wo 2015/157227 A [N 00000 0 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/157227 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

15 October 2015 (15.10.2015) WIPOIPCT
International Patent Classification: (81)
BO1D 71/60 (2006.01)
International Application Number:

PCT/US2015/024635

International Filing Date:
7 April 2015 (07.04.2015)

Filing Language: English
Publication Language: English
Priority Data:

61/976,688 8 April 2014 (08.04.2014) US

Applicant: THE REGENTS OF THE UNIVERSITY
OF CALIFORNIA [US/US]J; 1111 Franklin Street, 12th
Floor, Oakland, CA 94607-5200 (US).

Inventors: HOEK, Eric, M., V.; 231 Bellino Drive, Pa-
cific Palisades, CA 90272-3102 (US). KANER, Richard,
B.; 481 Almar Avenue, Pacific Palisades, CA 90272 (US).
HUANG, Xinwei; 1265 N. Harper Avenue, #5, West Hol-
lywood, CA 90046 (US). MCVERRY, Brian, T.; 1331
Ambherst Avenue, Unit 202, Los Angeles, CA 90025 (US).
MAHENDRA, Shaily; 1328 Berkeley Street, Apt. 101,
Santa Monica, CA 90404 (US).

Agents: HALSTEAD, David et al.; Foley Hoag LLP, Sea-
port West, 155 Seaport Blvd., Boston, MA 02210-2600
US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title: POLY ANILINE-BASED CHLORINE RESISTANT HYDROPHILIC FILTRATION MEMBRANES

(57) Abstract: in one aspect, the invention relates to chlorine-resistant filtration membranes comprising n-alkyl substituted polyanil -
ine derivatives for use in, for example, water purification, and methods for making and using same. This abstract is intended as a
scanning tool for purposes of searching in the particular art and is not intended to be limiting of the present invention.



WO 2015/157227 PCT/US2015/024635

1

20

POLYANILINE-BASED CHLORINE RESISTANT HYDROPHILIC
FILTRATION MEMBRANES

RELATED APPLICATIONS

Tlhus application clabms the benefit of priority to United States Provisional Patent
Application serial manber 61/976 688 filed April 8, 2014, which 15 hereby incorporated by

referonce in its emtirety.
BACKGROUND

An abundant supply of fresh water is @ fundamental tegarement for municipal,
mdustnial and agricultural uses, However, rising populations and source contamination have
exerted increasing stress on fresh water supplies. Along with pressure from stricter
regulations for clean water, improvements in water treatment technology are eritical (Howe,
K. 1 and Tchobanoglous, G. (2005 Water Treatment: Principles and Dexign, John Wiley
& Sons, Inc., Hoboken, New Jersey, 2% edn.; Service, R, F. (2006) Science 313, 1088-

1090).

Membrane-based filtration is the most important and widely used method for
water purification due to its abilily to completely and continuously filter impuritics by size
exchsion on a large scale (Howe, K. 1. and Tchobanoglous, G. Q0033 Water Treatment;
Principles and Design, John Wilev & Sons, Inc., Hoboken, New Jersey, 2 adn).
Generally, membranes ean be categorized mto four types: microfiliration (MF),
pitratiltration (LIF), sanofiltration (NF} and reverse osmosis {RO} based on their pore size

and ability to reject different matier,

UF membranes have an average pore size of ~10 nm. In waste water treatment,
UF membranes are used 1o reject pathogenic microorganisms such & vinuses, bacteria,
profozoa and other colloids (Chervan, M. (Y998Y Ultrafilsrarion and Microfilivanion
Handbook, Technomie, Lancaster, PA). They cair serve as a pretreatmoent step for
desalination (Howe, K. 1. and Tchobanoglous, G, (2003) Water Traatmeni: Principles and
Pesign, John Wiley & Sons, Inc., Hoboken, New Jersey, 2™ adn.; Rosberg, R, (1897)

Dresalinguion 130, 107-114), UF membranes are commuonly used for separations in the
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chemical, pharmaceaticad, food and beverage industries, and are an integral component in

blood dialysis.

When a membrane is used for separation, the flux gradually decreases during
operation as the membrane is fouled by inorganic particulates, organic maticr and/or
binlogical microorganisms. The susceptibility to fouling varies among different membrance
materials due to hvdrophohic fixteractions between the foudant and the swrface of the
polymerie membrane. Thus, membrane hydrophilicity has been linked to a membrane’s
propensity (o foul, Le. hydrophilic membranes generally fout fess than hydrophobic
membranes {Moverry, B, T etal, (2013) Chem. Marer. 25, 3597-3602; Lian, Y., et al.
{2014y Marerials Horizons 1, 38-64). A more hydrophobic membrane allows foulants to
adhere strongly via van dor Waals interactions o the mombrane swwface that leads to

irreversible membrane fouling (Hilal, N, et al. {2003) Separ. Sci. Technol 179, 323-333).

Chemucal cleaning is typically ased to remove adhered organic matter and
biofilms from the membrane surfaces. (Cleaning treatments restore membrane performance
to regain flax foss during operation due to membrane fouling. Conmnon chenucals used for
cleaning membranes include cansties, oxidants/disinfectants, acids, chelating agents and
sucfactants (Lay, €, ot gl (2006} Membrane Chemical Cleaning: From Art to Science, Pall
Corporation, Port Washington, NY 11050, USA}. Chlovine bleach (sodium hypochionte), is
popular i industry for 1 fow cost, commereial availability and ability to effectively reduce
fouling when added to the foed solution. Strong oxidants such as hypochlorite not only kil
nucroorganisns, but also oxidize functional groups in natural organic matter inte more
water-soluble moteties, allowing the new species to be easily washed away during
operation. However, strong oxidants stmultancousty attach chemical bonds found within the
polymeric membrane material, negatively affecting the membrane properties {Evkamp, W,
{1993) Microfiltration and ultrafilieation. In Membrane Neparation Technology: Principles
and Applicarions, Elsevier Science: Amsterdam; Gitis, V., et al. (2006)./ Membr. Sci. 276,
185-192; Wienk, 1 M., etal. (1995} 1 Polim. Sci. Pol. Chenr. 33, 49-534; Nystrom, M. and
Zhu, H, (1997 7 Membr. Sci. 131, 198-203; Wolff, H. and Zydney, A. L. (2004) /. Membr.

of 243, 3R9-394: Zhu, H. and Nystrom, M. (1998).7 Membr. Sci. 138, 3069-32 1)

The mpact of chlerine cleaning on polyethersulfone {PES) membranes shows
that chlorine can actually cause more severe fouling and increase the electronegativity of

fed

the mombrang after cleaning (Arkhangelsky, E., et al. (20073 /. Membr, Sci 305, 176-184;
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Rouaix, S., ot al. (2006).2. Mambr. Sci. 277, 137-147; Gaudichet-Mawn, E. and
Thomingtte, F. (2606).7. Membr, Sci, 282, 198-204). Tlus leads to chain scission of the
polymer and deteriorates the mechanical streagth of the membrane {Arkhangelsky, E., etal,
{2007Y.2 Membr Sci. 308, 176-184; Thonunette, F., et al. (2000) Desalination 200, 7-8;
Kuzmenko, D, et al. (3005} Desalinction 179, 323-333). Chemical attack by chionine on
polvamide RO meowbranes results in srembrane fatlore with eshanced passage of salt and
water {Manohar, S. K. and Macdmrmd, A, G (1989) Sywrheric Met 29, 349-356; Langer,
31990y Syatheric Mer. 35, 205-300: Shin, J. S, et al. 2003} Sywrheric Mer. 151, 246-
285 Shadi, L., et al. QOIDy 7 dppl Polvm. Scil 124, 21E8-2126). In response, attempts
have been made to modify membrane materials in order to make them less susceptible to

chlorme degradation. For mstance, using a polyamide that contains a tertiary anude instead

of a secondary amide results in a chlorine-~resistant RO membrane (Scheme 1} {Manobar, S.
K. and Macdiaronud, AL G, (1989) Synthetic Metaly 29, 349-356; Langoer, 1§ (1990

Svushetio Merals 38, 295-30¢0,

Conducting polymers and thetr derivatives have been extensively examined
recently for their potential use i water treatment membranes due 1o their hydrophilic
properties, thermal and chepueal stability, low~cost, facile synthesis and abslity o be
madificd by doping (MoVerry, B, T et al. (2013) Chem. Mater, 28, 3597-3602; Lino, Y,
ot al. 2014} Materrals Horrzons 1, 38-64; Liao, Y., et al, GO12)Y7 Colloid Buerf Sci. 386,
148~157: Boechi, V., etall {19911 0 Marer. Sci. 26, 33543335, Price, W. E. et al. {1999)
Synthetic Materials 102, 1338-1341; Alargova, R. G., et al. {1998} Colloid Surface 4 134,
331342 Li, X0, eral, (20087 Membr, Soi, 320, 143-130; Fan, 7., et al, (2008) . Membr.
Sei. 319, 402-308: Fan, 7., ot al. (2008 7 Membr. Sci. 320, 363371 Zhao, S., etal (2011)
J Membre Sci. 388-386, 251-262; Guillen, G. R, et ab. . Marer Chem. (2010) 28, 4621
462831, As ong of the most widely studied conducting polymers, polvaniline (Pand) in its
emeraldine oxidation state has been blended with the conmmercial UF membrane material
polysuifone (PST) to form composite UF membranes with enhanced hydrophilicity and
permeability (Fan, 7, et al. (2008) 7 Membr, Soi. 310, 402-408; Fan, Z., et al, 2008).J
Membe, Soi. 328, 363-371; Zhao, S, et al. (20117 Mombr, Sl 385-386, 251-262;
Guillen, G. R, et al. J Mater. Chem. (2010) 20, 4621-4628). Purc Pani can also form UF
membranes that exhibit permeabiiities 10 times higher than commercial PSEmembranes,
bat no bovine senon albunun (BSA) rejection {Guiller, G. R, et el J Muter, Chem. (201

20, 4621-4628}. By adding a sccondary amine such as d-methylpiperidine (4-MP) ito the
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Pani casting sohution, the rejection of Paws UF membrane increases, while the
bvdrophilicity decreases. Sulfonated Pani, 8 derivative of Pani, can be blended with PSfto
form UF membranes which bave shown excellent hydrophiticity and very high flux

restoration after water washing (Meverry, B, T, et al. (3013) Chem. Mater. 25, 3597-3602}.

Several types of #-substituted Pant have been reported in the lterature
{Chevalier, J. W, et al. (1992) Macromoleculey 25, 3325-3331 Yang, D. and Mattes, B, R
(2002} 4 Polym. Sci. Pol. Phys. 48, 2702-2713; Yang, D. and Mattes, B. R, (1999)
Swnthetic Met. 101, 746-749, Yang, D, et al. (2002} Macromolecules 35, 5304-3313;
Manohar, 8. K and Macdiarntid, A. G. (1989) Syniheric Mer 29, 340-356). Among these,
r-alkyl Pant is the most conmnon form. However, alky! groups are hydrophobie, so

mtroducing them into Pani will result in some {oss of hydrophilicity,

Filration membranes are raditionally prodaced using polvvinylidene Huoride
(PVDIEY. In order for these membranes to function properly, FVDF st be blended or co-
polymerized with a hydrophilic motety post membrane formation. While PVDF stself is
extremely resilient to acid, base, and chiorine, the hydrophilic group s not. Upon exposwre
to base or chlorine, as during membrane cleamng, the hydrophilic moiety is hydrolyzed and
degraded. Over time, this causes the roembrane to become more hydrophobie {fouling
prone}. In addition, the membrane loses mass and compacts thereby becoming less
perpreable. Despite the known disadvantages caosed by blending the polyvmer with a
hwdrophilic group, materials for the preparation of filtration membranes that wholly
circgmvent these issucs have yet to be reported. Herein, filtration membiranes comprising

material that is intvinsically hvdrophilic and resistant to oxidative damage arve described.
SUMMARY

in accordance with the purpose(s} of the invention, as embodied and broadly
described herein, the imvention, in one aspect, relates to a filtration membrane comprising a

polyvmer formed by polymerizing a compound having a struchure represented by a fornmuda:
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wherein n s selected from 1, 2, and 3; wherein each of R', R:“’, RY™ and R i3
independently seleeted from hydrogen, halogen, ~UN, ~§R™, —~ORY —NR™R*,
—NRRPH —~SOR™Y, —~C=OR™, and C1-C3 alkyl substitated with 0, 1, 2, or 3 groups
selected from halogen, ~CN, ~SR™ ~0OR™ ~NR™WR™ ~80,R™ and ~{C=Q)R*

5 wherein cach of R* and R™ is independently selected from hydrogen, halogen, —~CON,
—8RHM —ORM, —NRMR™ —NRMPR7HT, —SORY, —(C=OyR™, and C1-C3 allvt
substituted with 0, 1, 2, or 3 groups selected from halogen, —CN, —=SR™, —OR™,
—NR™RM™ —80,R™, and ~(C=01R™; wherein each of R®, R™, and R™ is independently
selected from hydrogen, halogen, —CN, =SR*, —OR*, =NR™R™ —NR™R¥H,

10 —SORY, and ~{C=OR™: wherein at least one of ¥, R™, R®, ™ and R™ is not
hydrogen; wherein cach of R™, R R™, ™, RY R R™ R RM RY R™ and RY,
when present, is independently selected from hydrogen, C1-C3 atkyl, C1-C3
monohaloatkyl, and C1-C3 polyhaloatkyl; wherein cach of R™ and R™ when present, is
independently selected from —O7, —OR™, C1-C3 atkvl, C1-C3 monohaloalkyl, C1-C3

(5 polyhaloalkvl, and —NR™R™ wherein cach of R”, R*™, and R™, when present, is
mdependently selected from hivdrogen, £1-C3 alkyl, U1-C3 monohaloalky!, and C1-C3
polyhaloalkyl; wherein cach of R and R™, when present, is independently selected from
—(O,—OR¥, (1-C3 alkyl, C1-C3 monochaloatkyl, C1-C3 polyhaloalkyl, and —NR¥@R™:
wherein cach of R™, R™™ and R™™, when present, is independently selected from bydrogen,

0 C1-C3 atky!, C1-C3 monohaloatkyl, and C1-C3 polyhaloalkyl; wherein each of R¥ and

RY when present, is independently selocted from —O7, —OR™, C1-C3 atkyl, C1-C3

3z wa. dfix

monohaloatky, CH-C3 polvhaloalkyl, and —NR + and wherein each of R, R™ and
R¥™ when present, is selected from hydrogen, C1-C3 atkyl, C1-C3 monohaloalkyl, and Cl-

C3 poltyhaloalkyl.

$d
[¥43

Also disclosed are filtration membranes comprising & polymer comprising a

struchwre represented by a foromda

z Z £ Z

j:»' R‘ﬁ"\ /R“ia i Rm\ me i R‘lb .‘R‘EB R“b Ria \
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wherein each £ 1s independently sclected from hydrogen and R* wherein n is an

mteger sclected from 1, 2, and 3; wherein p is independently 0, 0.5, or 1; wherein g is
ndependensly 0, 0.5, or 1 wherein, for each x, p + g |; wherein sach of R, R™, R*, and
RM is independently selected from hydrogen, halogen, —CN, —=$R™ —OR™ —~NR™R™,
e NRIFRFHT | SORY o C=OR™, and C1-03 alky! substitated with 0, 1, 2, or 3 groups
selected from halogen, ~CN, =SR™ —OR™ | —NR™RM™ ~S0:R™, and ~(C=(HR™,
wherein cach of R™ and R™ is independently selected from hydrogen, balogen, —CON,
SR —ORM -NRPR - NRIPRTHT SORY - C=ORY, and C1-C3 alkyl
substitated with O, 1, 2, or 3 groups selected from halogen, —CN, ~SRY QR
~NRFR™, ~80.R7, and ~(C=0)R™; wherein cach of R™, R™, and R™ is independently
selected from hvdrogen, halogen, —ON, ~SR™ ~ORY ~NR™WR¥ wNRIFPR¥H
~S0.RY. and --«f(}::(,)‘%RM; wherein cach of R, R¥ RI® R ™ RY R g™ R'm,
R R™ and ™™, when present, is independently selected from hydrogen, C1-C3 alkyl,
C1-C3 momhaloaikyL and C1-C3 polvhaloatkyl; wherein each of R™ and R™, when
present, i3 independently selected from —O7 —OR™, C1-C3 alkyl, C1-C3 monohatoaltkyl,
C1-03 polyhaloatky!, and —~NRP™R™ wherein cach of R, ™, and ¥ when prescot, is
mcdependently selected from hydrogen, CH-C3 atkyl, C1-C3 monchalealkyl, and C1-C3
polvhalealkyl; wherein each of R and RY. when present, i independently selected from
wlY, =OR C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3 polyhaloalkyl, and —NR™RY
wherein each of R, R™, and R™®, when present, is independently selected from hydrogen,
C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloatkyl; wherein cach of RY and
R* when present, is independently sefected from ~0,~OR*™, C1-C3 alkyl, C1-C3
monohaloatkyl, C'1-C3 polyhaloatkyl, and —NR*R*™; wherein each of R”, R* and R,
when present, 1s selected from hydrogen, C1-C3 alkyl, CH-C3 monobaloatkyl, and C1-C3
polvhalealiovl; and wherem at least one £ 1s 3 structure represaided by a formula;

Re a
RJG
‘{{ §3’3
RQ‘

cand

) . . gt oy 3 3 3 ry 0 !
wherein af least one of R R R™ R™ and R is not hydrogen.
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Also disclosed are polymers formed by polymerizing a compownd having a

structure represented by a formala:

whercin 1 is seleeted from 1, 2, and 3; wherein cach of R, R R™, and R is

s independently selected from hydrogen, halogen, —CN, —=SR™, —OR™, =NR¥R™,
—NRPRPH| —SOR?, ~C=0WR™ and C1-C3 atky! substituted with 0, 1, 2, or 3 groups
selected from halogen, —ON, —SR™ —ORY —NR™R™ —S0O.R™, and —(C=OR™

wherein each of R™ and R™ is independently selected from hydrogen, halogen, ~CN,
—SR¥ —ORM, ~NRFR, —NRIPRYPHT, =807, —~(C=0WR", and C1-C3 alkyl

10 substituted with ¢, 1, 2, or 3 groups selected from halogen, —CN, —8R™, —OR"
~NRIPR™ wS0.RY, and —(C=OR™: wherein each of R, RY and R¥ is midependently
selected from hydrogen, halogen, —ON, —SR™ —OR*, —NR¥R?™ NRPFR¥H',
~SO-R*™, and —(C=0)R™; wherein at loast one of R™, R™, R™, R™, and R™ is not
hydrogen; whereiln each of R, RY R™ R R RYM R R R RY R and R™,

15 when present, is independently selected from hydrogen, C1-U3 alkyl, C1-03
monohaloaltkvl, and C1-C3 polvhaloatkyl: wherein each of R™ and R™, when present, is
independently selected from —(0", —OR™ C1-C3 allevl, C1-C3 monobaloalkyl, C1-C3
polyhaloatkyl, and —NR™R™™; wherein cach of R, ™ and R™, when present, is
mdependently selected from hydrogen, C1-03 alkyl, C1U3 monohaloalkyld, and CO1-C3

20 polyhaloalkyl; wherein each of R and R™, when present, is independently selected from
—, —OR®, C1-C3 alkyl, C1-C3 monohaloatkyl, C1-C3 pelvhaloatkyl, and —NR™R™;
wherein each of R, R™ and R™, when present, is independently selected from hydrogen,
C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloatkyl; whercin each of R™ and
R* when present, is independently selected from —Q7 —OR™ | C1-C3 alkyl, C1-C3

25 monohaloatkyl, C1-C3 polyhaloalkyl, and —NR*R*; and wherein cach of RY, R* and
R when present, is selected from hydrogen, C1-03 alkyl, C1-C3 monohaloalkyl, and U1-

€3 polvhaloalkyl
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Also disclosed are polymers comprising a stracture represented by a formula;

z Z ?Ei Z
!/ 1 R Ris i R»ﬂ)\ rls | Rt Ria Rt Ria \\
f > ’ N Ty
s L [ 8T NG f:“mﬁ TG W A T
Tl NN TN WA
Rp { ot 7 I\ \> . ’ q ’,
\\ R?C R"l‘i R‘c Rid R‘\C R‘d R & R'Fd /
S /X

wherein cach Z is independently selected from hvdropen and s wherein nis an
mieger selected from 1, 2, and 3; wherein p ts independently 0, 0.5, or 1 wherein g is

§  mdependently 0, 0.5, or 1; wherein, for cach x, p+ g = 1; wherein cach of R™ R™ R™ and
R is independently sclected from hydrogen, halogen, —ON, —SR™, —OR™ —NR™R™,
~NRPRPH, ~SOR™Y, ~C=0)R™, and C1-C3 ;ﬂky'l substituted with 0, 1, 2, or 3 groups
selected from halogen, —CN, —SR™, —OR™ —NR™R™ —80,R™, and —C=01R™;
wherein cach of R™ and R™ is independenty selected from hy drogen, halogen, —CN|

(0 =S8R —ORY —NR™R"™ —NRPRH, —SORY, —(C=03R™, and C1-C3 alkyt
substituted with 0, 1, 2, or 3 groups selected from halogen, ~CN, —SR™, ~ORY,
~NRPR* w80,RY, and e (2 OIR™ wherein each of R R cand R¥ s mdependently
selected from h}a‘dmgm, halogen, ~CN, —§ R*‘i QR e NRIFRID e NRIPRAT
~SO:RY, and —«(ci:f)m“; wherein each of R, RY, R™ R¥ g™ RY R™ R RY,

15 RM RY and R™, when present, is independently selected from hydrogen, C1-C3 atkyd,
C1-C3 monohaloalkyl, and C1-C3 polyhaloalkyl wherein cach of R™ and R™, when
present, is independently selected from —O7, —OR™, C1-C3 alkyl, C1-C3 monchatoatkyl,
C1-C3 polvhalontkyl, and —NR™R™ wherein cach of R R™ and R™™ when present, is
mdependently selected from hydrogen, U1-C3 alkel, C1-C3 monohaloalkyl, and C1-C3

20 polyhaloalkyl; wherein cach of R™ and R™, when present, is independently selected from

~0, —ORY, C1-C3 alkyl, C1-C3 monohatoalkyl, C1-C3 polyhaloalkyl, and —NRY@R™:

wherein cach of RY, R™, and R™ when present, is independently selected from hydrogen,

C1-C3 atkyl, C1-C3 monohaloalkvl, and C1-C3 polvhaloalkyl; wherein cach of R® and

R when prosent, is independently selected from —(O7, —OR™, C1-C3 atkyl, CI1-C3

menohatoatkyl, C1-C3 polyvhaloatkyl, and =NR™RY™: wherein cach of R, R™ and R,

[
L
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when present, 1s selected from hydrogen, C1-C3 alkyl, C1AU3 monohaloalkyl, and CHC3

polyhaloatkyl; and wherein at least one 2 1 & structure represented by a formula:
225 palh
R \)(':R ]R3
A R
O g

R¥% and

L : o pp o Mo i Rt RIS :
wherein at feast one of R™, R™, R™, R, and R™ is not hydrogen.

fox

A

Also disclosed are methods of making filtration membranes.
Also disclosed are methods of filtering water through membranes.

While aspects of the present invention can be desertbed and clatmed i a
particular statutory class, such as the system statutory class, this is for convenience only and
one of skill in the art will understand that each aspect of the present invention can be

10 deseribed and claimed in any statory class. Unless otherwise expressly siated, it is inno
way intended that any method or aspect set forth herein be construed as requiring that #s
steps be performed i a specific order. Accordingly, where a method claim does not
specifically state in the claims or deseriptions that the steps ave (o be hinuted to a specific

order, it 1s i1 no way intended that an order be mterred, m anyv respect, This holds for any

-
LA

possible non-express basis for mterpretation, mcluding matters of logic with respect to
arrangement of steps or operational fow, plain meaning denved from grammaticat

organtzation or punctuation, or the number or type of aspects described in the specification.
BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, which are incorporated in and constitute a part of this
) specification, tllustrate several gspects and together with the description serve to explam the

principles of the mvention.

FIG. 1 shows reprosemiative data pertatiung tn the ofteet of being soaked
bleach contatnng 230 ppm free chlorine for 2 days on the physical appearapes of n-Paw

membranes compaved to Pani and PS{ membranes.

R
g

F1G. 2 shows representative data pertmining to the contact angle of n-PAN: and

PANI membranes before and after bemg soaked 2 230 ppm free chlornine.
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FIG. 3 shows representative data pertaiming to the effect of chiorine on the

benzenoid and quinoid groups in polvamiline membranes as observed by FT-IR analysis.

F1G. 4 shows representative data pertaining to the effect of chloriae on the

benzenowd and qanoid groups i polyaniline membranes as observed by UV-Vis analysis,

5 FIG. 3 shows reprosentative data pertaining to the effect of chlorine on the
benzenoid and quinoid groups m polvaniline membranes as observed by Nuclear Magnetic
Resonance {(NMR} analysis.

FIG, 6 shows images from bacterial adhesion tests that indicate that »-Fani
membranes are more resistant 1o foshing than Pani membranes.
10 FIG. 7 shows flux decline and recovery for mambranes fouded by 1.3 g/l BSA

solution before being fhushed with DI water.

FIG, 8 has 12 pancls (a-h), depicting SEM mmages. Panel (a) depicts a PANI
membrane and and Panel (b) depicts & n-PANI membrane sutface at 3,000x magnification;
Paned (¢} depicts a 8-PANI membrane serface at 106,000 magnification and Panel (4)

15 depiets its black-wihite picture after conversion usimg image ¥ software. Panels {(ej-(h) depict
cross-sectional images of () pristine PANI membrane, {f) PANI membrane after chlorine
exposure, (g) pristine n~-PANI membrane and (B) n-PANS membrane after chlorine exposure
ag 600+ magmificanon. Panels (O-(1) depict surface images of {1 pristine PAN: mewtbrane,
{1} PANI membrane after chlorine exposure, (k) pristing n-PANI membrane and (1) n-PANi

20 membrane after chlorine exposure at 606+ magnification.

Additonal advantages of the tnvention will be set forth 1 part in the description
which follows, and in part will be obvious from the description, or can be learned by
practice of the invention. The advantages of the invention will be realized and attained by

means of the elements and combimations particularly pomted out in the appended claims. It

[ o
h

1$ to be understood that both the foregoing general description and the following detailed

deseription are exeraplary and explanatory only and are not restrictive of the invention, as

clained.
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DETAILED DESCRIPTION

The present invention can be understond more readily by reference to the

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

Before the present compounds, compositions, articles, systoms, devices, and/or
5 methods arc disclosed and described, it 15 10 be understood that they are aot hmited to
speeific synthetic methods unless otherwizse specified, or to particular reagents unless
otherwise specified. as such may, of course, vary. It is also to be understood that the
termunology used herein is for the purpose of dosertbing particular aspects only and is wot
stended o be Bouting. Although any methods and materials stmilar or equivalent to those
10 desceribed herein can be used in the practice or testing of the present mvention, example

methods and materials are now described.

Al publications mentioned berein are ncorporated herein by reference to
disclose and describe the methods andfor matenials in comnection with which the
publications are cited. The publications discussed herein are provided solely for thely

15 disclosure prior to the filing date of the present application. Nothing herew is to be
constrired as an admission that the present invention is not entitled to antedate such
publication by virtus of prior invention, Farther, the dates of publication provided herein
can be differcat from the actual publication dates, which can require idependent

gonfirmation.
20 A, DEFINITIONS

As ased herein, nomenclature for compounds, inchuding organic compounds,
can be given using common names, IUPAC, JUBMB, or CAS recommendations for
nomenclature. When one or more stereochemical features are present, Cabn-Ingold-Prelog

rafes for stereochenusiry can be employed fo designate stercocheniical priovity, 277

[
LA

specification, and the Hke, One of skill m the art can readily gscertain the structure of a

compaod i given a name, cither by systenue reduction of the compound structure using
- . ; . [ o gy P

naming conventions, or by commercially available software, such as CHEMDRAW!

{Cambridgeseft Corporation, US AL

As used m the specification and the appended claims, the stngudar forms “a,”

30 “an” and “the” inchude plural referents undess the context clearly dictates otherwise. Thus,
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for example, reference to “a functional group,” “an alkyl.” or "a restdue™ includes nuxtures

of two or more such fonctional groups, alkyls, or residues, and the like.

Ranges can be oxprossed herein as from “abowt”™ ong particular valug, andior to
“about” another particular valee, When such a range is expressed, a farther aspeet includes
from the one particular value andfor to the other particular value. Sinularly, when values are
expressed as approximations, by use of the antecedent “abowd,” 1t will be understood that
the particalar value forms a finther aspect. It will be further anderstood that the endpoints
of cach of the ranges are significant both in relation to the other eadpoint, and
mdependently of the other endpoint. 1t is also understood that there are a number of values

disclosed herein, and that cach value s also herein disclosed as “about”™ that particalar value

34

i addition to the value itself. For example, if the value “107 is disclosed, then “aboat 107 is
alsor disclosed. It is also understood that each wut between two particular umits are also
disclosed. For example, tf 10 and 15 are disclosed, then 11, 12, 13, and 14 are also

disclosed.

References in the specification and concluding claims to parts by weight of a
particelar elemont or component i a composition denotes the weight relationship between
the element or component and any other cloments or components in the composition or
article for which a part by weight is expressed. Thus, in a compound containing 2 parts by
weight of component X and S pavts by weight component Y, X and Y are present at a
weight ratio of 2:5, and are preseat in such ratio regardiess of whether additional

components ate contamed in the compound.

A weight percent (wi. %0 of a component, undess specifically stated to the
contrary, is based on the total weight of the formulation or composition in which the

component s included.

As used berein, the terms “optional” or “optionally™ means that the subsequently
described event or circamstance can or cannel occur, and that the description includes

mstances where said event or circumstance occurs and instances where 1t does not.

A residue of a chomical species, as used in the specification and conchuding
claims, refers to the moeiety that is the resulting product of the chenscal specics ina
particular reaction scheme or subsegquent formaulation or chemical product, regardiess of

whether the moeiety 1s actually obtained from the chomical species. Thus, an cthylone glveol
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residue 1 a polvester refers o one or more ~OCH:CHLO- units 1n the polvester, regardless
of whether ethylene glveol was used to prepare the polvester. Stmilarly, a sebacie acid
residue in a polyester refors to one or more -CO(CH, xCO- moietics in the polyester,
regardiess of whether the residue is obtained by reacting sebacic acid or an ester thereof to

3 obtain the polvester.

As ased herein, the term “polymer” refers fo a relatively high molecular weight
orgamc compownd, nataral or synthetic, whose structure can be represented by a repeated
smali unit, the monomer (e.z2., polyethylene, rubber, cellulose). Synthetic polyvmers are

tvpieally formed by addition or condensation polymenization of monomers.

Y As used heren, the term “copolymer™ refers 10 a polymer formed from two or
more different repeating unils {monomer residues). By way of exanple and without
fimitation, a copolvimer can be an alternating copolymer, a random copolyvimer, a block
copolymer, or a graft copolymer. 1t is also contemplated that, in certaim aspects, varioas

block scgments of a block copolvmer can themselves comprise copolymers,

-
LA

As used herem, the term “oligomer™ refers to a relatively low molecudar weight
polvmer @ which the mumber of repeating units 15 between two and ten, for example, from
two to cight, from two to six, or form two o four. In ong aspect, a collection of oligomers
can have an average number of repeating anits of from about two 1o about ten, for example,
froom about two to about eight, from abowt two to about six, or form about twa fo about

0 four

As used herein, the term “molecular weight™ (MW refers 1o the mass of one
molecide of that substance, relative to the wnified atomic mass wnit v {equal 1o 1712 the

mass of one atom of carbon-12),

As used herein, the term “number average molecudar weight™ (M,) refers to the
33 common, mean, average of the molecular weights of the individual polymers. M, can be
determined by measuring the molecelar weight of a polvmer molecules, sumnung the

weights, and dividing by n. M, is calculated by
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wheremn Nj is the munber of molecules of molecular weight My, The nomber average
molecudar weight of a polymer can be deternuned by gel permeation chromatography,
viscometry (Mark-Howwink equation), hight seattening, analytical ultracentrifagation, vapor

pressure osmometry, end-group titration, and colligative properties.

As used heren, the term “waight average molecular weight™ (M) refers to an

alternative measure of the molecalar weight of a polymer. M 15 calculated by

wherein N is the mumber of molecules of molecular weight M. Intuitively, if the weight
average molecular weight is w, and a random monomer is selected, then the polymer it
belongs to will have a weight of w, on average. The weight average molecular weight can
be determined by light scattering, small angle neutron scattering {SANS), X-ray seattering,

and sedimentation velogity,

As used herein, the ferms “polydispersity™ and “polydispersity mdex” refer to

the ratio of the weight average to the mumber average (Mo M)

As gsed berein, the torms “flash welding” and “flash weld” vefer to applying a
pulse of light to an absorbing material. Flash weldmy can provide enhanced photothermal
phenomena when porformed on pelvineric nanofibers, In cortain aspects, the material
rapidly converts the light to heat and then undergoes a transformation, such as melung. Itis
understood that, in certain aspects, chemical reactions can take place in the material as a
consequence of flash welding. Technigues for performuing Hash welding are described in
LULS. Patent No, 7,830,798 ("Flash welding of conducting polymers nanoftbers™), issued

Decomber 14, 2010, 1o 1. Huang and R, B. Kaner,

Certain matenals, compounds, composittons, and components disclosed berein
can be obtained conmmercially or readily synthesized using rechniques generally known to
those of skill w the art. For example, the starting materials and reagents used in proparing
the disclosed compounds and composttions are either avatlable from commercial suppliers
such as Aldrich Chenical Co., (Milwaukee, Wis.), Acros Orgamics (Morrs Plamms, N1},

Fisher Scientific (Pittsbuargh, Pa), or Sigma (51 Louis, Mao.) or are prepared by methods
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known to those skilled in the art following procedures set forth 1o veforences such as Fieser
and Fieser's Reagents for Orgamic Synthesis, Vohuimes 1-17 (John Wiley and Sons, 1991,
Rodd's Chemistry of Carbor Compounds, Volumes 1-3 and Supplemental vohumes
{Elsevier Science Publishers, 1989); Orgamie Reactions, Volumes 1-40 {John Wiley and
Sons, 19911 March’s Advanced Organic Chemistry, (John Wiley and Sons, 4th Edition);

aned Larock’s Comprehensive Organic Transformations (VCH Publishers Ine,, 19893

LUndess otherwise expressly stated, it s inno way intended that any method set
forth herein be constneed as requiring that 48 steps be performed n a speaific order,
Accordingly, where a method claim doces not actually recite an order to be followed by its
steps or it is not otherwise specifically stated in the claims or descriptions that the sieps are
fo be limited to a spectfic order, # 15 no way intended that an order be inferred, in any
respeet. This holds for any possible non-express basis for interpretation, mcluding: matters
of logic with respect to arrangement of steps or operational flow; plain meaning derived
from grammatical organization or punctoation; and the number or type of embodiments

deseribed i the specification.

Disclosed are the components to be used © prepare the compositions of the
mvention az well as the compositions themselves o be used within the swethods diselosed
heretnn. These and other matenals are disclosed hervein, and it s undersiood that when
combhinations, subsets, interactions, groups, ctc. of these materials are disclosed that while
speetfic referonce of cach various individual and collective combinations and pormutation
of these compounds cannot be explicitly disclosed, each 1s speetfically contenplated and
described herein. For example, if a particular compound is disclosed and discussed and a
pamber of modifications that can be made {o a munber of molecules inclading the
compaowds are discussed, specifically contenplated is cach and every combination and
permutation of the compound and the modifications that are possible unless specifically
ndicated to the contravy. Thus, i a class of molecules A, B, and C are disclosed as well as
a class of molecules D, E, and F and an example of a combination madecule, A-D is
disclosed, then even 1f each 1 not mdividually recuted cach s individually and collectively
contemplated meaning combimations, 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 seb-group of A-E, B-F, and C-E would be considered disclosed. This

concept apphies to all aspects of this application including, but not linited to, steps m
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methods of making and using the compositions of the mvention. 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 any specific eabodiment or combination of embodiments of the

methods of the mvention.

it is understood that the compositions disclosed herein have certain fimctions.
Diselosed herein are cortain structural requivenients for perfornung the disclosed functions,
and it is anderstood that there are a variety of structures that can perform the same fanction
that are related to the disclosed struchwres, and that these structres will typically achieve

the same result.
B, Frorearion MEMBRANES

{n one aspeet, the membranes of the invention relates o a filtration membrane
comprising a polvmer formed by polymerizing a compound having a structure represented

by a formula:

wherein n s selected from 1, 2, and 3; wherein each of R™, R‘Ib, RY™, and R i3
ndependently selected froms hydrogen, halogen, ~UN, ~SR QR ~NRR®

e NRPRZFH | SORY o CR™, and C1-C3 alkyl substitaicd with 0, 1, 2, or 3 groups
selected from hatogen, —CN, —SR™, —OR™ | —NR™R™ —80.R%, and —~(C=()R™;
wherein cach of R™ and R™ is independently selected from hydrogen, halogen, =N,
QR e ORY e NRMR wlNRMRITH T S OR T, e C=(RY, and C1-C3 atkyd
substitated with 0, 1, 2, or 3 groups selected from halogen, ~CN, ~SR™ QR
—NRPR™ ~S0,RY, and ~(C=0)R™; wherein each of R®, R, and R™ is independently
selected from hydrogen, halogen, ~ON, SR, ~OR* ~NR*™R*" ~NRWR*¥H,
—S0O,R*, and —C=OIR™; wherein at least one of ¥, R®, R™ R™, and R™ s not

MW i — Wh i At pal pAl 54T
hydrogen; wherein cach of R™, R¥', R™ R™, R¥ RY, R R™ RY RY RY™ and RY,

~

when present, is independently selected from hydrogen, T1-C3 alkyl, C1-C3

monohaloalkyl, and C1-C3 polyhaloalkyl; wherain cach of R* and R™, when present, is
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mdependently selected from ¥ ORP {103 atkyl, C1-C3 monohaloatkyl, C1-C3
polyhaloalkyl, and ~NR™R™™, wherein cach of R®, R*™, and R™™, when present, i
independently sclected from hydrogen, C1-C3 alkyl, C1-C3 meonohaloalkyl, and C1-C3
polyhaloatkyl; wherein each of R™ and R™, when present, is independently selected from
5 =0 ~OR", C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloatkyl, and ~NR*“R;
C1-C3 alkyl, C1-C3 monohaloatkyl, and C1-C3 polyhaloatkyl; wherein cach of R* and
R when present, is independently selected from —O7, —OR™, C1-C3 alkyl, C1-C3
monohaloaliod, C1-C3 polvhaloalioyl, and ~NR¥™R™: and wherein each of R¥, R™ and

10 R*™ when present, is seleoted from hydrogen, C1-C3 atkyl, €1-C3 monohaloalky!, and C1-

€3 polyhaloalkyl.

In one aspect, the mvention relates to filtration membranes comprising a

polymer comprising a structure represented by a formuda:

) \

g/ R*\} REODRRORTORROR® | RRR® \
W e G QD S N G W W
(! / 4 X /i 2

18 wherein cach £ is independently selected from hydrogen and R™ ¢ wherein nis an
mteger selected from 1, 2, and 3; wherein p is independently 0, 0.5, or |, wherein g is
independently 0, 0.3, or 1; wherein, for each x, p+q = |; wherein gach of RY™, R'™® R* and
R is independently selected from hydrogen, hatogen, —ON, —SR™, —OR™ —NR™R™,
—NRPPFRTHY ~SORY, —~C=0R™, and C1-C3 alkyl substituted with 0, 1, 2, or 3 groups

30 selected from halogen, ~ON, -§R™, ~OR™, ~NRPR w8ORY | and ~{C=0)R™,
wherein each of R™ and R™ is independenty selected from hydrogen, halogen, —CN,
SR QRM e NRMR e NRIPRIH T S OR Y C=(RY, and C1-C3 alkyl
substituted with 0, 1, 2, or 3 groups sclected from halogen, —CN, —SR™, —OR™,
—NRMRM™ ~80,RY, and ~(C=01R™; wherein each of R®, R, and R™ is independently

25 selected from hydrogen, halogen, —ON, —8R*™, —ORY —NRIR*™ —NR¥R7H,
—SO:RY, and ~(C=OWR™: wherein each of R™, R™, R™ R¥ R™ RY R™ R™ R¥,
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R, R™ and R™, when present, 1s independently selected from hydrogen, C1-C3 alkyl,
€1-C3 monohaloalkyl, and C1-C3 polvhatoatkyl; wherein cach of R* and R™, when
present, is independently selected from —(, —OR™, C1-C3 alkyi, C1-C3 monchaloatkyl,
C1-C3 polvhaloatkyl, and ~NR*“R*®; wherein cach of R™, R™™, and R*, when present, is
ndependently selected from hydrogen, C1-C3 alkyl, C1-CU3 monohaloalkyl, and C1-C3
polvhaleallvl: wherein each of R and R™, when present, is independently selected from
—, —OR™, C1-C3 alkyl, C1-C3 monohatealkyl, C1-C3 polvhaloatkyl, and —NR™R™
wherein each of R™, ™™, and R™, when present, is independently selected from hydrogen,
C1-03 alkyl, CI-C3 monohaloalkel, and C1-C3 polvhaloalkyl: wherein cach of R™ and
R*, when present, is independently seleeted from —(, —OR™, {1-C3 atkyl, C1-C3
monohateatkyl, C1-C3 polyhaloatkyl, and ~NR¥R*™; wherein cach of R, R*™, and R™,
when present, s selected from hydrogen, C1-C3 alkyl, C1-C3 monohaloatkyl, and CH-C3

polvhalealkyl: and wherein at least one £ 13 3 structure represented by o formulda;

e 24
=} \’e\ /R ] \
X—f ,\:\}\ f“R ¢

% > oon
3 .
R“5 . and

1 : syl pah 3a R Ao ]
wherein at least ong of R™, R R™, R, and R™ 1s not hydrogen.

In a further aspect, the filtration membrance 1s selected from an ultratiltration
membrang, a nanofilvation membrane, a reverse osmosis membrane, a forward osmosis
membrane, and a pressure retarded osmosis mombrane without thin film coating. In a still
further aspeet, the filuration membrane is sclected from an eltrabilration membwane, a
nanofiltration membrang, a reverse osmosis menmbrane and a forward osmosis membrane,
e yet a further aspeet, the Slration membrane is selected from an altrafiltration membrane
and a nanofiitration membrane. In an even further aspect, the filration membrane 1s an
ultrafiltration membrane. In a st further aspect, the filtration membrane Is a nanofiliration

menthrans.

In a further aspect, the filiration membrane further comprises a thin film
polymenized onto a surfuce of the membrane, thereby providing an osmosis membrane. In a
stili further aspect, the osmosis mentbrane is selected from a reverse osmosis membrane

and a forward osmosis membrane. In yet a frther aspect, the osmosis membrane 1s a
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reverse osmosis membrane. In an even further aspect, the osmosis membrane 1 a forward

osrosis membrane.
1. POLYMERS

In one aspect, the invention relates 1o polymers useful as components of
filtration membranes. In vanous aspects, the polymers can improve properties of the
membrane. For example, the polymers may improve the chlorme-resistance of the

membrane andfor the hvdrophilicity of the membrane.

In a further aspeet, the polymer 13 present in an amount from abowt 6.1 wit™s to
about 40 wi%. In a stilf further aspect, the polymer is present in an amoant from about
1w to about 35 wi, In yet a farther aspect, the polymer is present in an amount from
about 0.1 wi%s to about 30 wi¥h, In an cven further aspect, the polymer ts present in an
amownt from about 0.1 wi% 1o about 25 wie. In a still further aspect, the polymer is
present in an amount froms aboat 0.1 with to about 20 with, In vet a fuwther aspect, the
polymer is prosent in an gmount fron about 0.1 wi¥s to about 158 wih, In an oven further
aspect, the polymer is present m an amount from about 15 wi% to about 40 wi%. In a still
further aspect, the polymer is present in an amount from about 15 wi% to about 40 wi. In
vt a farther aspect, the polymer is present in an amount from about 20 wi¥s o about 46
wite, In an even further aspeet, the polymer is present in an amouwndt from abowt 25 wita to
about 40 wis. In a still further aspect, the polymer s present in an amount from sbowt 30

Wi to about 40 wis.

In a further aspect, the membrane further comprises a second polvmer. In a still
further aspect, the second polymer 15 selected from polvsulfone, polywrethane, collulose
acotate, suifonated polysulione, polvethersulfone, sulfonated polvethersulfone, polvaniling,
polyaniline co-polvmers, polvacrvlonitrile, polyvvinylidene flueride,
polytetrafluoroethylene, polvvinyl flnoride, polyvinylidene fluonide, polvtriflucrocthylene,
polvperfluoroalkyi viny! cther, polvhexafluoropropylene, celhudose acetate, polyurethane, or

a nuxture thereofl n vet a further aspect, the sccond polymer is polysulfone.

it is contenplated that cach disclosed derivative can be optionally further
substituted. 1t 15 also conternplated that any one or more derivative ean be optionally

omitted from the mvention. It s understood that a disclosed compound can be provided by
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the disclosed methods. 1t 1s also wnderstood that the disclosed compounds can be employed

in the disclosed methods of using.
A, STRECTURE

In one aspect, the invention relates 1o polymers formed by polymenzing a

5 compound having o struchure represented by a formda:

RSA‘.
i b
R

wherein 1 is selected from 1, 2, and 3; wherein cach of R, R R™, and R is

ndependently selected from hvdrogen, halogen, —CN, —SR™, —OR™, =NR™R™,

—NRFRPH| —SOR”, ~(C=0WR™, and C1-C3 atky] substituted with 0, 1, 2, or 3 groups
10 selected from halogen, ~ON, ~SR™ «QORY ~NR¥R™ ~S0.R¥, and ~(C=R™;
wherein cach of R™ and R™ is independently selected from hydrogen, halogen, ~CN,
SR wOR e NRIPRID, e NRIFRIPH, S0 R™, o C=OIRY, and C1-C3 alkyl
substituted with 0, 1, 2, or 3 groups selected from halogen, —ON, ~SR™, —ORY,
~NR¥RM —SO,RY, and —(C=OR™; wherein cach of R™, R™, and R™ is independently
selected from hydrogen, halogen, —CN, ~SR¥* —QRY, —NR¥RW ~NR*¥“R¥H",
~8ORY, and —~C=0IR™: wherein at least one of RF, R™ R™ R™ and R is not

; : i nl i b oW ER I N CEE T (N 3l & g 2%
hydrogen; wherein each of R™ R, R™ R™P RY RY R™ R™ RY RY R*™ and R™™,

o
g

when present, 1s sndependently selected from hydrogen, C1-C3 alkyl, C103
monohaloatkyl, and C1-C3 polvhaloatkyl: wherein each of R™ and R™, when present, is

20 independently selected from —O7, —OR™ C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3
polyhaloatkyl, and —NR™R™™; wherein cach of R, ™ and R™, when present, is
mdependently selected from hydrogen, C1-03 alkyl, C1U3 monohaloalkyl, and CO1-C3
polvhaloatkyl: wherein cach of R™ and R™, when present, is independently selected from
—(, —OR™, C1-C3 alkyl, C1-C3 monohaleatkyl, C1-C3 polvhatoatkyl, and —NR¥R™,

25 wherein cach of R™, R™ and R™, when present, is independently selected from hydrogen,
C1-C3 atkyl, C1-C3 monohaloatkyl, and C1-C3 polyhaloalkyl; wherein gach of R™ and RY,
when present, is independently selected from —(0, —~ORY C1-C3 atkvl, C1-C3

Ty N ‘ 3 gy 60 : : ey dd o ddn
monohaloatkyl, C1-C3 polvhaloalkyl, and ~NR¥R*™ and wherein cach of R¥, R*®, and
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RY when present, is selected from hydrogen, C1-C3 atkyl, C1-C3 monohaloalkyl, and Cl-

€3 polyhaloalkyl.

In a further aspect, the polymer comprises at least one vesidue of a compound

having a struchure represented by a foromuda

S
-
L
ixd

prosent in an amount of at feast 0.1 wis, n a sull further aspect, the at least one residue of
a compoand ks present in an amount of at feast .3 w86, In vet a fother aspect, the at least
one residue of a compound is present in an amount of af feast 1 wi¥, In an even further
aspect, the at least one residue of a compound is present in an amoant of af least Swits. Ina

10 st further aspect, the at least one residue of & compound i present in an amouont of at feast
10 wits. In vot a further aspeet, the at least one residue of a compaownd is prosent inan
amount of at feast 15 wi%. In an cven further aspecet, the at least one ressdue of a compound
1s present in ap amount of at foast 25 wi%h. In a still further aspect, the at least one residae
of a compound 1s present i an amount of at least 3¢ wite. In vet a further aspect, the at

15 least one residuc of a compound is present i an amount of af least 75 wile,

In one aspeet, the invention relates to polymers comprising a structure

represented by a fornmda:

7 z z 2
2 | N
ff R RW RER® ORR R® RY . RY
L fe e e \ = g 7=\ ] \ s
2 ﬁ\ pi N >:/ N \> “““ '-éf N \};‘- “““ % y \> “““ e jq =
8 g Y ¢ < h X A M {
\ R R™  ome RW ORI RW g RW
S /X
R23 RQb
& 3¢
X/}k\(“ﬂ
%NS
wherein cach Z 1s mdependently selected from hydrogen and R¥ - \whercin nis an

2 mteper seleeted from 1, 2, and 3; wherein p is mdependently 0, 0.5, or | wherein g is

mndependently 0, 0.5, or 1 wherein, for each x, p + g = 1; wherein cach of R™, R*™ R and
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R™ is independently sefected from hydrogen, halogen, —~CN, ~8R™, —0OR* | ~NR™R*®
~NRIRIM wSORY A C=R™, and C1-C3 alky] substitated with 0, 1,2, or 3 Lroups
selected from hatogen, ~CN, —SR™, —OR™ —NR™R™, —S0:R™, and —~(C=OR™,
wherein cach of R™ and R™ is independently selected from hydrogen, halogen, —ON,
SR ORM NRITFRST NRIPRITH T S0,RY C=0RY, and C1-C3 alkyl
substituted with 0, 1, 2, ot 3 groups sc]cctcd. fromt halogen, —CN, —SR™, —ORY,
—NRR™ —80,R™, and —(C=Q)R™; wherein cach of R™ R™, and R™ is independently
selected from hydrogen, halogen, —CN, —SRY, —OR*, —NRMR¥ —NRPRYH,
~80:R™, and —~C=OMR"; wherein each of R™, R¥, R™, R™ R¥ RY, R R™, R,
R R™ and R, when present, is independently sefected from hydrogen, C1-C3 atkyl,
C1-C3 monchaloalkyl, and C1-C3 polvhaloalkyl; wherein cach of R™ and R™, whe
present, is independently selected from —~O7, ~OR™, C1-C3 atkyl, C1-C3 monohaloatkyl,
{1-C3 polyhaloatkyl, and —NR'R™ wherein cach of RY, R™, and R™®, when present, is
independently selected from hvdrogen, C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C
polvhaloalkvl; wherein cach of R™ and R™, when present, is independently selected from
Y, QR C1-C3 alkyt, C1-C3 monohaloaik};h C1-C3 polyhaloalkyl, and ~NRIR™
wherein each of R, R™, and R™, when present, is independently selected from hydrogen,
C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloalkyl; wherein cach of RY and
R* when present, is independenty selected from —O7, ~OR™, C1-C3 alkyl, C1-C3
monohaloatkyl, C1-C3 polvhaloalkyl, and ~NRRY: wherein each of ', R™ and R
when present, is selected from hydrogen, C1-C3 alkoyl, C1-C3 mwonobaloatkyl, and C1-C3

polvhaloatkyl; and wherein at least one Z 15 a structure represented by a formula:
5( fﬁi 3%
R™  and
wherein at least one of R™, R™, R™, R™, and R™ is not hydrogen.

In a further aspeot, the invention relates to polymers tormed by polynerizing a
Pt Py ¥ Py &

compound having 8 structure represeated by a formula
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In a stll further aspect, the mvention relates to polymers formed by

polymerizing & compoand having a struchuwre represented by a fornmsda selected from:

H R H H
H i ﬁ R H J\ }1‘3 AJ\"H
e " AN N N
Dt s
U A HH | ige R
H../' \\E‘; H H./ \,F,-/' “H
H ard H
3 In & further aspect, the invention relates to polymers formed by polymernizing a

compound having a structure represented by a formala:

wherein cach of ™, R™ and R™ is indcpendentiv selected from hvdrogen, halogen, ~CN,
—~SRY —ORM, NIRRT NRPFRFH, —S0.RY, and —(C=0IR™,; and wherein at

10 leastone of R™, R™ and R¥ is not hvdrogen.

In a siifl further aspect, the invention relates to polymers formed by

polymenzing a compound having a structwre represented by a formula

wherein cach of R and B is hydrogen and R¥ is selected from halogen, —CN, —SR¥
15 —ORY —NRPR¥ —NRPRPT —SORY and «C=OWRY,
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In vet a further aspect, the mvention relates to polymers formed by polymerizing

a compound having a structure represented by a formuda

wherein cach of R™ and R™ is hydrogen and R is selected from halogen, —CN, —SH,
—OH, —=NH,, —NH; ", —80:07, =SO:0H, ~C=0)0", and —(C=0)0H.

LA

iy an cven frther aspect, the invention relates 1o polvmers formed by

pulymerizing a compound having a structure represented by a formuda

pia p3c .
Rﬂ:\ J\ ;:E . ""Rab
\\{_E/".\\?\\ - "- jn »Rsa
A A HOH
Hf \\E,,- ‘Riﬁ
Rk‘,

wherein cach of R™ and R™ is hydrogen and R™ is sclected from ~SH, —0OH, ~NH,,

10 =NHi, =800, ~SO0H, ~{C=0, and —{C=0y0H.

in a sull further aspect, the mvention relates to polvmers formed by

polymerizing a compound having a structure represented by a formula:

. N Ay :‘; ‘.{t 3 .‘t b " . N L = 3 Y)Y
wherein cach of R™ and R™ s hydrogen and R™ is selected from —8H, <OH, <NH,,

1ty =80,0H, and ~{(C=()OH.

In a further aspest, the invention relates to polymers formed by polvinerizing a

compound having a structure represented by a formula:
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Rie H
T
1\\{ Bin H
i ola b
H/ ’/'?“‘%d R

wherein each of R™ and R™® is independently selected from hydrogen, halogen, ~CN,
~SRY —0OR, NNR‘:‘g“R;"‘"g ~NRPRIH 80RY, ~(C=OR Y, and C1-C3 alkyl
substituted with 4, 1, 2, or 3 groups selected from halogen, —ON, =S8R, ~ORY,

5 —=NRYWR™ —S0,RY and -—-(‘C"W“O)R}"‘; and wherein at least one of R and R™ is not

hvdrogen.

In a stilf further aspeet, the nvention relates to polymers formed by

polymenizing a compoand having a structwre represented by a formula

R"&

0 1 "
R \ﬂ/ ‘\‘Y'f ;,nLH
f\ 5})\\{.{2?& sz

T

10 wherein R™ s hvdrogen and R is selected from halogen, N, ~§ R ~OR*
= NRFR -NRPRH, S05R Y, ~{C=O)RY and C1-C3 alkyl substituted with &, 1,2

ot 3 groups selected from halogen, —CON, —SR¥, —ORY, —NRIFRM, —S0.RY, and
—~{C=HR™,

{n vet a further aspect, the invention relates to polymers formed by polymerizing

15 g compound baving a structure represented by a formula:

R‘.a i
o | W LA
H"h\ s {N‘{- X
\\h—sl‘ \K{rn H
P
H \\‘ff' “Rid
R'EC

wherein R™ is hydrogen and R™ is selected from halogen, —ON, —SR™ —QR™
'_“\TR:\QR”“, __‘E\‘RVJR‘\T\H“ '_‘:\OQR i ’fil}d —f\(,:{}}RN
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In an even further aspect, the invention relates to polymers formed by

polymernizing a compound having a structure represented by a formula

wherein R™ is hvdrogen and R™ is sclected from halogen, —CON, —~SH, ~OH, —NH.,

S =NHy", =800, =SO0H, <=3 and —{{(=O¥OH.

i a still fuether aspoeed, the invention refates to polymers formed by

pulymerizing a compound having a structure represented by a formuda

Ria H
R /L\ ﬁ{\ \,L':“H
[ "
‘{,‘\,R-:“- R
H/\f" Rid
R‘k‘

wherein R™ is hydrogen and R™ is sclected from —SH, ~OH, ~NH;, ~NH,", =800,
10 ~8O0H, ~{C=0, and —{C=0)0H.

{n yet a further aspect, the mvention relates to polymers formed by polymerizing

a compound baving a structure represented by a formuia:

wherein R™ is hydrogen and R is selected from —SH, —OH L =NH;, =SO0H, and
15 —{{=()0OH.

In an even further aspect, the mvention relates o polvmers formed by

polymerizing a compound having a structure represented by a formula:
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Rie H
. H H
R J\ Ny A4
{ p2a’ b
AR R

" is C1-C3 alkyl substituted with 0, 1,2
:> "“NR.‘H:‘R)J})A‘ ““S{:}IYR“"E

is hydrogen and R®
~SR* QR

wherein R™

selected from halogen, ~CN,

PCT/US2015/024635

. ar 3 groups

s and ~(C=R

In a sall further aspect, the invention relates 1o polymers formed by

5 polvmerizing a compound having a structure represented by a formula

R y H ’
R Ny lajH

Y
=
/4
4
;? «
5 [N
-
>3
=

wherein R™ is hydrogen and R®
L . ~ . o] Rl vy 4l
or 3 groups selected from halogen, —{UN, —SR™, —OR™,

—~{C=OR>.

{4

a compound having a structure represented by a formula:
R’ H
H _H
-
‘{i\?\l 1 H
éia th

"\T/ Rd

R‘:b

wherein R™ is hivdrogen and R™

from halogen, ~CN, =SR™ DRV ~NR¥PRWY

polvmerizing a compound having a structure represented by a formula:

1s methy! substitvted wath §, 1,2, 0r 3
“““SﬂzRSS, and m(_'{f:{}}R34_

groups sele

selected from methyl and ethyl and substituted with 0, 1,
~NRIERME

—~SO,R™, and

In vet a further aspect, the invention refates to polyvmers formed by polymerizing

cted

in an even further aspeet, the vvention relates o polymers fornoed by
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wherein R™ is bydrogen and R™ is C1-C3 alkyl substituted with 0, 1, or 2 groups selected
from halogen, —{N, ~SRY —ORY —NRR w80.R", and ~C=0IR™.

In a sall further aspect, the invention relates 1o polymers formed by

5 polvmerizing a compound having a structure represented by a formula

wherein R™ is hydrogen and R® 1x C1-C3 alkyl substituted with 0 or | group seleeted from

hatogen, —CN, =SR* —~0OR™ ~NR™R™ ~SOR", and ~C=01R™.

Inyet & further aspect, the ivvention relates to polvmers formed by polymerizing

£ acompound having a structure represented by a formula:

£
- T/ \Q«\:’- ‘{\\ ,;’n H
i R’?ﬁa Rxh
- ol 5
H e \f/ R id

wherein R™ is hivdrogen and R™ is unsubstitated C1-C3 alkyvl,

In a further aspect, the polvmers of the invention further comprise a counterion,
Examples of counterions inclhude, but are not hinuted to, ehlonde, fluonde, bromude,
{5 carbonate, bydrogen catbonate, phosphate, acetate, formate, oxalate, ovanide, sulfate,

perchlorate, and nitrate.
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(1) ~

fn one aspect, n s an integer selected from 1, 2, and 3. In a further aspect, n is an
mteger selected from 1, and 2. In vet a further aspect, nis 3. In an even further aspect, nis 2.

In a stll further aspeet, nis L
3 {2} PAND O
I one aspect, g is | and pis 0. Inanother aspect, pis 1 and g s €
In a further aspeet, g s 0.5 and pis G5,

{3) Z Groups

{n one aspect, each £ s indepondently selected fron hvdrogen and

10 wherein at least one 7 is o structure vepresented by a formula:

in a further aspect, cach £ is a structwre represented by a formuda:

F;&’! R =

‘ . : . ST Ty o 3a B4 EI ]
wherein at least one of R7, R 'R R and R™ isnot hydrogen.

s
LA

In a forther aspect, cach Z 15 a struchure represented by a foromda:

-

Rda R?b

/e\)\r\ RJC

R\i
{4} R’ Grouvrs

{n one aspect, cach of R™ R R, and R™ is mdx,pcndemi v selected from
hydrogen, halogen, —CN, —SR”, —ORD —NRIRM —NRIRIHT, —SORY,

) T2
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~{C=OR™, and C1-C3 alky substituted with 0, 1, 2, or 3 groups sefected from halogen,
N, SR ~ORH | ~NR¥R™ 80,R¥ and m{jCﬁO}de. I & further aspect, each of

Fa W onie id .
R™ R R™ and R™ is hvdrogen.

in a further aspect, cach of R RY R” and R s mdependently selected from
hydrogen, halogen, —CN, —SR™, —ORY | —~NR™R™ —NRPR™PH' ~SORY  and
~{C=CIR™, In a still further aspect, each of R™, RY, R™ and R is independently selected
from hydrogen, halogen, ~CN, ~8§R™, ~0OR" ~80.R* and ~(C=0R™ In vet a further
aspect, cach of R”, R R™, and R™ is independently selected from hydrogen, halogen,
—CN, —SR* and ~SOLR™. In an even further aspect, cach of R™ R R, and R™ is
independently selected from hydrogen, halogen, ~SR™, and ~80:R™. In a still farther
aspeet, each of RY, R™ R and RMis independently selected from hydrogen, ~SR™, and
—80:R™ In yet a further aspect, cach of R™ R™® RY and R" is independently selected
front hydrogen and ~S0.R* . In an even further aspect, each of RER® RY and RMis

N . - . : )
independently selected frons hydrogen and —SR™.

In s further aspeet, each of R, R, R, and R™ is independently selected from
hydrogen, hatogen, —CN, =R, ~NR™R™, ~NR™R*H", and ~(C=0)R™ . In a stilf
farther aspeet, cach of R™, R, RY™, and R' is independently selected from hydrogen, —ON,

N _piipih __ayp kg : )28 - el
~OR™M -NR™R7, ~NRR™PHT, and ~{C=0)R* . In vet a further aspect, cach of R™,
R R and R™ is independently selected from hydrogen, ~OR™ | —NR™R™,
~NR™R™H', and —(C=0)R™. In an even further aspeet, cach of RY, R™, R, and R s
- . i b ol 1B s Ty 2y gt SV fore]
independently selected from hydrogen, —NR*R™ | and —NR™R™H". In a still further
aspect, cach of ™ R, R, and R™ is independently selected from hydrogen and

~NRZFR™H . In vet a fiwther aspect, cach of R™, R, RY, and R™ is independently

selected from hydrogen and —NR7PR™,

in a further aspect, each of R, R R, and R is independently selected from
hydrogen, hatogen, —CN, —OR™ | and —(C=OW™ In a still further aspeet, cach of R™, RY,
R and R™ is independently selected from hydrogen, —CN, —OR™ | and ~{C=0)R™ In yet
a farther aspeet, each of R™, R, R, and R' is independently selected from hydrogen,
—OR™M and —(C=0R™. In an cven further aspect, cach of RY R™, R, and R is
mdependently selected from hydrogen and ~(C=OR™, In a stilt fusther aspect, each of R,

R™ R, and R is independently selected from hydrogen and —OR™.
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In a further aspect, cach of R, R'™ R™, and R™ is independently selected from
hydrogen and halogen. In a still further aspect, cach of R™, RY RE and R¥ s
independently sclceted from hydrogen, —Cl and —F. In vet a further aspeet, cach of R,
R R and R™ is independently selected from hydrogen and ~Cl. In an even further

aspeet, each of R™ R, R and R™ is independently selected from hydrogen and —F.

In a further aspect, each of R™, R'™ R, and R is independently selected from
bvdrogen and C1-C3 alkyl substitated with 0, 1, 2, or 3 groups selected from halogen, —CN,
—SR¥ —ORM, =NR™R™®, —SORY and —{C=0R"™, In a still further aspeet, each of R¥.
R™ R* and R™ is independently sclected from hvdrogen, methvl, ethyl, i-propyl, and n-
propyl and substitated with 0, 1, 2, or 3 groups selected from halogen, —CN, —8R™ —0R™,
~NRFFRI e §O.RT and ~C=MR™, In yet a further aspect, each of R™, R RY, and
R independently selected from hvdrogen, methyl, and ethy! and substituted with G, 1, 2,
or 3 groups selected from halogen, —ON, ~S R ~OR® ~NR™R7 ~80,R™ and
~{C=CHR™, In an even further aspect, cach of R, R™, R and R™ is independently

selected from hydrogen and methyl substituted wiath O, 1, 2, or 3 groups sclected from

halogen, —CN, =SR™, —OR™, =NR™R*™ =S$0:R™, and ~(C=0R™

In a further aspeet, cach of R¥, R, R™, and B™ is independently selected from
hvdrogen and C1-C3 alkyl substituted with 6, 1, or 2 groaps selected fron halogen, ~CN,
wSRM R ~NRFRTP, SO-RY and %’C’ﬁD}R“, in a sull further aspect, each of R,
R™ R, and R’ is independently selected from hydrogen and C1-C3 alkyl substituted with
C=SORY and

—~{C=0R™. Tn vet a further aspeet, cach of ™, R™, R, and R™ is independently selected

X

0 or | group seleeted from halogen, —CN, —8RY, —OR™  —NR™R’

from hydrogen and wasubstituied CU1-C3 alkyl
{5} R* Grouves

fn one aspect, cach of R™ and R™ is independently selected from hydrogen,
halogen, ~CN, SR —QOR™ wNRIFR cNRIFRIH 8O, RY, —{C=OWR™, and C1-
3 alkyl substitated with 0, 1, 2, or 3 groups selected from halogen, ~CN, SR —OR

—NRPFRM™ —G0,RY, and —{C=OR ™. tn a further aspect, each of R™ and R™ is hydrogen.

{n a further aspect, cach of R and R™ is independently selected from hydrogen,
N

hadogen, =ON, =SR*®, ~ORM «NR™R™ wNRPRH ~SORY, and ~C=01R™ Ina

: - . 53 IR e - : . ~ . TR
stifl farther aspect, cach of R and R™ is independently selected from hydrogen, —CN,
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~SRY ORT -NRPRT NRPRIPH, ~S0.R™, and —~(C=O)R™. In vet a further
aspect, each of R™ and R™ is independently selected from hydrogen, ~SR™°, —~0ORY,
~NRPRT NRPRTHT, -SORY | and ~(C=OIR™, In an cven further aspect, each of
R* and R™ is independently selected from hydrogen, ~SR™, —~OR* —~SOR™, and
~{C=0R™. Tn a still further aspect, cach of R™ and R™ is independendy selected from

hydrogen, —SR™, and —80.R™, In yet a further aspect, cach of R™ and R™ i

independently selected from hydrogen and =S8R, In an even further aspect, cach of R™

Py ih oo s ' o : o1
and R™ is independently selected from hydrogen and —SR™.

is independently sclected from hydrogen,
halogen, ~UN, ~OR™ | ~NR¥R™ «NR™R™H", and ~C=0R™ In a still further

in g further aspect, cach of R™ and R

aspeet, each of R* and R™ s independently selected from hydrogen, ~CN, ~OR™
—NRFR™ NRPRYHT | and —(C=OMR™. tn vet a further aspect, cach of R™ and R™ is
independently selected from hydrogen, ~OR, ~NR&“R™ ~NR™R*™H, and
~C=OR™. In an even further aspect, cach of R™ and R* is independently selected from
hvdrogen, —NRR™ and —NRY™R™H" In a still further aspect, each of R™ and R™ is
independently selected from hydragen and —NR¥R™H". In yet a further aspect, each of

W Al o - . T
R*™ and R™ is independently selected from hydrogen and —NRYR™.

In a further aspect, cach of R™ and R™ is independently selected from hydrogen,
halogen, ~CN, ~OR™, ~{C=O)R™. In a still further aspect, each of R™ and R™ is
independently selested from hydrogen, —ON, —OR™, —C=OWR™, {u vet a further aspeet,
cach of R™ and R™ is independently selected from hydrogen, —OR™, and —{C=Q)R™. In
an even further aspect, each of R™ and R™ is independently selected from bydrogen and
~{C=OMR™. In a still firther aspect, cach of R™ and R™ is independently selected from

hydrogen and —OR™.

In a further aspect, cach of R™ and R s mdepondently selected fromy hydrogen
and halogen. In a still further aspect, cach of R™ and R™ is independently selected from
hydvogen, —Cl, and —F. In yet a farther aspect, cach of R™ and R™ is independently
selected from hydrogen and —~CL In an even firther aspect, each of B and R™ is

mdependently selected from hydrogen and —F.

In a further agpect, each of R™ and R* is independently selected from hydrogen

and C1-C3 atkyt substituted with 0, 1, 2, or 3 groups sclected from hatogen, —CN, —SR™,
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R - NRIERT mSif}gRSﬁ, and w{CmO}R“. In a still further aspect, each of R™ and R™
1s independently sefected from hydrogen, methyl, ethyl, &-propyl, and n-propyl and
substituted with O, 1, 2, or 3 groups selected from halogen, —CON, -8 R —OR",
~NRRM —~SOR™, and —~(C=OR™, In yet a further aspect, cach of R™ and R is
independently selected from hydrogen, methyl, and ethyl and substitted with 0,1, 2, or 3
groups selected from halogen, —CN, =S8R, —ORY —NR™R™ —SO,R™ and
—~C=R™, In an even further aspect, cach of R™ and R™ is independently selected from
hydrogen and methy! substituted with 0, 1, 2, or 3 groups selected from halogen, —CN,
=SR™, —~ORY, ~NR¥R™, ~S0:R™, and (=R,

In a further aspect, each of R™ and R™ is independently selected from hydrogen
and C1-C3 atky! substituted with 0, 1, or 2 groups selected from halogen, ~ON, —8R™
—ORY, =NR7R™, —S0OR", and —C=OR™, In a still further aspect, each of R™ and R™
1s independenty selected from hydrogen and C1-C3 alkyl substituted with 0 or 1 group
selected from halogen, ~CN, ~SR™ —~ORY ~NR¥R™, ~S§0.R™, and ~(C=R™, In yet
a further aspect, cach of R™ and R™ is independently selected from hydrogen and

unsubstiputed C1-C3 alkyl

In a further aspeet, R™ is hydrogen and R is selected from halogen, —UN,
wSRY IR NRPFRT -NRFPRIH, ~SORY, ~(C=OiR™, and C1-C3 alky
substituted with 0, 1, 2, or 3 groups selected from halogen, ~ON, ~SR™®, ~OR™,
—~NR™R™ —SO,RY, and —(C=OIR™ In o still further aspect, R™ is hydrogen and R™ is
sefected from hafogen, —ON, SR, —OR¥ ~NR™R™ NRPRPH, <S0.RY, and
—~{C=0)R™. Tn vet a further aspeet, R™ is hydrogen and R™ is sclected from —CN, —SR™,
~ORY | ~NRPR™ ~NRPR¥H, ~SOR™, and ~C=O)R™. In an even further aspect,
R™ is hydrogen and R™ is selected from —SR™, —OR™, —NR¥R™ —NRIERM P
~SORY, and —~C=OR™. Tu a still further aspect, R™ is hydrogen and R™ is selected from
—SR™, —0OR | —~SOR™ and ~(C=R™, In yet a further aspect, R™ is hydrogen and R™
is selected from —SR™ and —SO,R™. In an cven further aspect, R™ is hydrogen and R™ is

—SOR™, fnn a still further aspect, R™ is hydrogen and R™ is —SR™.

In a further aspect, R™ is hydrogen and R™ is selected from halogen, —CN,
o g I e $y Aby e e it o
—~OR™, —NR¥R™ —NRTRHT, and < C=O3R™. Tn a still further aspeet, R™ is
hydrogen and R™ is selected from —ON, ~OR™ -NR™R¥ «NR™RY™H", and

~{C=CIR™, Inn vet a Rurther aspect, R™ is hydrogen and R™ is selected from —OR™,
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~NRPR™ -NRPFRYH and ~C=OR™, In an even farther aspect, R* is hydrogen and
Wit . i idap X8 'y ¥lagy Ry p - ol
R™ is selected from —NR™R™™ and ~NR™RYWH 1o a still further aspect, R™ is hydrogen

£ S VI 5 N - it , EPTIITG S it
and R™ is =NR™R™H", In yet a further aspect, R™ is hydrogen and R™ {s —=NRY¥R™,

In a further aspect, R™ is hydrogen and R™ s selected from halogen, —CN,
—OR™ and —C=0IR™ . In a still further aspeet, R™ is hydrogen and R™ is seleeted from
~CN, ~ORY, and ~(C=0R™ In vet a further aspect, R™ is hydrogen and R™ is selected
from ~OR and ~{(C=0)R™. In an even further aspect, R™ is hydrogen and R™ is
—{(C=OIR™  Tn a still farther aspeet, R™ is hydrogen and R™ s —OR™.

In a further aspeet, R™ is hydrogen and B™ is halogen. In a still further aspeet,
R ; T - . — N . -
R™ is hydrogen and R™ is selecied from —Cl, and —F. In yet a further aspeet, R™ is

] (ol S . I : L -
hydrogen and R™ is —CL In an even further aspect, R™ is hydrogen and R™ is —F.

In a further aspect, R™ is hydrogen and B™ 35 C1-C3 atky! substituted with 0, 1,
2, or 3 groups selected from halogen, ~CN, =8SR™, ~0ORY, ~NR¥P R 80,R™ and
—~C=R™, In g siill further aspect, R™ is hydrogen and R™ is selected from methyl, ethyl,
i-propyl, and w-propyl and substituted with §, 1, 2, or 3 groups selested from halogen, —CN,
~SR™ —OR™, ~NRY¥R™, —80,RY, and —(C=0IR™. In vet a further aspeet, R™ is
fvdrogen and R is selected from methyl and ethyl and substituted with 0, 1, 2, or 3 groups
sclected from halogen, ~CN, =SR™ —ORY, -NRWRM -S0.R™, and ~(C=R™, In an
cven further aspect, R™ is hydrogen and R™ is methv! substituted with 0, 1, 2, or 3 groups

selected from halogen, ~ON, ~SR™ ~ORY ~NR™WR™ ~§0.R", and ~{C=0)R"™

In a further aspect, R™ is hydrogen and R™ is C1-C3 alkyl substituted with 0, 1,
or 2 groups selected from halogen, ~ON, ~SRY, ~ORY ~NR™R™ «80.R™, and
—~(C=0IR™. Tn a still further aspect, R™ is hydrogen and R™ is C1-C3 alkyl substituted with
* —SO,R¥ and

—~{C=0)R™. Tn et a further aspect, R™ is hydrogen and R™ is unsubstituted C1-C3 alkvl.

a3 T X

0 or | group seleeted from halogen, —CN, —SR™, ~ORY  —NR™R

Y i ple ik e e ; ]
In one aspect, at feast one of R™, R™, R¥ R™ and R™ is not hydrogen.
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{6} R Groups

In one aspect, cach of R™, R™, and R™ is independently selected from hydrogen,
halogen, ~CN, ~SRY, —OR, = NR¥R™, wNRERIPH®, ~SORY, and ~(C=0R™. In a

e coda pdb L iniely ,
farther aspect, each of R, R™, and R™ is hydrogen.

In a further aspect, sach of R™, R™ and R is independently selected from
fvdrogen, ~UN, =SRY —QRY | —NR¥PRM? - NRPRIPHT «S0.RY, and ~(C=O01R™ n
a still further aspect, cach of R™, R and R™ is independently selected front hvdrogen,
—SR¥, ~OR*, —=NRPR™ —NR¥RYH, —~80,R"Y, and —{C=0)R™. o yet a further
aspeet, each of R, R™, and RY is independently selected from hydrogen, —SR™, —ORY,
—S0O:R¥, and —(C=0)R™. In an cven further aspect, cach of R, R™, and R¥ is
independently selected from hvdrogen, —SR™, and —SO.R™. In a still further aspect, cach
of R™ R™. and R™ is independently selected from hydrogen and —8O:R™ . In vet a finther

. ) oyt it REJEN e gy
aspect, each of R™ R™ and R is independently selected from hydrogen and —SR™.

In a further aspeet, each of R™, R™, and R™ is independently selecicd from
hydrogen, —CN, —~OR*, ~NRYPR¥ ANRYRPPHT, and —~(C=OWR™  In a still further
aspect, each of R™, R™, and R¥ is independently selected from hydrogen, —OR*,
~NRHRE CNRYRITH and —~{C=RY n vet a further aspect, cach of R R™, and
R™ is independently selected from hydrogen, =NR¥R™ and ~NRERY¥H In a still
further aspect. each of R™ R™, and R™ is independently selected from hydrogen and
~NR¥R¥H In vet a further aspect, cach of R™, R™, and RY is independently selected

from hyvdrogen and —NR™RM

In a further aspect, each of R™, RY, and R™ is independently selected from
fivdrogen, —ON, —OR®_ and ~(C=0R™, In a stifl further aspect, cach of R™, R™, and R
is independently selected from hydrogen, —OR*, and —(C=OMR™. In vet a further aspect,
cach of R®, R™, and R™ is independently selected from hydrogen and —C=CHR™ Inan
even further aspect, cach of R™, R™, and R™ is independently selected from hydrogen and

—ORY,

. oy i py 3t e e 1 s d £
in a further aspect, each of R™, R™, and R™ is independently selected from
Tl : S Bt . oppd g R :
wirogen and halogen. I a still further aspect, cach of R™, B, and R™ is independently
hvdrogen and halogen. In a still further aspect, cach of R7, R, 3

N = - cpda pib L spi,
selected from hydrogen, ~Cl, and ~F. In vet a further aspect, each of R™, R™ and R is
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R ) - . . o Y 1 oy s 3
independently sclected from hydrogen and —CL In an even further aspect, each of R™ R™,

and R is independently selected from hydrogen and ~F.

In a farther aspect, R™ is hydrogen and cach of R™, and R™ is independently
selected from halogen, —ON, ~8§RY, —ORY —NRPRP NREFRPH ~S0,RY and
—~ =M™, In g still further aspect, R™ is hydrogen and cach of R, and R™ is
independently selected from ~CON, ~SR* —ORY ~NR¥“R™ ~NR¥“R¥H', ~80R¥,
and ~{C=OMR™ . I vet a further aspect, R™ is hivdrogen and cach of R, and R is
independently selected from —SRY, —ORY, —NR¥RM*® —NR™R™H', —8O:R™, and
—{C=R™ In an even further aspect, R™ is hivdrogen and each of R™, and R™ is
independently selected from —8RY, ~ORY, ~SO:R™, and ~—{C=OR™, In a still Rather
aspeet, R™ is hydrogen and cach of R™, and R™ is independently sclected from —SR™ and

—S0.R*™

3%

{n a further aspect, R™ is hvdrogen and each of R™, and R™ is independently

sefected from hafogen, —CN, —OR" | —~NR¥RY —NR¥™RYH and —(C=0)RY, In a still

further aspeet, R™ is hydrogen and each of R™, and R is independently selected from
N, ~ORY = NRPR SNRPREH, and ~(C=00R™, In vet a further aspect, R™ is
hydrogen and cach of R™, and R™ is independently selected from —ORY, —NRPRMP,
~NRPR¥H | and —(C=0R*. In an even farther aspect, R™ is hydrogen and each of R,

B e = Ty $lapy 4 ypdlapdibyys
and R™ is independently selected from —NR7R™ and ~NR7WR™H"

In @ further aspect, R™ is hydrogen and each of R™, and R™ is independently
selected from halogen, ~ON, —~OR™ | and ~(C=OR™  In o still further aspect, R is
hydrogen and cach of R™, and R™ is independently selected from —ON, —OR¥, and
~{C=CRM . In vet a further aspect, R™ is hydrogen and cach of R™, and R™ is

mdependently selected from ~QOR" and ~{C=RM,

in a further aspect, R™ is hydrogen and each of R, and R™ is halogen. In a still
. ) ey - o ib Ao : . “ . ;
farther aspect, R is hydrogen and cach of R™, and R™ is selected from —Cl and —¥F. In vet
- ; . ARy . o At RI YT . - .
a further aspect, R™ is hydrogen and cach of R™, and ™ 18 —CL. In an even further aspect,

R™ is hydrogen and cach of R™, and R™ is —F

fn a further aspoet, cach of R™ and R™ is hivdrogen and R™ is selected from
hadogen, =ON, =SR*, ~ORM «NRMR™ wNR¥PRWH ~SORY, and ~C=01R™ Ina

T i iR T i S S ey )
still farther aspeet, each of R™ and R™ is hydrogen and R is selected from —~ON, SR ¥,
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~ORM ~NRFRFP -NRFRPH | ~SORY, and ~C=0)R™. In vot a further aspect, each
of R™ and R™ is hvdrogen and R is selected from ~SRY —~QRY ~NR¥R™®,
~NRPRPHY ~SORY and —~(C=ORY, In an even further aspect, cach of R'““ and R™ is
hvdrogen and R™ is selected from —SRY ~OR* ~80.R" and ~{C=0)R* In a still
further aspect, cach of R and R™ is hydrogen and R™ is selected from —SRY and
—8O:R™ I yet a further aspect, cach of R™ and R™ is hydrogen and R is =8O.R™ Tn an

even further aspoct, cach of R™ and R™ is hydrogen and R™ is —SR™.

In a further aspect, cach of RY and R™ is hydrogen and R™ is selected from
halogen, —~ON, ~ORM | ~NR¥WR™ «~NRR™H and ~C=01R™ In a still further
aspect, cach of R™ and R™ is hydrogen and R™ is selected from —ON, —ORY, ~NRRH®,
~NRFRPH and ~(C=OWRY. In yot a further aspeet, cach of R™ and RY is hydrogen and
R™ is selected from —OR™ | —=NR™RM™ —NR™R™H and —(C=OIR™. In an even
further aspect, cach of R™ and R™ is hydrogen and R is selected from ~NR7PR* and
~NR™R*™H" Iy a sull further aspect, each of R™ and R™ is hydrogen and R™ is

—NRM™RY¥™H" In yet a further aspect, each of R™ and R™ is hydrogen and R™ is
~NRIRA

In a further aspeet, cach of R™ and R™ is hydrogen and R is selected from
halogen, ~CN, ~ORY, and ~(C=0)R™. In a still further aspect, cach of R™ and R™ is
vdrogen and R is selected from —CN, ~OR™M  and ~{C=0)R™. I yet a farther aspect,
cach of R™ and R™ is hvdrogen and R™ is sclected from —OR™ and —(C=0R™. In an even
further agpect, cach of R¥ and R™ s hvdrogen and R is ~C=0)R * Tn a stifl further
aspect, cach of R™ and R™ is hydrogen and R™ is —OR*.

. ' 2y 4o Wrowg .

In a further aspect, cach of B™ and R™ is hydrogen and R is halogen. In a still

further aspect, ach of R™ and R™ is hvdrogen and R™ is selected from ~Cl and ~F. In yat
a further aspect, cach of R™ and R™ i hyvdrogen and R™ is ~CL In an even further aspect,

cach of R™ and B™ is hydrogen and R™ is —F,

; . ) iy Yt TaaRn e b s oy b eyl s .
In one aspect, at feast one of R™, R™, R™, R™, and R is not hydrogen.
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{7y R, RY, ann R¥ Groups

In one aspect, cach of R™, R, R™, and R™™, when present, is independently
selected from hydrogen, CHC3 alkyl, C1C3 monohaloalkyl, and C1-C3 polvhaloatkyl In

e el il pik oy 234 s
a further aspect, each of R™, R R* and R™" when present, is hydrogen.

In a further aspect, cach of R¥ RE R™ and R™®, when prosent, is
independently selected from hydrogen, T1-C3 monohaloalkyl, and C1-C3 polyvhaloalkyl. In
a still further aspeet, cach of R, R¥ R™ and R™, when present, s independently
selected from hydrogen, ~CHLF, ~CHCL ~CHYCHSF, ~CHCHLCL ~CHES, ~CHLCHF,,
—{F;, —CH,CFy, —CHUCY,, —CH,CHCY,, —CCH, and —CHAUCl:. 1o vet a further aspect,
cach of R™ R™, R™ and R™, when present, is independently selected from hydrogen,
—{HF,, ~CH,CHF,, —CF;, —~CH,CF;, —CHCL, ~CHCHCY, —CC;, and ~CHCClL Tn
an aven further aspect, each of R™, R*, R™ and R™, when present, is independently

selecied from hydrogen, —CFs, ~CHOF,, ~CCly, and ~CH,CCL.

Tq

In a further aspeet, cach of R™, R™Y R™, and R™, when present, is
mcdependently selected from hydrogen and C1-C3 alkyl In a still further aspect, each of
RY R R™ and R™, when present, is independently selected from hydrogen, methyl,
and ethyl. In yet a farther aspeet, cach of R RY R™ and R¥ when present, is

ndependently sclected from hydrogen and methyl.

In a farther aspect, R, when present, is hydrosen and cach of R ™ and
R*™ wwhen present, is independently selected from C1-C3 atky!, C1-C3 monohaloalkyl, and
C1-C3 polvhaloalkyl. Tu a still further aspect, R™, when present, is hydrogen and each of
RYR™ and R™®, when present, is independently selected from C1-C3 monohaloalkyl,
and C1-C3 polyhatoatkyl. In vet a further aspect, R™, when present, is hydrogen and cach
of RY R™ and R™, when present, is independently selected from —CHF, —=CHLCL,
—CHCHLE, —CHLCHLCY —CHE,, —CHCHE,, —CF,, ~CH.CF,, —CHCL, —CH.CHC,
—{Cly, and ~CH,CCls. In an even further aspect, R™, when present, is hydrogen and cach
of ¥ R and R™, when present, is independently selected from —CHE,, —CHaCHE,,
~(F;, ~CHCF;, —CHCL, —CHCHUL, —CC. and —CHCC:. In a still further aspect,
R™, when present, is hydrogen and cach of R¥, R™ and R™, when present, s
independently selected fromy ~CFy ~CHLCFa, ~LCls, and ~CHCCHL
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In a further aspect, R™, when present, is hvdrogen and each of R¥', R™®, and
R™_ when present, is C1-C3 atkyl In a still further agpect, R™, when present, is fivdrogen
and each of R™', R™, and R™, when present, is selected from methyl and ethyl. In veta
further aspeet, R™, when present, is hydrogen and each of R™, R™™, and R™*, when present,

is methyl

In a further aspect, R™, when present, is hydrogen and cach of R, ™, and
R™ when present, is independently selected from C1-U3 alkvl, C1-C3 monohaloalkyl, and
C1-C3 polyhaloallyl. In a stll further aspect, RY', when present, is hydrogen and each of
R R™ and R™°, when present, is independently selected from C1-C3 monohaloatkyd,
and C1-C3 polyhaloatkyl In vet a further aspect, R™, when present, is hydrogen and each
of R R™ and R¥™®, when present, is independently sclected from —~CHF, ~CHRCL
—CHACHE, —CHLCHLCL —CHE,, —CHCBE,, —CF, —CHAOF,, —CHC L, —CHCHC L,
~CCl;, and ~CHLCCh. In an even further aspect, R™, when present, is hydrogen and each
of R R™ and R when present, is mdependently sefected from ~CHF,, ~CHCHF,,
—CFy, —CHOF:, —UHC, —CHCHCH, —CCH, and —CHLCC,, In a still further aspect,
R, when preseat, is hvdrogen and cach of R™, R™, and R™®, whon present, is

independently selected from —CF;, —CHCF;, —CCly, and —CH.UCh

_— ETI . cp Y
In a further aspect, R, when present, is hydrogen and cach of R™, R™, and
0 . . " ' g oq ) > ) .
R™_ when present, is C1-C3 atkyl In a still further agpect, RY, when present, is yvdrogen
and each of R™, R™, and R™, when present, is selected from methyvl and ethyl. In vet a
B

; I . S I ey
turther aspect, R, when present, is hydrogen and each of R™, R™, and R™, when present,

1s methyl

17

In a further aspect, R™™, when present, is hvdrogen and each of R™, R™, and
R™, when present, is independently selected from CH-C3 alkyl, C1-C3 monohaloalkyl, and
C1-03 polyhaloalkyl In a still further aspect, R™, when present, is hydrogen and each of
R RY and ™™, when present, is indopendently selected from C1-C3 monohaloatkyl, and
C1-C3 polyhaloatkyl. In yet a further aspect, R™, when present, is hydrogen and each of
R* “', R and R™, when present, is mdependently selected from ~CHF, ~CH,CY,
~{H:CHF, =CHCH, )L, =CHF,, =CH,CHF,;, =CFy, =CHCF;, ~CHCL, —=CHCHCL,
—{ Cls, and —CH,CCl;. In an oven further aspect, R" when present, 1s hvdrogen and each
of R* R¥, and R™, when present, is independently selected from ~CHF,, ~CH,CHF,,
ey, —CHRUE;, —CHCE, —CHCHC:, ~CC:, and —CHCCh. I astill further aspect,
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R when present, 1s hydrogen and each of R 0, R 1, and R b, when present, is

independently selected fromy ~CFy, ~CHLCFa, ~CCls, and ~CHLCCHLL

In a further aspect, R™™, when present, is hydrogen and each of R™, RY, and
R*® when present, is C1-C3 atkvl In a stifl farther aspect, R*™, when present, is hydrogen
and cach of R R™ and R™, when prosend, is seleeted from: micthyl and cthyl In veta
further aspect, R™°, when present, is hydrogen and each of R, R™, and R™, awhen present,

is methyl.

In a further aspect, each of R™ and R¥, when present, is hydrogen and cach of

R and R™, when present, is independently selected from CH-C'3 alkyl, C1-(73
monohaloatkyl, and C1-C3 pa‘lyha‘loatkvi. In a still furﬂimr aspect, cach of R™ and RY,
when present, is hydrogen and each of R™ and R™™, when present, is independently

selected from C1-C3 monehaloalkyd, and C1-C3 polvhaloalkyl. In yet a funther aspect, cach
of R™ and R*!, when present, is hydrogen and each of R** and R™ b when present, 1s
independently selected from —CHF, —CH, Ol —CHCHF —CHCH L —CHF
e HGCHE;, Oy, = CHROFy, ~CHCE, ~CHACHCL, ~CCLk, and ~CHCCL. In an even
farther aspeet, cach of R™ and R, when present, is hydrogen and cach of R™ and R
when presest, is independently seleeted from —CHF;, —CHRCHF,, —CF s, —CHLOF;,
~CHCE, ~CHCHCE, ~CCl, and —CH:CCh. In a still further aspeet, cach of R™ and R,

when present, is hydrogen and cach of R™ and R™, when present, is independently

sefectad from —CF;, =CHCF,, =CCl, and —CUH:CCL.

In a further aspeet, each of R™ and R¥, when present, is hydrogen and cach of
“ and R™, when present, is C1-C3 alkyl. Ina stiii further aspect, cach of R and R
when present, is hydrogen and cach of R™ and R™, when present, is independently

. o . . o~ - . ra 3 RE :
sclected from methyl and ethyl. n vet a further aspect, cach of R™ and R, when present, is

gy 2ER % , L
hvdrogen and cach of R* and R™, when present, is methyl.

In a farther aspect, cach of R™, R, and R™ is hydrogen and R™ is selected
from C1-C3 alkyl, C1-C3 moenchaloalkyd, and C1-C3 polvhaloalkyl. In s still further aspect,
cach of R™ RY and R™ is hydr ogen and R™ glected from C1-C3 monchaloaliovl, and
C1-C3 polvhaloalkyl In vet a farther aspeet, each of R™, RY, and R™ is hydvogen and R™
1s selected from ~CHAF, ~CH:CL —~CH-CHLF, -CHCHLYCY, —-CHE, ~CHLCHE, ~CFs,
—CHCF s, —CHCE, —CHCHCE, —CCE, and —CHLCCL;. Tn an even further aspect, cach
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of R™ R and R™ is hydrogen and R¥" g selected from —CHE;, ~CH:CHF, ~CF;,

=~ HACOF s, ~CHC, —~CHAOCHCL, —CChk, and ~CHCCH. Ina still forther aspect, cach of
R™ RY_ and R™ is hydrogen and R™is selected from —CF;, ~CHCFy, ~CCls, and
—CHCC.

— ) I e oy Iy I ey e
In a further aspeet, cach of ™R’ fand R7 is hydroeen and R™ is C1-C3
PLC, . yarog
: . L Af R i a W
alkyl In a stll farther aspect, each of R™, RY and R*™ is hydrogen and R™ is selected
from methyi and ethyl. In vet a further aspect, cach of R, R™, and R™ 15 hydrogen and

R™ is methyl.
(8) R axo RY Grovres

In one aspect, cach of R™ and R when present, is independently selected from
—(,—ORY, C1-C3 alkyl, C1-C3 monchaloatkyvl, C1-C3 polyhaloatkyl, and —NR™“R*™ In
a further aspect, cach of R™ and R™, when present, is independently selected from ~(,
~ORY and ~NR™R™ 1n a stilf further aspect, cach of R and R™, when present, is
independently selected from —OR™ and —=NR™R’. In yet a further aspect, cach of R
and R™, when present, is —OR™. In an even further aspect, cach of R™ and R™, when

present, is —NR7#R™™,

In a further aspeet, cach of R™ and R™, when present, is indepondently seleoted
from CI-C3 alkyl, CI-C3 monohaloatkyl, and C1-C3 polyhalealkyl. In a sull forther aspect,
cach of R* and R¥, when present, is independently selected from methnd, cthyl, ~CHIF,
~{ " HCl, —CHOHF, —CHCHLCL, —~CHF,, —CHCHE,, —CFy, —CHLCF,, —CHCL,
= HAHCL, ~CCL, and —CHCCH, In vet a further aspect, each of R and R™. when
present, s independently selected from methyl, ~CHLF, ~CHLCL, ~UHE,, ~CFy, ~CHCl.,
and —CCH,

(9) R® ano R* Grours

. rgn 25 KL L3 o s . ) .
in one aspect, each of BT, R™ and R™, when present, is independently
Y

seleeted from hydrogen, C1-C3 alkyl, C1-CY monohaloalkyl, and C1-C3 polyhaloalkyvl In

- i gyl 3 ya T8 i ‘
a further aspect, cach of R, R™ and R™, when present, is hydrogen.

3 - ; . ] gy 33 ba 26h [
In a further aspect, cach of R™, R™™, and R™, when present, is independently

selected from hivdrogen, C1-C3 monohaloatkyl, and C1-C3 polyvhaloaliovl. hua still Ruther
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aspect, cach of R® R™ and R¥™ when present, is independently selected from hydrogen,
el HF o CHACL - CHCHEF| ~CHAOCHRCE ~CHEF,, ~CHCHF, ~CF;, ~CHRCFy,

= HCY;, ~CHyCHCY;, —~CCly, and —CHCCL:. In vet a Farther aspect, cach of RIS, R
and R™, when present, is independently selected from hvdrogen, —CH:F, ~CHCL
~~{HF 5, ~CF5, ~-CHCL, and ~CCl;.

In a further aspect, each of RY, R™, and R, when present, is independently
selected from hydrogen and C1-C3 alkyl. In a still farther aspect, cach of R™, R and R¥®,
when present, is indepcndenriv selected from hyvdrogen, methyl and ethyl. In vet g further
aspect. cach of R, R™ and ™™, when present. is independenily selected from hydrogen

and methyl

In a further aspeet, R™ is hydrogen and each of R™ and R is independently
selected from C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polyvhaloalhvl. In a sull
further aspect, R™ is hydrogen and each of R and R*® is independently selected from Cl-
C3 alkyl, C1-C3 monchaloalkyl, and C1-C3 polvhaloalkyl. In et a further aspeet, R™ is
hydrogen and cach of R and R™ is independently selected from methyl, ethyl, ~CH,F,
~CHLCL, —CHOHAF, ~CHCHLCH ~CHF, ~CHLRCHE,, CFy, —~CHLCF, —-CHC,
~{HOHCL, —CC, and ~CHLCCl;, In an even further aspect, R¥ is hyvdrogen and each of
R and R*™ is indopendently selected from methyl, —CHF, ~CHLCL —CHF,, —CFs,

- HCE, ~CCls

In @ further aspect, R* is hydrogen and each of R and R™ is independently
selected from O3 alkyl, C1-O3 monohalvalkel, and C1-C3 polvhaloalkyl. In a sull
farther aspeet, R™™ is hydrogen and cach of R™ and R i independently selected from €1
C3 alkyl, C1-C3 monohaloatkyl, and C1-C3 polvhaloalkyvl To vet a further aspect, 7 s
frvdrogen and each of R and R*™ is independently selected from methyl, ethyl, ~CH:E,
= CHLCL ~CHYCHF, ~CHAOHCY, ~CHEF, ~CHROHF:, ~CF s, ~CHLCF;, ~CHCE,
—CHCHC, —CCL, and —CHLCC. In an even Darther aspect, R g hvdrogen and each
of R™ and R*™ is independently selected from methyl, ~CH:F, ~CHClL ~CHFE,, ~CF,
~{HCl;, and —CCls.

In a further aspect, cach of R and R™is hydrogen and R is selecied from
CHA3 alky, f F-C3 monohaloatkyd, and C1H-C3 polvhaloatkyl. In a still farther aspect, each
of R and R*® 5 hydrogen and R % ig selected from methyl, ethyl, —CHLF, —CHLCY,
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e CHACHF, = CHROHLCE, O HEF,, - CHRUHEF,, ~OF , ~CHRCFs, ~CHCL, —CHCHCE,
~CCls, and ~CHAUCh. In vet a further aspect, each of R mnd R™ s hydrogen and R* is

selected from methyl, ~CHF, —CHCY, —~CHF;, —~CF;, ~CHCY;, and ~CCls.
am RYRY v R¥Grours

i+ 3 X1 pdZa 13b : s
In one aspeet, cach of R, RY, R™ and R™®, when present, is independently

selectod from hydrogen, C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 podyhaloalkyvl. In

. ey 3 i A2k -
a further aspect, cach of R RTLURY and R™T, when present, 1s hydrogen.

In a further aspect, cach of R™, R}

ERM and R™, when prosent, is
independently selected from hydrogen, C1-C3 monohaloalkyl, and C1-C3 polvhaloatkyi In
a still further aspect, cach of R, RY, R™ and R™, when present, is independently
selected from hydrogen, —CHRF, —CHOL —CHCHRF, —CHCHLCL —CHEF,, —CH.CHF,
—( ¥y, ~CHCFs, ~CHCH, —~CHyCHCEL, ~CCly, and ~CHRCC, In yet a further aspect,
cach of R¥ R™, R¥* and R™ when present, is independently selected from hydrogen,
~{HF, —CHCHFE,:, —CF;, —CHCFs, —CHCh, —CHAFUHCEH, —CCly, and —CHOCE. o

- ¥ pil pia e npdh g e e ,
an oven further aspect, each of R™, RV, R™ and R ® when present, 13 mdependently

selected from hvdrogen, —CFy, —CHCF:, —CCl, and —~CHCCl

In a further aspeet, cach of R™ RY, R™ and R™, when present, is
independently selected from hydrogen and C1-C3 alkyl In a stll further aspeat, cach of
RY R R™ and R¥, when present, is independently selected from hydrogen, methyl,
and cthyl. In vet a firther aspect, cach of R RY R™ and R™ wwhen present, is

mdependently selected from hydrogen and methyl.

in a further aspect, R, when present, is hvdrogen and each of R, R™ and
R when present, is fndependently sefected from C1-C3 atky!, C1-C3 monohaloalky!, and
C1-C3 polyhatoatkyl. In a stifl further aspect, R™, when present, is hydrogen and each of
RY RY™ and R™, when present, is independently selected from C1-C'3 monohaloallyl,
and C1-C3 polyhaloalkyl. In et a further aspect, R, when present, is hydrogen and each
of R™, R™™ and R™, when present, is independently selfected from ~CH.F, —CH:CI,
wCHRCHRE, —CHRAUHCE —CHEF,, —CHAUHF,, —(CF;, —CHCF;, —CHCLL, —CHCHCE,
—CCly, and —CHCCL. In an oven further aspect, R‘m, when present, s hydrogen and cach
of R B™ and R™ when present, is independently selected from ~CHE,, ~CHAUHE,,

~{1Fs, ~CH;CF;, ~CHCh, ~CH;CHCE, ~CCl;, and —~CHUCEK In o stil] funther aspect,
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R, when present, is hvdrogen and vach of R™, R™, and R™, when present, is

independently selected fromy ~CFy, ~CHLCFa, ~CCls, and ~CHLCCHLL

In a further aspect, R™, when present, is hydrogen and each of R ™™, and
R™® \when present, is C1-C3 atkvl In a stifl farther aspect, R, when present, is hydrogen
and cach of RY', R™ and R™ when present, is selected from methyl and ethyl. Inyeta
further aspect, R™, when present, is hydrogen and each of R™ R™ and R™, ahen present,

is methyl.

In a further aspect, R, when present, is hydrogen and gach of R, ¥, and
R when present, is independently selected from C1-C3 atkyl, €1-C3 monchaloatkyl, and
£ 1-C3 polvhaloatkyl In a still further aspect, R, when present, is hydrogen and cach of
R R and R™ when present, is independently selected from C1-C3 monohaloatkyl,
and £ 1-C3 polyvhatoalkyl. In vet a further aspect, R™ | when present, is hydrogen and each
of R R™ and R™ when present, is independently selected from ~CHLF, ~CHLCL,
~CHCHYF, —CHYCOH Y, —CHE,, —CHCHF,, —(Fs, —CHCFy, —CHCLy, —CH;CHCE,
~{'Cly, and ~CHyCCL. T an even further aspect, RY when present, is hydrogen and cach
of R™ R™ and R™, when present, is independently selected from —CHFy, —CHRCHE,,
~{F5, ~CHCF;, —CHCY,, —CHCHCE, —CU, and —CHLUC. o a still further aspect,
R, when present, is hydrogen and cach of R™, R™, and R™, when present, s
independently selected fromy ~CFy, ~CHLCF;, ~CCly, and ~CHCCl.

In a further aspecet, R when present, is hydrogen and cach of R™, R™, and
R™ when present, is C1-C3 alkvl In a sufl further aspect, R when present, is hydrogen
and cach of R™, R and R™, when present, is selected from methy] and ethyl, Inyeta
further aspect, Y, when present, is hydrogen and each of R, R™ and R™, when present,

is methyl,

in a further aspeet, R™, when present, is hydrogen and cach of R™, RY, and
R™ wwhen present, is independently selected from C1-C3 atky!, C1-C3 monohaloalkyl, and
C1-C3 polvhaloatkyl. In a stifl further aspeet, R™, when present, is hydrogen and cach of
R RM and R™ when preseat, is independently selected from C1-C3 monohaloalkyt, and
C1-C3 polyhaloalkyl In vet a further aspect, R, when present, is hydrogen and each of
R* R and Rm, when present, is independently selected from —{UH:F, ~{UHC1L

—CHLCHLE, —CHLCHLCL —CHE,, —CHLCHE,, —CF;, —CHOF, —CHTL, —CHOHCE,
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~CCls, and ~CH:CC. In an even further aspect, R™, when present, is hydrogen and cach
of R™. RY and ™, when present, is independently selected from —~CHEF,, ~CHUHF,,
Oy, CHUE;, —CHC, —CHAUHCE, —CCH, and ~CHRCCl, I a still fusther aspect,
R™ when present, is hydrogen and each of ™, R™, and R™ when present, is

independently selected from —{F, ~CHCF,, ~CCl;, and ~CHCCh.

In a further aspect, R, when present, is hydrogen and each of R™ R, and
R when present, is C1-C3 atkyl In a still further agpect, R™, when present, is hydrogen
and each of R, R™ and R™_when prescnt, is selected from methy! and othyl fn yeta
further aspect, R, when present, is hydrogen and cach of R, R™ and R™®, when present,

s methyl

In a further aspect, cach of R™ and RY, when present, is hydrogen and cach of
R*™ and R™, when present, is independenily selected from €1-C3 alkyl, C1-C3
monohaloatkyl, and C1-C3 polvhaloatkyl. In a still firther aspect, each of R™ and R,
when present, is hydrogen and cach of R™™ and R™ when present, is independently
selected from C1-C3 monohatoatkyl, and C1-C3 polyhaloalkyl In vet a further aspect, cach
of R™® and RY when present, is hydrogen and cach of R™ and R™, when present, is
pdependently selected from —CHLF, —CHOL, —CHUHLF, —CHOHCL —CHF,,
e CHACHF,, =CF;, ~CHLCF s, ~CHCY, ~CHCHO, ~CCls, and ~CHOCL, Inan even
further aspect, cach of R™ and R, when present, is hydrogen and cach of R™ and R™,
when present, is idependently selected from ~(CHF,, ~CHCHEF;, —CFy, —CH,CF4,
—~CHC, =CHCHCE:, —CCl, and —CHCCh, In a stilt further aspeet, sach of R™ and RY,
when present, is bydrogen and cach of R™ and R™, when present, is independontly

selected from —CFy, ~CHLOE,, ~CCl, and ~CHCCh.

N ; 1 & py . 31 i i L ~
fn g further aspect, sach of R7 and R, when prosent, is hydrogen and cach of
33 ¢y 27 T S T S S e 1 s v £h
R and R™Y, when present, is C1-C3 atkyl Ina sull further aspect, each of R™ and R™,
when present, is hydrogen and cach of R*™ and ™™, when present, is independently

selected from methy! and ethyl, In vet a further aspect, cach of R™ and R when present, is

la 3db

hydrogen and each of R™™ and R7™, when present, is methyl,

In a further aspect, cach of R™, RY and R™ is hydrogen and R™ is sefected
from C1-C3 adkyvl, C1-C3 monohaloalkoel, and CH-O3 polvhaloalkyl Iy a sull further aspect,

@

cach of R RY, and R™ is hvdrogen and R™ is sclected from C1-C3 monohaloatkyl, and
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C1-C3 polvhaloatkyl In veta farther aspect, each of R™, R and R™ is hydrogen and R™
1s selected from —CHAF, ~CH:CL ~CH.CHSF, ~CHCHLCH, ~CHE , ~CHCHE, ~CFs)
wCHACF sy, {THCE, ~CHCHC,, —CClk, and —~CHCCl. In an oven further aspeet, cach
of R R™, and R™ is hydrogen and R™™ is selected from —CHF,, ~CHCHF,, —CF,
~LHLOFy, ~CHCY;, ~CHCHCE,, —CCl, and ~CHLCCL o a stll further aspect, cach of

—~CHCCE.

In a further aspect, cach of R, R and R7™ is hydrogen and ™ ig C1-C3

- : NPPPTEL R 3 B T
atkyl. In a still further aspeet, cach of R, RY | and R™ is hydrogen and R™ is selected
from methyl and ethyl. In vet a firther aspect, each of R™ R and R™ is hydrogen and

R is methyl,
(1 B axso RYGrours

In one aspect, cach of RY and R™, when present, is independently selected from
—O", —OR"_ C1-C3 alkyl, C1-C3 monohaloaliyl, C1-C3 polvhaloatkyl, and —NRR™ . In
a further aspect, cach of R™ and R™, whes present, is independently sclected from —€,
—COR™, and —NRYR™, In a still further aspeet, each of R™ and R™, when present, is
independently scleeted from ~OR™ and ~NR*™R™. In et a further aspeet, cach of R
and R™, when present, is —OR™. In an cven farther aspect, cach of R™ and R™ when

: vy My Mk
present, is —NR ™R,

In a farther aspect, each of R™ and R™ when present, is independently sclected
from C1-C3 alkyl, CH-C3 monohaleatkvl, and C1-C3 polvhaloalkyl Tn a still further aspect,
cach of R and R™, when prosent, is independently selected from methyl, ethyl, ~CH:F,
={H,Cl, =CH,CH;F, =CHCH QY —CHF,, =CH;CHF,, =CF;, =CHCF,, =CHC};,
—CHCHCL, —CCls, and —CH-CCH, o vet a further aspect, cach of RY and R™ when
prosent, 18 independently selected from methyl, —CHF, ~CH.CL —CHF,, ~CF; ~CHCl,
~{ Ch, and ~CHCCL.

12y R¥aw RYGrovrs

In ong aspect, each of R, R and R™ when present, i tndependently
selected from hydrogen, C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl In

o 1 . ] ooey 33 s 36k F
a further aspeet, each of R™, R™, and R™, when present, is hydrogen.
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In a further aspect, each of R, ™, and R™, when present, is independently
selected froms hyvdrogen, C1H-C3 monohaloatkyl, and C1-C3 polvhaloalkyl. In a still forther
aspect, cach of R™, R™ and R™ when present, is independently selected from hydrogen,
—CHF, ~CHCL ~CHCHGE, ~CHCHCL, ~CHE,, ~CHCHF,, —CF;, —CHCF,
~LHC, ~CHOHCE, —CCh, and ~CH,CCL. In et a further aspect, cach of R, RY,

and R™™ when present, is independently selected from hydrogen, —CH.F, —CHCL

"‘{.Hf*v —{F B —CH Cig, and '—CCL

In a further aspect, cach of R, R™, and R™™, when present, is independently
selected from hydrogen and C1-C3 alkyl. In a still further aspect, cach of R, R™™ and R,
when present, is independently seleeted from hivdrogen, methyvl and ethyl. In yet a farther
aspeet, each of R, R™, and R when present, s independently seleeted from hvdrogen

and methyl.

in a further aspect, R is hydrogen and each of R™ and R™ is independently
selected from C1-C3 alkyl, C1-C3 monohaloatky!, and C1-C3 polvhalealivl. Ina sull
farther aspeet, RY is hydrogen and each of R* and R™ i independenty sefected from C1-
€3 alkyl, C1-C3 monohaloatkyl, and C1-C3 polvhaloalkyl. In vet a further aspect, R™ is
hydrogen and each of R* and R™ ix independently selected from methyl, sthyl, —CHF,
~LCHCL ~CHCHGF, ~CHCHCY, ~CHEFs, —~CHCHE,, ~(Fy, ~CHCF;, ~CHCH,
~CHLCHC L, ~CCLs, and —CH-OCK. In an even further aspect, R s hydrogen and cach of
R and R™ is independently selected from siethyl, —CHF, —CH:CL, —CHF, —CF,
—CHCE, —CCls,

In a further aspeet, R™™ is hydrogen and cach of R* and R™ is independently
selected from CHO3 alkvl, CHO3 monohaloalkyd, and C1-C3 poelvhaloalkyl. In a stilf
further aspect, R* is hvdrogen and each of R and R™ is independently selected from Cl-
C3 alky!, C1-C3 monchaloatkyl, and C1-C3 polvhaloalkyl. In vet a forther aspeet, R'™ §s
hydrogen and cach of R and R™™ is independently sclected from methyl, ethyl, —CH:F,
~{HCL ~CHZOHF, ~CHCHCL ~CHE;, ~CHYCHE,, ~CFy, ~CHCF g, —CHC,

U HCHC, ~CCls, and ~CH,CCl I an even further aspect, R¥* g hydrogen and cach
of B and R™ iy independently sclected from methyl, ~CH.F, —CHCl, —CHF», —CF;,
—{ HCH, and —CCL.
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In a further aspect, each of R and R™™ s hydrogen and R™™ 15 sefected from
CEHC3 alkyl, C1-O3 monohaloalkyd, and C1-C3 polyhaloatkyl. In a still forther aspect, cach
of R™ and R™is hydrogen and R* is sclected from methy!, ethyl, —CH-F, —CH-CL
—{HCHyF, ~CHCHCY, ~CHE, ~CHyCHF,, ~CFs, —~CHACF,, ~CHC),, ~CHCHCE,

' - 35 Sa s g 36
~{Cly, and ~CHCCL. In vet a farther aspect, each of R and R™ is hydrogen and R iy

selected from methyl, —UH.F, —CH.CL —CHF,, —UF;, —CHC, and —CCls.
{13  RY RY anp RYGrouves

In one aspect, each of R RY, R™ and R™™, when present, is independently
selected from hydrogen, C1-C3 alkyl, C1-C3 monchaloalkyl, and C1-C3 polvhaloalkyl In

" ‘ ‘ A il il LA .
a further aspect, each of RY, R¥ R™ and ™™, when present, is hydrogen.

{n a further aspect, cach of R, RY. R™, and R™, when present, is
independently sclected from hydrogen, C1-C3 monobaloalkyl, and C1-C3 polyhaloatkyl. In
a still further aspeet, cach of R*, RY, R* and R™® when present, is independently
selected from hydrogen, —CHF, ~CHCL, ~CHCH,F, ~CH,CH,Cl, —CHF;, —~CH,CHF,,
—{F;, —CHCF, —CHCY,, —CH,CHOYL, —CCL, and —CHCCh. In vet a further aspect,
cach of BY, R*, R¥™ and R*™, when present, is independently selected from hydrogen,

o CHFy, = CHROHE,, ~CF;, ~CH.CF;, ~CHCl, ~CHCHC:, ~CCly, and ~CHCCL. In
an aven further aspect, each of R™ RY, R™ and R*, when present, is independently

selected from hydrogen, —CF;, —CHCF;, —CCl;, and —CHCCk.

In a forther aspect, cach of R R R™ and R™ when present, is
mdependently selected from hydrogen and C1-C3 alkyl To a still further aspect, each of
RY R™ R™ and R™, when present, is independently selected from hydrogen, methyl,
aud othyl. In vt a further aspest, cach of R™ RY, R*™ and R*, when present, is

mdependently selected from hydrogen and methyl,

In a further aspeet, R™, when present, is bydrogen and cach of R, R and
R¥™ whes present, is independently selected from C1-C3 alkyl, C1-C3 monchaloatkyl, and
C1~C3 polyhaloatkyl Tn a still further aspect, R™, when present, is hydrogen and cach of
R* R™ and R ‘%, when present, is independently selected from €1-C3 monohaloakkyl,
and C1-C3 polyhaloatkyl. In yet a further aspeet, R, when present, is hydrogen and cach
of R B™ and RY™ when present, is independently selected from —~CHyF, ~CHLCL,

~{HCHF, ~CHCH G, —~CHE,, ~CHCHE,, —CFy ~CHUE;, —CHCl, ~CHCHCE,
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~CCls, and ~CH:CCl. In an even further agpect, R™, when present, is hydrogen and each
of RY, Rm, and Rd’zh, when present, is independently selected from ~CHF,, ~CHCHF:,
—CF s, ~CHOF;, ~CHCH, ~CHUHCE, —OCh, and ~CHyCCH, In a sull further aspect,
R*™ when present, is hydrogen and cach of R™, R™, and R™", when present, is

independently selected from —{F, ~CHCF,, ~CCl;, and ~CHCCh.

In a further aspect, RY, ahen present, is hydrogen and cach of RY, R™, and
R when present, is C1-C3 atkyl In a still further agpect, RY, when present, is fivdrogen
and cach of R*, R™, and R™, when present, is selected from methyl and ethyl. In yet a
further aspoct, R™, when present, is hvdrogen and cach of R*, R™, and R™®, when present,

s methyl

In a further aspect, RY, when present, is bydrogen and cach of R R™ and
R™ when present, is independently selected from CH-C3 alkyl, C1-C3 monohaloalkyl, and
C1-C3 polyhaloalkyl In a still frther aspect, RY, when present, is hydrogen and cach of
R R™ and R™, when present, is independently selected from C1-C3 monchaloaltky,
and C1-C3 polyhaloalkyl In vet a further aspect, RY, when present, is hydrogen and each
of RY R™ and RM, when present, is independently selected from —CH,F, —CH,CL
~{HACHF, ~CHCH L, ~CHEF,, ~CHCHE,, —CFy, ~CHOF;, —CHCL, ~CHCHCL,
~L L, and —UHAOCH, In an even further aspeet, RY when present, is hydrogen and each
of R™. R*™ and R™ when present, is mdependently sefected from ~CHF,, ~CHCHF,,
=y, ~CHUF, ~CHC, ~CHUHCH, —CCH, and —CHCCY,, In a still further aspect,
R*, when presest, is hydrogen and cach of R*, R*™ and R*, when present, is

mdependently selected from —CF;, —CHCF,, —CCL, and ~CHCCHL

In a further aspect, RY, when present, is hydrogen and cach of R*, R*™ and
R™ when present, is C1-C3 alkyl. In a still funther aspect, RY, when present, is hvdrogen
and cach of RY, R™, and R*™, when present, is selected from methyl and ethyl. o vet a
further aspect, R* | when present, is hydrogen and cach of R* R*™_and R™" when preseat,

is methyl,

In a further aspect, R, when present, is hydrogen and cach of R™ RY and
R¥ when present, is independently selected from C1-C3 alkyl, C1H-O3 monohaloatkyd, and
C1-C3 polyhaloalkeyl In a sull firther aspect, R™, when present, is vdrogen and cach of

R* RY and R, when present, is independently selected from C1-C3 monohaloatkyl, and
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C1-03 polvhaloalkyl In yveta farther aspeet, R™, when present, is hydrogen and cach of
RY R* and R™ when present, is mdq}mdemh sefected from ~CH.F, ~CHCL
~CHLCHRF, -{‘.}'-igﬁ‘}-i {0, —CHE,, ~CH[OHE,, —CF;, ~CH]CF;, —~CHCL, ~CHCHCY,
~CCly, and —CHACCL. T an even further aspect, R™, when present, is hydrogen and each
of R¥ RY and R™, when present, 1s independently sefected from —~CHF,, ~CH,CHF,,
—{F;, —CH,CFy, —CHCY,, —CHCHCY,, —CCH, and —CHUC. 1o a still further aspect,
R¥™ when presen.t, is hydrogen and cach of R*, RY | and R™, when present, is
ndependently selected from —CF;, —CHCFy, —CCly, and ~CHCCh.

{3 ,<"
. , and

fn a further aspect, R¥. when present, is hydrozen and each of R
R when present, is C1-C3 alkvl. In a still further aspeet, R™, when present, is hydrogen
and cach of R, R™ and R™, when present, is seleeted from methyl and ethyl. In vet a
further aspeet, R™™, when present, is hydrogen and each of R*, RY and R™, when present,

is methyl.

in a further aspect, cach of R* and R*, when present, is hydrogen and each of
 and R™, when present, is independently selected from C1-C3 alkyl, C1-C3

monohatoatkyl, and C1-C3 ;}()lvimlﬂalkvi, In a stll further aspect, each of RY and RY
when present, is hvdrogen and each of R™ and R*™ when present, i mdependently
selected from C1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl. In vet a farther aspect, each
of R™ and R™, when present, is bydrogen and each of R* and R™, when present, is
mdependently selected from —CHF, —CHCH, —CH,CHF, —CH,CHC1, —CRF,,
—CHCHF,, —CFs, ~CH,CF;, ~CHCL, ~CHCHCL, —CCL, and —CH,CCl. I an oven
turther aspeet, cach of R™ and R*, when present, is hydrogen and cach of R™™ and R,
when prosent, is mdependently selected from ~CHF,, ~CHCHE;, - CFs, ~CH.CF,,
—CHCH, —CHUHCE, —CCk, and —CHLCCL, In a stifl further aspeet, cach of R and RY,
when present, is hvdrogen and cach of R¥ and R*™, when present, is independently
selected from —CF;, ~CHLCFy, —CCYy, and ~CH.CCL

In a further aspect, cach of R* and R, when present, is hydrogen and cach of
# and R™®, when present, is C1-C3 kvl Ina stiii further aspect, cach of R and RY,
when present, is hvdrogen and each of R™ and R*™ when prosent, 1s mdq}mdmti
seleeted from methyl and cthy!. In vet a further aspect, cach of R* and RY, when present, is

hydrogen and each of R™ and R™, when present, is methyl.
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In a further aspect, each of R™, R* and R™ is hydrogen and R™" 15 selected
from C1-C3 alkyl, C1-C3 monohaloalky!, and C1-C3 polvhaloalkyl In a sull further aspect,
cach of R*, R and R*™ is hydrogen and R™ is selected from C1-C3 monohaloatkyl, and
C1-C3 polyhaloalkyl. In yet a further aspect, cach of R™, RY and R™ is hydrogen and R*®
is selected from —~CHF, —~CHCL ~CHCHLF, ~CHCHACL —~CHF,, —~CHRCHE,, —CFs,
—{HOF,, —CHCE, —CHCHCL;, —CCL, and —CHLCC. In an even fwrther aspect, cach
of R¥ R* and R™ is hydrogen and R*" is selected from —CHF,, —CH,CHF,, —CF,,
—~{CHCFy, —CHCE, —CHCHCE, —CCL;, and —CHYCCL Ina still further aspect, cach of
RY R* and R™ is hydrogen and R is selected from ~CFs, ~CHLCFs, -CCls, and
—CHRCCL.

; * et ) . ] gyt E A3y E R SN :
In a further aspect, cach of R™, R, and R™ is hydrogen and R™ is £1-C3
) . - : ARSI o gy e Ay ol
alkyl. tn a still further aspect, cach of R™, RY and R*™ is hydrogen and R*™ is sclocted
from methy! and ethyl. In vet a further aspeet, each of R™, RY | and R™ i hydrogen and

R* i methyl.
a4y  R¥axp R¥Groues

In one aspeet, cach of RY and R™, when present, is independently selected from
Y =ORY C1-C3 alkyl, C1-C3 monchaloalkyvl, C1-C3 polyhaloalkyl, and —NRMR™ In
a further aspect, cach of R™ and R™, when present, is independently selected from ~(,
—OR™ and —NR*R* In a still fusther aspect, each of R and R™, when present, is
independently selected from —OR™ and ~NR*SR™ . In vet a further aspect, each of RY
and R™. when present, 1§ —~OR® 1n an even further aspect, each of R™ and R‘“, when

present, is —NRICRY®

I a further aspect, cach of R” and R*, when present, is independently selected
trovn C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloatkyl In a still fother aspect,
cach of R* and R™, when present, is independently selected from methyd, othyl, —CHLE,
~{ HClL ~CHOCHF, ~CHCHLCL, ~CHE, ~CHCHE,, ~CFy, ~CHLCF,, ~-CHCE,
=~ HAHCL, ~CCl, and ~CHCCE. B vet a further aspect, each of R*™ and R when

present, is independently selected from methyl, —CHLF, —CHLCL —CHF,, —CF;, —CHCl,,
““‘C(l» and —{H “'CCI 3.



WO 2015/157227 PCT/US2015/024635

t

20

52

{15  RPanp R¥Grours

In one aspect, cach of R™, R* and R* when present, is independently
selected from hydrogen, CHC3 alkyl, €13 monohaloalkyl, and C1-C3 polvhaloalkvl. In

e s s st , -
a further aspeet, each of R, K™, and R™, when present, s hydrogen.

In a further aspect, cach of R¥® R¥ and R™, when presend, s independently
selectod from hydrogen, C1-C3 nwmohaloatkyl, and C1-C3 polyhaloalkyl In a still farther
aspect. cach of R¥ R™ and RY™ when present. 13 independenily selected from hydrogen,
~{CHLE, ~CHLCL -CHCHGE, ~CHCHCL, ~CHE,, ~CHCHE, ~CF, ~CHCF 5,
—{HCE, —CHAOHC, —CCh, and —CHLCCl. In vet a further aspect, cach of RY, R,
and R*™_when present, is independently selected from hydragen, —CH.F, —CH.Cl,
—~{HF,, —CF;, —CHCL, and —CCly.

fn a further aspeet, cach of R*, R™™ and R, when present, is tndependently
selected from hydrogen and C1-C3 atkyl To a still further aspect, each of RY R¥ and R,
when present, is independently selected from hydrogen, wethyl and ethyl, In yet a further
aspect, each of RY, ™ and R*, when present, is independently selected from hydrogen

and methyl

In a further aspeet, B* is hydrogen and sach of R* and R™™ is independently
selected from C1-C3 alkyvl, C1-C3 monohaloalkyl, and C1-C3 polvhaloalivl. Inasull
farther aspeet, RY s hydrogen and each of R* and R™ is independently selected from ('1-
3 alkyl, CH-C3 monohaloalkyl, and C1-C3 polyhaloalky!. In vet a further aspect, RV is
hvdrogen and cach of R™ and R™ is independently selected from methyl, ethyl, ~CHF,
woCHRCL ~CHRCHF, ~CHACH Y, ~CHEF, ~CHRCHE,, ~CF 5, ~CHLCF S, ~CHCE,
~=CHCUHCE, —CCly, and —CHCOCh. In an even further aspect, R¥is hydrogen and cach of
R*™ and R'™ is independently selected from methyl, ~<CHF, ~CHCL —<CHF,, =CF;,
—{HC, —CCL.

In a further aspect, R™™ is hydrogen and each of RY and B*™ is independently
selected from CHC3 alkvl, CH-C3 monshaloalkyl, and C1-C3 polvhaloalkyl. In a still
further aspect, > is hvdrogen and each of R* and R™ is independently selected from Cl-
€3 alkyl, C1-C3 monchaloatkyl, and C1-C3 polvhaloalkyl. In vet a further aspest, R*™ is
hydrogen and each of R¥ and R is independently selected from methyvl, ethyl, ~CHLF,

~{HCL —CHUHF, ~CHCHCL —~CHE, ~CHCHE,, ~CF; - CHCF,, —CHCT,
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~CHROHC L, —~CCL, and —CH2CCh. In an even further aspeet, R™™ is hvdrogen and cach
of R™ and R™ is independently selected from methyl, ~CH:F, ~CH:CL ~CHF;, ~CF;,
~CHCE, and —CCh.

In a further aspect, cach of RY and R s hydrogen and R iy selected from
C1-C3 atkyl, C1-C3 monchaloalkyl, and C1-C3 polyhaloalkyl In a still Ruther aspect, cach
of R™ and R* s hydrogen and R™™ is selected from methyl, ethyl, ~CHLF, ~CHCL
e HAOHF, - CHROHCL, ~CHE,, ~CHROHF, ~LFy, ~CHRCFy, ~CHC, —~CH>CHCE,
—CCly, and —CHLCCls. Tn yet a Rather aspect, cach of RY and R is hydrogen and R is
selected from methyl, —CHF, ~CH (Y, —CHF;, —(CF;, ~CHCE. and ~CCls.

(16) x

{n one aspeet, X 1s an infeger greater than 1. in another aspeet, x s an integer

greater than 10, In a further aspect, x Is an mteger greater than 100,
{17} COUNTERIONS

In certain embodaments, the polymer further comprises an acceptable counterion.
In ong embodiment, the counterion 1s selected from indude, bromide, chloride, fluoride,
sulfate, hydrogen sulfate, perchlovate, nitrate, carbonate, hydrogen carbonate, phosphate,

hydrogen phosphate, diltvdrogen phosphate, acetate, and formate.
b, ESAMPLE POLYMERS

i one aspect, the pohvmer 1s formed by polymerizing a compound having a

struchwre:

H .

)\ H
H \“3';‘ =y Nk\“"/\\@}'i
E/ii\\{’;:' \H

H

H

{n one aspect, the polymer has a structure represented by a formula:
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?Hg {;Hg ?HZ ‘\?Hg
HQG CHQ_ CEHE CH;;
; \
/ HoH | HoH l H o H HooOoH O\
R . i kN : 5 : 5
2 E{ ! 6{};: l"“}m{\ b E@ /f‘— & '{“— \{ é
TN TN Ny N T
‘\‘ A SN R FN A ;"
1 H H H H H H H H /‘x
N H

wherein p s independently G, 0.3, or 1: ¢ is independently 0, 0.5, or 1 and, foreach k., p+ g

= 1.

2. SUPPORT STRUCTURE

In a further aspect, the membrane 1s cast onto 3 support strecture. In a stifl

L

further aspect, the support structure 15 a nonwoven support fabric. In a preferred

embodiment, the support structure is 8 nonwoven polyester fabric.
3. ULTRAFILTRATION MEMBRANES

In various aspects, the membranes of the invention are ultrafiltration membranes.
10 Examples of high-performance synthetic polymers commondy used in the formation of

altrafiltration membranes include polysulfone, polvethersulfone, and polvacrylonitrile.

One advantage of eltrafiltration membranes comprising the disclosed polyvmers
involves the potential to impart passtve fouling resistance o the sapport faver. Passive
fouling resistance, sometimes reforred to as “passivation,” describes modification of a

15 surface to reduce surface reactivity and promote hydrophilicity. Passive fouling resistance
can provent unwanted deposition of dissolved, colloidal, or microbial matter on the
membrane surface, which tends to foul the membrane and negatively influence flux and

rejection.

The prosent invention provides g now class of ulirafiltration mombranes with
2 hmproved hydrophificity and chlsvme-resistance over conventional ultrafiltration
nmenmbranes. Development of more efficient, more selective membranes with tonable
surface properties holds great promise for advanced protein separation, dialvsis, water

filtration, and other macro moleadar separations.
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4. NANOFILTRATION MEMBERANES

In various aspects, the membranes of the invention are nanofilivation membranes.

Typical high-performance synthetic polymers commonly used in the formation of

panciiliration membranes mchade polyselfone, polyethersulfone, and polyacrylonitride.
These nanofiltration membranes can be prepared, for example, by non-solvent induced

phase separation {NIPS).

Another advantage of nanofiltration membranes comprising the disclosed
polymers involves the potential fo mmpart passive fouling resistance 1o the support laver.
Passive touling resistance, sometimes referred 1o as “passivation,” describes medification
of a surface to reduce surface reactivity and promote hydrophilicity. Passive fouling
resistance can prevent unwanted deposition of dissolved, collowdal, or nucrobial matter on
the membrane sarface, which tends to foud the membrane and negatively influence fhux and

rgjection.

The present invention provides a new class of nanofiliration membranes with
improved hydrophilicity and chlorine-resistance over conventional nanofiltration
membranes. Development of more efficient, more seleetive membranes with tunable
surface properties holds great promuse for advanced protein separation, dialysis, water

filtvation, and other macre modecular separations.
5. 0830815 MEMBERANES

In various aspects, the membranes of the invention can be osmosis membranes,
for example, forward osmosis membranes, reverse osmosis membranes, or pressure
retarded osmosis membranes without thin film coating. Among particularly usefyl
membranes for osmosis apphications are those in which the diseninunating layer is a

polvamide.

Compostta polyamide membranes ave typically proparved by coating a porons
support with a poly fanctional anune monomer, most commonly coated from an agucous
sohstion. Although water is a preforred solvent, non~aqueous solvents can be utilized, such
as acetonitrile and dimethyHormamide (DMF). A polvfimetional acyd halide monomer {also
referred to as acid hahide) 1s subsequently coated on the support, typically coated first on the

porous support follmwed by the acyl halide solution. Although one or both of the
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polyfimrenonal amine and acyl halide can be apphied to the porous support from a solution,

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

In a further aspect, the membranes of the invention can farther comprise a thin
film polymerized onto a surtace of the membrans, and the membranc is an osmosis
membrane. In a still further aspect, the osmosis menbrane 1s selected from a reverse

gsm(}sis nmmbmne 52131{‘1 a f{}r wa,rd asmﬂsis Hl&:ﬂlbﬁmi’:,
& Fruam

In various aspects, the membranes of the tnvention further comprise a thin film
polymerized omto a surface of the membrane. The thin film can be a senu-permeable
polymer mamix, ¢.g with a dree-dimensional polymer network, sabstantially permeable to
water and substantially tmpermeable to sohstes. For example, the polymer netwotk ean be a
cross-lmked polymer formed from reaction of at least one polyfunctional monomer with a

difunctional or polvfunctional monomer,

The polymer matrix film can be a three-dimensional polymer network such as an
abiphatic or aromatic polvanude, sromatic polyvhydrazide, poly-bemsimidarzolone,
polyeplamine/anude, polvepiamineiurea, 3 polyester, or a polyimide or a copolyner thereot
or a nuxture thereof. Preferably, the polvmer matrix film can be formed by an imerfacial

polymerization reaction or can be cross-linked subscquent to polymerization.

The polymer matrix film can be an aromatic or non-aromatic polyamide such as
residues of a phthaloyl {e.g., isophthatov] or terephthalovl) halide, a tnmesyvi halide, or a
mixture thereof, In another example, the polyvasude can be residues of diaminobenzene,
triaminobenzene, polyethennune, piperazine or poly-piperazine or residacs of a trimesoyi
halide and residues of a diaminobenzene. The film can also be residoes of rimesoyl
chioride and m-phenvienediamine. Further, the filn can be the reaction product of trimesoyl

chioride and m-phenvicncdiamine,

The polymer matnix filhn can have a tickness of from about | to abowt
1064 . For example, the film can bave a thickness of from about 10 nm to about 1004
man, from aboot 100 1 1o about 1000 wm, from about 1w to abowt 500 nm, from about 10

ant to aboot SO0 mm, from about 3 mm to abowt 308 wm, from about 50 mm to about 200
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mn, from about 50 mm (o about 250 nm, from about 50 nnt (o about 300 nny, or from about

200 mm to about 300 nm.
7. PROPERTIES

In various aspects, the composite filtration membranes of the invention can have
various propertics that provide the superior function of the membranes, meluding smproved
hvdrophilicity, improved resistance to chiorine, excellent permeability, and mproved salt

rejection. it is alsc understood that the membranes have other propertics.
3. HYDROPHILICITY

The hvdrophiticity of the membranes can be expressed i forms of the pure
water equilibrium contact angle. The contact angles of the membvanes of the invention can

be measwred using 8 contact angle gontometor {DSATG, KRLSS GmbH).

In various aspects, & membrane of the invention can have a pure water
cquitibrium contact angle of less than about 907, In a further aspect, a membwang of the
wrvention can have a pure water cquilibrivim contact angle of loss than about 807, In a still
further aspect. a3 membrane of the invention can have a pure water equitibrium contact
angle of less than about 70° In vet a further aspect, a membrane of the nvention can have a
pore water equilibriom contact angle of less than about 60°. In an even further aspect, a
membrane of the invention can have & pure water equitibrium contact angle of less than
about S0°. f a still firther aspect, & membrane of the invention can have a pure water
equitibrivm contact angle of tess than about 407, In yet a further aspect, a membrane of the
wvention can have a pare water equilibrium contact angle of less than about 30°. In certam
embodiments, a mombrane of the invention can have a pure water cquilibrium contact angle
of about 20°, about 30°, about 31°, about 32°, about 33°, about 34°, about 35°, about 36°,

about 37°, about 387, about 397, or about 40°.
h. PERMEARILITY

The permeability of the membranes can be expressed in terms of the pure waier
permeability. The permeability of the disclosed membranes can be measwred, for exampie,

asing a dead-cad stirred cell {Stehitech),
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Membrane permeabidity can be affected by, for example, the amount of polymer
present. Thus, in vartous aspects, the polvmer is present i an amount of about 30 wi% and
the membrane has a pure water permeability of tess than abowt 3.00 gtdipsi. In 3 further
aspect, the polymer is present i an amount of about 30 wi and the membrane has a pure
water permeability of less than about 4,50 gfdpsi. In a still further aspect, the polymer is
present i an amount of about 3 with and the membrane has 3 pure water permeabidity of
less than about 4.00 gfd/psi, In yet a further aspect, the polymer 1s present 1 an amount of
about 31 wi% and the membrane has a pure water permeability of less than about 3.50
gfdipst. In cortain embodiments, the polymer 13 present in an amount of abowt 30 wi¥ and
the membrane has 3 pure water pormeability of abouot 3.0 gfd/pst, about 3.1 gfidipst, about

3.2 gfdipst, about 3.3 pfd/psi, about 3.4 gfdpss, about 3.5 gfidfpst, about 3.6 gfd/psi, about

frey

<

3.7 gfdipsi, about 3.8 gfd/pst, about 3.9 gfdipsi, or about 4.0 gfdipsi.

¢. BEIECTION

The regection of the membranes can be expressed in termis of bovine senun
atbumin {BSA) rejection. The salt rejection of the disclosed membranes can be measured,

for example, using a dead-end stirred cell {Sterlitech).

The salt rejection of the mombrangs can be affected by, for example, the amount
of polymer present. Thas, i1 various aspects, the polymer is prosent io an amoant of about
30wt and the membrane has a BSA rgjection of at least about 530%. In a finther aspect,
the polymer is present in an amount of about 30 wi% and the moembrane has a BSA
rejection of at least about 53%. In a sull further aspect, the polymer 1s present in an amount
of about 30 wi%e and the membrane has a BSA rejection of at teast sbout 60%%. 1o veta
further aspect, the polymer 1s present i an amount of about 30wt and the membrane has
a BSA rejection of at least about 65%. In an even further aspect, the polymer is present in
an amount of about 30wt and the membrane has a BSA rojeetion of at least about 70%.
It cortain embodiments, the polymer is present in an amount of abowt 30 wid and the
membrane hag a BSA rejection of abont 60%, about 62%, abont 64%, abowt 66%, about

68%, about 70%, about T2%, about 74%, about 76%, about 78%, or about 80%%.
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€. METHODS FOR MARING FILTRATION MEMBRANES

in one aspect, the invention relates to a method of making a filtration membrane,
the method comprising the step of providing a polymer formed by polymerizing 2

compond having a structure represented by a formala:

1 LR’%
H’/\\”’f 14

: : ) 33 B . cepy by ih FEC. 1d -
wherein n is selected from 1, 2, and 3; wherein each of R R, R™ and R™ s

independently seleoted from hydrogen, halogen, —UN, =SR® ~QR¥ | —NRMRM
~NRIPRI mS()gR:"‘j’ﬁ —'{(‘.:O}RN, and C1-C3 alkyl substituted with 0, 1, 2, or 3 groups

selected from halogen, —ON, =S8R, —OR  —NR™R™ ~80,R™, and ~{C=0IR™"

10 wherein each of R™ and R™ is independenty selected from hydrogen, halogen, —CN,
~SRM —ORY =NR¥R™ ~NRPRPH —SORY, —~(C=03R™, and C1-C3 alky
substituted with 0, 1, 2, or 3 groups selected from halogen, —CN, —SR° * —ORY,
~NRWRY w80.RY, and ~(C=OIR™, wherein cach of R™, R™, and R‘“ is independently
selected from hydrogen, ha}agcn, ~CN, --—SR‘*“. —ORY —NRIPR SNRIPRTRY

15 —SO:RY, and ~(C=0R™: wherein at least one of R™, R R¥, R“’ and R™ is not
hydrogen; wherein cach of R™, R¥ R2 R™ R¥ RY RY R RY RY R and RS,
when present, i3 independently seleeted from hvdrogen, C1-C3 alkel, C1C3
monohaloatkyl, and C1-C3 polyhalealkyl; wherein cach of R™ and R™, when present, is
mdependently selected from ~O, —-{)stt C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3

20 polyhaloalkyl, and ~NR™R™. wherein cach of R™, R*®, and R™, when present. is
independently selected from hydrogen, C1-C3 alkyl, C1-C3 monohalealkyl, and C1-C3
polyhaloatkyl, wherein each of R™ and RY, when present, is independently selected from
~¥ ~OR™ C1-C3 alkyl, C1-C3 monohaloatkyl, C1-C3 polyhaloatkyl, and ~NR* @R

wherein cach of R™ R and R'™, when present, is independently selected from hydrogen,

o
(43

CI—CB atky!, C1-C3 monohaloalkyl, and C1-C3 polyhalealkyl; wherein each of R and
!, when present, is independently selected from —07, —ORY C1-C3 alkyl, C1-C3

monohaloatiyl, C1-C3 polyhaloatiyl, and —NR™R*™, and wherein each of R, R*™ and
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RY when present, is selected from hydrogen, C1-C3 atkyl, C1-C3 monohaloalkyl, and Cl-

€3 polyhaloalkyl; and casting a solation or a suspension of the polymer.

In one aspect, the invention relates 1o & method of making a filvation membrane,
the method comprising the stop of providing a polymer comprising a structure represented

by a formula:

é 3 5 rd d é
B . w \_ /7 N \\\\ _____’ﬁ N““‘“‘“‘{\\\Wﬁr N \\_____ A g
5 Rie Yot <v’r 14} tcj 1 *v} T mq /
\ R ) R R R R R /
FX
RE& R?b
\ 3¢
’\(\, 77'\*’"?2
_ . nt g3 o
wherein each Z is independenty selected from hydrogen and R™ - wherein n is an

inteper selected from 1, 2, and 3; wherein p is independently 0, 0.5, or 1 wherein q is
independently {1, 0.5, or 1: wherein, for cach x, p + q = |; wherein cach of R™ R R™, and
R is independently selecied from hydrogen, halogen, ~CN, —§R™ ~DR* | ~NR™R*
—NRPPFRTHY ~SORY, —~C=0R™, and C1-C3 alkyl substituted with 0, 1, 2, or 3 groups
sefocted from hafogen, —ON, —SR™, —OR™ —NR*¥R™ ~80.R™, and ~({C=Q)R™,
wherein cach of R™ and R™ is independenty selected from hydrogen. balogen, ~CN,
SR, —OR™ —NR¥R™ =NR™RTH —S0,RY, —(C=O1R™, and C1-C3 alkyl
substituted with 0. 1, 2, or 3 groups sclected from halogen, —CN, —=SR*, —OR,
~NRIPR¥ -80LRY, and ~{C=0)R™; wherein each of R™, R™, and R™ is independently
selected from hydrogen, balogen, —CN, =S8R, —OR", —NR™R*¥ —~NRPR™H,
~SORY and ~(C=OWRY: wherein each of B, RY ™ 7% Y Y ™ W9 r™
R¥URY and R, when present, is independently selected from hydrogen, C1-C3 alkyt,
C1-C3 monohaloalkyl, and C1-C3 polvhaloatkyl: wherein cach of R™ and R™, when
present, is independently selected from ~O7, ~OR™, C1-C3 alksl, C1-C3 monohatoatkyl,
{1-C3 polvhaloalkyl, and ~N RECRI. (herein cach of RS, R¥® and R¥, when present, is
independently selected from hydrogen, C1-C3 altkyl, C1-C3 monohaloalkyl, and C1-C3
polvhaloatkyl; wherein cach of R™ and R™, when present, is independently selected from
—(,—ORY, {1-C3 alkyl, C1-C3 monchaloatkyl, C1-C3 polyhaloalkyl, and —NRYR*;

wherein each of R™, R™™ and R™™, when present, is independently selected from hydrogen,



WO 2015/157227 PCT/US2015/024635

{0

s
LA

20

61

CH-C3 alkyl, C1-C3 monohaloatkyl, and C1-C3 polyhatoalkyl; wherein each of R™ and
R*¥ when present, s mdependently selected from (Y ~ORY 1-C3 atkyl, C1-C3

Ny gt : ey S5 ey SO0 . e 33 A6 Jods
monchaloalkyl, C1-C3 polyhaloatkyl, and ~NR** R wherein cach of RY, R'™, and R*,
when present, 1s selected from hydrogen, C1-C3 alkyl, C1-C3 monohaloatkyl, and CHC3
polvhaloatkyl; and wherein at feast one 7 is a stracture represented by a fornnda:
Zr 28
R B’R i3
WA R
% nTg R
R . and
‘ . P TG A N Y A s ‘ ; Terd
wherein at least one of B™, R™ R™ R™ and R™ is not hvdrogen; and casting a solution or

a suspension of the polymer.

in a further aspect, the solution or the suspension s cast onto a support structure.
I a still further aspect, the support stractare is a ponwoven support fabric. In a preferred

cmbodimerd, the support structure 15 a nonwaoven peolyester fabrie.

fir a finther aspect, the membrane is selected from an ultrafiltration membwane, a
nancfiltration membrane, a reverse osmnsts membrane, a forward osmoesis membrane, and a
pressure retarded osmosis membrane without thin film coating. In a still farther aspect, the

filiration mombrane is selected from an ulirafilirabion membrane, a nanofiltvation

mendbrang, a reverse osmosts membrane and a forward osmosis membrane. In vet a fusther
aspect, the filtration membrane is selected from an altrafiltration membrance and a
nanofiltration membrane. In an even further aspect, the filtration membrane s an
whtrafiliration membrance. In a still ferther aspect, the filtration membrane s a nancfiltration

membrane.

In a further aspect, the polymer s 1n a suspension. In a sitll further aspeet, the

polvmer is in a solvent solution.

In a further aspest, the method further comyprises the step of solution casting a
second polymer selected from polysulfone, sulfonated polysulfone, polyethersuifone,
sulfonated polvetherselfone, polyaniling, pobvanitine co-polymers, polvacryionitrile,
polvvinyludene fluoride. polyvtcaafluoroethylene, polyvinyl fluoride, polyvinylidene

fleonde, polvirifluoroethylene, pelyperfluoroalkyl vinyt ether, polvhexafluoropropylene,
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cellufose acetate, polyvurethane, or a mixture thereofl In a still further aspect, the second

polymer is polysulfone.

In a further aspect, the method farther comprises the step of polvimerizing a thin
film onto 3 surface of the membrane, thereby provading an osmosis membrang. In a stll
further aspeet, the osmosis membrane is selected from a reverse osmosis membrane and a
forward osmosis membrane. In vet a further aspect, the osmosis menthrane 1S a reverse
osmosis membrane. In an even further aspect, the osmosis membrane 15 a forward osmosis

membrane,

it 15 undersiond that the diaclosed methods can be used to provide the disclosed

membranes.

{n various aspects, the polymers of this investion can he prepared by emploving
reactions as shown m the following schemes, 1 addition 10 other standard mamipulations
that are known in the lieratare, exemplified in the experimental sections or clear to one
skilled 1in the art. For clarity, examples having a single substitueni arc shown where

muitiple substituents are allowed under the definttions disclosed heram,

Reactions used fo generate the compounds of this invention are prepared by
employing reactions as shown in the following Reaction Schemaes, as deseribed and
exemplified below. The following examples are provided so that the invention might be

mare fully wnderstood, are itustrative only, and should not be constraed as Hmiting,
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1. Rouvrel

fn one aspect, substituted halobenzene derivatives can be prepared as shown

below.
Scheme 1A
1.4 1.2
SOsH SO4H
w4 .
R \\{,»-:\\\\ X R N X
fe K ‘f"l’\\\?})} ~ R M ,./s\\\;ff; ~ R
R‘IC R']t
5 1.3 1.4
Compounds are reprosented 1o peneric form, with substitaents as noted in
compoand descriptions clsewhere berem. A move spectfic example is set forth below,
Scheme 1B,
. SOH SO
e } . 1. NaNG/HCI,
N :"lé\\\\ B Ha S0y " ‘/L\\\ A 0°c s S &
o . PN N 2. HyPO PANT -~ NN
HEN"' - \CH3 heat HQN “/ CHy S T CH;5
& H H
15 1.6 1.7
1) in one aspeet, compounds of type 1.4, aud similar compounds, can be prepared

according to reaction Scheme 1B above. Thus, compounds of type 1.8 can he propared by
sulfonation of an appropriate aniling, e.g., 1.5 as shown above. Appropriate amhines arc
comumerciatly avatlable or prepared by metheds known to one skilled in the art. The

sulfonation s carried out in the presence of an appropriate acid, e . fuming sulphuric acid.
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Compounds of type L7 can be prepared by reduction of an appropriate anithine, e.g., 1.6 as
shown above. The redaction 1s carried oot in the presence of an appropriate acid, e.g.,
hvdrochloric acid (HCT), and an appropriate salt, e.g., sodium mitrite, at an appropriate
temperature, ¢.g., U °C, followed by addition of an appropriate acid, ¢.g., hypophosphorous
5 acid. As can be appreciated by one skilled in the art, the above reaction provides an
exampie of a generalized approach whercin cormpounds stmilar in structure to the speeific
reactants above (compounds similar to compounds of type 1.5 and 1.6}, can be substituted

n the reaction to provide substituted drarviacetylenes similar to Formula L7,
2. Rouredl

10 In one aspect, substituted aniline derivatives usefud in the present invention can

be prepared as shown below.

ga R jR\‘ia
H\ "’1\\% .JNOE H\ RS ’NOZ R - "’Q‘\YJNH?
T — 1O
o \(;:5 \Rid o /}"\R,d H \E,: S ppid
R Ric s
2.1 2.2 2.3

Compounds are represented in generie form, with sabstituents as noted in

15 compound deseriptions elsewhere herein. A more specific example s set forth helow.

Scheme 2B,

H H H
MM o @ \"A“\Qx” NGz sy O A r e
s R s s ;
o J‘E\fff‘i\ " ATk o \‘{,’fd\ o ¥ /‘\Tfﬁ\ H
CHs CHa CHy
24 2.5 28

in tme aspect, compounds of type 2.3, sud similar compounds, can be prepared
according to reaction Scheme IB above. Thus, compounds of type 2.5 can be prepared by

20 alkvlation of an appropriate nitrobenzene, e.¢., 2.4 as shown above. Appropriate
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mitrobenzenes are commercially available or prepared by methods known to one skilled in

the at. The alkylation is carried out in the presence of an appropriate halide sowree, e

%

dichloring, and an appropriate Lowis acid, ¢.g., Aluminenm chloride. Compounds of type 2.6

can be prepared by reduction of an appropniate nitrobenzene, e.g., 2.5 as shown above. The
5 reduction is carried out in the presence of an appropriate Lewis acid, e g, tin {H) chionde.
As can be appreciated by one skilled in the art, the above reaction provides an example of a
generalized approach wherein compounds sinular in structure to the specific reactants
above {compounds sinular to compounds of type 2.1 and 2.2}, can be substituted i the

reaction to provide substitated diarylacetylones similar to Foromda 2.3,
10 3. Roure il

In one aspect, n-substituted amlbine denvatives of the present mvention can be

prepared as shown below.
Scheme 3A.
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T
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& ix 20 18 36
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R¥® A NHy 3.4 T AL Ny W&
\,. W N R *f\}\;z’;: e
g LARBEOR®
~ T{» Sgrtd H/ \fr" SR
R\It R‘s
2.3 32
i3 Compounds are represenied in gencrie form, with substituents as noted

compound descriptions elsewhere herein, A maove specific example i set forth below,
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in one aspeet, compounds of type 3.2, and similar compounds, can be prepared

5 according to reaction Scheme 3B asbove. Thus, compounds of tvpe 3.5 can be prepaved by

atkviation of an appropriate amline, e.g., 3.3 as shown gbove. Appropriate anilines are

comumerciatly avatlable or prepared by metheds known to one skilled in the art. The

atkviation is carried out in the presence of an appropriate alkyl halide, e.g. -chloroethanol

{3.4). As can be appreciated by one skilled in the wrt, the above reaction provides an

1 example of 3 generalized approach wherein compounds stmtlar in stracture to the specific

reactants above (compounds similar 1o compounds of type 2.3), can be substituied m the

reaction 1o provide substituted diarylacetylenes sinular to Formula 3.2

4. Rouvrelv

i one aspect, n-substituted antline dertvatives of the present myvention can be

15 prepared as shown helow.
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Compouands are represented 1 generic form, with substitents as noted in

compoand descriptions elsewhere herein. A move specific example is set forth below.

Scheme 48,
OH
O\\\\‘:’.w:{\ H 7
H v H H
H j\ H /§<,H
H‘“\f"’\"\\\\f’NHj 4.2 Sy R AN “OH
i { T ——— : FAN
i ! b HOH
y N NaBHCN {7 Y
¥ H
3.3 4.3

4!

In one aspect, compounds of tvpe 3.2, and similar compounds, can be prepaved
according fo reaction Scheme 4B above. Thus, compoands of type 4.3 can be prepared by
reductive amination of an appropriate antline, c.g., 3.3 as shown above. Appropriate

antlines are commercially available or prepared by methods known to one skitled m the art.

The reductive amination is carried ouwt in the presence of an appropriate carbonyl derivative,
10 e.g 2-hvdroxyacotaldehyde (.23 and an appropriate salt, e.g., sodiom cyanoborohyvdride.
As can be appreciated by one skilled in the art, the above reaction provides an example of a
generalized approach wherein compounds sinular in structure to the specific reactants
above {compounds sinular o compounds of type 2.3 and 4.1), can be substituted in the

reaction to provide substituted diarvilacetvienes sinular to Formuda 3.2

5. Rotp ¥

o
g

In ane aspect, n-substitaied antline derivatives of the present invention can be

prepared as showi below,
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Compounds are represented in generic form, with substituents as noted in

compourd desoriptions elsewhere herein, A more specific example 1s set forth below,

5 Scheme 5B,
£
HaNL_ <
A /\L\F
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| s i Y
i b HOH
o N S PACHIPO-Tolyhb, 1 N TH
H MNaOtBu, |
heat H
5.3 5.5

tn one aspect, compounds of type 3.2, and simibir compounds, can be prepared
according to reaction Scheme 5B above. Thus, compounds of type 5.8 can he prepaved by
couphing of an appropriate arvl halide, ez, 8.3 as shown above, and an appropriate amine,

10 g.. 2.2 2-uifluorocthapamine (5.4). Appropriate aryl halides are covunercially avadable or

o

prepared by methods known to one skilled in the ant. The coupling is carned out m the
presence of an appropriate palladmum catabyst, ez, PACLP(o-Tolyl) ], and an appropriate

g.. socdium Fhagoxade, at an appropriate iemperature, &.¢., above room temperatare,

R =

base, ¢

Ax can be appreciated by one skilled i the art, the above reaction provides an example of a
15 generalized approach wherein compounds stmilar in structure fo the specific reactants

above {compounds similar o compounds of type 8.1 and 5.2), can be substitted 11 the

reaction to provide sabstibged diarylacetvienes similar to Formala 3.2
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D, METHODS FOR PURIFYING WATER

fn various aspects, the invention can be used as a filtration membrane for
performing water pucification, bioseparations, protein purification, otfl-water separations,

ete.

Thus, in one aspect, the invention relates to a method for purifving water, the
method comprising the stop of filtering water through a mensbrane comprising a polymer

foroed by polymerizing a compound having a stractwre represented by a formuda:

R‘ia R
=2 o { e
\\g,E-' \ 2]\\ !{1 =3
PR
H/\*}f R:G
R'h‘.

wherein n is selected from 1, 2, and 3; wherein cach of R, RP® R™, and R is
independently selected froms hvdrogen, halogen, ~CN, ~SR™, R NRAPRA

e NRPRFH, ~SOR™ A C=nRY, and C1-C3 alkyl substitated with 0, 1.2, or 3 groups
selected from halogen, ~CN, =SR™ QR -NR™RM™ ~S0:R™, and ~(C=(HR™,

wherein cach of R™ and R™ is independently selected from hydrogen, halogen, —CN,

Y

—SR¥ —ORM —NRFRM —NRTRH, —S0.RY, —C=0IRY and C1-C3 alkyl
substitated with @, 1, 2, or 3 groaps selected from halogen, —CN, —SR™, -—(}R"’E,
—NR¥R™ —50,RY, and —(C=01R™; wherein cach of R™, R™, and R™ is independently
selected from hydrogen, halogen, —CN, —SR*, —OR* —NR™R*™ —NRPR¥H,
~8O0:R", and ~{C=0)R*; wherein at least one of R™, R*, R¥, R™ and R™ is not
hivdrogen: wherein each of R¥, R¥, R¥® ¥ RY RY RY™ R RY RY R'™ and R™,
when present, is independently selected from hydrogen, T1-C3 alkyl, C1-C3
monohatoatkyl, and C1-C3 polvhaloalkyl; wherein cach of R* and R™, when present, s
independently selected from -0 ~OR™, C1-C3 atkyt, C1-C3 mmmha.ioaikyl, C1-C3
polvhaloatkyl, and —NR™R™; wherein each of R™, R™ and R™, when present, is
ndependently selected from hvdrogen, C1-C3 alkyl, C1-C3 monchalealkyl, and C1-C3
polyhaloalkyl; whercin cach of R™ and R™, when present, is independently selected from
Y = ORY, C1-C3 alkyl, C1-C3 monohatoatkyl, C1-C3 polyhaloalkyl, and —NR¥ R
wherein cach of R, R™, and ¥, when present, is independently selected from hydrogen,

C1-C3 atkyl, C1-C3 monohaloalkyl, and C1-C3 polvhaloatkyl; wherein cach of RY and
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RY, when present, is independemty sclected from —(7, —OR®, C1-C3 atkyl, C1-C3
monohaloalkyl, C1-C3 polyhaloatkyl, and ~NR*™R™ and wherein cach of R R™ and
R*, when present, is scleeted from hydrogen, C1-C3 alkyl, € 1-C3 monohaloalky!, and C1-

€3 polyhaloalkyl.

in one aspect, the mvention relates to a methed for purifying water, the method
comprising the step of filtering water throagh a membrane comprising a polymer

comprising a structure represented by a formala:

an R“
,{)4\'( ﬁbb

wherein cach 7 is independently selected from hydrogen and ;wherein nis an
wieger selected from 1, 2, and 3; wherein p i3 independently 0, 0.5, or §; wherein g i
independently 0, 0.5, or 1; wherein, for cach x, p + g = |; wherein cach of R, R'®, R, and
R is independently selected from hydrogen, hatogen, —ON, —SR™, —OR™ —NR™R™,
e NRIFPRTVH SR w{ C=OIR™ and C1-C3 atky! substituted with 0, 1, 2, or 3 groups
selected from halogen, —CN, —8R®, —OR™ —NR™R™ —SO,R™ and ~(C=O)R*";
wherein each of R™ and R™ is indcp&ndcnﬂv selected fron hydrogen, halogen, —CN|
~BRM wORY | NRFRTY - NRPRIHT SO RN, - C=OiR ™, and C1-C3 alky
substinted with €, 1, 2, or 3 groups selected from halogen, —ON, -8R, ~ORY
—~NR¥R™ —SO,RY, and —~(C=OIR™; wherein cach of R, R™ and R* is independently
selected from hydrogen, halogen, —ON, --—SR‘*‘X —ORY —NRIPRTE NRIRVPRT
~SORY and ~(C=R ™M, wherein cach of R, R™ R R7® R™ R"‘E, R R R
RY R¥™ and R™®, when present, is independently selected from bydrogen, C1-C3 alkyl,
C1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl wherein cach of R” and R™, when
present, is independently selected from —(Q, —OR™, C1-C3 atkyl, C1-C3 monohaloatkyl,
C1-C3 polvhalontkyl, and —NR™R™: wherein each of R, R™ and R, when present, is
ndependently selected frony hydrogen, U1-C3 alkyl, U1-C3 monohaloalky!, and C1-C3

polvhaloatkyl wherein cach of R™ and RY, when present, is independently selected from
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~(,—OR®, C1-C3 alkyl, C1-C3 mcmehakmlkyi, C1-C3 polyhatoalkyl, and ~NR™R*,;
wherein each of R®, R™, and R™™, when present, is independently selected from hvdmgen,
C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloatkyl; wherein cach of RY and
R* when present, is independently selected from —07, —OR™, C1-C3 alkyl, C1-C3
monohaloatkyl, C1-C3 polvhatoatkyl, and ~NR¥R*™: wherein each of RY, R*™ and R™,
when present, i< selected from hydrogen, CH-C3 alkeyl, C1-C3 monobaloatkyl, and C1-C3

polvhaleatkyl; and wherein at least one £ s a structure reprosented by a formuda;

R R
R3t;
’\. \T\‘ (8 3t
. and
5 ; . >yl T 3y b ] .t )
wherein af least ong of R, R R, R, and R is not hydrogen.

In a forther aspect, filtering comprises applying presswe to the water.

In a further aspect, the membrane further comprises a thin polvmerized onto &

surface of the membrane, and wherein filtering is reverse osnwosis filtering,

it is understood that the disclosed punification methods can be used in
conngction with the disclosed membrancs. It is also understood that the disclosed

purification mcthods can be used mm comuection with the products of the disclosed methods.
in & further aspect, the water further compnrises at least one solute.

Typically, the membrancs of the invention can be prepared so as to be
substantially tmpermeable to solutes. As used berein, “solute™ generally refers to materials
dissolved, dispersed, or suspended in a liguid. The materials can be undesived; in such a
rase, the nicobranes can be used to remove the undesired solute from the Hgud, thereby
purifying the lquid. and the Hquid can be subsequently collected. The materials can be
desired; in such a case, the membranes can be used to decrease the volume of the Bauid,
therchy concentrating the solute, and the solute can be subsequently collected. In one
aspeet, the membranes can be provided to be substantially impermeable to particudar
solutes, which can be sclected from among solutes known fo those of skill nthe art. Ina
further aspeet, the solutes can comprise at least one of sodium Jons, potassium lons,
magneshan tons, calohan tons, silicates, organic acids, or nonionized dissobved solids with

a molecuiar weight of greater than gbout 200 Daltons or a mixiure thereofl The selutes can
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be dissolved or dispersed within a lipud. The solutes can be hvdrophobic or hydrophilic or
neither or a maxture thereof. Exemplary sohstes can inclade fons, neutral species, silicates,

and organic compounds, for example, amines or carboxylic acids.

{ons can be monovalent lons, divalent tons, trivalent fons, higher valent tons, or
a mixture thereot. In one aspeet, the solutes commprise monovalent ions. The ions can be
positive ions, negative tons, or a mixture thereof. Monovalent metal fons include fithiwm
ons, sodium ions, potassium tons, rubidivn ions, cesium ions, francium ons, ammonien
ions, profonated primary agune ions, protonated secondary amine ions, and protonated
tertiary amine ions. in addition, monovalent ions can be dissociated mineral or organic
acids, In a Auther aspect, ong or more of these types of ions are not among the soluies

wherein a membrane of the invention is substantially impermeable.

In 3 finther aspect, the sohdes comprise divalent tons. The lons can be positive
iong, pogative ions, or a mixtwre thereofl Divalent tons inclade berylium ions, magnesiom
ions, calcium ions, stronthwn ions, radivm tons, ferreus iron, barium ions, and protonatesd
diamines. In addition, divalent tons can be dissociated mineral or organic acids. In a further
aspect, one or more of these types of ons are not among the sohutes wherein & menthrane of

the invention is substantially impermeable,

in a further aspect, the sohutes comprise higher valent tons. The ions can be
positive 1ons, nogative jons, or a muixtwre thereof. Higher valent ions include aluminum
tons, forrie fron fons, or sitica fons, 1o a firther agpect, oue or more of these types of jong
ave not among the solutes wherein a membrane of the invention is substantially

impermeable,

Neutral specics can mchude, for example, nontouzed solids with 3 molecular
weight of greater than about 200 Daltons. The molecular weight can be, for example, at
feast about 200 Daltons, at least about 238 Daltons, at least showt 300 Daltons, at least
about 230 Daltons, at least about 400 Daltons, at least abowt 300 Daltons, at least about
600 Daltous, at least about 700 Daltons, at least about 800 Daltons, at least about
200 Daaltons. or at least about 1,000 Dalions. The neutral species can be dissobved or
suspended. The neutral species can be hydrophobie, hydrophitic, both, or neither. Ina
further aspect, one or more of these types of neutral species are not among the solutes

wherein a membrane of the invention is substantially impermeable.
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Siheates can inclade all known compounds of Silicon and Oxygen based spon
the Si0y tetrahedron-shaped anionic group, with or without one or more metal fons present.
It is understood that the silicates can be present as solids with a molecudar weight of greater
than about 200 Daltons and can be dissolved or suspended. The molecular weight can be,
for example, at loast about 250 Daltons, at least about 300 Daltons, at least about 250
Daltons, at least about 400 Daltons, at least about 300 Daltons, at least about 6040 Dalions,
at least about 700 Daltons, at least about 800 Daltons, at least about 900 Dalions, or at least
about 1,000 Daltons. In a further aspect, one or more of these types of silicates are not

amang the sohides wherein a membrang of the nvention is substantially supermeable.

Organic actds can inchude formic acid, acctic acid, propionic acid, butyric acid,
pentancic acid, hexanoie acid, heptanoic acid, octanoic acid, nonanoic acid, decanoic acid,
and lactic acid and dertvatives and mixtures thereof. Also mcluded arc phenols and
derivatives and mixtures thereof, in addition o naturally ocourring hamic and fulvic acids
or biopolymers comypwising amino acids, proteins, or complex polysaccharidic acids. The
acuds can be protonated or deprotonated. In a further aspect, one or more of these types of
organic acids are not among the solutes wherein a membrane of the invention 1s

substantially impermeable.

In a further aspect, the solutes can be the product of & chemsical or biological
reaction, screerung assay, of solation technigque. For example, the solutes can be a
chemucally active agent, a pharmaceutically active agerd, or a biologically active agent ov g
mixture thereof. In vet a further aspect, one or more of these types of agens are not amoni

the solutes wherein a membrane of the invention is substantially impermeable.
E. EXAMPLES

The following exaroples 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 andfor methods claimed hevein are made and evahsated, and are intended to
be purely exemplary of the invention and are not intended to haomt the scope of what the
mventors regard as their imvention. Efforts have been made to ensure accuracy with respect
to numbers {e.g., amounts, temperature, e¢.}, but some ervors and deviations should be
accounted for. Unless indicated otherwise, parts are pacts by weight, temperature is in "C or

iy at ambicnt temperature, and pressure is at or near atmospheric.
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1. GENERAL EXPERIMENTAL METHODK
a. MarEmiars

N-Hydroxyethyl smline {#-Pant), aniline, bovine senum albumin (BSA), »-
methyipyrollidone {MNMP), 4-methyipipenidine (4-MP), ammonium persulfate (APS),
pulysaifone (PSE) beads {22 kD), Escherichia coli {E. colty and Luria-Bertani (LB) broth
were purchased from Sigma Aldrich. Hydrochloric acid (HCH. dimethyvl sulfoxide {DMSO)
and sodun hydroxide {NaOH) peliets were purchased from Fisher. Dimethyl sulfoxide-ds

{DMAO-G) was purchased from Cambridge Isotope Laboratories. Bleach {sodiom

b, PREPARATION OF POLYMER SOLUTIONS

An n-Pani casting solution was prepared by dissolving 30 w6 of n-Pam powder
i 7O wtts NMP. The Pani casting solution was made by dissolving 21 wi of Pani in
HEOT wit of 4-MP and 6733 wit of NMP as a co-soivent. The weight pereent of Pant
and 4-MP were chosen so as to maintain a 2:1 molar ratio of 4-MP:Pani base tewramer
{01.547 g 4-MP: 1 g Pani base). A PSF casting solution was made by dissolving 18 wits of

PSfbeads in 82 wi of NMP.
€. MEMBRANE FABRICATION

Menmtbranes were hand- cast by spreading polymer solations onto nomvoven
podyester fabric (Hirose, Japan) using a Gardeo Adjustable Micrometer Film Applicator
with a blade beight of 152 pm. Cast membranes were innmediately immersed i a DI water
hath to induce polynier precipitation based on the phase inversion process. Membranes
were left in a water bath ovarnight before being transferred to a Zip-lock bag filled with D

seater and stored in the refrigerator at 4 °C.
d. PERMEABIITY AND BSA REJECTION

Membrane permeability and rejection tests were cavried out using a dead-end
stirred cell {Sterditech) with & mombrane arca of 7.917 cat’. Permeate flow rates were
measured using a digital flow meter. Pristine membranes were compacted first using DI
water at 20 pst untif thewr flux change became smaller than 3% over 30 min. Flux data were

measured urler pressures of 20, 15, 10 and § psi. Pure water permeability data were
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deternuned by plotting the flux as a function of presswre. BSA was used to evaluate the
membrane rejection properties. Concentrations were determined asing & UV-Vis

spectrophotometer. BSA rejection was caloulated from

Re=1-epiey

where ¢, 18 the BSA concentration w the permeate and ¢ is that in the feed solution. For
bleach tolerance tests, pristine mombrancs were compacted as deseribed above before being
soaked in bleach containing 250 ppm of free chlorine (measured asing an HACH Pocket

R

Colorimeter’ ™ 1f chlorine test kit) for 1 or 2 days. Pure water permeability and BSA

rejection were measuwred as deseribed above for pristine membranes.

¢, SURFACE CONTACT ANGLE

DSA 10 gomometer using the captive bubble method. This method was chosen instead of
the sessile drop method so that membranes covld remam wet during the measurement,

whach leads to more realistic results, especially for hydrophilic membranes.
f. Founirr TRANSFORM INFRARED SFECTROMETRY {(FT-IR)

FT-IR was performed on a JASCO FT/R-5300, Membrane samples were at
mto small picces and dried in a vacoum oven overnight before carrving out the

IMCASUICMenis.
g. BV-Vis

An Agilent 8453 LV Visible Spectrophotometer was used for UV-Vis
characterization with DMSO as a blank solvent. Unsepported membranes were cast on
glass substrates using the same casting polymer sohations with the same casting procedures,
The unsupported membranes were later poeled off and dried in the vacsom oven overnight

and ground to a powder using a mortar and pestle before being dissolved i DMSO.
h. NMR CHARACTERIZATION

"H Nuclear Magnetic Resonance (H NMR) chavacterization was carried outin a

Bruker Avance AVIG0 (300 MHz) mstrument at room femperature. DMSO~d;was used as
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the solvent. Unsupported membrane powder was also used for this study. The 'H NMR

chemical shifts are reported relative 1o the deuterated DMSO solvent signal,
L BACTERIAL ADHESION TESTS

Bacterial adheston tests were performed on #-Pani, Pani and PST membranes
5 using £ coff as a model microorganism. Pute bactersal cell cultures were suspended i LB
broth and grown at 35 °C, shaken at 130 rpm and mcubated wntil a mid-exponential phase
was reached, at which time the cells were harvested by centrtfugation at 3800 = g for 8 nun.
The cells were then re-suspended with fresh LB medium to a coneentration of 4 x 107
cells/mL. Sample coupons of approximately 1 om” were incubated in the bacterial
10 suspension for 24 howrs at 25 rpm and 35 °C using & New Brunswick Scientific 1 24
Incubator Shaker followed by being rinsed with fresh LB broth. Coupons were then
mmersed and stained m SYTO 2 and propidanm todide {hve/dead Bachght Bacteral
Viabilsty Kit L13152, Molecular Probes) for 135 min. Coupon images were taken ssing a
microscope (Olympus BX31 nucroscope) equipped with a fluorescent lamp, greendred

15 fuorescence filters and 4 x CCDY camera (FVIEW-E Soft Imaging System, USA).
j-  FOULING TEST USING BSA SOLUTION

A cross-flow system was used o determine the fouling behaviour of the
membranes. A 19 cm® cutout of cach supported mentbrane was placed i the cross-flow
cell A computer connceted to a balance recorded the mass change of the permeate with

20 fime, enabling the flux to be monitored m real-time. The membranes yere compacted using
31 water at 16 psi until the fluy stabilized. The Bux was then normalized fo 68 Indh {46 ¢fd)
by mamsally reducing the operational pressure. Onee stable, DI water in the feed tank was
replaced by 1.5 ¢/ BSA solution to observe flux dechine due to BSA fouling. The fouling

test was comtinued for 25 min followed by flushing with DU water for 25 min.
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2. GENERAL SYNTHETIC METHODS

A, SYNTHESIS OF PaNg

N N
- .
ety AN
N " b )
{/H\ "/g E\§ s xi\\ /;{’ s\\\. e \,
AT ST TR RN
H n

Pani was synthestzed following the procedure deseribed by Guillen et all
5 {Guillen, G R, ctal. (2010 J Maier. Chem. 20, 4621-4628). Pant was dedoped by
centrifugation against a 1M NaOH agueous solution at 3000 rpm for 3 minutes followed by
dialvsis agatnst deionized {DI) water until the pH of the water bath reached neutral. Pans

powder was obtained using & rotovap at 60 °C {yvield = 530%.

h. SYNTHESE OF Av-Pant

OH
; g
Mgy APS, 1M HCH é”“\‘\sf \["‘\x\:
E\\f»{; rt FONF \’/\N}‘:
L
n-Pand
10 OH

A-Pani was polymerized from s monamer, m-hydroxyethyl antling, via
chemical oxidative polymerization, The monomer and APS were dissobved in 3 1M HCI
gqueous solution. A solution of APS was added drop~wise at room temperature into the
monomer solation with vigorous stirming. The reaction was allowed to proceed overnight. #-

15 Pand was purified using centrifugation at 3000 rpm for § minutes followed by dialvsis
against D water until the pH of the water bath reached neutral. Polymer powder was
obtained by drvmg the polymer dispersion from a dialysis bag using a rotovap at 60 °C

{vield = 63%%).
3, PROCESSABILITY OF NPANT AND Pani

20 Due to the side chaing i the polymer structure, #-Pani 18 more polar than pure
Pani, and thus more solable in polar solvents like NMP, DMSO, ete, (Chevalier, J, W, ot

-

al, (1992 Macromolecules 25, 33253331} Moreover, Pant gels rapidly at concentrations
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as Jow as 5 wits (Scheme D) (Yang, D. and Mattes, B. R (20021 4 Poldywr Soi. Pol. Phey.
44, 2702-2713). In order to achieve a high enoagh concentration for casting membranes,
seeondary amines sach as 4-MP have been used to provent Pant sobutions from gelling
{Scheme ) (Yang, D. and Mattes, B, R {1999) Sywrberic Mer 101, 746-749 Yang, D, ¢t

5 ab 2002y Macromolecules 35, 3304-3313). However, the addition of 4-MP resalts in a loss

of hydrophilicity.
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Unlike Pani, »-Pam solutions dov’t gel even at concondrations as bigh as 30
wi¥h. m-Pant’s backbone 1s made up of 73% benzenoid rings (Scheme 1 and 1l above)
which leads fo its flexible chan stracture. Such flexibility makes 1t less hkely for two
adjacent polvmer chains o form a sufficient sumber of hydrogen bonds to cause gelation,

15 Additionally, the long Hexible side chains attached to the nitrogen atows make it oven less

likely for two adjacent polvmer chains to get close enough to each other to form bonds.
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4, PERMEABILITY AND BSA REIECTION OF MEMERANES

The n-PAN: membrane exhibited a permeability of 86.8 Imbbar (3.53 gfidipsiy,
while rejecting 63.8% BSA. The pure PANI mombrane posscssed a higher perneability

{280.4 Imlv'ban), but lower BSA rejection {12.9%).

5 After soaking o1 the 230 ppm sodiom hypochlorite solation, the permcability of
the pure PANI membrang increased drastically from 280.4 lmbh/bar to 1328 4 lmb/bar
{Table 1). The BSA rejection of the pure PANI membrane also decreased sigmificantly from
12.9% to 0 mdicating that exposure 1o chlorne damaged the PANI wembrane. Gn the other
hand, the permeability of the n-PAN: membrane changes only shightly from 86,9 Imbh/bar to

10 100.6 Imhvbar upon chilorine exposure, with little change m BSA rejection.

Tabiy L

Pristine Chlorine 1 d | Chiorine 2 d | Chilorine 30 d

N-PANI
Permeability 6.9 1033 JELIX S 1687
{lmh'ban)
N-PANT reiection
::*) ANi rejection 65.8 62.9 757 702

A
PANI Permeability 280.4 6421 1328 N/A
{Imbv'bar)
(Mf* Hrejection 129 LR 0 N/A
), “

The Pani membrane turned golden from s original purple color after heing
soaked n 250 ppm free chlovine for 2 days, showing that i was bleached due to certain
15 reactions with chlorme, Additionally, there were cracks on the Pam membrane sarface
which could be because 4-MP deteriorated the membrane (FIG. 1} (Yang, D and Mattes, B
R.Q0G2Y . Polym. Sci Pol Phys. 48, 2702-2713). Various black dots showed ap on the
PSfmembrane surface after it had been soaked 1n 250 ppm fice chlorine for 2 days.

mdicating possible membrane deterioration by chlorine.
) 3. CONTACT ANGLE OF MEMBRANES

The #-PAN: membrane is hydrophilic, with a contact angle 36.0 £ 0.8°
campared with 52.8 = 2.3° for the Pani menmbrane and 4.0+ .77 for the PSt membrane

(F1G. 2). Afwer being soaked i 250 ppm free chlorine for 2 days, the contact angle of the »-
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PANI membrane vemained unchanged, while that of the Pani membrane decreased from
S22 2370 42.3 4 2,17, further demonstrating the occorrence of reactions with chiorine

and the instability of Pani in chlorine.
6. FT- IR ANALYSIS OF POLYANILINE MEMBRANES

FT-IR spectra was used to follow the benzenoid and guinoid groups nthe
palyaniline membranes (FIG. 3). For pure Pani, a red shift in the quinoid peak and a blue
shift m the benzenoid peak are observed. However, the quinocid and benzenoid peaks of the
#-Pam staved at the same positions after boing soaked b 230 ppm of froe chilonine for 2
davs. The intensiiy ratin of the quinoid group to the benzenoid group in the Past sembrane
increased from 0.5 to 1, while that for the #-Pant membrane remained cssentially
unchanged (Table ). Without wishing to be bound by theory, the merease m quinosd
wicnsity in the pure Panl membyrane may suggest that the benzenoid groups are being

oxidized into guineid groups by chilorine,

TapLe IL
Membrane Peak Pristine (em ) Chiorine 2 d {em™)
Benzenod 1493 1495
a-Pani Quinoid 1591 159
(/B Ratio 1.2 1.3
Benzenoid 1501 {498
Pani Quinoid 1597 1587
/B Ratio 0.5 1.0

T, UV-VIS ANALYSIES OF POLYANILINE MEMBRANES

UV-Vis spectra showed one visible peak (benzenoid peak) for the #-PANS
membrang and two peaks {benzenoid and quinoid peak} for the Pam membrane within the
300-1000 nm test range (FIG. 4). After being soaked in 230 ppm free chiorine for 2 days, a-
PANI showeed no change in the UV-Vis specinumn. In contrast, the Pani specinan changed
deastically. Blue shift was observed for the benzenoid peak and red shuft was observed for
the quinoid penk. The mfensity ratio of the quinoid peak to benzenoid peak also ncreased
{Table 1), which is consistent with that in the IR spectra, further supporting the

explanation of benzenoid groups being oxidized to quinoid groups by cliorine.
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Taste L.
Membrae Peak Pristine (un) Chloning 2d (nmy)
a-Panm Benzenoid 331 331
Benzenoid 33% 329
Pam Ouanoid 601 624
(B Rano 0.33 .71

8. NMR ANALYSIS OF POLYANILINE MEMBRANES

NMR spectra of #-Pans revealed that the alkyl and hyvdroxyt groups in the
5 polymer structure do not change after being soaked in 250 ppm of free chloring for 2 days

{FIG. 5. NMR spectra of pure Pani indicated that there™s both NMP and 4-MP remaming
it the unsupported membrane. After exposure to chlorine, the NMP peak decreased
significantly. In the as-vynthesized membrance, NMP s bonded to the Paw backbone via
hydrogen bonding {Scheme 1 (G, R Guillen, B. T, Mevarry, T, P Farrell, R. B, Kaner,

10 and BM. V. Hoek, Manuseript in Preparation). Without on wishing to bo bound by theory,
the decrease i the number of benzenoid groups may indicate that there are fower potential
sites for NMP {o attach. The deercase m the intensity of the peak for the alkyl groap around

3000 e in the FT-IR spectrum may also be due, for example, to the decrease in NMP

confent
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9, BACTERIAL ADHESION

Bacterial adhesion tests indicated that #-Pam moembranes are move resistant 10
fouling than either Pani or PS{ membranes since less bacteria adhered to thelr membrane
surfaces {FIG. 6). The anti-fouling propertics of r-Pant membrancs can be atteibuied to
their enhanced bydrophilicity. Generally, the more hydrophulic a membrane is, the less

tikely it 15 for hydrophobic matter to adhere to it (Meverry, B. T, et al (2013) Chem.

Mearer. 28, 3597-3602). Hydrophitic swrfaces “like”™ water and the water on the membrane

surface w term can help repel hvdrophobic matter from sticking to the membrane.

The a-PAN: membrane exhibits an observed contact angle of 3604438
indicating its increased hydrophilicity compared to a PAN: membrane (CA=52 8x2.37)
Bacterial attachment tost results are shown in Fig. 6 with green fluorescence representing £,
colonies adhered fo the membrane swrface. It is evident that n-PAN: moembranes are less
prone to fouding compared to PANI membranes. This is in agreement with 8-PANTs lower
water contact angle values, Le. hugher hydrophilicity, which suppresses the undesivable

hydrophobic mnteractions between nucroorganisms and the membrane sarface.
13, LONG-TERM CHLORINE RESISTANCE OF N-PANI MEMBRANES

Long-term chorine resistance of n-PANI membrane was tested by extending the
soaking tme m 250 ppm free chloring solution to 30 days. Fresh hypochlorite solutions
were prepared and exchanged every 2 davs. At the end of the 30-day peniod, the membrane
performance was evaluated. After 30 davs, the n-PANI membrane maintained Hs pare water
perneabihity of 108.7 Imb/bar and a BSA rejection of 70.2%6 (Table 1), indicating
outstanding long-term chlorine resistance. During operation, chlorine clemuing Is performed
cither by backflushing with 2-8 ppm hypochlorite solution for | sun ot soaking in 20-400
pom free chlorme for th periodically. The combined effeet of chiorine oxidation ean be
expressed in a concentration » time manner.’’ n-PAN] is able to withstand at least 180,000
myg L of free chlorine exposure. Therefore, we beliove n-PANI i3 a viable candidate for

long-torm ase i water reatment plants without fathwe due to chilorine degradation.

1t will be apparent to those skilled # the art that various modifications and
variations can be made 1o the prosent invention without departing from the scope or spixit of
the nvention. Other embodiments of the invention will be apparent to those skilled in the

art from constderation of the specification and practice of the invention disclosed herem. It
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15 intended that the speaification and examples be considered as exemplary only, with a true

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

11 FLUX DECLINE UPON BSA FOULING AND FLUX RECOVERY UPON WATER

FLUSHING

5 The antifouling properties of n-PANI membranes were farther investigated
using a cross-flow foudmg test (Figure 73 After 10 mumn of stable flux, the feed was switched
to a 1.3 g/l BSA solution. As soon as the BSA solution was used, there was a sudden
decrease i flux caused by membrane fouling. The PANY membrane lost 63% of it initial
flux due to fouling and only regained 44% of 1ty witial flux when the foed was switched

10 back to DI water after 35 min, The n-PANI membrane exhibits greater fouling resistance

than the PANI membrane, only losing 11% of its initial flux from exposure to the BSA
solution, while regaming 91% of its mutial flux when vinsed with DE water, B's also worth
noting that MeVerry ef ¢f, performed similay testing on a potysolfone membrans in which
the same fouling technique was applied. and a conunercial polysulfone membrane also
15 exhibited & greater amount of fouling with 50% flux decline after 1 min of fouling and
62% flux recovery after flushing with DI water. Therefore, n-PANI has proven tobe a

promising new membrane material due © s ouistanding abibity to effectively mitigate

fouling.
12, CROSS-SECTIONAL MORPHOLOGIES AND SURFACE IMAGES
20 Cross-sectional morphologies and surface mages were taken using & JEOL

ISM-ATO1LF scanning electron microscope. Unsupported membrane samples were
used for cross-sectional imaging. The membranes were prepared from polymer
solutions cast unsupported on a glass plate followed by precipiiation via non-solvent

induced phase wversion in a D water bath. The resulting unsupported membrane

i
L

films were peeled off and dried is varcuo overnight at 60 °C. Membrane surface
images were observed at 3,000x and 100,000% to visuslize the pore size and
porosity. In order to detenmine the chlorine damage on membrane mosphology, n-
PANI and PANI membranes were soaked i 250 ppm free chlorine for 2 dayx before
drying. Cross-sectional and surface images of the pristine and chlorine exposed

30 membranes were viewed at 600X magmtication.
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Membrane surface SEM images (Fig. Ra) showed large pores on PANy
menthrane swrface. The pores were several hundred nanometers in diameter, which is
comparable with that reported provieusly. The big pores may be contributimg to its
relatively high permeabiiity but low BSA {only 8 nm in diameter) rejection. In
comparison, at the same magnification, n-PANI membrane surface was continuous
with no visible pores, At 100,000x, slip-shaped pores can be seen on n-PANI
menthrane surface (Fig, 8¢). The tmage was converted to hlack-white picture (Fig.
to 30 nm long with around 10 mm widih which led o higher BSA rgjection. The
surface SEM image in Fig. 8 clearly shows the damage that the chlorine exposuse

oe defects in the

e

causes to the membrane, The exposed PANT membrane possesses lar

surface.
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CLAIMS
What s claimed is:

1. A filiration membrane comprising a polymer formed by polymerizing a compound

having a structure represented by a formuda

wherem b is selected from §, 2, and 3;

wherein cach of R, R™, R', and R™ is independently sclected from hydrogen,
hatogen, —CN, SR, —OR =NR™R™ ~NR™R™H', ~30,R™, ~C=0)R™, and
C1-C3 alkyl substingted with 0, 1, 2, or 3 groups selected from halogen, ~CN, ~SR™,
—OR™, =NR™R™ —SO:R™, and <{C=0R™,

wherein each of R™ and R* is mdependently selected from hvdrogen, halogen, ~ON,
—$R¥, —OR™M, —NR™R™, =NRRH, —80,RY, ~C=0R™, and C1-C3 alkyl
substituted with 0, 1, 2, or 3 groups selected from halogen, —CON, —SR™, —OR™,
WNRE‘EBRSZb? MSD:{RSE,I ilnd “"’((‘Q}Rdi,

wherein cach of R™ R™, and R™ is independently selected from hydrogen, halogen,
""“(\‘E\“ """"SR‘H). ”"'{)R‘H, WNRJLQR‘“‘\\‘ WN'R‘i:ARiéE‘i{*' """“SO"RJ%‘ ;:Lnd ....,(C‘{})R*‘s‘

) . ARy ) RES b 3e
wheretn at feast one of R, R™, R™, R™, and R™ is not hydrogen;

s M il pl b o i pils pith il g4l R AL
wherein cach of R, ¥ R™ R™ R RY R™ ¥ RY RM 2™ and RY, when
present, is independently selected from hydrogen, C1-C3 altkyl, C1-C3 monohaloalind,

and C1-C3 polvhaloallyl;

wherein cach of R™ and R™, when present, is independently selected from —(, ~QR™,

C1-C3 alleyl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and —NR* R
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wherein cach of R™, R™, and R°®, when present, is independently selected from

hydrogen, C1O3 alkyl, C1-O3 monohaloalkyl, and C1-C3 polyhaloatkyl;

‘ . i o 33 U - . : ~ . -
wherein cach of R™ and R, when present, is independently selected from (07, ~OR

C1-03 alkyl, C1-03 monohaloalkyl, C1-C3 polvhaloallyl, and —NR™R™,

wherein each of R, R*™ and R™, when prosent, is independently selected from

hydrogen, C1-C3 alkyl, C1-C3 monchaloalkyl, and C1-C3 polvhaloatkyl;

wherein cach of R* and R®, when presend, is independently selected from -, —OR™,
C1-C3 atkyl, C1-03 monohaloalkyl, C1-C3 polvhaloalkyl, and —=NR*™R*": and

wherein each of R, - and R™™, when present, is sclected from hvdrogen, C1-C3
alkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloaltkyl.

The membrane of claim |, wherein the membrane s cast onto & support structure.

The membrane of clatm 1 or clamm 2, wherein the membrane fether comprises a second
polymer selected from polvsulfone, sulfonated polysulfone, polvethersulfone,
sulfonated polyethersulfone, polyaniline, polyvaniline co~polymers, polyacrylomitrile,
podvurcthane, celhidose acetate, polyvinvlidens flaonide, polytetrafiuorocthylensg,
podeeinyt Buoride, polyvinyvlidene flooride, polvtrifluorosthylene, polyperfluoroalkyl
vinyvl ether, polvhexafluoropropylene, cellnlose acetate, polyurethane, cethulose acetate,

polvurethane, or a nuxture thereot.

The membrane of claim 1 or elaim 2, wherein the membrane further comprises

polysalfone.

The membrane of any one of claims 14, wherein the polymer is present in an amount

from about Q.1 wit to about 33w

The membrane of claim -5, wherein the membrane has a pare water equilibrium

contact angle of less than about 407,

A filtration membrane comprising a polymer comprising a stractare represented by a

fornwla;
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wherein cach Z 15 independently selected from hydrogen and R

wherein i s an integer sclected from 1, 2, and 3;
wherein p is independently 0, 0.5, or 1

wherein g is independently 0, 8.5, or |

wherein, foreach x, p+g=1;

wherein cach of R™® R™ R™ and R™ is independently selected from hydrogen,
halogen, ~CN, =S8R, ~0ORY ~NRR™ =NRURH", =80:RY ~C=0iR™, and
C1-C3 atkyl substituted with 0. 1, 2, or 3 groups sclected from halogen, —CN, —SR™
~QR ~NR* —~8O0:R* and —{C=OR™;

wherein cach of R™ and R™ is independently selected from hydrogen, halogen, —CN,
~{RY —ORY, ~NRFPRT NRPRIHY —SORY, ~{C=0R™, and C1-C3 alkyl
substituted with 0, 1, 2, or 3 groups selected from halogen, ~ON, ~SR™, ~OR™,
~NRPR™ SR and ~{C=OR™;

wherein cach of R™, R™, and R™ is independently sclected from hydrogen, halogen,

S e s S(};R"", and ~(C=OWR™:

$3%

—~{N, =SRY —ORrY —NR™MR?

Hy

whevein cach of R R” R

M

SRR RRTURT R RY R and RM, when
present, ts iulependently selected from hydregen, C1-C3 alkyl, C1-0O3 monohaloalkyl,

and C1-C3 polvhaloatkod;

wherein cach of R™ and R™, when preseut, is independently selected from —(0, —OR™,
C1-03 atkyl, C1-03 monohaloalkyl, C1-C3 polyhaloalkyl, and ~NR*¥R™™:
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wherein cach of R™, R™, and R°®, when present, is independently selected from

hydrogen, C1O3 alkyl, C1-O3 monohaloalkyl, and C1-C3 polyhaloatkyl;

‘ . i o 33 U v . ) ; o~ o P S8
wherein cach of RY and R™, when present, is independently selected from —O —OR™,

C1-03 alkyl, C1-03 monohaloalkyl, C1-C3 polvhaloallyl, and —NR™R™,

wherein each of R, R*™ and R™, when prosent, is independently selected from

hydrogen, C1-C3 alkyl, C1-C3 monchaloalkyl, and C1-C3 polvhaloatkyl;

wherein cach of R* and R®, when present, is independently selected from -, —OR™,

C1-C3 atkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and —NR™R*,

wherein each of R, - and R™™, when present, is sclected from hvdrogen, C1-C3

alkyl, C1-C3 moneobaloalkyl, and C1-C3 polyhaloatkyl; and

wherein at least one £ s a structure represented by a formula:

1 : oy A4 ¥ Fxogyih I r ]
wherein at feast one of R, R™, R™, R™, and R™ is not hydrogen.

A polvimer formed by polymerizing a compound having a structure represented by a

formda;
R’!z RE{:
GheS
R J\ ﬁ J<"R
\\g{{f \\\T/ /:]'n \R?ra
. i \\R T R
H/"‘\ R

wherein n is selected from 1, 2, and 3

wherein cach of R™, R™ R¥ and R
halogen, —CN, =S8R, —OR™, =NR™*R™,
C1-C3 alkyl substituted with 0, 1,
—OR™, =NR™R™, —=SO,R™, and ~(C=0)R™;

ts independently selected froms hydrogen,
_NRR:‘“}{E:&}H*, _SO:{RE‘, _{CO)‘{{?‘?»

2, or 3 groups selected from halogen, —ON, —SR™,

. and
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wherein each of R* and R™ is independently seleeted from hydrogen, halogen, —CN,
=S8R, ~OR™ ~NRR™ ~NRHFRIH ~SORY, ~{C=0R™, and C1-C3 alkyl
substitated with 0, 1. 2, or 3 groups selected from halogen, —CN, —SR™, ~0ORY,
_\éRﬂlaR(:i ME‘}O:R“ and M..‘{ O O}RM

wherein each of R R™ and R™ is independently selected from hydrogen, halogen,

—ON, ~SR¥ ~ORM —NR¥RW -NRRMH, ~S0,RY, and ~{C=01R™,

] : gy 4 Hh 3R ik 3o e
wherein at feast one of R™, R™, R, R, and R™ is not hydrogen;

*2a

: C i 2 R N A G 33k : ' 33 py 43T
wherein each of R R R™ R RY M % g™ g® pY R*™ and R¥™, when
present, 1s independently selected from hyvdrogen, C1-C3 alkyl, C1-C3 monohaloatkyl,

and C1-C3 polyhaloalkyt;

i o T3 4 i " , : . v ypds
wherein cach of R and R™, when present, s independently selected from —O7, —0OR™,

C1-C3 alkyl, C1-C3 monohalealkyl, C1-C3 polvhalealkyd, and ~NRIRP

: ~ gy i 2a 3 26D vt ) : v
wherein cach of R, R™, and R**", when present, 15 independently selected from

bydrogen, CH-U3 alkyd, CL-C3 monchaloalkyl, and {1-C3 polyhaloatkyl

‘ S 33 i s . ‘ . - £y 35
wherein cach of R and R™, when present, is independently selected from —O —0OR™,

C1-03 alkyl, CHO3 monohaloalkyl, CH-C3 polvhaloalkyl, and ~NRIRM.

wherein cach of R™, R and ™™, when present, is independently selected from

hydrogen, C1-C3 alkyl, C1-C3 monchaloalkyl, and C1-C3 polvhaloalkyl;

wherein cach of R* and R®, when presend, is independently selected from —-O‘S—{}R'“ \

C1-C3 atkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and ~NR™R* and

- A ppdda £ 8k er - S
wherein cach of RY, ¥ and R™, when present, is sclected from hvdrogen, C1-C3

atkyvl, C1-C3 monohaloalkyl, and C1-C3 polyhaloalkyl

The polvmer of clamn §, whereimn is 2.

16 The polymer of claim & or claim 9, wherein cach of R, R', RY, and R™ are hydrogen.

11, The polymer of any one of claims 8-10, wherein each of R™ and R™ are hydrogen.
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12, The polymer of any one of claims R-11, wherein each of R™ and R™ is hydrogen, and

R¥ i —0ORY.

. o - ey s o - - i cpp Al Al Al )
13. The polvmer of claim any one of clabms 8-12, wherein cach of R™ R™, R™ and R™,

when present, are hydrogen.

17 > & el : : -yl 44y ‘
14, The polymer of any one of claims 813, wherein cach of R™ and RY, when present, are

ORY,

ooy
L

. The polymer of any one of claims 8-14, wherein R, when present, 18 hydrogen.

16, The polymer of clamm any one of clmms 815 wherein the polymer comprises at least
onc residue formed by polvmerizing a compound having a structure represenfed by a

fornwla;

present in an amount of at least 0.1 witd,.

17, A polymer comprising a stractare represented by a formula:

z z ? z

.J’ Y

/ i Y

/ b 1a th wSER thel ta th 1T

; R N R R® R | RIS R R R®
s L[ @ SN BT H“' ET Nl ) | \ 8
AT Wanian W e s

W md 7 Nea w' pid o etd /

\ R R R‘u R\, R L R R < R\ ej

%

Rza\{sz

A 3o
LR
0 AT RO

wherein each 2 15 independently selected from hydrogen and R¥

wherein # is an integer selocted from 1, 2, and 3y

wherein p is mdependently 0, 8.5, or §;
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whevein g is mdependentiy 1, 0.5, or |
wheroin, foreach x, p+qg=1;

wherein cach of RY, R R, and R™ is independently selected from hydrogen,
hatogen, —ON, =S8R —OR™ =NR™R™ —NRYRYH —85CRY, ~(C=OR™ and
C1-C3 alkyl substinuted with 9, 1, 2, or 3 groups selected from halogen, ~CN, ~SR™,
=R, ~NRR™, ~S0R™, and ~{C=0)R™,

wherein cach of R™ and R™ is independently selected from hydrogen, halogen, —UN,
—SR* —ORM —NRPFRM SNRIFRIPH —SORY, —(C=ORY, and C1-C3 alkyl
substituted with 0, 1,2, or 3 groups selected from halogen, ~CN, ~SR* QR

~NRPFRTP w§0-RY, and ~(C=OR

wherein each of R™, R, and R™ is independently selected from hydrogen, halogen,

~CN, =8R™ —OR*, ~NRER™ —NRWRPH', ~SORY, and —(C=ORY,

- . >y Sl 2t 33 23 3 ] I 3 AL 3t AT A4k
wherein each of R™, R, R™S, RS RV R RS RV RY M R™ and R™, when
present, is independently selected from hydrogen, CF-C3 alleyl, C1-C3 monohaloalkyl,

and C1-C3 polyhaloalky!;
wherein cach of R and R™, when present, is independently selected from —QF, —0R™,

C1-C3 atkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloaliyl, and ~NRI™R™,

1 : oy 23 s 13 28 . [ 1 1 %
wherein each of R™, R™, and R™™, when present, s independently selected from

hydrogen, C1-C3 alkyl, C1-C3 monohaloalkyvl, and C1-C3 polvhaloatkyl;

wherein each of R and R™, when present, is independently selected from O, ~OR™,
£1-C3 atkyl, C1-C3 monohaloalkyl, C1-C3 polyhaloalky!, and —NRIRM

. . RN Ada 1y 38 [T 1 1
wherein cach of B, R™, and R™™, when present, is independently sclected from

hvdrogen, C1-C3 atkyl, TU1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl;

wherein cach of R and R™, when present, is independently selected from —0, —OR™,
{1-C3 atkyl, C1-C3 monohaloalkyl, C1-C3 polyhaloalkyl, and —NR*“R™:
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wherein cach of RY, RY™ and R, when present, is selected from hydrogen, C1-C3

atkyl, C1-C3 monohaloatkyl, and C1-C3 polyhaloalkyl; and

wherein at least one Z s a structure reprosented by a formuda:
RZ?, RZ’Z’J
! :y’\ RE‘R‘.
'S \};ﬁ’fﬁ*\m

R¥ | and
. ~ vy ok 1y 0h 1% i V3T -
wheretn at feast one of R™, R™, R™ R™, and R™ is not hydrogen.
18, The polymer of claim 17, wherein cach Z is a structure represented by a fornwla
73 b
R R®

i , Rﬁu
he

b
RE’R . and

] : ‘ ‘ Ty i U 3a i B .
wherein af least ong of R, R™ R™ R™ and R™ is not hydrogen.

189, A method of making a filzation membrane, the methed comprising the step of
providing a polymer formed by polymernizing a compound having a structure

represented by a formuda

wheretn i s selected from 1, 2, and 3;
: [ i pib ¢ e v . i i )
wherein cach of R, R, R™, and R is independently selected from hydrogen,
: g e W g plB _amp Mg Bteet ey p3 _eenn
halogen, —CN, =SR™ —ORY —NR™R™ —NRPFR¥HT —SORY —C=(hR™ and

&

C1-C3 alkyl substitated with 0, 1, 2, or 3 groups sclected from halogen, ~CN, SR,

QR =NRPR™ 80,R”, and —(C=(IR™;

; [ A L oo . . N ~ oY
wherein cach of R™ and R is independently selected from hydrogen, halogen, —CN,

SR ORY e NRIFRI NRPRTH -SORY, A C=MR™, and C1-C3 alkyd
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substitated with 0, 1, 2, or 3 groups sefected from hatogen, ~CN, SR ~QR™,
~NR¥RSP, —~S0:R”, and ~(C=R™;

] . . o 1y 3n h KIS s X 3 _—
wherein each of R™, R™, and R™ s independently selected from hydrogen, halogon,

N, ~SRY —ORY -NRIPRI® LRI ~SORY and —(C=ORYM,

: - o P e ix b K
wherein at least one of R, R™, R™, R™, and R™ is not hydrogen;

~

; : PRt @l e i pl 3 3 X3 i3 Ny 2 431
wherein cach of R, RTY R™ R™ R RY R™ R RY R RY™ and RY™, when
present, iy independently selected from hydrogen, C1-C3 altkyl, C1-C3 monohaloatkyl,

and C1-C3 polyhaloatkyl:

) . e 13 oy F .. p " i o . —
wherein cach of R™ and R, when present, 1S independently selected from ~0 ~OR™,

C1-C3 afkyl, C1-C3 monohaloalkyl, C1-C3 palyhaloalkyl, and —NR™R™™

. g 3E g M 26h . ] ‘ o
wherein each of R™, R™, and R™ when present, is independently selected from

hyilrogen, C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl;

wherein cach of R™ and R™, when present, is independently selected from —0, ~OR™,
C1-03 allevl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and —NRIR™:

wherein each of R, R and R™, when present, iy independently selected from

hydrogen, CE-03 alkyl, C1-O3 monohaloalkyd, and C1-C3 polyhaloatkyl;

: o & i s e ‘ o 45
wherem cach of R™ and RT, when present, is independently selected from —(7 DR,

C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and ~NR*¥RY and

oy

. R T nAGh . . «
whevein each of RY, B and ™, when prosent, is selected from hvdrogen, C1-C3

atkyl, C1-C3 monohaloatkyl, and C1-C3 polvhaloatkyl; and
casting a soletion or a suspension of the polymer.

The method of claim 19, wherein the solution or the suspension is cast outo a support

structhure.

The method of clam 20, whercin the support stractare 1s a nomeoven support fabric.
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. The method of any one of clams 19221, wherein the membraoe 18 selected from an

altrafilration membrane, a nanofiivation membrane, a reverse osmosis membrane, a
forward osmosis membrane, and a pressure retarded osmiosis membrane without thin

film coating.

. The method of any one of claims 19-21, wherein the membrane is an ultrafiliration

membrane.
24. The method of any one of claims 19-23, wherein the polymer s in a solvent solution.

2R,

. The method of any one of claims 19-23

26. The method of any one of claims 19-25,

. wheremn the polymer is in 2 suspension.

further comprising the step of solution casting
a second polymer selected from polysulfone, sulfonated poltysulfone, polvurethane,
celtulose acetate, polvethorsalfone, sulfonated polyethersulfone, polyaniline,
potyanidine co-polvmaers, polvacrvioniirile, polvvinylidene fhuoride,
poivtetrafiuorocthylene, polyvinyl fluoride, polyvinylidene fluoride,
polytriffuoroethylene, potyperfluoroatkyl vinyl ether, polyhexafluoropropylene,

cellufose acetate, polyurcthane, or a mixtare thereof.

7. The method of any one of claims 19-26, further conygnising the step of polvmerizing a

thin filny onto a swrisce of the membrane, thereby providing an osmosis membrane,

%

The method of elaim 27, wherein the osmosts membrane 1s selected from a reverse

osmesis membrane and a forward osmosis membrane.

29, A method of making a filtration membrane, the method comprising the step of

praviding a polvioer comprising & struchwe represented by a foramla

z z z 7
/ 1 i E 5
.{ ﬁ'ﬁh R’13 R’Fh R‘ia § R'i!‘.‘- R’;a R‘t‘ Ria \
! / N ¢ ¢
TEESD ot e i W e YR
2 7 i Zd ] A, 4 kN &
5 - A\ % i \’\ 4 N A1
\I e p 1d W i 15 1 1o’ wq ;
R R R ] R R RrR'® gy
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S
R
~,

s
RN 3¢
AR
. D !‘; R0
wherein exch Z is independently selected from hydrogen and RE

wherein i is an integer selected from 1, 2 and 3;
wherem p 1s independently 0, 0.5, or 1]

wherein ¢ 1s mdependently 0, 8.5, or §;

wherein, for cach x, p+q= §;

wherein cach of R, R™ R™, and R™ is independently selected from hydrogen,
hatogen, —CN, =SR™, —OR™, <NR™R™, —<NR™R™HT, =S0.R™, ~(C=01R™, and
C1-C3 atky] substituted with 0, 1, 2, or 3 groups selected from balogen, —CN, —SR™,

IR ~NRFHRIE e SOLRT and ~{C=OIRY,

wherein cach of R™ and R™ is independently selected from hydrogen, halogen, —CN,
SR ORI - NRFRI® mNRIFRIPH, 8ORY, (C=OR™, and C1-C3 alkyl
sabstitged with €, 1, 2, or 3 groups selected from halogen, ~CN, -8 R ~OR™M

~NRI7R™ wS0,RY and ~(C=ORY:

. 5 i I gy RN i ] 3 5 ] 1
wheraimn each of R, R, and R™ is independently selected from hydrogen, halogen,

wON, =SRY ORY = NRPFRW wNRPRIP SORY and ~(C=IRY:

2 ¥

wherein each of R™, R R™ R7 R R RYR™R®, RV, R™, and R, when
present, is independently selected from hvdrogen, C1-C3 alkyl, C1-C3 monohaloatkyl,

amd C1-C3 polyhaloatkyt;

: . Sy dd 24 e : . N sy S
wherein sach of R™ and R*°, when present, is independently selected from —07 —0OR™,

C1-03 allvl, C1-O3 monchaloalkyl, C1-C3 polyvhaloalkyl, and ~NR*R™;

o cpdS R g g 26 it i gl sd i
wherein cach of R, R™, and R*™, when present, is independently selected from

hedrogen, C1-03 alkyl, CH-O3 monchaloalkyl, and C1-C3 polyhaloatkyl;

wherein cach of B and R™, when present, 15 mdepondently selected from Y, —~R*,

CT-C3 alkvl, C1-03 monohalealkyl, C1-C3 polvhalealiyl, and —NR™RM,
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‘ . TR LR Y 36h . .
wherein cach of RY, R™ and R™®, when present, is independently selected from

hydrogen, C1O3 alkyl, C1-O3 monohaloalkyl, and C1-C3 polyhaloatkyl;

1 . N ey 303 RT3 v N . ~ - sy, S
wherein cach of RY and R™, when present, is independently selected from —O —OR™,

C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and —NRIR.

wherein cach of R, R™ and R*, when present, is selected from hydrogen, C1-C3
alkyl, C1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl; and
wherein af least one Z s a structure represented by a formula:
Raa RQ?J
3¢
x‘:n% ;\l\ R
] BSD

. and

43 s 3
whersin at feast one of R*, R™, R R™, and R is not hydrogen; and
casting a solution or a suspension of the polymer.

A method for purifying water, the method comprising the step of filtering water through
a memthrane comprising a polymer formed by polymerizing a compownd having a

structure represenfed by a formuda:

1 3
. Ffi\& H ;E;R%

R e - M.y '}1‘ \:
\v R i/ ‘i?(\;, n 38

i 24 Rd\)
- . N 4 i
M \\t/ g (h]
Rk‘.

wherein n s selected from 1, 2, and 3;

wherein each of R™, R R™, and R' is independently selected from hydrogen,
hatogen, —ON, SR —QOR —NRI7R™ —NRIFRH —SORY, ~{C=0WR™ and
C1-C3 alkyl substituted with 0, 1, 2, or 3 groups selected from halogen, —~CN, —SR™,
—OR™ —NRPHR™ —SO,RT, and —(C=OR™,

T

wherein cach of R™ and R™ is independently selected from hydrogen, halogen, —ON,

~SR™ —ORY —NRR™ —NRPRYH —SORY, ~(C=0R™ and C1-C3 alkyl
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substitated with 0, 1, 2, or 3 groups sefected from hatogen, ~CN, SR ~QR™,
~NR¥RSP, —~S0:R”, and ~(C=R™;

wherein cach of R¥, R™ and R™ is independently selected from hydrogen, halogen,
O, SR —ORY, - NRPRPE ~NRPRPHT, ~SORY, and —(C=0RY,

: - o P e ix b K
wherein at least one of R, R™, R™, R™, and R™ is not hydrogen;

; : PRt @l e i pl 3 3 X3 i3 Ny 2 431
wherein cach of R, RTY R™ R™ R RY R™ R RY R RY™ and RY™, when
present, iy independently selected from hydrogen, C1-C3 altkyl, C1-C3 monohaloatkyl,

and C1-C3 polyhaloatkyl:

) . e 13 oy F .. p " i o . —
wherein cach of R™ and R, when present, 1S independently selected from ~0 ~OR™,

C1-C3 afkyl, C1-C3 monohaloalkyl, C1-C3 palyhaloalkyl, and —NR™R™™

. g 3E g M 26h . ] ‘ o
wherein each of R™, R™, and R™ when present, is independently selected from

hyilrogen, C1-C3 alkyl, C1-C3 monohaloalkyl, and C1-C3 polvhaloalkyl;

wherein cach of R™ and R™, when present, is independently selected from —0, ~OR™,
C1-03 allevl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and —NRIR™:

wherein each of R, R and R™, when present, iy independently selected from

hydrogen, CE-03 alkyl, C1-O3 monohaloalkyd, and C1-C3 polyhaloatkyl;

: o & i s e ‘ o 45
wherem cach of R™ and RT, when present, is independently selected from —(7 DR,

C1-C3 alkyl, C1-C3 monohaloalkyl, C1-C3 polvhaloalkyl, and ~NR*¥RY and

oy

. R T nAGh . . «
whevein each of RY, B and ™, when prosent, is selected from hvdrogen, C1-C3

abkvl, C-C3 monehaloalkyl, and C1-C3 polvhaloalkyl
31. The method of clm 30, wherein filtering comprises applyving pressare to the water.

32, The method of claim 30 or claim 31, wherein the membrane further comprises a thin
filon on a surface of the membrane, wherein the thin film comprises & third polvmer, ad

wherein filtering is reverse osmosis filtermg,

Lad
Lt

3. The method of any one of claims 36-32, wherein the water further comprises at least

one sofute.
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34, A method for purifving water, the method comprising the step of filtering water through

a membrane comprising a polymer comprising a stractare represented by a formula:

z Z Z z
f’ ) E \\
/ R:‘L‘\ ‘Rh-’t R?b\ 'R‘I:.i i '1?3\ {R‘.a R"b 'Rid \\
; ‘

2 i [ @M / —\\ NI o ‘L !fm{\ N / TN ] \ &
H N \ N W/ ) . s
1\ ol :M:/\ } ;\»: ‘ \: %4 } z\x iq /

\ i pid RIC R gle Rid Rie Rt /

Y ¥

Rl‘a R?b
' 7 2
S J~>’<1 R
ﬂ}: 'R
wherein each Z s independently selected from hydrogen and R

wherein i s an integer selected from 1 2, and 3,
wherein p is mdependently 0, 8.5, or §;

wherein g 1s independently 6, 0.5 or I}
wherem, for eachx, p+ g=1;

wherein cach of R™, R‘\ RN and RMVis mdependently selected from hydrogen,
hatogen, =N, =8R¥ ~QR™ «NR¥R™ —NRIFRPH —8ORY, ~(C=R™, and
C1-C3 atkyl substituted with 0, 1, 2. or 3 groups sclected from hatogen, —CN, —SR™
—~ORM —=NRPR™ ~S0,RY, and —-{c:o}nf-*;

wherein each of R™ and R™ is independently selected from hydrogen, halogen, —CN,
SR, —OR™ | —NRUR™ —NRPRPH, ~80:RY, ~(C=OR™, and C1-C3 alkyl
substituted with 0, 1, 2, or 3 groups sclected from balogen, —UN, ~SR¥ QR
~NRPR?, ~S0.R™, and —C=0)R™,

wherein cach of R, R™, and R™ is independensty selected from hydrogen, halogen,

—~ON, =SR¥™ —OR™, <NRIR¥ cNRYRIHT, <SORY and —C=O)R™,

wherein each of R™, R¥ R™ R™Y RY RY R RY™ RY R R™ and R™, when
present, is independently selected from bydrogen, C1-C3 alkyl, C1-C3 monohaloatkyl,
and C1-C3 polvhaloalkyl:
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wherein each of R™ and R™, when present, i independently selected from —07,~OR™,

C1-C3 atkyl, C1-C3 monohaloalky!, C1-C3 polvhaloaliyl, and ~NR¥R,

: : . o B e 2k Pl . 1 . ~
wherein each of R, R™, and R™", when present, is independently selected from

hvdrogen, C1-C3 atkyl, C1-C3 monohalealkyl, and C1-(C3 polyhaloalkyl;

wherein cach of R™ and R™ when present, is independently selected from ~(, ~QR™Y,

C1-C3 atkyl, C1-C3 monohaloalkyl, C1-C3 polyhaloalky!, and —NRI@R™™

wherein cach of R, R*™ and R™", when present, is independently sefecied from

hydrogen, C1-C3 atkyl, C1-C3 monohaloalkyl, and C1-C3 polyhaloalkyl:

wherein each of R and R, when present. is independently selected from —~O7, ~OR",
C1-C3 afkyl, C1-C3 monohaloalkyl, C1-C3 polyhaloalkyl, and —NRIPRM

‘ . v dd A A6h . ~ ; E—
wherein each of R¥, R™ and R™™, when present, is sclected from hydrogen, C1-C3

atkyl, C1-C3 monehaloalkyl, and C1-C3 polvhaloalkyl; and

whergin at feast one Z 18 g structure represented by g formula;
RZ;S R2b

, and

: : : : ~ pg o i) 3 yadb cy 30 -
wherein at teast one of R, R™, R¥ R™ and R™ is not hydrogen,
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