SELF-ASSEMBLED STRUCTURE AND MEMBRANE COMPRISING BCK
COPOLYMER AND PROCESS FOR PRODUCING THE SAME BY SRIOATING
(Il1a)

BACKGROUND OF THE INVENTION

[0001] Membranes, particularly nanoporous membranes,rayek to have applications
in a number of areas including filtration of biologl fluids, removal of micropollutants,
water softening, wastewater treatment, retentiodlyes, 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 stascéuie advantageous in that they
produce membranes with uniform pore size and paesdistribution, challenges or
difficulties remain with the proposed block copobra and methods. For example, in some
of these methods, a film is produced first fromack 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 a strong base.

[0002] The foregoing indicates that there is an unmet fi@echembranes made from
block copolymers that are capable of self-assemhitito nanostructures and for a method
for producing nanoporous membranes from these kdopklymers, which does not require a

removal of one of the blocks after a nanostrucifermed.

BRIEF SUMMARY OF THE INVENTION

[0003] The invention provides a self-assembled structnceaaporous membrane

comprising a diblock copolymer of the formula (I):

(0,
wherein:

R' is a poly(alkyleneoxide) group of the formula, HR-CH,-O),-R’, wherein p = 2-
6, R is H or methyl, and R’ is H, & alkyl group, or a &C;; cycloalkyl group;



R? is a G-Cyo aryl group or a heteroaryl group, optionally sithstd with a
substituent selected from hydroxy, amino, halopgjk 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 substituerésied 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 prepatiregabove self-assembled
structure comprising:

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

(if) spin coating the polymer solution onto a dudie,;

(iif) annealing the coating obtained in (ii) totaim a self-assembled structure; and
optionally

(iv) washing the self-assembled structure obtaingdi).

[0005] The invention also provides membranes prepared frenabove self-assembled
structure.

[0006] The present invention takes advantage of the wlithe block copolymers
having thermodynamically incompatible blocks to ergb phase separation and self-
assemble into nanostructures, thereby leadingetdotimation of nanoporous membranes

having 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 hpahygmer 1 (a precursor to the
diblock copolymer) and a diblock copolymer 2 in@cance with an embodiment of the
invention.

[0008] Fig. 2 depicts an AFM height image of a self-asdenhbtructure formed from a
diblock copolymer. The self-assembled structure pr@pared by spin coating a solution of
the diblock copolymer on a silicon wafer at 200thrpHexagonal order of the self-

assembled structure is evident at least from ttodecl regions.



[0009] Fig. 3 depicts the AFM phase image of the self+atded structure depicted in
Fig. 2. Hexagonal order of the self-assembledcsira is evident at least from the circled
regions.

[0010] Fig. 4 depicts the profile showing the domain sind periodicity of the self-
assembled structure in one of the circled regidriseostructure.

[0011] Fig. 5 depicts the profile showing the domain simd periodicity of the self-
assembled structure in another circled region @fsthucture.

DETAILED DESCRIPTION OF THE INVENTION

[0012] In an embodiment, the invention provides a seleadsded structure and a porous

membrane comprising a diblock copolymer of the faiar(l):

(0,
wherein:

R' is a poly(alkyleneoxide) group of the formula, HR-CH,-O),-R’, wherein p = 2-
6, R is H or methyl, and R’ is H, aCs alkyl group, or a &C;; cycloalkyl group;

R? is a G-Cao aryl group or a heteroaryl group, optionally sithgtd 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, #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 2000.

[0013] In an embodiment, the invention provides a metlmogfeparing a self-assembled

structure comprising a diblock copolymer of thenfata (1):



(),
wherein:

R' is a poly(alkyleneoxide) group of the formula, HR-CH,-O),-R’, wherein p = 2-
6, R is H or methyl, and R’ is H, & alkyl group, or a &C;; cycloalkyl group;

R? is a G-Cao aryl group or a heteroaryl group, optionally sithgtd with a
substituent selected from hydroxy, amino, halopgjk 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 substituerésied from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl;

n and m are independently about 10 to about 2000;
the method comprising:

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

(i) spin coating the polymer solution onto a dudie;

(iif) annealing the coating obtained in (ii) totaim a self-assembled structure; and
optionally

(iv) washing the self-assembled structure obtainddi).

[0014] A porous membrane can be prepared from the sedidsded structure via
confined swelling leading to the generation of gor€onfined swelling is effected by an
annealing step, which could be carried out eitlyegxposing the self-assembled structure to

a solvent vapor or by soaking in a liquid solvent.

[0015] In accordance with an embodiment, the above dibbogolymer is of the formula

(la), where the monomers are exo isomers:



(la),

[0016] In any of the embodiments above, R is H.

[0017] In any of the embodiments above, p is 3-6.

[0018] In any of the embodiments above, R’ is alg alkyl group.

[0019] 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.

[0020] In an embodiment, s a phenyl group, optionally substituted withubstituent
selected from hydroxy, amino, halo, alkoxy, alkyleanyl, alkoxycarbonyl, amido, and nitro;
[0021] In any of the embodiments above,iRa G-Ci4 aryl group, optionally substituted
with a substituent selected from hydroxy, halo,rmmand nitro and Rs a G-C,, alkoxy
group, optionally substituted with a substituerésid from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyl.

[0022] In an embodiment, s 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, aminao,cayato, alkynyl, alkenyl, halo, azido, and
heterocyclyl.

[0023] In an embodiment, s provided by the ROMP catalyst employed for the
polymerization of the monomers.

[0024] In an embodiment, Rs a group provided by the vinyl ether compoungleyed
for terminating the polymerization.

[0025] 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. Itriderstood that the term aryl includes
carbocyclic moieties that are planar and compmse24t electrons, according to Hickel’s
Rule, whereinn =1, 2, or 3.

[0026] 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, ansldquinolinyl. 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 atomeraktively, 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 gtlarefour nitrogen atoms, and the others
carbon atoms. The bicyclic heteroaryl consista mfonocyclic 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 heterogmndups 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\Hmxide. Also, the nitrogen containing
rings may or may not be N-protected. Represemaxamples of monocyclic heteroaryl
include, but are not limited to, furanyl, imidaziligoxazolyl, isothiazolyl, oxadiazolyl,
oxazolyl, pyridinyl, pyridine-N-oxide, pyridazinypyrimnidinyl, pyrazinyl, pyrazolyl,
pyrrolyl, tetrazolyl, thiadiazolyl, thiazolyl, thig/l, triazolyl, and triazinyl. Representative
examples of bicyclic heteroaryl groups include, moit limited to, benzothienyl,
benzoxazolyl, benzimidazolyl, benzoxadiazolyl, fiiydro-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.



[0027] 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@iso applies wherever “alkyl” occurs such as
in hydroxyalkyl, monohalo alkyl, dihalo alkyl, amdhalo alkyl. The G-Cy; alkyl group can
also be further substituted with a cycloalkyl grpem., a G-C;; cycloalkyl group.

[0028] In any of the above embodiments, the “cycloalkylbgp can be monocyclic or
bicyclic. Examples of monocyclic cycloalkyl grouipelude cyclopropyl, cyclobutyl,
cyclopentyl, cyclohexyl, cycloheptyl, and cyclodctfExamples of bicyclic cycloalkyl

groups include those with one common ring carbomatuch as spirooctane, spirononane,
spirodecane, and spiroundecane, and those witledwonon ring carbon atoms such as
bicyclooctane, bicyclononane, bicyclodecane, aggidiwundecane. Any of the cycloalkyl
groups could be optionally substituted with onenarre alkyl groups, e.g.,:6Cs alkyl

groups.

[0029] In accordance with an embodiment, the “alkoxy” graaipreferably a €Cs,
alkoxy. Examples of alkoxy group include methoathoxy, n-propoxy, isopropoxy, n-
butoxy, sec-butoxy, isobutoxy, tert-butoxy, n-pexytasopentoxy, n-hexoxy, hexadecyloxy,
and the like.

[0030] The term “halo” refers to a halogen selected fraendroup consisting of fluorine,
chlorine, bromine, and iodine, preferably chlorarédoromine.

[0031] 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 the¢eroatoms 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, tetrgikropyranyl, 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, 2,3ydlfoindolyl, 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, 6-0xa-3-
azabicyclo[3.1.1]heptyl, 8-azabicyclo[3.2.1]oct§lpxa-8-azabicyclo[3.2.1]octyl, 1,4-
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]&ctyl, 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 oeddio the N-oxide. In addition, the
nitrogen containing heterocyclic rings may or may lbe N-protected.

[0032] Examples of heterocyclgroups include pyridyl, piperidinyl, piperazinyl,
pyrazinyl, pyrolyl, pyranyl, tetrahydropyranyl, tehydrothiopyranyl, pyrrolidinyl, furanyl,
tetrahydrofuranyl, thiophenyl, tetrahydrothiophemirinyl, pyrimidinyl, thiazolyl,
thiazolidinyl, thiazolinyl, oxazolyl, triazolyl, teazolyl, tetrazinyl, benzoxazolyl,

morpholinyl, thiophorpholinyl, quinolinyl, and isamolinyl.

[0033] 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, benzothiophenegklolyl, benzimidazolyl, benzoxazolinyl,
and benzothiazolinyl.

[0034] Whenever a range of the number of atoms in a streie$ indicated (e.g., &%,

a G.1p, Cig, Cig, 0or 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 eapigl-22 carbon atoms (e.g4-Cszz), 1-20
carbon atoms (e.g.,1€C50), 1-18 carbon atoms(e.g.;-Cyo), 1-16 carbon atoms(e.g.;-Cis),
1-14 carbon atoms(e.g.;C14), 1-12 carbon atoms(e.g.;-Cs2), 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;-C,), 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, ®B,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 carbansatb-11 carbon atoms, 1-12 carbon
atoms, 1-13 carbon atoms, 1-14 carbon atoms, Bkii®n 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 asi@i3 carbon atoms, 2-4 carbon atoms,
2-5 carbon atoms, 2-6 carbon atoms, 2-7 carbonsat®+8 carbon atoms, 2-9 carbon atoms,
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, Zi®n atoms, 2-17 carbon atoms, 2-18

carbon atoms, 2-19 carbon atoms, 2-20 carbon at»#@%,carbon atoms, and 2-22 carbon
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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.

[0035] In the above embodiments, “n” and “m” representaherage degree of
polymerization of the respective monomers.

[0036] In accordance with embodiments, n is about 10 ¢mab000, about 10 to about
500, about 10 to about 250, about 20 to about 180@,t 20 to about 500, about 20 to about
250, about 30 to about 1000, about 30 to about&®@,t 30 to about 250, about 40 to about
1000, about 40 to about 500, about 40 to about @&3@yt 50 to about 1000, about 50 to
about 500, about 50 to about 250, about 60 to ab@@, about 60 to about 500, or about 60
to about 250.

[0037] In any of the above embodiments, m is about 5®tmB2000, about 50 to about
1500, about 50 to about 1000, about 100 to abdd@,2ibout 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 1508haut 200 to about 1000.

[0038] In any of the above embodiments, n is typicallywt®9 to about 350, preferably
about 70 to about 200, more preferably about 1Gbhtut 150.

[0039] In any of the above embodiments of the diblock tgper, m is typically about
150 to about 1775, preferably about 350 about 1808 ,more preferably about 500 to about
750.

[0040] The diblock copolymer can have any suitable totalecular weight, for example,
a number average molecular weight,JMf from about 40 kDa to about 500 kDa; in certain
embodiments, the diblock copolymer has anadfffrom about 75 kDa to about 300 kDa; in
certain other embodiments, the diblock copolymesrdraM, of about 250 kDa. In an
embodiment, the diblock copolymer has and¥#233 kDa.

[0041] The carbon-carbon double bonds in the diblock cppel can have any suitable

orientation cis, trans, and they can be distributed in a random manner.
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[0042] The diblock copolymer may self-assemble into antable morphology, for
example, but not limited to, spherical or body eeed 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.
[0043] For example, at a polymer volume fraction ratiogeffa:fg) of the two

monomers of 37-50:63-50, formation of a lamellarpmology 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 phasereltthe 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 al@uble gyroid morphology is favored.
[0044] Cylindrical morphology includes a phase domain rhotpgy having discrete
tubular or cylindrical shapes. The tubular or egitical shapes may be hexagonally packed
on a hexagonal lattice. In embodiments, the cyiloadldomain size is from about 5 nm to
about 100 nm.

[0045] Lamellar morphology includes a phase domain moghohaving layers of
alternating compositions that are generally oriémarallel with respect to one another. In
embodiments, the lamellar domain size is from aBautn to about 100 nm.

[0046] The double gyroid morphology comprises two integieating continuous
network. In embodiments, the double gyroid donsie is from about 5 nm to about 100
nm.

[0047] Spherical morphology or bcc morphology refers fhase domain morphology
having spherical domains of one block arranged body centered cubic lattice in a matrix
of the second block. In embodiments, the sphenmaphology domain size is from about 5
nm to about 100 nm.

[0048] In an embodiment, the polymerized second mononeariig K) and the
polymerized first monomer (bearind)Rare present in the diblock copolymer in any fiéa
volume fraction. For example, the % volume fractod the first monomer to that of the
second monomer can be in the range of about 1%t &%0to about 30: about 70, preferably
in the range of about 19: about 81 to about 25utB5, and more preferably about 20: about
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80. In an embodiment, the volume fraction of tteosid monomer is about 78%, and the
mass fraction is about 74%, of the total polymer.

[0049] In an embodiment, the volume fraction of the seamadiomer to that of the first
monomer is about 3.5:1, which favors the formatboylindrical morphology. The mass
fraction of the second monomer to that of the finslhomer is about 3.4:1.

[0050] In a specific embodiment, the self-assembled siracnd the membrane
comprise a diblock copolymer of formula (1) has tbkowing structure, in particular,

wherein n is 150 and m is 675:

[0051] In an embodiment, the self-assembled structuret@dembrane comprise the
diblock copolymer of formula (I) has the followistyucture where the monomers are in the

exo configuration, in particular, wherein n is 1&d m is 675:
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[0052] The diblock copolymers described above can be peeday a method
comprising:

(i) polymerizing one of the two monomers of thenfiolas:

o N 0 o N 0

R and R?
with a ring opening metathesis polymerization (RQM&talyst to obtain a ring-opened
polymer having a living chain end;
(ii) polymerizing the other of the two monomerstbe living end of the ring-opened
polymer obtained in (i) to obtain a diblock copobmniaving a living end; and
(iif) terminating the living end of the diblock polymer obtained in (ii) with an
optionally substituted alkyl vinyl ether.

[0053] In the above method, the monomer that is first p@lsized is of the formula:
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o N O
R1
[0054] After the polymerization of the above monomer,sbeond monomer that is

polymerized thereon is a monomer of the formula:

o N o
R2

[0055] The first monomer and the second monomer can lex@ior endo steroechemical
configuration. In an embodiment, the first andosetmonomers are of the exo
configuration, e.g., a monomer having the exo isca®8% or higher.
[0056] In the first and second monomers,ddd R are the same as described above for
the diblock copolymer of formula (1). The firstdasecond monomers are (oxa)norbornene
(di)carboxylic imide derived monomers. The monosren be prepared by any suitable

method, for example, starting from maleimide anariwia a Diels-Alder reaction,

Ethylacetate
/ N-H
90 deg.C,3h
exo-7-oxanorbornene-5,6-
Malelmlde Furan dicarboxyimide (C1)

illustrated below:

[0057] The first monomer can be synthesized via Mitsun@Gbupling reaction, as

illustrated below:
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N
o
N . .
o Mitsunobu Coupling
o}
> o}
o}
THF, Ph3P, DIAD, 0 to 24C
O N 'e)

/
H . i
exo-7-oxanorbornene-5,6-dicarboxyimide

O/\/o\/\z

exo-7-oxanorbornene-N-
triethyleneglycol monomethylether-
5,6-dicarboxyimide

0]

e

[0058] Alternatively, the first monomer can be synthesibgdhe reaction of N-
triethyleneglycol monomethylether maleimide witham via a Diels-Alder reaction.
[0059] The second monomer can be synthesized via a Didks-Aeaction between N-

phenyl maleimide and furan in acetonitrile, assiltated below.

0 o Y
= MeCN / N@
o ———
‘ N@ + ~ Reflux, 5 h
0

¢} exo-7-oxanorbornene-N-phenyl-5.6-
N-phenyl Maleimide Furan dicarboxyanhydride

[0060] 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 tt@atimesis reaction.

[0061] Any suitable ROMP catalyst can be used, for exan@ptabbs’ first, second, and
third generation catalysts, Umicore, Hoveyda-Gryuahrock, and Schrock-Hoveyda

catalysts can be employed. Examples of such csalyclude the following:
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H3C

, and CHs

[0062] 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:

[0063] The above third generation Grubbs catalyst (G2) beagbtained commercially

or prepared from a Grubbs second generation caay®llows:

A
T‘\\Cl @Br Cl
Ru=— - ‘
/ | Ph Excess, Room Temperature \ /N——Rlu
Cl P N |
O L

G2 G3
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[0064] The first monomer and the second monomer are polyetesequentially to
obtain the diblock copolymer. Any of the two moremcan be polymerized first. For
example, the first monomer can be polymerized,ficdtowed by the second monomer.
Alternatively, the second monomer can be polymerimst, followed by the first monomer.
[0065] 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, acids, phosphines, and
N-substituted maleimides.

[0066] The polymerization of the monomers is conducteal suitable solvent, for
example, solvents generally used for conducting RQidlymerizations. 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.

[0067] When polymerization is carried out in the organitvent, the monomer
concentration can be in the range of 1 to 50 wisfepably 2 to 45 wt%, and more
preferably 3 to 40 wt %.

[0068] The polymerization can be carried out at any sigtmperature, for example,
from -20 to +100 °C, preferably 10 to 80 °C.

[0069] The polymerization can be carried out for any tsugable to obtain the
appropriate chain length of each of the blocksciWlian be from about 1 minute to 100
hours.

[0070] The amount of catalyst can be chosen in any seitaflount. For example, the
molar ratio of the catalyst to the monomer cantimua1:10 to about 1:1000, preferably
about 1:50 to 1:500, and more preferably about@thGbout 1:200. For example, the molar
ratio of the catalyst to the monomer could be hdd &m, where n and m are the average
degrees of polymerization.

[0071] After the polymerization of the two monomers, thaia end of the diblock
copolymer is terminated by adding an optionallystitbted alkyl vinyl ether to the

polymerization mixture.
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[0072] The diblock copolymer can be isolated by any sigtédchnique, for example,
precipitation with a nonsolvent.

[0073] The homopolymer formed during the preparation efdiblock copolymer and
the diblock copolymer of the invention can be cherazed for its molecular weight and
molecular weight distribution by any known techréqu For example, a MALS-GPC
technique can be employed. The technique useddenphase to elute, via a high pressure
pump, a polymer solution through a bank of colupasked with a stationary phase. The
stationary phase separates the polymer samplednegdo the chain size followed by
detecting the polymer by three different detectdksseries of detectors can be employed,
e.g., an Ultraviolet detector (UV-detector), folledvby a multi-angle laser light scattering
detector (MALS-detector), which in turn, is follodi®y a refractive index detector (RI-
detector) in arow. The UV-detector measures tignper light absorption at 254 nm
wavelength; the MALS-detector measures the scattegbt from polymer chains relative to
mobile phase.

[0074] The diblock copolymers of the invention are highlgnodisperse. For example,
the copolymers have an Mw/Mn of 1.01 to 1.2, prabéy 1.05 to 1.10.

[0075] The present invention provides a self-assembledtsire and a membrane
comprise a porous membrane comprising a diblocklgager described above.

[0076] In an embodiment, the self-assembled structureeisgoed by spin coating a
solution of the diblock copolymer. To prepare skedf-assembled structure, the diblock
copolymer is first dissolved in a suitable solvensolvent system and cast as a thin film by
spin coating.

[0077] The polymer solution can be prepared by any s@tatdthod known to those
skilled in the art. The diblock copolymer is addedhe solvent system and stirred until a
homogeneous solution is obtained. If desiredstiietion can be stirred for an extended time
to allow the diblock copolymer to assume its thedgmamically favorable structure in the
solution. The diblock copolymer is dissolved igabd solvent or a mixture containing good
solvents.

[0078] Embodiments of a suitable solvent system includelaent or a mixture of
solvents selected from halogenated hydrocarboherstamides, and sulfoxides. In an
embodiment, the solvent system includes a volatleent, for example, a solvent having a

boiling point less than 100 °C.
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[0079] For example, the solvent system includes a solweatmixture of solvents
selected from dichloromethane, 1-chloropentanegdichiloroethane, N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMAN-methylpyrrolidone (NMP),
dimethylsulfoxide (DMSO), tetrahydrofuran (THF)34dioxane, and 1,4-dioxane.

[0080] Thus, for example, a mixture of DMF and THF, a migtof DMA and THF, a
mixture of DMSO and THF, a mixture of DMSO and lecbpentane, a mixture of NMP
and 1-chloropentane, a mixture of DMF and 1-chlerdgpne, a mixture of 1,3-dioxane and
THF, a mixture of 1,4-dioxane and THF, or a mixtafd,3- or 1,4 dioxane, DMF, and THF
can be employed as the solvent system.

[0081] In a preferred embodiment, a mixture of DMF and THIfixture 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 aHifFTcan be employed as the solvent
system.

[0082] In a more preferred embodiment, dichloromethare mixture of DMF and THF
can be used as the solvent system.

[0083] In the above embodiments, where a mixture of s¢dvisnused as the solvent
system, the mixture can include any suitable rattithe solvents, for example, in a binary
solvent mixture, either of the solvents can be gmes a volume ratio of 80/20, 75/25, 70/30,
65/35, 60/40, 55/45, or 50/50, or any ratio thet@ben. In a ternary solvent system, any of
the three solvents can be present in any suitakile for example, a volume ratio of
80/10/10, 75/15/10, 70/20/10, 65/25/10, 60/30/B325/30, 40/40/20, or 30/30/40 or any
ratio therebetween.

[0084] The polymer solution can contain any suitable amofithe diblock copolymer.

In accordance with an embodiment, the polymer sniutontains about 0.1 to about 2%,
preferably about 0.5 to about 1.5%, and more pabfgrabout 0.8 to about 1.2% by weight
of the diblock copolymer. In an example, the padyreolution contains about 1% by weight
of the diblock copolymer. The polymer concentnatoan control the thickness of the film,
and hence the membrane, obtained from spin coating.

[0085] Spin coating typically involves depositing a smadlume of a polymer solution
onto a generally flat substrate, preferably ontodénter of the substrate. The polymer
solution can be deposited by the use of a syrimgapper, or continuously deposited from a

tank.
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[0086] When the polymer solution is deposited, the sutestraay be stationary or
spinning at a low speed, e.g., up to about 500 rgfollowing the deposition of the polymer
solution, the substrate is accelerated to a higkedpfor example, about 3000 rpm or more.
In an embodiment, the substrate is accelerateplimospeeds of about 1500 rpm to about
6000 rpm. The polymer solution flows radially ¢we tsubstrate owing to the action of the
centrifugal force exerted by the spinning, andekeess of the polymer solution is ejected off
the edge of substrate. Once the desired spinpiegdsis reached, the spinning speed is
maintained for a suitable period of time, for exémpor a period of 1 min to 1 h, preferably
1.5 min. The film that is formed on the substi@atinues to thin slowly until it reaches an
equilibrium thickness or until it turns solid-likkie to a rise in the viscosity of the solution as
the solvent evaporates therefrom. The thicknesiseofilm can be controlled by varying the
spinning speed for a given polymer concentration.

[0087] The film can be cast to any suitable thicknesscally about 50 nm to about 500
nm thick, preferably about 100 to about 300 nm, mwade preferably about 100 nm.

[0088] The atmosphere maintained above the spinning sibstan be any suitable
atmosphere, for example, ambient atmosphere, aosatmre of controlled humidity and/or
temperature, an inert gas atmosphere, or the gpeadimied out under vacuum. In an
embodiment, a solvent vapor atmosphere can be anaéak to anneal and induce self-
assembly of the block copolymer.

[0089] Any suitable substrate can be used to spin cogidhener solution. The
substrate can be porous or nonporous. Exampkasitable substrates include glass, silicon
wafer, metal plate, polymer or plastic film, angdlastic film, e.g., polyvinyl alcohol, coated
on a glass substrate or on a silicon wafer.

[0090] The substrate surface has an influence on thetirggunhorphology orientation,

and the orientation or morphology outcome is deireechbased on the thermodynamic
interaction between the substrate and each blotkmnthe diblock copolymer. If the
substrate surface has favorable interaction withafrthe two blocks, the diblock copolymer
will self-assemble in such a way that it maximi#&s interaction by spreading and exposing
the block that it has favorable interaction witfor example, in the case of cylinder
morphology the cylinder will interface with the stiiate surface in which the cylinder will be
parallel to the surface if the substrate has higlfferity to one block than the other. If the
substrate surface has neutral or little affinitywaod either block, the cylinders will be aligned

normal to the substrate.
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[0091] The spin coated film is annealed in order to furtidvance or complete the self-
assembling process, or microphase separationedfitock copolymer. Annealing is
carried out in the presence of a suitable solvapbv. Any of the solvents identified above
for the solvent system can be employed as a solagdr to carry out the annealing. For
example, dichloromethane can be employed as a vapor

[0092] Annealing can be carried out for any suitable lbrafttime, for example, 0.1 hour
to 1 month or more, 5 hours to 15 days or mord0dnours to 10 days or more. Optionally,
the film is washed to remove any residual solvémtgcover the self-assembled structure.
[0093] In an embodiment, the substrate, e.g., a polynsefistrate, can be dissolved
away in a suitable solvent, thereby recoveringfinefilm. For example, where a thin film is
cast on a silicon wafer with a Si@ayer grown on top, the Sgdayer can be dissolved in
hydrofluoric acid to release and recover the thim bf the block copolymer.

[0094] In an embodiment, the recovered film can be at@dt¢b@ more porous substrate,
thereby yielding a composite self-assembled straatu composite membrane where the
nanoporous layer of the block copolymer servesi@asdtentive layer and the more porous
substrate layer serves as support. The suppotiecamde of any suitable polymer, for
example, polyaromatics; sulfones (e.g., polysulémecluding aromatic polysulfones such
as, for example, polyethersulfone (PES), polyediieer sulfone, bisphenol A polysulfone,
polyarylsulfone, and polyphenylsulfone), polyamidaslyimides, polyvinylidene halides
(including polyvinylidene fluoride (PVDF)), polydies, such as polypropylene and
polymethylpentene, polyesters, polystyrenes, poba@ates, polyacrylonitriles ((PANS)
including polyalkylacrylonitriles), cellulosic patyers (such as cellulose acetates and
cellulose nitrates), fluoropolymers, and polyetiieee ketone (PEEK).

[0095] Without wishing to be bound by any theory or med$ia) the formation of a
nanostructure is believed to take place as folloWwse diblock copolymer in solution
experiences certain thermodynamic forces. Sinealithlock copolymer comprises two
chemically different blocks of polymer chains cocteel 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
diblock copolymer when dissolved in an approprstlrent system self-assemble into micro-
phase separated domains that exhibit ordered mimgake at equilibrium. When a film is
cast from a dilute solution, the diblock copolynfi@ms micelles composed of a core and a

corona, each made of a different block. In dikd&ition, the micelles tend to be isolated
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from each other. However, in concentrated solytsfor example, when the solvent is
removed from a thin film of the solution by evapara, the micelles tend to aggregate with
the result that the coronas merge to form a coatisunatrix and the cores merge to form
porous channels.

[0096] 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 parametether 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 dissolvditiieck copolymer provides the driving
force for free energy minimization and formationooflered structures. Accordingly, the
choice of the solvent or solvent system is an irtgmdrfactor in obtaining ordered
nanostructures.

[0097] In accordance with an embodiment, the diblock cgpel self-assembles into a
porous structure in a matrix assuming a hexagamran which the minor block forms the
porous hexagonal domains in a matrix of the mdeko The minor block is the one
composed of a monomer whose degree of polymeriza&itess than that of the monomer
constituting the major block. The pores in thedgonal domain are about 60 nm to about 80
nm in size, with an average size of about 70 nmanl embodiment, the density of pores is
2.2 x 10° pores/m.

[0098] In accordance with an embodiment of the inventiba,porous membrane is a
nanoporous membrane, for example, a membrane hpoieg of diameter between 1 nm
and 100 nm.

[0099] A porous structure can be generated from the sskfabled structure,
particularly one with cylindrical morphology, viacanfined swelling step, which is carried
by annealing. The annealing step could be doegther a solvent vapor or soaking in liquid
solvent. The solvent should be a good solventiferminor volume fraction block that forms
the cylinder core and non-solvent for the majouwaé block forming the matrix. While not
intending to be held to any theory or mechanisns, ielieved that, as the self-assembled
structure is annealed the cylinder core becomefieawby the solvent, leading to an increase
of the cylinder volume. As the cylinder cores sgreutside the matrix surface, the
spreading forces the cylinders to create pore® riatrix thickness also increases.

[0100] Examples of solvents that can be used for the dingeaclude tetrahydrofuran

(THF), butyacetate, ethylactate, methylethylket@ral acetone. The solvent or mixture of



25

solvents can be at any suitable temperature, famgle, from ambient temperature, for
example, 20 °C to 25 °C, to elevated temperatstey as up to 40 °C, 50 °C, 60 °C, 70 °C,
80 °C, or 90 °C.

[0101] Membranes according to embodiments of the inverdaonbe 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) aicluding, for example, filtering biological
fluids such as blood (e.g., to remove leukocytd#igring fluids for the electronics industry
(e.g., filtering photoresist fluids in the microeinics industry), filtering fluids for the food
and beverage industry, clarification, filteringi@ody- 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 ,dag not liquid, to pass therethrough).
Membranes according to embodiments of the investeam be used in a variety of devices,
including surgical devices and products, such@sgxample, ophthalmic surgical products.
[0102] In accordance with embodiments of the inventioa,ghrous membrane can have
a variety of configurations, including planar, fteet, pleated, tubular, spiral, and hollow
fiber.

[0103] Porous membranes according to embodiments ohtlemiion are typically
disposed in a housing comprising at least one ardtat least one outlet and defining at least
one fluid flow path between the inlet and the dythherein at least one inventive membrane
or a filter including at least one inventive menr&as across the fluid flow path, to provide a
filter device or filter module. In an embodimeatilter device is provided comprising a
housing comprising an inlet and a first outlet, deéining a first fluid flow path between the
inlet and the first outlet; and at least one inkentnembrane or a filter comprising at least
one inventive membrane, the inventive membrandter Eomprising at least one inventive
membrane being disposed in the housing acrossrstdidid flow path.

[0104] Preferably, for crossflow applications, at least amventive membrane or filter
comprising at least one inventive membrane is disgon a housing comprising at least one
inlet and at least two outlets and defining att@afsrst fluid flow path between the inlet and

the first outlet, and a second fluid flow path be#w the inlet and the second outlet, wherein
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the inventive membrane or filter comprising at te@se 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 m&uhe housing comprising an inlet, a first
outlet comprising a concentrate outlet, and a s&omtiet comprising a permeate outlet, and
defining a first fluid flow path between the inkatd the first outlet, and a second fluid flow
path between the inlet and the second outlet, vithatdeast one inventive membrane or
filter comprising at least one inventive membrasmdisposed across the first fluid flow path.
[0105] The filter device or module may be sterilizablenyAousing of suitable shape
and providing an inlet and one or more outlets fmagmployed.

[0106] The following examples further illustrate the intien but, of course, should not

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

[0107] This example provides the materials used in thpgregion of the monomers and
polymers.

[0108] Maleimide, furan, diisopropylazodicarboxylate (DIABriphenylphosphine
(PhsP), 1-haxadecanol, tetrahydrofuran (THF), ethytateg N-phenylmaleimide,
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 treatétth Wwasic alumina before use.
EXAMPLE 2

[0109] 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.

[0110] 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@4d1. C1 was obtained as a pure exo-
isomer in yield of 29 g, 68%H-NMR (300MHz, CDC4): & (ppm) 8.09 (s, 1H), 6.53 (s, 2H),
5.32 (s, 2H), 2.89 (s, 2H).
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EXAMPLE 3

[0111] This example illustrates the preparation of dicblb3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene](benzylidefes(3-bromopyridine)ruthenium(ll)

(G3) catalyst.

[0112] The second generation Grubbs catalyst (G2) illtefrabove (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 sola 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

[0113] This example illustrates the preparation of a finsihomer in accordance with an
embodiment of the invention, exo-7-oxanorbornenearidthyleneglycolmonemethylether-
5,6-dicarboxyimide).

[0114] A 1L round-bottom flask was charged with exo-7-cxdnornene-5,6-
dicarboxyimide (82.6 g; 0.5 mol), triethyleneglyenbnomethyl ether (70.4 mL; 0.45 mol)
and triphenylphosphine (144.3 g; 0.55 mol). Theteots were vigorously stirred with
anhydrous tetrahydrofuran (650 mL) until all théidsodissolved. The mixture was cooled in
an ice-bath, followed by the drop-wise additiord@thyl azodicarboxylate (87 mL; 0.55
mol) diluted with anhydrous tetrahydrofuran (50 mivhile maintaining vigorous stirring

and ice cooling. The reaction mixture was allowedlowly warm up to ambient
temperature and stirring continued for 24-48 htrareydrofuran was removed by rotary
evaporation and the concentrate was diluted wekthgll ether (1L) and the resulting slurry
was stirred at the ambient temperature for 4 he iMbBoluble solids were filtered off, washed
with diethyl ether (2 x 150 mL) and the filtratedawashes were combined and concentrated
by rotary evaporation. The resulting residue wihgetl with distilled water (750mL) with
vigorous stirring. The precipitate was filtered, efashed with water (2 x 75 mL) and the
filtrate and washes were combined and extractell avithyl ether (4 x 200 mL). The
agueous layer was then saturated by adding sol@l fédlowed by extraction with
dichloromethane (5 x 200mL). The ether and dicdhoethane extracts were analyzed by
TLC and the fractions deemed sufficiently pure waweled, dried with anhydrous
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magnesium sulfate, filtered and concentrated tsteo weight. The obtained yellow
viscous liquid was judged by the NMR analysis tasb#iciently pure for subsequent
polymerizations. Product yield was 81.4 g (60%i-NMR (300MHz, CDC}): 6.51 (s, 2H),
5.26 (s, 2H), 3.65-3.72 (m, 2H), 3.55-3.62 (m, 84}51-3.54 (m, 2H), 3.37 (s, 3H), 2.87 (s,
2H).

EXAMPLE 5

[0115] This example illustrates the preparation of a séagonnomer exo-7-
oxanorbornene-N-phenyl-5,6-dicarboxyimide.

[0116] In a clean 500mL round bottom flask (RBF) equippé&ith magnetic stirring bar,
Furan (29.51 g, 433.5 mmol) was added to a saiwdfdN-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, CDC}): & (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

[0117] The Grubbs % generation (G3) catalyst illustrated in Example8.94 mg, 0.02
mmol) was weighed in a 40 mL vial equipped withusfopolymer resin-silicone septa open-
top cap. The G3 was dissolved in argon-degassed 10 mL) and transferred via a
cannula to a clean 1L RBF equipped with stirring ba solution of the first monomer from
Example 4 (1.0 g, 3.21 mmol) in DCM (5 mL) was desgad with argon and transferred into
the G3 solution and shirred for 70 minutes. Agqudt of 1-2 mL of the polymer block
formed was taken after 65 minutes for moleculaigiwecharacterization. A solution of the
second monomer (Example 5) (4.0 g, 16.6 mmol) i’MD@10 mL) was degassed with
argon and transferred into the growing polymer blealution and was stirred for another 60
minutes. Ethylvinylether (2mL) was added to thiBoye solution of the diblock copolymer
to terminate the reaction and allowed to stir foother 20 min. The resulting polymer was
precipitated in MeOH (2 L, 2x) to recover the blagpolymer as a white solid. The
polymer was filtered and dried under vacuum at reemperature'H-NMR (300MHz,
CDCl): d (ppm) 7.7-7.25 (m, 3H, phenyl), 7.25-6.8 (m, 2Hepyl), 6.3-5.9 (broad, 1H),
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5.9-5.3 (broad m, 1H), 5.3-4.9 (broad m, 1H), 4.®{%road m, 1H), 4.0-2.90 (broad m,
19H).

EXAMPLE 7

[0118] This example illustrates a method to characteheediblock copolymer involving
the Multi-angle Laser Light Scattering and gel peation chromatography (GPC).

[0119] The homopolymer and diblock copolymer obtainedxar@ple 6 was
characterized for their molecular weight and molacweight distribution properties by the
MALS-GPC technique under the following conditions:

[0120] Mobile phase: Dichloromethane (DCM).

[0121] Mobile phase temperature: 30.

[0122] UV wavelength: 245 nm.

[0123] 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 1000,000 A, anddjaalumns.

[0124] Flow rate: 1 mL/min.

[0125] GPC system: waters HPLC alliance e2695 systemuitland RI detectors

[0126] MALS system: The DAWNHELEOS 8 system with 8 detectors operating a laser
at 664.5 nm.

[0127] The chromatograms are depicted in Fig. 1. Theodibtopolymer 2 eluted earlier
than homopolymer 1 since it had a higher moleoukaght.

EXAMPLE 8

[0128] This example illustrates a method for preparinglaassembled structure in
accordance with an embodiment.

[0129] The process involves preparation of a casting molutasting a thin film

followed by annealing the film in a good solvent fmth blocks. A 1.0 % mass per volume
solution of the diblock copolymer from Example @Gsiprepared in either a mixture of N,N-
dimethylformamide (DMF) and tetrahydrofuran (TH#)70/30 volume% composition or a
mixture of N,N-dimethylacetamide (DMAC) and 1-cldpentane 70/30 volume %
composition or dichloromethane neat solvent. Tdet®ns were stirred at room temperature

for 3 days before they were used.
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[0130] Thin films of each of the above polymer solutiorer@spin coated on a glass or
silicon wafer substrate at spinning rates of 2q08 or 2500 rpm. A Laurell WS-650MZ-
23NPP Spin Processor was used to spin coat thenpolsolution. The films obtained were
annealed in a DCM chamber for as few as 15 howtd@ras long as 10 days. The films
were then imaged with atomic force microscopy (ARMJjeveal the ordered nanostructure.
[0131] Fig. 2 depicts the AFM height image of the surfata film spin coated on glass
surface at 2000 rpm. Fig. 3 depicts the AFM phiasgye of the self-assembled structure
depicted in Fig. 2. Hexagonal order of the seffemsbled structure is evident at least from
the circled regions.

[0132] Fig. 4 depicts the profile showing the domain simd periodicity of the self-
assembled structure in one of the circled regidriseostructure. Fig. 5 depicts the profile
showing the domain size and periodicity of the-ssgembled structure in another circled
region of the structure.

[0133] All references, including publications, patent agtions, and patents, cited
herein are hereby incorporated by reference tcdnge extent as if each reference were
individually and specifically indicated to be inporated by reference and were set forth in
its entirety herein.

[0134] The use of the terms “a” and “an” and “the” andl&stst 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 conteékihte 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 othge indicated herein or clearly

contradicted by context. The terms “comprisindgiaving,” “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 valuesiheare 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
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limitation on the scope of the invention unlesseotVise claimed. No language in the
specification should be construed as indicatingrasmy-claimed element as essential to the
practice of the invention.

[0135] Preferred embodiments of this invention are deedrifrerein, 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 imento be practiced otherwise than as
specifically described herein. Accordingly, tmsention includes all modifications and
equivalents of the subject matter recited in tlaénts 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 self-assembled streatomprising a diblock

copolymer of the formula (1):

M,
wherein:

R' is a poly(alkyleneoxide) group of the formula, HR-CH,-O),-R’, wherein p = 2-
6, R is H or methyl, and R’ is H, & alkyl group, or a &C;; cycloalkyl group;

R? is a G-Cao aryl group or a heteroaryl group, optionally sithgtd with a
substituent selected from hydroxy, amino, halopgik 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 substituerésied from carboxy, amino, mercapto,
alkynyl, alkenyl, halo, azido, and heterocyclyldan

n and m are independently about 10 to about 2000;
the method comprising:

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

(if) spin coating the polymer solution onto a Suéie,;

(iif) annealing the coating obtained in (ii) totaim a self-assembled structure; and
optionally

(iv) washing the self-assembled structure obtainddi).

2. The method of claim 1, wherein R is H.

3. The method of claim 1 or 2, wherein p is 3-6.

4. The method of any one of claims 1-3, whereimsRi G-Cs alkyl group.

5. The method of any one of claims 1-4, whereimsRhethyl.



33

6. The method of any one of claims 1-5, wheréiiisRx phenyl group, optionally
substituted with a substituent selected from hygraxino, halo, alkoxy, alkylcarbonyl,

alkoxycarbonyl, amido, and nitro.

7. The method of any one of claims 1-6, wherelisfhenyl.
8. The method of any one of claims 1-7, wherelisR G-Cg alkoxy group.
9. The method of any one of claims 1-8, whereis about 30 to about 350 and

m is about 150 to about 1775.

10. The method of any one of claims 1-9, whetleendiblock copolymer of

formula (I) has the following structure:

Ph

)
z
;

11. The method of any one of claims 1-10, whetleénsolvent system includes a
solvent or a mixture of solvents selected from gaf@ted hydrocarbons, ethers, amides, and

sulfoxides.

12. The method of any one of claims 1-11, whetieensolvent system includes a

solvent or a mixture of solvents selected from @icdmethane, 1-chloropentane, 1,1-
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dichloroethane, dimethylformamide, dimethylacetaamid-methylpyrrolidone,

dimethylsulfoxide, tetrahydrofuran, 1,3-dioxaned dn4-dioxane.

13. The method of any one of claims 1-12, whetlegpolymer solution contains
about 0.1 to about 2% by weight of the diblock dgper.

14. The method of any one of claims 1-13, whetleénsubstrate is selected from
glass, silicon wafer, metal plate, plastic flmgdamplastic film coated on a glass substrate or

on a silicon wafer.
15. The method of any one of claims 1-14, whetlesubstrate is porous.

16. The method of any one of claims 1-15, whetiegnannealing is carried out in

the presence of a solvent vapor.
17. A self-assembled structure prepared by théodedf any one of claims 1-16.

18. A porous membrane prepared from the self-askeehstructure of claim 17,
wherein the diblock copolymer in the membrane hagliadrical morphology perpendicular
to the plane of the membrane and the membranedras whose diameters are in the range
of about 40 to 60 nm and pores extend all the vaayndto film thickness and at a depth of
about 50 nm.



