositions, are printable, and can be printed and cured to

form articles.

Background

Increasingly, optical devices are becoming more complicated and involve more and
more functional lavers. As light travels through the layers of the optical device, the light
can be altered by the layers in a wide variety of ways. For example, hight can be reflected,
refracied or absorbed. In many cases, layers that arc included in optical devices for non-
optical reasons adversely affect the optical properties. For example, if a support layer ig
included that is not optically clear, the absorption of light by the non-optically clear
support laver can adversely affect the light transmission of the entire device.

One common difficulty with multi-laver optical devices 1s that when layers of
differing refractive indices are adjacent to each other, refraction of light can occur at their
interface. In some devices this refraction of light is desirable, but in other devices the
refraction s undesirable. In order to munimize or eliminate this refraction of light at the
miertace between two layers, efforts have been made to mmimize the difference in
refractive index between the two layers that foum the interface. However, as a wider range
of materials have been emploved within optical devices, the matching of refractive indices
has become increasingly difficult.  Organic polymer films and coatings, which are
frequently used in optical devices, have a limited range of refractive indices. As higher
refractive ndex materials are increasingly used m optical devices, it has become
mereasingly difficult to preparc organic polymeric compositions which have suitable
optical propertics, such as desirable refractive indices and optical clarity, and yet retain the

desirable foatures of organic polymers, such as case of processing, flexibility, and the like.
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Sammary

Disclosed herein are curable ink composttions, arficles prepared from the curable
mk compositions, methods of preparing articles with the curable ink compositions and
monomers with desirable propertics for preparing the curable ink compositions. In some
embodiments, the curable ink composition comprises at least one aromatic (methjacrylate,
at least one multifimetional (methjacrylate with hetercaromatic groups, faused aromatic
groups, hetercalkylene groups, or a group contaiming both hetercalkylene and aromatic
groups, and a photoinitiator.  The curable ink composition is mnkjet printable, having a
viscostty of 30 centipoise or less at a tomperature of from room teroperature to 35°C, and
1s free from solvents. The ink composition, when printed and cured has a refractive mdex
of 1.55 or greater, and is optically clear.

Also disclosed are articles, in some embodiment the articles comprise a substrate
with a first major surface and a second major surface, a cured organic layer adjacent to at
lcast a portion of the second major surface of the substrate, where the cured organic laver
comprises a crosshinked (methlacrylate-based layer and has a thickness of from 1-16
micrometers, and has a refractive index of 1.55 or greater, and is opticallv clear; and an
morganic bamer layer in contact with the cured organic layer.

Also disclosed are methods of preparing articles, the methods comprising,
providing a substrate with a first major surface and a second major surface, providing a
curable ink composition wherein the curable ink composition comprises the curable ink
composttion described above, disposing the curable ink composition on at least a portion
of the sccond major  surface of the substrate to form a curable layer, curing the curable
laver to form a cured organic layer, and depositing an inorganic barrier layer on the cored
organic laver.

In order to form the curable ik compositions of this disclosure, monomers with
spectfic attributes are utilized. Also disclosed arc acrvlate compounds with a viscosity of
less than 40 centipoise at 25°C and a refractive index when uncured of less than 1.630 and

having a structure of a Formula U
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Formula 111

Brief Description of the Drawings
3 The present application may be more completely understood i consideration of the
following detalled description of vanious embodiments of the disclosure in connection
with the accompanying drawings.

Figure 1 is a cross sectional view of an embodiment of an article of the present
disclosure.

10 Figure 2 is a cross sectional view of a device that contains an article of the present
disclosure.

In the following description of the illustrated embodiments, reference is made to
the accompanying drawings, in which is shown by way of illustration, vanous
embodiments in which the disclosure may be practiced. It is to be understood that the

15 embodiments may be uttlized and structural changes may be made without departing from
the scope of the present disclosure. The figures are not necessarily to scale. Like numbers
used in the figures refer to like components. However, it will be understood that the use of
a number to refer to a component in 8 given figure is not intended to limit the component

1 another figure labeled with the same number.

20
Detailed Description
Optical devices are becoming more and more complex, which impacts the
materials used in them. In particular, organic polymeric materials have found widespread
use in optical devices, however, they still must meet the stungent requirements and
25 demands needed for performance.

For example, thin organic polymeric films are desirable for a wide range of uses in
optical devices, as adhesives, protective layers, spacer lavers, and the hke. As articles

have become more complex, the physical demands upon these lavers have mereased. For
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example, as ophical devices have become more compact, they often mclude additional
layers, resulting m a growing need for thunner layers. At the same time, since the layers
are thinner, the lavers also need to be more precise. For example, a thin spacer layer {of i
micrometer thickness) needs to be level and free of gaps and holes 1n order to provide the
proper spacing fonction. This requires deposition of the organic laver in a precise and
consistent manner.

Additionally, not only do these layers have to fulfill their physical role (adhesion,
protection, spacing, and the like) they must also provide the requisite optical properties.
Amaong the propertics that are becoming increasingly important 15 refractive index. As
light travels through the lavers of a maltilayer article, it encounters the interface between
layers. I the refractive indices of the layers are different, light can be refracted.
Therefore, to munimize this refraction, matching of the refractive indices of Jayers within a
multilaver article 1s desirable.

Among the methods that have been developed to provide a precise and consistent
deposition of organic polymeric material are printing techniques. In printing techniques, a
polvmer or a curable composition that upon curing forms a polymer are printed onto a
substrate surface to form a laver. In the case of printable polvmers, typically solvents are
added to make the polymer a solution or dispersion capable of being printed. When
solvents are used, typically a drying step is necessary after prninting to produce the desired
polymeric layer. In the case of curable compositions that upon curing form polymers, the
curable compositions may or may not mnclude a solvent. If a solvent is used, the laver may
also be dried. The curable compaosition is then cured, typically either with the application
of heat or radiation (such as UV light) and a suitable witiator. A wide vanety of printing
techniques can be used, with inkjet printing being particularly desirable because of the
excellent precision on arbitrary substrate shapes and topographics. However, with the
mereased precision requirements for fayer thickness and laver smoothness, the use of
inkjet printable inks that contain solvents becomes less desirable as drying of inkjet coated
lavers can adversely affect the laver thickness and laver smoothness, and sobvent can have
deleterious effects upon the sobstrate. Solvents are becoming increasingly disfavored for
environmental and cconomic reasons, as solvent-borne compositions reguire extra

srecautions in handling and 1o drving.
g i
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An exampie of an optical device that utilizes thin film lavers are OLED (organic
hight-emitting diode) devices. In particular, the organic hight-emitting devices are
susceptibie to degradation from the permeation of certain hquids and gases, such as water
vapor and oxvgen. To reduce permeability to these liguids and gases, barrier coatings are
apphied to the OLED device, which s known in the art as thin film encapsulation.
Typically these barrier coatings are inorganic coatings with a high refractive mdex.
Typically the morganic barrer coating 1s not used alone, rather a barner stack 1s used
which can include multiple dvads. Dvads are two laver structures that include a barrier
laver and decoupling layer. The decoupling laver provides a planarized and/or smooth
sarface for the deposition of the inorganic barrier layer.

US Patent Publication No. 2015/0349295 (Boesch et al} describes devices that
utilize dvads as barner coatings where the dyads mclude a first layer (decoupling layer)
that is an organic-inorganic hybrid material and the second layer is an inorganic barrier
laver. The organic-inorganic hvbrid decoupling layer includes an organic matrix with
cither an organometallic polymer or inorganic nanoparticles such that the inorganic
material raises the refractive index to betier match the inorganic barrier laver refractive
index.

However, the organic-inorganic hybnd materials used in US Patent Publication No.
2015/0349295 arc not printable. Theretore, the coating methods suitable for use with
these materials 1s hmited.

In this disclosure, curable inks that are capable of being printed are described that
have a number of traits that make them suitable for the formation of layvers within
multilaver optical devices. Many of these traits are contradictorv to each other, and
therefore it is unexpected that an ink composition can combine these contradictory traits,
For example, the formulations, when cured, have a relatively high refractive index of
greater than 1.55. In order to achicve this high refractive index, aromatic monomers arc
used, and these aromatic monomers typically have a relatively high viscosity. However, in
order to be prntable, especially for inkjet printing, the viscosity cannoct be toc high,
otherwise the microscopic nozzies on the printheads can become clogged. Often this
viscosity problem can be overcome through the use of solvenis to dilute the monomer

mixtures and thus reduce their viscosity. The use of solvents is not suitable for the inks of
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the present disclosure because it is undesirable to have to dry the prepared coatings, and
drying defects are known to adversely affect the surface smoothness, which is an important
attribute for thin film encapsulation apphications. In many applications for optical devices,
it is desired that the coatings be precise, that is to say that they do not lose thickness or
smoothness upon drying. Therefore the inks of the present disclosure are “100% solids”,
meaning that they do not contain volatile solvents and that substantially all of the mass that
is depostted on a surface remains on the surface. Another technique that can be used to
decrease the viscosity of inks is to substantially raise the temperature of the ink. However,
this is also not desirable for the inks of the prosent disclosure because then the substrates
need to be heated to at least the same temperature in order o get the ks fo spread
umiformly on the substrate to achieve the desired surface roughness (such as below 5
nanometer surface roughness). It is not practical to heat up a large substrate n a
manufacturing environment due to issucs with teraperature uniformity and reproducibility
of the ink patterns.

Therefore, the curable compositions of the present disclosure are useful as inks,
meaning that they are capable of being printed by for example inkjet printing technigues
without the use of solvents and at a temperature of from room temperature to 65°C, or
more desirably, of from room temperature to 35°C. Tyvpically the printable curable
composition has a viscosity at these temperatures of 30 centipoise or less. In some
cmbodiments, the inks have a viscosity of 20 centipoise or less. It 15 also desirable that the
inks have a surface tension in the range of 25-40 dynes/cm. Surface tensions that are
fower than this may not be able to escape the nozzie on the printhead and may not form the
desirable spherical drop shape. Too high of a surface tension may make it difficult for the
ink to spread sufficiently on the sobstrate to form a thin layer.

Another complicating factor inherent in the use of curable compositions s shelf
life. Once materials that are co~reactive arc mixed there is the possibility that thev can
react prematurcly. This is a ditficulty with compositions, such as inks, since even a small
amount of premature reaction can increase the viscosity and make the composition
unprintable.  Additionally, for practical reasons it 13 very desirable to have a curable
composition that has a useful shelf life. The curable mk compositions of this disclosure

have desirable shelf life propertics as is shown in the Examples section. The curable ink
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compositions have shelf life times of at least one weck, 1 many embodiments much
longer than one week.

The curable mk composition, when coated and cured fo form a cured organic laver,
the cured organic faver bas a refractive mdex of at least 1.55 and is optically clear. In
some embodiments, the refractive index 1s at least 1.36, 1.57, 1.58, 1.59, 1.60, 1.61, 1.62,
1.63, 1.64, 1.65, 1.66, 1.67, 1.68, 1.69, or 1.70. As mentioned above, it 1s desirable that
the cured organic layer be thin. In some embodiments, the cured organic laver has a
thickness of from 1-16 micrometers and a surface roughness of less than 10 nanometers, in
some embodiments less than 5 nanometers. In this way the cured organic layer is suitable
for use as a decoupling layer in the thin film cncapsulation of an OLED device as
deseribed above.

The curable mmk composition described herein s a reactive hqud mixture that
comprises at least one aromatic {methjacrylate, at least one multifunctional (meth)acrylate
with heteroaromatic, fused aromatic, or a combination of hetercalkyvlene groups and
aromatic groups, and a photoinitiator.  All the components are essentially uniformly
dissolved in one another to form a solution that is printable.

Also disciosed herein are articles, especially optical articles that comprise multiple
layers of films, substrates and coatings. Among the articles of this disclosure are articles
comprising a substrate, a cured organic layer adjacent to the substrate, and an organic
barrier laver disposed on the cured organic layer. The cared organic layer comprises a
crosstinked (meth)acrylate-based layer that has a thickness of from 1-16 micrometers, and
has a refractive index of 1.55 or greater, and 1s optically clear. In some emboduments, the
refractive index is at least 1.56, 1.57, 1.58, 1.59, 1.60, 1.61, 1.62, 1.63, 1.64, 1.65, 1.66,
1.67, 1.68, 1.69, or 1.70.

Unless otherwise indicated, all numbers expressing feature sizes, amounts, and
phvsical properties used m the specification and claims arc to be understood as being
modified n all instances by the toom "about" Accordingly, unless indicated to the
contrary, the numerical parameters s¢t forth 1n the foregoing specification and attached
clatms are approximations that can vary depending upon the desired properties sought to
be obtained by those skilled in the art utilizing the teachings disclosed herein. The

recitation of numerical ranges by endpoints includes all nmobers subsumed within that
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range {o.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5} and any range within that

range.

As used m this specification and the appended claims, the singular forms "a", "an”,
and "the" encompass cmbodiments having plural referents, unless the comtent clearly
dictates otherwise. For example, reference to "a layer" encompasses embodiments having
one, two or more lavers. As used in this specification and the appended claims, the term
"or" is generally employed in its sense mcluding "and/or" unless the content clearly
dictates otherwise.

As used herein, the term “adjacent” refers to two layers that are proximaie to
another layer. Layers that are adjacent may be in direct contact with each other, or there
may be an mtervening laver. There 1s no empty space between layers that are adjacent.

The curable mk compositions are “substantially solvent free” or “solvent free”. As
used herein, “substantially solvent free™ refers to the curable ink compositions having less
than 5 wt-%, 4 wt-%, 3 wt-%, 2 wi-%, 1 wi-% and 0.5 wi-% of non-polymernizable {c.g.
organic) solvent. The concentration of sclvent can be determined by known methods, such
as gas chromatography (as described m ASTM D35403). The term “solvent free” implies
that no solvent s present in the composition. It should be noted that whether the curable
ink composition is substantially solvent free or solvent free, no solvent is deliberately
added.

Typically the curable ink compositions are described as “100% solids”.  As used
heren, “100% solids” refers to curable ik compositions that do not contain volatile
solvents and that all of the mass that is deposited on a surface remains there, no volatile
mass 1s lost from the coating,

The terms “Tg” and “glass transition temperature” are used mterchangeably. If
measored, Tg values are determuned by Differential Scanning Calorimetry (BSC) at a scan
rate of 10°C/munute, unless otherwise indicated. Typicallv, Te values for copolymers are
not measured but are calculated using the well-known Fox Equation, using the Tg valucs
provided by the monomer supplier for homopolymers prepared from those monomers, as

13 understood by one of skill in the art.
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The terms “room temperature” and “ambient temperature” are  used
interchangeably and have their conventional meaning, that i1s to say a temperature of from
20-25°C.

The term “organic” as used herein to refer to a cured laver, means that the laver is
prepared from organic materials and is free of inorganic matenals.

The term “(methjacrvlate” refers to monomeric acryvlic or methacrylic esters of
alcohols. Acrylate and methacrvlate monomers or oligomers are referred to collectively
hercin as "(methjacrylates”. The term “{meth)acrylate~-based” as used herein refers to a
polymeric composition that comprises at least one (methjacrylate monomer and may
contain additional (methjacrviate or non-(methjacrvlate co-polymerizable ethylenically
unsaturated monomers. Polymers that are (methjacrylate based comprise a majonty (that
is to say greater than 50% by weight) of (meth)acryiate monomers.

The terms “free radically polymenizable™ and “cthylenically unsaturated” are used
imterchangeably and refer to a reactive group which contains a carbon-carbon double bond
which is able to be polymernized via a free radical polvmerization mechanism.

The term “hydrocarbon group” as used herein refers to any monovalent group that
contains primarily or exclusively carbon and hvdrogen atoms. Alkvl and aryl groups are
examples of hydrocarbon groups.

The term “alkyl” refers to a monovalent group that is a radical of an alkane, which
1s a satorated hvdrocarbon. The alkyl can be linear, branched, ¢cyclic, or combinations
thereof and typically has 1 to 20 carbon atoms. In some embodiments, the alkvl group
contains 1 to 18, 110 12, 11010, 1 t0 8, 1 t0 6, or | to 4 carbon atoms. Examples of alkyl
groups inclade, but are not limited o, methyl, ethvl, a-propyl, isopropyl, n-butvl, isobutyi,
tert-butyvl, n-pentvl, n-hexyl, cvelohexyl, n-heptyl, n-octyl, and ethylthexyl.

The term “aryl” refers to a monovalent group that is aromatic and carbocyclic. The
arvl can have onc to five rings that are connected to or fused to the aromatic ring. The
other ring structures can be aromatic, non-aromatic, or combinations thereof. Examples of
arvl groups include, but are not limited to, phenvi, biphenyl, terpbhenvl, anthryl, naphthyi,
acenaphthyl, anthraquinonyl, phenanthryl, anthracenyl, pyrenvl, peryvlenyl, and fluorenyl.

The term “alkylene” refers to a divalent group that 1s a radical of an alkane. The

alkvlenc can be straight-chained, branched, cvelic, or combinations thereof. The alkylene
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often has 1 t¢ 20 carbon atoms. In some embodiments, the alkvlene containg |40 18, 1 o
12, 1o 10, 1 to 8, 1 1o 6, or 1 o 4 carbon atoms. The radical centers of the alkylene can
be on the same carbon atom (1.¢., an alkylidene) or on different carbon atoms.

The term “heteroalkylene™ refers to a divalent group that includes at least two
alkviene groups connected by a thio, oxy, or -NR- where R 1s alkyl. The hetercalkylene
can be lmear, branched, cyclic, substituted with alkyl groups, or combmations thereof.
Some heteroalkylenes are polyoxyalkyvlencs where the heteroatom 1s oxvgen such as for
example,
~CHCHAOCH CH, ) OCH, CHa -,

The term “hetercaromatic” or “heteroarvl” are used interchangeably and as used
herein refers to an aromatic ring that contains at least one heteroatom in the ring structure.

The term “arvlene” refers to a divalent group that is carbocyclic and aromatic. The
group has one to tive rings that are connected, fused, or combinations thereof. The other
rings can be aromatic, non-aromatic, or combinations thereof. In some cmbodiments, the
arylene group has up to 5 nings, up to 4 rings, up to 3 rings, up to 2 rings, or one arcmatic
ring. For example, the arylene groap can be phenylene.

The term “hetercarylene” refers to a divalent group that 1s carbocyclic and aromatic
and contains heteroatoms such as sulfur, oxvgen, mitrogen or halogens such as fluorme,
chlorine, bromine or ioding.

The term “araltkvlene” refers to a divalent group of formula -R*-Ar*- where R¥ is an
alkyiene and Ar® is an arviene (i.e., an alkvlene is bonded to an arylene).

Unless otherwise indicated, "optically transparent” refers to a layer, film, or article
that has a high light transmittance over at least a portion of the visible light spectrom
{about 400 to about 700 am). Typically optically transparent layers, films, or articles have
a luminous transmission of at lcast 80%.

Unless otherwise indicated, "optically clear” refers to an layer, film, or article that
has a high bLight transmittance over at least a portion of the visible light spectrum (about
400 to about 700 nm), and that exhibits low haze. Typically optically clear layers, films,
or articles have visible light transmittance values of at least 0%, often at least 90%, and
haze vahies of 5% or less, often 2% or less. Luminous {ransmission and haze can be

measured using the technigues described in the Examples section.

-10-
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Bisclosed herein are curable compositions that are printable, and thus are described
as inks. The curable compositions need not be used as inks, that 1s to say that they need
not be printed and then cured, the curable compositions can be delivered to substrate
surfaces in a wide variety of ways, but they are capable of being printed. In particular the
printable compositions of this disclosure are typically capable of bemg inkjet printed,
which means that they have the proper viscosity and other attributes to be mkjet printed.
The term “inkjet printable” is not a process description or limitation, but rather is a
material description, meaning that the curable compositions are capable of being nkjet
printed, and not that the composttions necessanlv have been inkjet printed. This 15 akin o
the expression “hot melt processable™, which means that a composition is capable of being
hot melt processed but does not mean that the composition has been hot melt processed.

The curable mk compositions of this disclosure comprise at least one aromatic
(methjacryviate, at least onc multifunctional {meth)acrviate with heteroaromatic groups.
fused aromatic groups, heteroalkvlene groups, or a group containing both heteroalkylene
and aromatic groups, and a photoinitiator. The ink compositions are inkjet printable and
are free from solvents. By free from solvents it is meant that no solvents are added to the
curable ink composition, and that no solvents are detectable in the curable composition.
The term “solvents” is used herein congsistent with the generally stood term of art and
encompassing volatile organic and non-organic materials that are liguids at room
temperature.

The curable mmk compositions of this disclosure when contacted to a substrate
surface and cured have a refractive index of 1.35 or greater, and are optically clear. In
some embodiments, the refractive index i1s 1.60 or higher. In some embodiments, the
refractive index is at least 1.56, 1.57, 1.58, 1.59, 1.60, 1.61, 1.62, 1.63, 1.64, 1.65, 1.66,
1.67, 168, 1.69, or 1.70. Refractive mdex is measured as described in the Examples
section.  Typically the curable ink compositions are contacted to a substrate swface by
printing, in particular by inkjet printing, but as mentioncd above other methods of
contacting the curable ink compositions to a substrate sarface are also suitable.

One of the atinbutes requisite to give inkjet printability 18 viscosity. The curable
mk compositions of this disclosure typically have viscosities that make them suitable for

mkjet printing. fo some embodiments, the curable ik bas a viscosity of 30 centipoise or
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less at a temperature of from room temperature to 65°C. In other embodiments, the
curable mk composition has a viscosity of 30 centipoise or less at a temperature of from
room temperature to 35°C. As described above, this viscosity 18 achieved without the use
of solvents. Viscosity is measured using standard, well understood techniques as
described in the Examples section.

The curable ink compositions of this disclosure, in order to achieve the desired
properties of viscosity and refractive index, a mixture of {meth)acryvlate monomers are
used. The curable ink composition comprises at least one aromatic (methjacrviate, at least
one multifunctional (methjacrylate with heteroaromatic groups, fused aromatic groups,
heteroalkvlene groups, or a group containing both heteroalkviene and aromatic groups, and
a photominiator. Hach of these components are described in greater detail below.

A wide variety of aromatic {meth)acrviate monomers are suitable for use in the
curable ink compositions of this disclosure. Typically, these aromatic {(methjacrylate
monomers are monofunctional. A single monofunctional (methjacrylate monomer may be
used or a mixture of monofunctional (meth)acrylate monomers may be used. Generally,
the at least one monofunctional (meth)acrylate comprises a compound of Formula 1

{shown below}:

ﬁ\
B X \O/ %’
{ ‘?ir —
SN R2

Formula |
wherein at least one R1 comprises an aromatic substituent, t is an integer from 1 to 4, and
R2 18 hydrogen or methyl.

A wide variety of aromatic substituents are suitable for the R1 group or groups.
Typically, the at least one aromatic substituent R1 comprises a substituted or unsubstituted
aromatic group of the type -CHo-Ar, or a hetercatom linked aromatic group of the type -X-
Ar, where X 13 § or O, and each Ar is independently a substituted or unsubstituted phenyl
group, a fused aromatic group, or 2 or more alkyl group-linked phenyl or substituted
phenyl or substituted phenvl groups.

Thus, the R1 group or groups may comprise various aromatic substituents such as:
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CIJ o oo

, Of =S-Ar.

The aromatic substituent R1 is generally bonded to the aromatic ring of the benzyl

93}

group by at least one divalent {¢.g. alkvlene or ether} linking group. In some embodiments,
the aromatic substitient R1 is bonded to the aromatic benzyl ring by two or more divalent
{c.z. alkviene or ether) hinking groups. Each » denotes the pomi(s) of attachment to the
aromatic ning of Formula I; and Ar 15 a substituted or unsubstituted phenvl group, a fused
aromatic group, or 2 or more atkyl grouvp-linked phenyl or substituted phenyl groups.

10 In some favored embodiments, tis 1. Representative structures for Formula I thus

include:

In some of the embodiments where t 18 1 and the Rl group is «S5-Ar, the

compounds can have the general structure of Formula [A:

13-
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Formula IA

where R2 is Hor CHs, X 15 O, S, or a single bond, Q15 O, 8, SiRo where R 15 an alkyl

93}

group, a carbonyl group (C=0), an anvnec group NR where R i hydrogen or an alkyl, or an
SO group, nranges from Oto 10 {eg n1s0,1,2,3,4,5, 6,7, 8, 9, 0r 10}, and L 15 an
alkyvlene group having 1 {0 3 carbon atoms, optionally substituted with hydroxyl groups.
One particularly suitable monomer of Formula 1A 1 one m which R2 15 a
hyvdrogen, nis 1, L 15 a ~CHz- group, X is a single bond, and (§ 13 a sulfur. This monomer

10 18 shown below as Formula 111

Formula HL

While similar compounds to this monomer have been reported in the literature, for
example i the Kgrean Patent Publication No. 101,254,325B1, it has been found that this
i5 monomer has particularly desirable viscosity and refractive index features. In particular it
has been found that the monomer of Formula 1l has a viscosity of less than 40 centipoise
at 25°C, even a viscosity of 13 centipoise at 25°C, and a refractive index when uncured of
less than 1.630, or even less than 1.620.
In other embodiments of the monomers of Formula 1, t is greater than 1. In one

20 embodiment, t1s 3. One representative structure is:

-14-
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Vanous aromatic alcohols from Sigma-Aldrich are available as starting materials
that can be converted to {meth)acrvlates by reacting such materials with {meth)acrvhic acid
or {methjacrvlic acid denvatives.  Particularly suwitable monofunctional (methjacrylate
5 monomers include biphenvimethyl acrylate (where R1 is phenyl group) commercially
available from Miwon Specialty Cheoucals, Exton, PA as MIRAMER M1192 or
MIRAMER M1192H, and the monomer of Formula 1 the synthesis of which is presented
in the Examples section.

The amount of aromatic (methlacrvlatc monomer emploved in the curable ink
10 composition can vary. Typically the aromatic {methjacrviatc monomer is the majority
monomer in the curable ink composition. By this it is meant that greater than 50% by
wetght of the curable ink composition 18 the aromatic {meth)acrylate monomer. By “the
aromatic {methjacryviate monomer”, refers to all of the aromatic (methyacrylate monomers
present if more than one aromatic (meth)acrviate monomer is used. In some embodiments,
i5 the curable ink compositions comprise greater than 75% by weight of the aromatic
{(methjacrylate monomer. In other embodiments, the curable ink composition comprises
90% by weight or greater of the aromatic (meth}acrviate monomer. As mentioned above,

typically the aromatic (meth}acryvlate monomer 1s a monofunctional {metiyacrylate.
In some embodiments, the aromatic (meth}acrylate monomer has a refractive mdex
26 greater than 1.50 {e.g. at least 1.51 or 1.52} and may have a refractive index of greater than
1.60. Generally these aromatic {methjacrylate monomers are non-halogenated {e.g. non-
bromunated}. In some embodimenis, the aromatic {methjacryviate monomers have a
refractive index of at least 1.53, 1.54, 155, 1,36, 1,57, 158, 1.59, 1.60, or 1.61 and

typically no greater than 1.65.

[N
(¥4

The curable ik compositions of this disclosure also mchude at least one
muktifunctional (methjacrylate of general Formala IE:
HC=CRZA{COY-0-A-O-(CO)-R2C=CH,

Formula H
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where R2 15 hydrogen or methyl, {CO) 18 a carbonyl group C=0, and A is divalent group
comprising a heteroaromatic, fused aromatic, or a group containing both heteroalkylene
and aromatic groups. Examples of heteroaromatic groups mclude thiadiazole groups,
thiazole groups, and thiophene groups. Examples of fused aromatic groups include
naphthy! groups, anthracenyl groups, and fluoreny! groups. Examples of heteroalkylene
groups nclude polyethylene oxide groups, polyvpropyviene oxide groups, polvihioether
groups, and the like. Examples of groups containing both hetecroalkvlene and aromatic
groups include ones with the difunctional alkviene groups with 2-10 carbon atoms, and
have from 1-10 repeat units, and contain difunctional aromatic groups such as phenylens,
benzylene, or linked benzyiene groups. The compounds that contain groups contaiming

both heteroalkylene and aromatic groups can be described by general Formula HA:

Formula HA

cach R2 is independently hydrogen or methyl, Z 15 -C{(CHas)z-, -CHo-, O, 8, or a single
bond, each @ 1s independently O or 8, L 1s an alkylene group comprising 2-12 carbon
atoms, and 1 is an integer ranging from 0 to 10, Typically L comprises a Cq:-Cs alkylene
group, more typically Lis Gy orCrandnis 0, 1, 2 or 3.

Examples of particularly suitable moltifimctional (methjacrylate monomers
described by Formula M, include the hetero aromatic compound: 1,3 4-thiadiazole-2,5-
divitbis(suifanedivlbis(ethane-2, 1 -divl) diacrviate (TDZDA) the synthesis of which is
presented in the Examples section below and which has the stracture:

; i o
Ligg\w#\ﬁfaxﬁk%”m\ﬂﬂ
@ .

8
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Ancther suitable multifunctional (methjacrylate monomer is the fused aromatic
compound bisphenol fluorene diacrylate commercially available as part of a curable

mixture from Miwon Specialty Chemicals, Exton, PA as “HR 60427 and which has the

Q\f) ff“v
|

\//\
L/y

structure:

’\

g

Other suitable multifunctional (methlacrylate monomers are ongs of Formuda 1A
that are bisphenol ditmeth)acrylates, 1.¢. the reaction product of a bisphenol-A diglycidyl
cther and acrylic acid.  Although bisphenol-A diglyeidyl ether is generally more widely

10 avatlable, it is appreciated that other biphenol diglycidvl cther such as bisphenol-F
diglveidyl cther could alse be cmployed. One cxemplary bisphenol-A cthoxvlated
diacrylate monomer is commercially available from Sartomer under the trade designations
"SR602" (reported to have a viscosity of 610 ¢ps at 20°C and a Tg of 2°C). Anocther
exemplary bisphenol-A ethoxvlated diacrylate monomer is as commercially available from

15 Sartomer under the trade designation "SR601" {reported to have a viscosity of 1080 cps at

26°C and a Tg of 60°C). The gencral formula for the “SR6017 s

Other multifunctional (methjacrvlate monomers can also be used that have

26 functiopalitics higher than 2, such as trifunctional, tetrafunctional, and the like.
Additionally, mixtures of multifunctional (methacrylate monomers can also be used.

Smee the moltifunctional (methacryiate monomers have functionalities of 2 or

greater, these monomers serve as crosshinking agents and crosslink the forming polvmer.

The amount of multifunctional (methjacrylate monomer is controlied to prevent the

[V
L

polvmer from becoming mflexible. Tvpically the curable ink composition comprises less

than 20% by weight of the multifunctional {(methjacryvlate monomer or monomers. More

-17-
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tvpically the curable imk composition comprises 10% or even less than 16% by weight of
the multifunctional (meth)acrylate monomer or monomers.

The curable ink composition also comprnscs at least one photoimitiator, meaning
that the mitiator is activated by light, generally ultraviolet (UV) light, although other light
sources could be used with the appropriate choice of intiator, such a visible light initiators,
infrared light minators, and the hke.  Typically, UV photomitiators are used.
Photoinitiators are well understiood by one of skill m the art of (methjacrviate
polvmerization. Examples of suitable free radical photoinitiators include IRGACURE
4265, IRGACURE 84, IRGACURE 651, IRGACURE 1173, IRGACURE 819,
IRGACURE TPO, IRGACURE TPO-L, commercially available from BASF, Charlotte,
NC.

Generally the photomitiator is used m amounts of 0.01 to 10 parts by weight, more
tvpically 0.1 to 2.0, paris by weight relative to 100 parts by weight of total reactive
components.

The curable ink composition may contain additional reactive or unreactive
components, but such componenis are not necessary and should be used with care to
ensure that they are not detrimental to the final properties of the formed {meth)acrviate-
based polymer. As mentioned above, the curable ink composition is substantially free or
free of solvent. The ink formulations may also contain polymerization inhibitors, light
stabilizers {e.g. hindered amines), svnergists, antioxidants, catalysts, dispersants, leveling
agents, and the like as needed or desired.

Also disclosed herein are articles, particularly multilaver articles comprising a
substrate, and an norganic basrier fayer, with a cured organic fayer between them, where
the cured layer functions as a decoupling laver. The substrate may optionally have an
inorganic coating laver present on its surface, so that the cured organic layer may be in
contact with substrate surface or with the optional morganic coating fayer.

This article is shown in Figure 1, where article 100 comprises substrate 110 with
cured organic layer 120 adjacent to the substrate, and inorganic barrier layver 130 in contact
with cared organic laver 120. Figure 1 also mncludes optional morganic layer 140 which is

in contact with substrate 110 and in contact with cured organic layer 120,

-1 &-
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Substrate 110 mncludes a wide array of flexible and non-flexible substrates. For
example substrate 110 may be glass or a relatively thick tayer of a polymeric material such
as PMMA (polvmethyl methacrviate) or PC (polycarbonaie). Alternatively, substrate 110
may be flexible polymenc film such as films of PET (polvethviene terephthalate), PEN
{polvethyviene naphthalate), PC {polycarbonate), polvimide, PEEK (polvetherether ketone},
and the like.

Cured organic laver 120 15 a (methyacrylate-based cured layer of the curable mk
compositions described above.  Again, it is important to note that while the curable
composition 15 described as an “ink”, this just means that the composition is printable and
not necessarily that the cured organic fayer 120 has been printed, smee as described above,
other coating methods can also be used. In many embodiments, however, the cured
organic laver 120 has been coated by printing, especially inkjet printing, and then has been
cured. Cured organic layer 120 has all of the properties described above, namcly the layer
has a thickness of from 1-16 micrometers, the laver has a refractive index of 1.55 or
greater, and is optically clear. Addibonally, in many embodiments, the cured organic layver
120 has a surface roughness of less than or equal to 10 nanometers, in some embodiments
leas than or equal to 5 nanometers.

The mmorganic laver barrier layer 130 in contact with cured organic laver 120 can be
prepared from a variety of materials including metals, metal oxides, metal nitndes, metal
oxynitrides, metal carbides, metal oxybondes, and combinations thereof. A wide range of
metals are swiable use in the metal oxades, metal nitrides, and metal oxynitrides,
particularlv suitable metals include Al Zr, 81, Zn, Sn, and Ti.

While the refractive index of the inorganic barrier layer 130 is not particularly
limited, generally it is greater than 1.60, and in many embodiments the refractive index of
the inorganic barrier layer 15 1.70 or greater. One particularly suitable inorganie barrier
laver material is silicon nitnde.

The thickness of the inorganic barmer layer 130 is not particularly hmited,
generally it 13 between 20 nanometers and 1 mucrometer (1000 nanometers). More
tvpically the thickness s from 20 nanometers to 100 nanometers.

The norganic barrier laver can be deposited on the cured orgamic laver 120 m a

varicty of ways. In gencral, anv suitable deposition method can be utidized. Examples of

=19
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suitable methods mclude vacuum processes such as sputtering, chemical vapor deposition,
metal-organic chemical vapor deposition, plasma enhanced chemical vapor deposition,
cvaporation, sublimation, clectron cvclotron resonance-plasma enhanced chemical vapor
deposition, and combinations thercof

In many embodiments, the substrate 110 has inorganic layer 140 disposed thereon.
In these embodiments, the cured organic layer 120 is in contact with the inorganic laver
140 instead of being m direct contact with the substrate 110 stself. The inorganic laver 140
1s similar to inorganic barrier laver 130, and may in fact be a barrer laver. The
composition and properties of norganic laver 140 are the same as for inorgamic barrier
layver 130, Inorganic laver 140 and inorganic bamier layer 130 may comprise the same
material composition or they may be different.

Figure 2 shows a device that includes the multlaver article of the present
disclosure. Figure 2 shows device 200 comprising substrate 210 with device 250 disposed
on substrate 210, As with Figure 1 above, cured organic layer 220 is adjacent to the
substrate and device 250, and morganic barrier layer 230 in contact with cured organic
laver 220. Figure 2 also includes optional inorganic layer 240 that is in contact with
substrate 210 and device 250 and 1s in contact with cured organic laver 220, Optional
layver 260 may be a single laver or multiple layers and may include both organic and
inorganic layers and may include adhesive lavers, optical layers, and the bke. Layers 210
(substrate}, 220 {cured organic laver), 230 {imorganic barrier layer), and 240 {optional
morganic laver) are the same as described above for Figure L

Device 250 may comprise a varicty of devices, especially optical devices that for
which the use of an incrganic barrier layer is useful.  Among the particulady sustable
devices are OLED devices. OLED devices have been deseribed above.

Also disclosed herein are methods for prepaning articles, especially optical articles.
These methods comprise, providing a substrate with a furst major surface and a second
major surtace, providing a curable ink composition, disposing the curable ink composition
on the second major surface of the substrate t¢ form a curable fayer, and curing the curable
laver to form a cured organic layer with thickness of from 1-16 micrometers, where the
cured organic iayer has a refractive index of 1.55 or greater and is optically clear. In some

embodiments, the refractive index 1s at least 1.56, 1.37. 1.58, 1.59, 1.60, 1.61, 1.62, 1.63.

~20-
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1.64, 165, 166, 167 1.68, 169 or 170 In many embodiments, the surface roughness of
the cured organic layer is less than 10 nanometers, in some embodiments less than or equal
to 5 nanometers. To the surface of this cured orgamic laver is depostted an inorganic
barrier layer,

In many embodiments, the disposing of the curable ink composition on the second
major surface of the substrate to form a curable layer comprises printing, especially inkjet
printing. As described above, nkjet printing has a variety of desirable features that make
it particularly suitable for preparing the curable laver, including the ability to deposit
precise pattermns on complex substrates and form a uniform coating with a surface
roughness that 1s less than 10 nanometers, in some embodiments less than or equal to 5
nanometers.

The curable ink compositions used n this method are the curable ink compositions
described above. Since the curable ink compositions inchude a photoinitiator, curing of the
carable layer comprise photo curing, The nature of the photomitiator determine the curing
conditions, 1.¢. radiation wavelength used, duration of the exposure to radiation, etc.

As described above, the articles of this disclosure may include additional elements.
In some embodiments, the method may further comprise providing a device such as an
OLED, and placing the device on the second major surface of the substrate prior to
disposing the curable ink composition on the second major surface of the substrate to form
a curable layer. Also, the article may further comprise an inorganic layer disposed on the
substrate and device surfaces. In these embodiments, the inorganic laver is disposed on
the substrate and device surfaces prior to disposing the curable ink composition on the
second major surface of the substrate to form a curable laver. Additionally, as described
above, additional layers may be added to the exposed surface of the inorganic barrier after
the inorganic barrier layer 1s disposed on the cured organic layer.

The disclosure includes the following embodiments:

Among the embodiments are curable ink compositions. Embodiment 1 includes a
curable mk composition comprising: at least one aromatic {methjacrviate; at least one
multifunctional  (methjacrylate with heteroaromatic groups, fused aromatic groups,
heteroalkvlene groups, or a group contaiming both heteroalkvlene and aromatic groups; and

a photointtiator; wherein the ik composition is inkjet printable and is frec from solvents,

-2i-
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and wherein the ink composition when printed and cured has a refractive index of 1.55 or
greater, and 1s optically clear.
Embodiment 2 1s the curable ink composition of embodiment 1, wheremn the ink

composition has a viscosity of 30 centipoise or less at a temperature of from room

93}

temperature to 63°C.

Embodiment 3 is the curable ink composition of embodiment 1 or 2, wheremn the
ink composition has a viscosity of 30 centipoise or less at a temperature of from room
temperature to 35°C.

Embodiment 4 1s the curable ink composttion of any of embodiments 1-3, wherein

10 the at least ong aromatic (methjacrylate comprises a compound of Formula |

S f“\(

Formula I
wherein at least one R comprises an aromatic substituent; t 1s an integer from 1 to 4; and
i5 R2 is hydrogen or methvl.

Embodiment 5 is the curable ink composition of embodiment 4, wherein the
compound comprises at least one aromatic substituent R1 comprising: a substituted or
unsubstituted aromatic group of the type ~-CHs-Ar; or a heteroatom linked aromatic group
of the type -X-Ar, where X is 8 or O, and cach Ar is independently a substituied or

20 unsubstituted phenyl group, a fused aromatic group, or 2 or more alkyl group-linked
phenyl or substituted phenvl or substituted phenyl groups.

Embodiment 6 is the curable ink composition of embodiment 4 or 5, wherein the at

{cast one R1 group comprises:

. OO o5 o

Z, Wz P \J L S
AN OH

geeg UgJ

NS
9]

, OF =~h-Ar,
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where each = denotes the poini{s) of attachment to the aromatic ring of Formula §; and Ar
is a substituted or unsubstituted phenvi group, a fused aromatic group, or 2 or more alkyl
group-linked phenvl or substituted phenyl or substituted phenyl groups.

Embodiment 7 is the curable ink composition of any of embodiments 1-6, wherein

93}

the at feast one aromatic {methjacryvlate comprises a compound of Formula [A:

N
W,

Y !f::':::
G \fx o~ o
\ —
{\ %m -
7

Formula {A

10 wherein R2 1s H or (Hs; X 18 O, S, or a single bond, @ 5 O, 5, SiR; where R is an alkyl
group, a carbonyl group {C=0)}, an amino group NR where R 13 hyvdrogen or an alkyl, oran
50: group; n ranges from 0 to 10; and L is an alkylene group having 1 to 5 carbon atoms,
optionally substituted with hydroxyl groups.
Embodiment & is the carable ink composition of embodiment 7, wherein R2 is a hydrogen;
i5 nis 1, L is a -CHs- group, X is a single bond, and G is a sulfur.
Embodiment 9 i3 the curable mk composition of any of embodiments 1-8, wherein
the aromatic {meth)acrylate has a viscosity of less than 40 centipoise at 23°C and a

refractive index when uncured of less than 1.630 and having a structure of a Formula I

20 Formula [
Embodiment 10 s the curable ink composition of any of cmbodiments 1-9,

wherein the at least one aromatic (meth)acrylate has a refractive index of at least 1.50.

23
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Embodiment 11 is the curable ink composition of any of cmbodiments 1-10,
wherein the at least one multifunctional (methjacrviate comprises Formula I
HC=CR2-(CO)-0-A-C-(CO-R2C=CH,

Formula I}

93}

wherein R2 ig hydrogen or methyl; (CO) 15 a carbonyl group C=0; and A 5 divalent group
comprising a heteroaromatic group, a fused aromatic group, or a group containing both
heteroalkylene and aromatic groups.

Embodiment 12 is the curable mk composition of cmbodiment 11, whercin the A
group comprises a fluorcnvl group, or thiadiazole group.
10 Embodiment 13 1s the curable ink composition of embodiment 11 or 12, wherein

the at least one multifimetional (meth}acrylate comprises Formnida HA:

Formula HA

o
W

wherein each R2 is independently hydrogen or methyvl;, Z 15 -C(CHa)p-, -CHa-, G, S, 01 2
single bond; each Q 1s independently O or S; L is an alkviene group comprising 2-12
carbon ators; and v is an teger ranging from 0 to 10
Embodiment 14 is the curable ink composition of embodiment 13, wherein L
20 comprises a £3-Cs alkvlene group; Z is -C(CHs)z-, -CHo-land nis 0, 1, 2 or 3.
HEmbodiment 15 is the curable ik composition of any of embodiments 1-13,

wherein the at least one multitunctional {meth)acrvlate compnses:

S X ~ 7 Beelt
O e

o]
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Embodiment 16 1s the curable ink composition

wherein the ink composition comprises greater than

(meth)acrylate.

Wn

wherein the ink composition comprises greater than

(methjacryviate.

Embodiment 18 is the curable ink composition

wherein the ink composition compriscs greater than

10 {methacrylate.

Embodiment 17 is the curable ink composition

PCT/IB2017/058440

of any of embodiments i-15,

50% by weight of aromatic

of any of embodiments 1-16,

75% by weight of aromatic

of any of embodiments 1-17,

90% by weight of aromatic

Embodiment 19 1s the curable ink composition of anv of embodiments 1-18,

wherein the ink composition when cured to a thickness of from 1-16 micrometers, has a

sarface roughness of loss than or equal to 5 nanometers.

Also disclosed are embodiments of articles.

Embodiment 20 includes an article

i3 comprising: a substrate with a first major surface and a second major surface; a cured

organic laver adjacent to at least a portion of the second major surface of the substrate,

wherein the cured organic layer comprises a crosshinked {meth)acrylate-based layer and

has a thickoess of from 1-16 micrometers, and has a refractive index of 1.55 or greater,

and 13 optically clear; and an morganic barrier layer in contact with the cured organic laver.

20 Embodiment 21 1s the article of embodiment 20, wherem the subsirate comprises

an norganic coating layer present on the second major surface, such that the cured organic

layer is in contact with the morganic coating layer.

Embodiment 22 is the article of embodiment 20 or 21, wherein the cured organic

layer comprises a curable ink composition that has been printed and cured on at least a

,.
H
A

COMprises:

portion of the second major surface of the substrate, wheremn the curable ink composition

at least one aromatic {(methjacryvlate; at least one wultifunctional

{methlacrylate with heteroaromatic groups, fused aromatic groups, heteroalkyviene groups,

or a group containing both hetercalkylene and aromatic groups; and a photoinitiator; and

wherein the curable ink composition is inkjet printable and 1s free from solvents.
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Embodiment 23 is the article of any of embodiments 20-22, wherein the cured
organic layer has a surface roughness of less than 5 nanometers.

Embodiment 24 1s the article of any of embodiments 20-23, wheremn the inorgamc
barrier layer bas a refractive index of 1.70 or greater.

Embodiment 25 ig the article of embodiment 22, wherein the norganic coating
laver has a refractive mdex of 1.70 or greater.

Embodiment 26 is the article of any of embodiments 20-25, wherem the article
further comprises a device disposed on the second major surface of the substrate, and
adjacent to the cured organic laver.

Embodiment 27 13 the article of embodiment 26, further comprising an ingrganic
coating layver disposed on the device and on the second major surface of the substrate, such
that the cured organic laver is mn contact with the morganic coating layer.

Embodiment 28 is the article of embodiment 26, further comprising additional
substrates or layers in contact with the substrate, the inorganic barrier layer or both.

Embodiment 29 is the article of any of embodiments 26-28, wherein the device
comprises an OLED (organic hight-emitting diode).

Embodiment 30 1s the article of anyv of embodiments 22-29, wherein the curable
ink composition has a viscosity of 30 centipoise or less at a temperature of from room
temperatare to 65°C.

Embodiment 31 is the article of any of embodiments 22-30, wherein the curable
mk composition has a viscosity of 30 centipoise or less at a temperature of from room
temperature to 35°C.

Embodiment 32 is the article of any of embodiments 22-31, wherein the at least

one aromatic {meth)acrylate comprises a compound of Formnla It

Formula §
wherein at least one R1 comprises an aromatic substituent; t 1s an mieger from 1 to 4; and

RZ is hydrogen or methyl.

-2 6=
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Embodiment 33 is the article of embodiment 32, wherein the compound comprises
at least one aromatic substituent R comprising: a substituted or unsubstituted aromatic
group of the tvpe -CHz-Ar or a heteroatom linked aromatic group of the type -X-Ar,

where X 15 5 or O, and each Ar is independently a substituted or unsubstituted phenyl

5 group, a fused aromatic group, or 2 or more alkyl group-linked phenyl or substituted
phenvl or substituted phenyl groups.
Embodiment 34 is the article of embodiment 32 or 33, wherein the at least one Rl
SrOUp comprises:
(j\ MO, S O, /ﬁA i/ﬁ f\f \
SN, E /f Az i\ﬁg L H;éf -
. HO.\ PN / LOH
~NL AU
F, /,‘) e
N\ . .
10 , N , ! , O =~S-Ar,
where cach » denotes the point(s) of attachment o the aromatic ring of Formula §; and Ar
is a substituted or unsubstituted phenyl group, a fused aromatic group, or 2 or more alkyl
group-linked phenvl or substituted phenyl or substituted phenyl groups.
Embodiment 35 1s the article of any of embodiments 22-34, wherein the at least
i3 one aromatic {methjacrviate compnses a compound of Formula TA:
\% ------ ,{V
Q 1
A ““‘{\mea
Formula 1A
20 wherein R2 1s H or CHsz; X 15 O, S, or a single bond, Q13 O, 5, SiR» where R 18 an alkyl

group, a carbonyl group (C=0}, an amino group NR where R 1s hvdrogen or an alkyl, oran
SOh group; n ranges from 0 to 10; and L is an alkvylene group having 1 to 5 carbon atoms,

optionally substituted with hydroxyl groups.
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Embodiment 8 is the curable ink composition of embodiment 7, wherein R2 is a hvdrogen;
nis 1, Lisa-CHo- group, X 1s a simgle bond, and 3 1s a sulfur,

Embodiment 36 is the article of any of embodiments 22-35, wherein the aromatic
(meth)acrvlate has a viscosity of less than 40 centipoise at 25°C and a refractive index

5 when uncured of less than 1,630 and having a structure of a Formula HE

Formula Bl

Embodiment 37 is the article of any of embodiments 22-36, wherein the at least
ong aromatic {methjacrvlate has a refractive index of at least 1.50,
10 Embodiment 38 is the article of any of embodiments 22-37, wherein the at least
one multifunctional (methjacrylate compnses Formula I
HoC=CR2-(C0)-0-A-0-(CO)-R2C=CH
Formula I
wherein R2 is hvdrogen or methyl; (CO) 15 a carbonyl group C=0; and A s divalent group
15 comprising a heteroaromatic group, a fused aromatic group, or a group containing both
heteroalkylene and aromatic groups.
Embodiment 39 is the article of embodiment 38, wherein the A group comprises a
fluorenyl group, or thiadiazole group.
Embodiment 40 15 the article of embodiment 38 or 39, wherein the at least one

20 multifunctional (methjacryviate comprises Formula HA:

- ,;;:7\ Z 3,—’:‘:\-\:‘} R?
! J = I | P *’*‘\ a g
]

TP e Y v
/;"?—-»E---Q--WL L0 \T&

NN
O O

Formula HA
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wherein cach R2 is independently hydrogen or methyl;, 7 15 -C{(CHayp-, -CHa~, O, S, 0r a
single bond; each Q 1s independently O or S; L is an alkviene group comprising 2-12
carbon atoms; and 1 18 an mnteger ranging from 0 to 10.

Embodiment 41 is the article of embodiment 40, wherein L comprises a C»~Cs

alkylene group; 7 1s -C{(CHs Y-, -CHe- and nis 0, 1, 2 or 3.

93}

Embodiment 42 is the article of any of embodiments 22-41, wherein the at least

one multifunctional {methjacryviate comprises:

10 Embodiment 43 is the article of any of cmbodiments 22-42, wherein the ink
composition comprises greater than 50% by weight of aromatic {methjacrylate.

Embodiment 44 is the article of any of embodiments 22-43, wherein the ink
composition comprises greater than 75% by weight of aromatic (methjacrylate.

Embodiment 45 is the article of anv of embodiments 22-44, wherein the ink

i5 composition comprises greater than 90% by weight of aromatic (methjacrylate.

Also disclosed are methods of preparing articles. Embodiment 46 includes a
method of preparing an article comprising: providing a substrate with a first major surface
and a sccond major surface; providing a curable ink composition wherein the curable ink
composition comprises: at least one aromatic (methlacrylate; at least one multifunctional

20 (meth)acryvlate with heterocaromatic groups, fused aromatic groups, heteroalkylens groups,
or a group containing both heteroalkvlene and aromatic groups; and a photoinitiator; and
wherein the curable ink composition is free from solvents, and wherein the ink
composition when printed and cured has a3 refractive index of 1.55 or greater, and is

optically clear; disposing the curable ink composition on at least a portion of the second

N

major surface of the substrate to form a curable laver; cunng the curable laver to form a

curcd organic layer; and depositing an morganic barrier layer on the cured organic laver.
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Embodiment 47 is the method of embodiment 46, wherein disposing of the curable
mk composttion on the second major swrface of the substrate to form a curable layer
comprises inkjet printing,

Embodiment 48 is the method of embodiment 46 or 47, wherein cured organic
laver has a surface roughness that is less than or equal to 3 nanometers.

Embodiment 49 is the method of any of embodiments 46-48, whercin curing
comprises photo curing.

Embodiment 50 is the method of embodiment 49, wherein photo curing compriscs
providing actinic radiation comprising visible light, ultraviolet hight, or infrared light.

Embodiment 51 is the method of any of embodiments 46-50, wherein the cured
organic layer has a thickness of from 1-16 micrometers.

Embodiment 52 is the method of any of embodiments 46-31, further comprising
providing a device; and disposing the device on the sccond major surface of the substrate
prior to disposing the curable ink composition on the second major surface of the substrate
to form a curable laver.

Embodiment 53 15 the method of embodiment 52, further comprnising disposing an
morganic laver on the substrate and device surfaces prior to disposmg the curable ink
composition on the second major surface of the substrate to form a curable layer.

Embodiment 54 is the method of embodiment 52, further comprising disposing
additional layers to an exposed surface of the morganic barrier layer after the morganic
barrier layer is disposed on the cured organic laver.

Embodiment 55 is the method of any of embodiments 32-34, wherein the device
comprises an OLED (organic hght-emitting diode).

Embodiment 56 is the method of any of embodiments 46-55, wherein the curable
ink composition has a viscosity of 30 centipoise or less at a temperature of from room
temperature to 65°C.

Embodiment 57 is the method of any of embodiments 46-56, wherein the curable
ink composition has a viscosity of 30 centipoise or less at a temperature of from room
temyperature to 35°C.

Embodiment 38 is the method of any of embodiments 46-37, wherein the at least

one aromatic {methlacrylate comprises a compound of Formula I
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Ay

Rz

Rl 7 0
t ?:/
Formula |
wherein at least one R comprises an aromatic substituent; t 1s an integer from 1 to 4; and
5 RZ 1s hydrogen or methyl.

Embodiment 59 is the method of cmbodiment 38, wherein the compound
comprises at least one aromatic substituent R1 comprnising: a substituted or unsubstituted
aromatic group of the type -CHo-Ar; or a hetercatom linked aromatic group of the type -X-
Ar, where X s § or O, and cach Ar 1s independently a substituted or unsubstituted phenyl

10 group, a fused aromatic group, or 2 or more alkyl group-linked pheuyl or substituted
phenyl or substituted phenyl groups.
Embodiment 60 15 the method of embodiment 58 or 39, wherein the at least one R

group comprises:

. Nz L// g\ e L

15 k . . ' , or ==&=Ar,
where cach - denotes the poini(s) of attachment to the aromatic ring of Formula I; and Ar
is a substituted or unsubstituted phenyl group, a fused aromatic group, or 2 or more alkyl
group-linked phenyl or substituted pheny! or substituted phenyl groups.
Embodiment 61 1s the method of anv of embodiments 46-60, wherein the at least

20 one aromatic (meth)acrylate comprises a compound of Formula {A;

-3}
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'

Formula IA

wherein R2 1s H or CHs; X 158 O, S, or a single bond, Q15 O, 8, SiR» where R is an alkyl

5 group, a carbonyl group (C=0), an amino group NR where R 1s hvdrogen or an alkvi, or an
SOh group; n ranges from 0 to 10; and L is an alkvylene group having 1 to 5 carbon atoms,
optionally substituted with hydroxyl groups.

Embodiment 8 is the curable mk composifion of embodiment 7, wherein R2 1s a hvdrogen;
nis 1, L is a -CHo»- group, X is a single bond, and © 15 a sulfur.

16 Embodiment 62 is the method of any of embodiments 46-61, wherein the aromatic
(meth)acrvlate has a viscosity of less than 40 centipoise at 25°C and a refractive mdex
when uncured of less than § 630 and having a structure of a Formula HI:

Formula 1.

18 Embodiment 63 is the method of any of embodiments 46-62, wherein the at least

one aromatic {methjacrylate has a refractive index of at least 1.50.
Embodiment 64 is the method of any of ¢mbodiments 46-63, wherein the at least
one multtfunctional (methyacrylate comprises Formula IL:
H,C=CR2~C0)-0-A-0-(CO}-R2C=CH;
20 Formula Il

wherein R2 is hydrogen or methyl; (CO) 1s a carbounvl group C=0; and A 1s divalent group
comprising a heteroarcmatic group, a fused aromatic group, or a group containing both

hetercalkylene and aromatic groups.
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Embodiment 65 is the method of embodiment 64, wherein the A group comprises a
fluorenyl group, or thiadiazole group.
Embodiment 66 is the method of embodiment 64 or 65, wherein the at least one

multifunctional (methjacrylate comprises Formula HA:

93}

Formula HA

wherein cach R2 1s independently hydrogen or methyl, Z is -C{CHs)-, -CHa-, O, S, ot a
16 single bond; each Q is independently O or 5; L is an altkviene group comprising 2-12
carbon atoms; and n is an nteger ranging from 0 to 10,
Embodiment 67 15 the method of embodiment 66, wherein L comprises a C2-Cs
alkviene group; Z s ~-C(CHz):-, -CHy~ and n 18 0, 1, 2 or 3.
Embodiment 68 is the method of any of embodiments 46-67, wherein the at least

15 one multifunctional (methacryiate comprises:

e

’ N N g ﬁx“ 5 o *-\!f
‘ b ;

Embodiment 69 is the method of any of embodiments 46~-68, wherein the ink
composition comprises greater than 50% by weight of aromatic {methjacrylate.
20 Embodiment 70 is the method of any of embodiments 46-69, wherein the ink
composition comprises greater than 75% by weight of aromatic (methacrvlate.
Embodiment 71 is the method of any of embodiments 46-70, wherein the mk

composition comprises greater than 90% bv weight of aromatic {methjacryliate.
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Also disclosed are embodiments of curable acrylates. Embodiment 72 includes a
curable acrvlate compound with a viscosity of less than 40 centipoise at 25°C and a

refractive index when uncured of less than 1.630 and having a structure of a Formula I

Formula I

Examples

High refractive-index inkjet ink compositions were prepared. The materials were
applied to substrates and the physical, optical and mechanical propertics were evaluated as
shown in the following examples. These examples are merely for illustrative purposes only
and arc not meant to be linuting on the scope of the appended claims.  All parts,
percentages, ratios, eto. in the examples and the rest of the specification are by weight,
unless noted otherwise. Solvents and other reagents used were obtamed from Sigma-
Aldrich Chemical Company, St. Louis, Missouri unless otherwise noted.

Table 1. Table of matenials used in the examples

Material Bescription
Abbreviation
Mi Biphenvlimethyl acrylate, available from Miwon Inc. Exton, PA.,

as MIRAMER M119Z2H

M2 Bisphenol fluorene diacrviate available from Miwon Inc. Exton,
PA . as MIRAMER HR6060

PHI Photomitiator, 50/50 nuxture of 1- 2-hydroxy-2-methyl-1-phenyl-
Propanone/  diphenyl{2,4,6,-trimethylbenzoyhphosphine  oxade
available from BASF Wyandotte, ML, as IRGACURE
4265

SisNy 500am PECVD deposited film on silicon wafer, available from
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Stlicon Valley Microelectronics (Santa Clara, CA)
INK1 Ink, Mimaki UV Curable Clear Ink available from US Cutter Inc.,
Redmond, WA, as LHI00-CL-BA

51 Para-{phenylthic) benzyl alcohol available from Alfa Chemistry,
Holtsville, NY

BCM CH,Cl, Dichloromethane available from EMD Millipore part of
Merck KGaA, Dammstadt, Germany

TEA Tricthvlamine avauable from EMD Milliporc part of Moerck
KGaA, Parmstadt, Germany

52 Hexane available from EMD Millipore part of Merck KGaA,
Darmastadt, Germany

53 Ethyl acetate available from EMD Millipore part of Merck KGaA,
Darmstadt, Germany

BHT Inhibitor 2,6-Di-tert-butyl-4-methviphenol, available from Alfa
Aesar, Haverhill, MA

Test Methods

Coatings for the optical tests were made on 2 mil thick PET (MELINEX 542,
TEKRA Inc., New Berlin, WI } using a wire-wound rod (Model: RDS10, RDS Specialties,
Webster, NY). Ultraviolet (UV) cunng of the films was performed immediately afier
coating using a “Light Hammer” systern (Heracus Noblelight Fusion UV Inc,
Garthersburg, MD) using a “D-bulb” with two passes of the conveyor belt running at 30

feet per minute.

Test Method 1 Transnussion. Haze. Clantv, and b* Measurements

The measurement of average % transmission was conducted with a haze meter
{(BYK Gardiner, under the trade designation “BYK HAZEGARD Plug, Columbia, MD™)
based on ASTM DI003-11. b* was measured using an X-Rite™ 5P62 portable
spectrophotometer (X-Rite, Grand Rapids, Mi).

Test Method 2: Refractive Index Measurements
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The refractive index of the uncured liquid ink was measured using an automatic
digital refractometer (Model: 3357, Rudolph Research, Hackettstown, NJ). Afier coating
and UV-curing, cured ink films on PET substrates were measured using a digital prism
coupler (Model 2010, Metricon Inc., Pennington, NJ} at 404 nm, 5332 nm and 632.8 nm

following the method outlined 1o ASTM C1648-12.

Test Method 3: Adhesion Test

For the adhesion tests, a glass syringe with a 23 gauge needle was used to deposit |
drop (~0.06 ml) on the surtace of the glass shides or the silicon nitride (S1:Ny) wafer while
the needle was in light contact with the substrate. The substrates were UV cured as
described above. The glass syringe was cleaned between each sample with acetone and
isopropanol, and a new needle was used for each sample. A strip of new, unused 810
SCOTCH MAGIC tape OM Company, St. Paul MN) was pressed down to the cured
adhesive with a squeegee for two seconds then rapidly pulled up. Aoy amount of adhesive
that was removed was recorded as a fail. The films were scored by assigning a “17 {0 a
pass, and “07 to a fail. It was important there were no bubbles caused by debns between
the adhesive and the substrate and the test was not conducied on an edge, as both artifacts
could cause a failure. On the glass substrate, three tape peels per sample were performed
and averaged to give the values below. On the silicon nitride substrate, only one tape peel

per sample was performed.

Test Method 4; Cross-Haich Adhesion Test

ASTM D3359.17656-1 defines parameters for the cross-hatch adhesion test. This
test defines a method to score 8 overlapping right angle cuts {4 in one direction, 4 in
anocther) in a cured resin on a substrate in a patiern that resembles a hash mark (#). A piece
ot polvester tape with silicone adhesive (3M Polyester Tape 8992, 3M Company St. Paul,
MN) was laminated over the cut and then rapidly pulled up. A score was given based on
the number of squares {defined by the spaces in the hash mark patiern} that remain on the
substrate.

5- The edges of the cuts were completely smooth with no squares of the lattice
detached.

=3H-
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4- Small flakes of the coating were detached at intersections. Approximately 5% of
the arca was affected.

3- Flakes of the coating were detached along edges and at intersections of cuts. The
arca affected was approximately 15% of the lathice.

Wn

2- The coating flaked along the edges and on parts of the squares. The area affected

was 15% to 35% of the latiice.

1- The coating flaked along the edges of cuts n large ribbons and whole squarcs
had detached. The area affected was 35% to 65% of the lattice.

0- Flaking and detachment was greater than 63% of the lattice.

10

Test Method 3: Ink Viscosity Megsurements

17 mL of each ink formulation was loaded into a 25 mm diameter double gap
coaxial concentric cvlinder apparatus (DIN 33019) on a viscometer (BOHLIN VISCO 8§,
Malverm Instruments Lid, Malvern, UK). A theomal jacket equipped to the double gap coll
15 allowed for the flow of recirculating water heated to 25°C and 35°C, respectively, and the
svstem was allowed to equilibrate for 1 hour at cach temperatore prior to taking cach
measurement. The shear rate was ramped from 100 to 1000 Hz, at 160 Hz intervals, and
the measurement was repeated three times. An average across all data points was taken as
the viscosity, in centipoise, for all measurements.
20
Test Method 6; Ink Surface Tension

15 mk of each ink formulation was loaded into a disposable plastic cup and the
surface tension was evaluated at ambient tomperature using a digital surface tensiometer

(Mode!l KI108T, KRUSS GmbH, Hamburg, Germany) using the du Noily ring method.

[N
(¥4

This method is described mn detail in du Noty, Pierre Lecomte {1925), "An Inferfocial
Tensiometer for Universal Use” The Journal of General Physiology. 7 (5): 625-633 as
well as m ASTM D971-12, “Standard Test Method for Interfacial Tension of 01l Against
Water by the Ring Method,” (ASTM International, West Conshohocken, PA, 2012).

Correction tactors for the measurements were made according to Harkins and Jordan for
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different density differences at 20°C (W.D. Harkins and H ¥ Jordan, I Am. Chem. Soc,,
32 {1930) 1751).

Test Method 7: Mandrel Bend Test

93}

A cvlindrical mandrel bend tester (Elcometer 1506, Elcometer Inc. Rochesier Hills,
Michigan, Part# K1506M201) was used to measure the mechamcal flexibility of the films
under fension following the procedures outlined in ASTM D322, 2.5 inch by 4.5 inch
strips of film were cut with a new razor for each sample. The largest mandrel was placed
into the mandrel bend test fxture first and the sample was loaded into the vice so the film
10 faced away from the mandrel and the substrate was in light contact with the mandrel. The

bending lever was tightened until it contacted the film, then loosened an eighth of a turn s0

that there was no pressure between the rollers and the sample. The bending lever was then
pulied until it reached the stop position. The sample was then released from the vice and
the bending lever was loosened to permit the removal of the sample. The sample was
15 studied for damage using a light table. If no cracks were detected, the next smaller mandrel
was selected and the method was repeated until damage was detected. The diameter upon

which the film first started to crack was recorded as the overall faul radius m nullimeters.

Test Method 8: Percent Sohids Measurement

20 The percentage of volatile components was measured using a Moisture Analvzer
{(Model # HB43, Mettler Toledo, Greifensee, Switzerland) operated at 80 °C. 4-3g of ¢ach
mk formulation was dispensed onto a picce of filter paper inside the test chamber. The
butlt-in halogen lamp heated up the sample to the target temperature. The weight of the

sample was measured continuously vatil it reached an equilibriom and the percentage of

[\
W

weight remaining on the filter paper was recorded.

Test Method 9 Inkiet Prunting and Drop Analvsis

The substrates used were wafers that were coated with 500 nanometers of PECVD-
deposited silicon nitride (available from Silicon Valley Microelectronics). The substrates
30 were cleaned by ozone tor 10 minutes in a bench-top ozone treater (NovaScan, PSD Pro-

Series Pigital UV Ozone System, Ames, fowa).
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The formulations were loaded into the inkjet cartridge {10 pb, DIMATIX DMC-
11610, available from Fuifilm). The cariridge was loaded into the inkjet printer
(FUHFILM DIMATIX DMP-2850, available from Fupfilm Dimatix Inc., Santa Clara,

USA). The ink jet printer was used to make 10 cm by 10 con squares on the silicon nitride

93}

wafer.

To test the stability of the ink over time, the ink was jetted and then the loaded
cartridge was allowed to sit for 3 hours and 1 week, respectively, before jetting again. The
quality of the inkjetted drops were observed using a high-speed camera running at 15
frames per second and Fupifilm Dimatix “Drop Watcher” software.

10

Test Method 10: Surface Roughness Measurement

Atomic torce microscopy was used to measure the surface roughness of the inkjet printed
square patterns. Atomic force microscopy (AFM) was performed on a Veeco Dimension
Icon microscope operated in tapping mode uader ambient conditions. Olympus OMCL-
13 ACI60-TS cantilever tips were used during operation (spnng constant = 26 N/m,
frequency = 300 kHz, tip radivs < 10 nm). Image sizes were 500nm < 100 nm and surface
roughness analysis of the height topography was conducted on 3 images for cach sample.

The average was recorded.

20 Test Method 11: Gas Chromatographv/Mass Spectrometry (GC/MS)

The sample s dissolved in acetone at 1 wi% and 5 uL of tlus sample was mjected
into an Agilent 6890 gas chromatograph with mass selective detector under the following
conditions: Inlet temperature 250°C with 75 mb/min hydrogen flow and 30:1 split ratio.
Column 1s HP10-018-433 “HP-SMS 3% Phenyl methyl siloxane”, 30 meters i length

25 with 250 nuicron diameter. Oven conditions: fnitial terperature 73°C with 1 minute hold,

followed by 20°C/munute ramp to 300°C final oven tomperature.

Example Preparation

Svnthesis 1 Synthesis of para-thiophenvi benzyl acrviate (FTPBA)
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EisN, CHCl
Overnight, RT

To a 2L two necked round bottomed flask was added 100g (0463 mol} of para-
{(phenvithio)benzyl alcohol (S1) followed by addition of 350 mb of dichloromethane
(DCM). The solution was sturred, and to it was added 77 mL (56 g, 0.5556 mol) of
trimethylamine (TEA} The flask was then placed in an ice bath, and the soclution was
stirred under Na- atmosphere. 56.3 mbL (62.7 g, 0.6944 mol) of acryloyl chloride m 100
mL dichloromethane {(BUM) was added dropwise to the stimng solution (under ice bath)
using an addition funnel, which was connected fo a drying tube that contained DRIERITE
(W A Hammond Drierite Co., LTD, Xenia, OH). Aficr the addition was complete, the
solotion was warmed to RT, and stirred ovemight under N: atmosphere at room
temperature.

Completion of the reaction was assessed by thin-layer chromatography of the crude
reaction using 5:1 82:83 as the mobile phase. The tlask was placed in an ice bath, and the
reaction was quenched using saturated sodium bicarbonate. Most of the DCM was
evaporated using rotary evaporation. The crude sohution was then taken in 53, and the
organic part was extracted using water (2 times) and brine {once). The organic layer was
dnied over MghQy, filtered, and the solvent was evaporated to vield the crude product as a
brown oif. Wiped film evaporation distillation {conditions 140 deg € jacket, 22 mTorr
vacuum, 10 C condenser low flow) followed by column chromatography (5:1 82:83 as the
mobile phase) of the crude product gave 76 g of the pure product as a colorless o1, 7 mg
of BHT (inhibitor) was added into the final acrylate. 'H NMR (500 MHz, CDCl): 7.24-
7.4 (9H, m), 644 (IH, m), 6.15 (1H, m), 5.84 (IH, m), 5.16 (ZH, s). The viscosity
(measured using Discovery HR-2 hybrid rtheometer, TA instrument, New Castle, DE)} at
25°C was 13 centipoise, and refractive index (measured using Bausch and Lomb Abbe

refractometer, Bausch and Lomb, Rochester, NY) was 1.604.

Svnthesis 2: Svnthesis of 1-napthvl acrvlate (1-NA):

~40-
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200 g of naphthalene-1-ol was dissolved in 1 L of dry tetrabvdrofuran. 151 g tnethylamine
(TEA) and 3 4 g dimethylaminopynidine were added to the solution, and the solution was
cooled on an ice bath while sturing. 132 g acrvlovl chlonde was added slowly while
maintaining agttation. The solution was allowed to warm to room temperature overnight.
The GC/MS Test Method was used to find when the 1-naphthol was consumed. Then the
mixture was poured over water and the organic material extracted with §3. Solvent was
removed under reduced pressure and the product was purified by thin film disullation to

obtain 152 g of product as a clear colorless hiquid.

Svnthesis 3: Svnthesis of 1.3 4-thiadiazole-2 5-divhibist sulfanedivhbis{ethane-2 1 -divl

diacrviate (TDZDA)

Step 1:
& I~on a
| o~ A S ;
HS"'&S)\‘SH NaOH, H,0 HO g 5 o0
80 - 95% yield
2.2'-{(1,3. 4-thiadiazole-2 5-diyhbissulfanediviybis(ethan-1-60)
TDZ-OH
Stlep 2: o
N—N
AN S e A
s
HO~ g o O DMAP, Et;N
CH.CL; C

45 - 55% yield
{(1,3,4-thiadiazole-2 5-diyhibis(suifanadiyl))bis{ethanae-2 1-diyl) diacrylate
TOZDA

Step 1: Synthesis of 2,2 °-({1, 3, 4-thiadiazole-2,5-diyi)bis (sulfanediyi)bisiethan- 1 -0l) (FDZ-
OH}

Sodium hydroxide (21.0 g, 525 mmol) was placed in a round bottom flask with a stir bar
and dissolved i water (80 mb). 1,3 4-Thiadiazole-2 5-dithiol (38.6 g, 257 mmol) was
added slowly and the mixture stivred for 1 hr untid the solution became homogeneous.
After such time, 2-chloroethanol (40 mL., 600 mmol} was added dropwise. The mixture
was heated to 60 °C for 2 hr and then allowed to cool to RT. The product precipitated trom
sohution and was filiered and dried in a vacuum oven {60 °C, | torr} overnight. A white,

crystalline solid was obtaimed (53.2 g, 87% vield).
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Step 7. Synthesis  of 1,3 4-thiadiazole-2, 3-diylibis(sulfanedivijbisiethane-2, ] -divi)
diacrylate (TIDZDA)

Into a flame dried 2-neck flask equipped with a stir bar and addition funnel, was placed
5 TDZ~-0H (50.0 g, 210 nunol). Dichloromethane (DUM) (400 mL) was added along with 4-
dimethylaminopyridine (2.36 g, 20.7 mmol} and trimethylamine (TEA) (80 ml, 574
mmol). The system was flashed with N» and a mixture of acryloyl chioride {65 mL, 799
mmol) and dichloromethane (DCM) (100 ml) was added to the addition funnel. The
reaction flask was cooled to 0 °C with an ice bath and the acrviovl chionde/CH(la
10 puxture was added slowly, dropwise over several hours. The reaction mixture was stirred
overnight, warming to RT. After such time, the mixture was cooled to 0 °C and then
quenched with methanol (20 mL), followed by a saturated agueous solution of sodium
bicarbonate. The organic layer was separated from the aqueous laver and washed with
water, followed by brine, dried (Mg504), filtered and concentrated. The viscous oil
15 obtained was purified by automated flash chromatography (Biotage Isclera) with 52/83

and a pale vellow liguid was isolated (41.1 g, 57% yield).

Svathesis  4: Svnthesis  of 1.3 4-thiadiazole-2 5-divDibis{sulfanedivlibis{ethane-2_1-

divhibis(Z-methvigerviate) (TRZDBMA)

20
N—N
O\V/A\S/QQS/&\SWO
O G
{{1,3,4-thiagiazole-2,5-divlibis{sulfanadiyi))bis(ethane-2, 1-divl} bis(Z-methylacrylate)
TOZOMA
Into a flame dried 2-neck flask cquipped with a stir bar and addition funnel, was placed
TDZ-0H (64.0 g, 268.5 mmol}. Dichloromethane (DCM} (450 mL) was added along with
tricthylamine (TEA) (123 mL, 882 mmol}. The system was flushed with N; and
25 methacrylic anhydride (100 mi, 670.1 mmol) was added to the addition funnel The

reaction flagsk was cooled to 0 °C with an ice bath and the methacryvlic anhvdride was
added slowly, dropwise over several hours. The reaction mixture was stirred ovemnight,

warming to room temperature. After such time, the mixture was cooled to 0°C and then

i
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quenched with a3 slow addition of water (20 mL). The mixture was transferred to a
separatory funnel and the organic tayer was separated from the agqueous layer. The agueous
layer was extracted with dichioromethane (DCM) (2x} and the combined organic layers
were washed with 10% aqueous NaOH and brine. The organic layer was then dried
{(Mg80y), filtered and concentrated. The viscous ol obtained was purified by astomated
flash chromatography (Biotage Isolera) with 82/83 and a white solid was 1solated (54.9 g,

55% vield),

Svanthesis 3: Svothesis of 4.4 -bis{{aciviovioxvethvithuoydiphenvisulfide] {BADS)

BADS was synthesized according to the method described in You et al., Jowrnal of

Polvmer Science: Part A: Polymer Chemistry, Vol. 48, 2604-2609 (2010).

43
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Formulations:

Table 2. Table of Formulations

Material (wt. %)

Example # | M1 | PTPBA | I-NA | BADS | TDZBA | TDZDMA | M2 | INKI

El 100
E2 9
E3 95 5
B4 93 5
ES 100
E6
E7
B8 50 50
E9 100
E10 &0 20

Ell 95

Ei2 100

E13 93

Ei4 05 5

El5 93

CEl 100

W
(v ]

o
i
[ ]

~d
L
NI
(v ]

Wn

(¥,

W

(¥4

Examples:
Ink Preparation

Except for CE1, 0.5 wt.% (based on total resin solids) PHI was added to each of
the tormulations above and were mixed 1 an amber vial until homogenous using a
sonicating bath. Examples were tested using the Test Methods histed above. Results are

10 shown in Tables 3.4 and 5 below.

Results

iy
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Table 3. Measurement of Uncured Ink Properties

Viscosity {cps}

Example # % Solids 253°C  35°C Surface Tension Refractive Index
{dvne/cm}

El 99 77% 2473 133 41.60 1.59711
E2 99.72% 362 181 38.38 1.59795
E3 99 .66% 282 169 40.48 1.59631
4 99.67% 338 220 4128 1.59665
E5 99.27% 156 100 37.15 1.60243
E6 99.17% 172 124 3941 1.60162
E7 98.97% 241 156 40.19 1.59566
ER 99.04% 25 24% 41.12 1.5902
E9 97 58% 166 671 41.82 1.57783
El0 99.22% 19.5 13.0 36.04 1.5957
Eli 99.38% 181 1.7 3870 1.6022
E12 99.70% 280 157 41.67 1.60161
Ei3 99 67% 359 218 40.99 1.60237
El4 99.64% 329 178 41,95 [.60056
E15 99.65% 423 246 4192 1.60098
CEl 72.92% 19.5 12.9 26.66 1.485003



WO 2018/122748 PCT/IB2017/058440

Table 4. Measurement of Cured Ink Film Optical Properties

Optical Properties Refractive Index
Example # Transmission  Haze Clarnity b* 633nm  532nm 404 nm
El 89.9 0.24 997 118 1.629 1.652 1.686
E2 89.8 0.38 99.1 124 1.630 1.643 1657
E3 89.9 0.24 98.9 1.32 1.629 1.641 1.655
E4 89.9 0.20 99.2 £.21 [.634 1.640 1.654
E5 89.9 0.91 95.9 1.27 1.642 1.651 1.693
£E6 89.9 0.2 99 4 1.39 1.642 1.651 1.693
E7 97.2 75 134 2.75 [.642 i.651 1.693
E% 913 84.7 135 2.86 P.642 1.651 1.693
£9 88.6 0.36 160 1.50 1.622 1.633 1.669
Ei0 50.3 0.56 994 1.25 1.626 1.633 1.679
Elt 89.9 175 97.5 131 1.626 1.633 1.679
Ei2 7.6 8.93 93.9 10,98 1.629 i.644 1.698
Ei3 89.6 0.17 160 5.27 1.638 1.654 1.673
Ei4 90.3 0.41 99.3 10.35 1.620 1.635 1.652
Els 86.8 0.41 98.7 8.95 1.628 1.641 1.660
CEl 91.3 0.14 100 1.55 1.527 1.531 1.548

4 6=
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Table 5. Adhesion and Mechanical Properties of Cured Films

Peel Test Cross-Hateh Test Mandrel Bend
Test
Example # (lass Si3N4 Glass SizNg Fail
Radius (mm)
El 1.00 I 433 4 20
E2 1.60 i 5.00 5 20
E3 1.00 I 5.00 5 25
E4 1.60 i 4.67 3 4
E5 1.60 1 5.00 i 2
E6 1.00 I 5.00 1 2
E7 1.00 i 5.00 1 DNC**
ES 0.33 ) 3.00 N/A* 2
ES 1.60 i 3.00 O 2
El10 1.00 i 5.00 1 16
Ell 1.00 I 5.00 ] 3
Eiz 0.00 0 N/A N/A DNC
E13 1.00 i 5.00 5 19
El4 1.60 i 4.67 5 2
E15 0.33 1 5.00 5 20
CE1 1.00 0 .00 N/A 6
*:= gample was not tested
**= did not crack with any of the available mandrels
Inkjet Printine Results
dable 6
Example l time Thickness Rg Ra Rimax

-47-
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Name (he) {urm} (i} (o} {rum)

) 0 .98 0.40 0.40 3.98
CE1

3 - 0.44 0.44 416

0 10.5 0.20 0.20 192

3 ~ 031 031 167

Visual observation of drops from both the CE1 and E6 formulations at time=0 and
time=3 hr confirmed formation of spherical drop shape with no observable satetiite drop
formation. However, after 1 week sitting at room teraperature, the CE1 formulation was no

longer able to be inkjetted, while the E6 formulation remained stable.

-48-



WO 2018/122748 PCT/IB2017/058440

What is claimed is:

1. A curable mk composifion comprising:
at teast one aromatic {methjacrylate;

at least onc nuwlitifunctional (methjacryvlaie with heteroaromatic groups, fused

5 aromatic
groups, hetercalkylene groups, or a group containing both hetercalkylene and
aromatic
groups; and
a photomitiator;

10 wherein the ink composition is inkjet printable, having a viscosity of 30 centipoise or less
at a temperature of from room temperature to 35°C, and 1s fiee from solvents, and whergin
the mk composition when printed and cured has a refractive index of 1.55 or greater, and
is optically clear.

i5 2. The curable ink composition of claim 1, wherein the at least one aromatic
{meth)acryvlate comprises a monofunctional (meth)acryvlate compound of Formula @

o
N
A R2
Formula |
26 wherein at least one R1 comprises an aromatic substituent;

18 an integer from 110 4; and

R2 18 hydrogen or methyl.

3. The curable ink composition of claim 2, wherein the monofunctional (methjacrylate

25 compound comprises at least one aromatic substituent R1 comprising:

a substituted or unsubstituted aromatic group of the type -CHo-Ar; or
a heteroatom linked aromatic group of the tvpe -X-Ar, where X 1s 8§ or O, and
wherein
cach Ar 18 mndependently a substituted or unsubstituted phenyl group, a fused
30 aromatic

4G



WO 2018/122748 PCT/IB2017/058440

group, of 2 or more alkyl group-linked phenyl or substituted phenyl or substituted

phenvi groups.

4. The curable ink composition of claim 3, wherein the at least one R1 group comprises:
] -~

©\ O.\»\ \I O\* \\\r/\* 3 O\‘k AN i

I./‘\ HeC - d
CaorpacNey
--------- A N/ k

where ¢ach » denoctes the point{s) of attachment to the aromatic ring of Formula |;

, O ~&8-Ar,

and
Ar is a substituted or unsubstituted phenyl group, a fused aromatic group, or 2 or
10 more

alky! group-linked pheny! or substituted phenyl or substituted phenvi groups.

5. The curable ink composition of clatm 1, wherein the at least one aromatic

(meth)acrylate comprises a compound of Formula [A:

15
<@
N/
G , - O
Ot
"}‘ R2
o
Formula 1A
wherein R2 1s H or CHj;
20 X1s G, 8, or a single bond;

Qs O, 8, SiRy where R 1s an alkvl group, a carbonyl group (C=0), an amino group NR
where R is hydrogen or an alkyl, or an SO» group;

11 is an integer ranging from 0 to 10; and

-50-
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L is an alkylene group having 1 to 5 carbon atoms, optionally substituted with hydroxyl

groups.

6. The curable ink composition of ¢laim 5, wherein
R2 1s a hydrogen;

1 18 ZEro;

X is an oxygen; and

} 1s a sulfur,

7. The curable ink composition of claim 1, wherein the at least one aromatic

(meth)acrvlate has a refractive index of at least 1.50.

& The curable ink composition of claim 1, wherein the at least one multifunctional
{methacrylate comprises a compound of Formula H:
HoC={R2-(CO}0-A-O-{(CO)-R2C=CH:
Formula If

wherein R2 1s hydrogen or methyl;

{CO} 15 a carbony! group C=0; and

A 1s divalent group comprising a heteroaromatic group, a fused aromatic group, a

heteroalkviene group, or a group containing both heteroalkylene and aromatic

LToups.

9. The curable ink composition of claim 8, wherein the at least one multifunctional

{methjacrvlate comprises a compound of Formula [TA:

.z A
o ™~
R m \"\ R2.
______ 2a A 5
'----K\ ‘ ]/Q/ S S Ql‘ﬁ,‘?\i_mﬂ‘if
f"{"‘O“‘ Ln - Y oinNy,
/4 0
9]
Formula A
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wherein each R2 is independently hvdrogen or methyl;
Z1s ~C{CHa)p-, -CHo-, O, §, or a single bond;

cach Q is independently O or 5;

93}

L is an alkviene group comprising 2-12 carbon atoms; and

1t is an integer ranging from 0 to 10.

10. The curable ink composition of claim 9 wherein the at least one muliifunctional

(methacrylate comprises:

10

11. The curable ink composition of claim 1, wherein the ink composition comprises

greater than 50% by weight of aromatic {methjacrvlate.

12, An article comprising:
a substrate with a first major surface and a second major surface;
a cured organic layer adjaceunt to at lcast a portion of the second major surface of
the
20 substrate, wherein the cured organic layer comprises a crosslinked {(methjacrylate-
based layer, and has a refractive index of 1.55 or greater, and 1s optically clear; and

an morganic barrer layer in contact with the cured organic layer.

25 13. The article of claim 12, wherem the cured organic layer comprises a curable nk
composition that has been printed and cured on at least a portion of the sccond major

surface of the substrate,
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wherein the curable ink composition comprises:
at least one aromatic (meth)acrylate;
at least one multifunctional (meth)acrviate with heteroaromatic groups.
fused
aromatic groups, heteroatkylene groups, or & group containing both
heteroalkylene and aromatic groups; and
a photomitiator; and
wherein the curable ink composition is inkjet printable has a viscosity of 30
centipoise or less at a temperature of from room temperature to 35°C, and is free
from

solvents.

14. The article of claim 12, wherein the cured organic layer has a thickness of from 1-16

micrometers, and a surface roughness of less than or equal to 5 nanometers.

I5. The article of claim 12, wherein the articie further comprises a device disposed on the

second major surface of the substrate, and adjacent to the cured organic layer.

16, The article of ¢laim 15, wherein the device comprises an OLED (orgamic light-

emitting diode}.

17. A method of preparing an article comprising:
providing a substrate with a first major surface and a second major surface;
providing a curable mk composition whercin the curable ink composition
COMprises:
at least one monofunctional aromatic {(meth)acrviate;
at least one mudtifunctional (methjacrylate with heteroaromatic groups,
fused
aromatic groups, heterocalkyvlene groups, or a group containing both
heteroalkvlene and aromatic groups; and

a photomitiator; and
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wherein the curable ink composition is free from solvents, and wherein the
ink

composition when printed and cured has a refractive mdex of 1.55 or
greater, and

is optically clear;
disposing the curable ink composition on at least a portion of the second major
surface of the substrate to form a curable laver;
curing the curable laver to form a cured organic laver; and

depositing an inorganic barrier layer on the cured organic laver.

18, The method of claim 17, wherein disposing of the curable ink composition on the
second major surface of the substrate to form a curable layer comprises inkjet printing (o a

thickness of from 1-16 micrometers.

19. The method of claim 18, wherein cured organic laver has a surface roughness that is

less than 5 nanometers.

20. The method of claim 17, further comprising providing a device; and
disposing the device on the seccond major surface of the substrate prior to disposing the
curable ink composition on the sccond major surface of the substrate to form a curable

layer.

21, A curable acrylate compound with a viscosity of less than 40 centipoise at 25°C and a

refractive index when uncured of less than 1.630 and having a structure of a Formula IH:

Formula I

)
o]

2. A copolymer comprising the curable acrylate compound of claim 2.
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