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UNIVERSAL SCALABLE AND COST-EFFECTIVE SURFACE MODIFICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

G001} This Application claims the bhenefit of U.S. Provisional Application No.
61/767,736, filed on February 21, 2013, which is incorporated herein by reference in ifs

2

entirety.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

166021 This nvention was roade with Government support under Grang No. 0903720,
warded by the National Science Foundation (NSF). The Government has certain rights in the

invention.
BACKGROUND

LHHIRY With rapid population growth and the emergence of clean energy techuologies,
worldwide freshwater availability is declining at alarming rates (Service, R, F. (2006) Science
313, 1088-1090). Already, 1.2 billion people do not have access to safe drinking water, with
millions {mostly voung children) dying anmually from disease transmitted from contaminated
water (Shannon, M., et al. (2008) Nature 452, 301-310; Elimelelch and Phillip (2011) Science
333, 712-717). Even developed countries such as the United States will be considered
“water-stressed” before the end of the century (Service, R. F. (2006) Science 313, 1088-
1090). Diminishing groundwater resources are being contaminated with increasing amounts
of heavy metals, micropollutants, and reproductive toxins, Chemicals added to disinfect
water supplies negatively impact the environment and often undergo side reactions that
generate high levels of carcinogens in drinking water (Shannon, M., et al. (2008) Nanwre 452,
301-310). New technologies must be developed to freat water effoctively from traditional

and non-traditional sources to adequately supply global needs.

16604} Reverse osmosis {RO) has emerged as a leading technology in water treatment for
tts ability to efficiently convert seawater and braclkish water into high purity water for potable
and high tech applications. The polymeric thin-film rocmbranes used for RO exhibit high
flux, high selectivity, low cost, and relatively low-energy expenditure compared o alternative
desalination technologies (Elimeleich and Phillip (2011) Science 333, 712-717; Lee, K., et al.
(201 1) J. Membr. Sci. 378, 1-22). Acting as a physical barrier, RO membranes allow water
molecules to permeate through a dense, microporous film and reject small dissolved solutes.

Among numerous polymeric materials used to fabricate RO membranes, aromatic polyamide
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membranes are the most widely used because of their superior transport and separation
properties. Thin-film composite merbranes are produced on an industrial scale using roll-to-

roll processing and are packaged into spiral wound elements to achieve optimoal performance.

[BG05] Although polyamide membranes have approached theoretical limits on
performance, they are highly susceptible to biological surface fouling that significantly
reduces intrinsic operational and economic advantages (Shannon, M., et al. (2008) Nature
452, 301-210; Elimelelch and Phillip (201 1) Science 333, 712-717; Herzberg and Elimelech
(2007) J. Membr. Sci. 295, 11-20). Microorganisms in the fecd water adsorb onto the surface
via hydrophobic interactions and block the flow of water through the membrane. Harsh
chemical disinfectants used to prevent the growth of biotilms on the surface, such as chlorine
and base treatments, prevent and remove biofilms from the surface but also attack the
chemical bonds within the polyamide iayer degrading the high selectivity of the membranes
(Glater, 1., et al. (1994} Desalination 95, 325-345; Kawaguchi and Tamura (1984} J Appl.
Polymer Sci. 29, 3359-3367). Thus, biogrowth inhibition and cleaning agents that are
commonly used in water treatment cannot be used with RO membranes, increasing the
pretreatment, operating and maintenance costs of desalination plants (Isatas, N. P. (2001)
Desalination 139, 57-64; Redondo, 1. AL (2001) Desalination 139, 28-31; Kang, G.-D., et al.
(2007) J. Membr. Sci. 388, 165-171).

[6006] Recently, rescarchers have attempted to reduce or prevent RO membrane
biotouling by developing anti-fouling membrane surface treatments (Rana and Matsuura
2010y Chemical Rev. 118, 2448-2471; Kang and Cao (2012) Water Research 46, 584-600).
By covalently modifying the surface with hydrophilic “brush” polymers (Beifer, S., et al
(1998) J Membr. Sci. 13%, 175-191; Van Wagner, E. M., et al. (2011) J Membr. Sci. 367,
273-287; Kang, G., et al. (2011) Desafination 275, 252-2589; Zoy, L., et al. (201 1) J Membr.
Sci. 369, 420-428; Lin, N. H., et al. (2010) J. Marerials Chem. 28, 4642; Yang, R., ot al
(2011 Chem. Materials 23, 1263-1272), hydrophobic interactions between the foulant and
the membrane surface are obstructed (FIG. 1). In addition, initial attachment of biclogical
cells and dissolved organics, a key step in biofilm formation, is impeded. Moreover, a
hydrophilic surface forms a layer of hydration that prevents foulants from adsorbing onto the
surface of the membrane film, thus allowing water to pass freely through the membrane.

16667} Unfortunately, the designed chemical stability of polyamide membranes makes
surface manipulations a difficult task,  Previcus studies have utilized reactive epoxide

terminal groups (Van Wagner, E. M., et al. (2011) J Membr. Sci. 367, 273-287),
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carbodiimide activation (Kang, G., et al. (2011) Desalination 278, 252-259), or radical
mitiated graft polymerizations that chemically attach the hydrophilic polymers to the
polyamide surface (Kang and Cao (2012 Warer Research 46, 584-600; Kang, G., ot al
(201 1) Desalination 278, 252-259; Zou, L., et al. (2011) J. Membr. Sci. 369, 420-42%; Lin, N.
H., et al. (2010) J. Muaterials Chem. 29, 4642; Yang, R, et al. (2011 Chem. Materials 23,
1263-1272).  However, these modifications require long reaction times, exotic reaction
conditions, and are performed in situ, preventing them from being easily translated into

commercial roll-to-roll manufactoring processes for thin-film composite membranes.

[ B0G08] Thus, there remains a need for scalable methods to produce anti-fouling RO

membranes. Such membranes and methods related thereto are described herein.
SUMMARY

L In accordance with the purpose(s) of the invention, as embodied and broadly
described herein, the invention, in one aspect, relates to chlorine-tolerant polyamide

membranes and their uses.

16616} Disclosed are fouling resistant filtration roembranes comprising a polyroeric thin-
film membrane comprising a surface, wherein the surface s modified with at least one
residae of a compound having a structure represented by a formmila:

R1a
RZa A\

wherein A is selected from —C(=0)~ and ~{(50;)—; wherein L is selected from —0Q, —0,
~NRHQ and —NR'Q; wherein Q is selected from hydrogen, a hydrophilic polyrmer, and a

structure represented by a formoula

R4a R4b

wherein 7 18 selected from —CRPR®—, (=0 Y, = C(=NHy, and ~C(=NH)NR
wherein m is an integer selected from 0, 1, 2, 3, 4, 5, 6, 7, and 8; wherein each of R™ and R
is independently selected hydrogen and halogen; wherein each of R™ and R”™ is halogen:

P . ~ ; . /
wherein RY, when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R®
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and R‘”", when present, is independently selected from hydrogen, halogen, —CN, —QOH,
~NR¥R™ —NR¥R¥™ H', C1-C4 alkyl, C1-C4 monchaloalkyl, C1-C4 polyhaloalkyl, —S0x,
—80:R°, —COy, and —COHR’; wherein each of R™, RSb, and R™ is independently selected
from hydrogen, halogen, —CN, —OH, —NR'®R'® —NR™R'™ H', C1-C4 alkyl, C1-C4
monohaloalkyl, C1-C4 polyhaloallyl, —SOy, —SO:RY, —CO;, and —CO,R'; wherein each
of R* and R®™ when present, is independently selected hydrogen, halogen, —CN, —OH,
—NR'PR NRPRM HY, C1-C4 alkyl, C1-C4 monchaloalkyl, C1-C4 polyhaloalkyl,
—80:, —S0sRP, —CO,, and —CO,RY; wherein R, when present, is selected from hydrogen
and C1-C4 alkyl: wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;
wherein B®, when present, 1s selected from hydrogen and C1-C4 alkyl; wherein RY when
present, is selected from hydrogen and C1-C4 alkyl; wherein R, when present, is selected
from hydrogen and C1-C4 alkyl; wherein R™, when present, is selected from hydrogen and

C1-C4 alkyl; and wherein R, when present, is selected from hydrogen and C1-C4 alkyl.

[8811]  Also disclosed are methods of modifying a thin-film membrane comprising a
surface, the method comprising the step of bonding the surface with at least one residue of a

compound having a structure represented by a formula:

R1a
N3 R'lb
wherein A is selected from ~C(=0)~ and ~—{50, )~ wherein L is selected from -0, —0,

~N'R'HQ and —NR’(Q; wherein Q is selected from hydrogen, a hydrophilic pelymer, and a

structure represented by a formula:

5¢
R R5b
“(Z%R&
R4a R4b

wherein Z is selected from —CR®R®m —C(=0)~, —C(=NH)~, and —C{=NH)NR—
wherein m is an integer selected from 8, 1, 2, 3, 4, 5, 6, 7, and 8; wherein each of R and R
is independently selected hydrogen and halogen: wherein each of R™ and R™ is halogen;
wherein R', when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R™
and R™, when present, is independently selected from hydrogen, halogen, —CN, —OH,

~NR¥RY™, ~NR¥R¥™ H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhaloalkyl, ~8O5’,



WO 2014/130844 PCT/US2014/017758

—80:R’, —CO,, and —CO,R”; wherein each of R™, R, and R™ is independently selected
from hydrogen, halogen, —CN, —OH, —NR'™R'® —NR!R"™ H' 1-C4 alkyl, C1-C4
monohaloatkyl, C1-C4 polyhaloalkyl, —505, --SO;R“, (3, and mCOzR.“; wherein each
of R® and R®, when present, is independently selected hydrogen, halogen, —CN, —OH,
~NRPR —WRPRPP HY C1-C4 alkyl, C1-C4 monohaloaltkyl, CI-C4 polyhaloalkyl,
S5, —50;:RY , (3, and —~COQR”; wherein R7, when present, is selected from hydrogen
and C1-C4 alkyl; wherein R, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R’, when present, is selected from hydrogen and C1-C4 alkyl; wherein R' when
present, is selected from hydrogen and C1-C4 alkyl; wherein R'', when present, is selected
from hydrogen and C1-C4 alkyl, wherein RY, when present, is selected from hydrogen and

C1-C4 alkyl; and wherein R", when present, is sefected from hydrogen and C1-C4 alkyl.

6612} Also disclosed are methods of modifying a thin-film membrane comprising a
surface, the method comprising the step of bonding the surface with at least one residue of a
compound corprising a singlet ntirene, thereby improving at least one property selected from

resistance to fouling, surface charge, hydrophilicity, and roughness.
18613 Also disclosed are compounds having a structure represented by a formula:

R1a
2a
R A‘L

N3 R1 b
RZb

a2

wherein m is an integer selected from 0, 1, 2, 3, 4, 5, 6, 7, and 8; wherein A is selected from
~ (=0 and (SO}~ and L 15 —0Q, or wherein A 15 —{80;— and L &5 selected from
-0 and —NR'Q: wherein @ is selected from hydrogen, a hydrophilic polymer, and a

structure represented by a formula:

5¢
R R5b
YZ%R“
R4a R4b

wherein Z is selected from —CRORm (=0, —C(=NH)}~, and —C{=NH)NR
wherein each of R™ and R' is independently selected hydrogen and halogen; wherein each of
R™ and R® s halogen; wherein RY, when present, is selected from hydrogen and C1-C4
alkyl; wherein each of R* and R™, when present, is independently selected from hydrogen,

halogen, —CN, —OH, —WNR¥R™, —NR¥R™ H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4

L1
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polyhaloallyl, ~S05, —SO;R°, —CO;, and —CO,R”; wherein each of R™, R’ and R is
independently selected from hydrogen, halogen, —CN, —OH, —NR'"R'" —NR'™R!® ",
C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhaloalkyl, —SOy, —SO:RY, —CO,, and
—C0O,R"; wherein each of R™ and R™, when present, is independently selected hydrogen,
halogen, —CN, —OH, —NR!ZPRY?" —NR'ZPRIP H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-
C4 polvhaloalkyl, —50y, —SOsRY, —C0,, and -—-COQRU; wherein R7, when present, 18
sefected from hydrogen and C1-C4 alkyl; wherein R®, when present, is selected from
hydrogen and C1-C4 alkyl; wherein R®, when present, is selected from hydrogen and C1-C4
alkyl; wherein R, when present, is selected from hydrogen and C1-C4 alkyl; wherein R'!
when present, is selected from hydrogen and C1-C4 alkyl wherein R, when prosent, is
selected from hydrogen and C1-C4 alkyl; and wherein R", when present, is selected from

hydrogen and Ci-C4 alkyl.

16614} Also disclosed are methods of purifying water, the method comprising: a)
providing a disclosed membrane, or a membrane modified according to a disclosed process,
the membrane having a first face and a second face; b) contacting the first face of the
membrane with a first sohution of a first volume having a first salt concentration at a first
pressure; and ©) contacting the second face of the membrane with a second solution of a
second volume having a second salt concentration at a second pressure; wherein the first
solution is in fhid communication with the second solution through the membrane, wherein
the first salt concentration is higher than the second salt concentration, thereby creating an
osmotic pressure across the mernbrane, and wherein the first pressure 15 sufficiently higher
than the second pressure to overcome the osmotic pressure, thereby increasing the second

volome and decreasing the first.

BRIEF DESCRIPTION OF THE FIGURES
[BG1S) The accompanying figures, which are incorporated in and constitote a part of this
specification, illustrate several aspects and together with the description serve to explain the

principles of the invention.
{8616} FIG. 1 shows representative data pertaining to the addition of hydrophilic brush
polymers to prevent irreversible fouling.

16617} FIG. 2 shows representative spectral data confirming the synthesis of methyl 4-

azido-2,3,5, 6-tetratluorobenzoate (Scheme 11 3.2).
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{80318} FIG. 3 shows representative spectral data confirming the synthesis of 4-azido-
2,3,5 6-tetrafluorobenzoic acid (Scheme 11, 3.3

3019} FIG. 4 shows representative spectral data confirming the synthesis of 2,5-
dioxopyrrolidin-1-yl 4-azido-2,3,5,6-tetrafluorobenzoate (Scheme H1, 3.4).

18026} FiG, 5 shows representative spectral data confirming the synthesis of PFPA-
PEG,,.

166231 FIG. 6 shows representative 'H and F (inset) NMR spectral data of PFPA-
PEGS()()Q.

16022} FIG. 7 shows representative 'H and "F (inset) NMR spectral data of PFPA-
P E(:i'{()()().

w
)
3]

8323} FIG. 8 shows representative 'H and
PEGsso.

{insety NMR spectral data of PFPA-

86024} FIG, @ shows representative 'H and UF (inset) NMR spectral data of PEPA-
CDEA.

(6025} FIG, 18 shows representative data pertaining to the modification of commercial
membrane coupons via dip-coating and treatment with UV hght,

16026} FIG. 11 shows representative data coufirming that the RO membrane 18 euther
unmodified (top) or covalently bound to a PFPA-PEGssg, PFPA-PEGjo0, or PFPA-PEGsu
moiety.

[B6027) FIG. 12 shows representative data pertaining to the contact angles of RO
membranes covalently bound to PFPA moieties.

186028} FiG, 13 shows representative data demonstrating the contact apgles of an
pamodified membrane before (left) and after (right) treatment with a UV light.

16629 FIG. 14 shows representative data demonstrating the effect of UV exposure on a
bare merabrane (top) and PFPA-PEGspo0 coated membrane.

16030} FIG. 15 shows representative data pertaining to the contact angles of an
unmodified membrane (15A) and membrancs modified with basic (158 and §18C) and acidic
{15D) functional groups.

6031} FIG. 16 shows representative data demonstrating the change in contact angle as a

function of UV exposure time for a PFPA-PEGsono coated membrane.
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18032} FIG. 17 shows representative data pertaining to the covalent attachment of PFPA
to the surface of the membrane. Specifically, the XPS survey spectra and N s spectra of the

vomadified (174A) and modified (17B) RO membrane surface is shown.

18633} FiG, 18 shows representative data pertaining to the pure water permeability and

salt rejection of PFPA-PEG, modified RO membranes,

(8634 FIG, 19A and 19B show representative data demonstrating the performance of

commercial and PFPA-PEG, modified RO membranes.

16635] FIG. 28 shows representative data pertaining to the adhesion of E. coli on PFPA-

PEG, modificd membranes.

3836} FIG. 21 shows representative data quantifying the adhesion of £, coli on PFPA-

PEG, modified membranes.

68371 FIG, 22 shows representative data pertaining to the cffect of PFPA modification

on zeta potential.

{6038} Additional advantages of the invention will be set forth in part in the description
which follows, and in part will be obvious from the description, or may be learned by practice
of the tnvention. The advantages of the jovention will be realized and attained by rocans of
the clements and combinations particularly pointed out in the appended claims. tis tobe
understood that both the foregoing general description and the following detailed description

are exemplary and explanatory only and are not restrictive of the invention, as claimed.

DETAILED DESCRIPTION

{6839} The present imvention can be understood more readily by reference to the

following detailed description of the invention and the Examples included therein,

166483 Before the present compounds, compositions, articles, devices, and/or methods are
disclosed and described, it is to be understood that they are not Himited to specific synthetic
methods unless otherwise specified, or to particular reagents unless otherwise specified, as
such may, of course, vary. [t is also to be understood that the terminology used herein is for
the purpose of describing particalar aspects only and is not intended to be limiting. Although
any methods and materials similar or equivalent 1o those described herein can be used in the
practice or testing of the present invention, example methods and materials are now

described.
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6641} Although any methods and materials similar or equivalent to those described
herein can be used in the practice or testing of the present invention, example methods and

materials are now described.

[6042] All publications mentioned herein are incorporated herein by reference to disclose
and describe the methods and/or materials in connection with which the publications are
cited. The publications discussed herein are provided solely for their disclosure prior to the
filing date of the present application. Nothing herein is o be construed as an admission that
the present invention is not entitled to antedate such publication by virtue of prior invention,
Further, the dates of publication provided herein may be different from the actual publication

dates, which cau require independent confirmation.
A, DEFINITIONS

80343} As used herein, nomenclature for compounds, including organic compounds, can
be given using coromon pames, HJPAC, TUBMEB, or CAS recommendations for
nomenclature. When one or more stereochemical features are present, Cahn-ingold-Prelog
rules for stereochemistry can be employed to designate stereochemical priority, E/Z
specification, and the like. One of skall v the art can readily ascertain the structure of a
compound if given & name, ecither by systemic reduction of the compound structure using
naming conventions, or by commercially available software, such as CHEMDRAW™
{Cambridgesoft Corporation, U.S.AL)

39 ¢k 5%

[B044] As used in the specification and the appended claims, the singular forns “a,” “an
and “the” inchude plural referents unless the context clearly dictates otherwise. Thus, for

33

a component,

R IEAY

example, reference to a polymer,” or “a particle” includes mixtures of two

or more such components, polymers, or particles, and the like.

(68451 Ranges can be expressed herein as from “about” ong particalar value, and/or to
“about” another particular value. When such a range is expressed, another aspect inchudes
from the one particular value and/or to the other particular value. Similarly, when values are
expressed as approximations, by use of the antecedent “about,” it will be understood that the
particular value forms another aspect. 1t will be further understood that the endpoints of cach
of the ranges are significant both in relation to the other endpoint, and independently of the
other endpoint. It is also understood that there are a number of values disclosed herein, and

that cach vahue is also herein disclosed as “about” that particular value in addition to the
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value iiself. For example, if the value “10” is disclosed, then “about 147 is also disclosed. |t
is also understood that when a valoe is disclosed that “less than or equal 107 the value,
“oreater than or equal 1o the value™ and possible ranges between values are also disclosed, as
appropriately understood by the skilled artisan. For example, if the value 107 is disclosed
the “less than or equal to 107 as well as “greater than or equal to 1{” is aiso disclosed. Itis
also understood that throughout the application, data is provided in a number of different
formats and that this data represents endpoints and starting points, and ranges for any
combination of the data points. For example, it a particular data point “1{” and a particular
data point 15 are disclosed, it is anderstood that greater than, greater than or equal to, less
than, less than or equal 10, and equal to 10 and 15 are considered disclosed as well as between
10 and 15, It 1s also understood that cach unit between two particular units are also disclosed.

For example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also disclosed.

6046} References in the specification and concluding claims to parts by weight of a
particular clement or component in a composition denotes the weight relationship between
the element or component and any other elements or components in the composition or articke
for which a part by weight is expressed. Thus, in a compound containing 2 parts by weight of
component X and 5 parts by weight component Y, X and Y are present at a weight ratio of
2:5, and are present in such ratio regardless of whether additional conmponents are contained

in the compound.

(8647} A weight percent (wt. %) of a component, unless specifically stated to the
contrary, is based on the total weight of the formulation or composition i which the

compoenent is inchuded.

16048} As used herein, the terms “optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur, and that the description includes

instances where said event or circurnstance occurs and instances where it does not.

8049} As used herein, the terms “offective amount” and “amount effective” refer to an
amount that s sufficient to achicve the desired result or to have an effect on an undesired

condition.

(66583 The term “stable”, as used herein, refers to compositions that are not substantially
altered when subjected to conditions to allow for their production, detection, and, in certain

aspects, their recovery, purification, and use for one or more of the purposes disclosed herein.

10
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8051 As used herein, the term “polymer” refers to a relatively high molecular weight
organic compound, natural or synthetic, whose structure can be represented by a repeated
small unit, the monomer (e.g., polyethylene, rubber, cellulose).  Synthetic polymers are

typically formed by addition or condensation polymerization of monomers.

[8052] As used herein, the term “homopolymer” refers (o a polymer formed from a single

type of repeating unit (monomer residue).

[6053] As used herein, the terra “copolymer” refers 1o a polymer formed from two or
more different repeating units (monomer residues). By way of example and without
limitation, a copolymer can be an alternating copolymer, a random copolymer, a block
copolymer, or a graft copolymer. It is also contemplated that, in certain aspects, various

block segments of a block copolymer can theruselves comprise copolymers.

18054} As used herein, the term “oligomer” refers to a relatively low molecular weight
polvmer in which the number of repeating units is between two and ten, for example, from
two 1o eight, from two to six, or form two to four. In one aspect, a collection of oligomers
can have an average number of repeating units of from about two to about ten, for example,

from about two to about eight, from about two to about six, or form about two to gbout four.

16655] As used herein, the term “cross-linked polymer” refers to a polymer having bonds

tinking one polymer chain to another.

[B056] The term “alky!” as used herein is a branched or unbranched saturated
hydrocarbon group of 1 to 24 carbon atoms, such as methyl, cthyl, n-propyl, isopropyl, #-
butyl, isobutyl, s-butyl, r-butyl, n-pentyl, isopentyl, s-pentyl, neopentyl, hexyl, heptyl, octyl,
nonyl, decyl, dedecyl, tetradecyt, hexadecyl, eicosyl, tetracosyl, and the like. The alky! group
can be cyclic or acyclic. The alkyl group can be branched or unbranched. The alky! group can
also be substituted or unsubstituted. For example, the alky! group can be substituted with one
or more groups incloding, but not limited to, alkyl, cyclealkyl, alkoxy, amino, ether, halide,
hydroxy, nitro, silyl, sulfo-oxo, or thiol, as described herein. A “lower alkyl” group is an
alkyl group containing from one to six {e.g., from one to four) carbon atoms. Non-Hmiting
examples of alkyls include C1-18 alkyl, C1-C12 alkyl, Ci-C8 aliyl, C1-Cé alkyl, C1-C3
alkyl, and C1 alkyl

166571 Throughout the specification “alkyl” is generally used 1o refor to both
unsubstitiited alkyl groups and substituted allyl groups; however, substituted alky! groups are

also specifically referred to herein by identifying the specific substituent(s) on the alkyl

i
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group. For example, the term “halogenated alkyl” or “haloalkyl” specifically refers to an
alkyl group that is substituted with one or more halide, e.g., fluorine, chlorine, bromine, or
todine. The torm “alkoxyalky!” specifically refers to an alkyl group that is substituted with
one or more alkoxy groups, as described below. The term “alkylaminoe” specifically refers to
an alkyl group that is substituted with one or more amine groups, as described below, and the
like. When “alkyl” is used in one instance and a specific term such as “alkylalcohol” is used
in another, it is not meant to imply that the term “alkyl” does not also refer to specific terms

such as “alkylalcohol” and the like.

[ B0358] The term “alkenyl” as used herein is a hydrocarbon group of 2 to 24 carbon atoms
with a structural formuda containing at least one carbon-carbon double bond. The alkenyl
group can be unsubstituted or substituted with one or more groups including, but not limited
to, alkyl, cycloalkyl, alkoxy, alkenyl, cycloalienyl, alkynyvl, cycloalkyayl, arvl, hetercaryi,
aldehyde, amino, carboxylic acid, ester, ether, halide, hydroxy, ketone, azide, nitro, silyl,
suifo-oxo, or thiol, as described herein. Nou-luntting examples of alkenyls include C2-18

alkenyl, C2-12 alkenyl, C2-¥ alkenyl, C2-6 alkenyi, and C2-3 alkenyl

B80359] The term “alkynyi” as used herein is a hydrocarbon group of 2 to 24 carbon atoms
with a structaral formula contaiming at least one carbou-carbon triple bond. The alkynyl
group can be unsubstituted or substituted with one or more groups including, but not limited
to, alkvl, cycloalkyl, alkoxy, alkenyl, cycloalkenyl, alkvnyl, cycloaltkynyl, arvl, heteroaryl,
aldehyde, amino, carboxylic acid, ester, ether, halide, hydroxy, ketone, azide, nitro, sifyl,
sulfo-oxo, or thiol, as described herein. Non-limiting examples of alkynyls include C2-18

atkynyl, C2-12 alkynyl, C2-8 alkynyl, C2-6 alkyayl, and C2-3 alkynyl

166606} The terms “amine” or “amino” as used herein are represented by the formula —
NA'A? where A' and A® can be, independently, hydrogen or alkyl, cycloalkyl, alfkenyl,
cycloalkenyl, alkynyl, cycloalkynyl, aryl, or hetercaryl group as described herein.

{0861} The term “ester” as used herein is represented by the formula —QCOYA! or —
C{OYOA!, where A" can be alkyl, cycloalkyl, alkenyl, cycloalkenyl, alloynyl, cycloalkynyl,
arvi, or heteroaryl group as described hercin. The term “polyester” as used herein is
represented by the formula —(A'O(0)C-A%-C(0)0— or —(A'O(0)C-A%-OC(0))—,

where A" and A” can be, independently, an alkyl, cycloalkyl, alkenyl, cycloalkenyl, alkynyl,

“Polyester” is used to describe a group that is produced by the reaction between a compound
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having at least two carboxylic acid groups with a compound having at least two hydroxyl

groups.

[8062]  The term “cther” as used herein is represented by the formula A'OA%, where A'
and A’ can be, independently, an alkyl, cycloalkyl, alkenyl, cycloalkenyl, alkynyl,
cycloalkynyl, aryl, or heteroaryl group described herein. The term “polyether” as used herein
is represented by the formula —(A'G-A’0),—, where A' and A” can be, independently, an
alkvl, cycloalkyl, alkenyl, cycloatkenyl, alkynyl, cycloalkynyl, arvl, or heteroaryl group
described herein and “a” is an integer of from 1 to 500. Examples of polyether groups inchude

polyethylene oxide, polypropyiene oxide, and polybutylene oxide.
(6863} The term “azide” as used herein is represented by the formula —Ns.
8064} The term “thiol” as used herein is represented by the formula —SH,

38365} Compounds described herein can contain one or more double bonds and, thus,
potentially give rise to cis/trans (E/Z) isomers, as well as other conformational isomers.
Unless stated to the contrary, the invention includes all such possible isomers, as well as

muxtures of such 1somers.

8006} Certain materials, compounds, compositions, and components disclosed herein
can be obtained commercially or readily synthesized using techniques generally known to
those of skiil in the art. For example, the starting materials and reagents used in preparing the
disclosed coropounds and compositions are either available from commercial suppliers such
as Aldrich Chemical Co., (Milwaukee, Wis.), Acros Organics (Morris Plains, N.J.), Fisher
Scientific (Pittsburgh, Pa.), or Sigma (St. Louis, Mg.) or are prepared by methods known to
those skilled in the art following procedures set forth in references such as Fieser and Fieser’s
Reagents for Orgamic Syothesis, Volumes 1-17 (John Wiley and Sons, 1991); Rodd’s
Chemistry of Carbon Compounds, Volumes 1-5 and Supplemental volumes (Elsevier Science
Publishers, 1989); Organic Reactions, Vohimes 1-40 (John Wiley and Sons, 1991); March’s
Advanced Organic Chemistry, (John Wiley and Sons, 4th Edition); and Larock’s

Comprehensive Organic Transformations (VCH Publishers Inc., 1989).

8667} Unless otherwise expressly stated, it is in no way intended that any method set
forth herein be construed as reguiring that its steps be performed in a specific order.
Accordingly, where a2 method claim does not actually recite an order 1o be followed by its
steps or it is not otherwise specifically stated in the claims or descriptions that the steps are to

be limited {o a specific order, it is no way intended that an order be inferred, in any respect.

13
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This holds for any possible non-express basis for interpretation, including: matters of logic
with respect to arrangement of steps ov operational flow; plain meaning derived from
grammatical organization or punctuation; and the number or type of embodiments described

in the specification.

{6068} Disclosed are the components to be used to prepare the compositions of the
invention as well as the compositions themselves to be used within the methods disclosed
herein. These and other materials are disclosed heren, and it 18 understood that when
combinations, subsets, interactions, groups, etc. of these matertals are disclosed that while
specific reference of each various individual and collective combinations and permutation of
these compounds may not be explicitly disclosed, each is specifically contemplated and
described herein. For example, if a particular compound is disclosed and discussed and a
number of modifications that can be made to a number of molecules including the
compounds are discussed, specifically contemplated is each and every combination and
permutation of the compound and the modifications that are possible unless specifically
indicated to the contrary. Thus, if a class of molecules A, B, and C are disclosed as well as a
class of molecules B, E, and F and an example of a combination molecule, A-D is disclosed,
then even it cach is not individually recited ecach is individually and collectively
contemplated meaning combinations, A-E, A-F, B-D B-E B-F, C-D, C-E, and C-F are
considered disclosed. Likewise, any subset or combination of these is also disclosed. Thus,
for example, the sub-group of A-E, B-F, and C-E would be considered disclosed. This
concept applics to all aspects of this application including, but not limited to, steps in
methods of making and using the compositions of the invention. Thus, if there are a variety
of additional steps that can be performed it is understood that each of these additional steps
can be performed with auy specific aspect or combination of aspects of the methods of the

mvention.

[6369] It 1s understood that the compaositions disclosed herein have certain functions.
Disclosed herein are certain structural requirements for performing the disclosed functions,
and it is understood that there are a variety of structures that can perform the same function
that are related to the disclosed structures, and that these structures will typically achieve the

same result.

14
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B. FOULING RESISTANT FILTRATION MEMBRANES

166763 In one aspect, the invention relates to fouling resistant filtration membranes
comprising a polymeric thin-film membrane comprising a surface, wherein the surface is
modified with at least one residue of a corgpound having a structure represenied by a

formula:

RZb

wherein A is selected from —C{(=0)— and —{80, - wherein L 15 selected from —0OQ, —O,
~N"R’H( and —~NRQ; wherein Q is selected from hydrogen, a hydrophilic polymer, and a

structure represented by 8 formula:

5¢c
R R5b
YZ%R%
R4a R4b

wherein 2 s selected from —~CRPR®—, —C(=0)y— —C(=NH)~, and —C(=NH)NR'—
wherein m is an integer sefected from 0, 1,2, 3, 4, 5, 6, 7, and &; wherein cach of R and R
is independently selected hydrogen and halogen; wherein each of R™ and R is halogen;
wherein R®, when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R®
and R™, when present, 18 independently selected from hydrogen, halogen, —CN, —OH,
~NR¥R®, —NR¥R™ H', C1-C4 alkyl, C1-C4 monohaloalky!, C1-C4 polyhaloalkyl, —SOz,
—803R%, —COy, and —CO.R’; wherein each of R%% R and R is independently selected
from hydrogen, halogen, —CN, —OH, —NR'®R!® —NRSR!" ' C1-C4 alkyl, C1-C4
monohaloatkyl, C1-C4 polyhaloalkyl, —SO5, —SOsRY, —COy, and —CO,R'; wherein cach
of R™ and R®™, when present, is independently selected hydrogen, halogen, —CN, —OH,
~NR™RPP —NRPR™ H', Ci-C4 alkyl, C1-C4 monohaloalkyl, CI1-C4 polyhaloalkyl,
—80;, —SOsR Y, (", and —~C0O,R " ; wherein R’, when present, 18 selected from hydrogen
and C1-C4 alkyl; wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R®, when present, is selected from hydrogen and C1-C4 allyl; wherein R', when
present, is selected from hydrogen and C1-C4 alkyl; wherein R, when present, is selected
from hydrogen and C1-C4 alkyl; wherein RY, when present, is selected from hydrogen and

C1-C4 alkyl; and wherein R, when present, is selected from hydrogen and C1-C4 alkyl. In
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a further aspect, the membrane is a reverse osmosis membrane. In a still further aspect, the
membrane comprises at least one polyamide. In yet a further aspect, the polvamde is

aromatic.

18671} it is understood that the disclosed compositions, mixtures, and membranes can be

employed in connection with the disclosed methods and uses.
i, POLYMERIC THIN-FILM

6672} In one aspect, the fouling resistant filtration membranes of the invention comprise
a polymeric thin-film wembrane comprising a surface. In various aspects, the polymeric
thin-film can be adhered to the surface, the polymeric thin film can be bonded to the surface,
and/or the polymeric thin-film can be adjacent to, in contact with or laminated {o the surface.
The polymeric support can be disposed gpon a woven or non-woven textile laminated to the

surface,

66731 In various aspects, the polymeric thin-film comprises a polymer matrix, e.g., 2
three-dimensional polymer network, substantially permeable to water and substantially
impermeable to fropurities. For example, the polymer network can be a cross-linked polymer
forroed from reaction of at least one polyfunctional monomer with a difunctional or

polyfonctional monomer.

1663744 The polymeric thin-film can be a three-dimensional polymer network such as an
aliphatic or aromatic polyamide, aromatic polyhydrazide, poly-bensimidazolone,
polyepiamine/amide, polyeptaming/urea, poly-cthylencimine/ures, sulfonated polyfurane,
polybenzimidazole, polypiperazine isophtalamide, a polyether, a polyether-urea, a polyester,
or a polyimide or a copolymer thereof or a mixture thereof. Preferably, the polymeric thin
film can be formed by an interfacial polymerization reaction or can be cross-linked

subsequent to polymerization.

16675] The polymeric thin-film can be an aromatic or non-aromatic polvamide such as
residues of g phthaloyl (i.e., isophthaloyl or terephthaloyl) halide, a trimesyl halide, or g
mixture thereof. In another example, the polyamide can be residues of diaminobenzene,
triaminobenzene, polyetherimine, piperazine or poly-piperazine or residues of a trimesoyl
halide and residues of a diaminobenzene. The film can also be residues of trimesoyl chloride
and m-phenylenediamine. Further, the film can be the reaction product of trimesoyl chloride

and m-phenylenediamine.

16
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18076} The polymeric thin-film can have 3 thickness of from about 1 nm to about 1000
nm. For example, the film can have a thickness of from about 10 nm to about 1000 wm, from
about 100 nm to about 1000 nm, from about 1 nm te about 500 nm, from about 10 nm to
about 500 nm, from about 50 nm to about 300 nm, from about 50 nm to about 200 nm, from
about 50 nm to about 250 nm, from about 50 nm to about 300 nm, or from about 200 nm to

about 300 nro.
2. REVERSE OsMOsIS MEMBRANES

168771 fn one aspect, the filtration membranes of the mvention can be reverse osmosis
(RO) membranes, inchuding thin-film composite (TFC) membranes, Among particularly
useful membranes for osmosis applications are those in which the semi-permeable or
discriminating layer is a polyamide. A thin film composite membrane typically comprises a

porous support and a semi-perraeable polymer film polymerized on the porous support,

[BG78] Composite polyamide membranes are typically prepared by coating a porous
support with a polyfunctional amine monomer, most commonly coated from an agueous
solution. Although water is & preferred solvent, non-aqueous solvents can be utilized, such as
acetontitile and dimethylformamide (DMF). A polytunctional acyl halide monomer (also
referred to as acid halide) is subsequently coated on the support, typically coated first on the
porous support followed by the acyl halide sohution.  Although one or both of the
polyfunctional amine and acyl halide can be applied to the porous support from a solution,

they can alternatively be applied by other means such as by vapor deposition, or heat.

18679} In various aspects, the reverse osmosis membrancs are prepared via a dip-coating
process, whereby the membrave is dipped into 2 hquid coating sohution and then withdrawn
at a controlled speed. Coating thickness generally fncreases with faster withdrawal speed. A
faster withdrawal speed adheres more fluid up onto the surface of the membrane before it has
time to flow back down into the solution. Thickness is primarily affected by factors such as
flaid viscosity, fluid depsity, and surface tension. Evaporation of the solvent can be
accelerated by heated drying. In a further aspect, the coating may be cured using means such
as conventional thermal, UV, or IR technigues depending on the coating solution
formulation.  In a further aspect, the reverse osmosis membranes are exposed to a light

souree, 1.¢., uliraviolet (UV) light in the range of from between 200 nm and 370 nm.

16686} The resultant semi-permeable membrane can then be employed in a method of

purifying or separating various liquids, such as water. Such a method typically comprises

Py
~
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applying pressure to a water solution (e.g., a salt water solution} on the polymer matrix film

side of the membrane; and collecting puritied water ou the other side of the membrane.

3. PROPERTIES OF MEMBRANES

{0081} In various aspects, the disclosed mewmbraves can have various properties that
provide the superior function of the membrancs, including excellent flux, improved
hydrophilicity, improved resistance to fouling, higher porosity, tunable surface charge
properties, improved salt rejection, and higher thermal stability. 1t is also understood that the

membranes have other propertics.

663821 In various aspects, the membrane can have a contact angle of less than about 70°,
In a further aspect, the membrane can have a contact angle of less than about 60°. In a still
further aspect, the membrane can have a contact angle of less than about 50°. In yet a further
aspect, the merobrane can have a contact angle of less than about 40°. Such membrane will

have a high resistance of fouling.

{8083} In various aspects, the membrane exhibits a salt rejection of at least about 60%.
In a further aspect, the membrane exhibits a salt rejection of at least about 70%. Tn a still
further aspect, the membrane exhibits a salt rejection of at least about 80%. In yet a further

aspect, the membrane exhibits a salt rejoction of at least about 90%.

B384} In various aspects, the membrane exhibits a salt rejection of at least about 90% for
at least about | hour. In a further aspect, the membrane exhibits a salt rejection of at least
about 90% for at least about 2 hours. In a siill further aspect, the membrane cxhibits a salt
rejection of at least about 909% for at least about 3 hours, In yet a further aspect, the

membrane exhibits a salt rejection of at least about 90% for at least about 4 hours.

16085} o a further aspect, the membrane exhibits an improvement in at least one property
selected from resistance to touling, hydropholicity, surface charge, salt rejection, and
roughness. In a still further aspect, the membrane demonstrates an improvement in at least
one property selected from resistance to fouling, salt rejection, and hydrophilicity. In yet a
further aspect, the membrane dernonstrates an iraproversent in resistance to fouling. In an
even further aspect, the membrane demonstrates an improvement in hydrophilicity. In a still
further aspect, the membrane demonstrates an improvement in surface charge. In yet a
farther aspect, the membrane demonstrates an improvement in roughness. Tn an even further

aspect, the membrane demonstrates an fraprovement in salt rejection.
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C. COMPOUNDS

[3086] In one aspect, the invention relates to residues of compounds usefitd for modifying
thin-film membranes comprising a surface. Tn a further aspect, the residue of a compound
comprises an andi-microbial agent.  Exaroples of anti-microbial agents include, but are not
imited to, quaternary anumonium salts and tertiary amines.

{6087} In one aspect, the invention relates to compounds useful for modifying thin-film
membranes comprising a surface,

16088} To various aspects, the compound comprises an azide functionality. lu a further
aspect, the compound comprises g perfluorophenyl azide functionality. Without wishing to
be bound by theory, perfluorophenyl azides can react with a variety of substrates upon
exposure to irradiation {Scheme 1)

SCHEME L

R‘Ia
R%@ A
R'a L
Rza N\‘N R1b
R2b
1b
Heat N3 b R
h R
or nv 1.2
R1a R1a
R2a A‘L >=< RZa A‘L
—_—
N3 R2b Heat N R1b
RZb or hv sz
1.1 H 1.3
/N\
Heat
or hv R'a
R2a A\
| L
/N‘N R1b
H R2b
1.4

EHESE Thus, in various aspects, the residue of a compound can be bonded with the

surface of the thin-film membrane. Bonding can include, for example, coating the surface
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with the residue of a compound. In a further aspect, coating comprises spray ¢oating, In a

still further aspect, coating comprises dip-coating (Scheme H).

ScHEME H.

R1a
R1a RZa A\L
R% AL Dip coating
—_— R1b
Ny R2b hv polymeric R2b
R2b surface
1.1 21
16096 In a further aspect, bonding comprises exposing the membrane to a heat source.

In a still further aspect, the heat source comprises a stream of hot air, an oven, or an IR lamp.

o yet a turther aspect, the temperature of the heat source s at least about 100 °C.

6091} In a further aspect, bonding comprises exposing the membrane to a light source.
In a still further aspect, the light source comprises UV light. In yet a further aspect, the light
source comprises UV light in the range of from between 200 nm and 370 nm. In an even
further aspect, bonding comprises coating the polymeric surface with the at least one residue
of a compound and exposing the surface to a light source.

160392} In a further aspect, bonding comprises 3 covalent modification. In a still further
aspect, bonding comprises a photochemical modification.

[8093] In various aspects, the residue of a compound comprises a radical specigs. In a
further aspect, the radical species is a singlet nitrene. In a still further aspect, the residue of a
compound can be bonded with the surface, wherein bonding comprises singlet unitrene
msertion.

1. STRUCTURE

(6094} In one aspect, the invention relates to at least one residue of a compound having a

structure represented by a formula:
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wherein A i selected from —C(=0)— and —{50,)—; wherein L is selected from —0Q, -0,
—N'RHQ and ~NR'Q; wherein Q is selected from hydrogen, a hydrophilic polymer, and &

structure represented by a formula:

5
R CRSb
YZ%R&‘*
R4a R4b

wherein 2 is selected from —CRPR®—, —C(=0)y—, —C(=NH)}~, and —C(=NH)NR'—;
wherein m is an integer selected from 0, 1, 2, 3, 4, 5, 6, 7, and &; wherein each of R™ and RP®
is independently selected hydrogen and halogen; wherein each of R™ and R™ is halogen;
wherein R, when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R®
and R*, when present, is independently sclected from hydrogen, halogen, —CN, —OH,
~NR¥R®®, —NR¥™R™ H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polvhaloalkyl, —SOx
—~S0sR7, (05, and —~COR’; wherein each of R%% R, and R is independently selected
from hydrogen, halogen, —CN, —OH, —NR'™R'® —NR'R'™ H' C1-C4 alkyl, CI-C4
monochaloalkyl, C1-C4 polyhaloalkyl, —SG35, mSO;R}'}; =y, and m(TOQRH; wherein each
of R® and R®, when present, is independently selected hydrogen, halogen, ~CN, —OH,
—~NR™WRY —NR'RY HY, C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhaloalkyl,
=503, —SOsRY, —{2(3,", and LR 3; wherein R”', when present, is selected from hydrogen
and C1-C4 allyl; wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R, when present, is selected from hydrogen and C1-C4 alkyl; wherein R', when
present, is selected from hydrogen and C1-C4 alkyl; wherein R, when present, is selected
from hydrogen and C1-C4 alkyl; wherein R, when present, is selected from hydrogen and

C1-C4 alkyl; and wherein RY, when present, is selected from hydrogen and C1-C4 alkyl.

[3095] In a further aspect, the residue of a compound has a structure selected from:

H H H H H
cl A. . .
F A F AL , A F AL
N H N3 F Ny H  Nj Cl  Nj H
F , F " Cl ; Cl ? cl
H H H H H
F A F A F A, C A, C AL
N3 Cl Ng F Nj Cl Ng F o N; cl
F ﬁ cl , Cl , Cl F ,
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F
Cl AL
L
N3 F
Cl ’
and
(6696} In a still further aspect, the residue of a compound has a structure represented by a
formula:
F
F A
L
N3 F
F
6097} In a further aspect, the residue of a compounnd has a structure selected from:
R'la R1a R1a R1a
H
RZa A R2a A . 2a o 2a b
\O@ 0 Q R A N Q R A N @Q
3 3
N3 R1b N3 R1b N3 R“B N3 R“B
R2b R2b R2b and R2b
[6698] o a still further aspect, the residue of a compound has a structure represeuted by a
forroula:
R1a
R% A
\O@
N3 R'lb
RZb

[6099] In yet a further aspect, the residue of a compound has a structure selected from:

R1a R1a R1a H
R Ao R& AR R% A ,é)
53 53
Ng R® N RIR N RIR
RZb . RZb . nd RZb

[36106] o an cven further aspect, the residuc of a compound has a structure selected from:
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R1a R']a R1a
H
R% A__H R% A. _H R% A.l_H
o N N®
3 3
N3 R'lb N3 R‘lB N3 R“B
RZb R2b and RZb
[B0101]  In a further aspect, the residue of a compound has a structure selected from:
R1a R1a R1a
H
RZa A _ R2a A\ . RZa A\ I
0 Q N Q N @Q
3 3
N3 R1b N3 R1B N3 R1B
R2b R2b ?lnd R2b

wherein Q is a hydrophilic polymer.

8610621  In a further aspect, the residue of a compound has a structure selected from:

R1 a RSC R1 a R5C
R5b R5b
R A z R A z
No” %Rf’a SN %R%
3
R4a R4b R R4a R4b
N3 R1 b N3 R1 b
R2b R20
R1 a RSC
R5b
RZ ANz
N m R®
R3 R4a R4b
N3 R1 b
and R?

1601031  To a further aspect, the invention relates to at least one residue of 2 compound
comprising a singlet nitrene. In a still further aspect, the at least one residue of 2 compound

has a structure represented by a formula:

RZb

wherein A is selected from —C{(=0)~ and (50, wherein L is selected from 0, ~0,
~NRHGQ and —NR'Q; wherein Q s selocted from hydrogen, a hydrophilic polymer, and a

structure represented by a formula:

Ot
(%]
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5¢
R R5b
Z

'\( %R%‘
Ria Réb
wherein Z is sclected from —CR®R%— —C(=0—, —C{=NH)}~, and —C{(=NH)NR"—
whergin m is an integer selected from 3, 1, 2, 3, 4, §, 6, 7, and 8; wherein each of R¥and R™
is independently selected hydrogen and halogen: wherein cach of R™ and R™ is halogen;
wherein R’, when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R®
and R™, when present, is independently selected from hydrogen, halogen, —CN, —OH,
~NR¥RY —NRPR® R, C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhaloalkyl, —SO57,
--SO;RQ, ~C(, and --COZRQ; wherein cach of R™, RSb, and R™ is inde pendently selected
from hydrogen, halogen, —CN, —OH, —NR'®R'™ —NR'™R'™ H', C1-C4 alkyl, C1-C4
monchaloalkyl, C1-C4 polyhaloalkyl, —~SO5, —SO:RY, —CO;, and —CO,R'; wherein each
of R™ and R®, when present, is independently selected hydrogen, halogen, —CN, —OH,
—NRPRYP . -NRPRM HY, C1-C4 alkyl, C1-C4 monohaloalkyl, CI-C4 polyhaloalkyi,
—807, ~SO:RY, —CO,, and —CO,R"; wherein R', when present, is selected from hydrogen
and C1-C4 alkyl wherein R®, when present, is selected from bydrogen and C1-C4 alkyl;
wherein R, when present, is selocted from hydrogen and C1-C4 alkyl; wherein R', when
present, is selected from hydrogen and C1-C4 alkyl; wherein R'Y, when present, is selected
from hydrogen and C1-C4 alkyl; wherein R', when present, is selected from hydrogen and
C1-C4 allyl; and wherein R, when present, s selected from hydrogen and C1-C4 alkyl. In
vet a further aspect, the singlet nitrene is formed via activation of an azide. In an even further

aspect, activation is photoactivation.

861047  In vet a further aspect, the residue of a compound has a structure selected from:

H
F A, F AL
N H N H

F b F %

H H
F A. F

L AsL

N cl N cl

F , Cl ,
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Cl
1601051  To an even further aspect, the vesidue of a corapound has a structure reprosented
F
F A
L
N F
F
[60106] In onc aspect, the mvention relates to a compound having a structure represented
R1a
R A
L
N3 R']b
RZb

wherein m is an integer selected from 0, 1, 2, 3, 4, 5, 6, 7, and &; wherein A is sclected from

and

by a formula:

by a formula:

(=0 and —{SC,— and L is —0Q, or wherein A is —(SOy— and L is selected from
0 and —NR'Q; wherein Q is selected from hydrogen, a hydrophilic polymer, and

structure represented by a formula:

5
R CRSb
R
R4a R4b
wherein Z is selected from —CR™R®— (= e C{(=NH = and -»C(:=:N'E-1)NR7-;

wherein each of R™ and R™ is independently selected hydrug,en and halogen; wherein each of
R*™ and R™ is halogen; wherein RY, when present, is selocted from hydrogen and C1-C4
allyl; wherein each of R™ and R*, when present, is independently selected from hydrogen,

halogen, —CN, —OH, ~NR¥R®™, —NR™R® H', C'1-C4 alkyl, C1-C4 monohaloalkyl, Ci-C4

[
(]
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polyhaloallyl, ~S05, —SO;R°, —CO;, and —CO,R”; wherein each of R™, R’ and R is
independently selected from hydrogen, halogen, —CN, —OH, —NR'"R'" —NR'™R!® ",
C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhaloalkyl, —SOy, —SO:RY, —CO,, and
—C0O,R"; wherein each of R™ and R™, when present, is independently selected hydrogen,
halogen, —CN, —OH, —NR!ZPRY?" —NR'ZPRIP H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-
C4 polvhaloalkyl, —504, —SOsRY, —C0,, and —CO.RY ; wherein R7, when present, 18
sefected from hydrogen and C1-C4 alkyl; wherein R®, when present, is selected from
hydrogen and C1-C4 alkyl; wherein R®, when present, is selected from hydrogen and C1-C4
alkyl; wherein R, when present, is selected from hydrogen and C1-C4 alkyl; wherein R'!
when present, is selected from hydrogen and C1-C4 alkyl wherein R, when prosent, is
selected from hydrogen and C1-C4 alkyl; and wherein R", when present, is selected from

hydrogen and Ci-C4 alkyl.

(661671  In a further aspect, a compound has a structure selected from:
R1a RSc R1a RSc
R5b R5b
R% A z RZ A z
~o~ T RS \N/ RS
Ré’ R R® gee’ Rav
Ny R1b Ny R0
R and R?
[60108] In astill further aspect, a compound has a structure represented by a formmila:
R’Ia RSC
R5b
2a
R4a R4b
N3 R1b
RZb
[68109] Inyeta further aspect, a compound has a structure selected fronu:
H R5C H 5¢ H R5c
R5b R5b o A . R5b
F. A__Z F. A__Z
~o~ RS ~o” T RS ~o” T RS
R4a R4b R4a R4b R4a R4b
N3 H Ng F N3 H
F , F , cl
H RS5¢ H 5¢ H R5¢
R5b R5b R5b
cl AL _Z cl AL _Z F A_ _Z
\O/ RS \o/ T R \O/ T Ros
R4 R4 R4 R4 R4 R4
N3 Cl Ny H N3 cl
Cl F F

"
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H RSe H R5¢ H RSe
R5b
F. A\o Z oo
R4a R4b
N3 F
cl R
H F Ro¢
R5b
cl F Ao e
R4 R4
F F 2
Ci F R
RS5b
Ci A 4
\o/ m R5a
R4a R4b
Nz F
Gi

R5b
R5a

, and

[B0110]  Inan even further aspect, a compound has a structure represented by a formula;

F RS
R5b
F. A\o Zz “Ngss
R4a R4b
N3 F
F .

{86111} Ina further aspect, a compound has a structure represented by a formuia:

R1a Rﬁc
R5b
2a
R A\N T
R3 Raa’ R
N3 R‘Ib
RZb

[68112]  Inoa still further aspect, a compound has a structure selected from:

ta
~d
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H R5¢
R5b
F A z
s S@k
R® R4a R4
N3 H
F
H R5¢

Z
ul >
/
22
;‘% N
D
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T m
jo o
N o

~Npn
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RSC

é3 R4a R4b

R5C
R5b
F. A Z
N %R%
R® gaa’ Rab

.

@)

5¢ 5¢ 5c
H R R5b H R RS5b R RS5b
F A I Sgse © A 2o S cl A o S
R gea’ R R? ria’ R# R3 gda’ Rab
N3 F N3 F N3 F
Cl F Cl
H R5¢ H RS F R5¢
RS5b RSP R5b
cl Ay < F Ay < F Ay <
R® ge’ Réo R® g4a’ Rab R® R#’ R
N3 Cl N3 Cl N3 F
F Cl F
5
f'o: S 5¢ 5¢
% i st i R RSb il R RSP
Ci A Z ~ F. A z F. A A
\!}5/ RS \N/ T RS \N/ T RS
R Ris pie R3 R4 R4 R3 R4’ R4
Ny ol N3 cl N3 F
Cl F cl
2
Ci RSC X Cl RSC
RS RS5b
Ci A Z Cl A z
R® gaa’ pib R® paa” R
Ny F N3 cl
Ci , F , and
F R
R5b
F. A\l}l /Z%R&
R% gaa’ Reb
N; cl

[00113]

o

T yet a further aspect, a compound has a structure represented by a formula:
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R5b
N

R r¥’ R%

[86134] In a further aspect, a compound has a structure selected fromy

R1a R5c
O 0 RS0
W
R%Z S z
% o D
R4b Ria R
N3 R1b
R2® , and
R’I
RZa \\,/
R4a R4b
N3
RZb

[66115]  In astill further aspect, a compound has a structare selected from:

F R
0 0 RSP
Y.z
\O/ m R5a
4a R4b R4a R4b
F
, F , and
F
3 \\l/
R4a R4b
N3
F

[66116] 1o a further aspect, a compound has a structure selected fromu

1a 5¢c 1a 1a 5¢c
K2 o R goo T oo "% o 5 0w Roe
R2a RZa RZa
o) m R5a R5a O m R5a
R4a R4b 4a R4b R4a R4b
N R2 N R Ny R2
R2b RZb RZb
3 2
R‘Ia
(o] NH R4a R4b
RZ R5¢
O
R7 mngsb
N3 RZE
and R?

[66137] Inastll further aspect, a compound has a structure selected from:

24
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5¢ 5c
R6a REb F 0 (0] RSb F o}
F
% Ro 0 m R %Rﬁ
4a R4b R4a R4b 4a R4b
N3 F N3 F
, F , F
F
o) NH R4a R4b
F R5¢
o] N
R7 mRsBsb
N3 F
and F
[86118] In a further aspect, a compound has a structure selected fronu
1a 5¢ 1a 5¢
R R
\\ /, O R6a R6b 0 Q.9 NH R5b
R22 R% S S
m RSa m RSa \O m RSa
Ria’ R 4b Ria’ Réb
N3 N3 R% N3 R%
R2b R2b R20
R'a "
o\\//o NH R4a R \\ '/
R2a ~ R5C RZE
0 WU ks m R
R® R® gaa’ R
Ng R% Ng
R2b R2b
’ b
1a 5¢
R fe) O R R5b
2a \\S//
R ~ 5a
N m R
R3 R4a R4b
N3 R2a
RZb
R'a -
4
2a \\ ” 2a O\\ //O il RAR
R 5a R ~ R
m R N N 5b
R4a R4b R3 R7 RsB
Ny Ny R?a
RZb , aild RZb
(86119}  In astill further aspect, a compound has a structure selected from:

5c
F
R6a 6b fo)
\\ // W\ //
% Re ™
42 R4b

N3z F

. F

\\ //
m R5a
4a R4b

%R%

R4 R40
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F
4a R4b Réa Reb
O\\I/O NH R A R \\ I/ 3 R
F. S )l\ RS¢ F. \
07 N s mR®
R RS R4a R
N F N3
F F
E
5¢
b 00 O R R5b
N
F. S
N m R5a
R® paa’ Rab
N3 F
F
F R F
o\\’p NH R5b o\vp NH R4a R4
F. S F. 5¢
\N R \N N R5b
R3 R4a R4b R3 R7 RSB
Ng F N F
F , and F

(801201 Ina further aspect, the compound has a structure selected from:

R CH3 R CH3 R' CHs
R2a RZa R2a A\ N\
o/\/ 1 CHa N/\/Iu4 CHs 0" >""CH,
N3 R1b N3 R’IB N3 R1b
R2b R2b R2
R'2 CHs R'a oNH3
R2 A\N/\/N\CH R% A\OM(OG
) 3
3
N3 R']lR N3 R‘lb O
R2b R2b
@NHs3 R'a NH,
MO@ Rza A\OMOH
R1B3 R‘Ib O
R2b
1a
/\/\/S(OH Rza A )J\ /\/\Hk
Co
@NHg
R1a 1a
R2a A. RZa AL
l}ljJ\N Op OJ\H OH
NH
N3 R“R @ 3 N3 R1b NH2
R2b R2b
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L i
RZa A\
N ”MOH
3
N RIE NH,
and R

1661211 To astill further aspect, the compound has a structure selected from:

F O CHj F oo CHj
F N F R SN
N/\/I “CH, O/\/llI\CH3 ‘o/\/ﬁ‘CH3
N3 F N F
2 F 2 F 2
CH3 F O 0 CH3
N F ! N
CH3 o/\/ “CH, S0 CH,
N N F
s F N
i F o\\S,/o @NH3 . ] F @NH;3
HM)\W © M
N3 F © Ny
F , F
F ] O‘\s"o ®NH30 F i O“s’P I OH
\OM o \NM
N F © Ny F ©
F ﬂ F ,
NH, F o NH,
F OH F R OH
0 o)
N3 F © N3 F ©
2 F E
0 0 NH F O NH 0
N7
F s F
N~ N o OJ\N Oo
H o H NH H NH
N3 F ®Ns N; F @NH;

(5]
[oe)
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Vi
o =,
>._
o
?
{
<
X

, and
(86122} In yet a further aspect, the compound has a structure selected from:

CHy

1601231  In one aspect, m is an integer selected from 0, 1,2, 3,4, 5,6, 7, and 8. In g further
aspect, m is an integer selected from 0, 1, 2, 3, 4, 5, 6, and 7. In a still further aspect, m is an
mteger selected from 0, 1, 2, 3,4, 5, and 6. In yet a further aspect, m is an integer selected
from 0, 1, 2, 3, 4, and 5. Iv an even further aspect, m is an integer selected from 0, 1, 2, 3,
and 4. In a still further aspect, m is an integer selected from O, 1, 2, and 3. In yet a further
aspect, m is an integer selected from €, 1, and 2. In an even further aspect, m is an integer
selected from 0 and 1. In a still further aspect, m 18 0. In vet a further aspect, mis 1. Inan
even further aspect, m is 2. 1n a still further aspect, mis 3. In yet a further aspect, mis 4. In
an even further aspect, mis 5. In a still further aspect, m is 6. In yet a further aspect, m is 6.
In an even further aspect, mis 7. In a still further aspect, m is 8.
h. A anp L GRoUPS

160124]  In one aspect, A is selected from —C(=0)— and —(SO,)—. in a further aspect, A
1§ ~C(=0)— In a still further aspect, A is —{SOp)}—

(861251 In one aspect, L is selected from —0Q, —0, —~N'RHQ and —NR'Q. In a further
aspect, L is selected from —OQ, —O, and —N'R*HQ. Tn a still further aspect, L is sclected
from —0OQ, and —0". 1n yet a further aspect, L 1s —OGQ. In an even further aspect, L i —(0

In a still further aspect, L is —N'R'HQ. In yet a further aspect, L is —NR'Q.

(%)
Cod
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[B80126] In one aspect, A is selected from —C(=0)~ and —~{(SOyy—and L is ~0Q. Ina
further aspect, A 18 —C(=0)—and L 18 —OQ. In a still further aspect, A is —(SOyy—and L is
~00.

(86127} In one aspect, A is —(SOy— and L is selected from —0OQ and —NR'Q. In a
further aspect, A 1s —~{SQOy— and L i3 —~0Q. In a still further aspect, A s (SO}~ and L is
~NR’Q.

¢c. QGrours
(66128} In one aspect, Q is selected from hydrogen, a hydrophilic polymer, and a structure

represented by a formula:

SIRSD
Z .
\{/ K im R™
Ris’ gab
[86129]  In a further aspect, Q is hydrogen.
(86138  In a2 further aspect, 18 a hydrophilic polymer. In a still further aspect, the

bydrophilic polymer corprises at least one moeiety selected from poly(ethylene glyeol),
poly(ethyleneimine) and polyaniline, or a mixture thercof. In yet a further aspect, the
hydrophilic polymer comprises at least one moiety selected from poly{ethylene glveol) and
polvaniline, or a mixture thereof. In an even further aspect, the hydrophilic polymer is
polv{ethylene  glycol). In a still further aspect, the hydrophilic polymer i

poly{ethyleneiming). In yet a further aspect, the hydrophilic polymer is polyaniline.

186131} In a further aspect, Q has a structure represented by a formula:

al

RSb

\/' 'mR

[86132] In a still further aspect, @ has a structure selecied from:

256 . ] e

R%4 Rﬁb i Rm R R R R
»\!i

\ %R” \(L’S\ R m R® /ﬁf" m R

pda RAb ) and NH R R4t-

1861337  In vet a further aspect, (2 has a structure selected from:
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R5C RSc R5c RE,C
R5b 0O RS5b NH R5b 5\} RO0
m R5a m R5a m R5a /’\n/ - Riia
R4a R4b , R4a R4b , R4a R4b an d NH Rﬁld Rzl,b

{60134}  Inan even further aspect, O has a structure represemted by a formula:
5¢
R R5b
m R5a
R4a R4b

16031351 In a still further aspect, Q has a structure selected from:

W \(\)< \(\/\K \(\/\)RjRSb
5b 5b 5a
R and R

1861361  In yet a further aspect, (2 has a structure selected from:

Q
CO,H CO;
R10b R10b W _R100 \(\/\)\@3 R10b
NZ
10 v H
Y\/ R10a Y\/ R R10a and R0
1661371  In an even further agpect, Q has a structure selected from:
3
CHs CH3 CO,H
NH
\(\/ \(\/ 3 \(\/ CH3 \(\/l “CHy \(\/\)\NHZ
co?

\(\/\)\NH
@ °

[BG138]  Ina further aspect,  has a structure represented by a formula:

and

RJC
H RO
N ;
m R:}d
NH R R

[B01398]  Ina still further aspect, Q has a structure selected fronu

R5c
R5b 5 H R5b
A’( * o /%( R5a /\W \/\< 5 /\[(N\/\*R%

NH R ,and  NH

[B01481  In yet a further aspect, QQ has a stracture selected from:

(5]
(¥4}
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R'i’)b Rif‘h COzH
NN, N /L\ RI®
//\,r N Rma 1‘<}/ \/ R 10a N
, f!\iH Rm" ,and
S
" 0o,
; & i
/\WTNMN:ﬁ
NH Rive

{86141}  In an cven further aspect, Q has a structure selected from:

COH " CO,H
&/ LNHy /)\W/ ONH &r{\'\/‘xv)\ f!\,Y’Nvf\\/l\%‘lg
and  NH .

(86142}  In a further aspect, (Q has a structure selected from:

(;HJ CHg COsH
‘{‘”\/NHZ \{/\\/NH\; \{\J “CH, ’k‘{/\\/}[-i\CHq \{’\\/’\/’L\NH,\

o CO.H CO,H

G0z § P N Le
oy A AR,

@ 7 NH cand  NH
d.  ZGrours

[80143] In a further aspect, 7 is selected from —CRPRP—, —~C(=0)—, —C{=NH)—, and
—C{=NH)NR'—. In a further aspect, Z is sclected from —CRPR®— —C(=0)— and
~C(=NH)— In a still further aspect, 7 is selected from —CR*“R%— and -—-(,( (-~ In yet a

6aR6{>___

further aspect, £ 18 —~CR In an even forther aspect, —C(=0)—. In a still firther

aspect, Z is —C(=NH)~. In yet a further aspect, Z is —C(=NH)NR .

e. R"™anpR'™Groups
[60144]  In one aspect, each of R and R is independently selected from hydrogen and
halogen. In a further aspect, cach of R and R s hydrogen.
[80145]  Ina further aspect, cach of R and R™ is halogen. In a still further aspeet, cach of
1'% and R is independently selected from —Cl and —F. In yet a further aspect, cach of R
and R'®is —ClL In an even further aspect, each of R and R is ~F. In a still further aspect,

R' i —C1and R i —F.
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[B80146]  In a further aspect, R is hydrogen and R' is hafogen. In a still further aspect,
b . : ~ o E CRibs
R' is hydrogen and R™ is selected from —Cland —F. In yet a further aspect, R'™ is hydrogen

and R™is —ClL To an even further aspect, R'” s hydrogen and R' is —F.
£ R™axpR™Grours

[66147]  In one aspect, each of R™ and R™ is halogen. In a further aspect, each of R™ and
R s independently selected from —Cl and —F. In a still further aspect, each of R* and R
is —CL 1In yet a further aspect, cach of R™ and R” is —F. In an even further aspect, R is
(1 and R? is —F.

g RPGrours
[B0148]  In one aspect, R’, when present, is selected from hydrogen and C1-C4 alkyl. Tna
further aspect, R, when present, is sclected from hydrogen, methyl, ethyl, and propyl. In 2
still further aspect, R, when present, is selected from hydrogen, methyl, and ethyl. In vet s
farther aspect, R°, when present, is selected from hydrogen and methyl Tn an even further
aspect, R°, when present, is hydrogen.

b, R* anp R* Groups
[00149] In one aspect, cach of R*™ and R™, when present, is independently selected from
hydrogen, halogen, —CN, —OH, —NR™R® — NR¥R®™H', C1-C4 alkyl, C1-C4
monochaloalkyl, C1-C4 polyhaloalkyl, —SOz7, mSO;RQ, ~{ s, and ""COQRQ‘ To 4 further
aspect, each of R™and R*®, when present, is independently selected from hydrogen, —F, —Cl,
—(CN, —OH, —NR¥R™, — NR¥R™H", methyl, ethyl, propyl, =CH,F, —CH,Cl, —CH,CH,F,
~CHyCH,Cl, ~CHCHRCHF, —CHRCHCHLCE, —CHF,, —CFs, —CHCL, ~CCL, —804),
mSO_;Rg, 0y, and mCOgRg. I a still further aspect, cach of R*® and R4b, when present, is
independently selected from hydrogen, —F, —Cl, —CN, —OH, —NR¥RY, — NR¥R™H,
methyl, ethyl, —CH,F, —CH,Cl, ~CH,CH,F, ~CH,CHCl, —CHF,, —CF;, —CHCL, —CCl,
—S03, mSO;Rg, —C(", and —COR°. Tn yet a further aspect, each of RY and R4b, when
present, is independently selected from hydrogen, —F, —Cl, —CN, —OH, —NR™R®, —
NR¥RYH', methyl, —CH,F, —CH,Cl, —CHF,, —CF;, —CHCl;, —CCly, —SOx, —SO3R’,
~COy, and —~COR’. Tn an even further aspect, each of R™ and R when present, is
independently selected from bydrogen, —F, —Cl, —CN, —OH, ~NH,, —NH; ', —CF;, —CCl;,
=805, —SO:R’, ~CO;, and —COR”.
[00150] In a further aspect, each of R™ and R™, when present, is independently selected

from halogen, —CN, —OH, —NR¥R™, — NR¥R™H', C1-C4 alkyl, CI-C4 monohaloalkyl,

(%)
~¥
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C1-C4 polyhaloalkyl —80y, —~SO5R”, —COy, and —CO,R”. In a still further aspect, each of
R* and R™, when present, is independently selected from —F, —Cl, ~CN, —OH, —NR¥R™,
— NR¥R™H', methyl, ethyl, propyl, —CHF, —CH,Cl, —CH,CH.F, —CH,CH,CI,
- CHCHCHRE, —CH,CHyCHLCL, —CHE, —CFs, —CHCY, —CCl, =801, =8OR’ —{0y
and —CO,R%. In yet a further aspect, each of R* and RY, when present, is independently
selected from —F, —Cl, —CN, —OH, ~NR®R®, — NR¥R™H', methyl, sthyl, —CH,F,
—CH,CL —CH,CHRF, —~CHLCHLCL, —CHE,, —CFs, —CHCh, —CCly, =805, —SOsR’, ~C0y
cand —CO,R”. In an even further aspect, each of R*and R", when present, is independently
selected from —F, —C1 —~CN, —OH, ~NR¥R™, — NR¥R™H", methyl, —CH,F, —CH,CI,
—CHF,, —CFs, —CHCL, —CCl, =801, —80:R°, —C0:, and —COR". In a still further
aspect, each of R* and R%ﬁ when present, is independently selected from —F, —Cl, —CN,

—OH, =NR¥R® — NR¥R®H, —Fa, —CCli, =805, —S0:R°, —CO5, and —CO,R’.

[60151] In a farther aspect, each of R* and R™, when present, is independently selected
fror hydrogen, halogen, —~NR¥R¥ — NR¥RY™H, C1-C4 alkyl, C1-C4 monchaloalkyl, C1-
(4 polyhaloalkyl, —S0O57, --’SO;RQ, =y, and —{CLR%. In a still further aspect, each of R4
and R™, when present, is independently selected from hydrogen, —F, —Cl, —NR¥R™, —
NR¥R®H', methyl, ethyl, propyl, —CH.F, ~CH.Cl, —CH.CH.F, —CHCH,CL
—CH,CHLCH,F, —~CHCHLCH,CL, —CHEF, —CFs, —CHCL, —CCl, =805, ~SOsR°, —C0;y,
and —~CO,R®. In yet a further aspect, each of R™ and R*, when present, is independently
selected from hydrogen, —F, —Cl, —NR®R™, — NR¥RP®H | methyl, ethyl, —~CH,F, —CH,Cl,
~CH,CHOF, —CHCH,CL —CHF,, —CFs, —CHChL, —CCh, —805, —SO:R", —C0O;, and
—CO,R”. In an even further aspect, cach of R™ and R™, when present, is independently
selected from hydrogen, —F, —Cl, —NR¥R™, — NR™R®™H', methyl, —CH;F, —CH,CI,
—CHF,, ~CFa, —CHCL, —CChL, SOy, —80:R%, —~COy, and —CO:R°. Tn a still further
aspect, cach of R*and R*, when present, is independently selected from hydrogen, —F, —CI,

~NR¥R® - KR¥R™H, —CF;, —CCl, =80, —SO:R’, — 0y, and —CO,R”.

[60152] In a further aspect, each of R™ and R™, when present, is independently selected
from hydrogen, ~NR™R® — NR¥R™H'", C1-C4 allkyl, C1-C4 monohaloalkyl, CI-C4
polyhaloalioyl, —805, —80:R°, —COy, and —CO-R’. In a still further aspect, cach of R* and
RY™, when present, is independently selected from hydrogen, ~NR™R®, — NR*R™H",
methyl, ethyl, propyl, —CHF, —CHClL, —CH,CHyF, —CH,CH,CL, —CH,CH,CH,F,
~CHyCHCHLCL ~CHE, —CFs, ~CHCh, —CCls, —S0y, —80:R’, —COy, and —CO:R". In

yet a further aspect, each of R™ and R™, when present, is independently selected from

(5]
O
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hydrogen, —NR™R™, — NWNR™R™H', methyl, ecthyl, —CH;F, —CH,Cl, —CH,CHF,
—CH,CH,Cl, —CHF,, —CF1, —CHChL, —CCh, —$05, —SO:R”, —COy, and —CO:R’. 1o an
oven further aspect, cach of R*™ and R™, when present, is independently selected from
hydrogen, —NR¥R™, — NR¥R™H', methyl, —CH,F, —CH,Cl, —CHF,, —(F;, —CHCl,
—~Cls, =805, -SO398, —{0,, and —C(,R%. In a still further aspect, each of R* and R‘%,
when present, is independently selected from hydrogen, —NR™R®, — NR¥R®*H' —CF;,
~CCls, =805, ~SOsR”, —C Oy, and —~COR’.

[60153]  In a further aspect, cach of R™ and R¥, when present, is independently selected
from hydrogen, —NR¥R™, and — NR¥R®H". In a still further aspect, each of R* and R¥,
when present, is fndependently selected from hydrogen and — NRZR™H". In vet a further
aspect, each of R*and R*, when present, is hydrogen. In an even further aspect, cach of R*
and R*™, when present, is — NR™R™H". In a still further aspect, each of R*™ and R*™, when

s T Say Sb
present, is —NR7PR™Y.

[80154] Tn a further aspect, cach of R™ and R*® when present, is independently selected
from hydrogen, =SSOy, and —S$0:R". In a still further aspect, cach of R™ and R* when
present, 1s independently selected from hydrogen and —S057. In yvet a further aspect, each of
R™ and R4b, when present, s —SO5. In an even further aspect, each of R* and R™ is

—80:R’,

[90155] In a further aspect, cach of R™ and R, when present, is independently selected

from hydrogen, —CO,", and —CO,R’.

[00156] . In a still further aspect, each of R*™ and R™, when present, is independently
selected from hydrogen and —COy.  In yet a further aspect, cach of R™ and R™, when

present, is —CO; . In an even further aspect, cach of R*and R™ s —CO.R".
i R R axpR™ Grours

(80157} In one aspect, each of R™, R, and R™, when present, is independently selected
from hydrogen, halogen, —CN, —OH, —NR'R'® —NRYR'™H" €1-C4 alkyl, CI-C4
monohaloalkyl, C1-C4 polyhaloalkyl, —804, "-—SO—;R”,, -y, and -"COgR“. In a funther
aspect, each of R™, R, and R*, when present, 1s independently selected from hydrogen, ~F,
~C1, —CN, —OH, —NR'R'"™ —NR™R'H"| methyl, ethyl, propyl, —CH,F, —CH,CL,
—CH,CH,F, —CH,CH,Cl, —CH,CH,CHF, —CH,CH,CH,Cl, —CHF,, —CF;, —CHCl,
—(Ch, =SSOy, —SOsRY, —C0,, and —COR'Y . In a still further aspect, cach of cach of R

R™® and R™, when present, is independently selected from hydrogen, —F, —Cl, —CN, —0OH,
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~NRMRY RRIRPHT, methyl, ethyl, —CHF, —CH,Cl —CH,CHF, —CH,CH,CI,
—CHF,, —CF3, —~CHCh, —CCl, ~S05, —=80:R, —C0,, and —~CO,RM. In vet a further
aspect, cach of R™, R™, and R, when prosent, is independently selected from hydrogen, —F,
—(l, —CN, —OH, —NR'PRY —NR'™R'PH", methyl, —CH,F, —CH,Cl, —CHF,, —CFs,
—CHCh, —CCli, =805, —SOsR®, —CO;, and —CO,R’. In an even farther aspect, each of
R RSb, and RSC, when present, 18 independently selected from hydrogen, —F, —Cl, —CN,

= OH, —NR'PRIP = NRRIPHY, —(F;, —CCl, =805, —80:R°, —CO,, and —COR’.

[60158] In a further aspect, cach of R™ R, and R™, when present, is independently
selected from halogen, —CN, —OH, —NRI®R!% —NRIR'PH', C1-C4 alkyl, C1-C4
monohaloalkyl, C1-C4 polyhaloalkyl, —SO5, —SOsRY, —COy, and —CORY. Tn a still
further aspect, each of R™, R™, and R™, when present, is independently sclected from —F,
—~(l, —CN, —OH, —NR'®R'" —NR™R'™H', methyl, ethyl, propyl, —CH,F, —CH,Cl,
—CHCHRF, —CHCHLCL —CHLRCHCHOF, —CHCHR,CHRCl, —CHE;, —(CFi, —CHCL,
—{Cls, =805, WSO_;R“, —C0y, and mCOzR“. I vet a further aspect, cach of RSE, R‘Sb, and
R*, when present, is independently selected from —F, —Cl, —CN, —OH, —NR'®R',
~NR'RYPH | methyl, ethyl, ~CH,F, —CH,CL, —CH,CH,F, —CH,CH,Cl, —CHF,, —CF,
—CHCL, —CCli, =805, —80:RY, —C0;, and —CO:R'. In an even further aspect, cach of
R R, and R, when present, is independently selected from —F, —(1, —CN, —OH,
~NRR'™® W RIYRYWHT methyl, ~CHF, —CH,Cl, —CHE,, —CF;, —CHCL, —CCl,
~S05, ~SO:RY —C0,, and —CORY . In a still further aspect, each of R™, R™®, and R™,
when present, is independently selected from —F, —Cl, —CN, —0OH, —NR IR
—NR'PRYPH' —CFy, —CCl, =805, —S0:R", —COy, and —COR M

[60159]  In a further aspect, each of R™ R* and R, when present, is independently

C1-C4 alkyl, Ci-C4
monchaloatkyl, C1-C4 polyvhaloalkyl, —SGy, —~SOsR M —C(0,", and —CO,RY Tn a still

‘ 3 10ap, 10 10, 1
selected from hydrogen, halogen, ~NRI®R! b, —NRIPR O

further aspect, cach of R* R® and R*, when present, is independently sclecied from
hydrogen, —F, —Cl, —~NRORI® _NRICRIPH methyl, ethyl, propyl, —CHF, —CH,CL
—CHCHF, —CHCHCL —CHLRCHCHGF, —CHRCHLCHLCL —CHE,;, —CF., —CHC,
—C(Cl, =807, mSOgRH, =y, and --COZRH. In yet a further aspect, cach of Rs‘rﬂ R“’ and
R™, when present, is independently selected from hydrogen, —F, —(I, —NR'®R'"
~NRRPH | methyl, ethyl, —CHoF, —CH,ClL —CH,CHOF, —CH,CH,Cl, —CHF,, —CF,
—CHCl,, —CCly, —804, --SO;,R“, (O, and —~CO,R", Tn an even further aspect, cach of

R*® R™, and R™, when present, is independently selected from hydrogen, —F, —Cl,
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—NR'PRYP NRWR'PH' | methyl, —CH,F, —CH,Cl, —CHF,, —(F;, —CHCL, —CCl,
—30;, =80:R', =COy, and —CO:R'. In a still further aspect, each of R™ R™, and R,
when  present, is  independently  selected from  hydrogen, —F, (i, —NRR!P,

~NRRPH, —Fy, ~CCly, =805, —SOsR" 0O, and —CORY,

(86168} In a further aspect, cach of R® Rﬂ’, and R, when present, is independently
selected from hydrogen, —NR'PR'™ —NR'R!H', C1-C4 alkyl, C1-C4 monohaloalkyl,
C1-C4 polyhatoalkyl, SOy, —SOsR, —CO,, and —COR". In a still further aspect, cach
of R R, and R*, when present, is independently selected from hydrogen, —NR'®R',
~NRISRYPH | methyl, ethyl, propyl, —CH,F, —CH,Cl, —CH,CH.F, —CH,CH,CL,
—~CH,CH,CHOF, —CHCH,CHLCl, —CHF,, —CFa, —CHCh, —CCl, —805,—S0RY, —COy,
and —CO,R'".  In vet a further aspect, each of R™ R, and R™, when present, is
independently selected from hydrogen, —NR'PR!®, —NR'“R'"H", methyl, ethyl, —CH,F,
~CH,CL, —~CH,CHGF, —CH,CHLCL —CHF,, —CFs, —CHCL, —CCL, —S0y, —SOsR,
—C0y, and —~CO,RY. In an even further aspect, cach of R’ ® Rsyb, and RSC, when present, 8
independently selected from hydrogen, —NR'WR'® —NR'R'H', methyl, —CHF,
—~CH,Cl, =CHF;, —CF3, ~CHC, —CCh, =805, —SOsRY, —COy, and —COR'. In a still
further aspect, cach of R™, R, and R™, when present, is independently selected from
hydrogen, —NR'R'™, —NRYR'PHT —CF;, —CChL, =805, —80:R", —CO,, and
~CORM.

10b

60161} In a further aspect, each of R™ R and R, when present, is independently
selected from hydrogen, —NR'™R' and —NR!™R'PH". Tn a still further aspect, each of
R™ R and R*, when present, is independently selected from hydrogen and —NR'"R'H".
In yet a further aspect, each of R™, R™, and R™, when present, is hydrogen. In an even
further aspect, cach of R™, R™®, and R™, when present, is —NR'R!®H". In a still further

cry 3 5 Sh w3 : 1y F0agy 16
aspect, each of R™, R, and R°°, when present, is —~NRIPRI®

80162} In a further aspect, cach of R™ R, and R, when present, is independently
selected from hydrogen, —SO77, and —S0sRY In a still further aspect, cach of Rsa, Rﬂ’, and
R, when present, is independently selected from hydrogen and —8Gs. In yet a further
aspect, cach of RS"‘, RSb, and R,SZ when present, is —SO5". In an even further aspect, cach of

R R and R, when present, is —SO:R".

[66163] In a further aspect, each of R™ R and R™, when present, is independently

o g 3 . .
selected from hydrogen, —CO;, and —CO:R°. In a still further aspect, each of R, R b, and
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R™, when present, is independently selected from hydrogen and —CQO,. In yet a further
Sa b ST >
aspect, each of R, R” and R™, when present, 18 —C0; . In an even further aspect, cach of

R R® and R™, when present, is —CO,RE
i.  R™anp R* Groups

[80164] In onc aspect, each of R® and R™, when present, is independently selected
hydrogen, halogen, —CN, —OH, —NRYR'® —WR™RPH', C1-C4 alkyl, C1-C4
monohaloatkyl, Ci-C4 polyhaloalkyl, —S05, -"SQ;RB, —(3,", and —~CO,RY. In a further
aspect, cach of R*and R™, when present, is independently selected from hydrogen, —F, —Cl,
—{N, —OH, —NR7R™, —NR"R'H' methyl, ethyl. propyl, —CH,F, —CH,ClL
—CHCHF, —CHCHOCL —CHRCHCHRE, —CHCHRCHLCL, —CHE;, —CFi, —CHCh,
—CCls, =80y, =8OR, —COy, and —COR". In 8 still further aspect, cach of cach of R
and R(’b, when present, is independently selected from hydrogen, —F, {1, —UN, —(GH,
~NR¥RP —NRPR'PH, methyl, ethyl, —CHF, —CH,CL, —~CH,CH,F, —CH,CH,CL,
—CHF,, —CFs, —CHCh, —CCh, —SO5, —80:RY, —COy, and —CO,RY. In vet a further
aspect, cach of R®and R, when present, is independently selected from hydrogen, —F, —Cl,
~ON, —OH, —NRR'?® —NR'R'®H’, methyl, —CH,F, ~CH,Cl, —~CHF,, —CF;, ~CHCL,
—{Cl;, —S0y, —505RY, (3, and —CO,RY. Tn an even further aspect, each of R and
R® when present, is independently selected from bydrogen, —F, —Cl, —CN, —OH,
~NRPRP, —NRPRPPHT, —~CF;, ~CCly, ~805,~80:R "7, ~C0, ", and —~COR Y.

[86165] In a further aspect, cach of R® and R® when present, is independently selected
from halogen, —CN, —OH, ~NR'PR! —NR'PRPH", C1-C4 alkyl, C1-C4 monohaloalkyl,
C1-C4 polyhaloalkyl, —8Oy, —~8O:R", —COy, and —CO-RY. In a still further aspect, cach
of R™ and R®, when present, is independently selected from —F, -1, —CN, —OH,
~NRPRP . NRPRYH, methyl, ethyl, propyl, —CH.F, —CH,ClL ~(H,CHE,
—CHCHCL, —CH,CH,CHLF, —CHLCH,CHCl, —CHEF,, —CF5, —CHCl,, —CCly, —S04,
—SO:RY, 0y, and —CORY. In vet a further aspect, each of R%and R®, when present, 18
independently selected from —F, —Cl, —CN, —OH, —NR"™R'", —NR™R'H’, methyl,
gthyl, —CHRF, —CH,Cl, —~CHCHLF, —CHL,CHLC, —CHF;, —CF3, —CHCL, —CCL;, —504,
—80:R", 0,7, and —COR"’. 1n an even further aspect, cach of R®and R®, when present,
is independently selected from —F, —Cl, —CN, —OH, ~NR'*R/ ®NRPRPPH methyl,
~CH:F, —CH,CL —CHF,, —CFs, —CHCl, —CCh, —8053, —=8OsR", —~C 0y, and —CORY.

In a still further aspect, cach of R™ and R when present, is independently selected from —F,
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~Cl, —CN, —OH, —NR'R"™ —NRI¥R™H"| —(F., —CCh, =805, =8O:R", —C0,", and
—CORY,

[B0166] In a further aspect, cach of R™ and R®, when present, is independently selected
from hydrogen, halogen, —NR'#R'® —NR'PRYH" C1-C4 alkyl, C1-C4 monohaloalkyl,
C1-C4 polyhaloalkyl, ~805, —8O:R', ~CO,, and —COR". In a still further aspect, each
of R and R®, when present, is independently selected from hydrogen, —F, —Cl, ~NR'ZRM,
~NRYR™H' methyl, cthyl, propyl, —CHyF, —CH)Cl, —CH,CH,F, —CH,CH,CI,
= CH,CH,CHAR, —CHCH,CH,CL, —CHE, ~CFs, —CHCh, —CClh, =805, —80:R Y, —CO;,
and —CO.RY. In yet a further aspect, cach of R® and R®, when present, is independently
selected from hydrogen, —F, —Cl, —NRPR'™ ~NR™R'PH", methyl, ethyl, —CHF,
—CHC, —~CHyCHOF, —CHCHoCL, —CHEy, —CFs, —CHCh, —CCl;, =80y, —805R”,
—C0y, and —CO,R'. In an even further aspect, ¢ach of R% and R™, when present, is
independently selected from hydrogen, —F, —Cl, —NR"™R™" —NR“RY™H', methyl,
~CHF, —CHCL —~CHF,, —CFy, —CHC, ~CCl, ~S05, =80;RY, —C0y, and —~CORY.
in a still further aspect, cach of R™ and R™, when present, is independently selected from
hydrogen, —F, —Cl, —NR¥R'®, —~NR¥R'"PH', ~CF;, ~CCh, ~80:, —~80:R", —C0;", and
—COR™,

801671 In a further aspect, cach of R™ and R, when present, is independently selected
from hydrogen, —NR'R'™, —NR'PR™H", C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, —SO+, —SO:RY, —CO;, and —CO,R". In a still further aspect, each of R
and R, when present, is independently selected from hydrogen, —NR'ZR!™ —NR'ZRPPH,
methyl, ethyl, propyl, —CHF, —CH;CL —CHCHF, —CH,CH;Cl, —CH,CH;CH}F,
~CH,CH,CH,CL, ~CHF,, —~CF3, —CHCl, —CCly, =80y, =80:R", —C0,’, and ~COR".
Tn yet a further aspect, cach of R™ and R® when present, 18 independently selected from
bydrogen, —NR'ZR™, —NR™R'™H', methyl, ethyl, —CH.F, —CHyCl, —CH.CHAF,
~CHyCHyCL, =CHEF, =CFs, ~CHCl, —CCh, =80y, —80:R", ~C0;, and —CO,R". In an
even further aspect, each of R™ and R™, when present, is independently selected from
hydrogen, ~NR™PR'?® —NRRPH', methyl, —CH,F, ~CH,Cl, —CHF,, —CFs, —~CHCh,
s, =807, —S0:R Y —C0,, and —CO.RY. 1n a still further aspect, each of R% and Rf;b,
when present, is independently selected from hydrogen, —NR'R'", —NR'"R'™H", —~CF;,
—CCl, —S05,—80:R", —CO; ", and —COR ™.

[B0168]  In a further aspect, cach of R™ and R™, when present, is independently selected

from hydrogen, —NR'R'™, and —NR™R'™H". In a still further aspect, cach of R™and R®,
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[P ~ 2 -+ ~
when present, is independently selected from hydrogen and —NR' BRYPH In yet a further
aspect, each of R™ and R™, when present, is hydrogen. Tn an even further aspect, each of R™

6 . . 128 2Byt . ; ! & N
and R"b, when present, 1s ~NRPRZPH In a still further aspect, each of R™ and Rﬁb, when

present, is —NRR,

(86169} In a further aspect, each of R™ and R®, when present, is independently selected
from hydrogen, —SO1, and —SO:R". In a still further aspect, each of R™ and R, when
present, 18 independently selected from hydrogen and —S05". o yet a further aspect, cach of
R and R, when present, is —S8Q5. In an even further aspect, each of R® and RY, when

present, is —SO:R Y.

[B0178]  In a further aspect, cach of R™ and R™, when present, is independently selected
from hydrogen, —COy, and —CORY. Tu a still further aspect, each of R® and R®, when
present, is independently selected from hydrogen and —CO;". 1n yet a further aspect, cach of
R and Rﬁb, when present, 18 —C(O,. Tn an even further aspect, each of R® and Réb, when

present, is ~CO,R Y,
k. R Groups

[90171] In one aspect, R’, when present, is selected from hydrogen and C1-C4 alkyl Ina
further aspect, R', when present, is selected from hydrogen, methyl, ethyl, and propyl. In a
still further aspect, R', when present, is selected from hydrogen, methyl, and cthyl. In vet a
further aspect, R', when present, is selected from hydrogen and methyl. In an even further
aspect, R, when present, is hydrogen.
L R*Grours
[80172] o one aspect, R®, when present, is selected from hydrogen and C1-C4 alkyl. Ina
further aspect, R®, when present, is selected from hydrogen, methyl, ethyl, and propyl. Ina
still further aspect, R®, when present, is selected from hydrogen, methyl, and ethyl. In veta
further aspect, R®, when present, is selected from hydrogen and methyl. In an even further
aspect, RY, when present, is hydrogen,
m. RGroups
(801731  In one aspect, R”, when present, is selected from hydrogen and C1-C4 alkyl. Ina
further aspect, R°, when present, is selected from hydrogen, methyl, ethyl, and propyl. In a

stiff further aspect, R7, when present, is selected from hydrogen, methyl, and ethyl, Inyvet a
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further aspect, R”, when present, is selected from hydrogen and methyl. In an even further

[¢) .
aspect, R, when present, is hydrogen.
n RYGrours

[80174]  In one aspect, R'”, when present, is selected from hydrogen and C1-C4 alkyl. Ina
further aspect, R', when present, is selected from hydrogen, methyl, ethyl, and propyl. Ina
still farther aspect, R'®, when present, is selected from hydrogen, methyl, and cthyl. Tn yeta
further aspect, R'?, when present, is selected from bydrogen and methyl. To an even further
aspect, R'Y, when present, is hydrogen.

5. RYGrours
(80175 Inone aspect, R’ when present, is selected from hydrogen and C1-C4 alkyl. Tna
further aspect, R, when present, is sclected from hydrogen, methyl, cthyl, and propyl, Ina
still further aspect, R'', when present, is selected from hydrogen, methyl, and ethyl. Inyet s
farther aspect, R'', when present, is selected from hydrogen and methyl. In an even further
aspect, R', when present, is hydrogen.

p.  R™Grours
(08176} In one aspect, R'?, when present, is sclected from hydrogen and C1-C4 alkyl. Ina
further aspect, R™, when present, is selected from hydrogen, methyl, ethyl, and propyl. Ina
still further aspect, R, when present, is selected from hydrogen, methyl, and ethyl. In yet a
further aspect, R', when present, is selected from hydrogen and methyl. In an even further
aspect, R'?, when present, is hydrogen.

q.  RYGrours
[80177] o onc aspect, R, when present, is selected from hydrogen and C1-C4 alkyl, Ina
further aspect, R™, when present, is selected from hydrogen, methyl, ethyl, and propyl. Ina
still further aspect, R, when present, is selected from hydrogen, methyl, and ethyl. In vet a
further aspect, R”, when present, is selected from hydrogen and methyl. Tn an even further
aspect, R*, when present, is hydrogen.

2. EXAMPLE STRUCTURES

(86178}  In one aspect, a residue of a compound can be present as:
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F O F O F 0,0
F o F F s
N’e\/ )\ Oe Na® Oe Na®
H n
N3 F N3 F N3 F
2 B F
F O 0 CH3
F 4 N
SN CH,
H
N3 F
or F , or a subgroup thereof.

[801791  Ina further aspect, 8 residue of a compound can be present as:
F O
F o)
N’<\/ >\
H n
N3 F
F , ot a subgroup thereof,

[60180]  In a still further aspect, a residue of a compound can be present as:

F O F oo
F © ® F ¥ o e
O~ Na 07 Na
N3 F Ny F
F F

{68181} Inyeta further aspect, a residue of a compound can be present as:

, OF , of a subgroup thereof.

F o0 CH;
F ! N
NN “CHj,
H
N3 F
F

[60182] In one aspect, a compound can be present as:

F oo CHj
F ot N
SN7" CH,
N3 F
F
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D, METHRODS OF MODIFYING THIN-FILM MEMBRANES

[68183]  In one aspect, the invention relates to methods of modifying a thin-film membrane
comprising a surface, the method comprising the step of bonding the surface with at least one
residue of a compound having a structure represenied by a formula:

R1a
R2a A\

N3 R'I b
RZb

wherein A 1s selected from —C{(=0)— and —{80;}—; wherein L 15 selected from —0Q, —0,
~NRHQ and —~NR'Q; wherein Q is selected from hydrogen, a hydrophilic polymer, and a

structure represented by a formula:

5¢
R R5b
YZ%R%
R4a R4b

wherein Z is selected from —CR®R™ —C(=0)—, —C(=NH}~ and —C(=NH)NR
wherein m is an infeger selected from 0, 1, 2, 3, 4, 5, 6, 7, and &; whercin cach of R'and R™®
is independently selocted hydrogen and halogen; wherein each of R™ and R™ is halogen;
wherein R, when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R®
and R™, when present, is independently selected from hydrogen, halogen, —CN, —OH,
~NRPR®, —NRPR®™ H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhalosalkyl, =SSOy,
mSO_;R‘*, 0, and m(LTOgR”; wherein each of R™, Rﬂ’, and R is independently selected
from hydrogen, halogen, —CN, —OH, —NR'®R!™ —NR®R" H' C1-C4 alkyl, C1-C4
monochaloalkyl, C1-C4d polyhaloalkyl, —SO5, -—SO;R,“, ~—{G;, and ——CO;R“; wherein each
of R™ and R®™, when present, is independently selected hydrogen, halogen, —CN, —OH,
—NRPR™ NRR' HY, C1-C4 alkyl, C1-C4 monohaloalkyl, CI-C4 polyhaloalkyl,
—80:, —SORY, —COy, and —CO.R": wherein R, when present, 15 selected from bydrogen
and C1-C4 alkyl; wherein R, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R’, when present, is selected from hydrogen and C1-C4 alkyl; wherein R', when
present, is selected from hydrogen and C1-C4 alkyl; wherein R'', when present, is selected
from hydrogen and C1-C4 alkyl: wherein R', when present, is selected from hydrogen and
C1-C4 allevl; and wherein R, when present, is selected from hydrogen and C1-C4 alkyl. In

a further aspect, the membrane is a reverse osmosis membrane. In a still firther aspect, the

£
<
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membrane comprises at least one polyamide. In yet a further aspect, the polyamide is

aromatic.

[68184]  In a further aspect, the membrane exhibits an improvement in at least one property
selected from resistance to fouling, hydropholicity, surface charge, and roughness. In a still
further aspect, the membrane demonstrates an improvement in at feast one property selected
from resistance to fouling and hydrophilicity. Tn yet a further aspect, the membrane
demonstrates an improvement in resistance to fouling. In an even further aspect, the
membrane demonstrates an improvement in hydrophilicity. In a still further aspect, the
membrane demonstrates an improvement in surface charge. In vet a further aspect, the

membrane demonstrates an improvement in roaghness,

[B0I85]  In one aspect, the invention relates to methods of moditying a thin-filie membrane
comprising a surface, the method comprising the step of bonding the surface with at least one
residue of a compound comprising a singlet nitrene, thereby improving at least one property
selected from resistance to fouling, surface charge, hydrophilicity, and roughness. In a
further aspect, the at least one property is sclected from resistance to fouling and
hydrophilicity. In a still further aspect, the membrane demonstrates an improvement in
vesistance to fouling. In yet a further aspect, the membrance demonstrates an improvement in
hydrophilicity. In an even further aspect, the membrane demonstrates an tmprovement in
surface charge. In a still further aspect, the membrane demounstrates an improvement in
roughness.

[66186] In a further aspect, the surface comprises at least one —NH— and/or —C=C—
residue.

1661871  In a further aspect, bonding comprises singlet nitrene nsertion.

160188] In a further aspect, bonding comprises coating the membrane with the at least one
residue of a compound. In a still further aspect, coating corprises dip-coating. In yet a
further aspect, coating Comprises spray coating,

[B0I89]  In a further aspect, bonding comprises exposing the membrane to a heat source,
Examples of a heat source that may be used include, but are not limited to, a stream of hot air,
an oven, and an IR lamp. In yet a further aspect, the temperature of the heat source is at least

about 100 °C,

1661901  In a further aspect, bonding comprises exposing the membrane to a light source,

in a still further aspect, the light source comprises UV light. In yet a further aspect, the light
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source comprises UV light in the range of from between 200 nm and 370 nm. In an gven
further aspect, bonding comprises coating the membrane with the at least one residue of a

compound and exposing the membrane to a light source.

{60191} In a further aspect, bonding comprises a covalent modification. In a still further

aspect, bonding comprises a photochemical modification.
[60192] Ina further aspect, the at least one residue of a8 compound is water soluble.

(861931 In a further aspect, the at least one residue of a compound has a structure
represented by a formula:
R1a
R2a A\
L
N R1P
R2b

wherein A s selected from —C(=0)— and —(SO,)—; wherein L is selected from —0Q, —O,
—NR*HQ and —~NR’Q; wherein @ is selected from hydrogen, a hydrophific polymer, and 2

structure represented by a formula:

5¢

R R5b

\./Z m R*
R4a R4b

wherein Z is selected from —CR®R®w— —C{=0}— —C(E=NHm, and —C{E=NHINR —;
wherein m is an integer selected from 0, 1, 2, 3, 4, 5, 6, 7, and 8; wherein cach of R and R
is independently selected hydrogen and halogen; wherein cach of R* and R* is halogen;
wherein RY, when present, is selected from hydrogen and C1-C4 alkyl; wherein each of R™
and R"™, when present, is independently selected from hydrogen, halogen, —CN, —OH,
~NRER® —NR¥R® H', C1-C4 alkyl, C1-C4 ronohaloalkyl, C1-C4 polvhaloalkyl, —SOx,
~805R°, —CQy, and —CO,R’; wherein each of R™, R, and R is independently selected
from hydrogen, halogen, —CN, —OH, —NR'™R'®, —NR'“R'® H', C1-C4 alkyl, C1-C4
monohaloatkyl, C1-C4 polyhaloalkyl, —505, --SO_;R“, (3, and m(ﬁ()zR,“; wherein each
of R® and R®, when present, is independently selected hydrogen, halogen, —CN, —OH,
~NRPR"™ —NRYR™ HY C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4 polyhaloalkyl,
S0, —-SO;R”, —{(, and —-COQR13 s wherein R7, when present, is selected from hydrogen
and C1-C4 alkyl, whercin R®, when present, 18 selected from hydrogen and C1-C4 alkyl;

. g . ~ . . i}
wherein R”, when present, is selected from hydrogen and C1-C4 alkyl; wherein R', when
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present, is selected from hydrogen and C1-C4 alkyl; wherein R'', when present, is selected
from hydrogen and CI-C4 alkyl; wherein R'2 when present, is selected from hydrogen and

C1-C4 alkyl; and wherein R™, when present, is selected from hydrogen and C1-C4 alkyl.

(86194} In a further aspect, the singlet nitrenc is formed via activation of an azide. In g
stili further aspect, activation is photoactivation. In yet a further aspect, photoactivation
comprises exposing the at least one residoe of a compound to a light sowrce. In an even
further aspect, the light source comprises UV light. Tn a still further aspect, the light source

comprises UV light in the range of from between 200 nm and 370 nm.

1601951 In a further aspect, the membrane exhibils an improvement in at least one property
selected from resistance to fouling, hydropholicity, surface charge, salt rejection, and
roughness. In a still further aspect, the membrane derponstrates an improvement in at least
one property selected from resistance to fouling, salt rejection, and hydrophilicity. Inveta
farther aspect, the membrane demonstrates an improvement in resistance to fouling. In an
even further aspect, the membrane demonsirates an improvement in hydrophilicity. To a still
further aspect, the membrane demonstrates an improvement in surface charge. In yet a
further aspect, the membrane demonstrates an improvement in roughness. In an even further

aspect, the membrane demonstrates an improvement in salt rejection.

E. MuTHODS OF PURIFYING WATER

[B0196]  In one aspect, the invention relates to methods of purifying water, the method
comprising: a) providing a disclosed membrane, or a membrane modified according to a
disclosed process, the membrane having a first face and a second face; b) contacting the first
face of the membrane with a first sohution of a first volume having a first salt concentration at
a tirst pressure; and ¢ contacting the second face of the membrane with a second solution of
a second volume having a second salt concentration at a second pressurg; wherein the first
solution 18 in fluid communication with the second solution through the membrane, wherein
the first salt concentration is higher than the second salf concentration, therchy creating an
osmotic pressure across the membrane, and wherein the first pressure is sufficiently higher
than the second pressure to overcome the osmotic pressure, thereby increasing the second
volume and decreasing the first,

1661971 The feasibility of a mernbrane separation process is typically deterrained by
stability in water flux and solute retention with time. Fouling, and in particular biological

fouling, can alter the selectivity of 2 membrane and cause membrane degradation cither



WO 2014/130844 PCT/US2014/017758

directly by microbial action or indirectly through increased cleaning requirements. These
characteristics can have a direct effect on the size of the membrane filtration plant, the overall
nvestment costs, and operating and maintenance expenses. By applying the membranes and
methods disclosed herein to commercial membrane and desalination processes, the overall
costs can be significantly reduced due to the improved fouling resistance of the membranes of
the vention. Due to the hydrophilic polymers covalently bonded to the membrane surface,
frequent cleaning and membrane replacement is no longer required, thereby offering

additional savings to owners and operators of these processes.
F. EXPERIMENTAL

[60198] The following examples are put forth so as to provide those of ordinary skill in the
art with a complete disclosure and description of how the compounds, compositions, articles,
devices and/or methods claimed herein are made and evaluated, and are intended to be purcly
exemoplary of the invention and are not intended to limit the scope of what the inventors
regard as their invention. Efforts have been made (o ensure accuracy with respect to nambers
{e.g., arnounts, temperature, oic.), but some errors and deviations should be accounted for,
Unless indicated otherwise, parts are parts by weight, temperature is in °C or is at ambiont

temperature, and pressure is at or near atmospheric.

1. GENERAL METHODS

1601991 Mcthoxypolyethylene glveol amine MW = 5000 g/mol was purchased from Sigma
Aldrich {(Milwaukee, W1}, Methoxypolyethylene glycol amines MW = 550, 1000 g/mol were
purchased from Laysan Bio (Arab, AL), N-hydroxysuccinimidyl 2,3,5,6-tetrafluorobenzoate
was prepared according to Keana and Cai.' Dicthyl ether and methanol were purchased from
Fisher Scientific (Pittsburgh, PA). Dow FILMTEC XLE brackish water flat sheet mernbranes
were donated by Dow Water & Processes Solhutions (Edina, MN). The membranes were
soaked in DI water overnight to remove the shipping preservative and dried. Unless otherwise
stated, all materials were used as rocetved. 'H and "F-NMR spectroscopy was conducted on
a Bruker AV 300 NMR Spectrometer. Spectra were recorded in a solution of CDCh at room
temperature, referenced to a residual solvent peak for CDCli. Powder ATR-IR was conducted

on the products asing 8 JASCQO FT/IR-6300 spectrometer with an ATR accessory.

2. SYNTHESIS OF PFPA-PEG

SCHEME F.
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3 F 1. 20% NaOH/ i
Pa B 02Me e, F CO,Me  Methana Fj@zCQZH
» e Bor i
F = F Acetone/Water . F 2. 1M HCI Ny / F
F Raflux, 18 h F g
3.1 2.2 3.3
Q
g F O 5
NHS/DCC i /\/L ?‘“’ 0.9 eq H,N-PEG,
CH,O, | YOO A
iz ok O CHyCly, ovarnight
NS i F N
F
3.4 PFPA-PEG,

(802087 PFPA-PEG derivatives were synthesized by 8 modified procedure originally
described by Yan (Yan, M. (2000) Reactive and Functional Polymers 45, 137-144). Briefly,
1 equivalent of N-hydroxysuccinimidyl 2,3,5,6-tetrafluorobenzoate and 0.9 equivalents of the
HN-PEG were dissolved in CHCY;. The solution was stirred overnight in the dark at room
temperature.  The reaction mixture was then poured wnto diethyl ether and extracted three
times with water. After evaporation under reduced pressure, the product was collected and
used without further purification.

8. SYNTHESIS OF METHYL 4-A7180-2,3,5,6~
TETRAFLUOROBENZOATE (3.2}

E

E—'—'\@:COQMQ
Ny~ Y F

i
{88201 A mixture of 030 (4.6 mmol} of NaM; and 038 g (43 mmol} of
pentafluorcbenzaldehyde (3.1) in acetone (8 mL) and water (3 rul.) was refluxed for 2h. The
mixture was cooled, diluted with water (10 mbL), and then extracted by ether (3 x 10 ml).
The extract was dried (MgSO4) and evaporated to leave 87% of 3.2 as a colorless solid (FIG.
23

b, SYNTHESIS OF 4-AZIB0~2,3,5,6-TETRAFLUGROBENZOIC ACID (3.3)

F
E _CO.H
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18620627 A solution of 0.586 g of 3.2 with 20% aqueous NaOH (0.8 mL} in MeOH (10 mL)
and water {1 mL) was stirred overnight at 25 °C. The solution was acidified by | M HCl in
an ice bath to pH <1 and extracted by CHClE (3 x 10 mul). The extract was dried (MgSOy)
and evaporated to leave 0.54 g (98%:) of 3.3 s a colorless solid (FIG. 3}

C. SYNTHESIS OF 2,5-DIOXOPYRROLIDIN-1-YL 4-A7100-2.3,5.6~
TETRAFLUGROBENZOATE (3.4)

O
FO
; O
F

18620637 A solution of 234 mg (1.0 mmol} of 3.3 (115 mg 1.0 mmol) of N-
hydroxysuccinimide (NHS} and 211 mg (1.02 mmol} of dicyclohexylecarbodiimide (DCC) in
CHLCL (6.5 ml, vedist.) was stirred at 25 °C overnight. The mixture was filtered. The

filtrate was evaporated to leave 331 mg (99%) of 3.4 ag a colorless solid (FIG. 4).

d. SYNTHESIS OF PFPA-PEGsges

(862047 HoN-PEGso0s (750 mg, 0.15 mmol} was dissolved in 10 mbL of CHCL, 3.4 (60 mg,
0.18 mmol) was added to solution and the reaction was allowed 1o stir in the dark overnight at
room teroperature.  The resulting solution was poured jnto 20 mbL of diethyt cther and the
product was extracted 3 times with 20 mL DI water. A grey solid product (745 myg, 0.14
mmol, yvield: 93%) was obtained via evaporation under reduced pressure and stored in a
dessicator in the dark before use (FIG. § and 6). ' NMR 300 MHz, CDCls, 25 °C, solvent
reference peak): §=3.63 (m); F NMR 300 MHz, CDCly, 25 °C, solvent reference peak): §=-
140.94 2F; aryl-F), ~150.87 (2F; aryi-F); IR0 o™= 2876, 2102, 1933, 1460, 1337, 1275, 1233
1101, 950, 836 cm’™.

e, SYNTBESIS OF PFPA-PEGige
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[B8205]  HN-PEGioe (820 mg, 0.82 ywmol) was dissolved in 10 mL of CHCL. 3.4 (302
mg, 0.91 mmol) was added to solution and the reaction was allowed to stir in the dark
overnight at room ternperature. The resulting sohition was poured into 20 mlL of diethy! ether
and the product was extracted 3 times with 20 mbL DI water. A white wax (981 mg, 0.8
mmol, yield: 97%) was obtained via evaporation under reduced pressure and stored in a
dessicator in the dark before use (FIG. 7). 'H NMR 300 MHz, CDCL, 25 °C, solvent
reference peak): 8= 3.64 (m), 3.38 (8), 2.72 (s} °F NMR 300 MHz, CDCh, 25 °C, solvent
veference peak): 6=-140.94 (2F; aryl-F), -150.87 QF; arvl-F); IR v'=2860, 2120, 1714, 1484,
1342, 1276, 1210, 1090, 990, 940, 83% cm™,

£ SYNTHESIS O0F PFPA-PEGss

[802066] HoN-PEGsso (270 mg, 0.5 mmol} was dissolved in § mL of CHClL;. 3.4 (180 mg,
(.54 romol) was added to solution and the reaction was allowed 1o stir in the dark overnight at
roorn teroperature.  The resulting solution was poured into 20 ml. of diethyl ether and the
product was extracted 3 times with 20 mL DI water. A light yellow oil (373 mg, 0.47 mmol,
vield: 94%;) was obtained via evaporation under reduced pressure and stored in a dessicator in
the dark before use (FIG. &), "H NMR 300 MHz, CDCls, 25 °C, solvent reference peak):
§=3.68 (m), 3.42 (s), 2.77 (s); ""F NMR 300 MHz, CDCls, 25 °C, solvent reference peak): 3=
140.92, -150.79. IR: v'=2861, 2122, 1771, 1482, 1316, 1254, 1205, 1085, 988, 821 cm™",

3. SyNTHESIS OF HYDROPRILIC SMALL MOLECULES
[86267] Three small molecules bearing hydrophilic acidic and basic functionalities were

synthesized. Al compounds were prepared from the commercially available precursors and

converted using common reagents.

3.  SYNTHESIS OF SODIUM 4-AZIB0-2,3,5,6-TETRAFLUOROBENZGATE
{(PFPA-COONA)
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ScHsME Y.

COH 1 equiv. NaOH  Fno2 02 Na
g0
= MaOH N = £
F
3.3 PFPA-COONa

[802068] PFPA-COONa was prepared from the corresponding carboxylic acid {PFPA-
COOH, Keana, 1. F. W, and Cai, 8. X, (1990) J. Org. Chem. 58, 3640-3647) psing 1 molar
equivalent of sodium hydroxide in methanol. The sodium salt form enables the dissolution in
waler.

b. SYNTHESIS OF SODIUM 4-AZIBO-2,3,5,6-~
TETRAFLUOROBENZENESULFONATE (PFPA-SO:NA)

SCHEME V,

NaN3
D L

Acetone/Water

PFPA-SO,Na

(802891  Because carboxylic acid functionalities are known to chelate ions 1n solution that
can lead to scaling, the PFPA-sulfonate salt was synthesized. The sulfonyl chloride group
must first be protected with phenol, prior to addition of the azide (step 2). Sulfonate esters
protected with aliphatic alcohols are unstable toward mucleophilic attack, as in step 3 (Miller,
S. C. (2010) J. Org. Chem. 75, 4632-4635). Finally, deprotection of the sulfonate afforded a
solid which was isolated via filiration.

C.  SYNTHESIS OF 4-AZIDO-N-(2-(DIMETHY LAMINOETHYL)-2,3,5,6-

TETRAFLUOROBENZENESULFONAMIDE (PFPA-SDEA)

SCHEME VI
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5.1 6.4 PFPA-SDEA

[60210] PFPA-SDEA was sclected for its basic functionality and case of synthesis.
Additionally, the tertiary dimethy! amine tail has been reported to exhibit antimicrobial
properties (Martin, T. P, et al. (2007} Biomaterials 28, 90%9-915). The PFPA-SDEA 15
organosoluble, but can also be converted to its salt forra with addition of an acid. PFPA-
COOH (or PFPA-SDEA) can be added together at equimolar ratios, dissolving in HyO in the
salt form (PFPA-SDEAH+ or PFPA-COO-, respectively).

d. SyNrHESS OF 2-({{d-A71D0-2,3,5,6-
TETRAFLUOROBENZOYLIOXY JAMING }- ¥, A-DIMETHYLETHANAMINE (PFPA-CDEA)

SCHEME VII.
\
HANT £ 0 !
T = F X /h\N/\/N\
N = F
F
3.4 PFRA-CDEA

160211  PFPA-CDEA was prepared from the PFPA ester prepared as disclosed herein
above. Thus, reaction with N7 NI-dimethylethane-1,2-diamine in the presence of chloroform
afforded the desired PFPA analog (FIG. 9).

C. PROPHETIC SYNTHESIS OF ZWITTERIONIC PFPA DERIVATIVES

SCBEME Vi
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1602121  The synthesis of zwitterionic PFPA derivatives poses synthetic challenges due to
the limited solubility of zwitterions in organic solvents. For the cationic and anionic
dertvatives, the target compounds may be synthesized in an organic solvent system, using the
activated PFPA-N-succimumidyl ester or sulfonyt chloride.  Thercfore, water soluble
carbodiimide chemistry {(ie., 1-cthyl-3-(3-dimethylaminopropylicarbodiimide) st be
utilized to couple the zwitterionic compounds bearing a primary amine to the free carboxylic
acid PFPA-COOH dernvative (Nakajima, N, Tkada, Y. (1995} Bioconjugate Chemistry 6,
123-130). Thus, in one prophetic example, PFPA coupling can be performed using amino
acid functionalized resins, analogous to solid phase peptide synthesis (SPPS) (Merrifield, R.
N. (1963} /. Am. Chem. Soc. 65, 2149). SPPS enables robust reaction efficiency and facile
work-up by covalently coupling the PFPA to the selected compound that is attached 1o an
msoluble functionalized resin. The coupling reagents can be washed away after completion
of the reaction and the pure product attained with selective cleaving agents. The amino acids
tysine (Lys) and arginine (Arg) will be sclected due to their free amino group on the side

chain, which should enable these compounds to be coupled to PFPA-COOH cfficiently.

4. SURFACE MODIFICATION PROCEDURE

ScHEME X,

~

O@
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[68213] A diagram ilustrating the procedure used to modify the membrane surface is
shown in FIG. 18, A 2 mM PFPA-PEG, solution was prepared by dissolving PFPA-PEG,,
PFPA-COQONa, or PFPA-SOsNa in 18 M water and shaking vigorously until the PFPA-
PEG was fully dissolved. Al dip-coating solutions were used the sarne day as prepared. The
commercial reverse osmosis membrane coupons (2x2 cm’) were dipped into the solutions for
~5 seconds and aflowed to air dry on a flat surface overnight. Larger 110 cm” samples were
used for performance testing, Once dried, the coupons were placed under a 6W Spectroline
ENF-260C handheld UV lanp using a 254 nm wavelength for 3 rotnutes. The larap was held
5 inches above the surface of the membrane using a ring stand. After UV exposure, the
membrane cutouts were placed in a 10% ecthanol/water bath stream to remove by-products
and any unreacted azide. The ethanolic sohution also helped to restore permeability to the
membranes that was lost during the drying step. The membrane coupons were then placed in
a Pl water bath overnight. Membrane coupons used for ATR-IR and contact angle

measurements were stored in a dessicator.

()]
O
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MEMBRANE CHARACTERIZATION

1

[60214] 3x! cm membrane coupons used for FT-IR, contact angle measurements, and
atomic force microscopy {AFM) were dried before use overnight in a dessicator. The
modified and unmodified membranes were characterized with ATR-IR on a JASCQO F1/IR-
6300 spectrometer with an ATR accessory. XPS studies were carried out on 2 Kratos AXIS
Ultra DLD with a monochromatic Al Ka X-ray source operating at 10 mA and 15 kV.
Survey spectra and individual high-resolution spectra were collected using pass cnergies of
160 ¢V and 10 oV, regpectively, Data processing was performed using CasaXPS 2.3
software, and spectra binding energies were calibrated by assigning the hydrocarbon peak in
the C 1s high-resolution spectra to 284.6 eV. Sessile drop contact angle measarements were

observed using a Kruss DSA 10 goniometer,

6. WATER PERMFEARILITY AND REJECTION

(862315} Performance testing on the RO membranes was conducted in a stainless-steel
dead-end filtration stirred cell (Sterlitech Corp., Kent, WA) with an active membrane area of
approximately 110 em”. The stirred cell was filled with Milli-Q water, and pressurized until
water flow through the membrane was first observed. The water flow rate was then recorded
using a digital flow meter (FlowCal 5000, Tovatech LLC, South Orange, NJ). The system
was continually pressurized at incremeunts of 50 psi (689 kPa) up to 400 psi (2758 kPa) while
measuring the water flow rate at cach jncremsent.  The membrane was then allowed to
compact at 400 pst until the flow rate stabilized, which took approximately 3 hours for each
membrane. The salt rejection of each membrane was characterized by filling the stirred cell
with a 2 g/L NaCl solation and pressurizing the cell to 225, 300 and 400 psi. Approximately
180 mb of the permeate solution was collected at cach pressure and the conductivity was
measured using a calibrated conductivity meter (Accurnet X130, Fisher Scientific). The salt
rejection, R, was calculated by R = | — ¢p/cy, where ¢ 1s the permeate concentration and ¢y I8
the bulk feed solution concentration. The pure water permeability was determined from the
slope of the lincar regression line on the plot of membrane water flux (flow rate normalized

by membrane area) against the pressure up to 400 psi afier compaction.

7. CELL ADHESION TEsY

[80216] Adbesion ftests were performed for the membranes following a modified

procedure reported by Gleason and co-workers (Yang, R. et al. (2011) Chem. Marer. 23,
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1263-1272). Escherichia cofi was used as the model bacteria for this test. Pure bacterial cell
cultures were saspended in Luria-Bertant (LB) broth and grown at 35 °C while being shaken
at 150 rpm and incubated until a mid-exponential phase was reached, at which time the cells
were harvested by centrifugation at 3800 x g for 8 min. The cells were then re-suspeanded
with fresh LB medium to a concentration of 4 x 1{7 cells/ml. Membrane coupons, of
approximately 1 em”, were incubated in this bacterial suspension for 24 hr at 25 rpm and 35
*C. The coupons were then removed from the suspension and gently rinsed with fresh LB
broth using a Pasteur pipette.  Once rinsed, the coupons were immersed in a dye sohution
{(SYTO 9 hve/dead Baclight Bactenial Viability Kit L13152, Molecular Probes) for 15 mun.
The SYTO 9 solution was prepared by dissolving the contents of coraponent A of the kit in
30 mL of sterile distillated water. After the staining was complete, the coupons were gently
rinsed with fresh LB broth and imaged using a microscope (Olympus BXS1 microscope)
equipped with 8 fluorescent lamp and green/red fluorescence filters and a 4x CCD camera
attachment (FVIEW-I, Soft Imaging System, USA) Surface coverage costimates were
calculated using Imagel software (Abramoff, M. D., et al. (2004) Biophotonics Int. 11, 36-
423,

8. PROPHETIC SYNTHESIS OF POLYMERIC PFPA DERIVATIVES

SCHEME X,

HQN/AGV/A\ﬁa; PEL

» | .
F O)i NQ
% CHCly H
Ny F or Ng F
: DMSC a
3.4 10.1, Q = PE

18.2, Q = PAN:

1602171 To various aspects, hydrophilic polymers with antiraicrobial properties can be
coupled to the PFPA anchor molecule from the N-succinimidyl ester derivative prepared as
disclosed herein. For example, in one prophetic example the PFPA ester can be coupled with
tinear polyethyleneimine (PED). Similar to PEG, PEI is cationic and a strong chelating agent,

which aliows PEI o chelate antimicrobial silver nanoparticles (Mauter, M. 8., et al. (2011)
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ACS Applied Materials and Interfaces 3, 2861-2868; Madkour, T. M. (1999) Polymer Data
Handbook, Oxford University Press, Inc.; Lee, H, et al. (2011) Colloids and Swrfaces B:
Bivinterfaces 88, 505-511). Research on the attachment of PEl 1o PSf UF membranes by
plasma grafting, followed by chelation of silver nanoparticles has demonstrated strong
antimicrobial efficacy towards biological foulants (Mauter, M. 8., et al. {2011} ACS Applied
Materials and Interfaces 3, 2861-2863)  In order to determine the effect on surface
hydrophilicity, membrane performance, and anti-fouling propertics, PEl derivatives with

varying molecular weights may be used.

[68218] In another prophetic example, the PFPA ester can be coupled with polyaniline
{PANI). PANi s a conjugated polymer known for its ease of synthesis (Cao, Y, et al. (1989)
Polvmer 38, 2305-2311), antimicrobial propertics {Gizdavie-Nikolaidis, M. R, et al. (201 1)
Acta Biomaterialia 7, 4204-4209), and proficient acid/base doping properties (Chiang, J.-C.,
MacDiarmid, A. G. (1986) Syntheric Materiais 13, 193-205). Thus, PANY’s hydropholicity
can be tuned with chaoges in pH (Leng, W, et al. 2012 J. Colloid Intery. Sci. 369, 411-413),
potentially uscful as a foulant release mechanism. Due to its conjugated backbone, PANTs
structures are semi-rigid (Andreatta, A., et al. {1988} Syntheric Metals 26, 383-389), valike
PEG and PEI, and may umpart higher membrane permeability than its flexible hydrophilic
counterparts.  Unfortunately, the solubility of PANt 1s limited to polar organic solvent that
will dissolve the PTF membranes during the dip-coating process. Therefore, organosoluble
PANI oligomers can be coupled to the PFPA anchor that maintains PANYS unigue properties

without the Hmited solubility of the parent polymer.

G, RESULTS AND DHSCUSSION

1662191 The need for a scalable method to produce anti-fouling RO membranes led to the
investigation of perfluorophenyiazide as a chemical modifier (PFPA). PFPAs are known for
their highly reactive azide group that allows PFPA derivatives (Levya, E., et al. (1986}.7 Am.
Chem. Soc. 188, 8307-8309; Lig, L.-H., and Yan, M. (2010} 4ccounts of Chemical Research
43, 1434-1443) to make chemical bonds with rather unreactive targets, such as grapheme
(Lin, L.-H.,, and Yan, M. (2009) Nano. Lett. 9, 3375-337¢; Ly, L.-H., et al. (2010} J Marer.
Chem. 28, 5041-5046), carbon nanotubes (Pastine, S, J., et al. (2008), J 4m. Chem. Soc,
2608, 4238-4239), fullerenes (Yan, M., et al. (1994) J. Org. Chem. 59, 5951-5954), and
organic polymers (Bartlett, M. A., and Yan, M. (2001} Adv. Marer. 13, 1449-1451). The

azide functionality is activated by photoexcitation that expels nitrogen gas and affords a
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reactive singlet nitrene that inserts into ~NH- and C=C bonds (Morawietz, J., and Sander, W.
{1996) J. Org. Chem. 61, 4351-4354; Poe, R, et al. (1992} J. Am. Chem. Soc. 114, 5054-
5067). The surface layer of RO membranes is comprised of cross-linked polyamide networks
that contain these groups, thus providing a target for modification. A central goal was to
develop a dip-coating technigue using PFPA derivatives that confers anti-fouling properties

to RO membranes and maintains the roll-to-roll manufacturing process.

16622061 Because PFPAs can be prepared with a functional ester group in the para position
relative to the azide moicty, PFPAs can be readily coupled to molecules containing free
amine or hydroxyl groups to make corresponding amide or esier linkages. Herein, the
synthesis of three hydrophilic polvethylene glveol (PEG) brush polymers of different
maolecular weights (MW = 550, 1000, 5000 Da) with a terminal PFPA group is described.
PFPA-PEGssg, PFPA-PEG o0, and PFPA-PEGsqqo are used to denote the respective PFPA
terminated PEG derivatives according to their molecular weight. The water solubility of the
PFPA-PEGs allows the product to be isolated in bigh purity from the starting roaterial by
using an aqueous phase cxtraction. More importantly, the water solubility cnables RO
membranes to be dipped in an aqueous solution containing the dissolved PFPA-PEG
derivatives. This is attractive coromercially, as many common organic solvents dissolve the

underfying polysuifone laver supporting the thin-film conposite membrane.

[66221] The coupling of PFPAs to several hydrophilic small molecules is also described.
Small molecule modifications have many advantages over polymers. Because of their size, it
is hypothesized that a higher density of small molecule PFPAs can be adsorbed to a surface,
in turn causing a higher density of modification during the UV treatment step.  Additionally,
some hydrophilic polymers are known to hydrolyze over time and are prone to oxidation.
Small molecules can be designed with hydrophilic groups that do not hydrolyze and that are
stable to oxidation. Small moolecules arc easier to synthesize and characterize, and may allow

facile screening of multiple compounds against model foulants in aquatic systems.

1. COVALENT MODIFICATIONS OF RO MEMBRANES VIA PFPA PHOTOCHEMICAL

BEACTIONS

1662221  To test if PFPA photochemical veaction can covalently modify RO membranes,
commercial PA membrane cutouts were dipped into aqueous solutions containing PFPA-
PEGssg, PFPA-PEG 000, and PFPA-PEGsya and allowed to air dry under ambient conditions.

Once dried, the coupons were irradiated with low power UV light (254 nm) from a handheld



WO 2014/130844 PCT/US2014/017758

UV lamp. The cutouts were rinsed in a water bath to remove any unreacted azide and
dimerized byproducts from the surface and dried before surface analysis. The membranes
were then characterized with ATR-IR spectroscopy. The presence of alkane groups within
the PEG polymer brushed is discernible in the ATR-IR spectrum when compared to a bare

A membrane (FIG. 11). A broad C-H stretch is observed at 2860 cm™ and becomes

stronger when PFPA-PEG of higher molecular weight is used for the modification.

1662231  The modification is further manifested through contact angle measurements
shown in the photos in FIG. 11 and 12, The introduction of hydrophilic brush polymers to
the surface of the membrane reduces the liguid/solid interfacial encrgy between a drop of
water and top PA layer. The hydrophilic surface has a stronger interaction with water than
the bare membrane, resulting in a decreased contact angle. A bare commercial membrane
was also dried and exposed to UV light (no dip-coating) to confirm that the decreased contact

angle was not caused by UV wradiation {(FIG. 13 and 14).

1862247 A large drop in contact angle was observed for the membranes modified with
basic functional groups (PFPA-COONa and PFPA-SO:Na) compared with the unmodified
membrane (FIG. 15A-C). In contrast, the PFPA-SDEA modified membrane maintained a
similar contact angle when compared to the control membrane because the NN-

dimethylethylarnine tail is hydrophobic (FIG. 15D).

2. UV EXPOSURE GENERATES COVALENT BONDING BETWEEN THE MEMBRANE

SURFACE AND THE PFPA MOIETY

(662257 The contact angle was measured as a function of UV exposure time to investigate
reaction completion (F1G. 16). Several 4 cm” membrane cutouts were dip-coated in PFPA-
PEG:a00, exposed to UV light for different lengths of time, and rinsed. The results shown in
FIG. 16 indicate that the reaction is complete after ~60 seconds of UV exposure time. [t is
also important to note that with zero UV exposure time, the contact angle of the bare
commercial membrane is restored at 63°.  This indicates that the wash step removes
cssentially all the physically adsorbed PFPA-PEG from the surface of the membrane. Thus,
without wishing to be bound by theory, UV exposure generates covalent bonding between the

RO membrane surface and the PFPA functionality.
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3. X-Ray PROTOELECTRON SPECTROSCOPY

[68226] X-ray photoelectron spectroscopy (XPS) was employed to further clucidate the
nature of the covalent sttachment of PFPA to the surface of the PA membrane. Because the
long PEG polymer chains dominate the XPS spectrs, the small molecule 4-
azidotetrafluorobenzoic acid (PFPA-COOH) was prepared and used to modify analytical
samples for XPS measurements, shown in FIG. 17A and 17B. When compared to the
unmodified membrane, the N 1s spectrum for the moditied membrane exhibits an additional
peak at 402.2 eV, attributed to the newly formed aziridine linkage between the PFPA and the

aromatic rings on the membrane surface (see US 4,039,440.). Furthermore, the absence of

signal above 403 eV indicates that all Ar-N=N'=N expels N, during irradiation, as Ar-

spectrum reveals the presence of the fluorine at 687.6 eV (FIG. 19B) and the C 1s spectrum
displays a significant increase in the C-N bonding, further supporting the covalent attachment

of PFPA derivatives.

4, EFFLECT OF PFPA SURFACE MODIFICATION ON MEMBRANE PERFORMANCE

862271  To determine the effect of the surface modification on the performance of
commercial RO membranes, pure water permeability tests and Na(l rejection tests of the
modified membranes were conducted (see Table 1), As shown in FIG. 1§, as well as in FIG.
194 and 198, the addition of hydrophilic polymers to the membrane surface reduces the pure
water permeability and increases NaCl rejection due to steric hindrance (Coben, Y., ot al
(2013 Membrane Surface Nanostructuring with Terminally Anchored Polvmer Chains.
Functional Nanostructured Materials and Membranes for Water Treatment, Published Ouline
13 February 2013} Moreover, systematically increasing the molecular weight of the brush
nolymer has g greater effect on the permesbility and rejection, presumably caused by larger
flexible polymers, the PFPA-PEG modified merbranes exhibit higher fluxes than wany
commercially available RO membranes with comparable monovalent salt rejection (Jeong,

B.-H., etal (2007) ./ Membr. Sci. 294, 1-7).

TABLE §,

(psi) Commercial RO membrane | PFPA-NHPEG modified
Pressure (psi
Na{l rejection membrane NaCl rejection
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, Comunercial RO membrane | PFPA-NHPEG modified
Pressure (psi) )
Na{ll rejection membrane Nal'l rejection
200 91.5 96.3
300 90.4 93.9
400 88.4 94.2

5. PFPA MoDITIED MIEMBRANES RESIST CELL ADHESION

1602281  The ability of the modified membrane to resist cell adhesion was challenged using
E. coli, a gram-negative bacterium that is conmumonly used in anti-fouling cxperiments (Yang,
R., et al. (2011) Chem. Materials 23, 1263-1272; Adout, A, et al. (2010) Environ. Sci
Technol. 44, 2406-2411; Tan, K., and Opendorf, 3. K. 1. (2007) J Membr. Sci. 388, 287-29%;
Kim, 8. H,, etal. (2003) J Membr, Sci. 213, 157-165). Because initial attachment of bacteria
is crucial in biofilm formation, inhibiting bacterial adhesion prevents the growth and spreads
of bacteria across a surface. In this study, £. coli adhesion on the modified and vamodified
RO membranes was measured by fluorescent microscopy, following a modified procedure
described by Rong and Gleason (Yang, R., ot al. (2011) Chem. Materials 23, 1263-1272).
Using Imagel software (Abramoff, M. D., et al. (2004) Biophoionics International 11, 36-
423, the surface coverage percentage of the adhered bacteria was measured and compared to
the unmoditied RO membrane. The fluorescent microscopy images are illustrated in FIG. 20
and the surface coverage analysis is depicted in FIG. 21. Regarding the unmodified RO
membrane, ~22% of the membrane surface was covered with wreversibly attached Z. coli.
When modified with PFPA-PEG, derivatives, notably less attachment was observed for the
membranes. The membranes modified with PFPA-PEGss; and PFPG-PEG gy showed less
adhered bacteria, and <1% of the surface was covered with £ cofli on the membranes
modified with PFPA-PEGsp. Thaus, without wishing to be bound by theory, increased PEG
molecular weight (chain length) may be directly related to the anti-fouling ability of the

modified membrane.

6. ZETA POTENTIAL

§66229 To investigate changes in surface charge after modification, streaming potential
& o é: > 3

measurements were performed on the control and modified membranes.  The resulis,
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tHlustrated in FIG. 22, indicate a decrease in zeta potential for the membranes modified with
acidic functional groups (PFPA-COONa and PFPA-SO;Na) compared to the unmodified
mermsbrane. o contrast, the PFPA-SDEA modified membrane resulied in an increase in zeta
potential compared to the control,

(862387 It will be apparent to those skilled in the art that various modifications and
vartations can be made in the present invention without departing from the scope or spirit of
the invertion. Other ombodiments of the invention will be apparcut to those skilled in the art
from consideration of the specification and practice of the invention disclosed herein. It is
intended that the specification and examples be considered as exemplary only, with a true

scope and spirit of the invention being indicated by the following claims.
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CLAIMS

What is claimed i1s:

1. A fouling resistant filtration membrane comprising a polymeric thin-film membrane
comprising a surface, wherein the surface is modified with at least one residue of a

compound having a structure represented by a formula:

R'la

wherein A is selected from —C{(=0)— and —{S0O, )~
wherein L 1 selected from —0Q, —07, ~NR'HQ and ~NR'Q;

wherein Q is selected from hydrogen, a hydrophilic polyruer, and a structure represented

by g fornula:

5¢c
R R5b
YZ%R%
R4a R4b

wherein Z is selected from —CROR®—, —C(=0y—, —C(=NH)—, and —C(=NH)NR
wherein m is an integer selected from 0, 1,2, 3,4, 5,6, 7, and §&;

wherein cach of R'® and R'" is independently selected hydrogen and halogen;
wherein cach of R and R™ is halogen;

wherein R’, when present, is selected from hydrogen and C1-C4 alkyl;

wherein cach of R* and R*, when present, is independently selected from hydrogen,
halogen, —CN, —OH, —NR¥R® ~NR¥R®H', ©1-C4 alkyl, C1-C4 monohaloalkyl, Ci-
C4 polyhaloalkyl, -850y, —SO:R® —~COQy , and —CO,R”:

~i
~k
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s

6.

:~J

10,

wherein each of R, R, and R™ is independently selected from hydrogen, halogen,
—{N, —OH, ~NRR'® —NRPRH C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, =805, —SO:R, —COy, and —COR'

wherein cach of R® and R®, when present, 1s independently selected hydrogen, halogen,
~CN, ~OH, =NR PR, ~NR“R'* 1", C1-C4 alkyl, C1-C4 monohaloaticy!, C1-C4
polyhaloalkyl, ~805", ~80:R ", ~CO;, and ~CO:R";

wherein R”, when present, is selected from hydrogen and C1-C4 alkyl:

wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;

wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;

wherein R'®, when present, is selected from hydrogen and C1-C4 alkyl:

wherein R', when present, is selected from hydrogen and C1-C4 alkyl;

wherein R'Z, when present, is selected from hydrogen and C1-C4 alkyl; and

The membrane of claim 1, wherein the merabrane is a reverse osmosis membrane.

The membrane of claim 1 or 2, wherein the membrane comprises at least one polyamide.
The membrane of claim 3, wherein the polyvamide is aromatic,

The membrane of any one of claims 1-4, wherein L s —0",

The membrane of any one of claims 1-4, wherein L is selected from —OQ and —~NRQ.
The membrane of any one of claims 1-6, wherein Q s hydrogen.

The membrane of any one of claims 1-6, wherein Q is a hydrophilic polymer.

The membrane of any one of claims 1-6 or 8, wherein the hydrophilic polymer comprises
at least one moiety selected from poly(ethylene glycol), poly(ethyleneimine) and

polyaniline, or a mixture thereof.

The membrane of any one of claims 1-6, wherein Q has a structure represented by a

fornmla;
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5c
R R5b
\(Z%R%
R4a R4b

11, The membrane of any one of claims 1-6 or 10, wherein (§ has a structure selected from:

NH
® @EHg T \(\/\(B)\ra(oe
\(\/NH;g? \(\/NHZ; \(\/A\CH?" \(\/N\CHsy I ’

NH, NH O NH 0
AN e oy
o ®NH; NHy

12. The membrane of any one of claims 1-11, wherein 7 s selected from —CH; and

—C{=NHYNH~

,and

13. The membrane of any one of clatms 1-12, whercin m s 0.

- ; . . . ; 1 2 16 - ;
14. The membrane of any one of claims 1-13, wherein each of R™ and R™” 8 hydrogen.
15. The membrane of any one of claims 1-13, wherein each of R and R' is halogen.

16. The membrane of any one of claims 1-13, wherein R™ is halogen and R is hydrogen.

[
~3

7. The membrane of any one of claims 1-13, 15, or 16, wherein the halogen is selected from

~F and —C1L
18. The method of any one of claims 1-13 or 15-17, wherein the halogen is —F.

. N . . . S - Sho. E Sc .
19. The membrane of any one of claims 1-18, wherein R™ is —COy R js —NH; Fand R is

hydrogen.

B ~ - - Sa " - g Se
26, The membrane of any one of claims 1-18, wherein R™ is —C (', and cach of R® and R

is hydrogen.

P - : o s ySa _ oSt 1 5¢
21. The membrane of any one of claims 1-18, wherein R™ is —NH; ', and each of R™ and R™

is hydrogen.
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22.

24

The membrane of ¢laim 1-21, wherein the membrane exhibits a salt rejection of at least

about 90% {or at least about 4 hours.

b, The membrane of elaim 1-22, wherein the residue of a compound comprises an anti-

microbial agent.

. The roembrane of claim 1-23, wherein the membrane exhibits an improvernent in at least

one propetty selected from resistance to fouling, hydrophilicity, surface charge, and

roughness.

. A method of modifying a thin-film membrane comprising a surface, the method

comprising the step of bonding the surface with at least one residue of a compound

having a structure represcuoted by a formula:

R’Ia

wherein A is selected from —C(=0)—and —{SOy—;
wherein L is selected from —0Q, —07, —NRHQ and —NRQ;

wherein O 18 selected from hydrogen, a hydrophilic polymer, and a struciure represented

by a formula:

5¢

R R5b

\(Z m R*
R4a R4b

wherein Z is selected from —CR%R—, —(=0}~, —C(=NH ) and —C(=NHNR -
wherein m is an integer selected from 0, 1,2, 3,4, 5, 6,7, and &;

wherein cach of R and R' is independently selected hydrogen and halogen;
wherein each of R* and R” is halogen;

wherein R, when present, is selected from hydrogen and C1-C4 alkyl;
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wherein each of R* and R™, when present, is independently selected from hydrogen,
halogen, —CN, —OH, —NR¥R™, —WR¥R™ H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-
C4 polyhaloalkyl, =805, —SO:R", —CO,, and —CO.R";

wherein cach of R®, R, and R* is independently selected from hydrogen, halogen,
N, =OH, —NRORP —NRI“RYPHT C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, 805, ~8O0:R', —CO;, and ~CO,R ',

wherein each of R¥ and R, when present, 15 independently selected hydrogen, halogen,
—~CN, —OH, —NR'ZRM" —NR™R"™H", C1-C4 alky!, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, —SO3, —80:R, —C0,", and —COR';

wherein R’, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R”, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R', when present, is selected from hydrogen and C1-C4 alloyl;
wherein R’ when present, is selected from hydrogen and C1-C4 alkyl;
wherein R, when present, is selected from hydrogen and C1-C4 allyl; and

wherein R, when present, is selected from hydrogen and C1-C4 allkyl,

4. The method of claim 25, wherein the membrane is 8 reverse osmosis membrane,
. The method of claim 25 or 26, wherein the membrane comprises at least one polyvamide.
. The method of claim 27, wherein the polyamide is aromatic.

9. The method of any one of claims 25-28, wherein the membrane demonstrates an

tmprovernent in at least one property selected froro resistance to fouling, hydropholicity,

charge, and roughness.

. A method of modifying a thin-film membrane corprising  surface, the method

comprising the step of bonding the surface with at least one residue of a compound
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comprising a singlet nitrene, thereby tmproving at least one property selected from

resistance to fouling, surface charge,

hydrophilicity, salt rejection, and roughness.

31. The method of claim 38, wherein the surface comprises at least one —NH— and/or

—{=C— residue.

32. The method of claim 30 or 31, wherein bonding comprises singlet nitrene insertion,
Lerd

(O]
far

3. The method of claim 30 or 31, wherein bonding comprises coating the membrane with

the at least one residue of a compound.
34, The method of claim 31, wherein coating comprises dip-coating,
35. The method of claim 31, wherein coating comprises spray coating.

36. The method of claim 30 or 31, wherein bonding comprises exposing the membrane to a

heat source,

37. The method of claim 36, wherein the heat source has a temperature of at least about 100

DC

33. The method of claim 30 or 31, wherein bonding comprises exposing the membrane to a
& =

light source.
39. The method of claim 38, wherein the light source comprises UV light.

40. The method of claim 38, wherein the light source comprises UV light in the range of from

between 200 nm and 378 um.

41, The method of clam 30 or 31, wherein bonding comprises ¢coating the membrane with
g P

the at least one residue of a compound and exposing the membrane to a light source.
42, The method of claim 30 or 31, wherein bonding comprises a covalent modification,
43, The method of claim 30 or 31, wherein bonding comprises a photochemical modification.

44, The method of any one of claims 30-43, wherein the at [east one residue of a compound is

water soluble.
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45. The method of any one of claims 30-44, wherein the at least one residue of a compound

has a structure represented by a formula:

wherein A is selected from —C(=0r— and —{(SO;
wherein L is sefected from —0Q, —0", —NRHQ and ~NR'Q;

wherein 3 is selected from hydrogen, a hydrophilic polymer, and a structure represented

by a formula:

5¢
R5b
\(Z%R%
Réa R#

wherein Z is selected from —CR™R®m, (=0, ~C(=NH -, and —C(=NHNR -
wherein m s an integer selected from 0, 1,2, 3,4, 5,6, 7, and §;

wherein cach of R and R' is independently selected hydrogen and halogen;

wherein sach of R® and R™ is halogen;

wherein R°, when present, is selected from hydrogen and C1-C4 alkyl;

wherein each of R*and R*, when present, 1s independently selected from hydrogen,
halogen, —CN, —OH, —NR¥R™ —NR¥R®™ H', C1-C4 alkyl, C1-C4 monchaloalkyl, C1-
C4 polyhaloatkyl, =8Oy, —S:R”, —~CO;, and —COR”,

wherein each of R™, R, and R™ is independently selected from hydrogen, halogen,
—CN, —OH, ~NR'OR!® —NRRPH, C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, —SO;, —80:R ', —C0,, and —COR;

0
Cod
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46.

47,

4R.

49,

L
|98}

wherein each of R* and R, when present, is independently selected hydrogen, halogen,
—{N, —OH, ~NR PR —NRZRM™H", C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, —803, —SO:R”, —COy, and —COR™;

wherein R, when present, is selocted from hydrogen and C1-C4 alkyl;
wherein R®, when present, is selocted from hydrogen and C1-C4 alkyl;
wherein R’, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R', when present, is selected from hydrogen and C1-C4 alkyl;
wherein R, when present, is sefected from hydrogen and C1-04 alkyl;
wherein R, when present, is sefected from hydrogen and C1-C4 alkyl; and
wherein R", when present, is selected from hydrogen and C1-C4 alkyl,

The method of any of claim 30-45, wherein the singlet nitrene is formed via activation of

an azide.
The method of claim 46, wherein activation is photoactivation.

The method of claim 47, wherein photoactivation comprises exposing the at least one

residue of a compound to a light source.

The method of claim 48, wherein the light source comprises UV light,

. The method of claim 48, wherein the light source comprises UV light in the range of from

between 200 nm and 370 nm.

. The method of any one of ¢laims 33-30, wherein the at least one property is resistance to

fouling.

. The method of any one of ¢laims 33-30, wherein the at least one property 18

hvdropholicity.

3, A compound having a structure represented by a forroula:
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wherein ro 1s an integer selected from 0, 1,2, 3,4, 5,6, 7, and §;

wherein A 18 selected from —C(=0)— and (SO, y—and L s —0Q, or wherein A is
~(SO, )~ and L is selected from —OQ and —NR’Q;

wherein 9 is selected from hydrogen, a hydrophilic polymer, and a structure represented

by a formula:

5c
R R5b
‘(Z%Rf’a
Réa’ R#

wherein 7 is selected from —wCRﬁaRéb—w, e (= (e, —C{=NH =, and »—C(::N}-i)NRlﬂ
wherein each of R' and R'” is independently selected hydrogen and halogen:

wherein each of R and R™ is halogen;

wherein R, when present, is selected from hydrogen and C1-C4 alkyl;

wherein each of R¥ and R™®, when present, is independently selected from hydrogen,
halogen, —CN, —OH, ~NR¥R® —NR¥R™H', C1-C4 alkyl, C1-C4 monohaloalkyt, C1-
C4 polyhaloalkyl, =80y, —~S0:R”, —C Oy, and —CO,R”;

wherein each of R™, R, and R™ is independently selected from hydrogen, halogen,
—CN, —OH, —NR'OR! —NRR'PH, C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, —SOy, —S0:R", —C0, , and —COR';

wherein each of R™ and R®, when present, is independently sclected hydrogen, halogen,
—CN, —OH, —NRRM7 —NRPR'™ H', C1-C4 alkyl, C1-C4 monohaloalkyl, C1-C4
polyhaloalkyl, —S0; , —S(HRY, —COy, and —C,R Y

wherein R', when present, is selected from hydrogen and C1-C4 alkyl;

0
(]
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58.

61.

wherein R®, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R, when present, is selected from hydrogen and C1-C4 alkyl;
wherein R, when present, is selected from hydrogen and C1-C4 alleyl;
wherein R', when present, is selected from hydrogen and C1-C4 alkyl;
wherein R', when present, is selected from hydrogen and C1-C4 alkyl; and

wherein R, when present, is selected from hydrogen and C1-C4 alkyl,

. The compound of ¢laim 53, wherein m 18 8.
v, The compound of claim 33 or 54, wherein 7 is selected from —CH; and —C(=NHNH-—,

. The compound of any one of claims 53-55, wherein the halogen is selected from —F and

~CL

. The compound of any one of claims 53-55, wherein the halogen is —F.

The compound of any one of claims 53-57, wherein R is —COy , R g —NH; ,and | 5

is hydrogen.

9. The compound of any one of claims 53-57, wherein R* is —CO;y, and each of R™ and R™

is hydrogen.

. The compound of any one of claims 53-57, wherein R> {5 —NH; ", and each of R* and

R is hydrogen.
The compound of claim 53, wherein the compound has a structure selected from:

3
o/\/ 1 "CHs | CH3 CH3
R'l 83
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R'a @NHs
Rk
CH3 09
O
N3 5
R%
@NH3 R'a NH,
/\/\)\H/O@ R% A\O/\/\)YOH
R']b 0
R%
1a
/\/WOH R%2 Al )J\ WJ\
®NH;3
X i o i
R% AL R% A\
ES H/\/\Nﬁj\oe o H/\/\Nﬁ]\OH
N3 R1 @ 3 N3 R'Ib 2
R2b RZb
R% A
N ” OH
N RIE NFz
and R%

62. The compound of claim 53, wherein the compound has a structure selected from:

. \\/, E E \\S// @'{l
N/\/I “CHs o/\/l CHs S07N I CHg
N3 F N3 F N F
F , F , F
F oo CH, F O CHj; F o0 CHs
F It N F N F it N
\”/\/ \CH3 O/\/ \CH3 \O/\/ \CH3
N3 F N3 F N3 F
F

o0
~
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N3 F © N3
F , F ,
F | Qé" oL 0o F % L OH
O/\W e) \N/\W
N3 F © N3 F ©
F , F
(@] NH, F NH,
OH hed OH
O O
N F © N F ©
, F
F O j\]l\H O
F
/\/\HJ\ 0 H/\/\Hj\oe
N3 @NH3 F @NH3
F F ,
- F Qwo NH 0] - F O“S’P )N]\H O
~0 NWLO@ ‘H HWkOH
NH
N3 F @ 3 N3 F NH2
F 3 F 5
F O NH O F oo NH (0]
N/
F ~
NH
Nj F 2 N; F NH,
F ,and F .

63. The compound of ¢laim 53, wherein the compound has a structure selected from:

F o0 CHj F

F o4 N F
~ N/\/ \CH3 /\/\)‘k
H NH
N3 F N3 (O] 3

F and F

64. A method of purifying water, the method comprising:

o0
028}
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{a} providing the membrane of claim 1, or 2 membrane modified according to the process

of ¢laim 25 or 30, the membrane having & first face and a second face;

(b} contacting the first face of the membrane with a first solotion of & first vohume having

a first salt concentration at a first pressure; and

(c) contacting the second face of the raembrane with a second solution of a second

vohume having a second salt concentration at a second pressure;

wherein the first solution is in fluid communication with the second solution through the

membrane,

wherein the first salt concentration is higher than the second salt concentration, thereby

creating an Osmotic pressute across the membrane, and

wherein the first pressure is sufficiently higher than the sccond pressure to overcome the

osmotic pressure, thereby increasing the second volume and decreasing the first.

28]
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