wo 20107135481 A1 I 0K 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

Co o
t AAGANY
(19) Warld niellecuat roperty Organizaion /€52 | RO A MO DR R
International Bureau Wi ) )
(43) Int tional Publication Dat \P'/ (10) International Publication Number
nternational Publication Date N5
ey
25 November 2010 (25.11.2010) PCT WO 2010/135481 Al
(51) International Patent Classification: AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
C08G 77/14 (2006.01) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
A L. DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
PCT/US2010/035495 KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(22) International Filing Date: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
20 May 2010 (20.05.2010) NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
. ) SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
(25) Filing Language: BEnglish TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English  (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
61/180,453 22 May 2009 (22.05.2009) US GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
(71) Applicant (for all designated States except US): NO- TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
VARTIS AG [CH/CH]; Lichtstrasse 35, CH-4056 Basel EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(CH). LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK,
(72) Taventors; and SM, TR), OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ,
(75) Inventors/Applicants (for US only): CHANG, Frank GW. ML, MR, NE, SN, TD, TG).
[US/US]; 8489 Spring Breeze Terrace, Suwanee, GA Declarations under Rule 4.17:
30024 (US). HUANG, Jinyu [CN/US]; 917 Summer For- . , .
est Drive, Suwanee, Georgia 30024 (US). SCOTT, ZS Zoteilip(zztll:tzls Ie;i(lfgjement to apply for and be granted
Robert [US/US]; 1220 Longpointe Pass, Alpharetta, p ’
Georgia 30005 (US). WANG, Guigui [US/US]; 3433 — as to the applicant's entitlement to claim the priority of
Modesto Lane, Westfield, Indiana 46074 (US). the earlier application (Rule 4.17(iii))
(74) Agent: ZHOU, Jian, S.; CIBA VISION Corporation, Published:
Patent.Department, 11460 Johns Creek Patkway, Duluth, __ 0 o ool search report (Art. 21(3))
Georgia 30097 (US).
(81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,

(54) Title: ACTINICALLY-CROSSLINKABLE SILOXANE-CONTAINING COPOLYMERS

(57) Abstract: The invention provide a class of actinically-crosslinkable silicone-containing prepolymers obtained by functional -
izing an intermediary copolymer to have two or more thiol or ethylenically-unsaturated groups covalently attached thereto, where-
in the intermediary copolymer is an atom-transfer radical polymerization (ATRP) product of a reactive mixture comprising a
polysiloxane ATRP macroinitiator and at least one hydrophilic vinylic monomer. The present invention is also related to silicone
hydrogel contact lenses made from a prepolymer of the invention and methods for making the contact lenses in a cost-etfective
way and with high consistency and high fidelity to the original lens design.



WO 2010/135481 PCT/US2010/035495
Actinically-Crosslinkable Siloxane-Containing Copolymers

The present invention is related to a class of silicone-containing prepolymers and
methods for making the same. In addition, the present invention is related to silicone
hydrogel contact lenses made from this class of silicone-containing prepolymers.

BACKGROUND

In recent years, soft silicone hydrogel contact lenses become more and more
popular because of their high oxygen permeability and comfort. Most commercially available
silicone hydrogel contact lenses are produced according to a conventional cast molding
technique involving use of disposable plastic molds and a mixture of monomers in the
presence or absence of macromers. However, disposable plastic molds inherently have
unavoidable dimensional variations, because, during injection-molding of plastic molds,
fluctuations in the dimensions of molds can occur as a result of fluctuations in the production
process (temperatures, pressures, material properties), and also because the resultant
molds may undergo non-uniformly shrinking after the injection molding. These dimensional
changes in the mold may lead to fluctuations in the parameters of contact lenses to be
produced (peak refractive index, diameter, basic curve, central thickness etc.) and to a low
fidelity in duplicating complex lens design.

Such disadvantages encountered in a conventional cast-molding technique can be
overcome by using the so-called Lightstream Technology™ (CIBA Vision), as illustrated in
U.S. Patent Nos. 5,508,317, 5,789,464, 5,849,810, and 6,800,225, which are incorporated
by reference in their entireties. The Lightstream Technology™ involves (1) a lens-forming
composition which is typically a solution of one or more substantially purified prepolymer
with ethylenically unsaturated groups and which generally is substantially free of monomers
and crosslinking agents with a small molecular weight, (2) reusable molds produced in high
precision, and (3) curing under a spatial limitation of actinic radiation (e.g., UV). Lenses
produced according to the Lightstream Technology™ can have high consistency and high
fidelity to the original lens design, because of use of reusable, high precision molds. In
addition, contact lenses with high quality can be produced at relatively lower cost due to the
short curing time and a high production yield.

These prepolymers, however, possess ill-defined structures of individual segments
and usually have randomly distributed photo-crosslinkable functionalities, which causes
poor reproducibility in synthesis and lens properties.

In order to fully utilize the Lightstream Technology™ to make silicone hydrogel
contact lenses, there is still a need for new actinically-crosslinkable prepolymers with well-
defined structures, controlled composition and molecular weight. Such prepolymers could
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be well suited for making silicone hydrogel contact lenses according to the Lightstream
Technology™.

SUMMARY OF THE INVENTION

In one aspect, the invention provides an actinically crosslinkable prepolymer. The
prepolymer of the invention is obtained by functionalizing an intermediary copolymer to have
two or more actinically-crosslinkable groups covalently attached thereto, wherein the
intermediary copolymer is an atom-transfer radical polymerization (ATRP) product of a
reactive mixture comprising a polysiloxane ATRP macroinitiator and at least one hydrophilic
vinylic monomer, wherein the actinically-crosslinkable groups are selected from the group
consisting of ethylenically unsaturated groups, thiol groups, and combinations thereof.

In another aspect, the invention provides a soft contact lens made from a lens-
forming material including an actinically-crosslinkable prepolymer of the invention.

In a further aspect, the invention provides a method for producing soft contact lenses
from an actinically-crosslinkable prepolymer of the invention.

The invention also provides a polysiloxane ATRP macroinitiator.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Generally, the nhomenclature used herein and the laboratory procedures
are well known and commonly employed in the art. Conventional methods are used for
these procedures, such as those provided in the art and various general references. Where
a term is provided in the singular, the inventors also contemplate the plural of that term.
The nomenclature used herein and the laboratory procedures described below are those
well known and commonly employed in the art.

“Contact Lens” refers to a structure that can be placed on or within a wearer's eye.
A contact lens can correct, improve, or alter a user's eyesight, but that need not be the case.
A “silicone hydrogel contact lens” refers to a contact lens comprising a silicone hydrogel
material.

A “hydrogel” or “hydrogel material” refers to a polymeric material which can absorb at
least 10 percent by weight of water when it is fully hydrated.

A “silicone hydrogel” refers to a silicone-containing hydrogel obtained by
copolymerization of a polymerizable composition comprising at least one silicone-containing
monomer or at least one silicone-containing macromer or at least one crosslinkable silicone-

containing prepolymer.
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A "monomer" means a low molecular weight compound that can be polymerized.
Low molecular weight typically means average molecular weights less than 700 Daltons.

An “actinically-polymerizable monomer” refers to a monomer which can be
polymerized actinically. In accordance with the invention, an actinically-polymerizable
monomer can be a vinylic monomer or a compound comprising two thiol groups. A
compound with two thiol groups can participate in thiol-ene step-growth radical
polymerization with a monomer with vinyl group to form a polymer. Step-growth radical
polymerization can be used in making contact lenses, as described in a commonly-owned
copending US patent application publication No. 2008/0143958 A1, herein incorporated in
reference in its entirety.

“Hydrophilic,” as used herein, describes a material or portion thereof that will more
readily associate with water than with lipids.

A “vinylic monomer”, as used herein, refers to a monomer that has one sole
ethylenically unsaturated group and can be polymerized actinically or thermally.

The term “olefinically unsaturated group” or “ethylenticaly unsaturated group” is
employed herein in a broad sense and is intended to encompass any groups containing a
>C=C< group. Exemplary ethylenically unsaturated groups include without limitation

I § ¢ I
(meth)acryloyl (—C—CH=CH; or —C—C=CHy), allyl, vinyl (—C=CHy), styrenyl, or other
C=C containing groups.

The term “(meth)acrylamide” refers to methacrylamide and/or acrylamide.

The term “(meth)acrylate” refers to methacrylate and/or acrylate.

As used herein, “actinically” in reference to curing, crosslinking or polymerizing of a
polymerizable composition, a prepolymer or a material means that the curing (e.g.,
crosslinked and/or polymerized) is performed by actinic irradiation, such as, for example, UV
irradiation, ionized radiation (e.g. gamma ray or X-ray irradiation), microwave irradiation,
and the like. Thermal curing or actinic curing methods are well-known to a person skilled in
the art.

The term “ATRP” refers to atom-transfer radical polymerization, as understood by a
person skilled in the art.

A “polysiloxane-containing ATRP macroinitiator” refers to a polymer containing at
least one polysiloxane segment and terminal organobromide or organochloride groups.

* Si—O0

A “‘polysiloxane” segment refers to a divalent radical of Rz " in which R,
and R; are independently a monovalent C4-Cs, alkyl, @ monovalent C4-C1, aminoalkyl, a
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monovalent of C-C+o hydroxyalkyl, C;-Cyo ether, C4-Cy, fluoroalkyl, C,-Cy, fluoroether or Ce-
Cie aryl radical, —alk—(OCH,CH,)n—ORs, in which alk is C4-Cs alkylene divalent radical, R; is
hydrogen or C4-Ce alkyl, and m is an integer of from 1 to 10; n is an integer of 3 or higher.

The term “fluid” as used herein indicates that a material is capable of flowing like a
liquid.

A "hydrophilic vinylic monomer” refers to a vinylic monomer which can be
polymerized to form a polymer that is water-soluble or can absorb at least 10 percent by
weight of water.

A “hydrophobic vinylic monomer”, as used herein, refers to a vinylic monomer which
is polymerized to form a polymer that is insoluble in water and can absorb less than 10
percent by weight water.

A "macromer” refers to a medium and high molecular weight compound which can
be polymerized and/or crosslinked. Medium and high molecular weight typically means
average molecular weights greater than 700 Daltons.

An “actinically-polymerizable macromer” refers to a macromer which can be
polymerized actinically. In accordance with the invention, an actinically-polymerizable
macromer can be a macromer with one or more ethylenically unsaturated groups or with two
or more thiol groups, which can participate in either free radical chain growth polymerization
or thiol-ene step-growth radical polymerization. Preferably, a macromer contains
ethylenically unsaturated groups and can be polymerized actinically or thermally.

A “vinylic macromer” refers to a macromer which can be polymerized actinically and
comprises one or more ethylenically unsaturated groups.

A “prepolymer” refers to a starting polymer which contains two or more actinocally
crosslinkable groups and can be cured (e.g., crosslinked) actinically to obtain a crosslinked
polymer having a molecular weight much higher than the starting polymer.

A “silicone-containing prepolymer” refers to a prepolymer which contains silicone and
can be crosslinked actinically to obtain a crosslinked polymer having a molecular weight
much higher than the starting polymer.

“Actinically crosslinkable groups” refers to ethylenically unsaturated groups or thiol
groups.

“Molecular weight” of a polymeric material (including monomeric or macromeric
materials), as used herein, refers to the number-average molecular weight unless otherwise
specifically noted or unless testing conditions indicate otherwise.

“Polymer” means a material formed by polymerizing one or more monomers, one or
more macromers, and/or one or more prepolymers.

As used herein, the term “functionalize” in reference to a copolymer or a compound
is intended to describe that one or more actinically crosslinkable groups have been
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covalently attached to a copolymer or compound through the pendant or terminal functional
groups of the copolymer or the compound according to a coupling process.

As used herein, the term “multiple” refers to three or more.

A “photoinitiator” refers to a chemical that initiates radical crosslinking/polymerizing
reaction by the use of light.

A “spatial limitation of actinic radiation” refers to an act or process in which energy
radiation in the form of rays is directed by, for example, a mask or screen or combinations
thereof, to impinge, in a spatially restricted manner, onto an area having a well defined
peripheral boundary. A spatial limitation of UV radiation is obtained by using a mask or
screen having a radiation (e.g.,UV) permeable region, a radiation (e.g., UV) impermeable
region surrounding the radiation-permeable region, and a projection contour which is the
boundary between the radiation-impermeable and radiation-permeable regions, as
schematically illustrated in the drawings of U.S. Patent Nos. 6,800,225 (Figs. 1-11), and
6,627,124 (Figs. 1-9), 7,384,590 (Figs. 1-6), and 7,387,759 (Figs. 1-6), all of which are
incorporated by reference in their entireties. The mask or screen allows to spatially projects
a beam of radiation (e.g., UV radiation) having a cross-sectional profile defined by the
projection contour of the mask or screen. The projected beam of radiation (e.g., UV
radiation) limits radiation (e.g., UV radiation) impinging on a lens-forming material located in
the path of the projected beam from the first molding surface to the second molding surface
of a mold. The resultant contact lens comprises an anterior surface defined by the first
molding surface, an opposite posterior surface defined by the second molding surface, and
a lens edge defined by the sectional profile of the projected UV beam (i.e., a spatial
limitation of radiation). The radiation used for the crosslinking is a radiation energy,
especially UV radiation, gamma radiation, electron radiation or thermal radiation, the
radiation energy preferably being in the form of a substantially parallel beam in order on the
one hand to achieve good restriction and on the other hand efficient use of the energy.

In the conventional cast-molding process, the first and second molding surface of a
mold are pressed against each other to form a circumferential contact line which defines the
edge of a result contact lens. Because the close contact of the molding surfaces can
damage the optical quality of the molding surfaces, the mold cannot be reused. In contrast,
in the Lightstream Technology™, the edge of a resultant contact lens is not defined by the
contact of the molding surfaces of a mold, but instead by a spatial limitation of radiation.
Without any contact between the molding surfaces of a mold, the mold can be used
repeatedly to produce high quality contact lenses with high reproducibility.

“Visibility tinting” in reference to a lens means dying (or coloring) of a lens to enable
the user to easily locate a lens in a clear solution within a lens storage, disinfecting or
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cleaning container. It is well known in the art that a dye and/or a pigment can be used in
visibility tinting a lens.

“‘Dye” means a substance that is soluble in a lens-forming fluid material and that is
used to impart color. Dyes are typically translucent and absorb but do not scatter light.

A “pigment” means a powdered substance (particles) that is suspended in a lens-
forming fluid material in which it is insoluble.

"Surface madification" or “surface treatment”, as used herein, means that an article
has been treated in a surface treatment process (or a surface modification process) prior to
or posterior to the formation of the article, in which (1) a coating is applied to the surface of
the article, (2) chemical species are adsorbed onto the surface of the article, (3) the
chemical nature (e.g., electrostatic charge) of chemical groups on the surface of the article
are altered, or (4) the surface properties of the article are otherwise modified. Exemplary
surface treatment processes include, but are not limited to, a surface treatment by energy
(e.g., a plasma, a static electrical charge, irradiation, or other energy source), chemical
treatments, the grafting of hydrophilic vinylic monomers or macromers onto the surface of
an article, mold-transfer coating process disclosed in U.S. Patent No. 6,719,929 (herein
incorporated by reference in its entirety), the incorporation of wetting agents into a lens
formulation for making contact lenses proposed in U.S. Patent Nos. 6,367,929 and
6,822,016 (herein incorporated by references in their entireties), reinforced mold-transfer
coating disclosed in U.S. Patent Application No. 60/811,949 (herein incorporated by
reference in its entirety), and a hydrophilic coating composed of covalent attachment or
physical deposition of one or more layers of one or more hydrophilic polymer onto the
surface of a contact lens.

“Post-curing surface treatment”, in reference to a silicone hydrogel material or a soft
contact lens, means a surface treatment process that is performed after the formation
(curing) of the hydrogel material or the soft contact lens in a mold.

A “hydrophilic surface” in reference to a silicone hydrogel material or a contact lens
means that the silicone hydrogel material or the contact lens has a surface hydrophilicity
characterized by having an averaged water contact angle of about 90 degrees or less,
preferably about 80 degrees or less, more preferably about 70 degrees or less, more
preferably about 60 degrees or less,

An “average contact angle " refers to a water contact angle (advancing angle
measured by Wilhelmy Plate method), which is obtained by averaging measurements of at
least 3 individual contact lenses.

An “antimicrobial agent”, as used herein, refers to a chemical that is capable of
decreasing or eliminating or inhibiting the growth of microorganisms such as that term is
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known in the art. Preferred examples of antimicrobial agent include without limitation silver
salts, silver complexes, silver nanoparticles, silver-containing zeolites, and the likes

“Silver nanoparticles” refer to particles which is made essentially of silver metal and
have a size of less than 1 micrometer.

A "UV absorber” refers to a compound comprising a Ultra-violet absorbing (“UV-
absorbing”) moiety capable of absorbing or screening out UV radiation in the region of 200
to 400 nm.

The intrinsic “oxygen permeability”, Dk, of a material is the rate at which oxygen will
pass through a material. In accordance with the invention, the term “oxygen permeability
(Dk)" in reference to a material or a contact lens means an apparent oxygen permeability
which is measured with a sample (film or lens) having an average thickness over the area
being measured according to a coulometric method described in Examples. Oxygen
permeability is conventionally expressed in units of barrers, where “barrer” is defined as
[(cm® oxygen)(mm) / (cm? )(sec)(mm Hg)] x 107",

The “oxygen transmissibility”, Dk/t, of a lens or material is the rate at which oxygen
will pass through a specific lens or material with an average thickness of t [in units of mm]
over the area being measured. Oxygen transmissibility is conventionally expressed in units
of barrers/mm, where “barrers/mm"” is defined as [(cm® oxygen) / (cm? )(sec)(mm Hg)] x 10°°.

The “ion permeability” through a lens correlates with the lonoflux Diffusion
Coefficient. The lonoflux Diffusion Coefficient, D (in units of [mm?/min]), is determined by
applying Fick's law as follows:

D=-n"/(A x dc/dx)
where n’ = rate of ion transport [mol/min]; A = area of lens exposed [mm?]; dc =
concentration difference [mol/L]; dx = thickness of lens [mm].

In general, the invention is directed to a class of actinically crosslinkable silicone-
containing prepolymers comprising at least one polysiloxane segment and hydrophilic chain
segments each terminated with an actinically crosslinkable group. Such prepolymers can be
used to prepare silicone hydrogel contact lenses, in particularly according to the Lightstream
Technology™ (CIBA Vision).

There are several potential unique features associated with use of prepolymers of
the invention in making silicone hydrogel contact lens. First, a prepolymer of the invention
has well-defined structures, controlled composition, and molecular weight. The synthesis of
such prepolymer is reproducible. Lenses made from such prepolymer can have consistent
properties. Second, a lens-forming formulation (polymerizable composition) can be a
solution of the prepolymer which has been substantially purified (i.e., removing substantially
starting materials for making the prepolymer). No lens extraction is necessary after curing of
the lens. Third, a prepolymer of the invention can be cured actinically on a timescale of



WO 2010/135481 PCT/US2010/035495

seconds. As such, prepolymers of the invention can fully utilize the advantages provided by
the Lightstream Technology ™ in make silicone hydrogel contact lenses at a relatively lower
cost and at high consistency and high fidelity to the original lens design.
In one aspect, the invention provides an actinically crosslinkable prepolymer of
formula (1) or (2)
(Ar}—L=X—G—PDMS— Gy Xo—Lot—A—HH) .
" o 1)
Bl-[—X3—G3—-PDMS-—G4—X4—L3{—A3) . ]
13 (2)
in which
ri is an integer of 1 to 3, r; and r;’ are either 0 or 1 provided that (r, + ;') is an integer of
1, r3is an integer of 3 or 4;
G1, G2, Gs, and G4 independent of each other are a linear or branched C—C, alkylene

—A(—alk'—o)q—alk—

1to 5 and alk and alk’ independent of each other is a C—Cs alkylene divalent radical (or

divalent radical, a divalent radical of in which q is an integer of from

so-called divalent aliphatic hydrocarbon radical or alkyl diradical), or a divalent radical of
-R'1—Xs—E-Xs—R'>— in which R’y and R’; independent of each other is a linear or

—@alk'—-o-)q—alk—

as defined above, X; and X, independent of each other are a linkage selected from the

branched C—Co alkylene divalent radical or a divalent radical of

R g
group consisting of -O—, —N—, —C—N—, —N—C—, —N—C—NH—, —HN—C—N-—,
o] o] o]
11 li I I Il
—0—C—NH—, —HN—C—0—, —S$—C—NH—, —0—C—, —C—0—, -S—, and

0
—HN—(I'IJ—S— in which R’ is H or C4-Cg alkyl, E is an alkyl diradical, a cycloalkyl

diradical, an alkylcycloalky! diradical, an alkylaryl diradical, or an ary! diradical with up to
40 carbon atoms which may have ether, thio, or amine linkages in the main chain,
provided that if ry is 0, then r; is integer 2 or 3 and G, is a linear or branched C—C, alkyl

—@auc—o)q—alk"

radical or a monovalent radical of in which q and alk’ are defined as
above and alk” is C—Cg alkyl;

X4, Xz, X3, and X, independent of each other are a linkage selected from the group

A R
consisting of a direct bond, ~O-, —N—, —C—N—, —N—C—, —N—C—NH—,
?I) | It ﬁ IOI ﬁ Icl)
—HN—C—N—, —0~C—NH—, —HN—C—0—, —§~C—NH—, —0—C—, —C—0—, -S—

(¢]
, and —HN—C—s— in which R is H or C-Cs alkyl;
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PDMS is a polysiloxane divalent radical of formula (3)

_D1—[—u1—02—€u2—03)-\—,}m— .

in which v is 0 or 1, w is an integer of from 0 to 5, U, and U, independent of each
other represent a divalent radical of -R'1—Xs;—E~Xs~R'2— as defined above or a

—(—alk‘—O-)q—aIk—

independently of each other are a divalent radical selected from the group consisting

divalent radical of as defined above, D4, D, and D;

of -(CHzCH,0)~CH,CHz>- in which t is an integer of 3 to 40, —CF,—(OCF,),-

(OCF,CF,)p—OCF~ in which a and b independent of each other is an integer of 0 to

10 provided that a+b is a number in the range of 10 to 30, and a divalent group of
formula (4)

IR
Si o% i—O4— Si—O01+—Si—
| | |l |
R4 Rg Rs P Ry (4)

in which Rj, R4, Rs', Re, R7, Rg, Rg and Ry, independently of one another, are C;-Cs-

alkyl, C4-C4 alkyl- or C,-C,- alkoxy-substituted phenyl, fluoro{(C;-C;s-alky!), cyano(C;-
Ciz-alkyl), —alk—(OCH,CH.),—OR4, in which alk is C4-Cs-alkylene divalent radical, Ry
is C1-Cs alkyl and n is an integer from 1 to 10, m and p independently of each other
are an integer of from 2 to 698 and (m+p) is from 5 to 700, provided that at least one
of Dy, D, and D is represented by formula (4);
Ly, L2, and L; independent of each other are an organic radical having a valence of
(r;+1), where the organic radical is a linear or branched C4-C,, aliphatic radical, a Cs-Cys
cycloaliphatic or aliphatic-cycloaliphatic di-, tri-, or tetra-valent radical, or a Cs-C4
aromatic or araliphatic di-, tri-, or tetra-valent radical, provided that each of L,, L, and L3
has valence of (r;+1); and
B, is a multivalent organic radical having a valence of r3; and
Ay, Az, and A; independently of one other are a monovalent radical of formula (5)

—(—xa—es)ax7—|c|;—es—|_c —AX

(5)
R
in which ry is an integer of 0 or 1; X7 is —O—or —rh— in which R’ is H or C4-Cg alkyl; Xs
R 0o R R O
is a linkage selected from the group consisting of —O—, —r'q—, —E':—t'«—, —rll—g—,
R R . 2 q 1 9
—N—C—NH—, —HN—C—N—, —0—C—NH—, —HN—C—0—, —S§—C—NH—, —0—C—,
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o}
—P:—o—, -S-, and —HN—P)-—S— in which R’ is H or C4-Cg alkyl; Gs is a linear or
branched C,—C, alkylene divalent radical, a divalent radical of —@alk'—O-)q—alk— as
defined above, or a divalent radical of —-R'y—Xs—E-X¢~R’,— as defined above; Gs is a C,-
Ce alkylene divalent radical; LC is a divalent radical of a linear polymer chain of one or
more hydrophilic vinylic monomers; and AX is an ethylenically unsaturated group or a
thiol group.

Preferably, AX is radical of formula —Xg~G7;—Xs—Q, in which: Xg is an linkage as
defined above; Gy is a direct bond or a linear or branched alkylene divalent radical; Xg is a

R o R
direct bond or a linkage selected from the group consisting of —~O-, —h':—, ——g—r!:—,
TR ' 2 i i1
—N—C—, —N—C—NH—, —HN—C—N—, —0—C—NH—, —HN—C—0—, —S—C—NH—,
ﬁ ? Il
—0—C—, —C—0—, =5—, and —HN—C—s—; Q is an (meth)acryloyl group, a vinyl group,

an allyl group, or a norbornenyl group.

Norbornenyl group refers to a monovalent radical of hydrocarbon including a
cyclohexene ring bridged with a methylene group in the para position.

A prepolymer of formula (1) or (2) can be obtained in a two-step process: (1)
polymerizing, based on atom-transfer radical polymerization (ATRP), a reactive mixture
comprising a polysiloxane ATRP macroinitiator and at least one hydrophilic vinylic monomer
to obtain an intermediary copolymer comprising two or more hydrophilic polymer chains
extending from one or both of the two ends of a polysiloxane and each hydrophilic polymer
chain terminated with one bromine or chlorine atom; and (2) functionalizing the intermediary
copolymer by substituting each terminal bromine or chiorine atom with a thiol or an
ethylencially unsaturated group.

In accordance with a preferred embodiment of the invention, the reactive mixture
comprises a polysiloxane-containing ATRP macroinitiator of formula (6) or (7)

(A4)—L1——x1—e1——PDMS—Gz-!-xz——Lz(—As}r—]—(—H) :
Iy 1 Iy )

B Go—POMS~G~x—Lst-Ad,, |
3

(6)

(7)
in which Gy, G, Gs, Ga, X1, X2, Xa, X4, L1, L2, La, PDMS, 1y, 1, 12, 13, and B are as defined
above in formula (1) and (2); A4, As, and Ag independently of one another are defined
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formula (8)
o]

+x8—es - x7—y:—es—v
(8)
in which Y is Br or Ci; X7, Xs, Gs, Gs, r4 are as defined above in formula (5).

A polysiloxane ATRP macroinitiator of formula (6) can be prepared by reacting an
oranic dibromide or dichloride, e.g., such as, 2-chloropropiony! chloride or 2-chloroisobutyryl
bromide, or preferably 2-bromopropiony! bromide or 2-bromoisobutyryl bromide, with a
mono-(dihydroxyalkyl)-terminated polysiloxane, a mono-(trihydroxyalkyl)-terminated
polysiloxane, a mono-(diaminoalky!)-terminated polysiloxane, a mono-(triaminoalky!)-
terminated polysiloxane, a a,«-bis(hydroxyalkyl)-terminated polysiloxane, a o, -
bis(dihydroxyalkyl)-terminated polysiloxane, a o, w-bis(trihydroxyalky()-terminated
polysiloxane, a o, w-bis(aminoalkyl)-terminated polysiloxane, a a,«-bis(diaminoalkyl)-
terminated polysiloxane, or a o,0-bis(triaminoalkyl)-terminated polysiloxane.

Polysiloxanes with one hydroxyl or amino group, o,w-bis(hydroxyalkyl)-terminated
polysiloxanes, and «,w-bis(aminoalkyl)-terminated polysiloxanes are commercially available
from, e.g., from Aldrich, ABCR GmbH & Co., Fluorochem, or Gelest, Inc, Morrisville, PA.
Alternatively, they can be obtained by reacting 2-mercaptoethanol or 2-aminoethanethiol
with from vinyl-terminated or (meth)acryloyl-terminated polysiloxanes of various molecular
weights based on thio-ene reaction or Michael Addition reaction mechanism known to a
person skilled in the art.

Polysiloxanes with one sole dihydroxyalky! or trihydoxyalkyl terminal group can be
obtained from a polysiloxane with one sole functional group well known to a person skilled in
the art. For example, the amine group of 3-amino-1,2-propanediol can react with carboxylic
group of a monofunctionalized polysiloxane in the presence of a carbodiimide (i.e., 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC), N,N’-dicyclohexylcarbodiimide (DCC), 1-
cylcohexyl-3-(2-morpholinoethyl)carbodiimide, diisopropyl carbodiimide) according to well-
known carbodiimide-assisted coupling reaction, so as to form a polysiloxane with one sole
dihydroxyalkyl terminal group. Alternatively, thioglycerol can react with mono-3-
methacryloxypropy! terminated, mono-butyl terminated polydimethylsiloxane based on
Michael Addition reaction mechanism to form a polysiloxane with one sole dihydroxyalkyl
terminal group. Further, 2-mercaptoethanol can react with mono-(3-methacryloxy-2-
hydroxypropyloxy)propyl terminated, mono-butyl terminated polydimethylsiloxane based on
on Michael Addition reaction mechanism to form a polysiloxane with one sole dihydroxyalkyl
terminal group. In addition, glycerol acrylate or glycerol methacrylate can react with a
monothiol-terminated, monoalkyl-terminated polysiloxane based on Michael Addition
reaction mechanism to form a polysiloxane with one sole dihydroxyalkyl terminal group.
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Similarly, polysiloxanes with one sole trihydoxyalkyl terminal group can be obtained
by reacting N-{Tris(hydroxymethyl)methyljacrylamide with a monothiol-terminated,
monoalkyl-terminated polysiloxane, or by reacting thioglycerol with mono-(3-methacryloxy-2-
hydroxypropyloxy)propy! terminated, mono-buty! terminated polydimethylsiloxane, based on
Michael Addition reaction mechanism.

The above approaches can also be used to prepare a,0-bis(dihydroxyalky!)-
terminated polysiloxanes and a,w-bis(trihydroxyalkyl)-terminated polysiloxanes from a,@-
difunctionalized polysiloxanes.

Similarly, the above approached can be used to prepare a polysiloxane ATRP
macroinitiator of formula (7). In general, the preparation of a polysiloxane ATRP
macroinitiator of formula (7) involves at least two steps.

In the first step, a branching agent react with a di-functionalized polydisiloxane to
form a branched polydisiloxane with three or four arms each having a terminal functional
group for further reactions. A branching agent is an organic compound comprising three or

four functional groups selected from the group consisting of amine groups, hydroxyl groups,
H

carboxylic groups, isocyanate groups, thiol groups, (meth)acryloyl groups (CHz=é—CO—

G
or CH2=C—CO—), acid chloride groups, and epoxy groups. Preferably, a branching agent
comprises three functional groups and a polysiloxane ATRP macroinitiator of formula (7)
has three arms.

Examples of preferred branching agents include without limitation glycerol,
diglycerol, 1,1,1-trishydroxymethylethane, 1,1,1-trishydroxymethylpropane, 1,2,4-butanetriol,
1,2,6-hexanetriol, erythritol, pentaerythritol, diethylenetriamine, N-2'-aminoethyl-1,3-
propylenediamine, N,N-bis(3-aminopropyl)-amine, N,N-bis(6-aminohexyl)amine,
triethylenetetramine, the isocyanurate trimer of hexamethylene diisocyanate, 2,4,6-toluene
triisocyanate, p, p', p"-tripheny!methane triisocyanate, and the trifunctional trimer
(isocyanurate) of isophorone diisocyanate, trimesoyl chloride, cyclohexane-1,3,5-tricarbonyl
chloride, trimer acid chloride, triglycidylisocyanurate (TGIC), trimethylopropane
trimethacrylate, pentaerythritol tetramethacrylate, triallyl isocyanurate, triallyl cyanurate,
aconitic acid, citric acid, 1,3,5-cyclohexanetricarboxylic acid, 1,3,5-trimethyl-1,3,5-
cyclohexanetricarboxylic acid, 1,2,3 benzene tricarboxylic acid, and 1,2,4 benzene
tricarboxylic acid.

It is well known in the art that a pair of matching functional groups can form a
covalent bond or linkage under known coupling reaction conditions, such as, oxidation-
reduction conditions, dehydration condensation conditions, addition conditions, substitution
(or displacement) conditions, Diels-Alder reaction conditions, cationic crosslinking
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conditions, and epoxy hardening conditions. For example, an amino group reacts with
aldehyde group to form a Schiff base which may further be reduced: an amino group reacts
with an acid chloride to form an amide linkage (-CO-N-); an amino group reacts with an
isocyanate to form a urea linkage; an hydroxyl reacts with an isocyanate to form a urethane
linkage; an hydroxyl reacts with an epoxy to form an ether linkage (-O-); a hydroxyl reacts
with an acid chloride to form an ester linkage; an amino group reacts with carboxylic group
in the presence of a carbodiimide to form an amide linkage, a thiol group (-SH) reacts with a
vinyl group based on thiol-ene reaction to for a thioether linkage (-S-), a thio group reacts
with an (meth)acryloyl group based on Michael Addition to form a thicether linkage.

A person skilled in the art will be able to select a branching agent with three or four
first functional groups and a polysiloxane with two terminal second functional groups which
can react with the first functional groups to form covalent linkages based on a known
coupling reaction discussed above or the like, thereby obtaining a branched polysiloxane
with three or four arms.

In the second step, where the resultant branched polysiloxane with three or four
polysiloxane arms has terminal hydroxyl or amine groups, it can react directly with, 2-
chloropropionyl chloride, 2-chloroisobutyryl bromide, 2-bromopropionyl bromide, or 2-
bromoisobutyryl bromide, to form a polysiloxane ATRP macroinitiator of formula (7).
Alternatively, as discussed above, other terminal functional groups can be converted to
terminal hydroxyl or amine groups or to terminal dihydroxyalkyl or trihydroxyalkyl groups or
to terminal diaminoalkyl or triaminoalkyl groups. Then those resultant polysiloxanes can be
reacted with 2-chloropropiony! chloride, 2-chloroisobutyryl bromide, 2-bromopropionyl
bromide or 2-bromoisobutyryl bromide, to form a polysiloxane ATRP macroinitiator of
formula (7).

it should be understood that the above described methods for preparing a
polysiloxane ATRP macroinitiator of the invention is not exhaustive, but rather illustrative. A
person skilled in the art will be able to select a known coupling method to prepare a
polysiloxane ATRP macroinitiator of the invention shown in formula (6) or (7).

It is also understood that a polysiloxane can have more than one polydialkylsiloxane
segment shown in formula (3), so-called a chain extended polysiloxane. Mono-
functionalized and di-functionalized chain-extended polysiloxanes can be prepared
according to procedures similar to those described in U.S. patent Nos. 4,136,250,
4,486,577, 4,605,712, 5,034,461, 5,416,132, and 5,760,100, herein incorporated by
reference in their entireties.

A polysiloxane ATRP macroinitiator of the invention can be used to initiate atom-
transfer radical polymerization. It is believed that in ATRP radicals are generated by the
ATRP initiating moieties of a polysiloxane ATRP macroinitiator of the invention. Each ATRP
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initiating moiety undergoes a reversible redox process catalyzed by a transition metal
compound such as cuprous halide (CuBr). Activation of the ATRP initiating moiety involves
the CuBr metal center undergoing an electron transfer with simultaneous halogen atom
abstraction and exapansion of its coordinate sphere. The organic radical left behind after
halogen atom abstraction is the reactive free radical that initiates polymerization of one or
more vinylic monomers present in a reactive mixture. After the ATRP, a polymeric chain
composed of the one ore more vinylic monomers is grown from each ATRP initiating
moieties at the place of its halogen atom and terminated with a halogen atom. This terminal
halogen atom can be used as a reactive site to covalently attach an actinically-crosslinkable
group, such as an ethylencially unsaturated group (e.g., ene group or (meth)acryloyl group)
or a thiol group.

Nearly any hydrophilic vinylic monomer can be used in the preparation of the
intermediary copolymer for making a prepolymer of the invention. Suitable hydrophilic vinylic
monomers are, without this being an exhaustive list, hydrophilic amide-type vinylic
monomers, hydroxyl-substituted lower alkyl (C, to C¢) (meth)acrylates, hydroxyl-substituted
lower alkyl vinyl ethers, N-vinylpyrrole, N-vinyl-2-pyrrolidone, 2-vinyloxazoline, 2-vinyl-4,4'-
dialkyloxazolin-5-one, 2- and 4-vinylpyridine, ethylenically unsaturated carboxylic acids
having a total of 3 to 6 carbon atoms, amino(lower alkyl)- (where the term "amino” also
includes quaternary ammonium), mono(lower alkylamino)(lower alkyl) and di(lower
alkylamino)(lower alkyl) (meth)acrylates, allyl alcohol, N-vinyl alkylamide, N-vinyl-N-
alkylamide, 1-alkyl-3-methylene-2-pyrrolidone, 1-alkyl-5-methylene-2-pyrrolidone, and 5-
alkyl-3-methylene-2-pyrrolidone, and the like.

Examples of preferred hydrophilic vinylic monomers are N,N-dimethylacrylamide
(DMA), N,N-dimethylmethacrylamide (DMMA), 2-acrylamidoglycolic acid, 3-acryloylamino-1-
propanol, N-hydroxyethyl acrylamide, N-[tris(hydroxymethyl)methyl]-acrylamide, N-methyl-3-
methylene-2-pyrrolidone, 1-ethyl-3-methylene-2-pyrrolidone, 1-methyl-5-methylene-2-
pyrrolidone, 1-ethyl-5-methylene-2-pyrrolidone, 5-methyl-3-methylene-2-pyrrolidone, 5-ethyl-
3-methylene-2-pyrrolidone, 1-n-propyl-3-methylene-2-pyrrolidone, 1-n-propyl-5-methylene-
2-pyrrolidone, 1-isopropyl-3-methylene-2-pyrrolidone, 1-isopropyl-5-methylene-2-
pyrrolidone, 1-n-butyl-3-methylene-2-pyrrolidone, 1-tert-butyl-3-methylene-2-pyrrolidone, 2-
hydroxyethylmethacrylate (HEMA), 2-hydroxyethyl acrylate (HEA), hydroxypropyl acrylate,
hydroxypropyl methacrylate (HPMA), trimethylammonium 2-hydroxy propylmethacrylate
hydrochloride, aminopropyl methacrylate hydrochloride, dimethylaminoethyl methacrylate
(DMAEMA), glycerol methacrylate (GMA), N-vinyl-2-pyrrolidone (NVP), allyl alcohol,
vinylpyridine, acrylic acid, a C{-C4-alkoxy polyethylene glycol (meth)acrylate having a weight
average molecular weight of up to 1500, methacrylic acid, N-vinyl formamide, N-vinyl
acetamide, N-vinyl isopropylamide, N-vinyl-N-methyl acetamide, allyl alcohol, N-vinyl
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caprolactam, and mixtures thereof. More preferably, N,N-dimethylacrylamide (DMA) or N,N-
dimethylmethacrylamide (DMMA) and at least one hydrophilic vinylic monomer other than
DMA or DMMA are used together used in the preparation of the intermediary copolymer for
making a prepolymer of the invention.

In one preferred embodiment, an actinically-crosslinakble prepolymer of the
invention is represented by formula (1) in which r; is zero, In this preferred embodiment, the
prepolymer consists of one arm of polysiloxane chain having no actinically-crosslinkable
terminal group and two or three arms of hydrophilic polymer chains each terminated with an
actinically-crosslinkable group.

In another preferred embodiment, an actinically-crosslinakble prepolymer of the
invention is represented by formula (1) in which each of ry and r; is an integer of 1. In this
preferred embodiment, the prepolymer has a H-shape and consists of a polysiloxane chain
or a chain-extended polysiloxane chain capped at each of its two ends with two hydrophilic
polymer chains.

In another preferred embodiment, an actinically-crosslinakble prepolymer of the
invention is represented by formula (2) in which ry is an tiger of 1 and r, is an integer of 3. In
this preferred embodiment, the prepolymer consists of three arms radiating from a
branching agent, each arm consisting of a polysiloxane or chain-extended polysiloxane
chain which is connected at one of its ends to the branching agent and is capped at the
other end with a hydrophilic polymer chain.

In another preferred embodiment, the hydrophilic polymer chains (LC) of an
actinically-crosslinkable prepolymer of the invention is composed of monomeric units of
DMA and/or one or more hydrophilic vinylic monomer other than DMA.

In another preferred embodiment, the hydrophilic polymer chains (LC) of an
actinically-crosslinkable prepolymer of the invention is composed of monomeric units of
NVP and/or one or more hydrophilic vinylic monomer other than NVP.

In another preferred embodiment, the hydrophilic polymer chains (LC) of an
actinically-crosslinkable prepolymer of the invention is composed of monomeric units of 3-
acryloylamino-1-propanol, N-hydroxyethyl acrylamide, N-{tris(hydroxymethyl)methyl]-
acrylamide, 2-hydroxyethylmethacrylate (HEMA), 2-hydroxyethy| acrylate (HEA),
hydroxypropyl acrylate, hydroxypropyl methacrylate (HPMA), glycerol methacrylate (GMA),
allyl alcohol, a C,-C,4-alkoxy polyethylene glycol (meth)acrylate having a weight average
molecular weight of up to 1500, or a combination thereof. In this preferred embodiment, the
hydrophilic polymer chains have a bottle-brush structure, i.e., short hydroxyl-containing
chains extending outwardly from one main hydrophilic polymer chain.

In accordance with the invention, the reactive mixture for preparing an intermediary

copolymer of the invention can further comprise one or more members selected from the
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group consisting of a silicone-containing vinylic monomer, a hydrophobic vinylic monomer
free of silicone atom, a polymerizable UV-absorbing agent (i.e., a compound comprising a
UV absorbing moiety and an ethylenically unsaturated group), a polymerizable latent UV-
absorbing agent (i.e., a compound comprising a latent UV absorbing moiety and an
ethylenically unsaturated group). It is understood that the weight percentage of those
components should be less than about 10%, preferably less than about 5%, more preferably
less than about 3% relative to the total weight of polymerization components other than
polysiloxane ATRP macroinitiator.

Examples of preferred silicone-containing vinylic monomers include without limitation
N-{tris(trimethylsiloxy)silylpropyl]-(meth)acrylamide, N-[tris(dimethylpropylsiloxy)silylpropy!]-
(meth)acrylamide, N-[tris(dimethylphenylsiloxy)silylpropyl] (meth)acrylamide, N-
[tris(dimethylethylsiloxy)silylpropyl] (meth)acrylamide, N-(2-hydroxy-3-(3-
(bis(trimethylsilyloxy)methylsilyl)propyloxy)propyl)-2-methyl (meth)acrylamide; N-(2-hydroxy-
3-(3-(bis(trimethylsilyloxy)methylsilyl)propyloxy)propyl) acrylamide; N,N-bis[2-hydroxy-3-(3-
(bis(trimethylsilyloxy)methylsilyl)propyloxy)propyi]-2-methyl acrylamide; N,N-bis[2-hydroxy-
3-(3-(bis(trimethylsilyloxy)methylsilyl)propyloxy)propyl] acrylamide; N-(2-hydroxy-3-(3-
(tris(trimethylsilyloxy)silyl)propyloxy)propyl)-2-methyl acrylamide; N-(2-hydroxy-3-(3-
(tris(trimethylsilyloxy)silyl)propyloxy)propyl)acrylamide; N,N-bis[2-hydroxy-3-(3-
(tris{trimethyIsilyloxy)silyl}propyloxy)propyl]-2-methyl acrylamide; N,N-bis[2-hydroxy-3-(3-
(tris{trimethylsilyloxy)silyl)propyloxy)propyllacrylamide; N-[2-hydroxy-3-(3-(t-
butyldimethylsilyl)propyloxy )propyl]-2-methyl acrylamide; N-[2-hydroxy-3-(3-(t-
butyldimethylsilyl)propyloxy)propyllacrylamide; N,N-bis[2-hydroxy-3-(3(t-
butyldimethylsilyl)propyloxy)propyl]-2-methyl acrylamide; N,N-bis[2-hydroxy-3-(3-(t-
butyldimethylsilyl)propyloxy)propyllacrylamide; 3-methacryloxy propylpentamethyldisiloxane,
tris(trimethylsilyloxy)silylpropyl methacrylate (TRIS), (3-methacryloxy-2-
hydroxypropyloxy)propylbis(trimethylsiloxy)methylsilane), (3-methacryloxy-2-
hydroxypropyloxy)propyltris(trimethylsiloxy)silane, 3-methacryloxy-2-(2-hydroxyethoxy)-
propyloxy)propylbis{trimethylsiloxy)methylsilane, N-2-methacryloxyethyl-O-(methyl-bis-
trimethylsiloxy-3-propyl)silyl carbamate, 3-(trimethyisilyl)propylvinyt carbonate, 3-
(vinyloxycarbonylthio)propyl-tris(trimethyl-siloxy)silane, 3-[tris(trimethylsiloxy)silyl]propylvinyl
carbamate, 3-{tris(trimethylsiloxy)silyl] propyl allyl carbamate, 3-
[tris(trimethylsiloxy)silyl]propy! viny] carbonate, t-butyldimethyl-siloxyethyl vinyl carbonate;
trimethylsilylethyl viny! carbonate, and trimethylsilylmethy! vinyl carbonate). Most preferred
siloxane-containing (meth)acrylamide monomers of formula (1) are N-
[tris(trimethylsiloxy)silylpropyl]acrylamide, TRIS, N-[2-hydroxy-3-(3-(t-
butyldimethylsilyl)propyloxy)propyllacrylamide.
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Examples of preferred hydrophobic vinylic monomers include methylacrylate, ethyl-
acrylate, propylacrylate, isopropylacrylate, cyclohexylacrylate, 2-ethylhexylacrylate,
methylmethacrylate, ethylmethacrylate, propylmethacrylate, vinyl acetate, vinyl propionate,
vinyl butyrate, vinyl valerate, styrene, chloroprene, viny! chloride, vinylidene chloride,
acrylonitrile, 1-butene, butadiene, methacrylonitrile, vinyl toluene, vinyl ethy! ether,
perfluorohexylethyl-thio-carbonyl-aminoethyl-methacrylate, isobornyl methacrylate,
trifluoroethyl methacrylate, hexafluoro-isopropyl methacrylate, hexafluorobuty! methacrylate.

Any suitable polymerizable UV-absorbing agents can be used in the invention.
Preferably, a polymerizable UV-absorbing agent comprises a benzotriazole-moiety or a
benzophenone-moiety. Examples of preferred polymerizable UV absorbers include without
limitation 2-(2-hydroxy-5-vinylpheny()-2H-benzotriazole, 2-(2-hydroxy-5-acrylyloxyphenyi)-
2H-benzotriazole, 2-(2-hydroxy-3-methacrylamido methyl-5-tert octylphenyl)benzotriazole,
2-(2'-hydroxy-5'-methacrylamidophenyl)-5-chlorobenzotriazole, 2-(2'-hydroxy-5'-
methacrylamidophenyl)-5-methoxybenzotriazole, 2-(2'-hydroxy-5'-methacryloxypropyl-3'-t-
butyl-phenyl)-5-chlorobenzotriazo le, 2-(2'-hydroxy-5'-
methacryloxyethylphenyl)benzotriazole, 2-(2'-hydroxy-5'-
methacryloxypropylphenyl)benzotriazole, 2-hydroxy-4-acryloxy alkoxy benzophenone, 2-
hydroxy-4-methacryloxy alkoxy benzophenone, allyl-2-hydroxybenzophenone, 2-hydroxy-4-
methacryloxy benzophenone.

A polymerizable latent UV-absorbing agent can be prepared from a polymerizable
UV-absorbing agent described above according to any known method known to a person
skilled in the art. For example, a benzotriazole-moiety or a benzophenone-moiety can be
reacted with a protected labile group to convert a UV-absorbing moiety into a latent UV-
absorbing moiety.

For a benzotriazole-type of UV-absorbing agent, the hydroxyl radical of the phenol
moiety in a benzotriazole moiety can be replaced with a protective labile group to render the
agent essentially non-UV absorbing (i.e., the protective group essentially shifts the
absorption properties of the compound so that the agent does not absorb as strongly in the
280 to 400 nm range). Examples of protective labile groups include without limitation acetyl
radical, acetylalkylsilane, alkylether, and alkylester. These protective groups can be
converted back to a hydroxyl radical according to any known method after the lens is cured,
thus rendering the lens UV-absorbing. For example, removal of protective labile groups can
be performed by soaking the cured lens in saturated bicarbonate solution and heating.

Similarly, at least one hydroxy! radical of the phenolic radical of a benzophenone
moiety can be replaced with one of the aforementioned protective labile groups to form a
latent UV-absorbing moiety. The latent UV-absorbing moiety can be converted to a UV-
absorbing moiety by removing the protective labile group.
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A polymerizable UV-absorbing agent or a polymerizable latent UV-absorbing agent
is generally is present in the monomer mixture in an amount sufficient to render a contact
lens, which is obtained from the curing of the monomer mixture and is subjected to
treatment to convert latent UV-absorbing moieties if applicable, absorbing at least about 80
percent of the UV light in the range of from about 280 nm to about 370 nm that impinges on
the lens. A person skilled in the art will understand that the specific amount of UV-absorbing
agent used in the monomer mixture will depend on the molecular weight of the UV-
absorbing agent and its extinction coefficient in the range from about 280 to about 370 nm.
In accordance with the invention, the monomer mixture comprises about 0.2% to about
5.0%, preferably about 0.5% to about 2.5%, by weight of a UV-absorbing agent.

A reactive mixture for preparing an intermediary copolymer of the invention
preferably comprises a solvent which dissolves all of the desirable components. Example of
suitable solvents includes without limitation, water, tetrahydrofuran, tripropylene glycol
methyl ether, dipropylene glycol methyl ether, ethylene glycol n-butyl ether, ketones (e.g.,
acetone, methyl ethyl ketone, etc.), diethylene glycot n-buty! ether, diethylene glycol methyl
ether, ethylene glycol phenyl ether, propylene glycol methyl ether, propylene glycol methyl
ether acetate, dipropylene glycol methyl ether acetate, propylene glycol n-propyl ether,
dipropylene glycol n-propyl ether, tripropylene glycol n-butyl ether, propylene glycol n-butyl
ether, dipropylene glycol n-butyl ether, tripropylene glycol n-butyl ether, propylene glycol
phenyl ether dipropylene glycol dimetyl ether, polyethylene glycols, polypropylene glycols,
ethyl acetate, butyl acetate, amyl acetate, methyl lactate, ethyl lactate, i-propyl lactate,
methylene chloride, 2-butanol, 1-propanol, 2-propanol, menthol, cyclohexanot,
cyclopentanol and exonorborneol, 2-pentanol, 3-pentanol, 2-hexanol, 3-hexanol, 3-methyl-2-
butanol, 2-heptanol, 2-octanol, 2-nonanol, 2-decanol, 3-octanol, norborneol, tert-butanol,
tert-amyl, alcohol, 2-methyl-2-pentanol, 2,3-dimethyl-2-butanol, 3-methyl-3-pentanol, 1-
methylcyclohexanol, 2-methyl-2-hexanol, 3,7-dimethyl-3-octanol, 1-chloro-2-methyl-2-
propanol, 2-methyl-2-heptanol, 2-methyl-2-octanol, 2-2-methyl-2-nonanol, 2-methyl-2-
decanol, 3-methyl-3-hexanol, 3-methyi-3-heptanol, 4-methyl-4-heptanol, 3-methyI-3-octanol,
4-methyl-4-octanol, 3-methyl-3-nonanol, 4-methyi-4-nonanol, 3-methyi-3-octanol, 3-ethyl-3-
hexanol, 3-methyl-3-heptanol, 4-ethyl-4-heptanol, 4-propyl-4-heptanol, 4-isopropyl-4-
heptanol, 2,4-dimethyl-2-pentanol, 1-methylcyclopentanol, 1-ethylcyclopentanol, 1-
ethylcyclopentanol, 3-hydroxy-3-methyl-1-butene, 4-hydroxy-4-methyl-1-cyclopentanol, 2-
phenyl-2-propanol, 2-methoxy-2-methyl-2-propanol 2,3,4-trimethyl-3-pentanol, 3,7-dimethyl-
3-octanol, 2-phenyl-2-butanol, 2-methyl-1-phenyl-2-propanol and 3-ethyl-3-pentanol, 1-
ethoxy-2-propanol, 1-methyl-2-propanol, t-amyl alcohol, isopropanol, 1-methyl-2-
pyrrolidone, N,N-dimethylpropionamide, dimethyl formamide, dimethy! acetamide, dimethyl
propionamide, N-methy! pyrrolidinone, and mixtures thereof.
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Where crosslinking of a prepolymer of the invention is based on the mechanism of
free radical chain-growth polymerization, the actinically crosslinkable groups of the
prepolymer preferably comprises at least two ethylenically unsaturated groups. For
example, the bromine or chlorine atoms of an intermediary copolymer prepared according to
a procedure described above can be substituted by an acryloyloxy or methacryloyloxy group
if it is reacted with acrylic or methacrylic acid, by an acryloylamino or methacryloylamino
group if it is reacted with acrylamide or methacrylamide, by an allylcarboxy group if it is
reacted with allyl acid, or by an allylamino group if it is reacted with allylamine.

Where crosslinking of a prepolymer of the invention is based on the mechanism of
thiol-ene step-growth radical polymerization, the actinically crosslinkable groups of the
prepolymer preferably comprises at least two thiol groups or at least two ene-containing
groups. An “ene-containing group” is intended to describe a mono-valent or divalent radical
that contains a carbon-carbon double which is not directly linked to a carbonyl group (-CO-),
nitrogen atom, or oxygen atom. Examples of preferred ene-groups are vinyl, allyl and
norbornenyl groups. Ene-groups can be introduced into an intermediary copolymer
according to any known methods. For example, the bromine or chlorine atoms of an
intermediary copolymer prepared according to a procedure described above can be
substituted by 5-Norbornene-2-carboxy group if it is reacted with 5-Norbornene-2-carboxylic
acid.

Thiol groups can be introduced into an intermediary copolymer according to Sy2
displacement with a sulfur nucleophile such as thoiurea, (NH;),C=S, as known to a person
skilled in the art.

Preferably, a resultant prepolymer of the invention is substantially purified in a
manner known known to a person skilled in the art, for example, by precipitation with
organic solvents, such as acetone, filtration and washing, extraction in a suitable solvent,
dialysis or ultrafiltration, ultrafiltration being especially preferred. The prepolymers is
preferably purified to be in an extremely pure form, for example in the form of concentrated
solutions that are free, or at least substantially free, from reaction products, such as salts,
and from starting materials, such as, for example, non-polymeric constituents. The preferred
purification process for the prepolymers used in the process according to the invention,
ultrafiltration, can be carried out in a manner known to a person skilled in the art. It is
possible for the ultrafiltration to be carried out repeatedly, for example from two to ten times.
Alternatively, the ultrafiltration can be carried out continuously until the selected degree of
purity is attained. The selected degree of purity can in principle be as high as desired. By
using such prepolymers in making contact lenses, the obtained lenses will not require
subsequent purification such as, for example, costly and complicated extraction of

unpolymerized matrix-forming material.
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A prepolymer of the invention can be used in preparing silicone hydrogel contact
lenses or other medical devices.

In another aspect, the invention provides a soft contact lens. The soft contact lens of
the invention comprises: a silicone hydrogel material that is obtained by curing a lens-
forming material in a mold, wherein the lens-forming material comprises an actinically
crosslinkable prepolymer of formula (1) or (2) as described above.

In accordance with the invention, a lens-forming material is a fluid composition,
which can be a solution or a melt at a temperature from about 20°C to about 85°C.
Preferably, a lens-forming material is a solution of at least one prepolymer of the invention
and other desirable components in water, or an organic solvent, or a mixture of water and
one or more organic solvents.

A solution of at least one prepolymer of the invention can be prepared by dissolving
the prepolymer and other components in any suitable solvent known to a person skilled in
the art. Examples of suitable solvents are described above.

All of the various embodiments of the prepolymer of the invention described above
can be used in this aspect of the invention.

The lens-forming material can but preferably does not comprise one or more
members selected from the group consisiting of a hydrophilic vinylic monomer, a silicone-
containing vinylic monomer, a hydrophobic vinylic monomer free of silicone atom, a
crosslinking agent (i.e., compounds with two or more ethylenically unsaturated groups and
with molecular weight less than 700 Daltons). However, the amount of those components
should be low such that the final ophthalmic device does not contain unacceptable levels of
unpolymerized vinylic monomers and/or crosslinking agents. The presence of unacceptable
levels of unpolymerized monomers and/or crosstinking agents will require extraction to
remove them, which requires additional steps that are costly and inefficient. But preferably,
the lens-forming material is substantially free of vinylic monomer and crosslinking agent
(i.e., preferably about 2% or less, more preferably about 1% or less, even more preferably
about 0.5% or less by weight of combination of vinylic monomer and crosslinking agent).

All of various embodiments of hydrophilic vinylic monomers, silicone-containing
vinylic monomers, and hydrophobic vinylic monomers free of silicone atoms can be used in
this aspect of the invention.

Examples of preferred crosslinking agents include without limitation
tetra(ethyleneglycol) di-(meth)acrylate, tri(ethyleneglycol) di-(meth)acrylate, ethyleneglycol
di-(meth)acylate, di(ethyleneglycol) di-(meth)acrylate, trimethylopropane trimethacrylate,
pentaerythrito! tetramethacrylate, bisphenol A dimethacrylate, vinyl methacrylate,
ethylenediamine dimethyacrylamide, glycerol dimethacrylate, triallyl isocyanurate, triallyl
cyanurate, allylmethacrylate, dimers (e.g., 1,3-bis(methacrylamidopropyl)-1,1,3,3-

20



WO 2010/135481 PCT/US2010/035495

tetrakis(trimethylsiloxy)-disiloxane, 1,3-bis(N-methacrylamidopropy!)-1,1,3,3-tetrakis-
(trimethylsiloxy)disiloxane, 1,3-bis(methacrylamidobutyl)-1,1 ,3,3-tetrakis(trimethylsiloxy)-
disiloxane, 1,3-bis(acrylamidopropyl)-1,1,3,3-tetrakis(trimethylsiloxy)disiloxane, 1,3-
bis(methacryloxyethylureidopropyl)-1,1,3,3-tetrakis(trimethylsiloxy)disiloxane) disclosed in
U.S. Patent No. 4,711,943 (herein incorporated by reference in its entirety), and
combinations thereof. A preferred cross-linking agent is tetra(ethyleneglycol) diacrylate,
tri(ethyleneglycol) diacrylate, ethyleneglycol diacylate, di(ethyleneglycol) diacrylate, triallyl
isocyanurate, or triallyl cyanurate.

It must be understood that a lens-forming material can also comprise various
components, such as, for example, polymerization initiators (e.g., photoinitiator or thermal
initiator), a visibility tinting agent (e.g., dyes, pigments, or mixtures thereof), a polymerizable
UV-absorbing agent, a polymerizable latent UV-absorbing agent, antimicrobial agents (e.g.,
preferably silver nanoparticles), bioactive agent, leachable lubricants, and the like, as known
to a person skilled in the art.

All various embodiments of polymerizable UV-absorbing agents and polymerizable
latent UV-absorbing agents can be used in this aspect of the invention.

Initiators, for example, selected from materials well known for such use in the
polymerization art, may be included in the lens-forming material in order to promote, and/or
increase the rate of, the polymerization reaction. An initiator is a chemical agent capable of
initiating polymerization reactions. The initiator can be a photoinitiator or a thermal initiator.

A photoinitiator can initiate free radical polymerization and/or crosslinking by the use
of light. Suitable photoinitiators are benzoin methyl ether, diethoxyacetophenone, a
benzoylphosphine oxide, 1-hydroxycyclohexyl phenyl ketone and Darocur and Irgacur
types, preferably Darocur 1173® and Darocur 2959®. Examples of benzoyiphosphine
initiators include 2,4,6-trimethylbenzoyldiphenylophosphine oxide; bis-(2,6-dichlorobenzoyl)-
4-N-propylphenylphosphine oxide; and bis-(2,6-dichlorobenzoyl)-4-N-butylphenylphosphine
oxide. Reactive photoinitiators which can be incorporated, for example, into a macromer or
can be used as a special monomer are also suitable. Examples of reactive photoinitiators
are those disclosed in EP 632 329, herein incorporated by reference in its entirety. The
polymerization can then be triggered off by actinic radiation, for example light, in particular
UV light of a suitable wavelength. The spectral requirements can be controlled accordingly,
if appropriate, by addition of suitable photosensitizers

Examples of preferred pigments include any colorant permitted in medical devices
and approved by the FDA, such as D&C Blue No. 6, D&C Green No. 6, D&C Violet No. 2,
carbazole violet, certain copper complexes, certain chromium oxides, various iron oxides,
phthalocyanine green, phthalocyanine blue, titanium dioxides, etc. See Marmiom DM
Handbook of U.S. Colorants for a list of colorants that may be used with the present
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invention. A more preferred embodiment of a pigment include (C.1. is the color index no.),
without limitation, for a blue color, phthalocyanine blue (pigment blue 15:3, C.I. 74160),
cobalt blue (pigment blue 36, C.I. 77343), Toner cyan BG (Clariant), Permajet blue B2G
(Clariant); for a green color, phthalocyanine green (Pigment green 7, C.I. 74260) and
chromium sesquioxide; for yellow, red, brown and black colors, various iron oxides; PR122,
PY154, for violet, carbazole violet; for black, Monolith black C-K (CIBA Specialty
Chemicals).

The bioactive agent incorporated in the polymeric matrix is any compound that can
prevent a malady in the eye or reduce the symptoms of an eye malady. The bioactive agent
can be a drug, an amino acid (e.g., taurine, glycine, etc.), a polypeptide, a protein, a nucleic
acid, or any combination thereof. Examples of drugs useful herein inciude, but are not
limited to, rebamipide, ketotifen, olaptidine, cromoglycolate, cyclosporine, nedocromil,
levocabastine, lodoxamide, ketotifen, or the pharmaceutically acceptable salt or ester
thereof. Other examples of bioactive agents include 2-pyrrolidone-5-carboxylic acid (PCA),
alpha hydroxyl acids (e.g., glycolic, lactic, malic, tartaric, mandelic and citric acids and salts
thereof, etc.), linoleic and gamma linoleic acids, and vitamins (e.g., BS, A, B6, etc.).

Examples of leachable lubricants include without limitation mucin-like materials (e.qg.,
polyglycolic acid) and non-crosliinkable hydrophilic polymers (i.e., without ethylenically
unsaturated groups).

Any hydrophilic polymers or copolymers without any ethylenically unsaturated
groups can be used as leachable lubricants. Preferred examples of non-crosllinkable
hydrophilic polymers include, but are not limited to, polyvinyl alcohols (PVAs), polyamides,
polyimides, polylactone, a homopolymer of a vinyl lactam, a copolymer of at least one vinyl
lactam in the presence or in the absence of one or more hydrophilic vinylic comonomers, a
homopolymer of acrylamide or methacrylamide, a copolymer of acrylamide or
methacrylamide with one or more hydrophilic vinylic monomers, polyethylene oxide (i.e.,
polyethylene glycol (PEG)), a polyoxyethylene derivative, poly-N-N-dimethylacrylamide,
polyacrylic acid, poly 2 ethyl oxazoline, heparin polysaccharides, polysaccharides, and
mixtures thereof.

The number-average molecular weight M, of the non-crosslinkable hydrophilic polymer is
preferably from 5,000 to 500,000, more preferably from 10,000 to 300,000, even more
preferably from 20,000 to 100,000.

Lens molds for making contact lenses are well known to a person skilled in the art
and, for example, are employed in cast molding or spin casting. For example, a mold (for
cast molding) generally comprises at least two mold sections (or portions) or mold halves,
i.e. first and second mold halves. The first mold half defines a first molding (or optical)
surface and the second mold half defines a second molding (or optical) surface. The first
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and second mold halves are configured to receive each other such that a lens forming cavity
is formed between the first molding surface and the second molding surface. The molding
surface of a mold half is the cavity-forming surface of the mold and in direct contact with
lens-forming material.

Methods of manufacturing mold sections for cast-molding a contact lens are
generally well known to those of ordinary skill in the art. The process of the present
invention is not limited to any particular method of forming a mold. In fact, any method of
forming a mold can be used in the present invention. The first and second mold halves can
be formed through various techniques, such as injection molding or lathing. Examples of
suitable processes for forming the mold halves are disclosed in U.S. Patent Nos. 4,444,711
to Schad; 4,460,534 to Boehm et al.; 5,843,346 to Morrill; and 5,894,002 to Boneberger et

al., which are also incorporated herein by reference.

Virtually all materials known in the art for making molds can be used to make molds
for preparing ocular lenses. For example, polymeric materials, such as polyethylene,
polypropylene, polystyrene, PMMA, a cyclic olefin copolymer (such as for example, Topas®
COC grade 8007-S10 (clear amorphous copolymer of ethylene and norbornene) from
Ticona GmbH of Frankfurt, Germany and Summit, New Jersey, Zeonex® and Zeonor® from
Zeon Chemicals LP, Louisville, KY), polymethylmethacrylate (PMMA), polyoxymethylene
from DuPont (Delrin), Ultem® (polyetherimide) from G.E. Plastics, PrimoSpire®, or the like
can be used. Other materials that allow UV light transmission could be used, such as,
quartz, glass, sapphire, CaF,.

In a preferred embodiment, reusable molds can be used. Examples of reusable
molds suitable for spatial limitation of radiation include without limitation those disclosed in
U.S. Patent Nos. 6,800,225, 6,627,124, 7,384,590, and 7,387,759, which are incorporated
by reference in their entireties. In this aspect, the lens-forming material is poured into a
mold consisting of two mold halves not touching each other but having a thin gap of annular
design arranged between them. The gap is connected to the mold cavity, so that excess
lens-forming material can flow into the gap. Instead of polypropylene molds that can be
used only once, it is possible for reusable quartz, glass, sapphire or CaF; molds to be used,
since, following the production of a lens, these molds can be cleaned rapidly and effectively
to remove unreacted materials and other residues, using water or a suitable solvent, and
can be dried with air. Reusable molds can also be made of a cyclic olefin copolymer (such
as for example, Topas® COC grade 8007-S10 (clear amorphous copolymer of ethylene and
norbornene) from Ticona GmbH of Frankfurt, Germany and Summit, New Jersey, Zeonex®
and Zeonor® from Zeon Chemicals LP, Louisville, KY), polymethyimethacrylate (PMMA),
polyoxymethylene from DuPont (Delrin), Ultem® (polyetherimide) from G.E. Plastics,
PrimoSpire®. Because of the reusability of the mold halves, a relatively high outlay can be
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expended at the time of their production in order to obtain molds of extremely high precision
and reproducibility. Since the mold halves do not touch each other in the region of the lens
to be produced, i.e. the cavity or actual mold faces, damage as a result of contact is ruled
out. This ensures a high service life of the molds, which, in particular, also ensures high
reproducibility of the contact lenses to be produced and high fidelity to the lens design.

In accordance with the invention, the lens-forming material can be introduced
(dispensed) into a cavity formed by a mold according to any known methods.

After the lens-forming material is dispensed into the mold, it is polymerized to
produce a contact lens. Crosslinking may be initiated in the mold e.g. by means of actinic
radiation, such as UV irradiation, ionizing radiation (e.g., gamma or X-ray irradiation). Where
prepolymers of the invention are the polymerizable components in the lens-forming material,
the mold containing the lens-forming material can be exposed to a spatial limitation of
actinic radiation to crosslink the prepolymers.

The crosslinking according to the invention may be effected in a very short time, e.g.
in < 3 minutes, preferably in < 2 minutes, more preferably in < 1 minute, most preferably in 5
to 50 seconds.

Opening of the mold so that the molded article can be removed from the mold may
take place in a manner known per se.

The molded contact lenses can further subject to further processes, such as, for
example, lens extraction with an organic solvent (e.g., those described above for preparing
a lens forming material), hydration (in a water or an aqueous solution of a wetting agent),
surface treatment, packaging in lens packages with a packaging solution which can contain
a wetting agent (e.g., a hydrophilic polymer described above) and/or a viscosity-enhancing
agent (e.g., methyl cellulose (MC), ethyl cellulose, hydroxymethylcellulose, hydroxyethyl
celiulose (HEC), hydroxypropyicellulose (HPC), hydroxypropyimethyi celiulose (HPMC), or a
mixture thereof); sterilization (e.g., autoclave); and the like.

A contact lens of the invention has an oxygen permeability of preferably at least
about 40 barrers, more preferably at least about 60 barrers, even more preferably at [east
about 80 barrers. In accordance with the invention, an oxygen permeability is an apparent
(directly measured when testing a sample with a thickness of about 100 microns) oxygen
permeability according to procedures described in Examples.

A contact lens of the invention has an elastic modulus of about 2.0 MPa or less,
preferably about 1.5 MPa or less, more preferably about 1.2 or less, even more preferably
from about 0.4 MPa to about 1.0 MPa.

A contact lens of the invention further has an lonoflux Diffusion Coefficient, D, of,
preferably at least about 1.5 x 10°° mm?min, more preferably at least about 2.6 x 10

mm?/min, even more preferably at least about 6.4 x 10° mm?min.
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A contact lens of the invention further has a water content of preferably from about
15% to about 65%, more preferably from about 20% to about 50% by weight when fully
hydrated. The water content of a silicone hydrogel! contact lens can be measured according
to Bulk Technique as disclosed in US5,849,811.

In a further aspect, the invention provides a method for producing soft contact
lenses. The method comprises the steps of: providing a mold for making a soft contact lens,
wherein the mold has a first mold half with a first molding surface defining the anterior
surface of a contact lens and a second mold half with a second molding surface defining the
posterior surface of the contact lens, wherein said first and second mold halves are
configured to receive each other such that a cavity is formed between said first and second
molding surfaces; introduce a lens-forming material into the cavity, wherein the lens-forming
material comprises an actinically crosslinkable prepolymer of formula (1) or (2) as described
above; and actinically irradiating the lens forming material in the cavity to form a contact
lens.

All of the various embodiments of the molds, actinically-crosslinkable prepolymers,
lens-forming materials, and spatial limitation of radiation, and contact lens of the invention
described above can be used in this aspect of the invention.

All of the various embodiments of the reactive mixture described above can be used

in this aspect of the invention.

The previous disclosure will enable one having ordinary skill in the art to practice the
invention. In order to better enable the reader to understand specific embodiments and the
advantages thereof, reference to the following non-limiting examples is suggested.
However, the following examples should not be read to limit the scope of the invention.

Example 1
Oxygen permeability measurements. The oxygen permeability of a lens and oxygen
transmissibility of a lens material is determined according to a technique similar to the one
described in U.S. Patent No. 5,760,100 and in an article by Winterton et al., (The Cornea:
Transactions of the World Congress on the Cornea 111, H.D. Cavanagh Ed., Raven Press:
New York 1988, pp273-280), both of which are herein incorporated by reference in their
entireties. Oxygen fluxes (J) are measured at 34°C in a wet cell (i.e., gas streams are
maintained at about 100% relative humidity) using a Dk1000 instrument (available from
Applied Design and Development Co., Norcross, GA), or similar analytical instrument. An
air stream, having a known percentage of oxygen (e.g., 21%), is passed across one side of
the lens at a rate of about 10 to 20 cm® /min., while a nitrogen stream is passed on the
opposite side of the lens at a rate of about 10 to 20 cm® /min. A sample is equilibrated in a
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test media (i.e., saline or distilled water) at the prescribed test temperature for at least 30
minutes prior to measurement but not more than 45 minutes. Any test media used as the
overlayer is equilibrated at the prescribed test temperature for at least 30 minutes prior to
measurement but not more than 45 minutes. The stir motor's speed is set to 1200+50 rpm,
corresponding to an indicated setting of 40015 on the stepper motor controller. The
barometric pressure surrounding the system, Pmeasured, is measured. The thickness (t) of the
lens in the area being exposed for testing is determined by measuring about 10 locations
with a Mitotoya micrometer VL-50, or similar instrument, and averaging the measurements.
The oxygen concentration in the nitrogen stream (i.e., oxygen which diffuses through the
lens) is measured using the DK1000 instrument. The apparent oxygen permeability of the
lens material, Dkapp, is determined from the following formula:

Dkapp =Jt/(Poxygen)
where J=oxygen flux [microliters O, /cm? -minute]

Poxygen =(Pmeasured ~Pwater VAPOr)=(%0; in air stream) [mm Hg]=partial pressure of
oxygen in the air stream

P measurea =b@rometric pressure (mm Hg)

Puwater vapor =0 mm Hg at 34 °C (in a dry cell) (mm Hg)

Pyater vapor =40 mm Hg at 34 °C (in a wet cell) (mm Hg)

t=average thickness of the lens over the exposed test area (mm)
where Dk, is expressed in units of barrers.

The oxygen transmissibility (Dk /t) of the material may be calculated by dividing the
oxygen permeability (Dkapp) by the average thickness (t) of the lens.
lon Permeability Measurements. The ion permeability of a lens is measured according to
procedures described in U.S. Patent No. 5,760,100 (herein incorporated by reference in its
entirety. The values of ion permeability reported in the following examples are relative
ionoflux diffusion coefficients (D/Dy) in reference to a lens material, Alsacon, as reference
material. Alsacon has an ionoflux diffusion coefficient of 0.314X10* mm?/minute.
Water Contact Angle (WCA) Measurements. Water contact angle (WCA) measurements
are performed by the sessile drop method with a DSA 10 drop shape analysis system from
Kriss GmbH, Germany with pure water (Fluka, surface tension 72.5 mN/m at 20°C). For
measurement purposes a contact lens is taken off the storage solution with tweezers and
excess storage solution is removed by gentle shaking. The contact lens are placed on the
male part of a lens mold and gently blotted with a dry and clean cloth. A water droplet
(approximately 1 pl) is then dosed on the lens apex, and the change of the contact angle
over time of this water droplet (WCA(t), circle fitting mode) is monitored. The WCA is
calculated by the extrapolation of the graph WCA(t)tot = 0.
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Example 2
A. Difunctional PDMS macroinitiator

This example illustrates how to prepare prepolymers of the invention.
o

Ho\/\o/\/\/Si\,{o\/Si\);\/\o/\/OH + Br)KrBr C—;'[:‘;Aj; Br/‘\g/o\/\o/\/\/Si\’{o\/Si\)ﬁ\/\O/\/orLar
Scheme 1.

Preparation according to scheme 1. 200 g (37 mmol) of o,w-bis(hydroxyethoxypropy!)-
terminated PDMS (KF-6003, MW ~ 5400 g/mol), 15.6 mL of diisopropylethylamine (90
mmol), and 1.2 L of hexanes are added in a 2 L round bottom flask. After the reaction
mixture is cooled to 0 °C using an ice bath, 19.4 g (90 mmol) of 2-bromo-propionyl bromide
in 60 mL of hexanes is added dropwise into the flask through an addition funnel. The
reaction mixture is allowed to warm to room temperature and reacted for 12 hours with
stirring. After filtration, the organic solution is washed with a saturated sodium biocarbonate
solution (400 mL x 2), followed by de-ionized water (400 mL x 2). The organic phase is
collected and dried over using anhydrous magnesium sulfate. After passing through a silica
column and removing the solvent under vacuum, a slightly yellowish oil like product is
collected (170 g, 85%). The product is confirmed using 'H NMR. The functionality is
determined to be > 95% (based on the 'H-NMR data).

B. Tertrafunctional PDMS macroinitiator
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Scheme 2.

er Br

Preparation according to scheme 2. 200 g (49 mmol) of a,w-bis(3-methacryloxypropyl)-
terminated PDMS (FM7721, MW =~ 4100 g/mol) is dissolved in 1 L of a tetrahydrofuran/2-
propanol mixture (1/1 V/V) in a 2 L round bottom flask, followed by adding 45 mL of KOH
solution (0.1 N in methanol) and 17.3 g (160 mmol) of 1-thioglycerol. The reaction is carried
out at room temperature and monitored by titrating with an iodine solution in water (0.1 N).
After reaction for 17 h at room temperature, 45 mL of HCI solution (0.1 N in methanol) is
added to neutralize the reaction solution. After removing all the solvent, the residuals are
dissolved in 1 L of methylene chloride and extracted with de-ionized water (500 mL x 4).
The organic phase is collected and dried over anhydrous magnesium sulfate. After passing
through a silica column and removing the solvent, a slightly yellowish oil like product is
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obtained (178 g, 89% ). The functionality is determined to be greater than 95% (based on
the 'H-NMR data).

178 g (37 mmol) of aforementioned tetra-OH terminated PDMS and 31.8 mL (222
mmol) of triethylamine are dissolved in 1 L of methylene chloride in a 2 L round bottom
flask. After the reaction mixture is cooled to 0 °C using an ice bath, 23.3 ml (222 mmol) of 2-
bromo-propionyl bromide in 60 mL of hexanes is added dropwise through an addition
funnel. The reaction mixture is allowed to warm to room temperature and react for 16 hours.
After filtration, the organic solution is washed with sodium hydroxide solution (0.037 mol/L in
water, 800 ml x 2) till the water layer becomes basic. The organic phase is then washed with
HCI solution (pH = 4, 800 mL x 3) till the water layer becomes neutral, followed by
deionized water (400 mL x 2). The organic phase is collected and dried over anhydrous
magnesium sulfate. After passing through a silica column and removing the solvent, a pale
yellowish oil like product is collected (156 g, 88%). The product is confirmed by *H NMR.
The functionality is determined to be greater than 95% (based on the 'H-NMR data).

Example 3

Actinically-crosslinkable prepolymers are prepared according to scheme 3 as
follows.
A. Synthesis of Br-PHEA-PDMS-PHEA-Br block copolymer

20 g (3.7 mmol) of difunctional PDMS macroinitiator (5400 g/mol) (prepared in
Example 2, A), 42 mL (362 mmol) of 2-hydroxyethylacrylate (HEA), 0.04g (0.19 mmol) of
CuBr;, 0.52 mL (2 mmol) of tris(2-aminoethy! amine) (MesTREN), and 160 ml of t-amyl
alcohol are added to a 500 mL Schienk flask. After four cycles of freeze-pump-thaw (20
minutes per cycle), 0.26 g (1.81 mmol) of CuBr is added to the flask under positive N, flow.
The reaction is carried out at 40 °C in the oil bath. The monomer conversion is monitored by
gas chromatography. At a targeted monomer conversion, the reaction is stopped by opening
the flask to air. The reaction mixture is diluted with THF and passed through a neutral
aluminum oxide column. After addition of 5 mg of 4-methoxyphenol, the solvent is removed
by rotavap. The concentrated solution is then precipitated into acetonitrile (800 mL). After
filtration, polymer (38 g) is obtained. The resultant polymer of Br-PHEA-PDMS-PHEA-Br has
a molecular weight of 12,360 g/mol and 44 w% PDMS.
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B. Synthesis of PHEA-PDMS-PHEA macromer containing acrylate groups

10 g (0.81 mmol) of Br-PHEA-PDMS-PHEA-Br is dissolved in 50 mL of THF in a 100
mL round bottom flask, followed by addition of 0.42 mL (6 mmol) of acrylic acid. 0.9 mL (6
mmol) of 1,8-Diazabicyclo[5,4,0]-udec-7-ene (DBU) is then slowly added to the reaction
solution within & minutes. After reaction for 24 hours at room temperature, the polymer is
purified via ultrafiltration (3K MWCO) and dried via freeze-dry. 7.5 g of final product is
obtained. The MW of the prepolymer: 12360 g/mol (‘"H NMR); The double bond content:
0.113 megq/g (based on 'H NMR).
C. Synthesis of PHEA-PDMS-PHEA macromer containing norbornene groups

10 g (0.81 mmol)of Br-PHEA-PDMS-PHEA-Br is dissolved in 50 mL of THF in a 100
mL round bottom flask, followed by addition of 0.68 mL (5.6 mmol) of 5-Norbornene-2-
carboxylic acid. 0.83 mL (5.6 mmol) of 1,8-Diazabicyclo[5,4,0]-udec-7-ene (DBU) is then
slowly added to the reaction solution within § minutes. After reaction for 24 hours, the
polymer is purified via ultrafiltration (3K MWCOQ) and dried via freeze-dry. 7.5 g of final
product is obtained. The MW of the prepolymer: 12360 g/mol ('H NMR); The double bond
content: 0.081 meg/g (based on 'H NMR).

The same chemistry can be used for other carboxylic acid derivatives such as 4-

pentenoic acid.
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Example 4
Actinically-crosslinkable prepolymers are prepared according to scheme 4 as
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Scheme 4.

A. Synthesis of PDMS/PHEA muitiblock copolymers

10 g (2.1 mmol) of tetrafunctional PDMS macroinitiator (4816 g/mol), 18 mL (157
mmol) of HEA, 0.04g (0.19 mmol) of CuBr;, 0.5 mL (1.9 mmol) of MesTREN, and 120 mL of
t-amyl alcohol are added to a 250 m! of Schlenk flask. After 4 cycles of freeze-pump-thaw
(20 minutes per cycle), 0.24 g (1.7 mmol) of CuBr is added to the flask under the positive N,
flow. The reaction is carried out at 40 °C in the oil bath. The monomer conversion is
monitored by gas chromatography. At a certain monomer conversion, the reaction is
stopped by opening the flask to air. The reaction mixture is diluted with THF and passed
through a neutral alumina oxide column. After addition of 5 mg of 4-methoxyphenol, the
solvent is removed by rotavap. The concentrated solution is then precipitated into
acetonitrile (800 mL). After filtration, polymer (13 g) is obtained. The obtained polymer of
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PDMS/PHEA multiblock copolymer has a molecular weight of 10500 g/mol (1H NMR)and 46
w% PDMS and Mn = 9421 g/mol and PDI = 1.45 (GPC).
B. Synthesis of PDMS/PHEA macromer containing multi-acrylate groups

6 g (0.57 mmol ) of PDMS/PHEA multiblock copolymer is dissolved in 30 mL of THF
ina 100 mL round bottom flask, followed by addition of 0.37 mL (5.1 mmol) of acrylic acid.
0.76 mL (5.1 mmol) of DBU in 10 mL of THF is then slowly added to the reaction solution
within 30 minutes. After reaction for 45 hours at room temperature, the solution is diluted
with 600 mL of a mixture of 2-propanol and water (10 v% 2-propanol in water). The polymer
is purified by ultrafiltration (3K MWCO). The final polymer powder (5 g) is obtained after
freeze-dry. The MW of the prepolymer: 10386 g/mol (1H NMR): The double bond content:
0.270 meq/g (based on 'H NMR).
C. Synthesis of PDMS/PHEA macromer containing multi-ene groups

14 g (1.3 mmol) of PDMS/PHEA multiblock copolymer is dissolved in 50 mL of THF
in @ 100 mL round bottom flask, followed by addition of 1.6 mL (15.9 mmol) of 4-pentenoic
acid. 2.4 mL (15.9 mmol) of DBU in 10 mL of THF is then slowly added to the reaction
solution within 30 minutes. After reaction for 45 hours at room temperature, the solution is
diluted with 600 mL of a mixture of 2-propanol and water (10 v% of 2-propanol in water).
The polymer is purified by dialysis (1K MWCO) in water. The final polymer powder (9.5 g) is
obtained after freeze-dry. The MW of the prepolymer; 10500 g/mol (1H NMR); The double
bond content: 0.358 megq/g (based on 'H NMR).

Example 5§

A. Lenses made from PHEA-PDMS-PHEA macromer containing acrylate groups

3 g of the prepolymer synthesized in Example 3B and 7.5 mg of Irgacure 2959 are
dissolved in 15 mL of 1-propanol. After filtration through a microfilter with 5 um pores, the
solution is concentrated to 59% of solid content via rotavap. The formulation is placed in
molds under UV light for 15 seconds. After removing the lens from the molds, contact lens
are hydrated.
B. Lenses made from PDMS/PHEA prepolymer containing multi-ene groups

8.7 g (0.358 meg/g, based on 1THNMR) of the prepolymer synthesized in Example
4C and 21.8 mg of Irgacure 2959 are dissolved in 30 mL of t-amyl alcohol. After filtration
through a microfilter with 5 um pores, the solution is concentrated to 61% of solid content
via rotavap. In order to obtain the stoichiometric ratio between thiol to ene, photo-rheclogy is
carried out on small size formulation samples by varying the ratio of thiol to ene. Three 0.2
g of formulation samples are mixed with 3.65 mg, 4.01 mg, and 4.4 mg of 3,6-Dioxane-1,8-
octane-dithiol, respectively. The remaining 11.43 g formulation is used for lens cast in the
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presence of 0.17 g (1.87 mmol) of dithiol. The formulation is placed in molds under UV light
for 11 seconds. After removing the lens from the molds, contact lens are hydrated.

Components Formulation A Formulation B
Prepolymer (Ex. 3B) Example 3B Example 4C
MW (g/mol) 12,360 10,152
(double bond content meg/q) (0.113) (0.358)
Macromer content (%) 59 61.00
Irgacure 2959 (% vs. macromer) 0.25 0.25
DOD 1.66
Solvent (%) 41 37
DOD = 3,6-Dioxane-1,8-octane-dithio!
C. Lens characterization results
Lens A Lens B
Photo-curing (s) 15 11
Water content (%) 57 42
Thickness (um) 97 110
Modulus (Mpa) 0.82 1.85
Max elongation (%) 33 91
Toughness (kJ/m°) 37 420
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What is claimed is:
1. An actinically crosslinkable prepolymer of formula (1) or (2)

(Aﬁ;L1—X1—G1—PDMS—G2‘{‘X2_|—2(_A2)T1]}(‘H) ry
2 (1

Bl{—xa—ea—PDMS—G4—><4—L3(—A3)rl]
3 (2)
in which
ry is an integer of 1 to 3, r, and r;’ are either 0 or 1 provided that (r; + ry’) is an
integer of 1, rsis an integer of 3 or 4;
G, Gz, Gs, and G, independent of each other are a linear or branched C1—C1o

—(—alk'—o-)q—alk—

an integer of from 1 to 5 and alk and alk’ independent of each other is a C—Cg

alkylene divalent radical, a divalent radical of in which q is

alkylene divalent radical, or a divalent radical of —R'\—Xs—E—X—R’~ in which R,
and R’; independent of each other is a linear or branched C—Cj, alkylene

—(—alk'—o-)q—alk—

and X, independent of each other are a linkage selected from the group

divalent radical or a divalent radical of as defined above, X3

S ? 0
consisting of -O—, —N—, —C—N—, —N—C—, —N—C~—~NH-—, —HN—C—N—,
0 o]
I I Ii I I
—0—C—NH—, —HN—C—0—, —§—C—NH—, —0—C—, —C—0—, —S—, and

—HN—g—S— in which R’ is H or C,-Cg alkyl, E is an alkyl diradical, a cycloalkyl
diradical, an alkylcycloalkyl diradical, an alkylaryl diradical, or an ary! diradical
with up to 40 carbon atoms which may have ether, thio, or amine linkages in the
main chain, provided that if r; is O, then r, is integer 2 or 3 and G; is a linear or

—(-a|k'—o-)q—a|k" .

which g and alk’ are defined as above and alk” is C,—Cs alkyi;

branched C,—C,, atky! radical or a monovalent radical of

Xi, X2, Xa, and X4 independent of each other are a linkage selected from the

R' 0O R R O
group consisting of a direct bond, -O—, —rln—, —g—r!J—, ——r!J—g—,
R 9 Q% 2 % 1
~—N—C—NH—, —HN—C—N—, —Q—C—NH—, —HN—C—0—, —S—C—NH—,
P9 i
—0—C—, —C—0—, =S—, and —HN—C—S— in which R’ is H or C;-Cs alkyl;

PDMS is a polysiloxane divalent radical of formula (3)

— DU DU Dyl 3)
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in which vis 0 or 1, o is an integer of from 0 to 5, U, and U, independent of each
other represent a divalent radical of -R'1~Xs~E—X¢—R’,— as defined above or a

—@alk'—o-)q—am—

independently of each other are a divalent radical selected from the group
consisting of =(CH2CH;0)~CH,CH_- in which t is an integer of 3 to 40, —~CF,—

(OCF32)a~(OCF2CF2)p—OCF - in which a and b independent of each other is an

divalent radical of as defined above, Dy, D, and D;

integer of O to 10 provided that a+b is a number in the range of 10 to 30, and a
divalent group of formula (4)

Ra Rs Ry Rg

—Si—0 S|;i 0 Si 0 Si
L))

R4 Re Ra P Ry 4)

in which R3, R4, Rs', Re, Ry, Rs, Rg and Ryg, independently of one another, are C-

Cs-alkyl, C4-C4 alkyl- or C4-C,4- alkoxy-substituted phenyl, fluoro(C;-C,s-alkyl),

cyano(C+-Cqz-alkyl), ~alk—(OCH,CH;),—OR in which alk is C4-Cs-alkylene

divalent radical, Ry1 is C1-Ce alkyl and n is an integer from 1 to 10, mand p

independently of each other are an integer of from 2 to 698 and (m+p) is from 5

to 700, provided that at least one of Dy, D, and D; is represented by formula (4);
L, Lz, and L; independent of each other are an organic radical having a valence of
(r1+1), where the organic radical is a linear or branched C4-C,4 aliphatic radical, a Cs-
C4s cycloaliphatic or aliphatic-cycloaliphatic di-, tri-, or tetra-valent radical, or a Cs-Cy4
aromatic or araliphatic di-, tri-, or tetra-valent radical, provided that each of L4, L,,
and L has valence of (ri+1); and
B, is a multivalent organic radical having a valence of ry; and

A4, Az, and A; independently of one other are a monovalent radical of formula (5)
0
+XB—G5 X7——C—Gg—LC —AX

4 (5)
R
in which rq is an integer of 0 or 1; X7 is —O- or —N— in which R’ is H or C4-Cy

o R
alkyl; Xg is a linkage selected from the group consisting of —-O—, —rll—, —-P)—rll—,
®e KR R i I
—N—C—, —N—C—NH—, —HN—C—N—, —O0—C—NH—, —HN—C—0—,
I P9 1

—8$—C—NH—, —0—C—, —C—0—, —S—, and —HN—C—S— in which R’ is H
or C1-Cg alkyl; Gs is a linear or branched C,—Co alkylene divalent radical, a

divalent radical of —éalk‘—o-)q—alk— as defined above, or a divalent radical of
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-R'1-Xs—E-Xs—R’;— as defined above; Gg is a C,-C¢ alkylene divalent radical: LC
is a divalent radical of a linear polymer chain of one or more hydrophilic vinylic
monomers; and AX is a thiol group or a radical of formula —Xg—G—X—Q, in
which: Xz is an linkage as defined above; G- is a direct bond or a linear or
branched alkylene divalent radical; X, is a direct bond or a linkage selected from

oo R R
the group consisting of -O—, —N—, —C—N—, —N—C—, —N—C—NH—,
0o 7 I Ii ﬁ
—HN—C—N—, —0—C—NH—, —HN—C—0—, —§—C—NH—, —0—C—,

0
I
—c':—o—, —-S—, and —HN—?:—S—-; Q is an acryloyl group, a methacryloyl

group, a vinyl group, an allyl group, or a norbornenyl group.

2. The prepolymer of claim 1, wherein LC is a divalent radical of a linear polymer chain
of one or more hydrophilic vinylic monomers selected from the group consisting of
N,N-dimethylacrylamide, N,N-dimethylmethacrylamide, 2-acrylamidoglycolic acid, 3-
acryloylamino-1-propanol, N-hydroxyethyl acrylamide, N-[tris(hydroxymethyl)methyl]-
acrylamide, N-methyl-3-methylene-2-pyrrolidone, 1-ethyl-3-methylene-2-pyrrolidone,
1-methyl-5-methylene-2-pyrrolidone, 1-ethyl-5-methylene-2-pyrrolidone, 5-methyl-3-
methylene-2-pyrrolidone, 5-ethyl-3-methylene-2-pyrrolidone, 1-n-propyl-3-methylene-
2-pyrrolidone, 1-n-propyl-5-methylene-2-pyrrolidone, 1-isopropyl-3-methylene-2-
pyrrolidone, 1-isopropy!-5-methylene-2-pyrrolidone, 1-n-butyl-3-methylene-2-
pyrrolidone, 1-tert-butyl-3-methylene-2-pyrrolidone, 2-hydroxyethylmethacrylate, 2-
hydroxyethyl acrylate, hydroxypropy! acrylate, hydroxypropyl methacrylate,
trimethylammoenium 2-hydroxy propylmethacrylate hydrochloride, aminopropy!
methacrylate hydrochloride, dimethylaminoethyl methacrylate, glycerol methacrylate,
N-vinyl-2-pyrrolidone, allyl alcohol, vinylpyridine, acrylic acid, a C4-C4-alkoxy
polyethylene glycol (meth)acrylate having a weight average molecular weight of up
to 1500, methacrylic acid, N-vinyl formamide, N-vinyl acetamide, N-vinyl
isopropylamide, N-vinyl-N-methyl acetamide, allyl alcohol, N-vinyl caprolactam, and
mixtures thereof.

3. The prepolymer of claim 1 or 2, wherein LC is a divalent radical of a linear polymer
chain composed of monomeric units of N,N-dimethylacrylamide and/or one or more
hydrophilic vinylic monomer other than N,N-dimethylacrylamide.

4 The prepolymer of claim 1 or 2, wherein LC is a divalent radical of a linear polymer
chain composed of monomeric units of N-Vinylpyrrolidone and/or one or more
hydrophilic vinylic monomer other than N-Vinylpyrrolidone.

5. The prepolymer of claim 1 or 2, wherein LC is a divalent radical of a linear polymer
chain composed of monomeric units of 3-acryloylamino-1-propanol, N-hydroxyethyl
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10.

11,

12.

13.

14.

acrylamide, N-{tris(hydroxymethyl)methyl]-acrylamide, 2-hydroxyethylmethacrylate
(HEMA), 2-hydroxyethyl acrylate (HEA), hydroxypropy! acrylate, hydroxypropy!
methacrylate (HPMA), glycerol methacrylate (GMA), allyl alcohol, a C4-C,-alkoxy
polyethylene glycol (meth)acrylate having a weight average molecular weight of up
to 1500, or a combination thereof.

The prepolymer of any one of claims 1 to 5, wherein the prepolymer is represented
by formula (1) in which r; is zero, ry is integer 2 or 3, and G; is a linear or branched

—(-alk'—o)q—alk"

C,—Cp alkyl radical or a monovalent radical of in which q and alk’

are defined as above and alk” is C1—Cs alkyl.

The prepolymer of any one of ciaims 1 to 5, wherein the prepolymer is represented

by formula (1) in which each of ry and r; is an integer of 1.

The prepolymer of any one of claims 1 to 5, wherein the prepolymer is represented

by formula (1) in which r; is an integer of 1 and ry is an integer 2 or 3.

The prepolymer of any one of claims 1 to 5, wherein the prepolymer is represented

by formula (2) in which r3 is an integer of 3.

A soft contact lens, comprising a silicone hydrogel material which is polymerization

product of a lens-forming material including an actinically crosslinkable prepolymer of

any one of claims 1to 9.

The contact lens of claim 10, wherein the contact lens has at least one property

selected from the group consisting of an oxygen permeability of preferably at least

about 40 barrers, an elastic modulus of about 2.0 MPa or less, an lonoflux Diffusion

Coefficient, D, of at least about 1.5 x 10 mm?min, and a water content of from

about 15% to about 65%.

The contact lens of claim 10 or 11, wherein the lens-forming material comprises one

or more components selected from the group consisting of a photoinitiator or thermal

initiator, a visibility tinting agent, a polymerizable UV-absorbing agent, a

polymerizable latent UV-absorbing agent, an antimicrobial agent, a bioactive agent,

and a leachable [ubricant.

The contact lens of claim 10, 11 or 12, wherein the lens-forming material comprises

one or more components selected from the group consisting of a hydrophilic vinylic

monomer, a silicone-containing vinylic monomer, a hydrophobic vinylic monomer

free of silicone atom, a crosslinking agent.

A method for producing soft contact lenses, comprising the steps of:

a) providing a mold for making a soft contact lens, wherein the mold has a first mold
half with a first molding surface defining the anterior surface of a contact lens and
a second mold half with a second molding surface defining the posterior surface
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of the contact lens, wherein said first and second mold halves are configured to
receive each other such that a cavity is formed between said first and second
molding surfaces;

b) introduce a lens-forming material into the cavity, wherein the lens-forming
material comprises an actinically crosslinkable prepolymer of any one of claims 1
to 9; and

c) actinically irradiating the lens forming material in the cavity to form a contact lens.
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