MEMBRANE COMPRISING SELF-ASSEMBLED BLOCK COPOLYMERND
PROCESS FOR PRODUCING THE SAME BY HYBRID CASTINGhO(

BACKGROUND OF THE INVENTION

[0001] Membranes, particularly nanoporous membranes,reo@k to have applications
in a number of areas including filtration of biolcgl fluids, removal of micropollutants,
water softening, wastewater treatment, retentiotlyes, preparation of ultrapure water in the
electronics industry, and concentration of food;guor milk. Methods involving block
copolymers, which self-assemble into nanostrucfurage been proposed for preparing
nanoporous membranes. While self-assembled stascéwe advantageous in that they
produce membranes with uniform pore size and paesdistribution, challenges or
difficulties remain with the proposed block copobrs and methods. For example, in some
of these methods, a film is produced first from@ck copolymer, which is then followed by
the removal of one of the blocks of the block cgpmr by employing a harsh chemical such
as a strong acid or strong base.

[0002] The foregoing indicates that there is an unmet ri@echembranes made from
block copolymers that are capable of self-assemlito nanostructures and for a method
for producing nanoporous membranes from these ldopklymers, which does not require a
removal of one of the blocks after a nanostrucisifermed.

BRIEF SUMMARY OF THE INVENTION

[0003] The invention provides, in an embodiment, a poroesbrane comprising a

block copolymer, for example, a diblock copolyméthe formula (1):

(0,
wherein:
R' is a G-Cx alkyl group optionally substituted with a subsgitt selected from halo,

alkoxy, alkylcarbonyl, alkoxycarbonyl, amido, anittra, or a G-C;; cycloalkyl group,



optionally substituted with a substituent seledtech halo, alkoxy, alkylcarbonyl,
alkoxycarbonyl, amido, and nitro;

R? is a G-Cyo aryl group or a heteroaryl group, optionally sithstd with a
substituent selected from hydroxy, amino, halop®jk alkylcarbonyl, alkoxycarbonyl,
amido, and nitro;

one of R and R is a G-Cy4 aryl group, optionally substituted with a subsgitti
selected from hydroxy, halo, amino, and nitro, #relother of Rand R is a G-C,, alkoxy
group, optionally substituted with a substituerésid from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl;

n and m are independently about 10 to about 2000.

[0004] The invention also provides a method for prepatimegabove membrane
comprising:

(i) dissolving the diblock copolymer in a solverystem to obtain a polymer solution;

(i) coating the polymer solution onto a substrate

(iif) evaporating at least a portion of a solvéntn the coating obtained in (ii);

(iv) immersing the coating from (iii) into a codgtion bath; and

(v) washing the porous membrane obtained in (iv).

[0005] The invention also provides membranes preparetidoplbove method. In an
embodiment, the membrane is an asymmetric memlo@nerising a first layer and a

second layer, the first layer comprising the dikloopolymer and ordered pores in a
cylindrical morphology continuously extending t@ thecond layer comprising the diblock
copolymer in a network of porous structure in whicttro and macro channels are connected
S0 as to provide a tortuous path for fluid flow.

[0006] The present invention takes advantage of the plofiblock copolymers having
thermodynamically incompatible blocks to undergagshseparation and self-assemble into

nanostructures, thereby creating nanoporous mem&taaving uniform porosity.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWGS

[0007] Fig. 1 depicts the overlaid traces of the Multidanigaser Light Scattering
(MALS) gel permeation chromatograms (GPC) of a hpahlygmer 1 (a precursor to the
diblock copolymer) and a diblock copolymer 2 in@cance with an embodiment of the

invention.



[0008] Fig. 2A depicts the AFM image of the topographytaf surface of a membrane
prepared in accordance with an embodiment of thenition and Fig. 2B depicts the AFM
image of the phase of the membrane.

[0009] Fig. 3A depicts the AFM image of the topographyhe surface of another
membrane prepared in accordance with an embodiofi¢né invention and Fig. 3B depicts
the phase of the membrane.

[0010] Fig. 4 depicts the AFM phase image of the surfdgebanother membrane
prepared in accordance with an embodiment of thention.

[0011] Fig. 5depicts the AFM phase image of the surfacanaddditional membrane
prepared in accordance with an embodiment of the.

[0012] Fig. 6 illustrates a nanostructure of an asymmaeteenbrane in accordance with
an embodiment of the invention comprising a fiester and a second layer, the first layer
comprising a diblock copolymer and ordered pores aylindrical morphology continuously
extending to the second layer comprising a diblomiolymer in a network of porous
structure in which micro and macro channels areeoted so as to provide a tortuous path
for fluid flow.

[0013] Fig. 7 depicts the line profile of the pore sizeipdicity extracted from the AFM
height image depicted in Fig. 2A.

[0014] Fig. 8A depicts the FE-SEM image of the surfacthefmembrane depicted in
Fig. 2A.

[0015] Fig. 8B depicts the FE-SEM image of the perspeaivthe membrane depicted in
Fig. 2A.

[0016] Fig. 9 depicts the FE-SEM image of the cross-seaidhe membrane depicted in
Fig. 2A.

[0017] Fig. 10 depicts the FE-SEM image of the cross-seaif the membrane depicted
in Fig. 3A.

DETAILED DESCRIPTION OF THE INVENTION

[0018] In an embodiment, the invention provides a poroasbirane comprising a block

copolymer of the formula (1) or (I1):



(m,
wherein:

R' is a G-Cyx alkyl group optionally substituted with a subsgitt selected from halo,
alkoxy, alkylcarbonyl, alkoxycarbonyl, amido, anitte, or a G-C;; cycloalkyl group,
optionally substituted with a substituent seledtech halo, alkoxy, alkylcarbonyl,
alkoxycarbonyl, amido, and nitro;

R? is a G-Cy aryl group or a heteroaryl group, optionally sitbgtd with a
substituent selected from hydroxy, amino, halop®jk alkylcarbonyl, alkoxycarbonyl,
amido, and nitro;

one of R and R is a G-Cy4 aryl group, optionally substituted with a subsitti
selected from hydroxy, halo, amino, and nitro, #relother of Rand R is a G-C,, alkoxy
group, optionally substituted with a substituerésid from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl;

n and m are independently about 10 to about 2080x<n and 0 <y m.

[0019] In Formula (1), broken bonds indicate partial hyglenation. Preferably, x is 0.1
tonandyis 0.1 to m. When x = n, the correspandlock is fully hydrogenated. Similarly,
when y = m, the corresponding block is fully hydengted. In accordance with
embodiments, x/n and y/m are independently 0.1,03 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, or 1.
[0020] In an embodiment, the invention provides a metlmogfeparing a porous
membrane comprising a block copolymer of the foar{lil or (II):



(m,
wherein:

R' is a G-Cx, alkyl group optionally substituted with a subsgitt selected from halo,
alkoxy, alkylcarbonyl, alkoxycarbonyl, amido, anittra, or a G-C;; cycloalkyl group,
optionally substituted with a substituent seledtech halo, alkoxy, alkylcarbonyl,
alkoxycarbonyl, amido, and nitro;

R? is a G-Cy aryl group or a heteroaryl group, optionally sitbgtd with a
substituent selected from hydroxy, amino, halop®jk alkylcarbonyl, alkoxycarbonyl,
amido, and nitro;

one of R and R is a G-Cy4 aryl group, optionally substituted with a subsgitti
selected from hydroxy, halo, amino, and nitro, #relother of Rand R is a G-C,, alkoxy
group, optionally substituted with a substituerésid from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl,

n and m are independently about 10 to about 2080x<n and 0 < ¥ m;
the method comprising:

(i) dissolving the block copolymer in a solvenstgm to obtain a polymer solution;

(if) coating the polymer solution onto a substrate

(iif) evaporating at least a portion of a solvénitn the coating obtained in (ii);

(iv) immersing the coating from (iii) into a codgtion bath; and

(v) washing the porous membrane obtained in (iv).



[0021] In accordance with an embodiment, the above blogolymer is a diblock

copolymer of the formula (la), where the monomeesexo isomers:

(1a).

[0022] In any of the embodiments abové,iRa G-Cyo alkyl group, optionally
substituted with a substituent selected from halkgxy, alkylcarbonyl, alkoxycarbonyl,
amido, and nitro.

[0023] In an embodiment, Rs a G-Cys alkyl group, optionally substituted with a
substituent selected from halo, alkoxy, alkylcagdpalkoxycarbonyl, amido, and nitro.
[0024] In a particular embodiment,*®s a G alkyl group.

[0025] In any of the embodiments abové,iRa G-Cio aryl group, optionally substituted
with a substituent selected from hydroxy, amindo halkoxy, alkylcarbonyl,
alkoxycarbonyl, amido, and nitro.

[0026] In an embodiment, s a phenyl group, optionally substituted withubstituent
selected from hydroxy, amino, halo, alkoxy, alkyteanyl, alkoxycarbonyl, amido, and nitro;
[0027] In any of the embodiments above,iRa G-Cu4 aryl group, optionally substituted
with a substituent selected from hydroxy, halo,rmmand nitro and Rs a G-C,, alkoxy
group, optionally substituted with a substituerésied from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl.

[0028] In an embodiment, Rs phenyl, optionally substituted with a substituselected
from hydroxy, halo, amino, and nitro and iR a G-Cs alkoxy group, optionally substituted
with a substituent selected from carboxy, aminaicangto, alkynyl, alkenyl, halo, azido, and
heterocyclyl.

[0029] In an embodiment, &s provided by the ROMP catalyst employed for the
polymerization of the monomers.

[0030] In an embodiment, s a group provided by the vinyl ether compoungleryed

for terminating the polymerization.



[0031] In accordance with the invention, the term “argfars to a mono, bi, or tricyclic
carbocyclic ring system having one, two, or thremyaatic rings, for example, phenyl,
naphthyl, anthracenyl, or biphenyl. The term “argfers to an unsubstituted or substituted
aromatic carbocyclic moiety, as commonly understodtie art, and includes monocyclic
and polycyclic aromatics such as, for example, phdxiphenyl, naphthyl, anthracenyl,
pyrenyl, and the like. An aryl moiety generallyntains from, for example, 6 to 30 carbon
atoms, preferably from 6 to 18 carbon atoms, moeéepably from 6 to 14 carbon atoms and
most preferably from 6 to 10 carbon atoms. ltnderstood that the term aryl includes
carbocyclic moieties that are planar and compmse4t electrons, according to Hiickel's
Rule, whereinn =1, 2, or 3.

[0032] In accordance with the invention, the term “heteytiaefers to a cyclic aromatic
radical having from five to ten ring atoms of whighleast one atom is O, S, or N, and the
remaining atoms are carbon. Examples of heteroadytals include pyridyl, pyrazinyl,
pyrimidinyl, pyrrolyl, pyrazolyl, imidazolyl, thiaalyl, oxazolyl, isooxazolyl, thiadiazolyl,
oxadiazolyl, thiophenyl, furanyl, quinolinyl, ansloiquinolinyl. The term “heteroaryl” as
used herein, means a monocyclic heteroaryl orylicheteroaryl. The monocyclic
heteroaryl is a five- or six-membered ring. Thefmembered ring consists of two double
bonds and one sulfur, nitrogen or oxygen atomerAttively, the five-membered ring has
two double bonds and one, two, three or four ngrogtoms and optionally one additional
heteroatom selected from oxygen or sulfur, andthers carbon atoms. The six-membered
ring consists of three double bonds, one, two gtlorefour nitrogen atoms, and the others
carbon atoms. The bicyclic heteroaryl consista nfonocyclic heteroaryl fused to a phenyl,
or a monocyclic heteroaryl fused to a monocycliclaglkyl, or a monocyclic heteroaryl
fused to a monocyclic cycloalkenyl, or a monocytketeroaryl fused to a monocyclic
heteroaryl. The monocyclic and the bicyclic hedeybare connected to the parent molecular
moiety through any substitutable atom containethiwithe monocyclic or the bicyclic
heteroaryl. The monocyclic and bicyclic heteroamgups of the present invention can be
substituted or unsubstituted. In addition, theogien heteroatom may or may not be
guaternized, and may or may not be oxidized td\Hoxide. Also, the nitrogen containing
rings may or may not be N-protected. Represema&xamples of monocyclic heteroaryl
include, but are not limited to, furanyl, imidazibligoxazolyl, isothiazolyl, oxadiazolyl,
oxazolyl, pyridinyl, pyridine-N-oxide, pyridazinyhyrimnidinyl, pyrazinyl, pyrazolyl,
pyrrolyl, tetrazolyl, thiadiazolyl, thiazolyl, thig/l, triazolyl, and triazinyl. Representative



examples of bicyclic heteroaryl groups include, hoit limited to, benzothienyl,
benzoxazolyl, benzimidazolyl, benzoxadiazolyl, 8ifiydro-1,3-benzothiazolyl,
imidazo[1,2-a]pyridinyl, indazolyl, 1H-indazol-3-yihdolyl, isoindolyl, isoquinolinyl,
naphthyridinyl, pyridoimidazolyl, quinolinyl, quinin-8-yl, and 5,6,7,8-tetrahydroquinolin-5-
yl.

[0033] The “alkyl” group could be linear or branched. aecordance with an
embodiment, the alkyl group is preferably a@, alkyl. Examples of alkyl group include
methyl, ethyl, n-propyl, isopropyl, n-butyl, sectiisobutyl, tert-butyl, n-pentyl, isopentyl,
n-hexyl, hexadecyl, and the like. This definit@so applies wherever “alkyl” occurs such as
in hydroxyalkyl, monohalo alkyl, dihalo alkyl, amkhalo alkyl. The G-C,, alkyl group can
also be further substituted with a cycloalkyl grpam., a G-C; cycloalkyl group.

[0034] The “cycloalkyl” group can be monocyclic or bicyzliExamples of monocyclic
cycloalkyl groups include cyclopropyl, cyclobutglclopentyl, cyclohexyl, cycloheptyl, and
cyclooctyl. Examples of bicyclic cycloalkyl groupglude those with one common ring
carbon atom such as spirooctane, spirononane dggiane, and spiroundecane, and those
with two common ring carbon atoms such as bicydkue, bicyclononane, bicyclodecane,
and bicycloundecane. Any of the cycloalkyl groepsld be optionally substituted with one
or more alkyl groups, e.g.,1€Cs alkyl groups.

[0035] In accordance with an embodiment, the “alkoxy” graaipreferably a €Cs,
alkoxy. Examples of alkoxy group include methosthoxy, n-propoxy, isopropoxy, n-
butoxy, sec-butoxy, isobutoxy, tert-butoxy, n-pexytasopentoxy, n-hexoxy, hexadecyloxy,
and the like.

[0036] The term “halo” refers to a halogen selected fraendroup consisting of fluorine,
chlorine, bromine, and iodine, preferably chlorarédbromine.

[0037] The term “heterocycle” or “heterocyclic” as useddie, means a monocyclic
heterocycle or a bicyclic heterocycle. The monticyeeterocycle is a three-, four-, five-,
Six- or seven-membered ring containing at leastrmteroatom independently selected from
the group consisting of O, N, N(H) and S. The thedour-membered ring contains zero or
one double bond and a heteroatom selected fromrthg consisting of O, N, N(H) and S.
The five-membered ring contains zero or one dohbled, and one, two or three heteroatoms
selected from the group consisting of O, N, N(HJ & The six-membered ring contains
zero, one or two double bonds and one, two or thederoatoms selected from the group

consisting of O, N, N(H) and S. The seven-membeareggicontains zero, one, two, or three



double bonds and one, two or three heteroatomstsdl&om the group consisting of O, N,
N(H) and S. The monocyclic heterocycle can be bsiswted or substituted and is
connected to the parent molecular moiety throughsaibstitutable carbon atom or any
substitutable nitrogen atom contained within thenouyclic heterocycle. Representative
examples of monocyclic heterocycle include, butrarelimited to, azetidinyl, azepanyl,
aziridinyl, diazepanyl, [1,4]diazepan-1-yl, 1,3-damyl, 1,3-dioxolanyl, 1,3-dithiolanyl, 1,3-
dithianyl, homomorpholinyl, homopiperazinyl, imiddinyl, imidazolidinyl, isothiazolinyl,
isothiazolidinyl, isoxazolinyl, isoxazolidinyl, mpholinyl, oxadiazolinyl, oxadiazolidinyl,
oxazohnyl, oxazolidinyl, piperazinyl, piperidingyranyl, pyrazolinyl, pyrazolidinyl,
pyrrolinyl, pyrrolidinyl, tetrahydrofuranyl, tetrgiropyranyl, tetrahydrothienyl,
thiadiazolinyl, thiadiazolidinyl, thiazolinyl, theolidinyl, thiomorpholinyl, 1,1-
dioxidothiomorpholinyl (thiomorpholine sulfone),itipyranyl, and trithianyl. The bicyclic
heterocycle is a monocyclic heterocycle fused phenyl group, or a monocyclic heterocycle
fused to a monocyclic cycloalkyl, or a monocyclatdrocycle fused to a monocyclic
cycloalkenyl, a monocyclic heterocycle fused to@otyclic heterocycle, or a monocyclic
heterocycle fused to a monocyclic heteroaryl. Biegclic heterocycle is connected to the
parent molecular moiety through any substitutabl®an atom or any substitutable nitrogen
atom contained within the bicyclic heterocycle aad be unsubstituted or substituted.
Representative examples of bicyclic heterocycleunhe, but are not limited to,
benzodioxinyl, benzopyranyl, thiochromanyl, 2,3ydlroindolyl, indolizinyl,

pyranopyridinyl, 1,2,3,4-tetrahydroisoquinolinyl213,4-tetrahydroquinolinyl,
thiopyranopyridinyl, 2-oxo-1,3-benzoxazolyl, 3-okenzoxazinyl, 3-azabicyclo[3.2.0]heptyl,
3,6-diazabicyclo[3.2.0]heptyl, octahydrocyclopenjpjrrolyl, hexahydro-1H-furo[3,4-
c]pyrrolyl, octahydropyrrolo[3,4-c]pyrrolyl, 2,3-dydrobenzofuran-7-yl, 2,3-
dihydrobenzofuran-3-yl, and 3,4-dihydro-2H-chron#egt. The monocyclic or bicyclic
heterocycles as defined herein may have two oftimeadjacent carbon atoms connected by
a heteroatom selected from N, N(H), O or S, orleylene bridge of between one and three
additional carbon atoms. Representative examplesaoocyclic or bicyclic heterocycles
that contain such connection between two non-adfam@bon atoms include, but not limited
to, 2-azabicyclo[2.2.2]octyl, 2-oxa-5-azabicycl@22]octyl, 2,5-diazabicyclo[2.2.2]octyl, 2-
azabicyclo[2.2.1]heptyl, 2-oxa-5-azabicyclo[2.2dkyl, 2,5-diazabicyclo[2.2.1]heptyl, 2-
azabicyclo[2.1.1]hexyl, 5-azabicyclo[2.1.1]hexya3abicyclo[3.1.1]heptyl, 6-oxa-3-
azabicyclo[3.1.1]heptyl, 8-azabicyclo[3.2.1]oct§ipxa-8-azabicyclo[3.2.1]octyl, 1,4-
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diazabicyclo[3.2.2]nonyl, 1,4-diazatricyclo[4.3.13B Jundecyl, 3,10-
diazabicyclo[4.3.1]decyl, or 8-oxa-3-azabicyclo[3]dctyl, octahydro-1H-4,7-
methanoisoindolyl, and octahydro-1H-4,7-epoxyisolgd The nitrogen heteroatom may or
may not be quaternized, and may or may not be zeddio the N-oxide. In addition, the
nitrogen containing heterocyclic rings may or may lbe N-protected.

[0038] Examples of heterocyclgroups include pyridyl, piperidinyl, piperazinyl,
pyrazinyl, pyrolyl, pyranyl, tetrahydropyranyl, tehydrothiopyranyl, pyrrolidinyl, furanyl,
tetrahydrofuranyl, thiophenyl, tetrahydrothiophemrinyl, pyrimidinyl, thiazolyl,
thiazolidinyl, thiazolinyl, oxazolyl, triazolyl, teazolyl, tetrazinyl, benzoxazolyl,

morpholinyl, thiophorpholinyl, quinolinyl, and isamolinyl.

[0039] Five-membered unsaturated heterocyclics with artkdout benzo: furanyl,
thiopheneyl, pyrrolyl, pyrazolyl, pyrazolinyl, iméaolyl, imidazolinyl, dithiazolyl, furazanyl,
1,2,3-triazolyl, tetrazolyl, 1,2,4-triazolyl, oxadiolyl, thiadiazolyl, isoxazolyl, isoxazolinyl,
oxazolyl, oxazolinyl, phospholyl, isothiazolyl, #zolyl, thiazolinyl, isothiazolyl,
isothiazolidinyl, benzofuranyl, benzothiophenegklalyl, benzimidazolyl, benzoxazolinyl,
and benzothiazolinyl.

[0040] Whenever a range of the number of atoms in a streie$ indicated (e.g., &,

a G2 Crg, G Or G4 alkyl, alkoxy, etc.), it is specifically contempta that any sub-
range or individual number of carbon atoms falkwithin the indicated range also can be
used. Thus, for instance, the recitation of a eamigl-22 carbon atoms (e.g4-Csyz), 1-20
carbon atoms (e.g.,1€C50), 1-18 carbon atoms(e.g.;-C»o), 1-16 carbon atoms(e.g.;-Cis),
1-14 carbon atoms(e.g.;C14), 1-12 carbon atoms(e.g.;-Cs), 1-10 carbon atoms(e.g.;-C
C10), 1-8 carbon atoms(e.g.;-Cs),, 1-6 carbon atoms (e.g.;-Cs), 1-4 carbon atoms (e.qg.,
C;-Cy), 1-3 carbon atoms (e.g.;-C3), or 2-8 carbon atoms (e.g.;-Cg) as used with respect
to any chemical group (e.g., alkyl, alkoxy, alkyiam etc.) referenced herein encompasses
and specifically describes 1, 2, 3, 4, 5, 6, 8,80, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
or 22 carbon atoms, as appropriate, as well asaloyrange thereof, e.g., 1-2 carbon atoms,
1-3 carbon atoms, 1-4 carbon atoms, 1-5 carbonsatb+6 carbon atoms, 1-7 carbon atoms,
1-8 carbon atoms, 1-9 carbon atoms, 1-10 carbonsatb-11 carbon atoms, 1-12 carbon
atoms, 1-13 carbon atoms, 1-14 carbon atoms, Bkton atoms, 1-16 carbon atoms, 1-17
carbon atoms, 1-18 carbon atoms, 1-19 carbon atbi®@,carbon atoms, 1-21 carbon atoms,
and 1-22 carbon atoms, and anything in between gasi@3 carbon atoms, 2-4 carbon atoms,

2-5 carbon atoms, 2-6 carbon atoms, 2-7 carbonsat®+8 carbon atoms, 2-9 carbon atoms,
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2-10 carbon atoms, 2-11 carbon atoms, 2-12 cartwonsa 2-12 carbon atoms, 2-13 carbon
atoms, 2-14 carbon atoms, 2-15 carbon atoms, &t®n atoms, 2-17 carbon atoms, 2-18
carbon atoms, 2-19 carbon atoms, 2-20 carbon a@2%,carbon atoms, and 2-22 carbon
atoms, 3-4 carbon atoms, 3-5 carbon atoms, 3-®natoms, 3-7 carbon atoms, 3-8 carbon
atoms, 3-9 carbon atoms, 3-10 carbon atoms, 3+bbeatoms, 3-12 carbon atoms, 3-13
carbon atoms, 3-14 carbon atoms, 3-15 carbon a8 ,carbon atoms, 3-17 carbon atoms,
3-18 carbon atoms, 3-19 carbon atoms, 3-20 cartwonsa 3-21 carbon atoms, and 3-22
carbon atoms, and 4-5 carbon atoms, 4-6 carbonsa#mn carbon atoms, 4-8 carbon atoms,
4-9 carbon atoms, 4-10 carbon atoms, 4-11 carlmmsat4-12 carbon atoms, 4-13 carbon
atoms, 4-14 carbon atoms, 4-15 carbon atoms, &t®n atoms, 4-17 carbon atoms, 4-18
carbon atoms, 4-19 carbon atoms, 4-20 carbon a#@%,carbon atoms, 4-22 carbon atoms,
etc., as appropriate.

[0041] In the above embodiments, “n” and “m” representaherage degree of
polymerization of the respective monomers.

[0042] In accordance with embodiments of the inventiois, about 10 to about 1000,
about 10 to about 500, about 10 to about 250, eé®@tb about 1000, about 20 to about 500,
about 20 to about 250, about 30 to about 1000, te8to about 500, about 30 to about 250,
about 40 to about 1000, about 40 to about 500, tatfdto about 250, about 50 to about
1000, about 50 to about 500, about 50 to about @38yt 60 to about 1000, about 60 to
about 500, or about 60 to about 250.

[0043] In any of the above embodiments, m is about 5®twB2000, about 50 to about
1500, about 50 to about 1000, about 100 to abdd@,28bout 100 to about 1500, about 100
to about 1000, about 150 to about 2000, about d3®out 1500, about 150 to about 1000,
about 200 to about 2000, about 200 to about 1508baut 200 to about 1000.

[0044] In any of the above embodiments, n is typicallywtdd to about 200, preferably
about 20 to about 190, more preferably about 3btaut 140, and even more preferably 105.
[0045] In any of the above embodiments of the block capely for example, diblock
copolymer, m is typically about 50 to about 200@&f@rably about 675 to about 1525, more
preferably about 675 to about 1120, and even mafembly 870.

[0046] The block copolymer, for example, diblock copolypen have any suitable total
molecular weight, for example, a number averageemdar weight (M) of from about 50

kDa to about 1000 kDa; in certain embodimentspilbek copolymer has an Mf from

about 100 kDa to about 600 kDa; in certain othelb@itiments, the block copolymer has an
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Mp of from about 180 kDa to about 500 kDa; and itHer embodiments, the block
copolymer has an Mof from about 195 kDa to about 441 kDa. In cer&inbodiments, the
block copolymer has an Mf from about 250 kDa to 500 kDa.

[0047] The double bonds in the block copolymer in accocdamith embodiments of the
invention can have any suitable orientatias, trans, and they can be distributed in a
random manner.

[0048] The diblock copolymer may self-assemble into angable morphology, for
example, but not limited to, spherical or body eeedl cubic morphology, cylindrical
morphology, lamellar morphology, or double gyroidnphology. The type of nanostructure
into which the copolymers self-assemble would ddpamong others, on the volume
fraction of the two blocks in the block copolymenaell as the nature of the solvent system.
[0049] For example, at a polymer volume fraction ratiogefx:fg) of the two

monomers of 37-50:63-50, formation of a lamellarphology involving a stack of layers of
equivalent domain size is favored, at a volumetioacatio range of 15-70:85-30, formation
of a cylindrical morphology where the minor polyneemponent forms cylinders in a matrix
of major polymer block component is favored, and ablume fraction ratio range of 7-
15:83-85, formation of body centered cubic phaserelithe minor polymer component
forms spheres in a matrix of the major polymer kloomponent is favored. At a volume
fraction ratio range of 33-37:67-33, formation af@uble gyroid morphology is favored.
[0050] Cylindrical morphology includes a phase domain rhotpgy having discrete
tubular or cylindrical shapes. The tubular or gitical shapes may be hexagonally packed
on a hexagonal lattice. In embodiments, the cyioadldomain size is from about 5 nm to
about 100 nm.

[0051] Lamellar morphology includes a phase domain moxaohaving layers of
alternating compositions that are generally origémtarallel with respect to one another. In
embodiments, the lamellar domain size is from aBaun to about 100 nm.

[0052] The double gyroid morphology comprises two integieating continuous
network. In embodiments, the double gyroid donsse is from 5 nm to about 100 nm.
[0053] Spherical morphology or bcc morphology refers fihase domain morphology
having spherical domains of one block arranged body centered cubic lattice in a matrix
of the second block. In embodiments, the sphenwaphology domain size is from about 5
nm to about 100 nm.
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[0054] In an embodiment, the polymerized second mononeariihg K) and the
polymerized first monomer (bearind)Rafter hydrogenation, are present in the diblock
copolymer in any suitable volume fraction. Forrmepde, the % volume fraction of the first
monomer to that of the second monomer can be iratige of about 15: about 85 to about
30: about 70, preferably in the range of aboutatiut 81 to about 25: about 75, and more
preferably about 20: about 80. In an embodiméetyolume fraction of the second
monomer is about 80%, and the mass fraction iste88%, of the total polymer.

[0055] In an embodiment, the polymer volume fractionha second monomer to that of
the first monomer is about 2.3 to about 5.6:1, Wliavors the formation of a cylindrical
morphology. In a preferred embodiment, the polyamume fraction of the second
monomer to that of the first monomer is about 4:1.

[0056] In a specific embodiment, the membrane compriséblack copolymer of

formula (I) has the following structure, in parti@y wherein n is 105 and m is 870:
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[0057] In an embodiment, the membrane comprises the dildopolymer of formula (1)
has the following structure where the monomersratee exo configuration, in particular,

wherein n is 105 and m is 870:

[0058] The block copolymers described above can be préfmra method comprising:

() polymerizing one of the two monomers of thenfiolas:
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with a ring opening metathesis polymerization (RQM&alyst to obtain a ring-opened
polymer having a living chain end;

(if) polymerizing the other of the two monomerstbe living end of the ring-opened
polymer obtained in (i) to obtain a diblock copolmniaving a living end; and

(iif) terminating the living end of the diblock polymer obtained in (ii) with an
optionally substituted alkyl vinyl ether; and

(iv) hydrogenating the diblock copolymer obtainediii) to obtain a block
copolymer of formula (1) or (II).

[0059] In the above method, the monomer that is first p@lsized is of the formula:
o N 0O
R1

[0060] After the polymerization of the above monomer,sbeond monomer that is

polymerized thereon is a monomer of the formula:

N o)

R2

[0061] The first monomer and the second monomer can lex@or endo steroechemical
configuration. In an embodiment, the first andosgtmonomers are of the exo
configuration, e.g., a monomer having the exo igoa®8% or higher.

[0062] In the first and second monomers,ddd R are the same as described above for
the diblock copolymer of formula (I). The firstdasecond monomers are (oxa)norbornene
(di)carboxylic imide derived monomers. The monosr&n be prepared by any suitable
method, for example, starting from maleimide amarfiwia a Diels-Alder reaction,
illustrated below:
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Ethylacetate
/A N-H
90 deg C,3h
exo-7-oxanorbornene-5,6-

Furan dicarboxyimide (C1)

Malelmlde

[0063] The first monomer can be synthesized via Mitsun@Gbupling reaction, as

illustrated below:

Mitsunobu Coupling 1) 0
L/ vy
DIAD, Ph3P, THF, 24 h, 0 -24 deg C
o
7-oxanorbornene-5,6-dicarboxylic imide exo-7-oxanorbornene-N-hexadecyl-3,6-

dicarboxyimide

[0064] Alternatively, the first monomer can be synthesibgdhe reaction of exo-7-
oxanorbornene-5,6-dicarboxyanhydride with hexadeayte or N-hexadecyl-maleimide
reaction with furan via a Diels-Alder reaction.

[0065] The second monomer can be synthesized via a Didks-Aeaction between N-

phenyl maleimide and furan in acetonitrile, assiltated below.

o
= _MeCN @
o)
‘ N@ + ~ Reﬂux 5h

0 exo-7- oxanorbomene N-phenyl-5.6-
N-phenyl Maleimide Furan dicarboxyanhydride

[0066] The polymerization of the monomers is carried qutibg-opening olefin
metathesis polymerization (ROMP), in which a cydliefin monomer is polymerized or
copolymerized by ring-opening of the cyclic olefonomer. Typically a transition metal
catalyst containing a carbene ligand mediates ttatmesis reaction.

[0067] Any suitable ROMP catalyst can be used, for exan@ptabbs’ first, second, and
third generation catalysts, Umicore, Hoveyda-GryuBahrock, and Schrock-Hoveyda

catalysts can be employed. Examples of such csalyclude the following:
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[0068] In an embodiment, Grubbs’ third generation catalgse particularly suitable due
to their advantages such as stability in air, tolee to multiple functional groups, and/or fast
polymerization initiation and propagation rates.atldition, with the Grubbs’ third
generation catalysts, the end groups can be engohé® accommodate any compatible

groups, and the catalyst can be recycled readilpreferred example of such a catalyst is:

\\\CI

N

\ / NCl—/Rd

Br
N
/

(L

/

[0069] The above third generation Grubbs catalyst (G3) beagbtained commercially

or prepared from a Grubbs second generation ca(&y as follows:
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[0070] The first monomer and the second monomer are polgetesequentially to
obtain the diblock copolymer. Any of the two moremncan be polymerized first. For
example, the first monomer can be polymerized, fidlowed by the second monomer.
Alternatively, the second monomer can be polymeriist, followed by the first monomer.
[0071] Typically, the monomers have a chemical puritytdeast 95%, preferably 99%
or greater, and more preferably 99.9% or gredtas preferred that the monomers are free
of impurities that will interfere with the polymeation, e.g., impurities that will affect the
ROMP catalyst. Examples of such impurities incladgnes, thiols (mercaptans), acids,
phosphines, and N-substituted maleimides.

[0072] The polymerization of the monomers is conductea suitable solvent, for
example, solvents generally used for conducting RQddlymerizations. Examples of
suitable solvents include aromatic hydrocarbon$ siscbenzene, toluene, and xylene,
aliphatic hydrocarbons such as n-pentane, hexadeheptane, alicylic hydrocarbons such as
cyclohexane, and halogenated hydrocarbons sucictdsr@methane, dichloroethane,
dichloroethylene, tetrachloroethane, chlorobenzdiohJorobenzene, and trichlorobenzene,
as well as mixtures thereof.

[0073] When polymerization is carried out in the orgamitvent, the monomer
concentration can be in the range of 1 to 50 wiéfegpably 2 to 45 wt%, and more
preferably 3 to 40 wt %.

[0074] The polymerization can be carried out at any sigteamperature, for example,
from -20 to +100 °C, preferably 10 to 80 °C.

[0075] The polymerization can be carried out for any tsugable to obtain the
appropriate chain length of each of the blockscWwluan be from about 1 minute to 100

hours.
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[0076] The amount of catalyst can be chosen in any seitaflount. For example, the
molar ratio of the catalyst to the monomer cantimuai1:10 to about 1:1000, preferably
about 1:50 to 1:500, and more preferably about@tdGbout 1:200. For example, the molar
ratio of the catalyst to the monomer could be hat &xm, where n and m are the average
degrees of polymerization.

[0077] After the polymerization of the two monomers, thaia end of the diblock
copolymer is terminated by adding an optionallystitted alkyl vinyl ether to the
polymerization mixture.

[0078] The diblock copolymer can be isolated by suitabtdhiques such as

precipitation with a nonsolvent.

[0079] The resulting diblock copolymer precursor can barbgenated to obtain a block
copolymer of formula (I) or (II). Hydrogenationrcae carried out by any suitable technique,
for example, by the use of hydrogen gas and aysataRny suitable catalyst, heterogeneous
or homogeneous, can be used. Examples of hetexogecatalysts include Raney nickel,
palladium-on-charcoal, NaBHeduced nickel, platinum metal or its oxide, rhodj

ruthenium, NaH-RONa-Ni(OAg) and zinc oxide. Examples of homogeneous catalyst
include chlorotris(triphenylphosphine)rhodium orlkiison’s catalyst, and
chlorotris(triphenylphosphine)hydridoruthenium (11)

[0080] Preferably, the diblock copolymer is hydrogenatedhe use of hydrogen gas and
a second generation Grubbs catalyst. By varyiegrhblar ratio between the polymer and the
catalyst, varying degrees of hydrogenation canldteimed. The degree of hydrogenation can
be controlled to obtain partially hydrogenated kloopolymer, for example, a copolymer of
the formula poly(MiHM1,../M2HM2,,.,) where M1 is the first monomer and HM1 is the
hydrogenated first monomer, and M2 is the secondam@r and HM2 is the hydrogenated
second monomer. x and y represent the numbertyfdnogenated monomers. n-x and m-y
represent the number of hydrogenated monomers.n\fvéuial hydrogenation is carried out,
the resulting block copolymer is a multiblock copukr, e.g., a triblock or a tetrablock
copolymer. In an embodiment, a catalyst loadinghafut 1:100 molar equivalent to the
double bond ([G2)oiar [double bond]eiar = about 1:100) to fully hydrogenate the precursor
copolymer. The ratio can be varied from about Q:ttDabout 1:500 or about 1:600, partially
hydrogenated block copolymers can be obtained. r@sidting copolymers can be triblock,
tetrablock or higher multiblock copolymers.
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[0081] The starting homopolymer formed during the prepamadf the diblock

copolymer precursor, and the diblock or multiblecipolymer of the invention can be
characterized for their molecular weights and makscweight distributions by any known
techniques. For example, a MALS-GPC techniquebeaemployed. The technique uses a
mobile phase to elute, via a high pressure punpp)yaner solution through a bank of
columns packed with a stationary phase. The statjophase separates the polymer sample
according to the chain size followed by detectimg polymer by three different detectors. A
series of detectors can be employed, e.g., anviited detector (UV-detector), followed by a
multi-angle laser light scattering detector (MAL8tektor), which in turn, is followed by a
refractive index detector (RI-detector) in a rohhe UV-detector measures the polymer light
absorption at 254 nm wavelength; the MALS-detenteasures the scattered light from
polymer chains relative to mobile phase.

[0082] The block copolymers of the invention are prefeydighly monodisperse. For
example, the copolymers have an Mw/Mn of 1.01 & fireferably 1.05 to 1.10.

[0083] In an embodiment, the present invention providperaus membrane comprising
a diblock or multiblock copolymer described abowe.accordance with an embodiment of
the invention, the porous membrane is a nanoparamsbrane, for example, a membrane
having pores of diameter between 1 nm and 100 nm.

[0084] In an embodiment, the porous membrane is preparedhlybrid casting process,
whereby a solution of the block copolymer is casadhin film on a support, a part of the
solvent or mixture of solvents present in the fiim is evaporated and the thin film coated
support is immersed in a bath containing a nonsolige the block copolymer. The resulting
membrane is composed of a layer of self-assemlaedstructure supported by a porous
underlying layer. For example, the membrane israys asymmetric membrane comprising
a first layer and a second layer, the first lay@nprising a diblock copolymer and ordered
pores in a cylindrical morphology continuously extiag to the second layer comprising the
a diblock copolymer in a network of porous struetur which micro and macro channels are
connected so as to provide a tortuous path fod flow. An embodiment of such membrane
is illustrated in Fig. 6.

[0085] To prepare the membrane, the block copolymerss dilssolved in a suitable
solvent or solvent system to obtain a polymer smtut The polymer solution can be prepared
by any suitable method known to those skilled maht. The block copolymer is added to

the solvent system and stirred until a homogensoligion is obtained. If desired, the
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solution can be stirred for an extended time tovalior the block copolymer to assume its
thermodynamically favorable structure in the salati The block copolymer is dissolved in
good solvent or a mixture containing good solvents.

[0086] Embodiments of a suitable solvent system inclugdelaent or a mixture of
solvents selected from halogenated hydrocarboherstamides, and sulfoxides. In an
embodiment, the solvent system includes a volatileent, for example, a solvent having a
boiling point less than 100 °C.

[0087] For example, the solvent system includes a soleeatmixture of solvents
selected from dichloromethane, 1-chloropentanerofdrm, 1,1-dichloroethane, N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMAN-methylpyrrolidone (NMP),
dimethylsulfoxide (DMSO), tetrahydrofuran (THF)34dioxane, and 1,4-dioxane,.

[0088] Thus, for example, a mixture of DMF and THF, a migtof NMP and THF,
DMA and 1-chloropentane, a mixture of DMA and THFRnixture of DMSO and THF, a
mixture of DMSO and 1-chloropentane, a mixture &Mand 1-chloropentane, a mixture of
DMF and 1-chloropentane, a mixture of 1,3-dioxané &HF, a mixture of 1,4-dioxane and
THF, or a mixture of 1,3- or 1,4 dioxane, DMF, artdF can be employed as the solvent
system.

[0089] In a preferred embodiment, a mixture of DMF and THIfmixture of DMA and
THF, a mixture of DMA and 1-chloropentane, a migtof DMSO and THF, a mixture of
1,3-dioxane and THF, a mixture of 1,4-dioxane aHifF;Tcan be employed as the solvent
system.

[0090] In a more preferred embodiment, a mixture of DMBE @hlF, a mixture of DMA
and 1-chloropentane, or a mixture of NMP and THirloa used as the solvent system.
[0091] In the above embodiments, where a mixture of st$visnused as the solvent
system, the mixture can include any suitable raftitne solvents, for example, in a binary
solvent mixture, either of the solvents can be gmes a volume or mass ratio of 80/20,
75/25, 70/30, 65/35, 60/40, 55/45, or 50/50, or et therebetween. In a ternary solvent
system, any of the three solvents can be presamyirsuitable ratio, for example, a volume
or mass ratio of 80/10/10, 75/15/10, 70/20/10, 5AR, 60/30/10, 55/25/30, 40/40/20, or
30/30/40 or any ratio therebetween.

[0092] The polymer solution can contain any suitable amofithe block copolymer. In
accordance with an embodiment, the polymer solwt@mtains about 10 to about 35% or

more, preferably about 12 to about 18%, and mazéepably about 12 to about 16% by
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weight of the block copolymer. In an example, ploé/mer solution contains about 15% by
weight of the block copolymer. The polymer concatibn can control the thickness of the
film, and hence the thickness of the membrane oétai The polymer concentration can also
control the porosity of the membrane, with high@amtrations producing less porous
membrane.

[0093] In accordance with embodiments, the polymer satutiantains a block
copolymer, NMP, and THF at a ratio of 15:34:51 reésthe polymer solution contains a
block copolymer, DMF, and THF at a ratio of 15:51rBass%, the polymer solution contains
a block copolymer, DMF, and THF at a ratio of 15534mass%, or the polymer solution
contains a block copolymer, DMF, and THF at a rafid2:35.2:52.8 mass%. In an
embodiment, the polymer solution contains a blagkotymer, DMF, and THF at a ratio of
12:44:44 mass%.

[0094] The polymer solution is cast on a substrate, whahbe porous or nonporous.
Examples of substrates include glass plates, plaktis, woven or nonwoven fabrics, silicon
wafer, or metal plates. Examples of fabrics inelpolyethylene, polypropylene, polyester,
and nylon fabrics. The glass plate or silicon wafauld be coated with a polymer such as
polyvinyl alcohol.

[0095] The substrate surface has an influence on thetirgguhorphology orientation,

and the orientation or morphology outcome is deiteechbased on the thermodynamic
interaction between the substrate and each blogknithe diblock. If the substrate surface
has favorable interaction with one of the two bdke diblock copolymer will self-
assemble in such a way that it maximizes the iotiena by spreading and exposing the block
that it has favorable interaction with. For exaeph the case of cylinder morphology the
cylinder will interface with the substrate surfacevhich the cylinder will be parallel to the
surface if the substrate has higher affinity to bloek than the other. If the substrate surface
has neutral or little affinity toward either blodke cylinders will be aligned normal to the
substrate.

[0096] The film can be of any suitable thickness. Fomeple, when cast on a glass
plate, the polymer solution can be deposited omglass plate with the aid of a casting knife,
such as a Doctor blade, to a thickness of abotd &bout 300 microns, preferably about 100
to about 250 microns, and more preferably aboutt@Z®out 200 microns. The polymer
solution is cast at any suitable temperature, Yangle, at about 10 °C to about 40 °C,
preferably about 15 °C to about 30 °C, and mortebkly about 20 °C to about 25 °C.
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[0097] The substrate can be stationary or moving. Innabogliment, the substrate is a
moving belt, plastic film, or fabric. The coatitigckness is adjusted by the amount of
polymer solution delivered to the fabric and/or ¢fag between the fabric and the outlet of
the polymer solution dispenser.

[0098] The thin film of the polymer solution is then alled/develop a self-assembled
nanostructure, optionally accompanied by slow exatmmn of a solvent or solvents, for a
suitable period of time, which can be from aboget to about 30 min or more, preferably
about 5 sec to about 5 min or more, and more @kefgabout 10 sec to about 1 min or more.
The nanostructure develops starting from the tofase, e.g., the air interface surface, and
proceeds to the bottom surface of the film to antable depth of the film. The depth of
development of nanostructure would depend on a euwitfactors including the rate of
evaporation of the solvent, the viscosity of thé/pwr solution, the polymer relaxation rate
and its mobility, concentration, as well as theypwér solvent interaction or chi parameter.
For example, the nanostructure can develop to tha¥@d 0 nm to about 1000 nm, preferably
about 50 nm to about 200 nm, and more preferalytab00 nm to about 200 nm, from the
top surface of the film.

[0099] The atmosphere maintained above the substrategdiinénabove nanostructure
development can be any suitable atmosphere, fanghea ambient atmosphere, an
atmosphere of controlled humidity and/or tempeigtan inert gas atmosphere, or vacuum.
Optionally, the atmosphere could include a solwamor to anneal the polymer solution film
in the vapor so as to induce polymer self-assembly.

[0100] Without wishing to be bound by any theory or med$ian) the formation of a
nanostructure is believed to take place as followse block copolymer in solution
experiences certain thermodynamic forces. Sinedlihck copolymer comprises at least two
chemically different blocks of polymer chains coctegel by a covalent bond, there exists an
incompatibility between the two blocks. In additjdhere exists a connectivity constraint
imparted by the connecting covalent bond. As alted these thermodynamic forces, the
block copolymer when dissolved in an appropriateesd system self-assemble into micro-
phase separated domains that exhibit ordered mimgibe at equilibrium. When a film is
cast from a dilute solution, the block copolymemnis micelles composed of a core and a
corona, each made of a different block. In dikdkition, the micelles tend to be isolated
from each other. However, in concentrated soly@sfor example, when the solvent is

removed from a thin film of the solution by evapara, the micelles tend to aggregate with
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the result that the coronas merge to form a coatisunatrix and the cores merge to form
porous channels.

[0101] The block copolymer’s ability to form ordered stiwes depends on a number of
factors, including the polymer’s relaxation rate\iscosity, its concentration, and the nature
of the solvent, in particular its chi parametethsr Hansen solubility parameter. A neutral
solvent to both the blocks tends to orient thendyiical pores normal to the membrane
surface. The solvent system chosen to dissolvbltdwk copolymer provides the driving
force for free energy minimization and formationooflered structures. Accordingly, the
choice of the solvent or solvent system is an irtgmrfactor in obtaining ordered
nanostructures.

[0102] After a nanostructure is formed, the thin filmnsmersed into a coagulation bath.
The coagulation bath contains a nonsolvent or polvent, or a mixture of a good solvent
and a nonsolvent or poor solvent. Any of the sots listed above for preparing the polymer
solution can be used here as a good solvent. ddgutation bath can contain the good
solvent and the nonsolvent or poor solvent in antable amounts. For example, in a binary
mixture, either of the good solvent and the norsaiwr poor solvent can be present in a
volume or mass ratio of 80/20, 75/25, 70/30, 6568840, 55/45, or 50/50, or any ratio
therebetween. In a ternary solvent system, anlyeofolvents can be present in any suitable
ratio, for example, a volume or mass ratio of 8A¥0075/15/10, 70/20/10, 65/25/10,
60/30/10, 55/25/30, 40/40/20, or 30/30/40 or anip therebetween.

[0103] In accordance with an embodiment, water and lovesrhals such as methanol,
ethanol, isopropanol, and butanol are nonsolverdsoa poor solvents for the block
copolymer. Aliphatic hydrocarbons such as penthagane, and cyclohexane are additional
examples of poor solvents. In an embodimentctagulation bath includes or is entirely
composed of isopropanol. In another embodimertctagulation bath contains a mixture of
isopropanol, dimethylsulfoxide, and water. Forrapée, in an embodiment, the coagulation
bath is composed of isopropanol and DMSO at a ddtabout 80:20 mass%; in another
embodiment, the coagulation bath is composed aié&une of isopropanol, DMSO, and
water at a ratio of about 60:20:20 mass%; in yetlar embodiment, the coagulation bath is
composed of a mixture of isopropanol, DMSO, andewat a ratio of about 60:20:20 mass%.
[0104] The coagulation bath can be at any suitable terhperdor example, from about

2 °C to about 50 °C, preferably about 5 °C to aB8WC, and more preferably about 10 °C to
about 20 °C.
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[0105] The film can reside in the coagulation bath for anjable length of time, for
example, from about 1 min to about 20 min, prefgrabout 2 min to about 10 min, and
more preferably about 3 to about 5 minutes. Dutimg)time, the block copolymer that
remains in the film as a solution, rather than aar@ostructure, undergoes phase inversion to
produce a porous structure.

[0106] The film is then washed in a water bath for a flé&dength of time, e.g., from
about 1 min to about 2 hr, to remove any residoldesnts, and optionally dried, to obtain a
nanoporous membrane in accordance with an embotimhéme invention.

[0107] In accordance with an embodiment, the membrane asgmmetric membrane
comprising a first layer and a second layer, trat fayer comprising the block copolymer
and ordered pores in a cylindrical morphology ammusly extending to the second layer
comprising the block copolymer in a network of pgtructure in which micro and macro
channels are connected so as to provide a torpethsfor fluid flow.

[0108] The first layer comprises the block copolymer amglgores are ordered in a
cylindrical morphology and perpendicular to thenglaf the membrane and the cylindrical
pores whose diameters are in the range of abotat 46out 60 nm and the average pore
lengths are about 50 nm, and the second layer ¢sespr microporous layer of the block
copolymer. The pore size of the microporous lagar be from about 100 nm to about 10
microns, about 200 nm to about 5 microns, and ibagiments, about 100 nm to about 2
pm. The membrane is an integral skinned poroushbreme having cylindrical pores in the
skin oriented perpendicular to the plane of the im@me and the skin is supported by a
microporous support of the same block copolymer.

[0109] In an embodiment, the first layer has a thicknéssbout 50 nm to about 200 nm
and the second layer has a thickness of about a0t @about 300 pum.

[0110] In an embodiment, the substrate, e.g., a polynseifistrate, can be dissolved
away in a suitable solvent, thereby recoveringlinefilm. For example, where a thin film is
cast on a silicon wafer with a Si@yer grown on top, the Sgdayer can be dissolved in
hydrofluoric acid to release and recover the thim 6f the block copolymer.

[0111] In an embodiment, the recovered thin film can bachted to a more porous
support, for example, a support having pores haaidmeter in the range of 1 to about 100
pm, a thereby yielding a composite membrane wher@anoporous layer of the block
copolymer serves as the retentive layer and the mporous substrate layer serves as support.
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[0112] Alternatively, the thin film can be coated on aqs support. The porous
membrane prepared in this manner will have aligtr comprising the diblock copolymer
and ordered pores in a cylindrical morphology awmusly extending to a second layer
comprising the diblock copolymer in a network ofq@as structure in which micro and macro
channels are connected so as to provide a torpathsfor fluid flow, which in turn in
supported by a support of larger pores, therebgtttating a composite membrane.

[0113] The support can be made of any suitable polymegexXample, polyaromatics;
sulfones (e.qg., polysulfones, including aromatitypolfones such as, for example,
polyethersulfone (PES), polyether ether sulfongplienol A polysulfone, polyarylsulfone,
and polyphenylsulfone), polyamides, polyimides ypwoiylidene halides (including
polyvinylidene fluoride (PVDF)), polyolefins, suas polypropylene and polymethylpentene,
polyesters, polystyrenes, polycarbonates, polyaartyiles ((PANSs) including
polyalkylacrylonitriles), cellulosic polymers (suels cellulose acetates and cellulose
nitrates), fluoropolymers, and polyetherether ket(fPEEK).

[0114] Membranes according to embodiments of the inverdamnbe used in a variety of
applications, including, for example, diagnostiplagations (including, for example, sample
preparation and/or diagnostic lateral flow devic@® jet applications, filtering fluids for the
pharmaceutical industry, filtering fluids for medi@pplications (including for home and/or
for patient use, e.g., intravenous applicatiors) alcluding, for example, filtering biological
fluids such as blood (e.g., to remove leukocytd#i@ring fluids for the electronics industry
(e.g., filtering photoresist fluids in the microenics industry), filtering fluids for the food
and beverage industry, clarification, filtering iaody- and/or protein-containing fluids,
filtering nucleic acid-containing fluids, cell deten (includingin situ), cell harvesting,
and/or filtering cell culture fluids. Alternatiwelor additionally, membranes according to
embodiments of the invention can be used to fdteand/or gas and/or can be used for
venting applications (e.g., allowing air and/or ,gag not liquid, to pass therethrough).
Membranes according to embodiments of the inveateam be used in a variety of devices,
including surgical devices and products, suchasgxample, ophthalmic surgical products.
[0115] In accordance with embodiments of the inventiog,tfembrane can have a
variety of configurations, including planar, fldteet, pleated, tubular, spiral, and hollow
fiber.

[0116] Membranes according to embodiments of the inverdrertypically disposed in a

housing comprising at least one inlet and at leastoutlet and defining at least one fluid
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flow path between the inlet and the outlet, whegrtileast one inventive membrane or a filter
including at least one inventive membrane is actiosgluid flow path, to provide a filter
device or filter module. In an embodiment, a fildevice is provided comprising a housing
comprising an inlet and a first outlet, and defghanfirst fluid flow path between the inlet and
the first outlet; and at least one inventive memebrar a filter comprising at least one
inventive membrane, the inventive membrane orfdtenprising at least one inventive
membrane being disposed in the housing acrossrstdidid flow path.

[0117] Preferably, for crossflow applications, at least anventive membrane or filter
comprising at least one inventive membrane is disgan a housing comprising at least one
inlet and at least two outlets and defining att@aferst fluid flow path between the inlet and
the first outlet, and a second fluid flow path beén the inlet and the second outlet, wherein
the inventive membrane or filter comprising at tea®e inventive membrane is across the
first fluid flow path, to provide a filter device dilter module. In an illustrative embodiment,
the filter device comprises a crossflow filter mejuhe housing comprising an inlet, a first
outlet comprising a concentrate outlet, and a stoatiet comprising a permeate outlet, and
defining a first fluid flow path between the inbatd the first outlet, and a second fluid flow
path between the inlet and the second outlet, vilhatdeast one inventive membrane or
filter comprising at least one inventive membramdisposed across the first fluid flow path.
[0118] The filter device or module may be sterilizablenyAousing of suitable shape
and providing an inlet and one or more outlets magmployed.

[0119] The housing can be fabricated from any suitable iigpervious material,
including any impervious thermoplastic material,jethis compatible with the fluid being
processed. For example, the housing can be fabdideom a metal, such as stainless steel,
or from a polymer, e.g., transparent or translupahgmer, such as an acrylic, polypropylene,
polystyrene, or a polycarbonate resin.

[0120] The following examples further illustrate the intien but, of course, should not

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

[0121] This example describes some of the materials ust#teipreparation of the
monomers and polymers.

[0122] Maleimide, furan, diisopropylazodicarboxylate (DIABriphenylphosphine
(PhsP), 1-haxadecanol, tetrahydrofuran (THF), ethytateg N-phenylmaleimide,
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acetonitrile, methanol, Grubbs second generatitalyst, 3-bromopyridine, and pentane
were obtained from Sigma-Aldrich Co. and used witHfarther treatment. Dichloropentane,

also obtained from Sigma-Aldrich Co., was treatéith Wwasic alumina before use.

EXAMPLE 2

[0123] This example illustrates the preparation of exa<@rmrbornene-5,6-
dicarboxyimide (C1), an intermediate in the prepareof the first and second monomers in
accordance with an embodiment of the invention.
[0124] In a clean 500 mL round bottom flask (RBF) equipp#&ith magnetic stirring bar,
furan (21.0 g, 309 mmol) was added to a solutiomaleimide (25 g, 258 mmol) in 250 mL
of ethyl acetate. The mixture was heated &i®ér 30 h. C1 was obtained as white
precipitate from solution upon washing with etiEd@ mL, 3X) and filtration. The white
solid was dried under vacuum at room temperatur@4d. C1 was obtained as a pure exo-
isomer in yield of 29 g, 68%H-NMR (300MHz, CDCH4): 5 (ppm) 8.09 (s, 1H), 6.53 (s, 2H),
5.32 (s, 2H), 2.89 (s, 2H).

EXAMPLE 3

[0125] This example illustrates the preparation of dicblby3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene](benzylidefes(3-bromopyridine)ruthenium(ll)
(G3) catalyst.
[0126] The second generation Grubbs catalyst (G2) illtesfrabove (1.0 g, 1.18 mmol)
was mixed with 3-bromopyridine (1.14 mL, 11.8 mmialb0 mL flask. Upon stirring at
room temperature for 5 min, the red mixture turimed bright green. Pentane (40 mL) was
added with stirring for 15 minutes and green solad obtained. The mixture was cooled in
the freezer for 24 h and filtered under vacuume fidsulting G3 catalyst, a green solid, was
washed with cold pentane and dried under vacuumoat temperature to give a yield of 0.9
g, 88% vyield.

EXAMPLE 4

[0127] This example illustrates the preparation of a finsihomer exo-7-oxanorbornene-
N-hexadecyl-5,6-dicarboxyimide.

[0128] In a clean 500 mL RBF equipped with magnetic stgibar, a mixture of exo-7-
oxanorbornene-5,6-dicarboxyimide (C1) (10 g, 61 mnRhsP (23.84 g, 91 mmol), and 1-
hexadecanol (17.6 g, 72.7 mmol) were dissolvezhimydrous THF (130 mL) under a
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stream of dry nitrogen gas. The solution was aboldce bath. DIAD (22.1 g, 109.3 mmol)
was added from a dropping funnel drop-wise to thaex solution. The reaction mixture
was allowed to warm up to room temperature ancestifor 24 h. THF was removed by
rotary evaporator till dryness to obtain white dolirhe first monomer was obtained from the
crude as white solid upon crystallization from nagtbl (2X) and drying at room temperature
under vacuum for 24 h (yield of 18.6 g, 80%J-NMR (300MHz, CDC}): & (ppm) 6.5 (s,

2H), 5.26 (s, 2H), 5.32 (s, 2H), 3.45 (t, 2H), 2(822H), 1.56-1.38 (m, 2H), 1.28-1.1 (m,
26H), 0.88 (t, 3H).

EXAMPLE 5

[0129] This example illustrates the preparation of a sdgopnomer exo-7-
oxanorbornene-N-phenyl-5,6-dicarboxyimide.

[0130] In a clean 500mL round bottom flask (RBF) equippdtth magnetic stirring bar,
Furan (29.51 g, 433.5 mmol) was added to a salwdfdN-phenyl maleimide (25 g, 144.5
mmol) in 135 mL of acetonitrile. The solution wafluxed at 90C for 5 h. White

crystalline solid was obtained upon cooling thectieam mixture. The second monomer was
obtained by filtering the solid and purified by ngstallization from acetonitrile (2X). Yield
of 19 g, 76%."H-NMR (300 MHz, CDCJ): & (ppm) 7.55-7.35 (m, 3H, phenyl), 7.35-7.2 (m,
2H, phenyl), 6.57 (s, 2H), 5.37 (s, 2H), 3.05 (8).2

EXAMPLE 6

[0131] This example illustrates the preparation of a dikloopolymer suitable for
preparing a membrane in accordance with an embadiai¢he invention.

[0132] The Grubbs %8 generation (G3) catalyst from Example 3 (34.4 61§39 mmol)
was weighed in 40 mL vial with equipped with flupadymer resin-silicone septa open-top
cap. The catalyst was dissolved in argon-degadisetbromethane (DCM) (60 mL) and
transferred via cannula to a clean 1L RBF equippitl stirring bar. A solution of the first
monomer (1.5 g, 3.85 mmol) in DCM (86 mL) was degasswith argon and transferred into
the catalyst solution and shirred for 30 minutAs. aliquot of 1-2 mL of the homopolymer
formed from the first monomer was taken after 3@utes for molecular weight
characterization. A solution of the second mono&r g, 32.8 mmol) in DCM (208 mL)

was degassed with argon and transferred into theigg homopolymer solution in the RBF,
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and the contents of the flask were stirred for a@o60 minutes. Ethyl vinyl ether (2mL)
was then added to the yellow solution of the diblogpolymer to terminate the
polymerization. The resulting polymer was preafst in methanol (2 L, 2X) to recover the
pure polymer as a white solid. The polymer wasii@d and dried under vacuum at room
temperature; yield (9.2 g, 98%H-NMR (300MHz, CDC}): & (ppm) 7.7-7.25 (m, 3H,
phenyl), 7.25-6.8 (m, 2H, phenyl), 6.3-5.9 (broad), 5.9-5.3 (broad m, 1H), 5.3-4.9 (broad
m, 1H), 4.9-4.2 (broad m, 1H), 3.6-3.0 (broad s),2k6-1.4 (broad, 2H), 1.4-1.0 (s, 26H),
0.88 (t s, 3H).

EXAMPLE 7

[0133] This example illustrates a method of hydrogenatiregdiblock copolymer
precursor obtained in Example 6 to obtain a diblompolymer in accordance with an
embodiment of the invention.
[0134] The diblock copolymer precursor was dissolved inMD@5 g in 400 mL). The
Grubbs’ 29 generation catalyst (480 mg, 565 mmol) with sitighsubstrate (10 g, 40-63
microns flash chromatography particle) and the ymsar solution were transferred to a Parr
high pressure reactor and the reactor was charghdwydrogen gas (1500 psi). The reactor
was heated to 5{C for 24 h. The resulting polymer mixture wasefittd and precipitated
into methanol (2x) to obtain white precipitate (§ié2 g, 80%).'"H-NMR (300MHz,
CDCls): 0 (ppm) 7.6-7.45 (m, 3H, phenyl), 7.4-6.8 (m, 2HepW), 4.5-3.55 (broad m, 2H),
3.5-2.6 (broad m, 2H), 2.5-1.6 (broad s, 2H), 146{broad s, 2H), 1.4-1.0 (s, 26H), 0.88 (t s,
3H).

EXAMPLE 8

[0135] This example illustrates a method to characteheediblock copolymer involving
the Multi-angle Laser Light Scattering and gel peation chromatography (GPC).

[0136] The homopolymer and the diblock copolymer obtaineixample 6 were
characterized for their molecular weight and malacweight distribution properties by the
MALS-GPC technique under the following conditions:

[0137] Mobile phase: Dichloromethane (DCM).

[0138] Mobile phase temperature: 30.

[0139] UV wavelength: 245 nm.
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[0140] Columns used: three PSS SVD Lux analytical colu(®tgrene-divinylbenzene
copolymer network), columns have stationary phasalb of 5 micrometers and has the pore
sizes of 1000 A, 100,000 A, and 1,000,000 A, arargeolumns.

[0141] Flow rate: 1 mL/min.

[0142] GPC system: waters HPLC alliance e2695 systemWitland RI detectors

[0143] MALS system: The DAWNHELEOS 8 system with 8 detectors operating a laser
at 664.5 nm.

[0144] The chromatograms are depicted in Fig. 1. Theodibtopolymer precursor 2
eluted earlier than homopolymer 1 since it hadghdr molecular weight. The diblock
copolymer 3 of the invention also eluted earli@rtthomopolymer 1 since it had a higher
molecular weight. The hydrogenated copolymer 3ahamlecular weight close to that of the
copolymer precursor 2 since the effect of hydrogjenan the molecular weight is rather

small as expected.

EXAMPLE 9

[0145] This example illustrates a method for preparingppermembranes in accordance
with an embodiment of the invention.

[0146] Casting solutions containing the diblock copolyrftem Example 7 were
prepared by mixing the diblock copolymer with DM#&dalHF until clear solutions were
obtained. The solutions contained the diblock tgper, DMF, and THF at a ratio of either
15:51:34 mass% or 12:44:44 mass%.

[0147] Thin films were cast on a glass plate or a nonwqwayester fabric (HIROSE
05TH) was used as the substrate, to provide 7-§anadbout 177-200 microns) thick wet
membrane films. The wet films were allowed to dtéor a period of 60 sec or 30 sec to
allow them to develop self-assembled nanostructsrgssequent to which, they were
immersed in a coagulation bath containing isopropah20 °C for a period of 5 min. The
films were washed and dried, and the resulting mrangs were imaged with an atomic force
microscope (AFM) to reveal their nanostructures.

[0148] Fig. 2A depicts the AFM image of the topographyigh® of the surface of a
membrane prepared from the solution containinglthleck copolymer, DMF, and THF at a
ratio of 15:51:34 mass% with a 60 sec standing tefere coagulation and Fig. 2B depicts
the AFM image of the phase of the membrane. Glassused as the substrate to cast the

film.
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[0149] Fig. 3A depicts the AFM image of the topographyigh® of the surface of a
membrane prepared from the solution containinglthleck copolymer, DMF, and THF at a
ratio of 12:44:44 mass% with a 60 sec standing befere coagulation and Fig. 3B depicts
the phase of the membrane. Glass was used aglibteate to cast the film.

[0150] Fig. 4 depicts the AFM phase image of the surfd@rmembrane prepared from
the solution containing the diblock copolymer, DMIRd THF at a ratio of 12:44:44 mass%
with a 30 sec standing time before coagulatioras&lwvas used as the substrate to cast the
film.

[0151] Fig. 5 depicts the AFM phase image of the surfd@rmembrane prepared from
the solution containing the diblock copolymer, DMIRd THF at a ratio of 15:51:34 mass%
with a 60 sec standing time before. Nonwoven Eibrefabric was used as the substrate to
cast the film.

[0152] Fig. 7 depicts the line profile of the pore sizeipdicity extracted from the AFM
height image depicted in Fig. 2A.

[0153] Fig. 8A depicts the FE-SEM image of the surfacthefmembrane depicted in
Fig. 2A.

[0154] Fig. 8B depicts the FE-SEM image of the perspeaivthe membrane depicted in
Fig. 2A.

[0155] Fig. 9 depicts the FE-SEM image of the cross-seaiidhe membrane depicted in
Fig. 2A.

[0156] Fig. 10 depicts the FE-SEM of the cross-sectiothefmembrane depicted in Fig.
3A.

[0157] From the AFM images, it can be seen that the dibtmpolymer self-assembled
into an ordered structure comprising a cylindrio@rphology of pores at the air interface and
the ordered structure is supported by an underlyorgus support structure.

[0158] The surface pores have a narrow pore size in tigeraf about 40 nm to about 70
nm and the cylindrical pores reach to a depth obiath50 mm to about 200 mm in the
thickness direction.

[0159] All references, including publications, patent agations, and patents, cited
herein are hereby incorporated by reference tednge extent as if each reference were
individually and specifically indicated to be inporated by reference and were set forth in
its entirety herein.
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[0160] The use of the terms “a” and “an” and “the” andl&tst one” and similar
referents in the context of describing the invem{iespecially in the context of the following
claims) are to be construed to cover both the $amgund the plural, unless otherwise
indicated herein or clearly contradicted by contékite use of the term “at least one”
followed by a list of one or more items (for examplat least one of A and B”) is to be
construed to mean one item selected from the ligteas (A or B) or any combination of two
or more of the listed items (A and B), unless othgee indicated herein or clearly
contradicted by context. The terms “comprisindgyaving,” “including,” and “containing”
are to be construed as open-ended terms (i.e.,ingeancluding, but not limited to,”) unless
otherwise noted. Recitation of ranges of valugsiheare merely intended to serve as a
shorthand method of referring individually to eagparate value falling within the range,
unless otherwise indicated herein, and each sepaahie is incorporated into the
specification as if it were individually recitedreen. All methods described herein can be
performed in any suitable order unless otherwidecated herein or otherwise clearly
contradicted by context. The use of any and ahgXes, or exemplary language (e.g., “such
as”) provided herein, is intended merely to batteminate the invention and does not pose a
limitation on the scope of the invention unlesseotfise claimed. No language in the
specification should be construed as indicatingrasmy-claimed element as essential to the
practice of the invention.

[0161] Preferred embodiments of this invention are deedrirerein, including the best
mode known to the inventors for carrying out theeimtion. Variations of those preferred
embodiments may become apparent to those of oydgkdt in the art upon reading the
foregoing description. The inventors expect sHigtisans to employ such variations as
appropriate, and the inventors intend for the itloento be practiced otherwise than as
specifically described herein. Accordingly, tmsention includes all modifications and
equivalents of the subject matter recited in tlaénes appended hereto as permitted by
applicable law. Moreover, any combination of thewe-described elements in all possible
variations thereof is encompassed by the inventidass otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIMS:
1. A method of preparing a porous membrane commgre block copolymer of

the formula (1) or (II):

(I,
wherein:

R' is a G-Cx alkyl group optionally substituted with a subsgitt selected from halo,
alkoxy, alkylcarbonyl, alkoxycarbonyl, amido, anittra, or a G-C;; cycloalkyl group,
optionally substituted with a substituent seledtech halo, alkoxy, alkylcarbonyl,
alkoxycarbonyl, amido, and nitro;

R? is a G-Cao aryl group or a heteroaryl group, optionally sithgtd with a
substituent selected from hydroxy, nitro, amindphalkoxy, alkylcarbonyl, alkoxycarbonyl,
amido, and nitro;

one of R and R is a G-Cy4 aryl group, optionally substituted with a subsitti
selected from hydroxy, halo, amino, and nitro, #reother of Rand R is a G-C,, alkoxy
group, optionally substituted with a substituerésid from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl,

n and m are independently about 10 to about 2080x<n and 0 < ¥ m;
the method comprising:

(i) dissolving the block copolymer in a solvenstgm to obtain a polymer solution;

(if) coating the polymer solution onto a substrate

(iif) evaporating at least a portion of a solvénitn the coating obtained in (ii);

(iv) immersing the coating from (iii) into a codgtion bath; and
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(v) washing the porous membrane obtained in (iv).

2. The method of claim 1, whereirt B a G¢-Cy5 alkyl group, optionally
substituted with a substituent selected from halkgxy, alkylcarbonyl, alkoxycarbonyl,

amido, and nitro.

3. The method of claim 1 or 2, whereif iR a phenyl group, optionally
substituted with a substituent selected from hygraxino, halo, alkoxy, alkylcarbonyl,

alkoxycarbonyl, amido, and nitro.

4. The method of any one of claims 1-3, wherelisfhenyl.
5. The method of any one of claims 1-4, wherelisR G-Cg alkoxy group.
6. The method of any one of claims 1-5, whereis about 10 to about 200 and

m is about 50 to about 2000.

7. The method of any one of claims 1-6, whereis about 83 to about 190 and
m is about 675 to about 1525.

8. The method of any one of claims 1-7, whereis about 105 and m is about
870.

9. The method of any one of claims 1-8, whereemllock copolymer of formula

(1) has the following structure:
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10. The method of any one of claims 1-9, whereedolvent system includes a
solvent or a mixture of solvents selected from gaitamted hydrocarbons, ethers, amides, and
sulfoxides.

11. The method of any one of claims 1-10, whetleénsolvent system includes a
solvent or a mixture of solvents selected from icdmethane, 1-chloropentane, chloroform,
1,1-dichloroethane, N,N-dimethylformamide, N,N-dimdacetamide, N-methylpyrrolidone,
dimethylsulfoxide, tetrahydrofuran, 1,3-dioxanegd dm4-dioxane.

12. The method of any one of claims 1-11, whetleénpolymer solution contains
about 10 to about 35% by weight of the block copay:.

13. The method of any one of claims 1-12, whetiegnsubstrate is selected from
glass, silicon wafer, metal plate, plastic film,wga or nonwoven fabric, and a plastic film

coated on a glass substrate or on or a siliconrwafe
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14. The method of any one of claims 1-13, whetleénsubstrate is porous.

15. The method of any one of claims 1-14, wheti@incoagulation bath
comprises a nonsolvent or poor solvent for thelbtmpolymer.

16. The method of any one of claims 1-15, wheti@gnonsolvent or poor solvent

is selected from alcohols, alkanes, water, dimstlifgxide, and mixtures thereof.
17. A porous membrane prepared by the methodybae of claims 1-16.

18. The porous membrane of claim 17, which issymanetric membrane
comprising a first layer and a second layer, trst fayer comprising the block copolymer
and ordered pores in a cylindrical morphology amntusly extending to the second layer
comprising the block copolymer in a network of pgtructure in which micro and macro

channels are connected so as to provide a torpethsfor fluid flow.

19. The porous membrane of claim 18, whereinitiselayer has a thickness of
about 50 to about 200 nm and the second layer tlaskaess of about 100 um to about 300

pum.



