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an unstable phase morphology.

Polymer morphology may also be important in single-component or homogeneous multi-
component systems when the molecular-leve! orientation of polymer chains produces either a desired,
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25 nanometers) up to macroscopic phase regions as large as a few millimeters (millimeter-long fibers
dispersed in a polymer matrix for example). In addition, material morphology with respect to molecular
orientation focuses attention down to the Angstrom-sized length scale. Thus, included within the
scope of this invention is any material system exhibiting a morphology of interest that is from about
the millimeter length scale down to the Angstrom iength scale, said material system comprising at

30 least one polymeric component.

The simplest of such systems might be considered to be ordinary homopolymers, in which a
reactive plasticizer and an initiator may be easily incorporated and reacted to effect a trapping of the
molecular orientation of the dead polymer chains just prior to cure. In such cases, the reactive
plasticizer is generally chosen to be compatible with the dead polymer of interest, at least at some

35 desired processing conditions of temperature and pressure. “Compatibility” refers to the
thermodynamic state where the reactive plasticizer solvates and/or plasticizes the dead polymer. in
practice it has been found that molecular segments with structural similarity promote mutual
dissolution. Hence, aromatic moieties on the polymer generally dissolve in aromatic plasticizers, and
vice versa. Hydrophilicity and hydrophobicity are additional considerations in choosing the reactive

40 plasticizers to mix with a given dead polymer. Compatibility may generally be assumed in systems
13
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the phases may be altered to give a resultant iso- refractlve mixture. Such mampulatlons may be

such

advantageously carried out in accordance with the present invention in order to realize heretofore-
unattainable properties (i.e., simultaneous mechanical, optical, and processing properties) for a given
material system.
The production of optically clear materials not withstanding, virtually any thermoplastic may
30 be used as the dead polymer for the production of morphology-trapped materials. By way of example,
these may include: polystyrene, polymethylmethacrylate, poly(acrylonitrile-butadiene-styrene),
polyvinyl chloride, polycarbonate, polysulfone, polyvinylpyrrolidone, polycaprolactone, and
polyetherimide. The thermoplastics may optionally have small amounts of reactive entities attached
(copolymerized, grafted, or otherwise incorporated) to the polymer backbone to promote crosslinking
35 upon cure. They may be amorphous or crystalline. They may be classified as high performance
engineering thermoplastics (e.g., polyether imides, polysulfones, polyether ketones, etc.), or they may
be biodegradable, naturally occurring polymers (starch, prolamine, and cellulose, for example). They
may be oligomeric or macromeric in nature. These examples are not meant to limit the scope of
compositions possible during the practice of the current invention, but merely to illustrate the broad
40 selection of thermoplastic chemistries permitted under the present disclosure.
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compri si nqmlogen content (especially bromine), and/or the sulfur content are effective means well known in the
15 art for increasing the refractive index of a material. High index, low density, and resistance to impact
are properties especially preferred for ophthalmic ienses as they enable the production of ultra thin,
lightweight eyeglass lenses, which are desirable for low-profile appearances and comfort and safety
of the wearer.

Alternatively, elastomers, thermosets (e.g., epoxies, melamines, acrylated epoxies, acrylated

20 urethanes, etc., in their uncured state), and other non-thermoplastic polymeric compositions may be
desirably utilized during the practice of this invention.

As discussed previously, mixtures of such materials may also be beneficially used to create
morphologically stable parts with desirable properties. For example, impact modifiers (usually lightly
crosslinked particles or linear polymer chains) may be blended into various thermoplastics or

25 thermoplastic elastomers to improve the impact strength of the final cured resin. In such cases, the
presence of the reactive plasticizers may facilitate blending by lowering the softening temperature of
the polymers to be blended. This is especially advantageous when temperature-sensitive materials
are being blended with high-T, polymers. When optically ciear materials are desired, the mixture
components (i.e., the dead polymers, the impact modifiers, and/or the reactive plasticizers) may be

30 chosen to produce the same refractive index between the phases (iso-refractive) such that light
scattering is reduced. When iso-refractive components are not available, the reactive plasticizers may
nonetheless act as compatibilizers to help reduce the domain size between two immiscibie polymers
to below the wavelength of light, thus producing an optically clear polymer mixture that wouid
otherwise have been opaque. The presence of reactive plasticizers may also in some cases improve

35 the adhesion between the impact modifier and the dead polymer, improving the resulfant mixture
properties,

The reactive plasticizers (diluents) can be used singly or in mixtures to facilitate dissolution of
a given dead polymer. The reactive functional group may be acrylate, methacrylate, acrylic
anhydride, acrylamide, vinyl, vinyl ether, vinyl ester, vinyl halide, viny! silane, vinyl siloxane,

40 (meth)acrylated silicones, vinyl heterocycles, diene, allyl and the like. Other less known but
17
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I S a ther ishyilaasttictres! vthtotee feactive groups based on either small or large molecule architectures

(such as acrylamides, vinyl ethers, vinyls, dienes, and the like) can be used in conjunction with the
20 disclosed casting process.

To demonstrate the great diversity of reactive plasticizers that can be used to achieve such
compatibility, we will name only a few from a list of hundreds to thousands of commercially available
compounds. For example, mono-functional entities include, but are not limited to: butyl acrylate, octyl
acrylate, isodecyl acrylate, hexadecyl acrylate, stearyl acrylate, isobornyl (meth)acrylate, vinyl

25 benzoate, tetrahydrofurfuryl acrylate (or methacrylate), caprolactone acrylate, cyciohexyl
(meth)acrylate, benzyl (meth)acrylate, ethylene glycol phenyl ether acrylate, methyl methacrylate,
ethyl acrylate, and propyl acrylate, etc. Bi-functional entities include, but are not limited to:
polyethyleneglycol diacryiate, polypropyleneglyco! diacrylate, hexanediol diacrylate, Photomer 4200
(from Henkel), polybutadiene diacrylate (or dimethacrylate), Ebecryl 8402 (from Radcure), bisphenol

30 A di(meth)acrylate, ethoxylated (or propoxylated) bisphenol A di(meth)acrylate, etc. Tri-functional and
higher multi-functional entities include, but are not limited to: trimethylolpropane triimeth)acrylate (and
its ethoxylated or propoxylated derivatives), pentaerythritol tetraacrylate (and its ethoxylated or
propoxylated derivatives), Photomer 6173 (a proprietary acrylated oligomer of multi functionality, from
Henkel), and a whole host of aliphatic and aromatic acrylated oligomers and acrylated urethane-

35 based oligomers from Sartomer (the SR series), Radcure (the Ebecry! series), and Henkel (the
Photomer series).

When high refractive index materials are desired, the reactive plasticizers may be chosen
accordingly to have high refractive indices. Examples of such reactive plasticizers, in addition to
those mentioned above, include brominated or chlorinated phenyl (meth)acrylates (e.g., pentabromo

40 methacrylate, tribromo acrylate, etc.), brominated or chlorinated naphthyl or biphenyl (meth)acrylates,
18



15. A method according to claim1 wherein said dead polyner is a
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opacity equates to incompatibility (l|ght scattering as a resulit of phase separation). Many pairs of

dead polymer-reactive plasticizers can thus be investigated.
Examples 2 through 8 report several findings of system compatibility and partial compatibility,
following this procedure.

25 Example 2. Kraton-Based Systems
The following polymers are studied using the protocol described in Example 1. The
accompanying table summarizes the polymer characteristics.

TABLE 1
Kraton type Composition (%) Description
G 1652 SEBS (8:29/EB:71) linear, low molecular weight
G 1650 SEBS (8:29/ EB:71) linear, medium Mw
G 1657 SEBS (S:13 / EB:87) linear
D 1102 SBS (8:28 /B:72) linear, low Mw
D 4141 SBS (5:31/B:69) linear
D 4240p (SB), (S:44 / B:56) branched
D 1116 (SB)n (S:21/B:79) branched
D 1107 SIS (8:14/1:86) linear

30
S = styrene, EB = ethylene butylene, B = butadiene, | = isoprene
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triacrylate; urethane acry ates, such as Ebecryl 8402 (aliphatic) and Ebecryl 4827, 4849 and 6700

(aromatic); tetrahydrofurfuryl acrylate; benzyl acrylate; butyl acrylate; butanediol diacrylate;
30 hexanediol diacrylate; octyldecyl acrylate; isobornyl acrylate; and ethoxylated bisphenol A diacrylate.

Example 5. Polystyrene-Based Systems
Acrylated plasticizers that solvate polystyrene include Photomer 4200, tetrahydrofurfuryl
acrylate, isodecyl acrylate. Bisphenol A diacrylate, hexadecyl! acrylate, and stearyl acrylate exhibit
35 compatibility at elevated temperatures (approximately 100 °C for example).

Example 6. Polycarbonate-Based Systems
Bisphenol A diacrylate, alkoxylated bisphenol A diacrylate, cycloaliphatic epoxy resin, N-vinyl-
2-pyrrolidinone, and tetrahydrofurfuryl acrylate, among others, have been found useful for the
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10 Octyldecyl acrylate, buty! acrylate, and isooctyl acrylate solvate Zeonex 480R (Nippon Zeon
Co., Ltd). Isobornyl (meth)acrylate solvates Zeonex 480R and E48R, and Zeonor 1420R, 1020R and
1600R. Lauryl acrylate and behenyl acrylate solvate ZEONEX 480R and E48R at elevated
temperature. Additional multifunctiona! acrylates that can be added to a mixture of monomers include
hexanediol diacrylate, dodecanediol dimethacrylate, and tricyclo[5.2.1.0(2,8)] decanedimethanol
15 diacrylate.

Example 9. Iso-refractive System
A preferred system exhibiting such material properties and embodying the process

innovations described herein is given by SBS thermoplastic elastomers (K-Resin from Phillips, for

20 example) that are blended with styrene-methylmethacrylate (SMMA) copolymers having a similar
refractive index (NAS21 from Nova Chemicals, for example). The SMMA content may range from 0
wt% up to about 95 wt%. To achieve lower temperature mixing, the SMMA copolymer may be
softened by the addition of 5-30 wit% of a reactive plasticizer (benzyl acrylate or methacrylate, for
example). Once the SMMA-reactive plasticizer mixture is homogenized, it may be next blended with

25 the SBS material at a lower overall temperature than that at which the two polymers could be blended
by themselves. Alternatively, the polymers may be added {0 a single container along with the reactive
plasticizer(s) and initiator and solvated at the same time by keeping the closed container in a slightly
heated oven (about 60 "C for example) for several days. Once weli-mixed (and regardless of the
mixing process or scheme used), this mixture may be molded (optionally) or preferably compression

30 molded such that the object experiences a pressure of up to 15,000 psi at a temperature of 100-110
°C. The part may be rapidly cooled, then cured to lock in the phase morphology of the composite
system. Alternatively, the part may be cured at the elevated temperature and pressure, then cooled at
any convenient rate. The resulting article is an optically clear, impact resistant and morphologically
stable object.

35
Example 10. Transparent Systems Utilizing a Waiting Period and Compression Molding

A styrene-butadiene-styrene block copolymer, K-Resin KR03-NW (Chevron-Phillips Chemical

Company, Bartlesville, Oklahoma) was physically mixed with a styrene-methyl methacrylate
copolymer, NAS-21 ( Nova Chemicals of Chesapeake, Virginia) at a weight ratio of 30:70. The

40 polymers and a monomer mixture were added into a vial at a weight ratio of 80:20. The monomer

21
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b& () - 10%9& ) onleoweek,lgter Which an initig/tgl(%%r)ocur 1173 from Ciba Geigy) was added to the mixture
at 0.5 wt% (based on the overall weight of the system), and was dissolved into the system while

5 heating and mixing manually using a hotplate set to about 150 °C.

To mold the sample into a defect-free disc shape, approximately 5 grams of the semi-solid
mixture was placed in the middle of a gasket (gasket type AS568A, dash #222 from McMaster-Carr)
sitting on one face of a compression mold from Carver, Inc. (Catalog No. 2091.2). The mold was
closed and transferred into a hydraulic press having heated platens at about 270 °F. About 7 tons of

10 force was then applied to the platens for 10 minutes. After compression, the platens were cooled
rapidly to ambient temperature using process water. The compression mold was disassembled and a
bubble-free disc measuring approximately 2 mm thick and 55 mm in diameter was removed. The disc
was then placed between heated quartz plates, which were then compressed slightly, causing the
semi-solid disc to conform to the surfaces of the quartz plates. The assembly was then placed on a

15 hotplate measuring 90 °C, and a UV light was positioned immediately over the top quartz plate to cure
the semi-solid disc. The UV light source was a Blak-Ray Model B 100AP Longwave Ultraviolet Lamp,
with flood bulb (UVP, Upland, California). After about 10 minutes of curing, the sample and plates
were removed from the hotplate and allowed to cool to room temperature. The sample was then
removed from the plates, yielding a disc-shaped cured resin exhibiting good light transmission and a

20 shore D hardness measurement in the range of 83-84.

Example 11. Trapping of Molecular Orientation
Polystyrene is combined with a mixture of reactive plasticizers (benzyl acrylate and
ethoxylated bisphenol-A diacrylate) in a ratio by weight of 85:10:5, respectively. A photoinitiator such
25 as Irgacure 184 is also added at a concentration of 2 wt%. The components are allowed to sit in a
closed container in an oven at 60 "C for a period of several days. The mixture is then homogenized in
a twin-screw extruder operating at 120 “C. The output film is drawn both in the direction of flow and
horizontally, perpendicular fo the direction of flow. After the drawing operation, the film possesses a
biaxial molecular orientation of the polymer chains, which is then locked into place by running the film
30 under a UV lamp to cure the material. The resultant film, having biaxially oriented polymer chains,
possesses a beneficial morphology which is subsequently stabilized against future disruptions or
alternations to the existing morphology.

Example 12, Phase Morphology Trapping

35 An SBS ftri-block copolymer (Styrolux 684D from BASF Corporation) is combined with a
mixture of reactive plasticizers (isobornyl methacrylate (Sartomer 423A), trimethylolpropane iriacrylate
(TMPTA-N from Radcure), and ethoxylated bisphenol-A diacrylate (Sartomer 349)) in a ratio by weight
of 1.5:0.1:0.1:0.1, respectively. A photoinitiator such as Irgacure 184 is also added at a concentration
of 2 wit%. The components are aliowed to sit in a closed container in an oven at 60 °"C for a period of

40 several days. The mixture is then homogenized either in a twin-screw extruder device or by hand
22
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several times for purification to produce a functionalized pHEMA in the form of a flaky powder.
The functionalized pHEMA was mixed with a diluent mixture, PEG400 or propylene glycol
15 mixed 50:50 with water, to give a polymer concentration of 40 wt%. A photoinitiator such as ACVA
was also added at 1 wit%. Such mixtures became homogeneous simply sitting at ambient conditions;
however, mechanical stirring and/or heating could be used to speed up and improve the
homogenization of the polymer-diluent mixture. Once mixed with diluent, the polymer became a clear
semi-solid that was pliant at room temperature. The polymer-diluent mixture was then placed between
20 two mold halves, and the mold halves were brought together or towards one another to create a
desired geometry. The mold assembly was then irradiated with UV light for 10 minutes (Blak-Ray BP-
100, UVP, Inc., Upland, CA) to cure the semi-solid mixture and fix the polymer-diluent morphology.
Upon curing the part was aliowed to cool to ambient, then the mold assembly was opened and the
part removed. Cured parts could subsequently be immersed into pure water without turning cioudy or
25 hazy, indicating a fixed or locked-in morphology capable of preventing the partial crystallization or
aggregation of the pHEMA chains typically seen when saturated with water and characterized by
cloudy samples.

Example 14. Transparent Photo-cured Systems
30 Mixtures containing the dead polymer, reactive plasticizer, and photoinitiator were mixed by
the protocol described in Example 1. The amount of reactive plasticizer was typically 3% to 25% and
the photoinitiator was 1% to 5% by weight. Example photoinitiators include Esacure KT046 from
Sartomer and Irgacure 184 from Ciba Geigy.
The resulting semi-solid composition was slightly heated (less than or equal to about 100 °C),
35 pressed between flat glass plates, and fiood-exposed by UV light. Rapid polymerization was
observed that led {o a clear and solid-like material.
The examples of transparent photo-cured systems included: Kraton D1401P-based systems
reported by Example 3; PMMA-based systems reported by Example 4; ARTON-based systems

reported by Example 7. Kraton D1401P-based systems also showed exceptional impact-resistance.
40
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2. A method of locking in a desired morphology in a polymeric material, the method comprising
the steps of:
15 mixing together a prepolymer, a diluent, and an initiator to form a polymerizable composition;
processing said polymerizable composition to give a desired morphology of the polymeric
constituents of said polymerizable composition;
shaping said polymerizable composition into a desired geometry; and
exposing said polymerizable composition to a source of polymerizing energy, to give a
20 polymeric material wherein said desired morphology is locked in place.
3. A method according to claim 1 or 2 which further comprises the step of providing a waiting
period at a predetermined temperature after said polymerizable composition is shaped and before
exposing to said source of polymerizing energy.
25
4. A method according to claim 1 or 2 wherein said mixing siep comprises a waiting period.
5. A method according to claim 1 or 2 wherein said desired morphology is a phase-separated
morphology of said polymeric material.
30
6. A method according to claim 1 or 2 wherein said desired morphology is a molecular
orientation of said polymeric material.
7. A method according to claim 1 or 2 wherein said desired morphology is an oriented phase-
35 separated morphology of said polymeric material.
8. A method according to claim 1 or 2 wherein said desired morphology is a porosity of said

polymeric material.

25



7f 109X&&' ()-- |396109K&&' ()-))) A+++ -|[: NA410 3&10%I& ()-"1 1Y
Z1099&9&' ()-1 | @109 9& ()-M - @10%&R& ()-M 11" 10%989& () - -

| LLOYO&IZW( 01/964@8-1Y11] 2| [ : NA4LO | 3%R1090&9& ()-1 I $1ocy<9&9ﬁqs(,),,d222
| @109089& ()-1 | 381090s9& ()-' " 3&10%R& ()- - " 3&10%R& () -
505477777 [ NA410$10$1081 " FARL0YB& ()-| FA&10%&& ()-1 | 310%3&9& ()-

S 3UR10YBE ()-- " 3URI0URE ()-777699:t:|[: NAALO | GLOYX&E' ()-1 | | 10%X&& () -
@ YR 09ZSZE () AMmethpg@esareingtoClaim (I or2 whersig.gaid flesired mophidegy qomprises; two or more
2>@3 [ : NAddRibdivd BRas8S () -1 ~&L0%B& ()-cl " &LOYX&& () -cl |I!° &L0YX&E ()-C
8109X&&' ()-c- | Y%A09%X&&' () - A} AKBBACCIi D| [: NA410 | F8"10%& ()-@ | 7
109X&&' () -1 4g#109X&&' ()--1 | s3f 109X&& ()- |3f/#109X&&' () - -
l| - %4.09X&&' 19 - i DA m@mmqmonmmminn 1 002@E@h 63id ploFessing $12888d ¢9id shaping step are

" 10998&9& c(a)rﬂelﬂ% Q%&n%y Qaf?@&oét) & corhpbsition in a mold, said mold correspondin

10%(&& () e % & ()- 109&9109&9109&9| e 08k e ()-
<> 3&1ocyateL&'?*’(‘{E es} B()-- 1yz 1099&9& () - mGGGEG > HnH| [ bUA | ||
10% & ()- | YL- &10%{& ()-1"1 310%{& ()- 13"10% & ()- 1Y 10% & (

L QT S B A A

| 3810% & ()-1 |3S# "10% & ()-- |o S&1098& ()- ° S&10% >&
T S&100%( n&Z) - Ma Metviodiibédrdindrio4laim h %Erbih&%(ﬁ8ee(c)nre—pldsl¥cnﬁa’3folrﬂ%:&yrﬁénc@lalns

| 3f/ 109 & () == | ML ()= +F" 1.0%.&' () =.- =

(1 10% o ( )6%’83&h@g@%@ﬁ@%??%%@é%%(t%@f ﬁh!‘i‘(’diﬁo}’«ﬁ{y%r ‘()- 1" 10%&( &8 () -
| 910%&( &&' () - 10( 10( 10(- | <10% & () - OPPLQXBRR| [: vU4 | | $109%&( &8 () - |

| Y! 109&( &84 ) - | A MBiHYtatEokdifg toSlainh Y WikrsA%&id &éad ﬂdymer 151603(9&&11& block dopolymer.

| 98.00&( && () - GRGSS-TTTU [:vUA 1 1Y) 10%&( &&' ()-1 11 ( " 100&(&& ()-1 1"

109&( &8 ()-1 | Y$s! 109&(&&' ()-- f &10% & ()-S- 1Y

" 1090 &&' (14, UvAVDIEhoR cenrding/tioglaim F@@&@W@ai@&e@ Polymer i altDergapgIgstc)eldstomer.

F1' 1098(B& ()--1 | Y@ 10%&(&& () - | -&10%(&&' ()-

-810% ' & T 3 #10% & ()-- | 3f #1 0%& .
11" 10% & %% - Iw%aﬁm | Y’cﬁ E&’lf@'&[”ﬁa'dld adléfg%ﬂle&& 3(50 %‘P ‘Yb‘i‘%l"f“.evm T
" @10%. L&bdystyrens @iNoHIEsi&Etomet ELOI@I ) st}yre(mé-hﬂa(b%&ﬂ(a):pylate CoREIME. () - -

X 10%{&'() ZD[[[d\]]|[ VU4TIF) 10%{&()--| | d%$10% & () - | F!
1094 & () - % 1094 & () - .| 3y#10% ---  @BLOYS&S & (2-] "V\/‘z" # | [:vUa T
| F) % & 6) - Ap@@oﬂ@%ogmg qclam (Nfgr@@&ar@)pre@)lymgr is a water-insoluble pdlymer that has

been functionalized with pendant acrylate or methacrylate groups.

17. A method according to claim 2 wherein said prepolymer is a methacrylate-functionalized
polymer or copolymer of polyhydroxyethyl methacrylate.

25
18. A method according to claim 1 or 2 wherein said source of polymerizing energy is UV light
and said desired morphology is locked in by rapid curing.

19. A cured resin comprising a semi-interpenetrating polymer network of reactive plasticizer
30 within an entangled dead polymer, wherein said cured resin has a desired morphology that is locked
in place.

20. A cured resin according to claim 16 wherein said network of reactive plasticizer is further
crosslinked to said dead polymer.

35
21. A cured resin comprising interpenetrating reactive plasticizer polymeric chains within an
entangled dead polymer, wherein said cured resin has a desired morphology that is locked in place.
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processing said polymerizabie composition to give a desired morphology of the polymeric
5 constituents of said polymerizable composition;

shaping said polymerizable composition into a desired geometry; and
exposing said polymerizable composition to a source of polymerizing energy, to give a
polymeric material wherein said desired morphoiogy is locked in place.

10 23, A polymeric material prepared by:
mixing together a prepolymer, a diluent, and an initiator to form a polymerizable composition;
processing said polymerizable composition to give a desired morphology of the polymeric
constituents of said polymerizable composition;
shaping said polymerizable composition into a desired geometry; and
15 exposing said polymerizable composition to a source of polymerizing energy, to give a
polymeric material wherein said desired morphology is focked in place.

24, A polymeric material according to claim 22 or 23 wherein said desired morphology is a phase-
separated morphology of said polymeric material.

20
25, A polymeric material according to claim 22 or 23 wherein said desired morphology is a
molecular orientation of said polymeric material.

26. A polymeric material according to claim 22 or 23 wherein said desired morphology is an
25 oriented phase-separated morphology of said polymeric material.

27. A polymeric material according to claim 22 or 23 wherein said desired morphology is a
porosity of said polymeric material.

30 28. A polymeric material according to claim 22 or 23 wherein said desired morphology comprises
two or more iso-refractive phases.

29. A polymeric material according to claim 22 or 23 wherein said polymeric material is optically
transparent.

35
30. A polymeric material according to claim 22 or 23 wherein said source of polymerizing energy
is UV light and said desired morphology is locked in by rapid curing.
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