FLUORINATED POLYMER AND USE THEREOF IN THE PREPARATION OF
HYDROPHILIC MEMBRANES (V1)

BACKGROUND OF THE INVENTION

[0001] Hydrophobic polymers, in particular fluoropolymers, have been used for
preparing porous membranes, for example, microfiliration membranes or ultrafiltration
membranes, in view of their desirable bulk properties such as mechanical flexibility, thermal
stability, and chemical resistance. However, when used to filter water based fluids, the
surfaces of such membranes need improvement in terms of hydrophilicity, wettability, and/or
low protein adsorption.

[0002] Attempts have been made to improve the one or more of the above properties of
fluoropolymer membranes. For example, high energy irradiation, sputtering, and plasma
treatments have been employed to improve the hydrophilicity of fluoropolymer membrane
surfaces. However, such attempts have produced membranes with insufficient improvement
in hydrophilicity, or when they have sufficiently improved hydrophilicity, the membrane
surfaces have been modified to such an extent that the solute rejection performance has been
significantly degraded from the original membrane performance.

[0003] The foregoing shows that there exists an unmet need for a method of improving
the hydrophilicity of fluoropolymer membranes without significantly affecting their

performance characteristics.

BRIEF SUMMARY OF THE INVENTION

[0004] The present invention provides a facile method for improving the hydrophilicity
of fluoropolymer membranes without significantly affecting their performance
characteristics.

[0005] Thus, the invention provides a fluorinated polymer of the formula: R-S-P, wherein
R is a fluorocarbyl group, S is sulfur, and P is: (i} polyglycerol; (ii) poly(allyl glycidyl ether),
(iii) a copolymer of glycidol and allyl glycidyl ether, said copolymer having one or more allyl
groups; or (iv) poly(allyl glycidyl ether) or copolymer of glycidol and allyl glycidyl ether,
wherein one more of the allyl groups have been replaced with 1,2-dihydroxypropyl group or
a group of the formula: «(CH,).~S-(CH,)p-X, wherein ais 3 and b is 1 to 3, and X is selected
from an acidic group, a basic group, a cation, an anion, a zwitterion, halo, hydroxyl, acyl,

acyloxy, alkylthie, alkoxy, aldehydo, amido, carbamoyl, ureido, cyano, nitro, epoxy, a group



of the formula -C(H)(COOH)(NH3), and a group of the formula -C(H)(COOH)(NHAC), or a
salt thereof.

[0006] The fluorinated polymer of the invention can be used to improve the
hydrophilicity of hydrophobic membrane surfaces such as hydrophobic fluoropolymer
membranes. The fluorinated polymer adheres strongly to hydrophobic surfaces of
membranes through van der Waals forces, and provides membranes with increased surface
tension, with critical wetting surface tension (CWST) values as high as 95 dynes/cm (0.095
N/m) or more. The surface modification is stable to treatment with harsh chemicals such as
acid, alkali, or bleach. The hydrophilic membranes resist dewetting. The hydrophilic

membranes have a low protein binding capacity.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0007] Figure 1 depicts the permeate filtrate in grams as a function of the number of
cycles when a hydrophilic fluoropolymer membrane in accordance with an embodiment of
the invention was tested with surface water.

[0008]  Figure 2 depicts the permeate filtrate in grams as a function of the number of
cycles when another hydrophilic fluoropolymer membrane in accordance with an

embodiment of the invention was tested with surface water.

DETAILED DESCRIPTION OF THE INVENTION

[0009] In accordance with an embodiment, the invention provides a fluorinated polymer
of the formula: R-S-P, wherein R is a fluorocarbyl group, S is sulfur, and P is: (i)
polyglycerol; (ii) poly(allyl glycidyl ether); (iii) a copolymer of glycidol and allyl glycidyl
ether, said copolymer having one or more allyl groups; or (iv) poly(allyl glycidyl ether) or
copolymer of glycidol and allyl glycidyl ether, wherein one more of the allyl groups have
been replaced with 1,2-dihydroxypropyl group or a group of the formula: -(CHj),-S-(CHz)p-
X, whereinais3 and bis 1 to 3, and X is selecfed from an acidic group, a basic group, a
cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy, alkylthio, alkoxy, aldehydo,
amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the formula -C(H)(COOH)(NH_),
and a group of the formula -C(H)(COOH)(NHACc), or a salt thereof.

[0010] In accordance with an embodiment, R can be any suitable fluorocarbyl group, for
example, a fluoroalkyl group, a fluoroalkenyl group, or a fluorocycloalkyl group. The

fluoroalkyl or fluoroalkenyl group can be linear or branched.



[0011] In an embodiment, the fluorocarbyl group is a fluorcalkyl group of the formula:
CuoF2n+1(CHz)m-, wherein n and m are independently 1 to 20, preferablynis 4 to 12 and m is 2
to 6, and more preferably n is 8 and m is 2.

[0012] In embodiments, nis 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
or 20.

[0013] In any of the above embodiments, mis 1,2, 3,4, 5, or 6.

[0014] In accordance with any of the embodiments above, P is polyglycerol or a polymer
of glycidol. In accordance with an embodiment, the polyglycerol has one or more of the

following repeat units:
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[0015] In accordance with any of the embodiments above, the polyglycerol comprises of
one or more of the following structures, the point of attachment to the sulfur of R-S-P being

indicated by the squiggly line below:
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[0016] In accordance with an embodiment, P is a copolymer of glycidol and allyl glycidyl
ether, said copolymer having one or more allyl groups. For example, P, the copolymer

comprises the following structure:
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[0017] In accordance with an embodiment, P is a polymer of allyl glycidyl ether where
the allyl group has been replaced with a functional group. For example, P has one of the

following structures:
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wherein m is about 10 to about 1000, preferably from about 30 to about 300, and more
preferably from about 50 to about 250.

[0018] In accordance with an embodiment, P is a copolymer of glycidol and allyl glycidyl
ether, where one or more of the allyl groups have been replaced with a functional group.

Thus, for example, P is of the formula:



wherein R is allyl and/or -(CHy)y-X.
[0019] In an embodiment of the block copolymer, X is selected from amino,

dimethylamino, -CH,CH,SO,H, -CH,CH,CH,SOzH, -CH,CO,H, and —CH;CH2N+(CH3)31 and
combinations thereof.

[0020] Thus, for example, P has one of the following structures:
HaN
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[0021] In accordance with an embodiment, the fluorinated polymer has the following

structure:
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[0022] In accordance with an embodiment, the fluorinated polymer has the following
structure:
ot
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[0023] The present invention further provides a method of preparing a fluorinated
polymer of the formula: R-S-P, wherein R is a fluorocarbyl group, S is sulfur, and P is: (i)
polyglycerol; (ii) poly(allyl glycidyl ether); (iii) a copolymer of glycidol and allyl glycidyl
ether, said copolymer having one or more allyl groups; or (iv) poly(allyl glycidyl ether) or
copolymer of glycidol and allyl glycidyl ether, wherein one more of the allyl groups have



10

been replaced with 1,2-dihydroxypropy! group or a group of the formula: -(CH;),-S-(CHz)s-
X, whereinais 3 and bis 1 to 3, and X is selected from an acidic group, a basic group, a
cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy, alkylthio, alkoxy, aldehydo,
amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the formula -C(H)(COOH)(NH,),
and a group of the formula -C(HY(COOH)(NHAC), or a salt thereof; the method comprising:
(1) providing a fluorocarbyl thiol; (ii) carrying out a ring opening polymerization of glycidol,
allyl glycidyl ether, or a mixture of glycidol and allyl glycidyl ether on the fluorocarbyl thiol;
and/or (iii) replacing one more of the allyl groups with 1,2-dihydroxypropyl group or a group
of the formula: ~(CH3),-S-(CHz)p-X, wherein ais 3 and b is 1 to 3, and X is selected from an
acidic group, a basic group, a cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy,
alkylthio, alkoxy, aldehydo, amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the
formula -C(H)(COOH)(NH-), and a group of the formula -C(H)(COOH)(NHACc), or a salt
thereof.

[0024] Any suitable fluorocarbyl thiol can be used to initiate the ring opening
polymerization. Examples of suitable fluorocarbyl thiols include fluoroalkyl thiols, such as
CuF24+1(CH2)nSH, wherein n and m are independently 1 to 20, preferably n is 4 to 12 and m
is 2 to 6, and more preferably n is 8 and m is 2.

[0025] In embodiments, nis 1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19,
or 20.

[0026] In any of the above embodiments, mis 1, 2, 3,4, 5, or 6.

[0027] Glycidol or 2,3-epoxy-1-propanol contains one epoxide ring and one hydroxyl
group as functional end groups. Both ends are capable of reacting with each other to form
macromolecules which are glycerol derivatives. The resulting macromolecules continue to
react to form polyglycerol. Allyl glycidyl ether contains one epoxide ring, which is capable
of undergoing ring opening polymerization.

[0028] The opening of the epoxide ring in glycidol and/or allyl glycidyl ether is initiated
by the thiol group of the fluorocarbyl thiol. The ring opened epoxide continues to open the
epoxide of the next glycidol and/or allyl glycidyl ether, and the polymerization of glycidol
and allyl glycidyl ether proceeds in this manner.

[0029] In accordance with an embodiment, the ring opening polymerization is carried out
in the absence of a solvent.

[0030] Alternatively, the ring opening polymerization can be carried in a suitable solvent,

particularly a polar aprotic solvent. Examples of suitable solvents include N, N-
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dimethylacetamide, N, N-dimethylformamide, dimethyl sulfoxide, N-methylpyrrolidone,
tetrahydrofuran, dioxane, and anisole, and mixtures thereof. The amount of the fluorocarbyl
thiol, glycidol, and/or allyl glycidyl ether can be present at any suitable concentration, for
example, each can be present at a concentration of about 5% to about 60% or more,
preferably about 10% to about 50%, and more preferably about 20% to about 40%, by weight
of the polymerization medium. In an embodiment, the concentration of each is about 30% by
weight.

[0031] Optionally, the ring opening reaction by the thiol can be carried out in the
presence of a base.

[0032] In an embodiment, the ring opening polymerization is conducted such that the
ratio of the thiol to glycidol is from about 1:1 to about 1:1000, preferably from about 1:1 to
about 1:100, and more preferably from about 1:1 to about 1:50.

[0033] In an embodiment, the ring opening polymerization is conducted such that the
ratio of the thiol to allyl glycidyl ether in the reaction mixture is from about 1:1 to about
1:1000, preferably from about 1:1 to about 1:100, and more preferably from about 1:1 to
about 1:50.

[0034] In an embodiment, the ring opening polymerization is conducted such that the
ratio of the thiol, glycidol, and allyl glycidyl ether in the reaction mixture is from about 1:1:1
to about 1:1000:1000, preferably from about 1:1:1 to about 1:100:100, and more preferably
from about 1:1:1 to about 1:50:50.

[0035] The ring opening polymerization is conducted at a suitable temperature, for
example, from 25 °C to about 130 °C, preferably about 50 °C to about 120 °C, and more
preferably about 60 °C to 80 °C.

[0036] The polymerization can be carried out for any suitable length of time, for
example, about 1 hr to about 100 hrs, preferably about 2 hrs to about 40 hrs, more preferably
about 3 to about 20 hrs. The polymerization time can vary depending on, among others, the
degree of polymerization desired and the temperature of the reaction mixture.

[0037] If a solvent is used for polymerization, the resulting fluorinated polymer can be
isolated from the reaction mixture by precipitation with a nonsolvent, ¢.g., water. The
resulting polymer is dried to remove any residual solvent or nonsolvent.

[0038] In the above fluorinated polymer, one or more of the allyl groups of the
copolymer can be replaced with 1,2-dihydroxypropyl group or a group of the formula:
-(CHa),-S-(CHp)p-X, wherein ais 3 and b is 1 to 3, and X is a group selected from an acidic
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group, a basic group, a cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy, alkylthio,
alkoxy, aldehydo, amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the formula
-C(H)(COOH)(NH,), and a group of the formula -C(H)(COOH)(NHAc), or a salt thereof, by
reacting the block copolymer with an agent selected from an oxidizing agent, a carboxyl
alkane thiol or a salt thereof, a sulfonic alkane thiol or a salt thereof, a (dialkylamino)alkane
thiol or a salt thereof, a haloalkane thiol, hydroxyalkane thiol, an acyl alkane thiol, an alkoxy
alkane thiol, an alkylthio alkane thiol, an aldehydo alkane thiol, an amidoalkane thiol, a
carbamoyl alkane thiol, an ureido alkane thiol, a cyanoalkane thiol, a nitro alkane thiol, an
epoxy alkane thiol, cysteine, an acyl cysteine, an aminoalkane thiol or a salt thereof, an
alkylamino alkane thiol, a dialkylaminoalkane thiol, and a sulfonic alkylammonium alkane
thiol or a salt thereof.

[06039] In accordance with an embodiment, X can be any acidic group, for example,
sulfonic acid, phosphoric acid, phosphonic acid, or carboxylic acid, the basic group can be
any basic group, for example, an amino group, an alkylamino group, or a dialkylamino group,
the cation can be any cationic group, for example, a quaternary ammonium group, and the
zwitterion can be, for example, a quaternary ammonium alkyl sulfonate group of the formula
N*(R'R®)(CH,),S05, wherein R! and R? are alkyl groups and cis 1 to 3.

[0040] One or more of the allyl groups can be reacted with a suitable agent to effect the
desired changes. For example, the allyl group can be converted to 1,2-dihydroxypropyl
groups by reacting with an oxidizing agent such as osmium tetroxide, alkaline permanganate,
or hydrogen peroxide.

[0041] The allyl group can be converted to a group of the formula: -(CH3),-S-(CHa)p-X,
wherein a 15 3 and b is 1 to 3, and X is an acidic group by reacting the allyl group with an
acid group bearing thiol such as HS-(CH,)p-X, wherein X is COOH, PO4H, POzH, or SO3H,
wherein b is 1 to 3.

[0042] The allyl group can be converted to a group of the formula: -(CH3),-S-(CHa)p-X,
whereinais 3 and bis [ to 3, and X is a basic group by reacting the allyl group with a basic
group bearing thiol such as HS-(CH,),-X, wherein X is NH,, NHR, or NRR, where R is a
Cy-Cg alkyl group, and b is 1 to 3.

[0043] The allyl group can be converted to a group of the formula: -(CHj),-S-(CHa)p-X,
whereinais 3 and bis | to 3, and X is a cationic group by reacting the allyl group with a
cationic group bearing thiol such as HS-(CH,),-X, wherein X is NH;", NHRR", or NRRR",
where R 15 a C1-Cq alkyl group, and bis 1 to 3.
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[0044] The allyl group can be converted to a group of the formula: -(CH),-S-(CHa)p-X,
wherein ais3 and b is 1 to 3, and X is a zwitterionic group by reacting the allyl group with a
zwitterionic group bearing thiol such as HS-(CHa)y-X, wherein X is group bearing a
zwitterion, for example, -N"(R),-(CH,).-SO5", where R is a C;-Cs alkyl group, and b and ¢ are
independently 1 to 3.

[0045] One or more of the allyl groups can be replaced by reacting with a haloalkane
thiol, for example, with a fluoroalkane thiol, a chloroalkane thiol, a bromoalkane thiol, or an
iodoalkane thiol. The acyl group of acyl alkane thiol can be formyl, acetyl, propionyl, or
butanoyl. The alkoxy part of alkoxy alkane thiol can be a Cy-Cg alkoxy group. The alkylthio
part of alkylthio alkane thiol can be a C;-Cy alkyl group.

[0046] In an embodiment, one or more of the allyl groups can be reacted with a
carboxylic alkane thiol or a salt thereof, a phosphoric alkane thiol or a salt thereof, a
phosphonic alkane thiol or a salt thereof, a sulfonic alkane thiol or a salt thereof, a
(dialkylamino)alkane thiol or a salt thereof, an aminoalkane thiol or a salt thereof, an
alkylamino alkane thiol, a dialkylaminoalkane thiol, and a sulfonic alkylammonium alkane
thiol or a salt thereof.

[0047] The present invention further provides a method of increasing the hydrophilicity
of a hydrophobic polymer membrane comprising coating the hydrophobic membrane with a
fluorinated polymer as described above.

[0048] In accordance with an embodiment, the hydrophobic polymer membrane
comprises a fluoropolymer, i.e., a polymer comprising fluorine, for example, a polymer
selected from polytetrafluoroethylene, poly(vinylidene fluoride), copolymers of vinylidene
fluoride, poly(chlorotrifluoroethylene), poly(fluoroethylene-propylene), poly(ethylene-
chlorotrifluorethylene), poly(tetrafluoroethylene-co-hexafluoropropylene), pol(ethylene-
tetrafluoroethylene), poly(tetrafluoroethylene-co-perfluoroalkylvinyl ether), perfluoroalkoxy
polymer, perfluoropolyether, polyvinylfluoride, and fluorinated ethylene-propylene,
preferably polytetrafluoroethylene or poly(vinylidene fluoride).

[0049] A fluorinated polymer of the invention 1s dissolved in a suitable solvent and
applied as a coating on a fluoropolymer membrane. The solvent can be selected from water,
alcohol solvents, e.g., methanol, ethanol, or isopropanol, ester solvents, e.g., ethyl acetate,
propyl acetate, ethyl formate, propyl formate, and amyl acetate, ketone solvents, e.g,,
acetone, methyl ethyl ketone, and cyclohexanone, amide solvents, e.g., N,N-

dimethylformamide, N,N-dimethylacetamide, and N-methylpyrrolidone , cyclic ethers, e.g.,
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dioxane and dioxolane, and mixtures thereof. In an embodiment, the solvent is a mixture of
methanol and water at a ratio of 50:50 v/v.

[0050] The fluorinated polymer can be present in the solution at a suitable concentration,
for example, from about 0.01% to about 5%, preferably from about 0.1% to about 2%, and
more preferably from about 0.25% to about 1% by weight.

[0051] Prior to coating, the fluoropolymer membrane can be optionally pre-wet with
isopropanol, ethanol or methanol and rinsed with water.

[0052] The fluoropolymer membrane is contacted with the coating solution for a suitable
length of time, for example, from about 1 minute to about 2 hours or more, preferably from
about 10 minutes to about 1 hour, and more preferably from about 20 minutes to about 50
minutes.

[0053] The contacting of the fluoropolymer membrane with the coating solution can be
carried out in any suitable manner, for example, by immersing the membrane into the coating
solution, by passing the coating solution through the membrane with or without vacuum
applied across the membrane, by meniscus coating, by dip coating, by spray coating, or by
spin coating, or any combination thereof.

[0054] The coated membrane is heated to a temperature of about 40 °C or higher, for example, to
about 60 °C to about 160 °C, preferably from about 70 °C to about 115 °C, and more preferably from
about 80 °C to about 110 °C.

[0055] The above heating can be carried out for a suitable period of time, for example, for about
1 minute to about 2 hours, preferably for about 10 minutes to about 1 hour, and more preferably for
about 20 minutes to about 40 minutes.

[0056] The coated membrane is optionally washed in hot water, for example, at about 80 °C, for
a suitable period of time to remove any free fluorinated polymer or water soluble polymer, for
example, for a period of about 5 minutes to 2 hours, following which the coated membrane is dried at
a suitable temperature, for example, at about 80 °C to about 110 °C, for a period of from about 2
minutes to about 20 minutes.

[0()‘57 | The resulting hydrophilic fluoropolymer membrane has a CWST of greater than
72 dynes/cm (0.072 N/m), for example, 73, 75, 80, 85, 90, or 95 dynes/cm (0.073, 0.075,
0.080, 0.085, 0.090, or 0.095 N/m).

[0058] The porous membranes of the invention are stable to exposure to a solution
containing 2% NaOH and 2000 ppm of NaOCl at least for 7 days, in SM NaOH at least for 7
days, or in 5SM HCI at least for 7 days, at room temperature. In embodiments, the membranes

are stable to such exposures up to 30 days at room temperature.
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[0059] The porous membranes of the invention resist fouling. For example, when tested
with a surface water, the porous hollow fiber membranes exhibit high permeate flow rates,
e.g., at least 7.0 mL/min/cm?, and high permeate flow rates are maintained over repeated
cycles, for example, 5 cycles or more.

[0060] Porous membranes according to embodiments of the invention find use in as
microfiltration or ultrafiltration membranes or in the preparation of nanofiltration
membranes, reverse 0smosis membranes, gas separation membranes, pervaporation or vapor
permeation membranes, dialysis membranes, membrane distillation, chromatography
membranes, and/or forward osmosis membranes and pressure retarded osmosis membranes.
[0061] Porous membranes according to embodiments of the invention have a pore size of
about 0.005 pm or greater, for example, from about 0.02 pm to about 10 um, preferably from
about 0.03 pm to about 0.5 um, and more preferably from about 0.01 um to about 0.2 pum.,
[0062] Porous membranes according to embodiments of the invention can be used in a
variety of applications, including, for example, diagnostic applications (including, for
example, sample preparation and/or diagnostic lateral flow devices), ink jet applications,
filtering fluids for the pharmaceutical industry, filtering fluids for medical applications
(including for home and/or for patient use, e.g., intravenous applications, also including, for
example, filtering biclogical fluids such as blood (e.g., to remove leukocytes)), filtering fluids
for the electronics industry (e.g., filtering photoresist fluids in the microelectronics industry),
filtering fluids for the food and beverage industry, clarification, filtering antibody- and/or
protein-containing fluids, filtering nucleic acid-containing fluids, cell detection (including i
situ), cell harvesting, and/or filtering cell culture fluids. Alternatively, or additionally,
membranes according to embodiments of the invention can be used to filter air and/or gas
and/or can be used for venting applications (e.g., allowing air and/or gas, but not liquid, to
pass therethrough). Porous membranes according to embodiments of the invention can be
used in a variety of devices, including surgical devices and products, such as, for example,
ophthalmic surgical products. Porous membranes according to embodiments of the invention
can also be used for water purification, such as, for example, purification of surface, ground,
or industrial water.

[0063] In accordance with embodiments of the invention, the porous membrane can have
a variety of configurations, including planar, flat sheet, pleated, tubular, spiral, and hollow

fiber.
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[0064] Porous membranes according to embodiments of the invention are typically
disposed in a housing comprising at least one inlet and at least one outlet and defining at least
one fluid flow path between the inlet and the outlet, wherein at least one inventive membrane
or a filter including at least one inventive membrane is across the fluid flow path, to provide a
filter device or filter module. In an embodiment, a filter device is provided comprising a
housing comprising an inlet and a first outlet, and defining a first fluid flow path between the
inlet and the first outlet; and at least one inventive membrane or a filter comprising at least
one inventive membrane, the inventive membrane or filter comprising at least one inventive
membrane being disposed in the housing across the first fluid flow path.

[0065] Preferably, for crossflow applications, at least one inventive membrane or filter
comprising at least one inventive membrane is disposed in a housing comprising at least one
inlet and at least two outlets and defining at least a first fluid flow path between the inlet and
the first outlet, and a second fluid flow path between the inlet and the second outlet, wherein
the inventive membrane or filter comprising at least one inventive membrane is across the
first fluid flow path, to provide a filter device or filter module. In an illustrative embodiment,
the filter device comprises a crossflow filter module, the housing comprising an inlet, a first
outlet comprising a concentrate outlet, and a second outlet comprising a permeate outlet, and
defining a first fluid flow path between the inlet and the first outlet, and a second fluid flow
path between the inlet and the second outlet, wherein at least one inventive membrane or
filter comprising at least one inventive membrane is disposed across the first fluid flow path.
[00606] The filter device or module may be sterilizable. Any housing of suitable shape
and providing an inlet and one or more outlets may be employed.

[0067] The housing can be fabricated from any suitable rigid impervious material,
including any impervious thermoplastic material, which is compatible with the fluid being
processed. For example, the housing can be fabricated from a metal, such as stainless steel,
or from a polymer, e.g., transparent or translucent polymer, such as an acrylic, polypropylene,
polystyrene, or a polycarbonate resin.

[0068] The following examples further illustrate the invention but, of course, should not

be construed as in any way limiting its scope.
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EXAMPLE 1

[0069] This example illustrates the preparation of a fluorinated polymer in accordance
with an embodiment of the invention, wherein perfluorodecanethiol was conjugated with
polyglycerol to produce a PG-PFDT.

[0070] 2 g of perfluorodecanethiol was mixed with 2 g of glycidol, and the reaction
mixture was stirred at 60 °C for 6 hours. The resulting white solid waxy material was dried in
a vacuum oven overnight at 40 °C. Elemental analysis revealed that the product, PG-PFDT,

contained 3% sulfur and approximately 30% fluorine.

EXAMPLE 2

[0071]} This example illustrates the preparation of another fluorinated polymer in
accordance with an embodiment of the invention, wherein perfluorodecanethiol was
conjugated with polyglycerol to produce a PG-PFDT.

[0072] Perfluorodecanethiol (5 g) was mixed with glycidol (7.5 g) and potassium
carbonate (0.2 g), and the reaction mixture was stirred at 60 °C for 6 hours. The resulting
white waxy solid was dried in a vacuum oven overnight at 60 °C. Elemental analysis

revealed that the product, PG-PFDT, contained 1.7% sulfur and 20% of fluorine.

EXAMPLE 3

[0073] This example illustrates the preparation of another fluorinated polymer in
accordance with an embodiment of the invention, wherein perfluorodecanethiol was
conjugated with polyglycerol to produce a PG-PFDT.

[0074] Perfluorodecanethiol (5 g) was mixed with glycidol (10 g) and potassium
carbonate (0.2 g), and the reaction mixture was stirred at 60 °C for 6 hours. The resulting
white waxy solid was dried in a vacuum oven overnight at 60 °C. Elemental analysis

revealed that the product, PG-PFDT, contained 1.2% sulfur and 12% of fluorine.

EXAMPLE 4

[0075] This example illustrates the preparation of another fluorinated polymer in
accordance with an embodiment of the invention, wherein perfluorodecanethiol was

conjugated with polymerized glycidol and allyl glycidy! ether to produce a PFDT-PG-AGE.
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[0076] Perfluorodecanethiol (3 g) was mixed with glycidol (2 g) and allyl glycidyl ether
(5 g) and potassium carbonate (0.12 g). The reaction mixture was stirred at 80 °C for 20
hours. Excess glycidol and allyl glycidyl ether were evaporated under vacuum overnight at

60 °C. Proton NMR confirmed the presence of 60 mol% of allyl groups.

EXAMPLE 5

[0077] This example illustrates the preparation of another fluorinated polymer in
accordance with an embodiment of the invention, wherein perfluorodecanethiol was
conjugated with polymerized glycidol and allyl glycidyl ether to produce a PFDT-PG-AGE.
[0078] Perfluorodecanethiol (5 g) was mixed with glycidol (1 g), allylglycidyl ether (4 g),
and potassium carbonate (0.2 g), and the reaction mixture was stirred at 100 °C for 12 hours.
THF (200 mL) was added to the reaction mixture and the solution was extracted with DI
water (2x100 mL). The THF solution was concentrated under vacuum at 60 °C overnight to
obtain 8 g of the desired product as a viscous liquid. Proton NMR analysis confirmed the

presence of 50 mol% of allyl groups.

EXAMPLE 6

[0079] This example illustrates the preparation of another fluorinated polymer in
accordance with an embodiment of the mvention, wherem perfluorodecanethiol was
conjugated with polymerized glycidol and allyl glycidyl ether to produce PFDT-PG-AGE.
[0080] Perfluorodecanethiol (5 g) was mixed with glycidol (2 g) and allylglycidyl ether
(10 g), and potassium carbonate (0.2 g). The reaction mixture was stirred at 100 °C for 20
hours. The resulting white viscous material was dried in a vacuum oven overnight at 60 °C.

Proton NMR confirmed the presence of 70 mol% of allyl groups.

EXAMPLE 7

[6081] This example illustrates the preparation of hydrophilic PTFE and PVDF
membranes in accordance with an embodiment of the invention.

[0082] A 0.25%, 0.5%, or 1.0% solution by weight of PG-PFDT (Example 1) or PFDT-
PG-AGE (Example 4) was prepared in water/methanol solvent mixture at 50/50 volume ratio.
Hydrophobic flat sheet PTFE and PVDF membranes (pore size 0.02 mm to 0.2 pm), and
hollow fiber membranes made of PTFE (pore size 0.1 pm to 0.2 pm) with a CWST of 25
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dynes/cm (0.025 N/m) and PVDF (pore size 0.02 um to 0.5 pm) with a CWST of 34-36
dynes/cm (0.034-0.036 N/m) were first pre-wet with isopropanol and rinsed with water,
following which the membranes were soaked in the solutions of PG-PFDT or PFDT-PG-
AGE for 30 minutes.

[0083] The membranes were cured at 100 °C for 30 minutes. The cured membranes were
leached in hot water at 80 °C for one hour, and dried at 100 °C for 10 minutes to obtain

hydrophilic PTFE and PVDF membranes.

EXAMPLE 8

[0084] This example illustrates that the hydrophilic PTFE and PVDF membranes
prepared in accordance with an embodiment of the invention are stable to leaching treatments
in acid, alkali, and alkaline hypochlorite solutions.

[0085] The PTFE and PVDF membranes prepared in Example 7 were soaked in a
solution containing 2% NaOH and 2000 ppm of NaOClI for 7 days, in SM NaOH for 7 days,
or in SM HCI for 7 days, all at 80 °C. The membranes were washed with water and dried for
10 minutes at 100 °C. Surface tension measurements indicated that there was no change in
surface tension after these treatments.

[0086] An SV4 membrane (virus removal membrane from Pall Corp) had a CWST of 73
dynes/cm (0.073 N/m) when treated with 0.5% solution of PG-PFDT. After heating at 100
°C for 8 hours, the CWST remained at 73 dynes/cm (0.073 N/m). The SV4 membrane had a
CWST of 81 dynes/cm (0.081 N/m) when treated with 0.5% solution of PFDT-PG-AGE.
After heating at 100 °C for 8 hours, the CWST remained at 81 dynes/cm (0.081 N/m).

EXAMPLE 9

[0087] This example illustrates some of the properties of the hydrophilic PTFE and
PVDF membranes prepared in accordance with an embodiment of the invention.
[0088] The CWST values of the hydrophilic PTFE and PVDF membranes illustrated in

Example 8 after the leaching treatments are set forth in Table 1.
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Table 1. CWST of Fluoropolymer Membranes

Conjugate Instant CWST | Instant CWST | Instant CWST Instant CWST
Polymer (dynes/cm) on | (dynes/cm) on | (dynes/cm) on (dynes/cm) on
PTFE flat sheet | PVDF flat sheet | PTFE hollow PVDF hollow
fiber fiber
PFDT-PG-AGE | 105 105 95 105 (outside)
(0.105 N/m) (0.105 N/m) (0.095 N/m) (0.105 N/m)
(outside)
PG-PFDT 90 73-81 81 81 (outside)
(0.090 N/m) (0.073-0.081 (0.081 N/m) (0.081 N/m)
N/m) (outside)
EXAMPLE 10
[0089] This example illustrates the ability of hydrophilic membranes prepared in

accordance with an embodiment of the invention to resist fouling.

[0090] A PTFE membrane and a PVDF membrane modified by a 0.5% solution of PG-
PFDT as illustrated in Example 7 were tested with a surface water, which was a lake water
with the following characterization: pH 6.25, conductivity 25.5 mS/cm, total dissolved solids
32 mg/L, and total organic carbon 6.9 mg/L, over a number of filtration cycles. As can be
seen from Fig. 1-2, the membranes of the invention resisted fouling as indicated by the higher

permeation rates maintained compared to those of the control membranes, over the filtration

cycles.
EXAMPLE 11
[0091] This example illustrates the ability of hydrophilic membranes prepared in
accordance with an embodiment of the invention to resist protein binding.
[0092] PTFE and PVDF membranes prepared as in Example 7 with 0.5% solution of the

PG-PFDT or the PFDT-PG-AGE were tested for protein binding in a static soak test, known
as the Micro BCA™ test. The amount of bound protein, bovine serum albumin, was

measured. The results obtained are set forth in Table 2.
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Table 2. Protein Binding Data

Membrane BSA bound (pg/cm’)
0.2 um PTFE control 11.2
PFDT-PG-AGE on 0.2 um PTFE 0
PG-PFDT on 0.2 ym PTFE 0
0.2 pm PVDF control 25.4
PFDT-PG-AGE on 0.2 um PVDF 0.3
0.02 um SV4 PVDF control 1.43
PG-PFDT on 0.02 pm SV4 PVDF 0.5

EXAMPLE 12

[0093]

This example illustrates that the surface modification in accordance with an

embodiment of the invention does not significantly reduce water flux.

[0094] PTFE and PVDF membranes prepared as in Example 7, by the use of 0.5%
solution of the PG-PFDT, were tested for water permeation, and the results obtained are set
forth in Table 3,
Table 3. Water Flow Rates of Membranes

Membrane Water Flow Rate (mL/min/cm®) at 24 psi

0.1 pm PVDF control 8.2

PEDT-PG-AGE on 0.1 pm PVDF 7.8

0.2 um PVDF control 14.8

0.5% PFDT-PG-AGE on 0.2 um PVDF 13.5

1% PG-PFDT on 0.2 pm PVDF 15.8

0.2 um PTFE control 30 (after pre-wet with IPA)

0.5% PFDT-PG-AGE on 0.2 um PTFE 10.1

0.5% PG-PFDT on 0.2 pm PTFE 5.9

0.02 um SV4 PVDF control 4.25 (cc/min/psi/sq.ft.)

0.5% PG-PFDT on 0.02 um SV4 2.9 (cc/min/psi/sq.ft.)

[0095]

All references, including publications, patent applications, and patents, cited

herein are hereby incorporated by reference to the same extent as if each reference were
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individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

[0096] The use of the terms “a” and “an™ and “the” and “at least one” and similar
referents in the context of describing the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. The use of the term “at least one”
followed by a list of one or more items (for example, “at least one of A and B”) is to be
construed to mean one item selected from the listed items (A or B) or any combination of two
or more of the listed items (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,” “including,” and “containing”
are to be construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless
otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate the invention and does not pose a
limitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential to the
practice of the invention.

[0097] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the mventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIM(S):

1. A fluorinated polymer of the formula: R-S-P, wherein R is a fluorocarbyl
group, S is sulfur, and P is: (i) poly(allyl glycidyl ether); (ii) a copolymer of glycidol and allyl
glycidyl ether, said copolymer having one or more allyl groups; or (iii) poly(allyl glycidyl
ether) or copolymer of glycidol and allyl glycidyl ether, wherein one more of the allyl groups
have been replaced with 1,2-dihydroxypropyl group or a group of the formula: -(CHa),-S-
(CHy)p-X, wherein ais 3 and b is 1 to 3, and X is selected from an acidic group, a basic
group, a cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy, alkylthio, alkoxy,
aldehydo, amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the formula -

C(H)(COOH)(NH;), and a group of the formula -C(H)(COOH)(NHACc), or a salt thereof.

2. The fluorinated polymer of claim 1, where R is a fluorocarbyl group of the

formula: CpF2n+1(CH2)m-, wherein n and m are independently 1 to 20.

3. The fluorinated polymer of claim 2, whereinnis 4 to 12 and m is 2 to 6.
4. The fluorinated polymer of any one of claims 1-3, wherein n is 8 and m is 2.
5. The fluorinated polymer of any one of claims 1-4, wherein the fluorocarbyl

group is linear.

6. The fluorinated polymer of any one of claims 1-5, wherein P is a copolymer of

glycidol and allyl glycidyl ether, said copolymer having one or more allyl groups.

7. The fluorinated polymer of claim 6, wherein the copolymer comprises the

following structure:
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The fluorinated polymer of any one of claims 1-6, which has the following
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PFDT-PG-AGE.

A method of preparing a fluorinated polymer of the formula: R-S-P, wherein

R is a fluorocarbyl group, S is sulfur, and P is: (i) poly(allyl glycidyl ether); (ii) a copolymer

of glycidol and allyl glycidyl ether, said copolymer having one or more allyl groups; or (iii)

poly(allyl glycidyl ether) or copolymer of glycidol and allyl glycidyl ether, wherein one more

of the allyl groups have been replaced with 1,2-dihydroxypropyl group or a group of the
formula: -(CH;),-S-(CH,)»-X, wherein a is 3 and b is 1 to 3, and X is selected from an acidic

group, a basic group, a cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy, alkylthio,

alkoxy, aldehydo, amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the formula -

C(H)(COOH)(NH,), and a group of the formula -C(H)(COOH)(NHAC), or a salt thereof; the

method comprising:

(i) providing a fluorocarbyl thiol; and

(1i) carrying out a ring opening polymerization of allyl glycidyl ether or a mixture of

glycidol and allyl glycidyl ether on the fluorocarbyl thiol; and/or

(iii) replacing one more of the allyl groups with 1,2-dihydroxypropyl group or a group
of the formula: -(CH,),-S-(CH,)p-X, wherein ais 3 and b is 1 to 3, and X is selected from an

acidic group, a basic group, a cation, an anion, a zwitterion, halo, hydroxyl, acyl, acyloxy,
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alkylthio, alkoxy, aldehydo, amido, carbamoyl, ureido, cyano, nitro, epoxy, a group of the
formula -C(H)(COOH)(NH), and a group of the formula -C(H)(COOH)(NHACc), or a salt

thereof..

10. A method of increasing the hydrophilicity of a hydrophobic polymer
membrane comprising coating the hydrophobic membrane with a fluorinated polymer

according to any one of claims 1-9.

11. The method of claim 10, wherein the hydrophobic polymer membrane
comprises a polymer selected from polytetrafluoroethylene, poly(vinylidene fluoride),
copolymers of vinylidene fluoride, poly(chlorotrifluoroethylene), poly(fluoroethylene-
propylene), poly(ethylene-chlorotrifluorethylene), poly(tetrafiuoroethylene-co-
hexafluoropropylene), pol(ethylene-tetrafluoroethylene), poly(tetrafluoroethylene-co-
perfluoroalkylvinyl ether), perfluoroalkoxy polymer, perfluoropolyether, polyvinylfluoride,

and fluorinated ethylene-propylene.

12.  The method of claim 10 or 11, wherein hydrophobic polymer membrane

comprises polytetrafluoroethylene or poly(vinylidene fluoride).

13. A hydrophilic fluoropolymer membrane comprising a coating of a fluorinated
polymer according to any one of claims 1-9 disposed on a hydrophobic fluoropolymer

membrane.

14.  The hydrophilic fluoropolymer membrane according to claim 13, having a

critical wetting surface tension greater than 72 dynes/cm (0.072 N/m).



