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Isoporous meseporous asymmeiric block copolymer materials with macrovoids and
method of making the same

Cross Reference to Related Application

{0001}  This apphication claims the benefit of U S. Provisional Application No. 62/641.637
filed March 12, 2018, the entire contents of which are incorporated by reference herein.

Field of the Invention
[6602] Embodiments relfate to diblock or muliiblock copolymer based 1soporous
Mesoporous asymmetric materials comprising macrovoids.

Backgreund of the Invention

[6603]  Mesoporous isoporous block copolvmer materials are known and are useful due to
their small, uniform pores. Combining an asymmetric structure with the mesoporous isoporous
structure makes the materials very useful for high resolution, high flux separations wherein the
mesoporous isoporous “skin” enables high resolution separations and the asvmmetric structure
enables high flux. The mamufactwring of these materials, however, often results in macrovoids
that are deemed undesirable. It is widely taught that macrovoids in membranes are undesirable
as they cause mechanical weakness and can breach the skin causing defects.
[6604]  Abetz 2014a and Abetz 2015 teach about self~assembled diblock copolymer
membranes made with solvent mixtures primarily based on tetrahydrofuran (THF} and
dimethyHormamide (DMF) at different ratios with vanous poly{styrene-block-d-vinylpynidine)
polymers at multiple concentration (19 to 35 wi%) and short evaporation windows (5-10 s).
Mo macrovoids are shown in the materials’™ structures in the library of conditions explored.
Abetz 2014b also characterizes the adsorption of lysozyme protein near its isoelectric pount
{11.4). However, these membranes demonstrate more than 120 pg/cm? in lysozyme adsorption
and 1t teaches that the lvsozyme adsorption is independent of the membrane pore size and

polvmer used for the membrane formation.
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{6005}  Besides the well-known typically DMF/THF solvent composition, diblock
copolymer membranes from solvents combination of) 1,4-dioxane (DOX)/THF, DOX/DMF,
DOX/THF/DMFE are also taught in Abetz 2012, Abetz 2014b, Abetz 2015, Abetr 2017,
Peinemann 2010, Peinemann 2011, and Peinemann 20144,

[6086] A method of forming isoporous membranes with a sponge-like structure based on
self-assembly of block copolymers is described by Peinemann & Abetz 2007 (also see ‘694
application’). However, none of the structures include macrovoids. Additionally, in Peinemann
& Numes 2012, it 15 taught in paragraph [0011] that “The method (694 application) has been
difficult to reproduce. When the procedure described in the “694 application is applied to
commercially available purnified block copolymers it does not lead to 1soporous membranes.”
Peinemann & Nunes 2012 also does not include the macrovoid structural feature. While the
694 application states that “Optionally, the casting solution can also contain one or more non-
solvents for the block copolymer in addition to a solvent,” no mention of expected outcome 1s
discussed.

[6607]  Peinemann 2014b teaches a DMF/DOX/ Acetone (24 wit%/42 wi%/16 wit%) solvent
compaosition to make diblock copolymer membranes. However, the membranes made from this

solution do not comprise macrovoids or a transition layer.

{08038} Table of Related Art

Self-organized isoporous membranes with tailoved pore sizes,
Abetz 2014a Journal of Membrone Science, 451, 2014 266-2715

Abetz 2015 Performance Study of Isoporous membranes with tailored pore
sizes, Journal of Membrane Science, 495, 2015, 334-340
Abetz 2014b Protein separation performance of self-assembled block
copolvmer membranes, £5C Advances, 2014, 4, 10252-10260
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Peinemann 2010 Ultraporous Films with Uniform Nanochannels by Block
Copolvmer Micelies Assembly, Macromolecules, 43, 2010,
8079-8085

Pemernann 2011 From Micelle Supramolecular Assemblies in Selective
Solvents to Isoporous Membranes. Langmiir 2011, 27,
10184-10190

Petnemann 2014a Time-Resolved GISAXS and Cryo-Microscopy
Characterization of Block Copolymer Membrane Formation.
Polymer 2014, 55, 1327—-1332

Abetz 2012 Structure Formation of Integral Asvmmetric Composite
Membranes of Polystyrene-block-Poly (Z-vinylpyriding) on a
Nonwoven, Macromolecular Materials and Engineering, 2012,
297, 790-798

Abetz 2017 Influence of Solvent on the Structure of an Amphuphihic Block
Copolymer in Solution and in Formation of an Integral
Asymroetric Membrane, ACS Applied Materials & Interfaces,
9.37,2017 31224-31234

Peinemann & Abetz Asymmetric superstructure formed in a block copolymer via
2007 phase separation, Nature Materials 6, 2007, 992-996
Peinemann & Abetz US2009/0173694 A1

2009, or 694 application

Pememann & Nunes US2012/0318741 Al

2012

Pemernann 2014b Block Copolymer/Homopolymer Dual-Layer Hollow Fiber

Membranes, Journal of Membrane Science, 427, 2014, 39-44

Brief Description of Brawings

{6609 Fig. 1 is scanning electron microscopy (SEM) images of disclosed materials of
Example 1. Fig. 1a, lc, le matenials made from SV168 in 1 4-dioxane/acetone (80/20 wt%
solventi composition) polymer solution. Figs. 1b, 1d, 1f materials made from SV168 in 1.4-
dioxang/acetone {(60/40 wit% solvent composition) polymer solution. Figs 1a, 1b.: isoporous
mesoporous maierials; Figs. tc, 1d: cross-sectional structures near the 1soporous mesoporous
skin; Figs. Te, 1 overall cross-seclional structures.

[6618] Fig. 2 15 scanning electron microscopy (SEM) images of disclosed materials of
Example 1. Figs. Za and 2d show a film where: SV168 13 dissolved in 10 wi% polvmer
concentration in BOX/ACE (70 wt%/30 wit% solvent composition) 60 s evaporation time; Figs.
2b and 2e show a film where: SV221 is dissolved n 10 wi% polymer concentration in
DOX/ACE (60 wi%/40 wt% solvent composition) 43 s evaporation time; Figs. 2¢ and 2f show

3
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afilm where: SV273 is dissolved in 10 wi% polymer concentration in DOX/ACE {60 wt%/40
wi% solvent compostiion), 45 ¢ evaporation time. Figs. 2a, 2b, 2¢: isoporous mesoporous sking
Figs. 2d. 2e, 21 cross-sectional structures near the isoporous mesoporous skin,

16611} Fig. 3 is scanmng electron microscopy (SEM) images of comparative examples of
Example 1, tacking both macrovotds and a transition layer. Figs. 3a and 3¢ show a film where:
SV168 is cast from 17 wit% polymer concentration in DMF/THF/DOX (333 wt%/33.3
wit%/33.3 wi% solution composition} and evaporated for 40s. Figs. 3b and 3d show a film
where: SV1638 1s cast from 19 wi% polvmer concentration in DMEF/THF (40 wi%/60 wt%
solution composition) and evaporated for 20 s. Figs. 3a and 3b skin laver; Figs. 3¢ and 3d:
overall cross-sectional structures.

{6012} Fig. 4 15 photographs of disclosed and comparative example from Example 1.
Innovative example material (Fig 4a) with macrovoids and transition layer integrating mnto a
porous support versus comparative example (Fig. 4b) material without macrovoids or transition
faver.

[6013] Fig, S s a graph displaying the amount of protein adsorption of materials according to
various aspecis of the present disclosure.

Detailed Description of the Invention

16614] The following description of the embodiments is merely exemplary in nature and is in
no way intended to limit the subject matter of the present disclosure, their application, or uses.
[6615] As used throughout, ranges are used as shorthand for describing each and every value
that is within the range. Any value within the range can be selected as the terminus of the range.
[6616] For the purposes of this specification and appended claims, unless otherwise indicated,
all numbers expressing quantities, percentages or proportions, and other numerical values used
int the specification and claims, are to be understood as being modified in all instances by the

term “aboul” The use of the term “aboul” applies to all numeric values, whether or not
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explicitly indicated. This term generally refers 1o a range of numbers that one of ordinary skill
in the art would consider as a reasonable amount of deviation to the recited numeric values
(i.e., having the equivalent fumction or result). For example, this termy can be consirued as
mchuding a deviation of £10 percent, alternatively £5 percent, and alternatively +1 percent of
the given numeric value provided such a deviation does not alter the end {function or result of
the value. Accordingly, unless indicated to the contrary, the numerical parameters set forth in
this specification and atached claims are approximations that can vary depending upon the
desired properties sought to be obtained by the present invention.

[B0617] It is noted that, as used m this specification and the appended claims, the singular forms
“a,” “an,” and “the.” mnclude plural references unless expressly and unequivocally hinuted to
one referent. As used herein, the teom “include” and its grammatical variants are intended to
be non-linuting, such that recitation of iterss in a list is not to the exclusion of other hike ttems
that can be substituted or added to the listed items. For example, as used in this specification
and the following claims, the terms “comprise” (as well as forms, derivatives, or varations
thereof, such as “comprising” and “comprises”), “include”™ {as well as forms, derivatives, or
variations thereof, such as “including” and “includes™) and “has” {as well as forms, derivatives,
or variations thereof, such as “having” and “have™) are inclusive {i.e , open-ended} and do not
exclude additional elements or steps. Accordingly, these terms are intended to not only cover
the recited element(s} or step{s), but may also include other elements or steps not expressly
reciied. Furthermore, as used herein, the use of the terms “a” or “an” when used in conjunction
with an element may mean “one,” but it is also consistent with the meaning of “one or more,”
“at least one,” and “one or more than one.” Therefore, an element preceded by “2” or “an™ does
not, without more constraints, prechude the existence of additional identical elements.

[6618] The present disclosure relates to an isoporous mesoporous biock copolymer asy mmetric
material comprising a transition laver and further comprising macrovoids. Embodiments
disclosed herein also relate to methods of producing satd materials. The disclosed materials
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show remarkably low protein adsorption and integrate with porous supports. Comparable
materials lacking both macrovoids and a transition layer show much higher protein adsorption
and do not integrate with porous supports, both of which are undesirable.

[661%]  Inthe context of the disclosure, isoporous means having a substantially narrow pore
diameter distribution. For exarmnple, a narrow pore size distribution. In the countext of the
disclosure, mesoporous means the pore diameters ranges {from 1 nm to 200 nm. One susface of
the material disclosed comprises isoporous mesopores, which is the selective layer, or “skin”.
In the context of the disclosure, macroporous or macropore means that at least two pore
dimensions are greater than 1 micron. In the context of the disclosure, freestanding means not
imtegrally joined with a porous support material.

[60208]  In some embodiments, the materials comprise at least one diblock copolymer or
multiblock copolymer, having a structure o the form of A-B, B-A, B-A-B, A-B-A-B, B-A-B-
A, or A-B-A, wherein A and B represent two distinet types of block chemistries. In a preferable
embodiment, A is a hydrophilic and/or hydrogen-bonding block and B 1s a hydrophobic block.
Suitable hydrogen-bonding and/or hyvdrophilic blocks include, but are not limuted to,
polyvinylpyridines, polyethyvlene oxides, polyacrylic acids, polvihydroxystyrene),
polyacrviates and polymethacrvlates, substituted polyacrylates and polymethacrylates. More
specific examples of hydrophilic blocks include: polv{acrvlic acid), polyv(acrvlamide),
poly(vinyipyridine), polv{vinylpyrrolidone), poly{vinyl alcohol}, naturally derived polymers
such as cellulose and chitosan, polv(ether), poly(maleic anhydnde), poly(N-
isopropviacrylamide), poly(sivrene suifonate), polv{allylhydrochloride}, polyv(sulfone),
poly{ethersulione), poly{ethylene glycol}, polyv(2-hydroxyethyl methacrylate). More specific
examples of hvdrogen-bonding blocks include: polv{vinylpvriding), poly{ethylene oxide),
poly(methacrviate), poly(methyl methacrvlate), poly{dimethviethyl amino ethyl methacrviate),
poly{dimethylaminoethyl  methacrylate)  poly{acrylic  acid),  polythydroxystyrene),
poly{dimethylacrylasmide). Suitable hydrophobic blocks can include, but are not himited to,

&
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polystyrenes, e.g., polvstvrene and poly{alkyl substituted styreng) such as poly{alpha-methyl
styrene}, polypropylenes, polyv{(viny! chlorides), polybutadiene, poly{isoprene}, poly{ethyvlene-
stat-butyleng), poly{ethylene-ali-propylene), and polytetrafiuoroethylenes. Furthermore,
substituted analogues of the above are suitable.
[602%]  The matenials’ cross-sectional structures are asynwnetric, wherein the average pore
size ncreases as the distance from the skin increases. More specifically, in some embodiments
the skin of the material comprises mesoporous isopores, and as the distance from this layer
increases, the average pore size increases. The pore density can be in the range of at least 101
pores/m’to at least 10 pores/m*.
16622] Macrovoids, or macropores, are pores with at least one charactenistic length
substantially larger than the typical size of the surrounding pores. For the purpose of describing
the disclosed mvention, we define a macrovoid or macropore as a void with at least one
characteristic length greater than about 0.5 micron. Typical shapes of macrovoids can be, but
are not himited o, the following:
a. Spherical: approximately spheroidal void structures with approximate diameter
of at least about 0.5 micron.
b. Tear-like: void structures with at least two distinctly different characteristic
lengths and at least two characteristic lengths greater than (0.5 micron. These void
structures inchude, but are not limited fo structures resembling a tear drop, pear-like or
pirtform shapes, and bell-like shapes.
C. Finger-like: void structures with at least two dimensions greater than 0.5 micron
and an aspect ratio greater than 3.
i6623] The isoporous mesoporous maferials also comprise a transition laver with a
thickness of at least about 300 nm wherein there is a low macrovoid density and one surface
comprises the mesoporous isoporous “skin”. A low macrovoid density means a ratio of

macrovoids to mesopores of at most 2 x 107, For exarple, for a typical mesoporous isoporous

-
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diblock material skin pore density of 10 pores/m’, this correlates to 2 x 10° macrovoids/m’.
This transition layer extends onto an adjacent sub-structure with a thickness of about 1 micron
to about 500 microns. The macrovoids are present at high density in the sub-structure layer
compared to the transition laver. A high macrovoid densily means at least 10° macrovoids/m?.
This high macrovoid density s significantly higher than the tow macrovoid density of the
transition layer. With a fow macrovoid density within at feast about 300 nm of the skin, it will
reduce the fracturing resulting from the macrovoids, and enbance the overall mechanical
mtegrily. Furthermore, the distance from the mesoporous isoporous skin can mtigate top
surface defects caused by macrovoids intersecting the skin and can prevent any skin defects
frora propagating uto the sub-structures.

[6024]  In at least one embodiment, the transition layer is at least about 300 nm. In at least
one embodiment, the transition layer is at least about 350 nm. In at least one embodiment, the
transition layer is at least about 400 nm. In at least one embodiment, the transition layer is at
least about 450 nm. In at least one embodiment, the transition layer is at least about 500 nm.
[6628]  In some embodiments of the material, the mesopores are in the range of about 1 nm
to about 200 nm. In some embodiments, the mesopores are it the range of about 5 nm to about
200 nm. In some embodiments, the mesopores are in the range of about 5 nm to about 100 nm.
In some embodiments, the mesopores are in the range of about 5 nm to about 50 nm.

[6626] In some applications, macrovoids may also be desired to reduce the amount of
polymer needed for the material, making large-scale synthesis more practical while using less
starting materials. In some embodiments, the mesoporous 1soporous material is freestanding
and has a dried density of less than about 0.26 g/cm’. In some embodiments, the mesoporous
isoporous material is freestanding and has a dried density of less than about 0.22 g/cm’. In
some embodiments, the mesoporous isoporous material is freestanding and has a dried density
of less than about 0.20 g/em’. In some embodiments, the mesoporous isoporous material is
freestanding and has a dried density of less than about 0.18 g/em’. In some embodiments, the

3
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mesoporous isoporous material is freestanding and has a dried density of less than about .10
g/em®. Area and mass measurements of the malerial can be measured on dried material and
drving can be performed by heating in an oven at 65 °C for 48 h.
[6627] In some insiances, a malenial i accordance with the present disclosure can be
produced by a method comprising the following steps:

1. Dissolving at least one diblock or multiblock copeolymer in a solution, the

solution comprising at least one solvent and at least one nonsolvent to form a polymer

sohution;
2. Dispensing the polymer solution onto a substrate or mold, or through a die or
template;
3. Removing at least a portion of solvent and/or nonsolvent from the polvmer

solution for at least 20 seconds to form a concentrated polymer solution;

3 Exposing the concentrated polvmer solution to a nonsolvent causing
precipitation of at least a portion of the dissolved polymer from the concentrated
polymer solution; and
5. Optionally, washing the precipitated polymer product.

[6628] In some instances, a material in accordance with the present disclosure can be

produced by a method comprising the following steps:

1. Dissolving at least one diblock or multiblock copolymer in a solution, the
solution comprising at least 33% by weight of one solvent or a combination of solvents
and at feast 18% by weight of one nonsolvent or a combination of nonsolvents, to form

a polvmer solution;

2, Dispensing the polymer solution onto a substrate or mold, or through a die or
template;
3 Removing at least a portion of solvent and/or nonsolvent from the polymer

solution to form a concentrated polymer solution;

9
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4, Exposing the concentralied polvmer solution to a nonsolvent causing
precipitation of at least a portion of the dissolved polymer from the concentrated
polvmer solution; and
5. Optionally, washing the precipitated polymer product.
[0029] In some instances, a rmesoporous isoporous asymmelric matenial comprising
macrovoids and a transition layer can be produced by amethod comprising the following steps:
1. Dissolving at least one diblock or multiblock copolymer in a solution, the
solution comprising at least 33% by weight of one solvent or a combination of solvenis
and at least 18% by weight of one nonsolvent or a combination of nonsolvents, to form

a polymer solution;

2. Dispensing the polymer solution onto a substrate or mold, or through a die or
template;
3. Removing at least a portion of solvent and/or nonsolvent from the polvmer

solution to form a concentrated polymer solution;
4, Exposing the concentrated polymer solution {0 a nonsolvent causing
precipitation of at least a portion of the polymer from the concentrated polymer solition;
and
5. Optionally, washing the precipitated polymer product.
[6638] In some instances, a mMeSOpOroUS iSOporous asvmmetric material comprising
macrovoids and a transition layer can be produced by a method comprising the following steps:
1. Dissolving at least one diblock or multiblock copolymer in & solution, the
solution comprising at least one solvent and at least one nonsolvent with a polymer
concentration of at most 16% by weight, to form a polymer solution;
2. Dispensing the polymer solution onto a substrate or mold, or through a die or

termplate;

10
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3. Removing at least a portion of solvent and/or nonsolvent from the polymer
solution to form a concentrated polymer solulion;
4, Exposing the concentraied polymer solution to a nonsolvent causing
precipitation of at least a portion of the dissolved polymer from the concentrated
polvmer solution; and
5. Optionally, washing the precipitated polymer product.
[6631] In some nstances, a material in accordance with the present disclosure can be
produced by a method comprising the following steps:
1. Dissolving at least one diblock or multiblock copolymer in a solution, the
solution comprising at least one solvent and at least one nonsolvent with a polymer

concentration of at most 16% by weight, to form a polvmer solution;

2. Dispensing the polymer solution onto a substrate or mold, or through a die or
template;
3. Removing at least a portion of solvent and/or nonsolvent from the polymer

solution to form a concentrated polymer solution;
4, Exposing the concentrated polymer solution to a nonsolvent causing
precipitation of at least a portion of the dissolved polymer from the concentrated
polymer solution; and
3. Optionally, washing the precipitated polymer product.
[6632] In some instances, a MeSOpPOrous iSOporous asymmetric material comprising
macrovoids and a transition layver can be produced by a method comprising the following steps:
1. Dissolving at least one diblock or multiblock copolymer in a solution, the

solution comprising at least one solvent and at least one nonsolvent, to form a polymer

solution;
2. Dispensing the polymer solution onto a substrate or mold, or through a die or
iemplate;

11
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3. Removing at least a portion of solvent and/or nonsolvent from the polymer

solution for at least 20 seconds to form a concentrated polymer solution;

4. Exposing the concentrated polymer solution to a nonsolvent causing

precipitation of al least a portion of the polymer from the concentrated polymer solution;

and

5. Optionally, washing the precipitated polymer product.
[6833]  Insome embodiments, the concentration of polymer in the polymer solution is from
about 3 1o 16% by weight. In at least one embodiment, the concentration of polymer in the
polymer solution 1s from about 5 to about 16% by weight In at least one embodument, the
concentration of polvmer in the polymer solution is from about 10 to about 16% by weight. In
at least one embodiment, the concentration of polyvmer in the polymer solution 1s from about 8
to about 16% by weight. In at least one embodiment of the above materials or methods, at least
one diblock copolymer or multiblock copolymer is dissolved in step 1 of one of the above
embodiments. In at least one embodiment, more than one diblock or multiblock copolymer is
included in the polymer solution and/or material.
16634]  In some embodiments, at least a portion of the solveni(s) and/or nonsolvent(s} are
removed from the polymer solution for at least about 20 seconds. In at least one embodiment,
at least a portion of the solvent(s} and/or nonsolvent(s} are removed from the polymer solution
for at least about 25 seconds. In at least one embodiment, at least a portion of the solvent(s)
and/or nonsolveni(s) are removed from the polymer solution for at least about 30 seconds. In
at least one embodiment, af least a portion of the solvent(s) and/or nonsolvent(s) are removed
from the polvmer solution for at least about 35 seconds. In at least one embodiment, at least a
portion of the solveni{s) and/or nonsolveni{s) are removed from the polymer solution for at
teast about 40 seconds. In at least one embodiment, at least a portion of the solvent(s} and/or
nonsolveni(s) are removed for at least about 45 seconds. In at least one embodiment, at least a
poriion of the solveni(s) and/or nonsolvent(s} are removed from the polymer solution for at

12
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teast about 50 seconds. In at least one embodiment, at least a portion of the solvent(s} and/or
nonsolveni(s) are removed from the polviner solution for at least about 55 seconds. In at least
one embodiment, at least a portion of the solvent{s) and/or nonsolvent{(s) are removed from the
polvmer solution for at least about 60 seconds. In at least one embodiment, at least a portion of
the solvent(s) and/or nonsolvent{s) are removed from the polymer sclution for at least about
65 seconds. In some embodiments, the solvent{s) and/or nonsolvent(s) are removed from the
polymer solution for example, by an evaporation process. In some instances, the evaporation
process can be performed under ambient pressure (1 atm). In some mstances, the evaporation
process can be performed under reduced pressure. In some instances, the evaporation process
can be performed in an nert atmosphere such as nitrogen or argon.

[68358]  Insome embodiments, a polymer solution in accordance with the present disclosure
comprises at least one solvent for the block copolymer or block copolvmers, and at least one
nonsolvent for the block copolymer or block copolvimers. Any solvenis and/or nonsolvents in
the polymer solution should be miscible with each other. The designation of solubility or
insolubility of a block copolymer or block in a given chemical or mixture of chemicals depends
on the polymer chemistry and/or composition. In some embodiments, at least one solvent is an
ether such as 1. 4-dioxane or tetrahydroturan. In some embodiments, at least one nonsolvent is
one of the following classes: ketone, ester, alcohol, sulfoxide, sulfone. Some examples of
nonsolvents include: acetone, methvi ethyl ketone, methvl isobutv] ketone, methyl amvi ketone,
dimethvi ketone, cvelohexanone, propanone, ethvl acetate, propyl acetate, ethanol, isopropanol,
benzyl aicohol, butanol, dimethylsulfoxide, and sulfolane.

[6636]  In some embodiments, a polvmer solution in accordance with the present disclosure
comprises at least about 33% of one solvent or a combination of solvents and at least about 18%
by weight of one nonsolvent or a combination of nonsolvents. In some embodiments of the
materials or methods, the polymer solution compnses at least 33% of one solvent or a
combination of solvenis and about 18% to about 64% by weight of one nonsolvent or a
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combination of nonsolvents. In some embodiments, a polvmer solution in accordance with the
present disclosure comprises about 33% to aboul 79% of one solvent or a combination of
solvents and about 18% by weight of one nonsolvent or a combination of nonsolvenis. Insome
embodiments, a polvmer solution in accordance with the present disclosure corprises at least
about 50% of one solvent or a combination of solvents and at least about 20% by weight of one
nonsolvent or a combination of nonsolvents. In some embodiments, a polymer solation in
accordance with the present disclosure comprises at least about 50% of one solvent or a
combination of solvents and at least about 18% by weight of one nonsolvent or a combination
of nonsolvents,

16037} The solvent/nonsolvent percentages totaling 100% can be called “solution composition”
and are by weight and include only the solvents’/nonsolvents” weight {that is, the pror to
addition of the polvmer to the solution to form the polymer solution). In some embodiments, a
solution cornposition in accordance with the present disclosure comprises about 60% of one
solvent or a combination of solvents and about 40% by weight of one nonsolvent or a
combination of nonsolvents. In some embodiments, a solution composition in accordance with
the present disclosure comprises about 70% of a solvent or a combination of solvents and about
30% by weight of one nonsolvent or a combination of nonsolvents. In some embodiments, a
solution composition in accordance with the present disclosure comprises about 80% of one
solvent or a combination of solvents and about 20% by weight of anonsolvent or a combination
of nonsolvents. In some embodiments of the above methods and materials, at least one diblock
copolymer or multiblock copolymer is dissolved in step 1 of one of the above embodiments.
in some embodiments of the above methods and materials, the polvmer sohition or material
comprises more than one diblock or multiblock copolymer.

[6638]  The radius of curvature to fracture can be measured on fresstanding materials in the
wet state. More specifically, 1o measure the radius of curvature to fracture, the wet material is
curved around a steel rod or other comparable rod or tube of known diameter, forming g “C”
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shape around the rod. The material is then uncurled and observed for macroscopic cracking
along the fold. This test may be performed with the skin facing either towards or away from
the rod. The contact length of the material to the rod s approximately T cm. In at least one
embodiment, a material 1n accordance with various aspects of the present disclosure can be
folded and unfolded according to the above procedure around a rod of diameter down to about
0.020 inches without cracking. In atf leasi one embodiment, a material m accordance with
varigus aspects of the present disclosure can be folded and unfolded according to the above
procedure around a rod of diameter down to about 0.028 inches without cracking. In at least
one embodiment, a material in accordance with various aspects of the present disclosure can
be folded and unfolded according to the above procedure around a rod of diameter down to
about 0.030” without cracking. In at least one embodiment, a material in accordance with
various aspects of the present disclosure can be folded and unfolded according to the above
procedure around a rod of duarseter down to about 0.032 inches without cracking. In at least
one embodiment, a material in accordance with various aspects of the present disclosure can
be folded and unfolded according to the above procedure around a rod of diameter down to
about 0.035 inches without cracking. In at least one embodiment, a material in accordance with
various aspects of the present disclosure can be folded and unfolded according to the above
procedure around a rod of diameter down to about 0.05 inches without cracking. In at least one
embodiment, a material in accordance with various aspects of the present disclosure can be
folded and unfolded according to the above procedure around a rod of diameter down to about
0.1 inches without cracking.

[663%]  In some instances, 1SOporous mesoporous materials it accordance with various
aspects of the present disclosure are freestanding. In some instances, 1S0POTOUS MESOPOTOUS
materials in accordance with various aspects of the present disclosure also comprise a porous
support or are placed on a porous support. In some instances, 1S0pOrous mesoporous materials
i accordance with various aspects of the present disclosure also comprise mudtiple porous
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supports or are placed on muiltiple porous supports or some combination of the above. The
porous support material{s) may act as a mechanical substrate and provide additional
mechanical properties such as stability or blocompatibility or other additional functionalities.
The porous support material(s) can include various materials or physical properties for the
varigus layers, thicknesses of the various layers, as well as vanations in the pore size and
structures. Swuitable matenials could include kmitted, woven, or nonwoven matenals, such as
gauze, cotton, cellulose-based fabrics, rayvon, polvesters, polyethylenes, graphene, graphene
oxide, carbon foams, open cell foams such as polyurethane bage, polystyrene, rayon, metal,
metal oxide, or semiconductor mesh-like support structures. It may be desirable to integrate
the mesoporous isoporous materials with aforementioned porous supports. For example, one
O more MESoporous isoporous materials may be integrated with one or more porous support
materials, preventing delanunation or breakage of the wmaterial, whereas comparable
mesaporous 1soporous materials without a transition layer delaminate and break easily. While
it is acknowledged that different modes of action are at work within the scope of the invention,
in many embodiments, a mechanism of integration of the materials with porous supports is that
the macrovoids mitigate stresses at the interface of the porous support, preventing delamination
and cracking,

[6646]  In some embodiments, at feast one of said copolvmers comprises an A block and a
B block, wherein the A block 13 hydrophilic and/or hyvdrogen bonding and the B block is
hyvdrophobic. In some embodiments, the block structure 1s a combination of A and B blocks,
for example, A-B, B-A, B-A-B, A-B-A, B-A-B-A, A-B-A-B, etc. In at least one embodiment,
at least one copolymer comprises an A block and a B block, wherein the A block is hydrophilic
and/or hydrogen bonding and the B block is hvdrophobic and the A block 15 a
poly(vinyipyridine}. In a least one embodiment, at least one copolvmer comprises an A block
and a B block, wherein the A block is hydrophilic and/or hydrogen bonding and the B block 15
hydrophobic and the A block is a poly(vinvipynidine) and the B block is poly{styrene). In at
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feast one embodiment, at least one copolymer comprises an A block and a B block, wherein
the A block 1s hydrophilic and/or hydrogen bonding and the B block is hydrophobic and the A
block 1s poly{(4d-vinylpyniding) and the B block is poly{styrene}. In at least one embodiment, at
least one copolymer comprises an A block and a B block, wherein the A block 1s hydrophilic
and/or hydrogen bonding and the B block i1s hvdrophobic and the A block 15 poly(2-
vinylpyridine) and the B block is poly(styrene). Tn at least one embodiment, at least one
copolymer comprises an A block and a B block, wherein the A block is hydrophilic and/or
hydrogen bonding and the B block is and the B block 1s a modified/or substitoted poly(stvrene),
such as polv(hvdroxystyrene)} or poly{leri-butyistyrene). In at least one embodiment, at least
one copolymer comprises an A block and a B block, wherein the A block is hydrophilic and/or
hydrogen bonding and the B block 1s hvdrophobic and the A block is polv{ethylene oxide).
Further embodiments are conceivable from suitable blocks listed throughout this disclosure.

[G041] It the materials are to be used in biclogical-related applications, it 18 desirable to
have low protein fouling properties. A typical method to measure the protein adsorption of a
membrane material 15 by exposing the membrane to a protein solution with the pH near the
protein isoelectric point (IEP). The overall charges of the proteins are neutral at/around the {EP,
so electrostatic interactions between the protein and membrane can be excluded in the
measwrement. In the context of the disclosure, “low protein fouling™ is defined as adsorbing
less than 100 pg/cm’® lysozyme (Lys) and/or less than 375 pg/cm? immunoglobutin G (IgG),
as measured using the procedure below. In some embodiments, the mesoporous 1Soporous
materials are low protein fouling materials. In at least one embodiment, the low protein fouling
mesoporous 1soporous materials according to the present disclosure have a Lys adsorption of
less than about 80 pg/cm?. n at least one embodiment, the low protein fouling mesoporous
isoporous materials according o the present disclosure have an 1g( adsorption of less than
about 300 pg/eny’. In at least one embodiment, the low protein fouling mesoporous 1soporous
materials according to the present disclosure have a Lys adsorption of less than about 70 pg/cni.
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in at least one embodiment, the low protein fouling mesoporous isoporous materials according
to the present disclosure have an I1gG adsorption of less than about 200 pg/em’.

[0042] A procedure for determining if a matenial is low protein fouling is as follows: Lys
(Lysozyme, TEP around 11.4, Lysozyme from chicken egg white, lyophilized powder, protein

> 90 %, > 40,000 units/mg protein, Sigma-Aldrich} and IgG (Immunoglobulin G, 1EP around
7.4 v-Globulins from bovine blood, > 99% (agarose gel electrophoresis), Sigrma-Aldrich) are

prepared at 1.0 mg/mL concentration in phosphate-buffered saline (Phosphate Buffered Saline

{(PBS), 1X, PH=7.4, Quality Biological, VWR) at room temperature with pH around the IEP

of the proteins {(pH was adjusted by slowly adding sodium hydroxide for Lys)y. 4 mbL of a given

protein solution is placed on each material with 4.9 cm” area in a small closed dish. A separate

4 mb of a given protein solution s placed i a small closed dish without material (“control™).

The dishes are shaken at 80 rpm for 16 hours at 23 “C. The materials are soaked with 4 mL of
the aforementioned PBS buffer solution for 20 mun. The dish contains the original protein

solution 18 marked “Ads”, and the rinsed solution 1s marked “Wash”. The protein concentration

ts measured by UV-Vis at 280 nm and a standard curve for each protein solution is used to

correlate the UV-Vis adsorption and the protein concentration. The protein adsorption on the

materials can be calculated as follows: Protein adsorption™ medspewin/matenal area =

{["“Conirol” concentration g/ml] - [“Ads” concentration g/mb] - [“Wash” Concentration g/mL})
*(4.0vL)/ 4.9 e’

106437 The testing procedure may be scaled according to material area it the

aforementioned dimension is not appropriate {e.g. not encugh area is available to use 4.9 crm?).

The adsorption test is performed on different swatches of material, one for each protein

measured.
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[6644]  The maierial may be used as separation media, wherein a soluie is separated from a
hquid. For example, the material may be used as a mwembrane for separating solutes by a

filtration mecharism.

Examples of Preferred Embodiments

[6645] The block copolymers poly{(styrene-block-d-vinylpvridine) (SV}, are synihesized by

anionic polymerization with the polymer characteristics in Table 1 below:

Overall PS Mn | P4VP P4ave
molecular {g/mol} | Mn wi%
weight Mn {g/meol)

{z/mel}
Sv1i42 141.6k 115.5k | 261k 13%
SY168 168.4k 133k 35.4k 21%
SV221 220.8k 1899k {309k 14%
SV273 272.8k 2373k | 355k 13%

Table 1. Polymer Characteristics

Example 1.

[6646] Example of the Disclosure. The polvmer SV 168 is dissoived at 10 wi% polymer
concentration in 1,4-dioxane {DOXyacetone {ACE) (80 wi%/20 wi% solution composition)
and DOX/ACE (60 wi%/40 wit% solution composition) o provide a polymer soluiion. The
polymer solutions are spread on a porous PET woven suppoit with thickness about 60 um, on
top of a glass slide. The films are evaporated for 45 seconds at room temperature and the films
are immersed in a water bath. The membrane precipitates in water. The membrane’s isoporous
mesoporous structures {Figs. la and 1b), cross-sectional structures near the isoporous
mesoporous structures {Figs. 1c and 1d) overall siructures (Figs. 1e and 1{} are shown in Fig.

1.
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160471 SV168 15 dissolved at 10 wi% polymer concentration in DOX/ACE (70 wt%/30 wt%
solution composition), SV221 is dissolved at 10 wit% polymer concentration in DOX/ACE (60
wi%/40 wi% solution composition), SV273 is dissolved at 10 wt% polyvmer concentration in
DOX/ACE (60 wit%/40 wi% solution composition}. The polymer solutions are spread on a
glass plate with gate height abowt 260 pm, on top of the glass shide, there is a PET woven
support with thickness of about 60 um. The films are evaporated for 60, 45 and 45 seconds,
respectively at room temperature and the films are imimersed 1n a water bath. The membranes
precipiiate i water. The isoporous mesoporous structures (Figs. 2a, 2b, 2¢) and cross-sectional
structures near the isoporous mesoporous surface (Figs. 24, 2e, 2f) are shown in Fig. 2.

10048] Comparative Example. The polvmer SV168 s dissolved at 17 wt% polymer
concentration in dimethylformamide (DMFYietrabydrofuran (THFY 1,4-dioxane (DOX) (33.3
wi%/33.3 wi%/333 wi% solution composition), and 20 wi% polymer concentration n
DMF/THF (40 wit%/60 wi% solution composition) to provide polymer solutions. These
conditions are in line with tvpically reported casting conditions. The polymer solution is spread
on a glass plate with gate height about 260 pm, on top of the glass slide, there is an PET woven
support with thickness about 60 pm. The films are evaporated for 40 and 30 seconds,
respectively at room temperature and the films are immersed in a water bath. Some of the
surface structures are not isoporous for the maternals, and both lack both macroveids and a
transition layver, as shown in Fig. 3. Additionally, these comparative example materials tend to
delaminate and break away from the porous support upon handling. The innovative examples
successiully integrate with the porous support, while the comparative examples delaminate
from the porous support, falling to integrate with the support. The macroscopic images are

shown in Fig. 4.

Example 2.
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6049} Example the Disclosure. The SV 168 is dissolved at 10 wi% polymer concentraion in
1,4-dioxane {DOXYacetone (ACE) {70 wit%/30 wi% solution composition}, and at 17 wit%
polymer concentration in dimethyiformamide (DMFytetrahydrofuran (THF)Y/1,4-dioxane
(BOX) (33.3 wit%/33.3 wi%/33.3 wi% sohution composition) to provide polymer solutions.
The polymer soluiions are spread on a glass plaie with gate height about 210 um. There is no
porous support material on the glass plate. The films are evaporated for 20 and 40 seconds at
room ternperature and the films are immersed in a water bath. Upon immersion, the films peel
off the glass slide and form freestanding polymer films. The films 1o Example 3 are cast under
the same conditions.

[6050] The thickness of the films are measured and recorded. The films are punched mnto
circles with area of 4.9 ent. and dried in oven of 60 °C for more than 24 hours. The dried film
masses are recorded and the density 1s calculated (density = mass/volume). Three identical film

sets are cast and the averages and standard deviations are reported.

Samiple Polymer solution Evaporation time | Density
(s} (g/em’)

Inventive example SV168 in DOX/ACE 20 0.18+0.05

{E~1

Inventive example SV168 in DOX/ACE 44 0.18+0.02

IE-2

Comparative example | SV 168 in DMF/THF/DOX | 20 0.30£0.03

CE-1

Comparative example | SV168 in DMF/THF/DOX | 40 (0.28+0.02

CE-2

Table 2. Densities of various films

Example 3.
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[6651] Example of the Disclosure. The same set of maierials as Example 2 are used in the
protein adsorption expenment. The protein adsorption experiment is a modified known
procedire (Abetz 2014b) with two different proteins. The protein adsorpiion test s described
in detail above.

[6652] The results are summarized in Fig. 5. For each protein, the adsorption in the inventive
example (grey) is much lower compared o the comparative example (black). The Lys
adsorption n the comparative example without macrovoids or transition layver is consistent
with previous literature (Abetz 2014b). In comparison, the Lys and IgG adsorption are both
much lower in 1soporous mesoporous asymmetric filis with macrovoids and a transition layer.
Fxampie 4.

[30653] Example of the Disclosure. A muixture of SV block copolymers is also used for making
the disclosed films. SV 142 and SV 221 are dissolved at total 10 wi% polymer concentration in
14-dioxane (DOX)Yacetone (ACE) (70 wit%/30 wit% solution composition), at various SV
ratios. The polymer solutions are spread on a glass plate with gate height about 210 pm. There
is no porous support material on the glass plate. The films were evaporated for 40 seconds at
room temperature and the films are immersed in a water bath. The IgG adsorption test and

density measurements are conducted similarly to Examples above. The results are summarized

in Table 3.
Sample Polymer solution Density feG
{g/cm®) adsorption
(ng/m?)

Inventive 2.5 wi% SV142 and 7.5 wit% 0.23 9%
example 1E-3 SV221

fnventive 5.0 wit% SV142 and 5.0 wi% 0.22 90
example 1E-4 SY221
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Inventive 7.5 wiSs SV142 and 2.5 wt% 0.22 118

example 1E-5 SV221

Table 3. SV mixture flms’ densities and Ig( adsorption
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Claims

1. A mesoporous isoporous asymmetric material comprising at least one diblock or
multiblock copolymer, wherein:
a. the material has a transition layer having a thickness of at least 300 nm and a
low macrovoid density; and
b. the material has a sub-structure adjacent (o said transition laver and said sub-

structure comprises a high macrovoid density.

r2

A mesoporous isoporous asymmetric material {reestanding material comprising at
jeast one diblock or multiblock copolymer, wherein the material exhibits a dried
density of less than 0.26 g/on’.

3. The material of claim | or 2, wherein the at least one copolymer comprises an A
block and a B block, wherein the A block is hydrophilic and/or hyvdrogen-bonding and
ithe B block is hydrophobic.

4. The matenal of claim 3 wherein, the A block is a poly{vinvlpyndine).

5. The mesoporous 1soporous asyrometric material of claim |, wherein the material 1s
not freestanding and maintains ifs macroscopic integrity with a porous support.

6. The mesoporous isoporous asynunetric material of any one of claims 1-5, wherein
the material exhibits low protein fouling.

7. The mesoporous isoporous asymmetric material of claim I, wherein said macrovoids
comprise at least one of finger-like macrovoids, spherical macrovoids, and tear-like
macrovoids.

&. A process using material of any one of claims 1-7 wherein the material is used as

separation media.

9. A matertal made by a method, the method comprising the following steps:
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a. dissolving at least one diblock or nuidtiblock copolvmer in a solution, the
solution comprising at least 339 by weight of one solvent or a combimation of
solvents and at least 18% by weight of one nonsolvent or a combination of
nonsolvents, {o form a polymer solution;

b, dispensing the polymer solution onto a substraie or mold, or through a die or
femplaie;

c. removing at least a portion of solvent and/or nonsolvent from the polymer
solution to form a concentrated polvoer solution; and

d. exposing the concentrated polymer solution to a nonsolvent causing
precipitation of at least a portion of the polymer from the concentrated

polymer solution.

10. The material of claim 9, wherein the method further comprises:
e. washing the precipitated polymer product.

11. The material of claim 9 or 10, wherein at least one block copolymer comprises an A
block which is hydrophilic and/or hydrogen bonding and a B block which is
hydrophobic.

12. The material of any one claims 9-11, wherein the concentration of polymer in the
polvmer solution is from abowt 3 o about 30% by weight.

13. A method for producing mesoporous isoporous asymmetric materials comprising
macrovoids, the method comprising the following steps:

a. dissolving at least one diblock or multiblock copolymer in a solution, the
solution comprising at least 33% by weight of one solvent or a combination of
solvents and at least 18% by weight of one nonsolvent or a combination of

nonsolvents, to form a polymer solution;
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t4.

15.

16.

17.

18.

19.

b. dispensing the polymer solution onto a substrate or mold, or through a die or
femplaie;
c. removing at least a portion of solvent and/or nonsolvent from the polymer
solution to form a concentrated polyvmer solution; and
d. exposing the concentrated polymer solution to a nonsolvent causing
precipitation of at least a portion of the polymer from the concentrated
polymer solution.
The method of claim 13, wherein the method {urther comprises:
e. washing the precipitated polymer product.
The method of claim 12 or 13, wherein the at least one block copolymer comprises an
A block which is hydrophilic and/or hydrogen bonding and a B block which is
hydrophobic.
The method of claim 15, wherein the A block 18 a poly(vinvipynidine).
The method of any one of claims 13-16, wherein the concentration of polymer in the
polymer solution is from about 3 {o about 16% by weight.
The method of any one of claims 13-17, wherein at least a portion of solvent and/or
nonsolvent is removed for at least 20 seconds.
The material of claim 1, wherein the at least one copolymer comprises an A block and
B block wherein the A block 15 hydrophilic and/or hydrogen bonding and the B block
is hyvdrophobic, and said copolymer further has the structure of: A-B, B-A, A-B-A, B-

A-B, A-B-A-B, or B-A-B-A_
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Box Il Lack of Unity:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I: Claims 1-5, 7, and 19, directed to a mesoporous isoporous asymmetric material.
Group li: Claims 9-11 and 13-14, directed to a method for producing mesoporous isoporous asymmetric materials.

The group of inventions listed above do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Group | requires the special technical feature of a material wherein a. the material has a transition layer having a thickness of at least
300 nm and a low macrovoid density; and b. the material has a sub-structure adjacent to said transition layer and said substructure
comprises a high macrovoid density; and a freestanding material, wherein the material exhibits a dried density of less than 0.26 g/cm3,
not required by group II.

Group Il requires the special technical feature of a method for producing materials, the method comprising the following steps: a.
dissolving at least one diblock or multiblock copolymer in a solution, the solution comprising at least 33% by weight of one solvent or a
combination of solvents and at least 18% by weight of one nonsolvent or a combination of nonsolvents, to form a polymer solution: b.
dispensing the polymer solution onto a substrate or mold, or through a die or template; c. removing at least a portion of solvent and/or
nonsolvent from the polymer solution to form a concentrated polymer solution; and d. exposing the concentrated polymer solution to a
nonsolvent causing precipitation of at least a portion of the polymer from the concentrated polymer solution, not required by group .

Common technical features:

Groups I-1l share the technical feature of a mesoporous isoporous asymmetric material comprising at least one diblock or multiblock
copolymer, comprising macrovoids.

These shared technical features, however, do not provide a contribution over the prior art, as being anticipated by US 2017/0327649 A1
to Cornell University (hereinafter Cornell). Cornell teaches a mesoporous isoporous asymmetric material comprising at least one diblock
or multiblock copolymer (Abstract, Methods of making blended, isoporous, asymmetric (graded) films... comprising two or more
chemically distinct block copolymers and blended, isoporous, asymmetric (graded) films... comprising two or more chemically distinct
block copolymers... The block copolymers may be diblock, triblock and/or multiblock mixes; and para [0087], In an example, the
methods can be used to produce hybrid block copolymer mesoporous films), comprising macrovoids (para [0096], The film comprises: a
surface layer having... a pore density of at least 1x10%14 pores/m2, and an asymmetric hierarchical substructure having... pores having
a size of 5 nm to 100 microns; See Instant Specification, para [0022), We define a macrovoid or macropore as a void with at least one
characteristic length greater than about 0.5 micron).

As the technical features were known in the art at the time of the invention, this cannot be considered a special technical feature that
would otherwise unify the groups.

Groups |-l therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.

Note:
Claims 6, 8, 12, and 15-18 are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).
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