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igh refractive indec (RT) sanendals, especially rediation curably high BT aterialy,
Hevee then rseed (@ wide pariety of sinical. pheantly, dnd elecironfc applicazions. Tl are
ALY STt desartds L nee maserlals which affer even figher RIL hivler perforin-
anie, and, especlaily ate felogen-fee becarse of reasing envinmteiial conens,
Achiwdng equivadent BT withowt the wse of lalegeraled mulerials howevar, has bas i major
burdlz witedl sowy A wtddde, frorgammic-organic fpbrtd nanacopoaite fechrolegy platfors has
been developed which significantly dnproves peroparticle compatitifion witl sorelaled resins
dted, pnost Dmporiand, minimizes viscosity frcredse {alilee worye nanoparticle dispersicons
which shemn varics degrees of fieinoy Decose of particle agglomerinions, this Trorganic-
oreatic hybrid funpcompasite techtintogy demors trafes excellent ertical irdnsparere:
Techmical results [rom fhe nedy developed high R techowfugies, alomg with existing wof-
ddagies for corgiariion fuopose, are disoussed tn this article.

INTRODUCTION

There is increasing demand for high retractive index (RT) matedals that
liave high transparency and low Birelringence for advanced inlegrated opi-
cal and optaeleciromic applications.” * Sorne of the important and well-
known applications indude optical disls, diffracdion graings, optical fiber
clad coatings, ant-reflection coatings, inaging sensors, lighl-comitting diodes
[LETY), and photonic devices such as waveguides and optical switches.? [ligh
refiactive index coatings are applied w flat panel displays, sich as Boguid
crvstal displays (TCT), as a brighiness enhanving film {alse hoown as g
prism sheel]. Polaricer films used in DCLs also recuite hard coatings swith
high Ri. ITigh RI coatings may improve the Heht emission and reception effi-
ciency of white TEDs sufficienly o enable them to becaome the prefecred
lighl source of the 21s0 Cemtury, Anti-retlective [ilins may improve the ap-
pearance of LCD and other display devices. Microlenses in charge-coupled

Preseqted at the 2002 RadTech LVAED Teehiolugy kxpn ad Donterence, May 4-7, 2008. Chicagn, LL.
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devices (CCDy) nude frevm high RT materials may in-
crease the amonnt of light received for ligher sensitiv-
ity arul higher definition, The creation of thin lenses
will also contrilute 1o the development of thinner
eouipment. Thus, there are many applications for high
Rl resaterialy,

In addition to pursuing higher reltactive index and
high optical transparence, depending upon features ol
the targeted applications, the chemist or matertal scen-
tist must comprehensively keep all other requirements
in mind. These requirements include compatibilicy,/sol-
ubility, processability, contahility, and curabilivy; along
with the desired mechanical properies of surface-
hardness, toughness, elongation, coellicient of thermal
expansion, photostability, thermal stability, and proper
adhesion to substrates.

EXPERIMENTAL TEST METHODS

Tensile strength [nouminal} was calculated by divid-
ing the maximum foad by the original minimuam oross-
sectional areas ol the specinen according Lo ANTM D
#82-583. The result is expressed in force per unit area,
usually megapascals (or pounds {ores per sguare inch),

Percent elongation at break was caleulated Dy divid-
ing the elangalion at mapture by the initial lenglh of
the specimen and mulliplving w100, Gauge matks or
extensometers are frpically used o deline o specilic tesd
SECtion.

Elastic modulus wis caleulared by drawing @ tangent
Lo the imitial linear portion ol the Iirul-extension cume,
selecling any paint on this tangent, and dividing the
tengile stress by the corresponding strain, Tor purposes
of this derermination, the ensile steess s caloulated by
dividing the liad by the average eriginal cross seclion
of the test seion. 1he resull is expressed in force per
unit ires, vsually megapascals.

Pencil hardiess was determined by a sel of nwm-
bered pencils with varying degrees of hardness. Lhe
lirst pencl to scratch the surface is repotted as the coat-
ing's hardness.

Viscosity measureanents were abtained on a
Bromlfield DVIE' Viscomeler using sprindle £21 at a
shear siress of 2432265 ag 50-60% of (ull sale wellec-
tion with a sheer rale between 4-5 sec ' ar 5 B1PSL
sarnple readings were recorded aller allowing the
chamber tempetalure 1o stabilize tor 30 min and con
firmed after another 3 min.

Particte size was determined using 3 Coulter L5230
Farticle $lee Analveer. The instiument wses laser lighl
scattening to detect particles in the range of 0.04-2,000
pea. Samples were fully dispersed in methanol after
shaking tor 3 min. Parlicle size data was collected and
averaged over 90 sec for each run. The size calibration
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ol the metho] was checked using reference srandards at
15and 53 pm.

Adheslon measurements were conductsd aceording
tey ASTM TF 3354 method B {cross hatch), employing
Permacel brawd tape, The scale ranges rom 5B {pertect
adhesion] o 08 [greater than 45% adhesion loss).

The total LIV dosage was 880 mfom?, wnder two
"H doped lamps {600 wattfin.] as measured by
Internationgal Tight's TIT 390C Belt Radirmneter,

RESULTS AND DISCUSSION

The refractive index (o1 index of relraclion) of a
mieclium s o measure for how much the speed of Tight
{or other waves such as somnd waves) is reduced inside:
the medinm, The refractive index (=) of 2 medium is
tlefined as the ratio of the phase velocily (0] of a wave
phenomenaon such as light in a reference mediom Lo
the phase velodty [JJF:I in the roedium ttself,

r1=r;,.'r11P (1

Lhe Lorenie—lorene equation, which is also known
as the Clausius—Mossotl relation and Maswell's for-
mula, relates the vefractive index of a maolecule! malerial
Lo molar reficlivity, Alter rearmangement of the
Lorentz—Lorenz equation, the reftactive index (#) is
givern by

W= (837N, 7p + M {M--4/3aN yp) (2

where 17 is the relraciive index of moleculefmaterial, M
is the repeat unit of molecule, N, is Avogadro’s con-
stant, 7 s the elanzability, and p is the densily of
molecule material,

Equartion (2] shews that refmactive index depends on
the: prolarizability of the material; therelore, i is desir-
able (o maximize the dipele moment per unit volume
induced by the elecuomagnetic field. Substances con-
tuining more polanzable [ "soft”) groups (eg., Dromine
iodine, sullur, and phosphoms atoms or aromatic
rings), or those whicl hawve a high polarizabilite over a
large atomic area, normally will have higher refractive
indewes than substances containing less polarizable
("hard"} groups, or than suongly elecironegative sub-
stitients, soch as fluorine, oxvgen, or alky] groups,
which will have lower reftactive indexes.® 7 As an exam-
e, see Table 1.5

. Table 1—Effect of Polarizable Groups on
Refracting Index

#-Ineda- 2-Fluara- [yelo-
Shbsznte ethanol ethanaol Berizeng higwane
M e 1.5720 13670 LEO10 14260
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Tahle 2—Two Heternatom Aromatic Urethane

(MethjAcrylate Dligomets

Properties Oligarmer 1 Oligomer 2
Halogen-free .. ... .. .. 00w Yez s
Appearance ... ..o, .. Clear dguid Decp brawn,
viscous Ligquid
Color éGavdner) ... ... ... <1 =123
T | 1.506 1.639
olecular weight (M) GPC ... .. QG 1,855
VMiscosity (cP @ B0°0) ... . ... 1,250 15,000
Dersity (gfem® o 0oL L. 118 1.1%

EBascd upon hese theoretical considerations, four ap-
proaches o make high reltaclive index materials have
been identified.

i. Highly Aromatic Material

As discussed previously, bulky conjugated or aro-
takic sulstitvents have a high refraciive index.
Therefore, a molecule that contains multiple aromaric
rings may be expected 1o hiave an even bigher reftactive
index. Bisphenol-4 epoxy diacrylate has a refractive in-
dex of n,,*" = 1.555. While this product has a relatively
high refractve index, is viscosity is relatively high:
SO0 P g 25°C. Tt will be almost impossible to
apply such a presduct by standard coating technioues.
For this reason, & low-viscosity monomer with a single-
ting structore was developed as shown belos:

Table 3—rperfermance Data of Formulations Based on
Heteroatom Aromatic Urethane [Meth)Acrylate Oligomer

Fawnalation  Farmulation Farmylation

— 1 2 |
Halogen-free ............. Yo e Yes
Tl R T i.56h3 LhAkHE L5706
R uf cured film ..o ... 1.5HBA 1.5883 1,5000G
Wiscusily al BE3¥LC ..., L, L. 1540 1240 G500
Wiscpsity at 600 .o L. ... 144 193 325
Pencil hardress . ... ... 2H 1H I
IW-cure dosage (mlsom® L. BEC BEQ B2
Tansile, psi . e e e Aran 2nza 2137
blongatinm, % ..o e Rt 20 17
Mudulus, psit ... . o . ., 40505 52795 TG
Toughness, psi ..o .., Th4 279 652
Adwesion to PET filin,

BB = Z00% adhesion ... . .. EE 5B =1
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while having a relatively low refractive index (ny
1,315} the moncmer has tow viscosity (20 oPs @
25°C) and good dilution capabilivy.

Risphenol-A eposy diaovlate has a higher releaclive
index than the single-ning monomer does because the
former contatns two aromatic rings versus only one
aromatic ring in the monomer '1his suggesis hat in-
creasing the mumber of sromatic rings is benefidal,
Llaweser, i (oo many aromalic rings lay in the same:
plane within a melecule, birefiingetwe can ocour, which
iy le prrodlernatic depending upon the application,

2. Highly Halogenated Materiaf

Halogenation is a well-known approach o high R
materials. A very typical halogenated molecule having a
very high relraclive index (n 4 - 1.70]) is pentabro-
mophenyl methacylate, lowever, this molecule has a
[roor compatibility/solukility with other molecules be-
cauge of ils very high halogen content,

Br Br D
o _“\_I \ )-h-_\///

B{ Br

A brominated version ol Bisphenal-A epesy ciaony-
tate has been developed which has a relatively high re-
fractive index {n ™ = 1.588] alomg with good compati-
bility with many other LIV resing There are fasi-
griveding demandy globally for only halogen-free mate-
rials wilh high refractive index becavse of increasing
envircnmental concerns. Achieving equivilenl RI with-
out the use of halogenated materials is a major chal-
lenge.

3. Heteroatom-Containing Material

Many canventicnal sullur-containing molecules, par-
ticularly sulfir-containing aromatic molecules, are char-

Figure 1—Light scattering of ranoparticle dispersions,

T Conanens Canimeraa
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acterized by high optical transparency,? high dielectric
constant, " good adhesion o substrates,™ and high re-
tractive index" One well-lmown example is Dis(4-
methaoyloylithiophenyl) sulfide, o 4,.4-thiodiben-
zenedithiol dimethacrylate, which has a very high
refractive index of n,* = 1.66. However, it iy in a solid
state at room temperature, and more imporlan, i has
very 1imnited solubility/campalibility with other TTYV
resins.

We e developed proprietany echnologies that en-
able us 1o synthesize a series of hetercatom-containing
aromatic urethane (methjaoylate oligomers. These
oligomners have a high refractive index, n,™ = 1.39 -
1.65 (liquid}, and excellent optical transparence, The
aligomers typically have mono- or difmethlacrybae
funetiomality. Additionally, thexe aligomers are compat-
ible with many commercial LIY-Tesins, thus making
them easily formulated, Table 2 lists the properties of
heteroatame-coniaining aromalic urethane {melhjacry-
late cligoniers, and Table 3 lists the performance of
three formulations based on the heteroatom aromaltic
urethane [meth}acrylate aligomers.

4, Inorganic-Organic Hybrid Nanocomposite

Many inorganic materials ate known 1o pooside an
exlremely high relraclive index. bor example, depend-
ing upen the types of covstal, TIC, may give a refraclive
ilex of 2.4-2.6; 7}, miy provide a relmctive index
of 2.0-2.4; #ns has a refractive index of 2.3: and ZnTe
has a refractive index of 3.5 However, they are comples
and expensive o coal as Lhey require methods such as
vacuum chemical vaper deposition,

Inorganic-crganic bybrid composite materials have
leen proposed Lo obliin oew ypes of malerials with
the combined advanced properties of both inorganic
anil omganic materals, Particularly, fur opticalfopleelec-
tronic appdications, these hybrid composites are re-
quired to have highly optical clanty/transparence.
Figaere 1 presenits a photogrigsh of three commercial
nanopariicle dispersions that show signiticant light
scattering. As shown, these nanopartice dispersicons are
nat wseiul for oplcal/oploelectrenic applications,

The Bayleigh Scattering Pquation' " describes the
phenomenon of dispersion of electromagmetic tadia-
tion Ty particles thal have a radius less than approxi-
mately 1/ 11} the wavell:*ng'fh_x_mf the radiaton:

wwwLcoatingsiech. arg
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Fioure 2—High rofractive index nanoparticle dispersion.

Paeal = 1280°Nff327 (0 o, )(n +2n 73] {3)

M, Avopadro constant

r panticle radivm; inorganic particle in this case

A Wavelerygth of Tight

n:RI ol particles; Bl of inorganic particle in this case
0 Bl ot medium; RI of organic medium in this case

where Pscat. is the total optical energy scattered by par-
ticles contained in the matrix in all direction, N s
Avipzadro's canstan vis the particle radius, & is the
wavelength of the elecromagnetic radiation, n, is the
retractive index of the particle, and n s the relractive
index of the medivm. Equation [3] shows thar the in-
Lensity of sratrered light increases significantly with in-
creasing particls radivs. The ecpuation alsoe shows hat a
Targer dilference hetween the BRI of the inorganic pani-
che and the Rl of the organic medium gives higher in
tensity of scattered light. OF courses, the intensily of
scaltered Tight is also closely relaied to the wavelength
ot light. lot those inorganic-organic hybrid heleroge-
OeOUs COTReEte systems, in order 1o possess high opt-
val transparency, each individual phase has to be ina
nano-scale, particularly <30 nim, and preferably <20
nm, Thuy, contralling the pacticle size and the partiche
size disuwibulion is absolutely critical. In addition, the

Table 4—Properties of High R Hybrid Nanoparticle

Dispersion

High RI Wanoparticle lspersion Prapertias

Halogen-free | | dcaiie e ed o aicestne vl Yes

Oegamic Meditnt .o -0 vl i i e e Ly-resin

BPAPSATANCE s v w s e e e e Wimry gt yellow,
clear [3qtid

Colar [Gardner ..o ein i aeeanas =l

RT {1, 583 nm @ 25703 o oovvinnnvnnsan . LG8

Wiscasiby (cF @ 25°0) ..o 15,400

Densily (QEm™ e e e e 1.26
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Fiqure 3—5tahility comparison of sol-gel nanoparticle
dispersion (right] and hybrd naneparticle dispersion
(left].

HYBRID-NANG-01 SOL-GE! -HAND-01

Petfatrnance Value ~
Halogen-free ..o ooee oo oo s
ADPEETHADE . . i a e Clear Lg_id with
yellow color

Colar fGandmes) oL oo =1
Density (325 L e e e e 1.24
T ) 1.55
FLcfcured film .o oL 1.58
Wiscosity A0 28 0 L. e 250
Wizcosity ab 6870 .. ... 10
Pancil hardness ... .o oo EH
W-cure dosage (mdfom®™ oL oL oL B30
Tensile, A% oo e 4,000
Clongalion, B .o e i e e e a e a 4.5
TC (Landeltal L 0
TOUGNAEES, B o oo o e et e e 160
fdhesion to PCT Tilm,

B - 100% adhosion ...l e, LR

Figure 4—Comparisorof viscosity changes as manoparticle dispersion
samples wera aged at 69°L,

450
400

L

[n

o
i

5 =8 PEN CHARD-02
1041 o A SO_-GEL-MAMO.NE

Viscosly [cP) at 25°C

- . . o

] & 10 15 2n b an
Aging Tirme (dayz)
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refractive index difference between an inorganic phase

and arganic,phase shonid be carefully managed.
Typrically, inorganic-onganic hybrid nanocomposites

can be synthesized by two different methods: (1) sol-

gel provess and (2} nancupartlcle dispersion in reactive
Grganic medinm.

Ly & sl gel process, semi-metal or metal alkosxides,
chlorides, or nivales are hyvdrolyveed andthen con-
densed, The sol-gel process uses a low processing
teraperature, which allows organic compounds w be
homogeneously Incorponated inte inorganic struchaes
without decomposition. Lo sol-gel syslens, inorginic-
urganic hylrid coatings ave crosslinked mainly by ther-
mally induced MOH 1o MOHand MOH to M-OR,

~metal {or semi-meal) alkoxide caondensations which

generate highly crosslinked sd—O-84 networks with
waler or aleahol as yproducts, Unfortunately, neither
hydrolysis nor condensation reactiony can be com-
pleted unless high temperature processes are used, and
thiz afien decomposes the organic components or
leads Lo cracking. L0 has been helieved that composites
produced by the sal-gel method exhilyi) unsiable rhe
vlogy, and coatings formed from them may lack both
thermal and hydralylic stabilitg. Such concerns have
prevented large scale use ol such materialy in cotnmer.
vial provluction,

Mancyprartich'ilispersion s generally comprised of
inorgamc fllers In nano-sive, dispermed in organic
conmponents such as solvents, LIV resing, andfor pély-
rers EFlowever, the-dispersions are prone to inhomo-
geneity, agolomeration, and precipitition of inorganic
fillers; thus, improved stability and Lile lime are highly
desired. a

A new Lechnology r{lr making nanocomposites with
high refractive index which overcomes sormie or all uf
the alorernentioned problems has been developed. Lhe
new nanocornposile echnology involves four features ™
incloding nanoparticle sirkace modifation, maeaopci-
ele dispersion, namnoe (}TI'IDCJM‘[E stabﬂlzatmn and for-
mulation of radiaticn {LIV/E H] curable m*g’lmc moT-
ganic hybrid nanocomposite.

Nanoparticle surface modification converts commer-
clally avaitable nanopariicles that are hydrophilic and
non-reactive to nanoparmicles il are hydrophobie and
vurable. Commercial nanoparticles are noomally agque-
ous dispersions of inorganic wddes or metal particles.
The average particle size is limited in the range of =20
min {preferally =10 nm). The new techinology utilizes
proprietary conpling asents in nanoparticle surface
muodification eactions.

Adler nanoparicle surface modification, the
nanoparticles can be dispersed in desired UV resing and
co-cured. This proprietary surface-lreatment technnlogy
enables Tona viscosity, ewen at TI::‘lEl,ti‘i,-:?I‘f,F high nari::'rparti-
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cle Toadings, and overcommes Ravleigh sciliering issues
tor optical ransparency [(see tigure 2 and Table 1),

Also, a proprietary stabilization technoelogy for pre-
venting nanoparticle dispersion from agglomeration
and precipitation of pacticles has been developed. This
technology prevents changes {mainly increases) in the
viscowity of the nanoparticle dispersion. In Figiow 3, the
sample S0 CEL-MANCSO1 is 2 nanoparticle dispersion
made by the normal sol-gel process, while 1Y BRID-
NANOQ-(1 is 2 nanoparticle dispersion comprised of a
new surface treatment. With the same initial appesr-
ance [wansparent lquid}y foe bodh saraples, the sample
SOL-GLL-MANO-H became hazy and more viscous af-
ter 24 hroal roam temperatune Tnocontrast, HVBRIT-
NANLI-OL remained almost unchanged under the same
conditions. Iewre 1 depicts the viscosity-time profile of
SO ACRL-NANO-0? and HYBRRIT-NANC-0F, One van
see Uhal the viscosily of YRR SANC 02 did nol sig-
nificantly increase. In contrast, the viscosity of 5OL-
GEI-NAMNO-02 continuously increased, and finally
welled alter aging for four weeks, HYBRID-SNAN-02
can be considered thermally stable au 607 C

As Inorganic nanoparticles are surface-modified with
orgamic grewaps, particularly as the surfaces of nanopar-
Licles are bonded with LY (unclonal groups, the modi-
fied nancparticles become compatible with varfous xa-
diatiom-iuralle mongmers and oligomers, Thus, a wide
range of radiation-curable, inorganic-organic hivbrid
nanocomposites with high BI can be prepared. Note
thiat all these manocomposites are 1008 reactive solids.
Tale 5 lisls the perlormance dala of 4 LV-curable, Inor-
ganic-organic. hybrd nanocomposite formulated based
on one of the nanoparticle dispersions mentioned pre
viously, These resulls Indicate that the nanocomposite
provides excellent mechanical perfonnance, pacticularly
surface hardness,

Wik coatingstech.org
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Demands are growing faster for new materials that
have even higher RIandd higher performance and, espe-
ciilly, that are halogen-free because of incregsing envi-
ronmental concerns. Achieving equivalenl RT withaoul
the use of halogenated matenials is a big challenge,
Based o a heosd understanding of the refracive indesx,
new technologies have now beens developed which ad-
dress this challenge, including heteroatom-containing
malerials amd irnorgaiic-orgimic hybrid nanocompos.
ites. The proprielary surlace reatmenl of the nanomate-
rials results in dispersions with the high oplical olarity
recuited for optoelectronic applications &
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