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BACKGROUND
Fouling, or the deposition of unwanted material on surfaces, is a severe problem in

many applications where surfaces are in contact with seawater or surface water. Fouling
t,1'4

phenomena affect ship hulls and other surfaces exposed to the marine environment, ™ pipes

and other equipment used in deep water oil extraction,” piping and heat transfer

1012 and water filtration membranes.'¥!” Each year, fouling causes significant

components,
economic impact through decreased productivity, increased energy use, and frequent
maintenance and downtime for affected equipment. Therefore, there is a need for materials
and coatings that resist fouling when exposed to various aqueous solutions containing

biomacromolecules, oil, and microorganisms.

Fouling is a particularly impactful obstacle to the reliable use of membranes for
various applications, particularly those where feeds have high organic content (e.g., water and
wastewater treatment, food and beverage industry, and bioseparations). Severe declines in
membrane permeability and changes in membrane selectivity due to fouling are common.
Fouling management is a significant component of costs associated with membrane systems,
requiring increased energy use, regular cleanings involving downtime, maintenance and

chemical use, and more complex processes.

In addition, membranes with improved selectivity, or ability to separate solutes with
better precision, offer to improve the economic feasibility and energy efficiency of membrane
processes for many applications. For instance, membranes with tunable pore size and charge

at the nanometer scale would be useful in bioseparations, treating complex wastewaters,
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selective removal of organics (e.g., dyes) and other contaminants from electrolyte solutions
for reuse, water softening, pretreatment of seawater for desalination by reverse osmosis (RO),
and final treatment of secondary and tertiary wastewater effluents. In all these cases, it is

crucial for selectivity to be coupled with fouling resistance.

Researchers have screened a broad range of surface chemistries to identify fouling-
resistant functional groups and gain an understanding of the mechanism of fouling resistance.
They observed that surfaces resistant to protein adsorption share four molecular-level
characteristics: they are hydrophilic, include hydrogen bond acceptors but no hydrogen bond

donors, and are neutral in charge.'® ¥ Several promising chemistries, including PEO

18,19 21,22 18,23, 24

brushes, mannitol groups,?’ chimeric peptoids, zwitterions, and

25,26

polyampholytes share these characteristics.

Of these, zwitterions have received extensive attention especially in the membrane
field due to their facile synthesis and incorporation into existing membranes, often by post-
processing methods like grafting.>”-2® The performance of zwitterions is comparable to the
best known systems for resisting protein adsorption'® 23-24:2%:30 and cell adhesion.?*2* Their
biocompatibility and fouling resistance is attributed to the very small perturbation effect at

the polymer-water interface.? 3!

While zwitterions have anionic and cationic groups in the same monomer unit,
polyampholytes have anionic and cationic groups in different monomer units. Similar to
zwitterions, polyampholytes can exhibit excellent fouling resistance 2> 6. As previously
stated, while zwitterions have been extensively studied in membrane systems, this is not true
for polyampholytes. The few examples where polyampholytes are used in membrane systems
mostly involve surface modification of common ultrafiltration membranes by graft
copolymerization (UV light or redox initiated) of anionic and cationic monomer units to

improve fouling resistance 2% 32,

Previous research has demonstrated that random zwitterionic amphiphilic copolymer
(r-ZAC) membranes can be formed via the self-assembly of zwitterionic nanodomains acting
as a network of effective nanochannels for water permeation **. The main characteristics of r-
ZAC membranes include excellent fouling resistance, a ~1-1.5 nm size cutoff, and low salt
ion retention ****. However, while various zwitterionic monomers can be synthesized, only a
handful are commercially available, some from only one supplier. Moreover, most

zwitterionic monomers exhibit poor solubility in many solvents, further adding to their
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synthesis challenges. As a result, the range of r-ZAC chemistries that can feasibly be
converted to membranes produced at a large scale are limited. Ionic or ionizable monomers,
on the other hand, are widely available, cheaper, and typically easier to solubilize and

synthesize.

Thus, there exists a need to develop fouling-resistant polymeric materials that may be
synthesized from readily-available ionic or ionizable monomers and that may be employed in

anti-fouling coatings and tunable membranes useful for separation applications.

SUMMARY

In some aspects, the invention provides polymers, comprising:

(a) a plurality of hydrophobic repeat units;

(b) a plurality of a cationic repeat units; and

(c) a plurality of an anionic repeat units;

wherein the hydrophobic repeat units, cationic repeat units, and anionic repeat units
are in random or statistical order.

In other aspects, the invention provides thin film composite membranes, comprising a
porous substrate, and a selective layer comprising a polymer of the invention, wherein an
average effective pore size of the porous substrate is larger than an average effective pore
size of the selective layer; and the selective layer is disposed on a surface of the porous
substrate.

In other aspects, the invention provides materials with an anti-fouling coating,
comprising a solid substrate, and a layer comprising a polymer of the invention, wherein the
layer is disposed on a surface of the solid substrate.

In further aspects, the invention provides methods of purifying a peptide or protein,
comprising contacting at a first flow rate the thin film composite membrane of the invention
with a mixture comprising one or more peptides or proteins, whereby a portion of the mixture
is retained by the thin film composite membrane.

The invention also provides methods of removing an organic solute from water,
comprising contacting at a first flow rate the thin film composite membrane of the invention
with an aqueous solution comprising an organic solute, whereby the organic solute is retained
by the thin film composite membrane.

The invention also provides methods of decontaminating water, comprising

contacting at a first flow rate the thin film composite membrane of the invention with a
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mixture comprising water and one or more contaminants, whereby one or more contaminants
are retained by the thin film composite membrane.

In other aspects, the invention provides methods of size-selective separation,
comprising contacting at a first flow rate the thin film composite membrane of the invention
with a mixture comprising one or more particles of differing sizes, whereby one or more

particles of a particular size are retained by the thin film composite membrane.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the NMR spectrum of PTMS chemical structure indicating
copolymerization of the three monomer units.

Figure 2A shows a schematic of casting PTMS on a PS35 base membrane.

Figure 2B shows SEM images of PTMS coated on top of PS35 (left) and uncoated
PS35 (right). The selective layer is visible on the left.

Figure 3 shows the NMR spectrum of PTMS- chemical structure indicating
copolymerization of the three monomer units.

Figure 4 shows SEM images of PTMS- coated on top of PS35 (left) and uncoated
PS35 (right). The selective layer is visible on the left.

Figure 5 shows the NMR spectrum of PTMS+ chemical structure indicating
copolymerization of the three monomer units.

Figure 6 shows SEM images of PTMS+ coated on top of PS35 (left) and uncoated
PS35 (right). The selective layer is visible on the left.

Figure 7 shows the NMR spectrum of PTMM chemical structure indicating
copolymerization of the three monomer units.

Figure 8 shows SEM images of PTMM coated on top of PS35 (left) and uncoated
PS35 (right). The selective layer is visible on the left.

Figure 9 shows the NMR spectrum of PTMT- chemical structure indicating
copolymerization of the three monomer units.

Figure 10 shows SEM images of PTMT- coated on top of PS35 (left) and uncoated
PS35 (right). The selective layer is visible on the left.

Figure 11 shows the results of an oil-in-water 25 h fouling test of PTMS, PTMS-, and
PTMS+. The initial flux of these membranes was set at 7.75 L/m” h.

Figure 12 shows the results of an oil-in-water 25 h fouling test of PTMM, and as a
control Poly (2,2,2-trifluoroethyl methacrylate)-random- poly (methacrylic acid) (PTM-) with
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41 mol% of TFEMA and 59 mol% of MAA. The initial flux of these membranes was set at
7.75 L/m* h.

Figure 13 shows the NMR spectrum of PTMS2 chemical structure indicating
copolymerization of the three monomer units.

Figure 14 shows SEM images of PTMS2 coated on top of PS35 (left) and uncoated
PS35 (right).

Figure 15 shows the NMR spectrum of PTMS3 chemical structure indicating
copolymerization of the three monomer units.

Figure 16 shows SEM images of PTMS3 coated on top of PS35 (left) and uncoated
PS35 (right).

Figure 17 shows the results of an oil-in-water 25 h fouling test of PTMS, PTMS2, and
PTMS3. The initial flux of these membranes was set at 1.2 L/m”.h. NP030 is a commercial
membrane of similar size cut-off and permeance.

Figure 18 shows the results of 25 h protein fouling tests of PTMS2, and PTMS3;
Lysozyme (left) and BSA (right). The initial flux of these membranes was set at 1 L/m?* h.
NPO030 is a commercial membrane of similar size cut-off and permeance.

Figure 19 shows TEM bright-field images of r-PAC self-assembled morphologies
with different -/+ charge ratio but similar hydrophobic monomer content, showing
bicontinuous networks of ionic nanochannels (dark) surrounded by the hydrophobic phase
(light). (Inset) FFT of the image with the arrow corresponding to the characteristic period of
ionic domains. Panel (a) shows that PTMS exhibits a characteristic period of ~3.1 nm,
yielding a dry ionic channel size around 1.55 nm. Panel (b) shows that PTMS- exhibits a
characteristic period of ~4.5 nm, yielding a dry ionic channel size around 2.25 nm.

Figure 20 is a graph showing modulated DSC analyses of PTMS, PTMS-, and
PTMS+.

DETAILED DESCRIPTION
This invention is based on the discovery of a novel family of terpolymers that
combine hydrophobic, anionic, and cationic repeat units; and their use in fouling-resistant
membrane filters with tunable selectivity. This invention, which combines hydrophobic,
anionic, and cationic repeat units, represents the first ampholyte used in forming a selective
membrane. The terpolymers of the invention, referred to herein as amphiphilic

polyampholytes, comprise at least 1% each of a hydrophobic monomer, an anionic monomer,
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and a cationic monomer, copolymerized through a well-known polymerization reaction (e.g.,
free radical polymerization). The resultant polymers are insoluble in water.

These polymers can then be used to form coatings by common methods (e.g., doctor
blading, bar coating, spray coating). These coatings can slow or prevent fouling. The fouling
resistance is expected to be most effective when the anionic and cationic groups are as close
toa 1:1 ratio by mole as possible, or when the surface is overall close to neutral in charge.
Fouling is a major issue in many applications that involve aqueous solutions in contact with
surfaces, including membrane filtration, preventing fouling on ship hulls and bridges, keeping
pipes from clogging, biomaterials, etc.

When the coating is applied to a membrane with large pores, the resultant membranes
exhibit not only high fouling resistance, but also selectivity that arises from the self-assembly
of this polymer through interactions between different repeat units (e.g., Coulombic
interactions between anionic and cationic groups). If the polymer contains close to a 1:1 ratio
of anionic and cationic groups, the membranes exhibit roughly size-based selectivity with
effective pore sizes in the range of <3 nm, along with excellent fouling resistance that is
matched by few other systems. If there is an excess of one monomer, creating a net charge in
the membrane layer, membranes will also have selectivity arising from electrostatic
interactions/Donnan exclusion while maintaining good size-based selectivity. These
membranes may be capable of exhibiting high rejections of various salts as well as charge-
based selectivity (i.e., separating monovalent and divalent ions, separating dyes with different
charges). These properties promise several applications in water and wastewater treatment,
water purification, and bioseparations, as well as other aqueous separations.

The synthesis and coating processes of these membranes are highly scalable. This
fact, combined with the several relevant applications listed, demonstrates their utility.
Polymers

In certain aspects, the present invention provides a polymer, comprising:

(a) a plurality of hydrophobic repeat units;
(b) a plurality of a cationic repeat units; and
(c) a plurality of an anionic repeat units;

wherein the hydrophobic repeat units, cationic repeat units, and anionic repeat units

are in random or statistical order.

In certain embodiments, the polymer is insoluble in water.
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In certain embodiments, the molar ratio of cationic repeat units to anionic repeat units
is about 1.1:1 to about 1:1.1, or about 1.05:1 to about 1:1.05, or about 1.01:1 to about 1:1.01.
In certain preferred embodiments, the molar ratio of cationic repeat units to anionic repeat
units is about 1:1. In certain embodiments, a ratio of cationic repeat units to anionic repeat
units that is about 1:1 results in high fouling resistance.

In certain embodiments, the net charge of the polymer is from -10 to +10. In further
embodiments, the net charge of the polymer is from -9 to +9, from -8 to +8, from -7 to +7,
from -6 to +6, from -5 to +5, from -4 to +4, from -3 to +3, from -2 to +2, from -1 to +1, or is
0 (i.e., the polymer is neutral).

In certain embodiments, the molar ratio of cationic repeat units to anionic repeat units
is greater than about 1:1, greater than about 1.25:1, greater than about 1.5:1, greater than
about 1.75:1, or greater than about 2:1. In certain such embodiments, the net charge of the
polymer is positive. In certain such embodiments, the net charge of the polymer is greater
than +10.

In certain embodiments, the molar ratio of cationic repeat units to anionic repeat units
is less than about 1:1, less than about 0.8:1; less than about 0.67:1, less than about 0.57:1, or
less than about 0.5:1. In certain such embodiments, the net charge of the polymer is negative.
In certain such embodiments, the net charge of the polymer is less than -10.

In certain embodiments, the molecular weight of the polymer is greater than about
20,000 g/mol, greater than about 40,000 g/mol, greater than about 60,000 g/mol, greater than
about 80,000 g/mol, greater than about 100,000 g/mol, or greater than about 120,000 g/mol.
In preferred embodiments, the molecular weight of the polymer is greater than about 100,000
g/mol.

The hydrophobic repeat unit limits the swelling of the polymer in water and imparts
the polymer stability in aqueous environments. This hydrophobic repeat unit may be derived
from a monomer whose homopolymer is not soluble in water, and has a glass transition
temperature above use temperature (e.g., room temperature).

For use in the applications described herein (e.g., anti-fouling coatings and membrane
selective layers), the polymers of the invention contain a sufficient amount of the
hydrophobic repeat unit to be insoluble in water under use conditions.

In certain embodiments, the plurality of hydrophilic repeat units constitutes at least
about 30 wt%, at least about 35 wt%, at least about 40 wt%, at least about 45 wt%, at least
about 50 wt%, at least about 60 wt%, at least about 65 wt%, at least about 70 wt%, at least
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about 75 wt%, at least about 80 wt%, at least about 85 wt%, or at least about 90 wt% of the
polymer. In preferred embodiments, the plurality of hydrophilic repeat units constitutes at
least about 30 wt% or at least about 45% of the polymer to yield a polymer that is insoluble
in water.

In certain embodiments, the plurality of hydrophilic repeat units constitutes about 30
wit% to about 99 wt%, about 30 wt% to about 90 wt%, about 40 wt% to about 90 wt%, about
40 wt% to about 80 wt%, about 40 wt% to about 75 wt%, about 40 wt% to about 70 wt%,
about 45 wt% to about 75 wt%, about 45 wt% to about 70 wt%, about 50 wt% to about 80
wt%, about 50 wt% to about 75 wt%, or about 50 wt% to about 70 wt% of the polymer.

In certain embodiments, the plurality of hydrophilic repeat units constitutes about 40
wt% to about 90 wt% of the polymer. Certain such polymers may be used in anti-fouling
coatings.

In certain embodiments, the plurality of hydrophilic repeat units constitutes about 40
wt% to about 75 wt%, preferably about 50 wt% to about 70 wt% of the polymer. Certain
such polymers may be used in selective membrane layers.

In certain preferred embodiments of the polymers useful in anti-fouling coatings,
these amphiphilic polyampholytes comprise ~30-99 wt% (and preferably 40-90 wt%) of
hydrophobic monomer and 0.5-40 wt% (and preferably 2.5-25 wt%) each of anionic and
cationic monomers, with a molar ratio of anionic to cationic units as close to 1:1 as possible.

In certain embodiments, the plurality of cationic repeat units and the plurality of
anionic repeat units each constitutes at least about 0.5 wt%, at least about 1 wt%, at least
about 2.5 wt%, at least about 5 wt%, at least about 10 wt%o, at least about 15 wt%, at least
about 20 wt%, at least about 25 wt%, at least about 30 wt%, at least about 35 wt%, or at least
about 40 wt% of the polymer.

In certain embodiments, the plurality of cationic repeat units and the plurality of
anionic repeat units each constitutes about 0.5 wt% to about 30 wt%, about 0.5 wt% to about
25 wt%, about 1 wt% to about 30 wt%, about 1 wt% to about 25 wt%, about 2 wt% to about
30 wt%, about 2 wt% to about 25 wt%, about 2.5 wt% to about 30 wt%, about 2.5 wt% to
about 25 wt%, about 5 wt% to about 30 wt%, or about 5 wt% to about 25 wt% of the
polymer.

In certain embodiments, the plurality of hydrophobic repeat units comprises a mixture
of different hydrophobic monomers.

For example, in some embodiments, each hydrophobic repeat unit is independently

-8-



WO 2023/023395 PCT/US2022/041055

selected from the group consisting of 2,2-trifluoroethyl methacrylate (TFEMA), fluorinated
acrylates, methacrylates, pentafluoropropyl methacrylate, heptafluorobutyl methacrylate,
pentafluorophenyl methacrylate, styrene, methyl methacrylate, and acrylonitrile.

In further embodiments, each hydrophobic repeat unit is the same, and is selected
from the group consisting of 2,2-trifluoroethyl methacrylate (TFEMA), fluorinated acrylates,
methacrylates, pentafluoropropyl methacrylate, heptafluorobutyl methacrylate,
pentafluorophenyl methacrylate, styrene, methyl methacrylate, and acrylonitrile. In certain
preferred embodiments, the hydrophobic repeat unit is 2,2-trifluoroethyl methacrylate
(TFEMA).

In some embodiments, the anionic repeat units carry a negative charge under use
conditions. That is, in some embodiments, the anionic repeat units carry a negative charge in
an aqueous solution at or above about pH 4.0, about pH 4.5, about pH 5.0, about pH 5.5,
about pH 6.0, about pH 6.5, about pH 7.0, about pH 7.5, about pH 8.0, about pH 8.5, about
pH 9.0, about pH 9.5, about pH 10.0, about pH 10.5, about pH 11.0, or about pH 11.5.

The anionic repeat unit may be selected from methacrylate, acrylate, methacrylamide,
acrylamide, styrene, or vinyl derivatives containing a carboxylic acid, sulfonate, phosphate,
or other ionizable or charged group that carries a negative charge under use conditions.

In certain embodiments, the plurality of anionic repeat units comprises a mixture of
different anionic monomers.

For example, in some embodiments, each anionic repeat unit is independently
selected from the group consisting of methacrylic acid (MAA), 2-sulfoethyl methacrylate
(SEMA), L-tryptophan-methacrylamide (L-Try-MA), D-tryptophan-methacrylamide, L or D-
tryptophan-acrylamide, L. or D-alanine-methacrylamide, L or D-alanine-acrylamide, L or D-
valine-methacrylamide, L or D-valine-acrylamide, L or D-isoleucine-methacrylamide, L or
D-isoleucine-acrylamide, L or D-allo-isoleucine-methacrylamide, L or D-allo-isoleucine-
acrylamide, L or D-methionine-methacrylamide, L or D-methionine-acrylamide, L or D-
phenylalanine-methacrylamide, L or D-phenylalanine-acrylamide, L or D-tyrosine-
methacrylamide, L or D-tyrosine-acrylamide, L. or D-histadine-methacrylamide, L or D-
histadine-acrylamide, L or D-glutamic acid-methacrylamide, L or D-glutamic acid-
methacrylamide, L or D-aspartic acid-acrylamide, L or D-aspartic acid-methacrylamide,
acrylic acid, 2-carboxyethyl acrylate, mono-2-(methacryloyloxy)ethyl succinate, mono-2-
(methacryloyloxy)ethyl maleate, sodium 4-vinylbenzenesulfonate, 2-acrylamido-2-

methylpropane sulfonic acid, 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt, 2-
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acrylamido-2-methyl-1-propanesulfonic acid, 3-sulfopropyl acrylate potassium salt, 3-
sulfopropyl methacrylate potassium salt, 3-vinylbenzoic acid, 4-vinylbenzoic acid, 2-
vinylbenzoic acid, 4-(2-propenyl)benzoic acid, 2-methyl-2-propene-1-sulfonic acid sodium
salt, vinylsulfonic acid sodium salt, vinylphosphonic acid, and (4-
ethenylphenyl)methylphosphonic acid.

In further embodiments, each anionic repeat unit is the same, and is selected from the
group consisting of methacrylic acid (MAA), 2-sulfoethyl methacrylate (SEMA), L-
tryptophan-methacrylamide (L-Try-MA), D-tryptophan-methacrylamide, L. or D-tryptophan-
acrylamide, L or D-alanine-methacrylamide, L or D-alanine-acrylamide, L or D-valine-
methacrylamide, L or D-valine-acrylamide, L or D-isoleucine-methacrylamide, L or D-
isoleucine-acrylamide, L or D-allo-isoleucine-methacrylamide, L or D-allo-isoleucine-
acrylamide, L or D-methionine-methacrylamide, L or D-methionine-acrylamide, L or D-
phenylalanine-methacrylamide, L or D-phenylalanine-acrylamide, L or D-tyrosine-
methacrylamide, L or D-tyrosine-acrylamide, L or D-histadine-methacrylamide, L or D-
histadine-acrylamide, L or D-glutamic acid-methacrylamide, L or D-glutamic acid-
methacrylamide, L or D-aspartic acid-acrylamide, L. or D-aspartic acid-methacrylamide,
acrylic acid, 2-carboxyethyl acrylate, mono-2-(methacryloyloxy)ethyl succinate, mono-2-
(methacryloyloxy)ethyl maleate, sodium 4-vinylbenzenesulfonate, 2-acrylamido-2-
methylpropane sulfonic acid, 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt, 2-
acrylamido-2-methyl-1-propanesulfonic acid, 3-sulfopropyl acrylate potassium salt, 3-
sulfopropyl methacrylate potassium salt, 3-vinylbenzoic acid, 4-vinylbenzoic acid, 2-
vinylbenzoic acid, 4-(2-propenyl)benzoic acid, 2-methyl-2-propene-1-sulfonic acid sodium
salt, vinylsulfonic acid sodium salt, vinylphosphonic acid, and (4-
ethenylphenyl)methylphosphonic acid.

In certain such embodiments, the anionic repeat unit is selected from the group
consisting of methacrylic acid (MAA), 2-sulfoethyl methacrylate (SEMA), and L-tryptophan-
methacrylamide (L-Try-MA). In preferred embodiments, the anionic repeat unit is
methacrylic acid (MAA). In other preferred embodiments, the anionic repeat unit is 2-
sulfoethyl methacrylate (SEMA).

In some embodiments, the cationic repeat units carry a positive charge under use
conditions. That is, in some embodiments, the cationic repeat units carry a positive charge in
an aqueous solution at or below about pH 1.0, about pH 1.5, about pH 2.0, about pH 2.5,
about pH 3.0, about pH 3.5, about pH 4.0, about pH 4.5, about pH 5.0, about pH 5.5, about
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pH 6.0, about pH 6.5, about pH 7.0, about pH 7.5, about pH 8.0, about pH 8.5, about pH 9.0,
or about pH 9.5.

The cationic repeat unit may be selected from methacrylate, acrylate, methacrylamide,
acrylamide, styrene, or vinyl derivatives containing amine, ammonium, pyridinium,
imidazolium, phosphonium, pyrrolidinium, or other ionizable or charged groups that carry a
positive charge under use conditions. In preferred embodiments, the cationic repeat unit has
a strong cationic charge such as a quaternary ammonium group.

In certain embodiments, the plurality of cationic repeat units comprises a mixture of
different cationic monomers.

For example, in some embodiments, each cationic repeat unit is independently
selected from the group consisting of [2-(methacryloyloxy)ethyl trimethylammonium
chloride (MAETA), [3-(methacryloylamino)propylJtrimethylammonium chloride, [2-
(acryloyloxy)ethyl Jtrimethylammonium chloride, (3-acrylamidopropyl)trimethylammonium
chloride, 4-vinylbenzyl(triphenyl)phosphonium chloride, (vinylbenzyl)trimethylammonium
chloridemethacrylate, 3-vinylaniline, 4-vinylaniline, 2-isopropenylaniline, N-(3-
aminopropyl)methacrylamide hydrochloride, N-vinylimidazolium salts, 1-allyl-3-
vinylimidazolium salts, 1-allyl-2methyl-5-vinyl-pyridinium salt, 1-allyl-5-vinyl-pyridinium
salt, and 1-methyl-1-(1-vinylcyclohexyl)pyrrolidinium iodide.

In further embodiments, each cationic repeat unit is the same, and is selected from the
group consisting of [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MAETA), [3-
(methacryloylamino)propyl]trimethylammonium chloride, [2-

(acryloyloxy)ethyl trimethylammonium chloride, (3-acrylamidopropyl)trimethylammonium
chloride, 4-vinylbenzyl(triphenyl)phosphonium chloride, (vinylbenzyl)trimethylammonium
chloridemethacrylate, 3-vinylaniline, 4-vinylaniline, 2-isopropenylaniline, N-(3-
aminopropyl)methacrylamide hydrochloride, N-vinylimidazolium salts, 1-allyl-3-
vinylimidazolium salts, 1-allyl-2methyl-5-vinyl-pyridinium salt, 1-allyl-5-vinyl-pyridinium
salt, and 1-methyl-1-(1-vinylcyclohexyl)pyrrolidinium iodide.

In certain embodiments, the cationic repeat unit is 2-
(methacryloyloxy)ethylJtrimethylammonium chloride (MAETA).

In certain preferred embodiments, the cationic repeat unit comprises a quaternary
ammonium group.

In certain embodiments, the polymer consists essentially of or consists of:

(a) a plurality of hydrophobic repeat units;
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(b) a plurality of a cationic repeat units; and
(c) a plurality of an anionic repeat units;
wherein the hydrophobic repeat units, cationic repeat units, and anionic repeat units are

in random or statistical order.

The polymers of the invention may be made in accordance with the examples
provided herein. The polymers may be synthesized from vinyl monomers (e.g., acrylates,
methacrylates, acrylamides, styrene derivatives, acrylonitrile) using well-known

polymerization methods (e.g., free radical polymerization).

The polymers described herein have not been previously prepared or studied. While
combinations of anionic and cationic monomers have been used as anti-fouling coatings, the
incorporation of hydrophobic groups into such known materials would have been expected to
decrease fouling resistance; yet, the resultant materials exhibit fouling resistance comparable

to or even exceeding all-hydrophilic coatings.

The self-assembly of polyampholytes, let alone amphiphilic polyampholytes with
additional functional groups, is not well-studied at all. Interactions between repeat units of
amphiphilic polyampholytes are unlikely to be the same as those observed in zwitterionic

amphiphilic copolymers (ZACs).

Additionally, the present invention is advantageous because ionic or ionizable
monomers are more widely available, cheaper, and typically easier to solubilize compared
with zwitterionic monomers. Furthermore, the abundance of monomer choices allows for
multiple combinations of anionic and cationic units with potential different membrane

performances, including amino acid-based monomers for chiral and other bioseparations.

The term “polyampholyte” as used herein is a polymer that contains both anionically
and cationically charged repeat units. They are typically very hydrophilic and often water-
soluble in the absence of any non-ionic groups. As such, the polymers described in this
invention are referred to as “amphiphilic polyampholytes” due to the presence of both

hydrophobic and ampholytic segments on the same backbone.

The term “charged” as used herein is used to describe a species that carries an overall
i X v % u ies.
deficiency or excess of electrons relative to the total valence electron count of the species
The term “anionic” as used herein refers to a species with an overall excess of electrons

relative to the total valence electron count of the species.
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The term “cationic” as used herein refers to a species with an overall deficiency of
electrons relative to the total valence electron count of the species.

The term “net charge” as used herein refers to the total overall charge on a polymer
containing cationic and anionic moieties. The net charge is calculated as: (number of positive
charges) — (number of negative charges).

The term “statistical order” refers to a polymer in which the sequence of the
constituent repeat units follows a statistical rule. Statistical order is dictated by the reaction
kinetics of the chemically distinct monomer reactants (or repeat unit reactants). In some
embodiments, statistical order encompasses random order.

A polymer with “random order” (alternatively referred to as a “random copolymer™)
is a polymer in which the probability of finding a given type of repeat unit at a particular
point in the chain is equal to the mole fraction of that repeat unit in the polymer.

Membranes

The novel polymeric materials of the invention form highly fouling-resistant surfaces
with controlled surface charge. Thus, the polymeric materials are useful in the preparation of
membranes useful for anti-fouling applications. The membranes may be prepared by coating
these polymeric materials onto porous supports, which offers fouling resistance as well as
controlled selectivity corresponding to effective pore sizes <4 nm, and preferably between 0.5
— 2 nm, coupled with tunable charge-based selectivity through the incorporation of excess
charge into the polymer. This invention has uses in nanofiltration, ultrafiltration, and reverse
osmosis applications.

Anti-fouling coatings can be applied on various surfaces (e.g., pipes, ship hulls,
outside of surfaces immersed in water, biomedical materials) using well-known methods
(e.g., spray coating, roll coating, painting). They are expected to prevent the adsorption of
bioorganic macromolecules (e.g., proteins, alginate, natural organic matter) as well as oil
onto the surface in water.

Another application of these amphiphilic polyampholytes is as selective, fouling-
resistant membrane selective layers. For use as membrane selective layers, the polymer needs
to be insoluble in water, but permeable to it. As such, preferred compositions contain lower
hydrophobic repeat unit content (e.g., 40-75 wt%; preferably 50-70 wt%), with the rest being
a combination of anionic and cationic repeat units. The ratio of these charged groups will
affect solute selectivity.

In some embodiments, the invention provides a thin film composite membrane,
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comprising a porous substrate, and a selective layer comprising a polymer of the invention,
wherein an average effective pore size of the porous substrate is larger than an average
effective pore size of the selective layer; and the selective layer is disposed on a surface of
the porous substrate.

In some embodiments, the selective layer has a thickness of about 10 nm to about 10
um, or about 10 nm to about 3 um, or about 10 nm to about 1 um.

In some embodiments, the selective layer has the average effective pore size of less
than about 4 nm. In further embodiments, the selective layer has the average effective pore
size of about 0.1 nm to about 2.0 nm, about 0.5 nm to about 2.0 nm, about 0.1 nm to about
1.2 nm, about 0.5 nm to about 1.2 nm, or about 0.7 nm to about 1.2 nm.

In some embodiments, the net charge of the polymer is positive, and the thin film
composite membrane rejects positively charged solutes and salts. Alternatively, in some
embodiments, the net charge of the polymer is negative, and the thin film composite
membrane rejects negatively charged solutes and salts.

In some embodiments, the net charge of the polymer is from -10 to +10; and the
selective layer exhibits size-based selectivity between uncharged organic molecules. In
certain such embodiments, the net charge of the polymer is from -9 to +9, from -8 to +8, from
-7 to +7, from -6 to +6, from -5 to +5, from -4 to +4, from -3 to +3, from -2 to +2, from -1 to
+1, oris O (i.e., the polymer is neutral).

In certain embodiments, the selective layer exhibits rejection of greater than or equal
to about 95% or greater than or equal to about 99% for neutral molecule with hydrated
diameter of about or greater than 1.5 nm.

In certain embodiments, the selective layer exhibits antifouling properties.

In certain embodiments, the selective layer exhibits resistance to fouling by an oil
emulsion.

In certain embodiments, the selective layer exhibits resistance to fouling by
adsorption of bioorganic macromolecules (e.g., proteins, alginate, organic matter).

The membranes are prepared by coating methods well-established in the field. For
example, the polymer is dissolved in an appropriate solvent. The solution is coated onto a
porous support (e.g., a membrane with large pores in the microfiltration or ultrafiltration
range) using established methods (e.g., doctor blading, bar coating, spray coating). The
solvent is evaporated. It certain preferred embodiments, the coated membrane is immersed in

water or another non-solvent to accelerate precipitation. The product is a thin film composite
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(TFC) membrane, comprising at least two layers: A porous support with large pores,
providing mechanical integrity, and a thin (preferably <10 um, more preferably <3 um, even
more preferably <1 um) layer of the polymer, which serves as the “selective layer” of the
membrane.

The resultant membranes exhibit roughly size-based separation of neutral organic
molecules. If the anionic and cationic groups are at approximately a 1:1 molar ratio, the
membrane will be mostly size-selective. These membranes are also more fouling-resistant.

Different molar charge ratios will lead to the rejection of solutes based on their
charge, leading to higher rejection of charged solutes than neutral solutes of the same size, as
well as increased salt rejection. The charge ratio can also affect effective pore size, likely by
altering how the polymer self-assembles due to the Coulombic interactions during membrane
formation. The data below indicate polymers with an excess of one charge have higher
effective pore sizes.

All amphiphilic polyampholyte TFC membranes tested to date exhibit excellent
fouling resistance comparable with the best in the field, such as those manufactured from
zwitterionic amphiphilic copolymers (ZACs).>*-° All membranes tested (see examples
below) have shown no measurable irreversible fouling.

The pore size and net charge of these membranes may be tuned by utilizing different
monomers, different monomer ratios, and monomers with cross linkable groups (e.g., 1-allyl-
3-vinylimidazolium salts; 1-allyl-2-methyl-5-vinyl-pyridinium salt; 1-allyl-5-vinyl-
pyridinium salt).

In further embodiments, the invention provides a material with an anti-fouling
coating, comprising a solid substrate, and a layer comprising a polymer of the invention,
wherein the layer is disposed on a surface of the solid substrate.

In certain embodiments, the layer has a thickness of about 10 nm to about 10 um, or

about 10 nm to about 3 um, or about 10 nm to about 1 pm.

Methods of Use

The membranes described herein are useful in various applications, particularly in
aqueous separation applications, including water and wastewater treatment, bioseparations,
water reuse, and purification and concentration of pharmaceutical products. The wastewater
treatment applications encompass water softening applications, and treatment of complex,

high fouling water streams, water streams containing some solvent and/or at high
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temperatures that would damage un-cross-linked membrane materials, and frac or produced
water from oil and gas extraction, which is hot with high salinity.

In some embodiments, the membranes described herein may be used in water and
wastewater treatment applications. In certain such embodiments, a contaminated solution
may be filtered through a thin film composition (TFC) membrane, whereby one or more
contaminants are retained by the TFC membrane and removed from the solution. In certain
such embodiments, the fouling resistance of the membrane enables the solution to retain a
stable flux through the membrane. The undesired contaminants may be, for example, organic
solutes. In further embodiments, the undesired contaminants may be a fragmented antibody,
aggregated antibodies, a host cell protein, a polynucleotide, an endotoxin, or a virus.

In a related use, the membranes described herein may be used in water reuse
applications, in which a contaminated water stream is filtered through the TFC membrane,
whereby one or more contaminants are retained by the TFC membrane, and the filtrate is
reused, optionally within the same facility and optionally after further treatment.

Accordingly, in certain embodiments, the invention provides a method of removing
an organic solute from water, comprising contacting at a first flow rate a thin film composite
membrane described herein with an aqueous solution comprising an organic solute, whereby
the organic solute is retained by the thin film composite membrane.

In certain embodiments, substantially all of the organic solute is retained by the thin
film composite membrane.

In further embodiments, the invention provides a method of decontaminating water,
comprising contacting at a first flow rate the thin film composite membrane described herein
with an mixture comprising water and one or more contaminants, whereby one or more
contaminants are retained by the thin film composite membrane.

In certain embodiments, substantially all of the contaminants are retained by the thin
film composite membrane.

In certain embodiments, the flow path of the aqueous solution or the mixture
comprising water is substantially through macropores of the thin film composite membrane.

In certain embodiments, the invention relates to any one of the aforementioned
methods, further comprising the steps of’

cleaning the thin film composite membrane; and

repeating the above-mentioned steps.

In further embodiments, the membranes described herein may be used in
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bioseparations applications. In such embodiments, the thin film composite membrane
preferably has a sufficiently low pore size to retain peptide drugs and other lower molar mass
biopharmaceuticals, while allowing the removal of small molecule solutes and/or salts.

Accordingly, in certain embodiments, the invention provides a method of purifying a
peptide or protein, comprising contacting at a first flow rate a thin film composite membrane
of the invention with a mixture comprising one or more peptides or proteins, whereby a portion
of the mixture is retained by the thin film composite membrane.

In certain embodiments, the portion of the mixture that is retained by the TFC
membrane comprises one or more peptides or proteins. In certain such embodiments, one or
more contaminants presents in the initial mixture comprising one or more peptides or proteins
is not retained by the TFC membrane, but rather flows through the membrane. This process
therefore separates the desired peptides or proteins from the undesired contaminants.

In certain embodiments, substantially all of the one or more peptides or proteins are
retained by the thin film composite membrane.

The method may further comprise a step of releasing the retained peptide or protein
from the TFC membrane. In such embodiments, the method further comprises contacting the
protein or peptide retained by the TFC membrane with a second fluid at a second flow rate,
thereby releasing a portion of the retained peptide or protein from the TFC membrane.

The second fluid may be a buffer. The second fluid may comprise a salt.

The membranes described herein are also useful in size-selection separation
applications. The pore size and net charge of the membranes may be tuned according to the
desired utility of the TFC membranes, e.g., by selecting different monomers, different
monomer ratios, or by cross-linking different functional groups onto the constituent
monomers,

Accordingly, in some embodiments, the invention provides a method of size-selective
separation, comprising contacting at a first flow rate the thin film composite membrane
described herein with a mixture comprising one or more particles of differing sizes, whereby

one or more particles of a particular size are retained bythe thin film composite membrane.

EXAMPLES
The disclosure will be further illustrated with reference to the following specific
examples. These examples are given by way of illustration and are not meant to limit the

disclosure or any claims.
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Example 1. Synthesis of Poly (2,2, 2-trifluoroethyl methacrylate)-random- poly (2-

(methacryloyloxy)ethyl]trimethylammonium chloride)-random- poly (2-sulfoethyl
methacrylate) (PTMS)

In this example, a random terpolymer was prepared with the three monomeric units being: 2-
sulfoethyl methacrylate (SEMA, Polysciences), [2-
(methacryloyloxy )ethyl Jtrimethylammonium chloride (MAETA, Sigma Aldrich), and 2,2,2-
trifluoroethyl methacrylate (TFEMA, ACROS Organics). The first two monomers were
passed through a column of neutral activated alumina (Sigma Aldrich) to remove the
inhibitor, while the last monomer was passed through a column of basic activated alumina
(Sigma Aldrich). SEMA (2.42 g, 12.4 mmol), MAETA (2.58 g, 12.4 mmol), and 2,2,2-
trifluoroethyl methacrylate (5.00 g, 29.7 mmol) were dissolved in this order in dimethyl
sulfoxide (DMSO, 40 mL). Azobisisobutyronitrile (AIBN, 0.01g, Aldrich) was added to the
flask. The flask was sealed with a rubber septum. Nitrogen was bubbled through the reaction
mixture for 30 minutes to purge any dissolved oxygen. The flask was then kept at 60° C,
while stirring at 300 rpm for 17 hours. After the reaction, 1 g of 4-methoxyphenol (MEHQ)
was added to terminate the synthesis. The reaction mixture, which was observed to be
viscous, was then precipitated in acetone, purified by stirring two fresh portions of 1:5
methanol to acetone volume ratio for at least 5 hours, and two fresh portions of acetone for at
least 5 hours. Finally, the terpolymer was dried in the vacuum oven for 72h at 60 °C. The
composition of the terpolymer was calculated from the 'TH-NMR spectrum (Figure 1), using
the ratio of protons from the three different monomer units. The calculated composition was:
22 mol% SEMA, 22 mol% MAETA, and 56 mol% TFEMA. The final conversion of this

reaction was 45%.

Example 2. Formation of thin film composite membranes from PIMS

In this example, a membrane was prepared using the polymer described in example 1. A
schematic is shown in Figure 2a. The terpolymer (0.5 g) was dissolved in trifluoroethanol
(TFE, 9.5 g) at approximately 25° C. The terpolymer solution was passed through a 0.45
micrometer syringe filter (Whatman) and degassed in a vacuum oven for at least 1 hours. The
membranes were prepared by coating a thin layer of terpolymer solution on a commercial
ultrafiltration (UF) membrane using a film applicator rod. PS35 ultrafiltration membrane,
purchased from Solecta (Oceanside, Calif.), was used as the base membrane. After coating,

the membrane was immersed in a water bath.
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Film thickness and morphology was determined by the examination of freeze-fractured cross-
sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 2b, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be
observed, it is dense (i.e. without macroscopic pores) with a thickness of about 0.7

micrometers.

Example 3. Synthesis of Poly (2,2, 2-trifluoroethyl methacrylate)-random- poly (2-

(methacrylovloxy)ethyl]trimethylammonium chloride)-random- poly (2-sulfoethyl
methacrylate) (PTMS-)

In this example, a random terpolymer was prepared with the three monomeric units being: 2-
sulfoethyl methacrylate (SEMA, Polysciences), [2-
(methacryloyloxy )ethyl Jtrimethylammonium chloride (MAETA, Sigma Aldrich), and 2,2,2-
trifluoroethyl methacrylate (TFEMA, ACROS Organics). The first two monomers were
passed through a column of neutral activated alumina (Sigma Aldrich) to remove the
inhibitor, while the last monomer was passed through a column of basic activated alumina
(Sigma Aldrich). SEMA (3.39 g, 17.5 mmol), MAETA (1.55 g, 7.5 mmol), and 2,2,2-
trifluoroethyl methacrylate (4.94 g, 29.4 mmol) were dissolved in this order in dimethyl
sulfoxide (DMSO, 40 mL). Azobisisobutyronitrile (AIBN, 0.01 g, Aldrich) was added to the
flask. The flask was sealed with a rubber septum. Nitrogen was bubbled through the reaction
mixture for 30 minutes to purge any dissolved oxygen. The flask was then kept at 60°C,
while stirring at 300 rpm for 17 hours. After the reaction, 1 g of 4-methoxyphenol (MEHQ)
was added to terminate the synthesis. The reaction mixture, which was observed to be
viscous, was then precipitated in acetone, purified by stirring two fresh portions of 1:3
ethanol to hexane volume ratio for at least 8 hours. Finally, the terpolymer was dried in the
vacuum oven for 72h at 60 °C. The composition of the terpolymer was calculated from the
"H-NMR spectrum (Figure 3), using the ratio of protons from the three different monomer
units. The calculated composition was: 28 mol% SEMA, 16 mol% MAETA, and 56 mol%
TFEMA. The final conversion of this reaction was 58%.

Example 4. Formation of thin film composite membranes from PTMS-

In this example, a membrane was prepared using the polymer described in example 3. The
terpolymer (0.5 g) was dissolved in trifluoroethanol (TFE, 9.5 g) at approximately 25° C. The

terpolymer solution was passed through a 0.45 micrometer syringe filter (Whatman) and

-19-



WO 2023/023395 PCT/US2022/041055

degassed in a vacuum oven for at least 1 hours. The membranes were prepared by coating a
thin layer of terpolymer solution on a commercial ultrafiltration (UF) membrane using a film
applicator rod. PS35 ultrafiltration membrane, purchased from Solecta (Oceanside, Calif),

was used as the base membrane. After coating, the membrane was immersed in a water bath.

Film thickness and morphology was determined by the examination of freeze-fractured cross-
sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 4, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be
observed, it is dense (i.e. without macroscopic pores) with a thickness of about 0.7

micrometers.

Example 5. Synthesis of Poly (2,2, 2-trifluoroethyl methacrylate)-random- poly (2-

(methacryloyloxy)ethyl]trimethylammonium chloride)-random- poly (2-sulfoethyl
methacrylate) (PTMS+)

In this example, a random terpolymer was prepared with the three monomeric units being: 2-
sulfoethyl methacrylate (SEMA, Polysciences), [2-
(methacryloyloxy )ethyl Jtrimethylammonium chloride (MAETA, Sigma Aldrich), and 2,2,2-
trifluoroethyl methacrylate (TFEMA, ACROS Organics). The first two monomers were
passed through a column of neutral activated alumina (Sigma Aldrich) to remove the
inhibitor, while the last monomer was passed through a column of basic activated alumina
(Sigma Aldrich). SEMA (1.45 g, 7.5 mmol), MAETA (3.61 g, 17.4 mmol), and 2,2,2-
trifluoroethyl methacrylate (5.06 g, 30.1 mmol) were dissolved in this order in dimethyl
sulfoxide (DMSO, 40 ml). Azobisisobutyronitrile (AIBN, 0.01g, Aldrich) was added to the
flask. The flask was sealed with a rubber septum. Nitrogen was bubbled through the reaction
mixture for 30 minutes to purge any dissolved oxygen. The flask was then kept at 60° C,
while stirring at 300 rpm for 17 hours. After the reaction, 1 g of 4-methoxyphenol (MEHQ)
was added to terminate the synthesis. The reaction mixture, which was observed to be
viscous, was then precipitated in a 1:1 hexane to acetone volume ratio, purified by stirring
two fresh portions of 1:3 ethanol to hexane volume ratio for at least 8 hours. Finally, the
terpolymer was dried in the vacuum oven for 72 h at 60 °C. The composition of the
terpolymer was calculated from the 'H-NMR spectrum (Figure 5), using the ratio of protons
from the three different monomer units. The calculated composition was: 15 mol% SEMA,

29 mol% MAETA, and 56 mol% TFEMA. The final conversion of this reaction was 66%.
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Example 6. Formation of thin film composite membranes from PTMS+

In this example, a membrane was prepared using the polymer described in example 5. The
terpolymer (0.5 g) was dissolved in trifluoroethanol (TFE, 9.5 g) at approximately 25° C. The
terpolymer solution was passed through a 0.45 micrometer syringe filter (Whatman) and
degassed in a vacuum oven for at least 1 hours. The membranes were prepared by coating a
thin layer of terpolymer solution on a commercial ultrafiltration (UF) membrane using a film
applicator rod. PS35 ultrafiltration membrane, purchased from Solecta (Oceanside, Calif.),

was used as the base membrane. After coating, the membrane was immersed in a water bath.

Film thickness and morphology was determined by the examination of freeze-fractured cross-
sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 6, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be
observed, it is dense (i.e. without macroscopic pores) with a thickness of about 0.6

micrometers.

Example 7. Synthesis of Poly (2,2, 2-trifluoroethyl methacrylate)-random- poly (2-

(methacryloyloxy)ethyl]trimethylammonium chloride)-random- poly (methacrylic acid)
(PIMM)

In this example, a random terpolymer was prepared with the three monomeric units being:

methacrylic acid (MAA, Sigma Aldrich), [2-(methacryloyloxy)ethyl]trimethylammonium
chloride (MAETA, Sigma Aldrich), and 2,2,2-trifluoroethyl methacrylate (TFEMA, ACROS
Organics). The first two monomers were passed through a column of neutral activated
alumina (Sigma Aldrich) to remove the inhibitor, while the last monomer was passed through
a column of basic activated alumina (VWR). MAA (1.46 g, 17.0 mmol), MAETA (3.54 g,
17.0 mmol), and 2,2,2-trifluoroethyl methacrylate (5.00 g, 29.7 mmol) were dissolved in this
order in dimethyl sulfoxide (DMSO, 40 mL). Azobisisobutyronitrile (AIBN, 0.01 g, Aldrich)
was added to the flask. The flask was sealed with a rubber septum. Nitrogen was bubbled
through the reaction mixture for 30 minutes to purge any dissolved oxygen. The flask was
then kept at 60° C, while stirring at 300 rpm for 17 hours. After the reaction, 1 g of 4-
methoxyphenol (MEHQ) was added to terminate the synthesis. The reaction mixture, which
was observed to be viscous, was then precipitated in acetone, purified by stirring two fresh
portions of 1:3 ethanol to hexane volume ratio for at least 5 hours, and two fresh portions of

acetone for at least 5 hours. Finally, the terpolymer was dried in the vacuum oven for 72h at
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60 °C. The composition of the terpolymer was calculated from the 'H-NMR spectrum (Figure
7), using the ratio of protons from the three different monomer units. The calculated

composition was: 25 mol% MAA, 25 mol% MAETA, and 50 mol% TFEMA. The final

conversion of this reaction was 57%.

Example 8. Formation of thin film composite membranes from PTMM

In this example, a membrane was prepared using the polymer described in example 7. The
terpolymer (0.5 g) was dissolved in methanol (MeOH, 9.5 g) at approximately 25° C. The
terpolymer solution was passed through a 0.45 micrometer syringe filter (Whatman) and
degassed in a vacuum oven for at least 1 hours. The membranes were prepared by coating a
thin layer of terpolymer solution on a commercial ultrafiltration (UF) membrane using a film
applicator rod. PS35 ultrafiltration membrane, purchased from Solecta (Oceanside, Calif.),

was used as the base membrane. After coating, the membrane was immersed in a water bath.

Film thickness and morphology was determined by the examination of freeze-fractured cross-
sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 8, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be
observed, it is dense (i.e. without macroscopic pores) with a thickness of about 0.4

micrometers.

Example 9. Synthesis of Poly (2,2, 2-trifluoroethyl methacrylate)-random- poly (2-

(methacryloyloxy)ethyl]trimethylammonium chloride)-random- poly (L-tryptophan-
methacrylamide) (PTMT-)

In this example, a random terpolymer was prepared with the three monomeric units being: L-
tryptophan-methacrylamide (L-Try-MA, synthesized), [2-
(methacryloyloxy )ethyl Jtrimethylammonium chloride (MAETA, Sigma Aldrich), and 2,2,2-
trifluoroethyl methacrylate (TFEMA, ACROS Organics). MAETA was passed through a
column of neutral activated alumina (Sigma Aldrich) to remove the inhibitor, while the
TFEMA was passed through a column of basic activated alumina (Sigma Aldrich). L-Try-
MA (1.18 g, 4.2 mmol), MAETA (0.37 g, 1.8 mmol), and 2,2,2-trifluoroethyl methacrylate
(1.55 g, 9.2 mmol) were dissolved in this order in dimethyl sulfoxide (DMSO, 11.3 mL).
Azobisisobutyronitrile (AIBN, 0.003 g, Aldrich) was added to the flask. The flask was sealed
with a rubber septum. Nitrogen was bubbled through the reaction mixture for 30 minutes to

purge any dissolved oxygen. The flask was then kept at 60° C, while stirring at 300 rpm for
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17 hours. After the reaction, 0.3 g of 4-methoxyphenol (MEHQ) was added to terminate the
synthesis. The reaction mixture, which was observed to be viscous, was then precipitated in
acetone, purified by stirring four fresh portions of 1:2 ethanol to hexane volume ratio for at
least 5 hours. Finally, the terpolymer was dried in the vacuum oven for 72 h at 60 °C. The
composition of the terpolymer was calculated from the 'H-NMR spectrum (Figure 9), using
the ratio of protons from the three different monomer units. The calculated composition was:
34 mol% L-Try-MA, 15 mol% MAETA, and 51 mol% TFEMA. The final conversion of this

reaction was 30%.

Example 10. Formation of thin film composite membranes from PTM1-

In this example, a membrane was prepared using the polymer described in example 9. The
terpolymer (0.2 g) was dissolved in DMSO (3.8 g) at approximately 25° C. The terpolymer
solution was passed through a 0.45 micrometer syringe filter (Whatman) and degassed in a
vacuum oven for at least 1 hours. The membranes were prepared by coating a thin layer of
terpolymer solution on a commercial ultrafiltration (UF) membrane using a film applicator
rod. PS35 ultrafiltration membrane, purchased from Solecta (Oceanside, Calif.), was used as

the base membrane. After coating, the membrane was immersed in a water bath.

Film thickness and morphology was determined by the examination of freeze-fractured cross-
sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 10, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be
observed, it is dense (i.e. without macroscopic pores) with a thickness of about 0.6

micrometers.

Example 11. Fouling resistance of polyampholyte terpolymer membranes

In this example, the membranes prepared as described in examples 2, 4, 6, and 8 were used in
experiments to determine their fouling resistance properties. The retention experiments were
performed on an Amicon 8010 stirred, dead-end filtration cell (Millipore) with a cell volume
of 10 mL and an effective filtration area of 4.1 cm?. The cell was stirred at 500 rpm. The feed
solution consisted of a 1500 ppm oil-in-water emulsion (9:1 ratio of soybean o0il:DC 193
surfactant obtained from Dow-Corning), prepared by blending the oil, water, and surfactant

using a blender in high rpm for ~3 min.
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Example 12. Synthesis of Poly (2,2, 2-trifluorocethyl methacrylate)-random- poly (2-

(methacryloyloxy)ethyl]trimethylammonium chloride)-random- poly (2-sulfoethyl
methacrylate) (PTMS2)

In this example, a random terpolymer with the three monomeric units being: 2-sulfoethyl
methacrylate (SEMA, Polysciences), [2-(methacryloyloxy)ethylJtrimethylammonium
chloride (MAETA, Sigma Aldrich), and 2,2,2-trifluoroethyl methacrylate (TFEMA, ACROS
Organics). The first two monomers were passed through a column of neutral activated
alumina (Sigma Aldrich) to remove the inhibitor, while the last monomer was passed through
a column of basic activated alumina (Sigma Aldrich). SEMA (1.93 g, 9.9 mmol), MAETA
(2.07 g, 9.9 mmol), and 2,2,2-trifluoroethyl methacrylate (6.00 g, 35.7 mmol) were dissolved
in this order in dimethyl sulfoxide (DMSO, 40 mL). Azobisisobutyronitrile (AIBN, 0.01 g,
Aldrich) was added to the flask. The flask was sealed with a rubber septum. Nitrogen was
bubbled through the reaction mixture for 30 minutes to purge any dissolved oxygen. The
flask was then kept at 60° C, while stirring at 300 rpm for 17 hours. After the reaction, 1 g of
4-methoxyphenol (MEHQ) was added to terminate the synthesis. The reaction mixture,
which was observed to be viscous, was then precipitated in 1:1 acetone: hexane mixture by
volume, purified by stirring three fresh portions of 1:1 acetone: hexane mixture by volume
for at least 5 hours, one fresh portion of acetone for at least 5 hours, and three fresh portions
of DI water for at least 5 hours. Finally, the terpolymer was dried in the vacuum oven for 48h
at 60 °C. The composition of the terpolymer was calculated from the 'H-NMR spectrum
(Figure 13), using the ratio of protons from the three different monomer units. The calculated
composition was: 15 mol% SEMA, 15 mol% MAETA, and 70 mol% TFEMA. The final

conversion of this reaction was 40%.

Example 13. Formation of thin film composite membranes from PTIMS2

In this example, a membrane was prepared using the polymer described in example 12. The
terpolymer (0.5 g) was dissolved in trifluoroethanol (TFE, 9.5 g) at approximately 25° C. The
terpolymer solution was passed through a 0.45 micrometer syringe filter (Whatman) and
degassed in a vacuum oven for at least 1 hours. The membranes were prepared by coating a
thin layer of terpolymer solution on a commercial ultrafiltration (UF) membrane using a film
applicator rod. PS35 ultrafiltration membrane, purchased from Solecta (Oceanside, Calif.), was

used as the base membrane. After coating, the membrane was immersed in a water bath.

Film thickness and morphology was determined by the examination of freeze-fractured cross-
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sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 14, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be observed,

it is dense (i.e. without macroscopic pores) with a thickness of about 0.7 micrometers.

Example 14. Synthesis of Poly (2,2 2-trifluoroethyl methacrylate)-random- poly (2-

(methacryloyloxy)ethyl]trimethylammonium chloride)-random- poly (2-sulfoethyl
methacrylate) (PTMS3)

In this example, a random terpolymer with the three monomeric units being: 2-sulfoethyl
methacrylate (SEMA, Polysciences), [2-(methacryloyloxy )ethyl Jtrimethylammonium
chloride (MAETA, Sigma Aldrich), and 2,2,2-trifluoroethyl methacrylate (TFEMA, ACROS
Organics). The first two monomers were passed through a column of neutral activated
alumina (Sigma Aldrich) to remove the inhibitor, while the last monomer was passed through
a column of basic activated alumina (Sigma Aldrich). SEMA (1.59 g, 8.2 mmol), MAETA
(1.71 g, 8.2 mmol), and 2,2,2-trifluoroethyl methacrylate (6.70 g, 39.9 mmol) were dissolved
in this order in dimethyl sulfoxide (DMSO, 40 mL). Azobisisobutyronitrile (AIBN, 0.01 g,
Aldrich) was added to the flask. The flask was sealed with a rubber septum. Nitrogen was
bubbled through the reaction mixture for 30 minutes to purge any dissolved oxygen. The
flask was then kept at 60° C, while stirring at 300 rpm for 17 hours. After the reaction, 1 g of
4-methoxyphenol (MEHQ) was added to terminate the synthesis. The reaction mixture,
which was observed to be viscous, was then precipitated in DI water, purified by stirring two
fresh portions of DI water for at least 5 hours, and two fresh portions of isopropyl alcohol for
at least 5 hours. Finally, the terpolymer was dried in the vacuum oven for 48h at 60 °C. The
composition of the terpolymer was calculated from the '"H-NMR spectrum (Figure 15), using
the ratio of protons from the three different monomer units. The calculated composition was:
11 mol% SEMA, 11 mol% MAETA, and 78 mol% TFEMA. The final conversion of this

reaction was 70%.

Example 15. Formation of thin film composite membranes from PTMS3

In this example, a membrane was prepared using the polymer described in example 14. The
terpolymer (0.5 g) was dissolved in trifluoroethanol (TFE, 9.5 g) at approximately 25° C. The
terpolymer solution was passed through a 0.45 micrometer syringe filter (Whatman) and
degassed in a vacuum oven for at least 1 hours. The membranes were prepared by coating a

thin layer of terpolymer solution on a commercial ultrafiltration (UF) membrane using a film
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applicator rod. PS35 ultrafiltration membrane, purchased from Solecta (Oceanside, Calif.),

was used as the base membrane. After coating, the membrane was immersed in a water bath.

Film thickness and morphology was determined by the examination of freeze-fractured cross-
sections of the membranes using a scanning electron microscope (SEM, Phenom G2 Pure
Tabletop SEM). In Figure 16, SEM images of the uncoated base membrane (right) and the
coated membrane (left) are given at the same magnification. The coating layer can be
observed, it is dense (i.e. without macroscopic pores) with a thickness of about 0.8

micrometers.

Example 16. Water permeance of polyampholyte terpolymer membranes

In this example, the pure water fluxes through the membranes described in examples 2, 4, 6, 8,
10, 13, and 15 were measured using an Amicon 8010 stirred, dead-end filtration cell (Millipore)
with a cell volume of 10 mL and an effective filtration area of 4.1 cm?. The cell was stirred at
500 rpm, and the test was performed at 40 psi. After a stabilization period of at least one hour,
a sample of the permeate was collected over 120 minutes and weighed. The value obtained was
divided by filtration area and experiment time to obtain flux. The flux value was normalized
by pressure to obtain pure water permeance (Table 1). These membranes have permeances

comparable to nanofiltration and ultrafiltration commercial membranes.

Table 1. Water permeance of the seven terpolymer membranes.

Terpolymer Permeance (L/m2.h.bar)

PTMS 2

PTMS- 5

PTMS+ 10
PTMM 28
PTMT- 18
PTMS2 0.9
PTMS3 04

Example 17. Dve rejection using polyampholyte terpolymer membranes

In this example, the membranes prepared as described in examples 2, 4, 6, 8, 10, 13, and 15
were used in experiments aimed at identifying their effective pore size, or size cut-off. We used

dye molecules to probe this property, because dye molecules are rigid, and their concentrations
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are easily measured by UV-Vis spectroscopy. The retention experiments were performed on
an Amicon 8010 stirred, dead-end filtration cell (Millipore) with a cell volume of 10 mL and
an effective filtration area of 4.1 cm?. The cell was stirred at 500 rpm, and the test was
performed at 40 psi. The cell was stirred at 500 rpm to minimize concentration polarization
effects. After running pure water through the membrane for at least an hour, the cell was
emptied, and a 0.1 mM solution of the probe dye in water was placed in the cell. After rejecting
the first 1 mL, to avoid pure water contamination, enough volume was collected for analysis
by UV-Visible spectrophotometry and the solute rejection (%) was calculated (Table 2). The
cell was rinsed several times with water. Pure water was filtered through the membrane until

the permeate was completely clear before switching to a new solute.

Table 2. Rejection of neutral solute vitamin B12 (1,355 Da) by the seven terpolymer

membranes.
Terpolymer Rejection (%)

PTMS 98
PTMS- 89
PTMS+ 88
PTMM 57
PTMT- 44
PTMS2 99
PTMS3 98

Example 18. Salt rejection using polyampholyte terpolymer membranes

In this example, the membranes prepared as described in examples 2, 4, 6, 8, 10, 13, and 15
were used in experiments to determine their salt retention properties. We used different salts
at different concentrations to probe this property, their concentrations were easily measured
by a standard conductivity probe. The retention experiments were performed on an Amicon
8010 stirred, dead-end filtration cell (Millipore) with a cell volume of 10 mL and an effective
filtration area of 4.1 cm”. The cell was stirred at 500 rpm, and the test was performed at 40
psi. The cell was stirred at 500 rpm to minimize concentration polarization effects. After
running pure water through the membrane for at least an hour, the cell was emptied, and a
solution of the probe salt in water was placed in the cell. After rejecting the first 1 mL, to

avoid pure water contamination, enough volume was collected for analysis by the
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conductivity probe and the salt rejection (%) was calculated (Table 3). The cell was rinsed
several times with water. Pure water was filtered through the membrane until the permeate

volume reaches 1 mL before switching to a new salt solution.

Table 3. Rejection of different salt solutions by the seven terpolymer membranes.

Rejection (%)

Terpolymer Na2SO4 Na2S04 MgCl2 MgCla NaCl
1 mM 10mM 1 mM 10 mM 1 mM

PTMS 76 £ 1 76 +2 3242 30+ 1 8+1
PTMS- 9%+ 1 93+2 18+1 6+1 54+5
PTMS+ 17+2 5+1 83+3 47+5 23+2
PTMM 12+ 1 T7+1 10£1 101 4+2
PTMT- T8 +2 58+4 10£1 T7+1 42 +4
PTMS2 83+2 84+2 86+2 87+1 11+2
PTMS3 78 +2 79+ 2 37+3 36+2 9+1

Example 19. Fouling resistance of polyampholyte terpolymer membranes

In this example, the membranes prepared as described in examples 2, 13, and 15 were used in
experiments to determine their fouling resistance properties. The retention experiments were
performed on an Amicon 8010 stirred, dead-end filtration cell (Millipore) with a cell volume

of 10 mL and an effective filtration area of 4.1 cm?. The cell was stirred at 500 rpm.

For the first test the feed solution consisted of a 1500 ppm oil-in-water emulsion (9:1 ratio of
soybean o0il:DC 193 surfactant obtained from Dow-Corning), prepared by blending the oil,

water, and surfactant using a blender in high rpm for ~3 min.

The second fouling test used a positively charged protein, lysozyme, the feed solution
consisted of a 1 g/L lysozyme solution in 1x phosphate-buffered saline (PBS) buffer. While
the third fouling test used a negatively charged protein, bovine serum albumin (BSA), the

feed solution consisted of a 1 g/LL BSA solution in 1x phosphate-buffered saline (PBS) buffer.

Example 20. Self-assembly of polyampholyte terpolymer membranes
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We document the self-assembled morphology of our r-PACs using transmission electron

microscopy (TEM) images, and differential scanning calorimetry (DSC) analyses.

TEM was performed using a Hitachi 7800 transmission electron microscope operated in bright-
field mode at 100 keV. To generate good contrast, ionic domains were preferentially stained
by immersion in 2% aqueous CuClz solution, resulting in the formation of sulfonate—copper
complexes. Figure 19 shows brightfield TEM images of PTMS and PTMS- copolymers. We
observed a bicontinuous network of percolated ionic nanochannels (dark regions) surrounded
by the hydrophobic phase (light regions) for both compositions. The fast Fourier transform
(FFT) of the TEM image lacked directional features (inset of Figure 19), indicating a disordered
network. The characteristic length scale given by the outer ring of the FFT was 3.1 nm and 4.5
nm for PTMS and PTMS- respectively, corresponding to a dry state average ionic domain size

of 1.55 nm and 2.25 nm for PTMS and PTMS- respectively.

To characterize copolymer phase separation we utilized DSC, where different glass transition
temperatures can be related to different phase separated structures. DSC was performed
utilizing a TA Q100 series calorimeter (TA Instruments) coupled with a N2 purge and cooling
systems. 3-5 mg of each polymer was sealed in aluminum pans, and fully dried under Nz in the
DSC chamber to avoid Tg shifts due to different water contents. After samples were fully dried
a modulated heating ramp of 5 °C/min was used. The Tg of all samples was obtained from the

midpoint of the baseline shift.

Example 21. Small neutral molecule rejections using polyampholyte terpolymer membranes

In this example, the membranes prepared as described in examples 2, 4, 6, 8, 10, 13, and 15
were used in experiments aimed at identifying their effective pore size, or size cut-off.
Membrane size-based selectivity was determined by filtering a series of small and neutral
organic solutes at a 4,000 ppm concentration. The retention experiments were performed on
an Amicon 8010 stirred, dead-end filtration cell (Millipore) with a cell volume of 10 mL and
an effective filtration area of 4.1 cm®. The cell was stirred at 500 rpm, and the test was
performed at 40 psi. The cell was stirred at 500 rpm to minimize concentration polarization
effects. After running pure water through the membrane for at least an hour, the cell was
emptied, and a 4,000 ppm solution of the probe small molecule in water was placed in the
cell. After rejecting the first 1 mL, to avoid pure water contamination, enough volume was
collected for analysis by UV-Visible spectrophotometry utilizing COD kits (K-7365,

CHEMetrics), in this manner solute rejection (%) was calculated (Table 4). The cell was
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rinsed several times with water. Pure water was filtered through the membrane until the

permeate was completely clear before switching to a new solute.

Table 4. Rejection of different neutral solutes by the five terpolymer membranes.

Rejection (%)
Terpolymer Sucrose Glucose Glycerol
PTMS 78 25 10
PTMS- 34 5 1
PTMS+ 36 7 1
PTMS2 87 59 17
PTMS3 76 23 9
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Equivalents

The foregoing written specification is considered to be sufficient to enable one skilled
in the art to practice the invention. The present invention is not to be limited in scope by
examples provided, since the examples are intended as a single illustration of one aspect of
the invention and other functionally equivalent embodiments are within the scope of the
invention. Various modifications of the invention in addition to those shown and described
herein will become apparent to those skilled in the art from the foregoing description and fall
within the scope of the appended claims. The advantages and objects of the invention are not

necessarily encompassed by each embodiment of the invention.
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CLAIMS

What is claimed is:

10.

A polymer, comprising:

(a) a plurality of hydrophobic repeat units;

(b) a plurality of a cationic repeat units; and

(c) a plurality of an anionic repeat units;

wherein the hydrophobic repeat units, cationic repeat units, and anionic repeat units

are in random or statistical order.
The polymer of claim 1, wherein the polymer is insoluble in water.

The polymer of claim 1 or 2, wherein the molar ratio of cationic repeat units to

anionic repeat units is about 1.1:1 to about 1:1.1.

The polymer of any one of claims 1-3, wherein the molar ratio of cationic repeat units

to anionic repeat units is about 1:1.

The polymer of any one of claims 1-4, wherein the net charge of the polymer is from -
10 to +10.

The polymer of claim 1 or 2, wherein the molar ratio of cationic repeat units to
anionic repeat units is greater than about 1:1, greater than about 1.5:1, or greater than

about 2:1.
The polymer of claim 6, wherein the net charge of the polymer is positive.

The polymer of claim 1 or 2, wherein the molar ratio of cationic repeat units to
anionic repeat units is less than about 1:1, less than about 0.67:1, or less than about

0.5:1.
The polymer of claim 8, wherein the net charge of the polymer is negative.

The polymer of any one of claims 1-9, wherein the molecular weight of the polymer is
greater than about 20,000 g/mol, greater than about 40,000 g/mol, greater than about
60,000 g/mol, greater than about 80,000 g/mol, greater than about 100,000 g/mol, or
greater than about 120,000 g/mol.
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The polymer of claim 10, wherein the molecular weight of the polymer is greater than

about 100,000 g/mol.

The polymer of any one of claims 1-11, wherein the plurality of hydrophilic repeat
units constitutes at least about 30 wt%, at least about 35 wt%, at least about 40 wt%,
at least about 45 wt%, at least about 50 wt%, at least about 60 wt%, at least about 65
wt%o, at least about 70 wt%, at least about 75 wt%, at least about 80 wt%o, at least
about 85 wt%, or at least about 90 wt% of the polymer.

The polymer of any one of claims 1-11, wherein the plurality of hydrophilic repeat
units constitutes about 30 wt% to about 99 wt%, about 30 wt% to about 90 wt%,
about 40 wt% to about 90 wt%, about 40 wt% to about 80 wt%, about 40 wt% to
about 75 wt%, about 40 wt% to about 70 wt%, about 45 wt% to about 75 wt%, about
45 wt% to about 70 wt%, about 50 wt% to about 80 wt%, about 50 wt% to about 75
wt%, or about 50 wt% to about 70 wt% of the polymer.

The polymer of claim 13, wherein the plurality of hydrophilic repeat units constitutes

about 40 wt% to about 90 wt% of the polymer.

The polymer of claim 13, wherein the plurality of hydrophilic repeat units constitutes
about 40 wt% to about 75 wt%, preferably about 50 wt% to about 70 wt% of the

polymer.

The polymer of any one of claims 1-13, wherein the plurality of cationic repeat units
and the plurality of anionic repeat units each constitutes at least about 0.5 wt%, at
least about 1 wt%o, at least about 2.5 wt%, at least about 5 wt%, at least about 10 wt%,
at least about 15 wt%, at least about 20 wt%, at least about 25 wt%, at least about 30
wt%, at least about 35 wt%, or at least about 40 wt% of the polymer.

The polymer of any one of claims 1-16, wherein the plurality of cationic repeat units
and the plurality of anionic repeat units each constitutes about 0.5 wt% to about 30
wt%, about 0.5 wt% to about 25 wt%, about 1 wt% to about 30 wt%, about 1 wt% to
about 25 wt%, about 2 wt% to about 30 wt%, about 2 wt% to about 25 wt%, about 2.5
wt% to about 30 wt%, about 2.5 wt% to about 25 wt%, about 5 wt% to about 30 wt%,
or about 5 wt% to about 25 wt% of the polymer.
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The polymer of any one of claims 1-17, wherein each hydrophobic repeat unit is
independently selected from the group consisting of 2,2-trifluoroethyl methacrylate
(TFEMA), fluorinated acrylates, methacrylates, pentafluoropropyl methacrylate,
heptafluorobutyl methacrylate, pentafluorophenyl methacrylate, styrene, methyl

methacrylate, and acrylonitrile.

The polymer of any one of claims 1-18, wherein each hydrophobic repeat unit is the
same, and is selected from the group consisting of 2,2-trifluoroethyl methacrylate
(TFEMA), fluorinated acrylates, methacrylates, pentafluoropropyl methacrylate,
heptafluorobutyl methacrylate, pentafluorophenyl methacrylate, styrene, methyl

methacrylate, and acrylonitrile.

The polymer of claim 19, wherein the hydrophobic repeat unit is 2,2-trifluoroethyl
methacrylate (TFEMA).

The polymer of any one of claims 1-20, wherein each anionic repeat unit is a
methacrylate, acrylate, methacrylamide, acrylamide, styrene, or vinyl derivative

comprising a carboxylic acid, sulfonate, phosphate, or other ionizable or charged

group.

The polymer of any one of claims 1-20, wherein each anionic repeat unit is
independently selected from the group consisting of methacrylic acid (MAA), 2-
sulfoethyl methacrylate (SEMA), L-tryptophan-methacrylamide (L-Try-MA), D-
tryptophan-methacrylamide, L or D-tryptophan-acrylamide, L or D-alanine-
methacrylamide, L or D-alanine-acrylamide, L or D-valine-methacrylamide, L or D-
valine-acrylamide, L or D-isoleucine-methacrylamide, L or D-isoleucine-acrylamide,
L or D-allo-isoleucine-methacrylamide, L or D-allo-isoleucine-acrylamide, L or D-
methionine-methacrylamide, L or D-methionine-acrylamide, L or D-phenylalanine-
methacrylamide, L or D-phenylalanine-acrylamide, L. or D-tyrosine-methacrylamide,
L or D-tyrosine-acrylamide, L or D-histadine-methacrylamide, L or D-histadine-
acrylamide, L or D-glutamic acid-methacrylamide, L or D-glutamic acid-
methacrylamide, L or D-aspartic acid-acrylamide, L or D-aspartic acid-
methacrylamide, acrylic acid, 2-carboxyethyl acrylate, mono-2-
(methacryloyloxy)ethyl succinate, mono-2-(methacryloyloxy)ethyl maleate, sodium

4-vinylbenzenesulfonate, 2-acrylamido-2-methylpropane sulfonic acid, 2-acrylamido-
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2-methyl-1-propanesulfonic acid sodium salt, 2-acrylamido-2-methyl-1-
propanesulfonic acid, 3-sulfopropyl acrylate potassium salt, 3-sulfopropyl
methacrylate potassium salt, 3-vinylbenzoic acid, 4-vinylbenzoic acid, 2-vinylbenzoic
acid, 4-(2-propenyl)benzoic acid, 2-methyl-2-propene-1-sulfonic acid sodium salt,
vinylsulfonic acid sodium salt, vinylphosphonic acid, and (4-

ethenylphenyl)methylphosphonic acid.

The polymer of any one of claims 1-20, wherein each anionic repeat unit is the same,
and is selected from the group consisting of methacrylic acid (MAA), 2-sulfoethyl
methacrylate (SEMA), L-tryptophan-methacrylamide (L-Try-MA), D-tryptophan-
methacrylamide, L or D-tryptophan-acrylamide, L. or D-alanine-methacrylamide, L or
D-alanine-acrylamide, L or D-valine-methacrylamide, L or D-valine-acrylamide, L or
D-isoleucine-methacrylamide, L or D-isoleucine-acrylamide, L or D-allo-isoleucine-
methacrylamide, L or D-allo-isoleucine-acrylamide, L. or D-methionine-
methacrylamide, L or D-methionine-acrylamide, L or D-phenylalanine-
methacrylamide, L or D-phenylalanine-acrylamide, L or D-tyrosine-methacrylamide,
L or D-tyrosine-acrylamide, L or D-histadine-methacrylamide, L or D-histadine-
acrylamide, L or D-glutamic acid-methacrylamide, L or D-glutamic acid-
methacrylamide, L or D-aspartic acid-acrylamide, L or D-aspartic acid-
methacrylamide, acrylic acid, 2-carboxyethyl acrylate, mono-2-
(methacryloyloxy)ethyl succinate, mono-2-(methacryloyloxy)ethyl maleate, sodium
4-vinylbenzenesulfonate, 2-acrylamido-2-methylpropane sulfonic acid, 2-acrylamido-
2-methyl-1-propanesulfonic acid sodium salt, 2-acrylamido-2-methyl-1-
propanesulfonic acid, 3-sulfopropyl acrylate potassium salt, 3-sulfopropyl
methacrylate potassium salt, 3-vinylbenzoic acid, 4-vinylbenzoic acid, 2-vinylbenzoic
acid, 4-(2-propenyl)benzoic acid, 2-methyl-2-propene-1-sulfonic acid sodium salt,
vinylsulfonic acid sodium salt, vinylphosphonic acid, and (4-

ethenylphenyl)methylphosphonic acid.

The polymer of claim 23, wherein the anionic repeat unit is selected from the group
consisting of methacrylic acid (MAA), 2-sulfoethyl methacrylate (SEMA), and L-
tryptophan-methacrylamide (L-Try-MA).

The polymer of claim 23, wherein the anionic repeat unit is methacrylic acid (MAA).
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The polymer of claim 23, wherein the anionic repeat unit is 2-sulfoethyl methacrylate

(SEMA).

The polymer of any one of claims 1-26, wherein each cationic repeat unit is a
methacrylate, acrylate, methacrylamide, acrylamide, styrene, or vinyl derivative
comprising an amine, ammonium, pyridinium, imidazolium, phosphonium,

pyrrolidinium, or other ionizable or charged group.

The polymer of any one of claims 1-26, wherein each cationic repeat unit is
independently selected from the group consisting of [2-

(methacryloyloxy )ethyl]trimethylammonium chloride (MAETA), [3-
(methacryloylamino)propyl Jtrimethylammonium chloride, [2-
(acryloyloxy)ethyl]trimethylammonium chloride, (3-
acrylamidopropyl)trimethylammonium chloride, 4-
vinylbenzyl(triphenyl)phosphonium chloride, (vinylbenzyl)trimethylammonium
chloridemethacrylate, 3-vinylaniline, 4-vinylaniline, 2-isopropenylaniline, N-(3-
aminopropyl)methacrylamide hydrochloride, N-vinylimidazolium salts, 1-allyl-3-
vinylimidazolium salts, 1-allyl-2methyl-5-vinyl-pyridinium salt, 1-allyl-5-vinyl-
pyridinium salt, and 1-methyl-1-(1-vinylcyclohexyl)pyrrolidinium iodide.

The polymer of any one of claims 1-26, wherein each cationic repeat unit is the same,

and is selected from the group consisting of [2-
(methacryloyloxy )ethyl Jtrimethylammonium chloride (MAETA), [3-
(methacryloylamino)propylJtrimethylammonium chloride, [2-
(acryloyloxy)ethyl]trimethylammonium chloride, (3-
acrylamidopropyl)trimethylammonium chloride, 4-
vinylbenzyl(triphenyl)phosphonium chloride, (vinylbenzyl)trimethylammonium
chloridemethacrylate, 3-vinylaniline, 4-vinylaniline, 2-isopropenylaniline, N-(3-
aminopropyl)methacrylamide hydrochloride, N-vinylimidazolium salts, 1-allyl-3-
vinylimidazolium salts, 1-allyl-2methyl-5-vinyl-pyridinium salt, 1-allyl-5-vinyl-
pyridinium salt, and 1-methyl-1-(1-vinylcyclohexyl)pyrrolidinium iodide.

The polymer of claim 29, wherein the cationic repeat unit is 2-

(methacryloyloxy )ethyl Jtrimethylammonium chloride (MAETA).
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The polymer of any one of claims 1-30, wherein the cationic repeat unit comprises a

quaternary ammonium group.

The polymer of claim 1, wherein the polymer consists essentially of or consists of:
(a) a plurality of hydrophobic repeat units;
(b) a plurality of a cationic repeat units; and
(c) a plurality of an anionic repeat units;
wherein the hydrophobic repeat units, cationic repeat units, and anionic repeat units are

in random or statistical order.

A thin film composite membrane, comprising a porous substrate, and a selective layer
comprising a polymer of any one of claims 1-32, wherein an average effective pore
size of the porous substrate is larger than an average effective pore size of the

selective layer; and the selective layer is disposed on a surface of the porous substrate.

The thin film composite membrane of claim 33, wherein the selective layer has a

thickness of about 10 nm to about 10 pm.

The thin film composite membrane of claim 34, wherein the selective layer has the

thickness of about 10 nm to about 3 um.

The thin film composite membrane of claim 35, wherein the selective layer has the

thickness of about 10 nm to about 1 um.

The thin film composite membrane of any one of claims 33-36, wherein the selective

layer has the average effective pore size of about 0.1 nm to about 2.0 nm.

The thin film composite membrane of any one of claims 33-36, wherein the selective

layer has the average effective pore size of about 0.1 nm to about 1.2 nm.

The thin film composite membrane of any one of claims 33-36, wherein the selective

layer has the average effective pore size of about 0.7 nm to about 1.2 nm.

The thin film composite membrane of any one of claims 33-39, wherein the net

charge of the polymer is positive, and the thin film composite membrane rejects
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positively charged solutes and salts.

The thin film composite membrane of any one of claims 33-39, wherein the net
charge of the polymer is negative, and the thin film composite membrane rejects

negatively charged solutes and salts.

The thin film composite membrane of any one of claims 33-39, wherein the net
charge of the polymer is from -10 to +10; and the selective layer exhibits size-based

selectivity between uncharged organic molecules.

The thin film composite membrane of claim 42, wherein the selective layer exhibits
rejection of greater than or equal to about 95% or greater than or equal to about 99%

for neutral molecule with hydrated diameter of about or greater than 1.5 nm.

The thin film composite membrane of any one of claims 33-43, wherein the selective

layer exhibits antifouling properties.

The thin film composite membrane of any one of claims 33-43, wherein the selective

layer exhibits resistance to fouling by an oil emulsion.

The thin film composite membrane of any one of claims 33-43, wherein the selective
layer exhibits resistance to fouling by adsorption of bioorganic macromolecules (e.g.,

proteins, alginate, organic matter).

A material with an anti-fouling coating, comprising a solid substrate, and a layer
comprising a polymer of any one of claims 1-32, wherein the layer is disposed on a

surface of the solid substrate.

The anti-fouling coating of claim 47, wherein the layer has a thickness of about 10 nm

to about 10 pum.

The anti-fouling coating of claim 47, wherein the layer has the thickness of about 10

nm to about 3 pm.

The anti-fouling coating of claim 47, wherein the layer has the thickness of about 10
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nm to about 1 pm.

51. A method of purifying a peptide or protein, comprising:
contacting at a first flow rate the thin film composite membrane of any one of claims
33-46 with a mixture comprising one or more peptides or proteins, whereby a portion of the

mixture is retained by the thin film composite membrane.

52. A method of removing an organic solute from water, comprising:
contacting at a first flow rate the thin film composite membrane of any one of claims
33-46 with an aqueous solution comprising an organic solute, whereby the organic solute is

retained by the thin film composite membrane.

53. A method of decontaminating water, comprising:
contacting at a first flow rate the thin film composite membrane of any one of claims
33-46 with an mixture comprising water and one or more contaminants, whereby one or more

contaminants are retained by the thin film composite membrane.

54. A method of size-selective separation, comprising:
contacting at a first flow rate the thin film composite membrane of any one of claims
33-46 with a mixture comprising one or more particles of differing sizes, whereby one or

more particles of a particular size are retained by the thin film composite membrane.

-4 -



