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(57) Abstract: A variety of compositions and materials are provided for water purification and remediation. The compositions including
multiple functionalities for treating a variety of pollutants or contaminants. The compositions can include a porous organic polymer with
one or more of a variety of functional groups for binding the contaminants and with a hierarchical pore size distribution over a range
of pore sizes to facilitate enhanced removal of the contaminants. Functional groups can include one, two, or more different functional
groups such as amines, halides, ammoniums, pyridiuiums, thiols, imidazoliums, salts thereof, or others. The range of pore sizes can
be about 1 nm to 10 nm or more. Contaminants can include antimony, arsenic, barium, beryllium, cadmium, chromium, copper, lead,
mercuty, selenium, technetium, thallium, uranium, radium, urea, and phosphate. Methods of removing the contaminants from water

using the compositions are also provided.
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MULTIFUNCTIONAL POROUS MATERIALS FOR WATER PURIFICATION AND
REMEDIATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to, and the benefit of, co-pending U.S. provisional
application entifled "MULTIFUNCTIONAL POROUS MATERIALS FOR WATER PURIFCATION
AND REMEDIATION” having serial no. 62/6156,888, filed January 12, 2018, the contents of

which are incorporated by reference in their entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support 1706025 awarded by the National

Science Foundation. The Government has certain rights in the invention.

TECHNICAL FIELD

[0003] The present disclosure generally relates to water purification and remediation.

BACKGROUND

[8004] Clean water does not come without a price and its challenges;(1} there ramains a neesd
fo reduce the cost and the amount of energy and resources devoted to the ireatment of
municipal wastewater from households, businesses, and industries that are collected by 2z
sewsr pipe natwork and conveved to a centralized wastewater treatment facility. Nutrienis, such
as urea and phosphate, in human urine contribute less than 1% of municipal waste water by
volume, but account for 80% of the {otal nitrogen (N) and 40% of the total phosphorous (F).(2)
thus requiring chemicals and energy o safely lower it {0 accepted levels.(3) Additionally, thess
nutrienis serve the industrial and agricultural seclors for forming resins and fertilizers which are
produced on a megaton (billion kilogram) scale. In many cases, nuirients from urine can be
rscovered more efficiently energelically than from its production from natural resources —
mining. (3, 4) Therefore, sustainable saniiation technologies ars currently in developmsnt, such
as the MNoMix, Blue Diversion ioilet and other source-separated urine technologies, which
separate solid and liquid excrements that lessen the impact on wastewater treatment faciiities

and improve sanifation in developing nations. Unfortunalely, urine-separating toilsts and
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walerless urinals are not without faults, such as pipe or siorage tank blockage caused from

pracipitation by the very nuirients wanted for separation and recovery (5, 6)

[0005] Al low levels, urea and phosphate are beneficial to the ecosysiem, but when a
concentration threshold is surpassed it can trigger unintended consequences such as harmful
algal blooms (7-9) These harmful algal blooms can cause dead zones in fresh and sall water
regions, raise the cost o freat drinking water, affect individuals with breathing problems, and
disrupt indusiries that rely on agua resources (lssues found locally near Tampa, FL and the Gulf
of Mexico communities).(10) Mulliple factors account for these issues, but one in particular is
that wastewater discharge into water bodies due to overflow under extrermne storm svents, such
as humicanss.  For sxample, aboui 20 milion gallons of partially ireated or unireated
wastewater have been released to the Tampa Bay due to the Humricane Harming. Therefors,
more research and development need {0 be performed and implemented in order to reducse or
prevent the risk faclors associated with hazardous spillage and make an economic use of

wastewater nutrients.

[8006] Clean waler is essential for all life forms to thrive, but when this life sustaining-source is
contaminated by natural evenis or anthropogenic aclivities it becomes imperative 1o know the
contaminant (detection) and rectify (decontamination) it to safe levels. Along with the regulated
standards sst by the U.3. Environmental Protection Agency (EPA) for heavy metals, charged or
neutral organic contaminants, there is now a growing concern for chemical compounds for
which there is little {o no data on their health effecis in polable water resources. Levels of
different contaminants in water can show a presence from parts per billion (ppb) and upwards in
concentration where current adsorbents used fo remove contaminants suffer from low
adsorption capacily, slow kinetics, poor selectivity, and moderaie/weak affinity. Hence, there is
a need to devslop new types of adsorbent materials that have high uptake capacity, fast kinstic
activity, strong affinity, and a broad acceptance to remove contaminants withoul removing
beneficial ifrace elements that are essential for maintaining a healthy ecosystemn. In this
proposed research, we aim to develop functional porous organic polymers (POPs) as a new
type of highly efficient and highly effective decontamination malerials, which will not only
circumvent the drawbacks of existing adsorbent materials but also offer new platforms for

adsorption-based water purification.

[0007] Water purification by adsorption: There are different types of contaminanis requiring

removal from surface water and waste-waler streams. Therefore, multiple classes of materials
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have bsen developed fo cope with selective contaminants, but they lack an ability to ramove
many different contaminanis simultanecusly because thess materials are uniform throughout
their matrix. These malerials include aclivated carbons, ion-exchange resins, clays, and

zeolites, which are indistinguishable for contaminants throughout the materials entire matrix.

[0008] Activated Carbons: As the oldest adsorbent material, activated carbon (ACs) represent
a general purpose material for the adsorption of many differsnt contaminants. [t is prepared
from carbon rich sources (coal, lignite, peat, coconut shells, woaod etc.) by two types of methods,
namely physical or chemical. Both methods produce a porous structure with a surface area
ranging from 500 m?#/g upward to 3000 m¥g and pore sizes ranging from microporous (<2 nm)
to mesoporous {2 to 58 nmy) and higher, but both methods produce a material that is generally
non-selactive for contaminants because AC primarily inferacts with contaminanis through van
der Waals type forces. These forces are weak and ifs associated interaction senergy is =80
kd/mol. Binding or exchange sites have been chemically added {0 a low degree within the AC
matrix io improve the removal of organic and inorganic contaminants. The limited amount of
binding or exchange sites in AC renders il with a low adsorption capacity and low affinity for
confaminants. In addilion, upon regeneration ACs can lose some or most of their adsorplion

capacity and the kinetic profile is negatively affecied afier the first use.

[0009%] lon-exchange resins. The reversible reaction between solid phase materials and ions in
agusous medium has wilnessad a growth of resin maternals that perform ion exchange
reactions. The joining of hydrophilic molecules that can carry a fixed ionic charge have been
developed over the past several decades using polymerization technigues to form a series of
ion-exchange resins. These materials are very useful for charged contaminants but show litlie
utility with neutral conlaminants. There are also several drawbacks these malerials face such
as uncontrolied swelling and poorly distributed exchange sitss with inefficient access. These

deficiencies can decrease its mechanical strength, ion exchange capacily and reduce kinetics.

[0010] Clays: Clays are primarily composed of fine-grained minerals that show plasticity when
moist and harden when dried. The interspatial voids between layers may be hydrated and filled
with counter ions, which allow these materials o be implemented for environmental
applications. However, clays suffer from low adsorption capacity and slow kinetics for removing
contaminants from water because of their small surface areas and lack of open paore structures.
Additionally, their physical properties towards removing contaminants can be altered by

changes in the environment such as pH and hydration level.
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[0011] Zeoclites: As microporous adsorbents, zeolites are found naturally and are prepared at
industrial scales for selective adsorption and ion exchange processes. Zeolitas exhibilt many
useful properties fo participate as adsorbents, targeting small molecules, ions, or gases
because they possess repetitive adsorption sites within a crystalline and porous framework.
Unlike ion-exchange resins they contain higher specific surface areas and relain a rigid porous
structure under diffsrent snvironmental stresses. Unfortunately, zecliies are not as efficient as
ACs for larger confaminants because zeolites have smaller apertures and pores thus restricting
larger contaminants from entering the porous material as well as limiting the kinetics even for
small contaminants. They are also restricted to agueous solutions with pH values usually less

than 8 becauss the bonds in the aluminosilicate material can break at higher pH values.

[0012] Other advanced porous materials for water decontamination include mesoporous silica,
metal-organic frameworks (MOFs), and covalentorganic frameworks {COFs). However,
mesoporous silica materials are non-selective with large pores that require modification to
function properly for heavy metal decontamination. Pore size and surface chemistry are tuned
for decontamination of heavy metals in MOFs and COFs; unfortunately, these materials lack
stability at different environmental conditions such as low or high pH, which renders these

materials ineffective for real-world applications.

[8013] The weaknesses and handicaps associaled with existing adsorplion materials iogether
with the fact that none of them can address all of these inorganic contaminanis necessiiate the
development of new compositions and methods for waler decontamination with high

effectiveness and high efficiency.
SUMMARY

[8014] The weaknesses and handicaps asscciaied with existing adsorplion materials iogether
with the fact that none of them can address all of these inorganic contaminanis necessilate the
development of new types of multifunctional adsorbents for water decontamination with high
gffectiveness and high efficiency. It is hypothesized that materials designed and synthesized
with mutltiple binding and exchange siles will lsad fo bstler water purification materials for
multiple types of contaminants simultaneously present in waler sources, as proposed herein for

the development of POP-based reversible “nano-fraps.

[0015] A variely of compositions are provided that overcome one or more of the

aforementioned deficiencies. In soms aspecis, the composilions can bind one or more
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contaminants from a source of water, including wastewater, uring, drinking water, sea waler, or
any other source of water containing contaminants. Contaminanis can include antimony,
arsenic, barium, beryllium, cadmium, chromium, copper, lead, mercury, selenium, technetium,
thallium, uranium, radium, urea, and phosphate. By contacling contaminated water with the
compositions provided herein, one or more coniaminanis can be efficiently removed from

contaminatad sources of waler.

[0016] The compositions can include a porous organic polymer having a pluralily of repeat uniis
and a plurality of pores having a hierarchical pore size distribution over a range of pore sizes. In
some aspecis, the plurality of repeat unils inciude binding moieties that can bind the
contaminanis, and in some aspects the plurality of repeat units include two or more different
binding moieties io enable binding of diffgrent contaminanis. In some aspects, the plurality of
repeat units include a first plurality of repeat unils and a second plurality of repeat units different

from the first plurality of repeat uniis.

[0017] in some aspects, the repeat units in the plurality of repeat units each have a struciure

according o any one of Formula 1A-Formula 1C

R1

WRZ

Formula 1A Formula 1B Formula 1C

where each occurrence of R' is independently a hydrogen, a halide, an alkyl or heteroalkyi
having 1 to 3 carbon atoms, or a binding moiely, so long as at least one occurrence of R'is a
binding moiety; wherein each occurrence of the binding muoiety is independently selected from
the group consisting of a nitro substituent, a thicl substituent, a halide substituent, a conjugats
base substituent, an ammonium substituent, a pyridinium  substituent, an imidazolium
substifuent, an a salt thereof;, where each ocourrence of R? is independently an alkyl having 1 fo
3 carbon atoms; and where sach occurrence of A? is independently none or a substituted or

unsubstituted phenyl.
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[0018] A variety of binding moisties can be used for binding contaminants in watsr. In some
aspects, the composition is multifunctional including 2, 3, 4, 5, or more different binding
moieties. In some aspects, the binding molely comprises a halide selected from the group
consisting of a chloride, a bromide, and an iodide. In some aspects, the binding moiety
comprises a conjugate base substituent or a sait thersof, wherein the conjugale base is
selacted from the group consisting of sulfate and nitrate. in some aspects, the binding moisty
comprises an ammonium substituent or a salt thereof, and the ammonium substiluent has &

structure according o the following formula

where R? R4, and R® are hydrogen; or where R3?, R4, and R® are gach independently selected
from the group consisting of hydrogen and C1-C5 alkyl, heteroalkyl, and alkoxy; or where Rt is
hydrogen, and where R® and R® are each independently selected from the group consisting of
C2-C7 carboxylic acids. in some aspects, the binding moiety comprises a thiol substituent having
a structure according to the following formula —-R5SH, where R® is selected from the group
consisting of none, C4-C7 alky, C4-C7 hetervalky and C4-Cy alkylthio. In some aspects, the
binding moiety comprises a pyridinium substituent or a salt thereof, where the pyridinium

substituent has a structure according to the following formula

where R7 is selected from the group consisting of hydrogen, C,-Cy alkyl, and C4-C; heteroalkyl.
in some aspects, the binding moiety comprises an imidazolium substituent or a sall thereof,

where ths imidazolium substituent has a structure according to ths following formula
81

/
Y

B?.
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where R8 is an C1-C7 alkyl or heteroalkyl; and where B’ and B? are each independently
salected from the group consisting of hydrogen, alkyl, imidazolium, and alkyl imidazolium, so

fong as at least one occurrence of B! or B2 is an imidazolium or alkyl imidazolium.

[0019] in some aspects, the repeat units in the plurality of repeat units each have a struciure
according to any one of Formula 2A-Formula 2C where R is as defined abovs.

Formula 2C

Formula 2B

[0020] In some aspects, the repeal units in the plurality of repeat units each have a structurs
according to any one of Formula 3A-Formula 3C

;;512
11 10 A3
e 12 124 mnepl? 12
" T s " SR SHNE R
l = i\E* oz E\!* i
10 + 10 el 3 -~ 10
(=4 i‘lxi R A\Ruﬂ R
R']O R?O
Formula 3A Formula 3B Formula 3C
;and
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where each scourrence of R' is independently a2 hydrogen, a halide, or an alkyl or heteroalkyt
having 1 {0 3 carbon atoms; where sach occurrence of R' is independently a hydrogen, -NH,, -
NHR'3, or -NR"R™ where each occurrence of R™ and R is independently an alkyl or
heteroalkyl having 1 to 3 carbon atoms; where each occurrence of R' is independently an alkyl
having 1 to 3 carbon atoms; and where each occurrence of A% is independently none ora

substituted or unsubstituted phenyl.

[0021] In some aspscts, the repeat units in the plurality of repeat units each have a structure

according to any one of Formula 4A-Formula 4C

Rzzy
|
20 4
R22 A
N F2 21 oo a4 [R21
N / A4 N / RZO
\R22 ™
R20 RZG
Formula 4A Formula 48 Formula 4C

where each occurrence of R?° and R?! is independenily a hydrogen, a halide, an alkyl or
heteroalkyl having 1 to 3 carbon atoms, -NH;, -NHR'™, or -NR3R™ where each occurrence of
R'™ and R is independently an alkyl or heteroalkyi having 1 {0 3 carbon atoms;where each
ocecurrence of R is independently an alky!l having 1 to 3 carbon atoms; and where each

occurrence of A is independently none or a substituted or unsubstituted phenyl.

[06022] The pores can have a hierarchical pore size distribution. In some aspects, the range of
pore sizes is at least 5 nm, at lsast 8 nmy, or ai least 10 nm. In some aspects, the range of pore
sizes is about 1 nmto 10 nm, about 1 nmto 8 nm, about 1 nmis & nm, or about 5 nmio 10 nm.
In some aspects, the hierarchical pore size distribution is determined based upon at least 60%
of the pore sizes in the range of pore sizes having a pore volume of at least 0.01 cm® g in the
pore size distribution, wherein the pore size distribution is based on a non-local density
functional theory model applied to a nitrogen adsorplion isotherm for the POP measured at 77
K. In some aspects, the range of pore sizes is about 1 nm to about 10 nm; and at least 80% of

the pore sizes in the pore size distribution have a pore volume of at least 0.01 cm® g

[0023] Other systems, methods, features, and advaniages of compositions for binding

contaminanis in a source of watsr will be or become apparant io one with skill in the art upon

8



WO 2019/140338 PCT/US2019/013393

examination of the following drawings and detailed description. it is intended that all such
additional systems, mathods, features, and advaniages be included within this description, be

within the scope of the present disclosure, and be protected by the accompanying claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[8024] Further aspects of the present disclosure will be readily appreciated upon review of ths
detailed description of ifs various embodiments, described below, when taken in conjunction

with the accompanying drawings.

[00258] FiG. 1 shows functional groups for hydrogen bonding with nulrients. Gray sphere depicis
point of attachment onto the POP.

[0026] FIG. 2 shows the general reaction conditions {o synthesize POPs and post modify the

POP with metal cations.

[6027] FIG. 3 shows N; sorption isotherms for polymers 3 and 4 from Example 1 with Brunauer-

Emmeti-Telier (BET) surface areas of 770 and 340 m?/g, respactively.

[0028] FIG. 4 shows baich kinetic tesis showing NHs* concentration flowing coniact time

{Steady-state removalfrom2 hto 6 h).

[002%] FiG. & shows equilibrium kinetic tests showing NH4* concentration flowing treatment with

various doss.

[0030] FIG. 8 shows kinelic modeling of NH4* sorption from hydrolyzed uring to adsorbent

(Pseudo-second-order model fit). Experimental data from FiG. 4.

[0031] FIG. 7 shows equilibrium modeling of NH4" sorption from hydrolyzed urine to adsorbent

{Langmuir model fit}. Experimental data from FIG. §.

[0032] FIGS. 8A-8C show depictions of the (FIG. 8A) functional groups and the general
reaction for (FiG. 88) homo/hetero-coupling reaction and (FIG. 8C) free-radical polymerization.
Y and Z represent leaving groups, R represents hydrocarbons, X/2° represent counter ions, and
the spheres represent functional group attachment points. AIBN, azobisisobulyronitiile is a

radical initiator.

[0033] FIG. 9 shows a graphical representation for the assembly of dia-topology POPs, from
homo-coupling reactions of telrahedral MBBs foliowed by PSM and the hetero-coupling reaction

betwaen {etrahaedral MBBs with functionalized linear linkar.

9
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[0034] FIG. 10 shows a graphical representation for the assembiy of tbo-topology POPs, from

hetro-coupling reactions of sguare and triangular MEBs followsd by PSM.

[0035] FlIG. 11 shows a graphical representation for the assembly of nbo-topology POPs, from

homo-coupling reactions of functionalized square MBBs.

[0036] FIGS. 124-12L show representative (FIG. 12A-12D) tetrahedral, (FIG. 12E-12H) square,
(F1G. 121120 trigonal molecular building biocks for the construction of dia-, nbo-, and tbo-

topology POPs.

[0037] FiG. 13 shows molecular building blocks for the synthesis of functional POPs with

hierarchical porosity.

[0038] FIGS. 14A-14C shows ReQOy adsorption isotherms and kinetics investigations. (FIG.
14A) ReQOys sorption isotherms for various adsorbents. The lines are fit with the Langmuir model,
all the fits have R? values higher than 0.99. (FIG. 14B) The kinetics of ReO4 adsorption from
aqueous solution with an initial concentration of 50 ppm, at a phass ratio (V/m) of 25000 mbL g,
(F1G. 14C) ReQys removal kinetics with an initial concentration of 1000 ppb at a Vim ratio of
5000 mb g

[0039] FIGS. 15A-18B show selectivily evaluation. Effect of competing (FiG. 184) S04 and
(FIG. 158} NOs anions on the anion-exchange of ReDy by (gray) PQA-Py-Cl, (blue) PQA-
phiHPy-Cl, and (red) PQA-pN(Me):Py-Cl (lines are guidelings for the eyes).

[0040] FIGS. 16A-~18D show siability evaluation. (FIG. 18A) Reversibility of PQA-pN(Me)Py-Cl
for removing ReQy. (FIG. 18B) ReQs uptake capacities of PQA-pN{Me}.Py-Cl after being
soaked in 12 M HCl or 2 M NaOH in saturated NaCl aquecus sclution for one week. (FIG. 16C)
Removal of ReOs by POA-pN(Me),Py-Cl as a function of phase ratio (V/m) in 3 M HNGs
agueous solution. (FIG. 18D Sorption capacities of ReQ4 by PQA-pN{Me)Py-Cl after being

irradiated with varied doses of B-rays or y-rays.

[0041] FIG. 17 shows N: sorption isotherms for polymer 3 from Example 9 with Brunauer-

Ermmett-Teller (BET) surface area of 879 m?/g.

[0042] FIG. 18 shows N; sorption isotherms for polymer 7 from Example 9 with Brunauer-

Emmett-Teller (BET) surface area of 536 m?/g.

[0043] FiG. 18 shows N, sorption isotherms for polymer 11 from Example 9 with a Brunauer-

Emmett-Teller (BET) surface area of 359 m?/g.

10
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[0044] FIG. 20 shows maximum Pd™ uptake capacity for polymers 3, 7, and 11 from Example
9.

[0045] FlIG. 21 shows kinetic performance of polymers 3, 7, and 11 from Example © at low

concentrations of Pd?+,
DETAILED DESCRIPTION

[0048] Herein we propose o ramove as much of the N and P nutrients as possible from urine
before entering the wastewaler stream and treatment facilities and recover these nutrients in an
gfficient manner using a recyclable material. The materials we propose are highly porous,
stable to urine, and will be designed to include functional groups that specifically target the
nutrients and hold these nutrisnts using molscular interactions — forces found in naturs. This
adsorption process captures nutrients, such as urea, phosphate, and others, by using natural
raceptors grafled onio the porous materials. We have previcusly used our techniques {o
remove heavy metlals {mercury, lead, efc) from freshwater sources and we have selsctively
extracted uranium compounds from seawater; whereas, these malterials were recycled and
maintained their original properties. We propose the use of functional porous organic polymers
{(POPs) from the synthesis of porous polyvinyl materiais, which we have pioneered {o address
harniful water pollutants. Our design stralegies can form siable materials in high and low pH
environmenis (fresh urine pH range 5.6 to 6.8 (Ref 2)) and show accessible surface areas
above 1000 m? g’ allowing for the nutrients to easily reach the abundant binding sites. Qur
previous resuits with heavy metals have shown adsorptions of greater than 100 wt% in
capacity, which means our materials may adsorb more nuirients than its own weight. Therefore,
depending on the usags, collsction times will vary bsefore the matsrial will need o be

exchanged.

[0047] Healthy individuals can excrete between 490 to 2690 mb of urine per dayv.(11} This
amount accounts for 3.6 to 16 grams N (median = 10.4 g} and 0.4 to 2.5 grams P {msedian =
1.0g) eniering wasiewatsr per day per individual.{12} Nitrogen is primarily in the form of urea
(>70%) followed by creatinine (>10%) and other amino acids, (13} while phosphorous is found
primarily in the form of phosphate ions. Therefore, to remove N and P before these nuirients
enier the waste stream, the proposed adsorbents should show a high affinity for urea and

phosphate ions with high gravimetric capacilies.
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[0048] VWe will target the nutrients using supramaslecular interactions, such as hydrogen bonds
and metal-complexes. 1t can be seen that urea favors hydrogsan bonding with complementiary
groups that fulfill the donor-acceptor role. Phosphate can similarly interact with complementary
hydrogen bonding moieties to lock it within a specific orientation. The mulliple interactions
during hydrogen bonding cutcompets the energy of hydration, which would ctherwise solubilize
the nutrients, thus bypassing the concomitant hydrogen bonding moieties and allow the
nutrients to pass through unhindered. Complexing the nutrients with metal ions is an additional
means to trap nutrients within the porous architecture of the POPs, by forming natural salts that
would otherwise form at higher concentrations as referenced sarlier from blocking piping and
storage systems. Depsnding on the pH, phosphate molscules are found in different forms from
fully protonated HiPO4 to ionized formis of HPOs to HPOsZ and finally PO.* at higher pH
values. For urine it is likely to find phosphate in the partially protonated forms (HaPO4 and
HBPO.%, 4<spH<i0). Therefore, these ions will contain both donor and acceptors moisties for
hydrogen bonding. Samples of functional groups which will behave as donor/acceptor pairs for
urea and phosphats ions are depicted in FIG. 1. These funclional donor/acceptor groups will be
anchored onto the molecular building blocks (MBBs) prior o or afier synthesizing the porous
organic polymers, or POPs. Some of these funclional groups will additionally serve io form

bonds with metal ions allowing for further complexation with nutrients.

[004%] Multiple processes have besn developed to recover nitrogen and phosphorous from
wastewatler, in particular uring.  For nitrogen recovery, technigues have included: volums
reduction, struvite formation, ammeonia siriping, reverse osmosis, and partial freezing, bui these
techniques must compete with the well-established Haber-Bosch process and phosphate mining
to form reactive nitrogen and phosphorous compounds.(14, 15) All of these above mentioned
methods require snsrgy to exiract nitrogsn from wastewatsr, yvet if is more favorable from an
gnergetic perspective {0 recover and reuse nutrients from uring than just removing them from
the wastewater stream or from natural resource mining as determined by a life cycle evaluation
by Maurer et al.{14)

[0050] For phosphorous removal from wastewater effluents, several commercial processes
have been developed {0 precipitate it out with ron, alum, or lime.(18-18) Magnesium hydroxide
{(Mg{OH)2) has been used to improve sludge digestion to remove phosphorus from anasrobic
supernatant;(19) similar to the use of magnesium to form struvite in wastewater. Struvite is one
of the most promising avenues to remove both nitrogen and phosphorous from wastewater

sffluents.(20) Magnesium salts are added {o the concentrated wastewaler or urine effluents to
12
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form MgNHsPO4e8H.0, where the N, P, Mg weight percent account for 5.7%, 12.6%, and 9.9%,
raspectively. The precipitation of struvile is fairly siraight forward as long as ceriain condilions —
such as pH, concentration, and suspended solids — are controlled, bul recovering it requires
additional technology as it is known io adhere to surfaces, thus increasing the recovery
price {(21) Additional chemical chelating agents, such as ethylenediaminetetraacetic acid
(EDTA), have assisted in precipitating struvite at higher pH values.(22) Anocther nutrient
racovery/ramediation method includes microorganisms {0 participate as nature’s bicreactors o
deal with anthropogenic waste. These organisms have been organized by de-Bashan and
Bashan review that discusses their involvement for and against enhanced biological
phosphorous removal.(23) Unfortunately, microorganisms and algae can be prone to
contaminations, requirs large areas to operate, and emit more gresnhouse gases than it

saquesters.{24)

[0051] Adsorption aclivity from different adsorbents towards urea has been previously {ested
with readily abundant materials. Activated carbon, which is composed mosily of amorphous
carbon and graphite, can adsorb many different analytes at once - such as urea and phosphate
— within ifs porous struclure. Unfortunately, activated carbon is not selective and low uptake
capacities were measured by Fujita and Okazaki and found that between 130 and 150 mg of
urega can be taken in by 1.0 gram of activated carbon (25} Even afler modifications of the
activated carbon by oxidation using acid solutions o increase the amount of axygen groups —
thereby increasing the possible hydrogen bonding sites, no enhancement in urea uptake was
ohserved. Research on zeolites adsorbing urea have been tested where the addition of zeolites
aided in the nifrogen recovery of ammonium with the subssquent precipitation of struvite (26-32)
Additionally, it was shown by Fiorillo el al that hydrogen bonding does occur within its porous
structure, which can improve its uptake capacity (33) Later, fests to remove urea and other
contaminanis that accumulate in the body due to poor or lost organ function becams
increasingly imporiant as these new materials can be applied as dialytic membranes/adsorbers
to treat uremia. One such material was crosslinked p-cyclodexdrin that was shown to adsorb up
to 508 mg g of urea by interacting with the R-cyclodexirin’s interior or hydrogen bonding
groups.(34y This valug achisved by Shi et al is lowsr than what was achieved by activated
carbon. With solution rich in urea and active proteins, removing urea selectively is challenging.
it was shown possible by Huh et al by complexing urea with metal ions in a microfluidic

device.(35) They observed urea salling out as [M{urea)s]lenH,O where M = Mn?*, Zn?*, Fe¥*
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and L = {(804),, {(NGs)z, Cl lsaving the protein intact for further analysis. Chilosan has
additionally been explored to adsorb ursa from solutions. Chitosan is commercially produced by
the deacetylation of chitin as a linear polysaccharide composed of poly-(D)-glucosamine and N-
acetyl-D-glucosamine units and it shows good compatibility with biological and environmental
systems.(36-40) Chitosan and modified chitosan composites, cross-linksd or meial ion doped,
exhibited fast adsorption rates for urea, but they still lack high adsorption uptakes with the best
material achisving nearly 80 mg g'.(41-44) Unfortunataly, these studies did not investigate the
potential to improve is properties. Investigations in improving the accessible surface area and
pore volume or to increase the number of binding sites within the material should be performed;
as we are able to do with POPs. The chitosan materials were only doped with metal ions to
show higher loading of urea, which we will demonstrate in our POPs. Gther methods to remove
urea were reviewed by Urbanczky et al where they summarized ways o decompose urea into
its basic componenis;(45) whereas, collection will be better because of urea’s use as a fertilizer,

but also as a component in dirgct urine/urea fusl cells to produce electricity.(46-48)

[8052] POPs represent one of many emsrging classes of nanoporous materials, excelling in
important areas for wide scale use because they are robust (chemically and thermally) and also
scalable. POPs are constructed by covalently joining predesigned organic molecular building
blocks {(MBBs) into accessible and high surface area materials, some over 6000 m?g, with
tunable pores sizes from several angstroms to several nanomsters while ailso reiaining their
high siability in diffsrent environments. The modular nature of POPs allows for an enormous
diversity of siructural platforms to tune for various applications, in particular as adsorbents for
waste water or surface water cleaning. POPs will be at the forefront for water ifreatment
becausse they can be continually improved upon from the plethora of ongoing clean water

research.

[0053] Inorganic contaminants in drinking water: Removing hammful metial ions is an
intensive process for producing safe drinking water or cleaning waste streams and procedures
such as coagulation/filiration, ion exchange, or reverse osmosis have been ussd by waler
treatment facilities. Strict reguilations have been set for the allowable maximum contaminant
lavel in drinking water for inorganic chemicals as listed in Table 3. These inorganic
contaminants become increasingly present in water supplies because new and past materials
such as batieries, plumbing, paints, light bulbs, and metal alloys have relied on these metals for
infrastructure and technology development. Natural srosion and mining are also sources for

these inorganic contaminants reaching drinking water sources. In agueous solutions al different
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pH values thess contaminanis are also found in their (hydrioxide forms such as chromate
(Cr04™), dichromate {Cr(7%), arsenate (As04*) and arsenite (AsG;:%). The metal contaminanis
can also combine with carbon compounds forming organometallic species such as
methylimercury (CHaHg"), tetramethyllead ((CH3)4Pb) and tetraethyllead ((CHaCH)4Pb). The
heaith effects of metal contaminants in their cationic, (hydrioxide, or arganometallic form are
broad and can cause increasing blood pressurs, kidney damags, cancer, and death from

EXposure.

Tabie 3. Inorganic chemical contaminants restricted by the EPA.

Contaminant | Limit ppm (mg/L)
Antimony 0.008
Arsenic 0
Barium 2.0
Beryilium {.004
Cadmium 3.005
Chromium .1
Copper 1.3
Lead {
Mercury 0.002
Selenium .05
Thallium 0.0005
Uranium 0
Radium 0

[0054] Before the present disclosure is described in greater detail, it is to be understood that
this disclosure is not limited to particular embodimenis describsd, and as such may, of course,
vary. 1t is also to be understood that the terminology used herein is for the purpose of
describing particular embodimenis only, and is not intended {0 be limiting. The skilled artisan
will recognize many variants and adaptations of the embodiments described herein. These
variants and adapiations are intended to be included in the teachings of this disclosure and {o

be encompassed by the claims hersin,

[0055] All publications and patentis ciled in this specification are cited io disclose and describe
the methods and/or materials in connection with which the publications are cited. All such
15
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publications and patents are hergin incorporaied by references as if sach individual publication
or patent wers specifically and individually indicated io be incorporated by refersnce. Such
incorporation by reference is expressly limited io the methods and/or materials described in the
cited publications and patents and does not extend to any lexicographical definitions from the
cited publications and patents. Any lexicographical definition in the publications and patents
cited ithat is not also expressly repeated in the insiant specification should not be treated as
such and should not be read as defining any terms appearing in the accompanying claims. The
citation of any publication is for its disclosure prior to the filing date and should not be construed
as an admission that the present disclosure is not entitled {o antedate such publication by virtue
of prior disclosure. Further, the dates of publication provided could be different from the actual

publication dates that may nesd o bs independenily confirmed.

[0056] Although any methods and matlerials similar or eguivalent to those described herein can
also be used in the practice or testing of the present disclosure, the preferred methods and
materials are now described. Functions or consiructions well-known in the art may not be
described in datail for bravity and/or clarity. Embodiments of the pressnt disclosure will employ,
uniess otherwise indicated, techniques of nanotechnology, organic chemistry, maierial science
and engineering and the like, which are within the skill of the art. Such techniques are

explained fully in the literature.

[80057] it should be noled that ratios, concentrations, amounts, and other numerical data can be
expressed herein in a range format. 1t is 1o be understood that such a range format is used for
convenience and brevity, and thus, should be interprated in a flaxible manner to include not only
the numerical values explicitly recited as the limils of the range, but also to include all the
individual numerical values or sub-ranges encompassed within that range as if gach numerical
value and sub-range is explicilly reciled. To illustrats, a numerical range of “about 0.1% {0
about 5% should be interpreted to include not only the explicitly recited values of about 0.1% to
about 5%, but also include individual values (e.g., 1%, 2%, 3%, and 4%) and the sub-ranges
{e.q., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%) within the indicated range. Where the siated range
includes ane or both of the limits, ranges exciuding either or both of those inciuded limits are
also included in the disclosure, e.g. the phrase "x to v includes the range from % o 'y as wsll
as the range greater than ‘X’ and less than 'y, The range can also be expressed as an upper
limit, e.g. ‘about x, vy, z, or less’ and should be interpreted to include the specific ranges of "about
¥, ‘about v, and ‘about z' as well as the ranges of less than x/, Isss than y’, and ‘less than z'.

Likewise, the phrase ‘about X, vy, z, or greater should be intsrpreted io include the specific
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ranges of ‘about K, ‘about v, and ‘about 2’ as well as the ranges of ‘greater than X, greater than
vy, and ‘greater than z'. In some embodiments, the term “about” can includs traditional rounding
according o significant figures of the numerical value. In addition, the phrase "about "} to v,

where % and 'y’ are numerical values, includes “about ‘X’ to about ‘v,
Definitions

[0058] Uniess definsd otherwiss, all technical and scieniific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. It will be further understood that terms, such as those defined in commonly used
dictionaries, should be interpreted as having a meaning that is consistent with their meaning in
the context of the specification and relevant art and should not bs interpreted in an idealized or

overly formal sense unless expressly defined herain.

[0059] The articles “a” and “an,” as used herein, mean one or more when applied to any feature
in embodiments of the present invention described in the specification and claims. The use of
“a” and “an” does not limit the meaning to a single featurs unless such a limit is specifically
stated. The arlicle "the” preceding singular or plural nouns or noun phrases denotes a particular
specified feature or particular specified features and may have a singular or plural connotation

depending upon the context in which it is used.

[0080] Ths terms “pore diameter” and “pore size”, as used inlerchangeably herein, refar fo &
measurs of the effective diamster of the pores in the composition. The pore diametar can be the
effective diameter of the largest gas molecule that can pass through the majority of the pores in
the composition. The pore diameter can be estimated from the average pore diameter obtained
from crystaliographic measurements. The pore diameter can be estimated from measured
adsorption isatherms for an inert gas such as Nz or Ar using non-local density functional theory

(NLDFT) or using muodels such as the Horvath-Kawazoe model.

[0061] The term “porous organic polymer (POP)Y, as used herein, refers generally to high
surface area materials formed from organic segments covalently bonded to form an exiended
porous siructure. Porous organic polymers can include conjugated microporous polymers,
porous aromatic frameworks, porous polymer networks, and porous organic frameworks, Ths
porous organic polymer can be crysialline, semi-crystalline, or amorphous. The porous arganic
polymer can have a surface greater than about 20 m?/g, 50 m?g, 100 m%g, 300 m?/q, or grealer

than about 1,000 m?%g. The porous organic polymer can have a surface area up to about 8,000
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m*g, 7,000 m¥g, 6,000 m¥/g, 5,000 m¥g, or 4,000 m?g. As used hergin, the term “porous

organic polymer” does not include zeokie strucltures or mesoporous silica struchures,

[0062] The term “stable”, as used herein, refers o compositions that are stable over fime,
stable under aqueous conditions, stable under harsh conditions, stable under acidic conditions,
and/or siable under basic conditions. A composiion is stable over time when, under standard
operating condilions such as slevated lemperatures and/or pressures, the composition does not
change pore size by more than 1%, 2%, 5%, or 10% and/or does not change maximum metal
uptake capacity by more than 1%, 2%, 5%, or 10% for a period of at least 1, 2, 10, 20, or 30
days. A composition is stabie under harsh conditions when the composition does not change
pore size by mors than 1%, 2%, 5%, or 10% after exposure to boiling water for at least 2, 3, 4,
5, or & hours. A composition is siable under harsh conditions when the composition has a
distribution cosfficlent of the hsavy metal that is greater than 1 x 108 mbL g, greater than 5 x
10° mb g, greater than 1 x 107 mbL g, or greater than 2 x 107 mL g both under acidic
conditions of pH less than 3.0, 2.0, or 1.0 and under basic conditions of pH great than 10.0,
11.8, or 12.0. A composition is stable undser agueocus conditions when i does not change pors
size by more than 1%, 2%, 5%, or 10% and/or does not changs maximum metal uptake
capacity by more than 1%, 2%, 5%, or 10% afier being exposed to an air environment with at
feast 60%, at least 70%, atl least 80%, or at Isast 30% relative humidity for at least 12 hours or
foratleast 1, 2, 3, 4, §, or 10 days. A composition is stable under basic conditions when it does
not change pore size by more than 1%, 2%, 5%, or 10% and/or doss not change maximum
metal uptake capacity by more than 1%, 2%, 5%, or 10% after exposure 1o concentrated NaCOH
solution, e.g. at least 1.0 M, 2.0M, 3.0 M, or 6.0 M NaOH, for a period of at least 120 minutes. A
composition is stabie under acid conditions when it does not change pore size by more than
1%, 2%, 5%, or 10% and/or does not change maximum meial uptake capacity by more than
1%, 2%, 5%, or 10% after exposure to concentrated HCI solution, e.g. atleast 1.0 M, 2.0M, 3.0
M, or 8.0 M HCH, for a period of at least 120 minutes.

[0063] The term “small molecule”, as used herein, generally refers to an organic molscule that
is less than about 2,000 g/mol in molscular weight, less than about 1,500 g/mwol, less than about
1,080 g/mol, less than about 800 g/mol, or less than about 500 g/mol. Small molecules are non-

polymeric and/or non-oligomeric.

[0064] The term "derivative” refers to any compound having the same or a similar core structure

to the compound bul having at least one structural difference, including substituting, deleting,
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and/or adding one or more atoms or functional groups. The term “derivative” doss not mean that
the derivative is synthesized from ihe parsnt compound esither as a siarting material or
intermediale, although this may be the case. The term “derivative” can include salts, prodrugs,
or metabolites of the parent compound. Derivalives include compounds in which free amino
groups in the parent compound have been derivatized to form amine hydrochiorides, p-toluens
sulfivamides, benzoxycarboamides, tbulyloxycarboamides, thioursthane-type derivatives,
triffuoroacetylamides, chloroacetylamides, or formamides. Derivatives include compounds in
which carboxy! groups in the parent compound have been derivatized to form salts, methyl and
ethyl esters or other types of esters or hydrazides. Derivatives include compounds in which
hydroxyl groups in the parent compound have been derivatized to form O-acyl or C-alkyl
derivaiives. Derivatives include compounds in which a hydrogen bond donaiing group in the
parent compound is replaced with another hydrogen bond donating group such as OH, NH, or
SH. Derivatives include replacing a hydrogen bond acceptor group in the parent compound with
ancther hydrogen bond acceptor group such as esters, ethers, ketones, carbonates, terliary

amings, imine, thiones, sulfones, terliary amides, and sulfidss.

[0085] The terms ‘reactive coupling group” and ‘reactive functional group” are used
interchangeably herein o refer to any chemical functional group capable of reacting with a
second functional group under the given conditions 1o form a covalent bond. Those skilled in the
art will recognize that some functional groups may rsact under certain conditions but not under
othars. Accordingly, some functional groups may be reactive coupling groups only certain
conditions, e.q. under conditions where the groups react to form a covalent bond. The selection
of reactive coupling groups is within the ability of the skilled artisan. Examples of reactive
coupling groups can inciude primary amines (-NH2) and amine-reactive linking groups such as
isothiccyanates, isocyanatss, acyl azides, NHS esters, sulfonyl chiorides, aldehydes, glyoxals,
gpoxides, oxiranes, carbonates, aryl halides, imidoesters, carbodiimides, anhydrides, and
fluorophenyl esters. Most of these conjugate to amines by either acylation or alkylation.
Examples of reactive coupling groups can include aldehvdes (-COH)} and aldehyde reactive
finking groups such as hydrazides, alkoxyaminses, and primary amines. Examples of reactive
coupling groups can include thiol groups (-8SH) and sulfhydryl reactive groups such as
malesimides, haloacelyls, and pyridyl disulfides. Examples of reactive coupling groups can
include photoreactive coupling groups such as aryl azides or diazirines. Examples of reactive
coupling groups can include click reactive coupling groups capable of forming covalent bonds

through click reactions. Well-known reactions include the hetero-Diels-Alder reaction, the thiol
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ena coupling, the Staudinger ligation, native chemical ligation, and the amidation reaction
between thio acids or thio esters and sulfony! azidaes (refered to as ‘sulfo-click’). As ussed hersin,
the terms “sulfo-click” and “sulfo-click chemistry” are used to refer {o a reaction betwsen thio
acids and sulfonyl azides containing molecules, creating a covalent bonds belween the two
molecules. Exampiss of sulfo-click chemistry are described in U.S. Patent Application
Publication 2011/0130568 and PCT Publication WO 2012/021486. The coupling resaction may

include the use of a catalyst, haat, pH buffers, light, or a2 combination thereof.

[0066] The ferm "alky!” refers to the radical of saturated aliphatic groups (i.e., an alkane with
one hydrogen atom removed), including straight-chain alkyl groups, branched-chain alkyl
groups, cycloalkyl (alicyclicy groups, alkyl-substituted cycloalkyl groups, and cycloalkyl-
substituted alky! groups.

[0067] In preferred embodiments, a straight chain or branched chain alkyl has 30 or fewer
carbon atoms in its backbone {e.g., C-Cao for straight chains, and C3-Cy for branched chains),
preferably 20 or fewer, more preferably 15 or fewer, most preferably 10 or fewer. Likewise,
praferred cycloalkyls have 3-10 carbon atoms in their ring siructure, and more preferably have
8, 8, or 7 carbons in the ring structure. The term "alky!l” {or "lower alkyl™) as used throughout the
specification, examples, and claims is intended fo include both "unsubstituted alkyls" and
"substituted alkyls”, the latier of which refers to alkyl moieties having one or more substituenis
replacing a hydrogen on one or more carbons of the hydrocarbon backbons. Such subsiitusnis
include, but are not limited to, halogen, hydroxyl, carbonyl (such as a carboxyl, alkoxycarbonyl,
formyl, or an acyl), thiocarbonyt (such as a thicesier, a thicacetate, or a thioformate), alkoxyl,
phosphoryl, phosphate, phosphonate, phosphinate, amino, amido, amidine, imine, cyano, nitro,
azido, sulfhydryl, alkyithio, sulfale, sulfonate, suifamovyl, sulfonamido, suifonyl, heterocycivi,

aratkyl, or an aromatic or hetsroaromatic moisty.

[0068] Unless the number of carbons is otherwise specified, "lower alkyl” as used herein maans
an alkyl group, as defined above, but having from one to ten carbons, more preferably from one
to six carbon atoms in its backbons structure. Likewise, "lower alkenyl” and "lower aikynyl” have
similar chain lengths. Throughout the application, preferred alkyl groups are lower alkyls. In

preferred embodiments, a subsiifuent designated herein as alkyl is a lower alkyl.

[0069] It will be understood by those skilled in the art that the moisties substituted on the
hydrocarbon chain can themssives be substituled, if appropriate. For instance, the substiluents

of a substituted alkyl may include halogen, hydroxy, niiro, thisls, aming, azido, imino, amido,
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phosphoryl (including phosphonale and phosphinate)}, sulfony! {(including sulfats, sulfonamido,
sulfamoyi and sulfonate), and silyl groups, as well as ethers, alkyithios, carbonyls {including
ketones, aldehydes, carboxylates, and esters), -CF;, -CN and the like. Cycloalkyls can be

substituted in the same manner.

[0070] The term “hslercalkyl’, as used herein, refers o straight or branched chain, or cyclic
carbon-containing radicals, or combinations thereof, containing ai least one hetercaiom.
Suitable heteroaioms include, but are not limited to, O, N, &I, P, Se, B, and S, wherein the
phosphorous and sulfur atoms are oplionally oxidized, and the nitrogen heteroatom is optionally

guaternized. Hetaroalkyls can be substituted as defined above for alkyl groups.

[80714] The term "alkylihio” refers to an alkyl group, as defined above, having a sulfur radical
attached therelo. In preferred embodiments, the "alkylthic” moiely is represenied by one of -8-
alkyl, -S-alkenyl, and -S-alkynyl. Representative alkylthio groups include methylthio, ethylthio,
and the like. The term “alkyithio” also encompasses cycloalkyl groups, alkens and cycicalkens
groups, and alkyne groups. “Aryithio” refers to aryl or heleroaryl groups. Alkyithio groups can

be substituted as defined above for alky!l groups.

[0072] The terms "alkeny!l” and "alkynyl", refer 1o unsaturaied aliphatic groups analogous in
length and possible substitution to the alkyls described above, but that contain at least one

double or triple bond respectively.

[0073] The terms "alkoxyl” or "alkoxy” as used herein refers to an alkyl group, as defined
above, having an oxygen radical attached thereto. Representative alkoxyl groups include
methoxy, ethoxy, propyloxy, tert-butoxy and the like. An "ether” is two hydrocarbons covalently
linked by an oxygen. Accordingly, the substituent of an alkyl that renders that alkyl an etheris or
rasembles an alkoxyl, such as can bs represenied by one of -O-alkyl, -C-alkenyi, and -O-
alkynyl. The terms “aroxy” and "aryloxy”, as used inferchangeably herein, can be represented
by —~O-aryl or O-hetercaryi, wherein aryl and heleroaryi are as defined below. The alkoxy and

aroxy groups can be substituted as described above for alkyl.

[0074] The terms "aming” and "amino” {and its proionated form) are art-recognized and refer {o
both unsubstifuted and substituted amines, e.g., a moiely that can be represenied by ths

general formula:

21



WO 2019/140338 PCT/US2019/013393

R R
/ 3
m— or Mf§i+MR'
R R

[0075] wherein R, R, and R” each independently represent a hydrogen, an alkyl, an alkenvl, -
(CH2)»-Re or R and R’ taken together with the N atom to which they are attached complete a
heterocycls having from 4 to 8 atoms in the ring siructure; R represents an aryl, a cycloalkyl, 2
cycloalkenyl, a heterocycle or a polycycle; and m is zero or an integer in the range of 1 10 8. In
preferrsd embodiments, only ong of R or R* can be a carbonyl, e.g., R, R’ and the niirogen
together do not form an imide. In still more preferred embodiments, the term “amine” does not
encompass amides, e.q., wherein one of R and R’ represents a carbonyl In even more
preferred embodimenis, R and R’ (and opticnally R} each independently represent a hydrogen,
an atkyl or cycloakly, an alkenyl or cycloalkanyl, or alkynyl. Thus, the term "alkylamine” as usead
herein means an amine group, as defined above, having a substituled (as described above for

alkyl) or unsubstituted alkyl attached thereto, i.e., at leastone of R and R’ is an alky! group

[0076] The term "amido” is arl-recognized as an amino-substituted carbonyl and includes a

moiety that can ba represented by the general formula;

[0077] wherein R and R’ are as defined above.

[0078] “Aryl", as used herein, refers to Cs-Cio-membered aromatic, hsterocyclic, fused
aromatic, fused heterocyclic, biaromatic, or bihelersocyclic ring systems. Broadly defined,
“aryl’, as used herein, includes 5-, 6-, 7-, 8-, 8-, and 10-membered single-ring aromatic groups
that may include from zero to four heteroatoms, for example, benzene, pyrrole, furan,
thiophene, imidazole, oxazols, thiazole, triazole, pyrazols, pyriding, pyrazine, pyridazine,
pyrimiding, and the like. Thoss aryl groups having helersatoms in the ring structure may also
be referred to as “aryl heterocycles” or “hetercaromatics”. The aromatic ring can be substifuted
at one or more ring positions with one or more substituents including, but not limited {o, halogen,

azide, alkyl, aralkyl, alkenyl, alkynyi, cycioalkyl, hydroxyl, alkoxyl, amino (or quaternized aming),
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nitro, sulfhydryl, imino, amido, phosphonate, phosphinate, carbonyl, carboxyl, siivl, ether,
alkylthio, sulfonyl, sulfonamido, kstons, aldehyde, ester, heterocyclyl, aromatic or

heteroaromatic moieties, -CF3, -CN, and combinations thereof.

[007%] The term “aryl” also includes polycychic ring systems having two or more cyclic rings in
which two or more carbons are common to two adjoining rings (i.e., "fused rings”) wherein at
lsast one of the rings is aromatic, &.g., the other cydlic ring or rings can be cycloalkyls,
cycloalkenvyls, cycloalkynyls, aryls and/or heterocycles. Examples of helerocycelic rings include,
but are not limited to, benzimidazolyl, benzofuranyl, benzothiofuranyl, benzothiophenyl,
benzoxazolyl, benzoxazolinyl, benzthiazolyl, benztriazolyl, benzietrazoiyl, benzisoxazolyl,
benziscthiazolyl, benzimidazolinyl, carbazolyl, 4aH carbazolyl, carbolinyl, chromanyl,
chromsanyl, cinnolinyd, decahydroguinolinyd, 2H 6H-1,5 2-dithiazinyl, dihydrofursf2,3
bltetrahydrofuran, furanyl, furazanyl, imidazolidinyl, imidazolinyl, imidazolyl, TH-indazolyl,
indoleny!l, indolinyl, indolizinvl, indolvl, 3H-indolyl, isatinoyl, ischenzofuranyl, isochromanyl,
isoindazolyl, iscindolinyl, isoindolyl, isoquinclinyl, isothiazolyl, isoxazolyl, methylenedioxyphenyl,
morpholinyl,  naphthyridinyl,  octahydroisoquinalinyl, oxadiazolyl, 1,2,3-oxadiazolyl, 1,24~
oxadiazoiyl, 1,2,5-oxadiazolyl, 1,3 4-oxadiazolyl, oxazolidinyl, oxazolyl, oxindolyl, pyrimidinyl,
phenanthridinyl, phenanthrolinyl, phenazinyl, phenothiazinyl, phenoxathinyl, phenoxazinyl,
phthalazinyl, piperazinyl, piperidinyl, piperidonyl, 4-pipsridonyl, piperonyl, pleridinyl, purinyl,
pyranyl, pyrazinyl, pyrazolidinyl, pyrazolinyl, pyrazolyl, pyridazinyl, pyridooxazole,
pyridoimidazole, pyridothiazole, pyridinyl, pyridyl, pyrimidinyl, pyrrolidinyl, pyrrolinyl, 2H-pyrrobyl,
pyrrolyl, quinazolinyl, quinolinyl, 4H-quinolizinyl, quinoxalinyl, quinuclidinyi, tetrahydrofuranyl,
tetrahvydroisoquinolinyt, tetrahydroquinelinyl, tetrazolyl, 6H-1,2,5-thiadiazinyl, 1,2,3-thiadiazolvl,
1,2, 4-thiadiazolyl, 1,2, 5-thiadiazoiyl, 1,3 4-thiadiazolyl, thianthrenyl, thiazolyl, thienyi,
thienothiazolyl, thisnooxazolyl, thiensimidazolyl, thiophanyl, and xanthenyl, Cne or more of the

rings can be subsiituted as defined above for "aryl.

[0080] The term "aralkyl®, as used herein, refers to an alky! group substituted with an aryl group

{e.g., an aromatic or hetercaromatic group).

[0081] The term “aralkyloxy” can bs represented by —O-aralkyl, wharsin aralkyl is as dafined

above.

[0082] The term "carbocycle”, as used herein, refers to an aromatic or non-aromatic ring(s) in

which sach atom of the ring(s) is carbon.
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[0083] “Heterocyole” or “hsterocyclic”, as used herein, refers to a monocyclic or bicyclic
structure coniaining 3-10 ring atoms, and preferably from 5-8 ring aioms, consisting of carbon
and one to four heteroatoms each selected from the group consisting of non-peroxide oxygen,
sulfur, and N{Y) wherein Y is absent oris H, O, {C+-Cq) alkyl, phenyt or benzyl, and optionally
containing 1-3 double bonds and optionally substituted with one or more substituents. Examples
of heterocyclic rings include, but are not limied to, benzimidazolvi, benzofuranyl,
benzothiofuranyl, benzothiophenyl, benzoxazolyl, benzoxazolinyl, benzthiazolyl, benziriazolyl,
benztetrazolyl, benzisoxazolyl, benzisothiazolyl, benzimidazolinyl, carbazolyl, 4daH carbazolyl,
carbolinyi, chromanyi, chromenyi, cinnolinyl, decahydroguinolinyl, 2H 6H-1,5,2-dithiazinyl,
dihydrofuro{2,3 bltetrahydrofuran, furanyl, furazanyl, imidazolidinyl, imidazolinyl, imidazolyl, 1H-
indazolyl, indolenyi, indolinyl, indolizinyl, indolyl, 3H-indolyl, isatinovl, isobenzofuranyl,
isochromanyl, isoindazolyl, iscindolinyl, iscindolyl, isoquinolinyl, isothiazolyl, isoxazolyl,
methylenedioxyphenyl, morpholinyl, naphthyridinyl, octahydroisoquinolinyl, oxadiazolyl, 1,2,3-
oxadiazoiyl, 1,2 4-oxadiazoiyl, 1,2 5-oxadiazolyi, 1,3 4-oxadiazolyi, oxazolidinyl, oxazolyl,
oxgpanyl, oxetanvi, oxindoll, pyrimidinyl, phenanihridinyl, phenanthrolinyl, phenazinyl,
phencthiazinyl, phenoxathinyl, phenoxazinyt, phthalazinyl, piperazinyl, piperidinyl, piperidonyl,
4-piperidonyl, piperonyl, pleridinyl, purinyl, pyranyl, pyrazinyl, pyrazolidinyl, pyrazolinyl,
pyrazolyl, pyridazinyl, pyridooxazole, pyridoimidazole, pyridothiazole, pyridinyl, pyridyl,
pyrimidinyl, pyrrolidinyl, pyrrolinyl, 2H-pyrrolvi, pyrrolyl, quinazolinyl, quinclinyl, 4H-quinolizinyl,
guinoxalinyl, quinuclidinyt, tetrahydrofuranyl, tetrahydroisoquinolinyt,  tetrahydropyranyl,
tetrahydroquinolinyl, tetrazolyl, 6H-1,2 5-thiadiazinyl, 1,2,3-thiadiazolyl, 1,2, 4-thiadiazolyl, 1,2,5-
thiadiazolvl, 1,3 4-thiadiazolyl, thianthrenyl, thiazolyl, thienyl, thienothiazolyl, thienooxazolyl,
thisnoimidazolyl, thiophenyi, and xanthenyl. Heterocyclic groups can optionally be substituted
with one or more substiluents at one or more positions as defined above for alkyl and aryl, for
example, halogen, alkyl, aralkyl, alkenyi, alkynyl, cycloatkyl, hydroxyl, amino, nitro, sulfhydrvl,
imino, amido, phosphate, phosphonate, phosphinate, carbonyl, carboxyl, silyl, ether, alkyithio,
sulfonyl, ketone, aldehyde, ester, a heterocyclyl, an aromatic or heteroaromatic moiety, -CFs, -
CN, or the like.

[0084] The term "carbonyl” is art-recognized and includes such moisties as can be represenied

by the general formula:

_u_x.......R or .........X_H_R!
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[0088] wharein X is a bond or represents an oxygen or a sulfur, and R and R’ are as defined
above. Where X is an oxygen and R or R’ is not hydrogen, the formula represents an "sster”
Where X is an oxygen and R is as defined above, the moiety is referred {0 herein as a carboxyl
group, and particularly when R is a hydrogen, the formula represents a "carboxylic acid”. Where
X is an oxygen and R’ is hydrogen, the formula represenis a "formate”™. In general, where the
oxygen atom of the above formula is replaced by sulfur, the formula represents a "thiocarbony!”
group. Where X is a sulfur and R or R’ is not hydrogen, the formula represents a "thicester.”
Where X is a sulfur and R is hydrogen, the formula represents a "thiocarboxylic acid.” Where X
is a sulfur and R’ is hydrogen, the formula represenis a "thioformate.” On the other hand, where
Xis a bond, and R is not hydrogen, the above formula represents a "ketong” group. Whsre X is

a bond, and R is hydrogen, the above formula represants an "aldehyde” group.

[0086] The ferm "helercatom” as used herein means an atom of any element other than carbon
or hydrogen. Preferred heteroatoms are boron, nitrogen, oxygen, phosphorus, sulfur, and

selenium. Other hetercatoms include silicon and arsenic

(00871 As used herein, the ferm "nitro” maans -NOj; the term "halogen” designates -F, -Ci, -Br,
or -, the term "sulfhydryl" means -SH,; the term “hydroxyl” means -OH; and the term "sulfonyl”

means -S0,-.

[0088] The term “substituted” as used herein, refers o all permissible substituents of ths
compounds described herein.  In the broadest sense, the psrmissible substiluenis include
acyclic and cyclic, branched and unbranched, carbocyclic and heterocyclic, aromatic and
nonaromatic substituents of organic compounds. lllustrative substituents include, but are not
limited to, halogens, hydroxyl groups, or any other organic groupings containing any number of
carbon atoms, preferably 1-14 carbon atoms, and optionally include ons or more heteroatoms
such as oxygsn, sulfur, or nitrogen grouping in linear, branched, or cyclic structural formats.
Representative substituents include alkyl, subsiifuted alkyl, alkenyl, substituted alkenyi, alkynyl,
substituted alkyny!l, phenyl, substituted phenyl, aryl, subsiituted aryl, hetercaryl, substituted
heteroaryl, halo, hydroxyl, alkoxy, substituted alkoxy, phenoxy, substituted phenoxy, aroxy,
substituted aroxy, alkylthio, substituted alkyithio, phenylthio, substituied phenyithio, aryithio,
substituied aryithio, cyano, isocvano, substituted isocvano, carbonyl, substituted carbonyl,
carboxyl, substifuted carboxyl, amino, substifuted amino, amido, substituted amido, sulfonyl,

substituted sulfonyl, sulfonic acid, phosphoryl, substituted phosphoryl, phosphonyl, substituted
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phosphonyi, polvaryl, substituled polyaryl, Cs-Cyo cyclic, substituted Cs-Cy cydlic, heterocyclic,

substituted helerocyclic, amino acid, peptide, and polypeplide groups.

[0089] Heteroatoms such as nitrogen may have hydrogen substituents and/or any permissible
substituents of organic compounds described herein which satisfy the valences of the
heteroatoms. It is understood that “substitution” or "substituted’ includes the implicit proviso that
such substitution is in accordance with permitted valence of the substiluted atom and the
substifuent, and that the substitution results in a stable compound, i.e., a compound that does
not spontanecusly undergo transformation such as by rearrangement, cyclization, elimination,

etc.
Compositions for binding contaminants in water

[0090] A varisty of compositions are provided thal overcome one or more of the aforementioned
deficiencies. In some aspects, the compositions can bind one or more contaminanis from a
source of water, including wastewater, urine, drinking waler, sea waler, or any other source of

water containing contaminants.

[0091] The compositions can include a porous organic polymer having a pluralily of repeat uniis
and a plurality of pores having a hierarchical pore size distribution over a range of pore sizes.
The examples demonsirate that by coniroliing the structure of the repeat units, the compositions
can be made having controllable pore sizes and hierarchical pore size distributions over a rangs
of pore sizes. The pores can have a higrarchical pore size distiibution. In some aspects, the
range of pore sizes is at least 5 nm, at least 8 nm, or at least 10 nm. In some aspects, the rangs
of pore sizes is about 1 nmto 10 nm, about 1 nmio 8 nm, about 1 nmto 5 nm, or about 5 nmto
10 nm. In some aspscts, the hierarchical pore size distribution is determined based upon at
least 60% of the pore sizes in the range of pore sizes having a pore volume of at least 0.01 cm?®
gt in the pore size distribution, wharein the pore size distribution is based on a non-local density
functional theory model applied {o a nitrogen adsorption isotherm for the POP measured at 77
K. In some aspects, the range of pore sizes is about 1 nm {o about 10 nm; and at least 80% of

the pore sizes in the pore size distribution have a pore volurme of at least 0.01 cm® g,

[8092] Ths compositions have a plurality of ons or more repeat unit structures. In soms
aspects, in order to bind mulliple types of contaminants, multiple different types of repeat units
can be included. For example, 2, 3, 4, or more different repeat unit structures can be included in
the same composition. In some aspects, the repeat units are overall the same and differ only in

that they have different binding moisties atiached to the repsat unit. For example, in some
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aspects, the compositions may include a chioride substituent on some repeat unils for binding
urea and amine binding moieties for binding an inorganic metal contaminant. In some aspects,
the compositions include a first plurality of repeat unils and a second plurality of repeat unils,
wherein the repeat units in the second plurality of repeat units are different from the repeat uniis

in the first plurality of repeat units.

[80093] In some aspects, the plurality of repeat units gach have a structure according to any one

of Formuia 1A-Formula 1C

Formula {A Formula IB Formula 1C

where each occurrence of R is independently a hydrogen, a halide, an alkyl or heteroalkyl
having 110 5, 110 3, 2 io 5, or 1 {0 4 carbon aloms, or a binding moiety, so long as at least one
occurrence of RY is a binding moiety; wherein each cccurrence of the binding moiely is
independently selected from the group consisting of a nitro subsiituent, a thiol subsiituent, a
halide substituent, a conjugate base substituent, an ammonium substituent, a pyridinium
substituent, an imidazolium substifuent, an a sall thereof, where each occumrance of R?2 is
independently an alkyt having 1 10 5, 110 3, 2 t0 5, or 1 to 4 carbon atoms; and where sach

occurrence of A? is independently none or a subsiituted or unsubstituted phenyl.

[0094] A variety of binding moieties can be used for binding contaminanis in water. In some
aspects, the composition is multifunctional including 2, 3, 4, 5, or more different binding
moieties. In some aspects, the binding moiety comprises a halide selected from the group
consisting of a chioride, a bromide, and an iodide. In some aspects, the binding maiely
comprises a conjugate base substituent or a salt thereof, wherein the conjugate base is
selected from the group consisting of sulfate and nitrate. In some aspects, the binding moisty
comprises an ammonium substituent or a salt thereof, and the ammonium substiluent has a

structure according to the following formula
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R3
o
N

RE

Rl‘i

where R? R4 and R® are hydrogen; or where R3, R4, and R® are each independently seiected
from the group consisting of hydrogen and alkyl, heleroalkyl, and alkoxy having 110 5, 1t0 3, 2
to 5, or 1 to 4 carbon atoms ; or where R* is hydrogen, and where R® and R® are each
indspendenily selscied from the group consisting of carboxylic acids having 167,210 7,210
5, 110 5, or 3 fo 7 carbon atoms. In some aspects, the binding moiety comprises a thiol
substituent having a sfructure according fo the following formula ~R8SH, where R? is selected
from the group consisting of none, alky having 110 7,2t 7,2t 5 110 5, or 3 1o 7 carbon
atoms, hetersalky having 1to 7, 2107, 210 5, 1 10 5, or 3 {o 7 carbon atoms and alkylthio
having 1107, 2107, 210 5, 1105, or 3 10 7 carbon atoms. In some aspecis, the binding moiety
comprises a pyridinium substituent or a salt thereof, where the pyridinium subsiituent has a

structure according o the foliowing formula

where R7 is selected from the group consisting of hydrogen, alkyl having 1to 7, 2107, 2 10 5, 1
to 5, or 3 to 7 carbon atoms, and hetercalkyl having 110 7,210 7,210 5, 110 5, or 3 {0 7 carbon
atoms. In some aspects, the binding moiety comprises an imidazolium substitusent or a salt

thereof, where the imidazolium substituent has a structure according to the following formula

E'ﬂ

—
\,
where R% is an alkyl having 110 7,210 7,210 5, 110 5, or 3 to 7 carbon atormns or heteroalkyi
having 1107, 2107, 2105, 1105, or 310 7 carbon atoms; and where B! and B? are sach
independently selectad from the group consisting of hydrogen, alkyl, imidazolium, and aikyl

imidazolium, so long as at least one occurrence of B! or B2 is an imidazolium or alky!

imidazolium.
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[0098] In some aspects, the rapeat units in the plurality of repeat unils each have a siructure

according {o any one of Formula 2A-Formula 2C where R is as defined abovs.

Formula 2C

Formula 2B

[0096] In some aspscis, the repeat units in the plurality of repeat units each have a structurs

according to any one of Formula 3A-Formula 3C

5y
R1 2
| 3
12
o R\A3 R11
PN
R'i 0
R’i G
Formula 3A Formula 3B Formula 3C

s and

where each occurrence of R' is independently a hydrogen, a halide, or an alkyl or heteroaltkyi
having 1 to 3 carbon atoms; where each occurrence of R is independently a hydrogen, -NH,, -

NHR'3, or -NRPR™ where esach cccurrence of R and R™ is independently an alkyl or
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heteroalky! having 1 to 3 carbon atoms; where gach occurrence of R' is independently an alkyl
having 1 {0 3 carbon atoms; and where each occurrence of A is independently none or a

substituied or unsubstituted phenvl.

[0097] in some aspects, the repeat units in the plurality of repeat units each have a struciure

according to any one of Formula 4A-Formuia 4C

5
REZ
|
20 4
R . R?\:fi A
qu A4 RQ'E
E Ty ' N
N / A4 N "/ R2O
\RZE‘,\
RZO RZO
Formula 4A Formula 4B Formula 4C

where each occurrence of R?° and R* is independently a hydrogen, a halide, an alkyl or
heteroalkyl having 1 to 3 carbon atoms, -NH,, -NHR™, or -NRBR% where each occurrencs of
R'S and R is independently an alkyl or heteroalky! having 1 io 3 carbon atoms;whers each
occurrence of R is independently an alkyl having 1 to 3 carbon atoms; and where each

occurrence of A is independently none or a substituted or unsubstituted phenvi.

[0098] The pores can have a higrarchical pore size distribution. In some aspecis, the range of
pore sizes is at least 5 nm, at least 8 nm, or at least 10 nm. In some aspects, the range of pore
sizes is about 1 nmio 10 nm, about 1 nmto 8 nim, about 1 nmio 5 nm, orabout 5 nmio 10 nm.
in some aspects, the hierarchical pore size disiribution is determined based upon at least 60%
of the pore sizes in the range of pore sizes having a pore volume of at least 0.01 cm® gt in the
pore size distribution, wherein the pore size distribution is based on & non-local density
functional theory model applied to a nitrogen adsorplion isotherm for the POP measured at 77
K. In some aspects, the range of pore sizes is about 1 nm to about 10 nmy; and at least 80% of

the pore sizes in the pore size distribution have a pore volume of at least 0.01 cm® g
EXAMPLES

[0099] Two classes of POPs: POPs containing a 3D porous architecture and POPs featuring
hierarchical porosity will be developed as reversible “nano-traps”, and their synthesis will rely on

the rational design of modular MBBs that are sasily customized in-house to vary it for a3 range of
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target contaminants. For heavy metal or anionic metal cluster removal, the modular MBEs can
be functionalized with diffsrent binding/exchanging sites that havs previously shown high

affinities fowards contaminants as outlined in Table 4.

Tabie 4: Binding mechanism of common inorganic contaminantis in water.

Contaminant | Binding site Binding
Mechanism
Hg?t Thiol Hard-soft
acid-base
Pb# Thiol Hard-soft
acid-base
s B Iminodiacetic Chelation
acid

CrOr% Sulfate Anion
exchange

AsOq* Chioride Anion
exchangs

AsOs* Chiloride Anion
exchange

[0100] Now having described the embodiments of the present disclosure, in general, the
following Examples describe some additional embodiments of the present disclosure. While
embodiments of the present disclosure are described in connection with the following examples
and the corresponding fext and figures, there is no intent o limit embodiments of the present
disclosure to this description. On the confrary, the intent is to cover all alernatives,
modifications, and equivalents included within the spirit and scope of embodiments of the

present disclosure.

Example 1. Synthesis of sulfuric acid functionalized polymer for ammonia

recovery

o
e
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[0101] 4, 4-divinyibiphenyi (2): 1 (3.0 g, 9.6 mmol), potassium vinvltrifluoroborate (3.35 g, 251
mmol), K.COz (4 g, 28.9 mmol), and Pd(PPhs)s (0.25 g, 0.213 mmol) were dissolved in a
mixiure of toluene (25 mi), THF (25 mL), and HO (10 ml), and the resulling mixiure was
refluxed at 80 °C undsr N2 atmospheare for 48 hr. The product was exiracted with ethyl acelate,
washed with brine, dried over MgS0,, and evaporated under reduced pressure, giving the crude
compound which was then purified by flash chromatography with hexane as sluent {o afford the
title comnpound as a white powder. 'H NMR (400 MHz, dmso-d6) 8 7.65 (d, J = 7.6 Hz, 3H), 7.53
(d, J=7.6Hz 3H),6.84 -~ 6.66 (m, 1H), 585 (d, J= 17.7 Hz, 1H), 5.26 (d, J = 10.8 Hz, 1H).

[0102] Synthesis of polymer {3): 2 (1.0 g} was dissolved in DMF (10 mi), followed by the
addition of free radical initiator azobisiscbutyronitrile (AIBN, 0.025 g). After stirring at room
temperature to achieve homogeneity, the mixture was transferred into a 20 mL auloclave and
heated to 100 °C overnight. A white powder was obtained by exiracting the DMF solvent with
EiCH and drying in a vacuum oven at 50 °C for 12 hr.

[0103] Synihesis of polymer (4): 3 (1.0 g) was suspended in 40 mL fuming sulfuric acid while
stirring at room temperature for one hour. The temperature was then increased fo 50 “C and
allowed 1o stir for 3 days. The product was added o 1 L of ice and the solid was collected by
filtration. To exchange with Na* the solid was stirred in 1 M NaCl solution for two days and then
washed with 0.1 M NaCH. The light brown product was obiained after drving in a vacuum oven
at 50 °C for 12 hr.

Ammonium (NH.") Removal

[0104] Kinsfic fesfs. A kinelic fest was performed using synthelic hydrolyzed uring at a
constant resin dose fo determine the equilibrium fime. All kinetic tests were conducied at
ambient laboratory temperature (approx. 23 °C). 0.05 g of sulfuric acid functionalized polymer
was added to clear glass screw thread vials containing 5 ml of synthetic hydrolyzed urine.
Samples were mixed on a SK-0180-Pro Digilal Orbital Shaker at 200rpm for 5 min, 30 min, 1 h,
2h,6h, 1d, and 2 d Ths conirol samples consisted of hydrolyzed urine with no resin and were
mixed for the maximum duration of the experiment. Samples were fillered immediaiely afier
mixing using 0.45 um filters (Whatman® membrane)} to separate resin from solution, and the
filirates were analyzed by Timeberiine-2800 ammonia & nitrate analyzer for the remaining NHs*

conceniration.
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[0108] Equilibricem tests. Equilibrium tests were performed using synthetic hydrolyzed uring at
saveral resin doses. All squilibrium tests wsre conducted at ambient laboratory temperature
{approx. 23 °C). Samples were mixed for 6 hours on a SK-0180-Pro Digital Orbital Shaker at
200rmpm. 01 g, 0,15 ¢, 0,2 g, 0.25 g and 0.3 g of sulfuric acid functionalized polymer was added
to clear glass screw thread vials containing 5 ml of a synthetic hydrolyzed urine. Samples were
run in friplicate with control samples (no resin) for hydrolyzed uring. Samples ware fillered
immediately after mixing using 0.45 um fillers (Whatman® membrane) io separate resin from
solution, and the filtrales were analvzed by Timeberline-2800 ammonia & nitrate analyzer for the
remaining NHs" concentration.

[0106] Sorption models. The amount of sorplion at time {, g (mg NH4Y/q), was calculated using
Equation 10:

g, = ome¥ (10)

m

where ¢p and ¢ represent the initial and equilibrium concentration of ammonium ion in agueous
solution {mg NH4*/L), V is the volume of the ammonium solution (L) and m is the amount of
adsorbeni (g). Pseudo-second-order model were used o describe the kinetic daia, and the

Langmuir isotherm model was used o describe the equilibrium data.
Results

[0107] FIG. 3 shows N, sorption isotherms for polymers 3 and 4 with Brunauer-Emmett-Teller
(BET) surface areas of 770 and 340 m¥g, respaciively FIG. 4 shows batch kinstic tests showing
NH+* concentration flowing confact time (Steady-state removal from 2 h to 8 h). FlG. § shows
equilibrium Kinetic tests showing NH.* conceniration flowing treatment with various dose. FiG. §
shows kinetic modeling of NHs* sorplion from hydrolyzed urine {6 adsorbent (Pssudo-sscond-
order model fit). Experimental data from FIG. 4. FiG. 7 shows equilibrium modsling of NH4*
sorption from hydrolyzed urine to adsorbant (Langmuir mode! fit). Experimental data from FIG,
5,

Example 2: Efficient Nutrient Recover from Urine fo Prevent Downstream

Wastewater Treatment Cosis and the Resell of Valuable Commodities

Materials Design and Synthasis:

[0108] We will explore the use of hierarchical porous materials (i.e. existence of micropores (£ 2
nm), mesopores {between 2 and 50 nm) and macropores (> 50 nm)) where the micropores will

serve as “nanc-traps” 10 adsorb nutrients, while the larger pores aliow for a high flux. We will
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use free-radical polymerization reactions bebween functionalized molecular building blocks
(MBBs} as shown in FIG. 2 o synthesize the porous organic polymers (POPs). 1t has been
shown that hierarchical porous structures facililate the diffusion of reactants thereby enhancing
the catalysis performances as demonstrated in hierarchical porous zeolites (54) and also in our
recent work of constructing a hierarchical porous ionic organic polymer for heterogensous
phase fransfer catalysis.(55) Therefore, we envision that the creation of hierarchical porosity
into the POP-based reversible “nano-traps” will greatly accelerate the mass transfer of the
nutrients thereby further improving its efficiency. On the basis of our recent success in
constructing hierarchical porous POPs, (85, 56) we will use scivothermal fres-radical
polymerization reactions which afford higher yields than coupling reactions, to selectively cross-
link molecular building blocks, MBBs, with vinyl-functionalized muoieties to form POP-based
raeversible “nano-traps” with hisrarchical porosity that contain a high density of nuirient binding
functional groups. The functional group attachment will occur either prior or post polymerization
and functionalization with metal ions will occur in a post synthetic step after polymerization. FiG.

2 outlines the general procedurs in acquiring POPs for nutrient recovery from urine.

Characterizations:

[0109] To reveal the local structures of the constructed POP-based reversible “nano-traps”, we
will first perform solid-siate NMR, FTIR and UV-Vis studies. Based on their structural modeis
designed and built in structure modeling softwars, we will collsct, compare and analyze powder
X-ray diffraction (PXRD) and small-angle X-ray scatiering/difiraction (SAXS/D) palterns for the
POP materials using equipment available in the Pl's lab and with equipment from the
Engineering and Physics departmenis at USF. Elemental analysis will also be performed fo
determine the resulling chemical makeup of the POPs for iis carbon, hydrogen, nitrogen, and
metal composition by X-ray photoelsciron spectroscopy, CHNS combustion analyzer, and 1CP-
MS. These combined studies will allow for full material characterization and o quaniify the

amount of binding/exchanging groups in our POP-based reversible “nano-iraps”.

[0110] The POPs, and their postsynthetic modification, surface areas and pore size
distributions will be sxamined using a surface arsa and pore volume analyzers in the Pl's lab.
The measured surface areas and pore size distribulions will also be compared with those

calculated from structural models describing the interior of the materials.

[0111] To study their thermal stability and framework robusiness, thermal gravimetric analysis

(TGA) will be performed on the fresh and activated samples using our TGA instrument. Their
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water/chemical stabiliies will be investigatsd by exposing the samples io boiling water and
acidic and basic sclutions, which will be followed by the characlerization technigues mentioned
above. Simulated durability experiments will be conducied by exposing the POPs o high
humidity for a period of six months (simulated storage lifetime), which will be followed up by the
characterization technigues mentioned above and adsorption experiments. Polymer swelling will

be evaluaied by the changs in material gaomelry and its change in weight.

Urea and phosphate Testing:

[0112] Initial evaluation of 15 POPs will undergo urea and phosphate adsorption testing. The
concentration of urea and phosphate in synthetic human urine is egual to 25.0 g/l (416 mM)
and 2.8 ¢/L {16 mM), respectivaly. Solutions will be prepared in pure water (Millipore) o the
exact conceniration and its pH will be adjusted for fresh urine (5.6<pH=6.8) using HCl or NaCOH
{1 M). Baich equilibrium tests will be performed in amber bottles containing 100 ml of the stock
solution and varying amounis of the POPs will be added {0 the stock solutions and shaken at
200 rpm for 2 h (lime required for equilibrium 10 be rsached) {(87). These tests will be run in
triplicate with control samples (no POPs added) for the stock solution. The sample aliquols ars
collected and urea and phosphate concenirations will be measured. Urea concentrations will be
determined by ammonium (NHs*) analysis after samples added with urease in order to convert
urea nitrogen into NHs". (58} Ammonium and phosphats concentrations will be analyzed
according to the Timberling method (USEPA ATP No. N08-0004) and the Ascorbic acid method
4500-P, respectively (APPHA et al., 2012).(59) Additional equilibrium tests will be conducted
with varying the experimental conditions for pH and temperature. Three temperature setlings
will be used and they include 32 °C, 37 °C, and 42 °C, which span + 5 °C from body

tempsrature. The pH values will begin at 5.8 and increase by 0.3 pH units.

Synthetic Urine Testing:

[0113] The standard solutions for the synthelic fresh urine testing is based on Griffith st al
account from 1976 and modified by Torzewska et al.(60, 61) The composition we will use is
listed in Table 1. Similar to the urea and phosphale fssts, the batch equilibrium tests will bs
performed using synthetic urine. Both pH and temperature will be evaluated and repeated in
triplicate for data collection from the top 5 performing POPs from the first round of nutrient
recovery festing. The kinstic sxperimenis will also be conducted at a constant POPs dose to
determine ths eguilibrium time. The samples will be taken at pre-destermined fime intervals
including equilibrium time.
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Human Urine Testing:

[0114] Human urine will be collected from healthy male and female individuals aged between
18 and 40. Gathered urine will be mixed prior to its evaluation on the three best performing
POPs from the synthelic urine testing. Urine will sit for no longer than 2 hours and be
maintained at 37 “C prior to nutrient recovery testing. Temperature and pH will not be altered in
this final round of testing, but will be monitored before and after the experiment. Both equilibrium
tests and kinetic experiments will be performed for human urine to investigate the impact of

other constitusnts in real human urine on the adsorption of ursa and phosphate to the POPs.

Regeneration;

[01158] A regenerate solution will be developed to disrupt the hydrogen bonds and coordinate
covalent bond with the nutrients. We will alter the pH of the regenerative solution to capitalize on
the functional groups’ pKa constants, thus disrupl interactions with the bound nutrients. Ths
PCOPs saturated during the batch equilibrium test will be mixed with the regeneration solution for
2 h. The regeneration solution will be analyzed for urea and phosphate o determine the amount
of nutrient desorbed from the POPs (mass balance). Then the POPs will be resvaluated with the
same characierization technigues used after the initial POP synthesis. A minimum of 10
regeneration/recycling experiments will be performsd and compared with the original adsorption

properties.

Analysis and Reporting;

[0116] The POP malerials will be exposed to controlied analytes under laboralory conditions.
Batch experiments will be designed to test the efficiencies and effectiveness {o remove nutrients
from water and urga at different nutrient concentrations and temperaiures. Control experiments
will also be conducted on benchmark aclivated carbons, clays, zeolites, and ion-exchange
resins to set a base line to compare our POP-based reversible “nano-traps”. Researcher’s
handling urine will follow and obey ail safety and health regulations and all hazardous waste will

be disposed properly by the Pl's institute.

Analysis of performance metrics for nutrient removak;

[0117] To assess the performances of the POPs on individual nutrients, the adsorption data will
be analyzed for its kinetic and thermodynamic properties (Table 2). The amount of nutrient
adsorbed by the POPs will be calculated using eguation 1. The distribution coefficient, Ky will be

calculated by equation 2 and the POPs removal efficiency, removal %, will be calculated from
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equation 3. To detsrmine the maximum uplake capacily for a single nutrient we will use the
Langmuir model, equation 4, or Langmuir-Frsundlich, sguation 5, which will be used {o
determine how many binding siles were ulilized when nulrients are adsorbed. To undersiand
the adsorption kinetics of the POP-based reversible “nano-traps,” the adsorption process will
use semi-empirical kinetic models of the pseudo-first- or pseudo-second-order, equations 6 and
7, respectively. Thermodynamic propertias will be gathersd and evaluated using squations &
and 8. To guide the design of scale-up columns, the modeling framework integraling ion
exchange and resin regeneration developed by co-Pl Zhang's research group will be used to
simulate the performance of ion exchange and regeneration processes using the isotherm and

kinetic data obtained from the baich experiments.(62)

Breakthrough expeariments and scale-up tesis:

[0118] The POP materials showing very high adsorplion capacity, fast kinetics, and high
selectivity of target nutrients in the batch lests will be selscied for breakthrough evaluation on
the removal of individual nutrients and human urine for comparison. The breakthrough
experiments will be conducted using a programmabls syringe pump, of which the syringe will be
packed with 0.5g to 1g of POP material. The top candidate from the lab scale breakihrough
evaluations will be scaled up fo an adapler that is similar as activated carbon filters used in
water pitchers at household level. Synthetic fresh urine (220 ml) will be added to the adapter
over a 15-second time interval {0 simulate an urination event. The effluent from the adaptsr after
each urination event will be collected and the concentration of urea and phosphate will be
measured. The number of urination events will be determined until the column is fully saturated.
The data will feed into the modeling framework mentioned above to modify the design of the
adapter. Such an adapior can be designed to be placed within a loilet/urinal and can be

produced by 3D printing.
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Table 1. Characteristics of synthetic urine

Composition Amount {g/L)
CaCly 2H0 0.85
MgCl6H0 0.651
NaCl 46
Na:S0, 2.3
NazCHaO7 2H0 0.65
NayCao04 0.020
KHPO4 2.8
KCI 1.6
NH4CI 1.0
CaHiNzO 1.1
Urea 25.0
Tryptic soy broth 10.0
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Table 2: Equations list for performance

Eguation Formula®
1 oV
Ge = (CG"Ce)x;n"
Cq—
2 Ky=2ul8xV/m
Ce
3 Cy—C
% removal = — %% 100
B
4 _(_i - C, + 1
Ye Gmax KL Gmax
3 QK"
RO L
6 dn )
%:kl X (n, —nj
7 dn .
e ko X (n, —n)*
8 mKd = Asgds N AH{?ds
R RT
g AGS . = AHS, —~ TASD,.

*adsorption capacily, g.; initial concentration, Cp; equilibrium concentration, Ce; volume, V, mass,
m; distribution coefficient, Ky maximum adsorplion capacily, guex, Langmuir adsorplion
constani, K., adsorption capacily, Q. affinity constant, K,; index of heterogensity, h; 15t order
rate constant, ks 2™ order rate constant, &z amount adsorbed al specified tims, 1, amount
adsorbed at equilibrium, ne;  time, §; entropy, S; enthalpy, H; ideal gas constant, R; temperaturs,

T: Gibbs free snergy, G.

Example 3: Design and construction of functional POPs containing a 3D porous

architecture

[8119] Considering their excsptionally high surface arsas and funable pore sizes, ws will
concenirate on rational design and synthesis of three families of POP ‘platforms” dia
{diamond)-topology POPs, tho (lwisted boroncite)-topology POPs, and nbeo (niobium oxide)-
topology POPs under the guidance of “crysial engineering”, which reprssents a useful and
effective approach to build extended networks with {argeted topologies and desired propsriies

as well demonstrated in the MOF area. The 3D porous archilectures of these three families of
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POP platforms will allow multiple entrance poinis for contaminanis o reach the active sites

“‘nanc-traps” thus increasing its efficiency if pores become blocksd,

[0120] dia-topology POP-based reversible “nano-fraps”. Crysial engineering strategies
apply for the design of dia-topoiogy networks which require soisly tetrahedral organic MBBs for
their synthesis or a combination of telrahedral MBBs and linear linkers as shown in FIG. 9. Ws
will use the Yamamecio homo-coupling reaction io link bromophenvisthenyl terminated
teirahedral MBRs and hetero-coupling reactions (Suzuki, Negishi) to join linear linkers and
tetrahedral MBBs. The pore size and chemistry of dia-topology POPs will be systematically
altered using a series of modifiable moieties as shown in FIGS. 12A-12D. The binding or
exchanging sites through the aforementioned functional groups (FIG. 8A) for iarget
contaminants will be added before or after synthesis of the POPs o afford dia-topology POP-

based reversible “nano-fraps”.

[0121] tbo-topology POP-based reversible “nanc-traps”. Under the guidance of “crystal
engineering’, cross-linking the triangular MBB with the square planar MBB would afford a tbo-
topology network (FIG. 18) as sxemplified by the prototype MOF of HKUST-1 that consists of
polvhedral cages. The tho-topology POP will be targeted through the cross coupling reaction of
the triangular functional organic MBB and the square planar functional organic MBB. A series of
custom designed square or triangular MBBS are shown in FIGS. 12E-12L, and can be
combined together to alter the pore size and chemistry. The tho-topoiogy POP-based reversible
“nano-traps” will be achieved by grafting the aforementioned functional groups (FIG. 8A) for

target contaminants before or afler synthesis of the POPs.

nbo-topology POP-based reversible “nanc-traps”. According o the principle of “crystal
engineering’, nbo-topology nebtworks can be designed by linking square MBBs at perpendicular
angles as shown in FIG. 11, Using square MBBs from the tbo networks they can be joined with
lingar linkers that rotate the plans bstwesen squars MBBs by 80° as shown in FIG. 126G, Similar
to dia-topeology and tbo-topology POP-based reversible "nano-traps”, the aforementioned
functional groups (FIG. 84) for targst contaminanis can be added prs or post-synthesis to afford
functionalized nbo-fopology POPs as reversible “nano-traps”. The combination of squares and
twisted linear linkers will alter the pore size and chemical recognition groups within the nbo-

topology POPs.
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Example 4: Design and synthesis of functional POPs featuring hierarchical

porosity

3.1.2 Dasign and synthesis of functional POPs featuring hierarchical porosity.

[0122] it has been shown that hierarchical porous siructure (i.e. existence of both micropores
and mesopores) can facilitate the diffusion of reactanis thereby enhancing the catalysis
performances as demonstrated in hisrarchical porous zeolites and alsc our recent work of
constructing a hierarchical porous ionic organic polymer for heterogeneous phase transfer
catalysis. Therefore, we envision that the creation of hierarchical porosity into the POP-based
reversible “nano-traps” will greally accelerate the mass transfer of the contaminanis thereby
further improving the deconiamination efficiency. On the basis of our recent success in
constructing hierarchical porous POPs, we will use solvothermal free-radical polymerization
reactions which afford higher vields than coupling reactions, to selectively cross-link MBBs with
vinyl-functionalized moisties o form POP-based reversible “nano-traps” with hierarchical
porosity that contain a high densily of contaminant binding funclional groups. We have
achieved control over the porosily (surfacs area and pore size) by controlling the synthetic
conditions during polymerization. As shown in FiG. 13 the MBBs contain vinvi moieties and the

decontaminating group can be included prior {0 synthesis or added or post-synthetically.

3.1.3 Post-synthetic modification procedurs.

[0123] The pore sizas of POP plafforms can easily be varied during ils synthesis from the
starting materials, but its chemical funclionality may inhibit the overall synthesis. Using post-
synthetic modification (PSM) procedures, the chemical functionality specific for contaminanis
will be included. The same technigques {0 modify the MBB prior to POP syntheses wili be used.
This mathod allows a library of materials to be synthesized quickly to evaluate structure-function

properiies to adsorb larget contaminants.

3.1.4 Characterizations of POP-based reversible "nanc-irap” platforms.

[0124] To reveal the local structures of the constructed POP-based reversible “nano-traps”, we
will first perform solid-state NMR siudies. Based on thair structural models designed and built in
structure maodeling software, we will collect, compare and analyze powder X-ray diffraction and
small-angle X-ray scaltering/diffraction (SAXS/D) patterns for the POP materials using
equipment available in the PP's lab and with equipment from the Engineering and Physics

departments.
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[0128] The combinsd studies of IR, NMR, and slemsntal analysis will be conducted o
characlerize and quantify the amount of binding/exchanging groups in POP-based reversible

“nano-iraps’”.

[0126] The surface arszas and pore size distributions of the parent POPs, the intermediates
during the siepwise post-synthstic modification processes, and the POP-based reversible
“‘nano-traps” will be examined using a Surface Area Analyzsr in the Pl's lab. The measured
surface areas and pore size distributions will also be compared with those calculated from the

built structural models to further verify the validity of the design rationale.

[0127] To study their thermal stability and framework robustness, thermal gravimetric analysis
{TGA) will be performed on ths fresh and aclivated samples using the TGA instrument, which is
available in the Pl’s lab. Their waler/chemical stabilities will be investigated by exposing the
samples to boiling water and acidic and basic pH solutions, which will be followed by the
characterization techniques mentioned above. Simulated durability experiments will be
conducted by exposing the POPs to high humidity for a period of six month {simulate siorage
lifetime}, which will be followed up by the characierization techniguss mentioned above and

adsorption experiments.

Exampie 5: Objective 2: Assessments of the prepared POPs as reversible “nano-
traps” for removing inorganic contaminants from water and understanding the binding

modes of the contaminants within POPS.

3.2 1 Investiqaiion of the POP based reversible “nano-trap” platforms for remediation

of contaminanits.

[0128] Contaminant adsorption tests: After comprehensive characterizations of the POPs,
the materiais will be exposed o controllsd contaminants under laboratory conditions. Batch
experimentis will be designed to {est the efficiencies and effectivenass fo remove contaminants
from water at different contaminant concenirations, various temperatures, pH values, and with
competing non-toxic analytes. Control experiments will also be conducted on benchmark
activated carbons, clays, zeolites, and ion-exchange resins {0 set a base line {0 compare our
POP-based reversible “nano-traps”. Reasearcher's handling contaminated water will follow and
obey all safely and health regulations and all hazardous wasie will be disposed of properly by

the PI's institute.
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[012%] We will follow the USEPA Clean Water Act approvad analyilical methods for chemical
testing of contaminants using the Pls laborafory and institules instruments, e.g UV-Vis
spectromeler, inductively coupled plasma-optlical emission spectrometer (ICP-OES) and

inductively coupled plasma-mass spectrometer (ICP-MS).

[0130] Analysis of performance metrics for confaminant removall To asssss the
performances of the POPs on individual contaminants, the adsorption dala will be analyzsd for
its kinetic and thermodynamic properiies (Table 5). The amount of contaminant adsorbed by
the POPs will be calculated using equation 11. The distribution coefficient, Ky will be calculated
by equation 12 and the POPs removal efficiency, removal %, will be calculated from squation
13.  To dstermine the maximum uptake capacity for a2 single contaminant we will use ths
Langmuir modsl equation 14 or Langmuir-Freundlich (LF} equation 15, which will be used o
determine how many binding sites were utilized when contaminanis are adsorbed. To
understand the adsorption kinetics of the POP-based reversible "nano-traps,” the adsorpiion
process will use semi-empirical kinstic models of the pseudo-first- or pssudo-sscond-order,
sguations 16 and 17 respectively. Thermodynamic properties will be gathersd and evaluated

using equations 18 and 19,

[0131] Recyceling: Each POP will be washed free of contaminanis and reevaluated with the
same characterization techniques ussd afler the initial POP synthesis. A minimum of 10

recycling experimeants will be performed and compared with the original adsorption properties.

[0132] Breakthrough experiments and scale-up tests: The POP malerials showing the high
adsorption capacity, fast kinetics, and high selectivity of target contaminanis in the baich iests
will be down selected for breakthrough evaiuation on the removal of individual confaminants.
The breakthrough experiments will be conducted using a programmabls syringe pump, of which
the syringe will be packed with 0.5g~1g POP material. The iop candidates from the lab scale
breakthrough evaluations will be then scaled up fo 0.5 kg~1kg and engineered in the form of
pellet or granular form for tesis in 1 m® (264.17 gallons) of surface water or waste sfream walsr,
which can account for the water use of two {o three psople per day usage; and work along this

fine will be conductad at the USF Water Institute.
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Table 5: Equations list for performance

Eguation Formula®
11 4
Ge = (CG"Ce)x;n"
Co—C,
12 K, = 0 eV m
Ce
13 o — €
% removal = — = 100
i
14 _(_i - Co + 1
Ge Imax KL Ymax
15 _ QK L"
RO L
16 dn ]
%:kl X (n, —nj
17 dn .
e Jey X (g —n)*
18 — ASgas  AHGy
R RT
19 AGS, . = AHS,  — TASS,.

Example 6: Objective 3: Development of POPs featuring multi-types of recognition

sites for simultaneous capiure of multiple inorganic contaminants

[8133] Given the complexily in surface waleriwaste siream water that could contain various
tynes of coniaminants, an ideal decontamination material should be anticipated o be capable of
simultanesusly removing all types of contaminants. On the basis of the invesligations in
Objective 2, the binding sites in POPs capable of individually removing inorganic cation or anion
contaminants from watsr with high efficisncy and effectiveness will be combined into multi-
purposs POP structures o afford multifunctional reversible “nanc-traps” for simultansously
removing multiple inorganic chemical contaminants from water. Multiple binding or exchange
sites can be added in a post-synesthelic step. Using the different binding sites as lisied in
Table 4, the afforded multi-functional POP-based reversible “nanc-traps” are expscied to show

fast kinetics and high uptake capacity for ali of the listed heavy metal contaminants.

[8134] Similarly, the assessmenis of the performances of the multi-functional POP-based

reversible “nano-traps” in simulianeous removal of mulliple inorganic chemical contaminanis
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from watsr will be conducted first in the lab scale via baich tests and breakthrough experimentis;
the bast performing materials will be scaled up and engineered in the form of peilet or granular

form for large volume (1 m?) real water tesis (ie. surface watar or wasle stream water).

This unprecedented design of multi-functional POP-based reversible “nanc-traps” will aliow
competitive binding studies to be performed to slucidaie the role/mechanism of multiple binding
sites in close proximity, which will be carried out through a seriss of mechanistic experimenis as

proposed above.
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Example 7: Optimizing Radionuclide Sequestration in Anion Nanofraps with

Record Pertechnetate Sorption

[0135] The elimination of specific contaminants from high concentrations of competitors poses
a significant challengs. Rathsr than relying on a single direct interaction, the cooperation of
multiple functionalities is an emerging strategy for adsorptive malerials design to achieve this
requisite affinity. Here, we describe that the interaction with the analyte of interest can be
altered by maodifying the local environment of the direct contact site, as demonsirated by
manipuiating the affinity of pyridinium-based anion nanctraps toward pariechnetats. Systematic
control of the substituent effect allows the resulting anion nanolraps to combine mullipls
features as ideal pertechnetate scavengers with unprecedenied performances, substantially
overcoming the long-term challenge of T¢O4 segregation under exireme conditions of super
acidity and basicity, strong irradiation fisld, and high ionic strength. The top malerial exhibits the
highest sorption capacily togsther with the most promising extraction sfficiencies from
conditions relevant to the used nuclear (Hanford tank wastes) fuel and legacy nuclear wasies
{Savannah River Sites) among materials reported thus far. Specifically, the material adsorbs up
to 1127 mg ReQ4 gt and even under conditions relevant to legacy wasie, removal efficiencies

approach 95%, after a single treaiment. Altogether, these resulls provide clear, inluitive factors
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that govern the uptaks, kinsgtics, and selectivity of adsorbents for strongly interacting targeted

spacies.

Maierials and Methods

[0136] Commercially availabls reagenis were purchased in high purity and used without
purification. The purity and structurs of the compounds synthesized in this manuscript wers
determined by NMR technigus. Nifrogen sorplion isotherms at the temperature of liquid niirogen
were measured using Micromeritics ASAP 2020M and Tristar system. 'H NMR spectra wers
recorded on a Bruker Avance-400 (400 MHz) spectrometer. Chemical shifis are expressed in
ppm downfield from TMS at 8=0 ppm, and J valuss are given in Hz. C (100.5 MHz) cross-
polarization magic-angle spinning (CP-MAS) NMR experiments were recorded on a Varian
infinity plus 400 spectrometer equipped with a magic-angle spin probe in a 4-mm ZrQO; rotor.
The samples were outgassed for 1000 min at 80 °C before the measurements. Scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) mapping were
performed on a Hitachi SU 8000, Transmission electron microscope (TEM) image was
performed using a Hitachi HT-7700 or JEM-2100F field emission electron microscope (JEOL,
Japan) with an acceleration voltage of 110 kV. High-angle-annular-dark-field (HAADF)
scanning, STEM imaging, and energy dispersive X-ray spectroscopy (EDX} mapping were
carried out by Tian ChemiSTEM operated at 200 kV. XPS specira were performed on a
Thermo ESCALAB 250 with Al Ko irradiation at 8=90° for X-ray sources, and the binding
gnergies wers calibrated using the C1ls peak al 284.9 eV, IR spectra were racorded on a Nicolet
Impact 410 FTIR spectrometar. The concentrations of TcQOy4™ in solution were measured using a
UV-vis spectrometer (Marian Cary 800010 by monitoring the characteristic absorption peak at
290 nm and the activity of *TcO4s was also analyzed by a liguid scintillation counting (LSC)
systemn (Perkin Elmer Quaniulus 1220). ICP-OES was performad on a Perkin-Elmer Elan DRC
I Quadrupole. ICP-MS was performed on a Perkin-Elmer Elan DRC 1l Quadrupole Inductively
Coupled Plasma Mass Spectrometsr. Elemental analyses were performed via flask combustion

followed by ion chromatography.

[0137] Synthesis of porous ion exchange material constructed by 1-methyipyridinium
chioride moieties {PQA-Py-i).
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(1) |
Reagent: (@) potassium vinyltrifluoroborate, Pd{PPha),; (b) AIBN; {c) CHjl, NaCl

[0138] 3,5-divinylpyridine {1}: 3 5-dibromopyridine (3.0 g, 127 mmol), potassium
vinvitrifluorchorate (4.06 g, 30.4 mmol), KCOs (B g, 36.2 mmol), and Pd{PPhs), (0.37 g, 0.315
mmol) were dissolved in a mixiure of toluene (25 ml), THF (25 mbL), and H.O (10 mL), and the
resulting mixture was refluxed at 80 °C under N; atmosphere for 48 h. The product was
exiracted with ethyl acetale, washed with bring, dried over Na,S04, and svaporated under
reduced pressurs, giving the crude compound which was then purified by flash chromatography
with hexane/ethyl acelate (5:1) and 1%v/v triethylamine as sluent fo afford the title compound
as a coloriess liquid. Yield: 1.44 g (86%). 'H NMR (400 MHz, CDCl;, 298K, TMS): § 8.50 (d, 2H,
J=1.2 Hz}, 7.73 (s, 1H), 6.68-6.74 (m, 2H), 5.85 (d, 2H, J=14 Hz), 540 (d, 2H, J=8.8 Hz) ppm.
BC NMR (125 MHz, CDClg, 298K, TMS) 147.35, 133.35, 132.81, 128.43, 116.48 ppm.

[0139] Synthesis of porous polymer construcied by pyridine moieties (POP-Py}: 1 (1.0 g
was dissolved in DMF (10 mbL), followed by the addition of free radical initiator
azobisisobutyronitrile (AIBN, 25 mg). After stiring at room temperature {o achieve homogsneity,
the mixiure was transferred into a 20 mlL autoclave and maintained at 100 °C for 24 h. A while
solid product (1.0 g, 100% vield) was oblained by extracting the DMF solvent with EIOH and
drying in vacuum at 50 °C for 12 h.

[0140] Synthesis of porous ion exchange material constructed by 1-methylpyridinium
chioride (PQA-Py-Cl}: POPR-Py (0.5 g) was swelled in acetonitrile (40 mb), followed by addition
of indomethane (1 g). The mixiure was then stirred and heated to 80 °C for 48 h. The resulling
powder was washed with sthano! and then exchanged with 1 M NaCl solution three times to

afford the title product as a light vellow powder.

[0141] Synthesis of porous ion exchange malerial constructed by 4-amino-i-

methyipyridinium chioride moietias (PQA-pNHPy-CI}.
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RNH, M,
Br Br
("
I 5
B R
{2}

Reagent: (d) N-bromosuccinimide; (e) potassium vinyltrifluoroborate, Pd{(PPhs)y; (F) AIBN; (g) CHl, NaCl

[0142] 3,5-dibromopyridin-4d-amine {2} To a mixiure of 4-aminopyridine (1.88 g, 20 mmol) in
carbon tetrachloride (80 mbL), N-bromosuccinimide (7.12 g, 40 mmol) was added in portions.
After stirring at room temperaiure for 24 h, the product was extracted with chioroform, washed
with brine, dried over Nax30s, and evaporated under reduced pressure, giving ths cruds
compound which was then purified by flash chromatography with hexane/ethyl acetate (2:1) and
1%v/v triethvlamine as eluent to afford the itle compound as a vellow powder. Yield: 46 g
(82%). "H NMR (400 MHz, DMSO-dB, 298K, TMS): 8 8.21 (s, 2H), 6.40 (s, 2H) ppm.

[0143] 3,5-divinyipyridin-d-amine {3} 35-dibromopyridin-4-amine (3.0 g, 12 mmol),
potassium vinyltrifluoroborate (3.96 g, 28.8 mmol), KxCOs (4.8 g, 36 mimol), and Pd{PPha)s
{0.348 g, 0.3 mmol) were dissolved in a mixture of toluene (25 mL), THF (25 mL), and H;O (10
mil), and the resulting mixture was refluxed at 80 °C undsr N; atmosphere for 48 h. The product
was extracted with sthyl acetate, washed with brine, dried over Nax304, and evaporated under
reduced pressure, giving the crude compound which was then purified by flash chromatography
with hexanelethy! acetate (5:1) and 1%v/v triethylamine as eluent to afford the title compound
as a yellow powder. Yield: 1.56 g (85%). 'H NMR (400 MHz, DMSO-d6, 298K, TMS): 8 8.11 (s,
2H), 6.81-6.88 (m, 2H), 5.96 (s, 2H), 5.58-5.64 (m, 2H), 5.18-5.22 (m, 2H) ppm.

[0144] Synthesis of porous polymer constructed by 4-aminepyridine moieties {FOP-
phNH Py 3 (1.0 g) was dissolved in DMF (10 mL), followed by the addition of AIBN {25 mg).
After stirring at room temperature to achisve homogensity, the mixiure was transferred into a 20
ml autoclave and maintained at 100 °C for 24 h. A vyellow solid product was oblained by

extracting the DMF solvent with EIOH and drying in vacuum at 50 °C for 12 h.

[01458] Synthesis of porous ion exchange material consfructed by 4-amino-i-
methyipyridinium chloride moiesties (PQA-pNH,Py-Cl): POP-pNH,Py (0.5 g) was swelled in
acstonitrile (40 mL), followed by the addition of iodomethane (1 g). The mbdure was then stirred
and heated to 80 °C for 48 h. The resulting powder was washed with ethanol and then

exchanged with 1 M NaCl solution three limes to afford the litle product as a vellow powder.
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[0148] Synthesis of porous ion exchange material constructed by 4-amino-i-

methyipyridinium chioride moieties [PQA-pN{Me),Py-CI]

Reagent: (h) HCIL NaNG,; (i) dimethylamine; (§) potassium vinyiirifluoroborate, Pd(PPhs)y; (K} AIBN; {i) CHal, NaCl

[8147] 3,5-dibromo-d-chioropyridine {4): 3,5-dibromopyridin-4-amine (4.50 g, 18 mmol) was
stirred in concenirated HCI (700 ml) with sodium nitrite (4.5 g, 18 mmol) added in portions at 0-
&5 °C. After 1 h the temperature was increased fo room temperature and stired for 2 h.
Foliowing, 40 wt.% sodium hydroxide was added dropwise, with the lemperature kept below 50
°C using an ice bath. Afier the reaction, the mixiure was sxiracted with ethyl acetate, dried with
K:CO3, and evaporated under vacuum to give the title product as white needles. Yield: 4.37 g
(80%). 'H NMR (400 MHz, DMSO-dB, 298K, TMS): 6 8.79 (s, 2H) ppm.

[0148] 3,5-dibromo{pyridine-d-yiidimethyvlamine {8} 4 (269 g, 10 mmol) and 33 wt%
aqueous solution of dimethylamine (27 mi, 22 mmol), was heated in a Schienk tube at 118 °C
for 20 h. The reaction mixture was then cooled to room temperaiure, exiracted with ethyl
acstale, and washed with 1 M K,C0: and water. The organic laver was dried with MgS0, and
evaporated under vacuum o give a pale ysllow product. Yield: 4.37 g (90%). *H NMR (400C
MHz, CDCls, 2981, TMS): 5 8.47 (s, 2H), 3.02 (s, 8H) ppm.

[0149] 3,5-divinyl{pyridine-4-ylidimethylamine {8} 5 (3.0 g, 11.8 mmol}, potassium
vinvitrifluoroborate (3.96 g, 28.8 mmol), KoCOs (4.8 g, 36 mmol), and Pd{PPha)s (0.348 g, 0.3
mmol) were dissolved in a mixiure of foluene (25 ml), THF (25 mL), and H.O (10 mL), and the
resulting mixture was refluxed at 80 °C under N; atmosphere for 48 h. The product was
exiracted with ethyl acetale, washed with bring, dried over Na;S04, and svaporated under
reduced pressurs, giving the crude compound which was then purified by flash chromatography
with hexane/ethyl acelate (5:1) and 1%v/v triethylamine as sluent fo afford the title compound
as a yeliow powder. Yield: 1.44 g (86%). "H NMR (400 MHz, CDCls, 298K, TMS): 3 8.36 (s, 2H),
B.79-6.86 (m, 2H), 5.86-5.71 (m, 2H}, 5.33-5.36 (m, 2H), 2.88 (s, 6H) ppm. *C NMR (125 MHz,
CDCly, 288K, TMS) 154,33, 148,68, 133.40, 129.04, 115.99, 44.04 ppm.
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[0150] Synthesis of porous polymer constructed by dimethylaminopyridine [POP-
phN{Me}LPyl: 6 (1.0 g) was dissolved in DMF (10 ml), followsd by the addition of free radical
initiator azobisisobulyronitrile (AIBN, 0.025 g). Afier stirring at room temperature to achieve
homogeneity, the mixture was transferrad into a 20 mb auloclave and maintained at 100 °C for
24 h. A yellow solid product was obtained by exiracting the DMF solvent with EtOH and drying

in vacuum at 530 °C for 12 h.

[0151] Synthesis of porous ion exchange material constructed by 4-<{dimethylaminc}-i-
methyipyridin-i-lum moieties [PUA-pN{Me}.Py-Ci]: POP-pN{Me}Py (0.5 g) was swelled in
acetonitrile (40 mL), followed by the addition of iodomethane (1 g). The mixture was then stirred
and heated to 80 °C for 48 h. The resulting powder was washed with sthanol and then

exchanged with 1 M NaCl solution thres timss to afford the title product as a vellow powder.

[0152] To target the desired materials, our initial siep was o construct pyriding moieties with
various anchor groups into porous frameworks, due o the low solubility of pyridinium in organic
solvents, which is detrimental to yield highly porous polymers. To construct these moieties inio
porous polymers, ws decided to use free radical induced polymerization with the following
considerations: i} the rasultant highly cross-linked polymer chains and thus the rigidity of the
matrix, reduce the ability of the pyridinium to congregate in hydraied domains, which decrease
the affinity for more hydrated anions and thereby enhance the selectivily for less hydrated
anions such as TcO4 %) and i) the adapled synthesis allows for the introduction of hierarchical
porosity in the resultant polymers, which is expected to enhance the kinstics, thereby offering an
opportunity to meet the challenges posed by the vast volumes of wastewater®*®. To this end,
we further functionalized the pyridine moieties with vinyl groups, affording V-Py, V-pNH.Py, and
V-pNiMePy, respectively {Table 8). Under solvothermal conditions in dimethylformamide
(ODMF) at 100 °C, polymerization of these monomers in the presence of azobisisobutyroniirile
(AIBN) gave rise to the porous pyridine-based polymers in quantitative yields, which were
denoted as POP-Py, POP-pNH:Py, and POP-pN{Me):Py, respectively. To infroduce ion-
gxchange sites, the pyridinge moieties in the resultant matsrials underwent a gquaternization
reaction with methyl iodide (CHal), yielding the porous ionic grganic polymer of polymerized
guaternary ammonium  (PQAY salt PQA-Py-l, PQA-pNHPy-l, and PQA-pN{Me}.Py-i,

respectively.
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Table 8 | Structure of building units, surface area, and pore volume of various

pyridinium functionalized hierarchical porous polymers.

PQA-Py-i PQA-pNH,Py-i PQA-pN({Mea),Py-i
PQA BET surface area (m? g") Pore volume {cm® gh)
PQA-Py-I 465 (0.645
PQA-pNHPy-| 344 0.238
PQA-pN(Me)Py-1 223 0.15

[01583] Among the synthesized porous materials, POP-pN{Me}:Py and corresponding
guaternization product PQA-pN(Me},Py-l were chosen as representative samples for thorough
Hlustration. As probed by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), it is revealed that no noticgable morphological changes occurred after
guaternization, both POP-pN{(Me)Py and PQA-pN(Me),Py-l feature aggregales comprising
interconnscied nanoparticies with sizes of 50-100 nm. Structural details of these materials wers
elaborated by solid-state *C NMR spectroscopy. The characteristic vinyl 1*C resonance located
in the range of 100.0 to 110.0 ppm in the monomers disappsars with the concomilant
appearance of the polymerized viny!l group peak at 31.8 ppm, confirming the conversion of the
monomer into the respective polymer®s. In addition, the increased relafive intensity of the peak
at 44.9 ppm, ascribed o the methyl group from iodomethane (CHal), verified the occurrence of
the qualernization reaction betwsen the pyridine moisty on POP-pN{Ms)}:Py and CHal To
provide additional proof, we employed X-ray photoslectron spectroscopy (XPS). The
appearance of strong signals of iodine species at 629.3 and 617.8 eV for 13dsz and 13dv.,
respectively, confirmed the success of this fransformation. To quantify the degree of
guaternization, we evaluated the content of iodine species in POA-pN({Me),Py-I by elemsntal
analysis. The resulis showed that the weight percentage of indine species in PQA-pN{Me},Py-|
was 38.3 wt9%, which means about 95% of the pyridine moielies were involved in the
quaternization reaction, revealing the high throughput of this reaction. The details of the pore
properties of the resultant materials were investigated by N2 sorption isotherms coliected at 77
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K. It is shown that both samples exhibit type-l plus iype-IV sorption curves, suggesting the
ratention of the pore structure. A stesp step in the curve at relative pressure (P/Py) less than
0.01 is due to the filling of micropores, whereas a hysteresis loop at PP in the rangs of
0.45~0.95 is mainly from the contribution of the sample mesoporosity®®. The calculated specific
surface arsas were 535 and 223 n? gt for POP-pN{Me);Py and PQA-pN{Me):Py-1, respectively.
The decreassd surface arga can be reasonably atiribuled to the increased mass after the

functionality addition.

Sorpiion Experiments

[04154) Caution! Although Tc-99 is a low-energy B-emifter (lip = 2.13x10° g), it still possssses
significant hsalth risks when inhaled or digested. Standard precautions and procedures for
handling radioactive materials should be followed, and all T¢-99 studies were conducied in a

licensed laboratory dedicated to radiological investigations.

[0188] The agueous solutions with different rhenium concenirations were obiained by diluting
the stock KReQ. solution with the proper amount of distiled water unless otherwise indicatad.
The pH levels of the solutions were adjusted by HNGC: or NaCOH aqueous solution. The
concentrations of uranium during all the experiments were detecied by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) and inductively coupled plasma-mass
spacirometry (ICP-MS) for exira low concentrations. All the adsorplion experimanis were

performed at ambient conditions.

[0158] Rhenium sorpfion isotherms. To obtain adsorption isotherms for PQA-Py-Cl, PQA-
pNHPy-Cl and PQA-pN{MePy-Cl, 5 mg of adsorbent was placed in 10 mb agqueous solulions
of varying rhenium concenirations (25-800 ppm). The solutions were then stirred ovemnight {0
achieve squilibrium. The sclutions were filtered through a 0.45 um membrane filter and ths
filirate was analyzed via ICP to determine the residual rhenium species concenirations. The
amount adsorbed or ion-exchange capacily, g. {mg g"), at equilibrium was calculated using

Equation 16.

o = el (16)

m

[0157] Where Cp and Ce are the inilial and squilibrium concentrations, respectively, V is the

volume of solution used {(mL), and mis the mass of adsorbent (g).

10158] Rhenium sorption kinetics. 16 mg of PGA-Py-Cl, PQA-pNHPy-Cl, or PQA-pN(Me),Py-

Cl was added to an Erlsnmeyer flask containing 400 mb of a 50 ppm rhenium agueous solution.
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The mixture was then stired. Al increasing time intervals 3 mib aliguots were removad from the
mixiure, filered through a2 .45 ym membrane filler, and the filtrate was analyzed by ICP for the
remaining rhenium concentration. The adsorption capacity at different intervals was calculated

using Equation 17.
Adsorption capacity (mg/g) = {{; -Gy xV/m (17}

[0159] where V is the volume of the treated solution (mL), m is the amount of used adsorbent
{mg}, and (; and £, are the initial conceniration and the concentration of rhenium at t {min},

raspechively.

[0160] Ky value calculation. The distribution coefficient (K;) value as used for ths

determination of the affinity and selectivily of sorbenis for ReQy, is given by Equation 18.

Co—Con .V

Ka= (55 x =

(18

[8181] where V is the volume of the freated sclution {mbL}, m is the amount of adsorbent {g),
is the initial concentration of rhenium, and C, is the equilibrium concentration of uranium. In the
present work, 10 ppm rhenium aquesus solitions weare treated by the various adsorbents

overnight at a V/m ratio of 1000 mb g*.

[0162] Rhenium removal from groundwater. Rhenium spiked groundwater sample (50 mlL,
1000 ppb) and adsorbents (10 mg) were added to an Erlenmeyer flask with a magnetic stir bar.
The mixture was stirred at room femperature. At increasing time intervals 3 mlL aliquots wers
removed from the mixture, filtered through a 0.45 um membrane filter, and the filirate was
analyzed by ICP-MS for the remaining ReO4 concentration. The percentage removal of rhenium

species was calculated by Equation 19.

Co—Cy
Lo

Removal percentage (%) = x 100 (1%

[0163] Where £, is the initial concentration of rhenium, and £, is the concentration of rhenium at

t (rmin).

[0164] Anion-exchange selectivity against SO and NGOy anions. 5 mg of each adsorbent
was weighed into a2 20 mb glass vial, and & mlL of ReO4-spiked double distilled water (0.15 mM,
28 ppm) containing different concentrations of NaNQ; (0.15 mM, 1.5 mM, 15 mM, 150 mM, and
450 mM) or NaS04 (0.015 mM, 0.15 mM, 1.5 mM, 15 mM, 150 mM, and 800 mM) was

delivered to the sampls vial. After being stirred at room temperature for 24 h, the solutions wsrs
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filiered through a 0.45 um membrane filter and the filtrale was analyzed via ICP-CES or ICP-MS

to detsrmins the residual rhenium species concentrations.

[01658] PQA-pN{Me)Py-Ci recyciability test. The rhenium species included PQA-pN{Me),Py-
Cl [Re@PQA-pN(Me)Py-Cl, ca. 50 mg] was stirred in saturated NaCl aqueocus solution (200
ml) for 12 h. The solid was collected by centrifugation and repeated ion exchange with NaCl
agusous solution was performed for another two times. After that, the solid was washed with
deionized water uniil the filtrate was Cl free and the solid was dried under vacuum to produce
POA-pN{Me)Py-Cl.

[0166] Radiation-resistance measurements. The B-ray and the y-ray used was provided by
an slectron accelerator equipped with an electron beaam (10 MeV) and a ®Co irradiation source
(92.42 PBq), respectively. A B-ray irradiation experiment was conducted by irradiating PQA-
pi{Me):Py-Cl at a dose rate of 50 kGy h' for three different doses (400, 800, and 1000 kGy). A
y-ray irradiation experiment was performed by irradiating PQA-pN{Me):Py-Cl at a dose rate of
3.125 kGy W' for three different doses (400, 800, and 1000 kGy). The radiation-resistance of
PQA-pN(Me):Py-Cl was characierized by FT-IR spectroscopy and further checked by ReOy

uptake capacity of the irradiated samples.

[0167] Technetium removal from distifled water. TcO4 spiked groundwater sample (10 mi,
14.3 ppm based on technstium spsecies) and adsorbents (10 mg) were added to a glass vial with
a magnetic stir bar. The mixdiure was stirred at room temperature. Al increasing time intervals
aliquots were taken out from the mixture and the remaining TeQs concentration was analyzed
by a liguid scintiltation counting (LSC) system (Perkin Elmer Quantulus 1220). The percentage

removal of technetium species was calculated by Equation 19.

[0188] Exchange experiments with simulated wastes. The simulated Hanford Low Activily
Wasie (LAW) Melier Recycle Siream and the simulated Savannah waste solution were
prepared according o a reported protocol. A cerfain amount of PQA-pN(Me),Py-Cl was added
fo 10 mbL of the above simulated wasies at V/m values of 200 mL g* and 100 mbL g7,
respectively. After being stirred for 12 h, the suspension was separated with a 0.22 um nylon

membrane filter for LSC analysis.

[01698] Sorption isotherms. The full availability of ion exchange sites within the pores of these
materials is indicated by a complete anion-exchange process between |- and Cl, which was
verified by TEM-EDS mapping and XPS analyses. This featurs spurred their exploration for

radicnuclide polluted water treatment. Sorption experiments were first parformed {0 evaluate the
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working capacities of these materials. Due to the limited availability and the rarity of the purified
isotope T, combined with its highly radicactive nature, perrhenate (ReQOys) was first used as a
nonradicactive surrogate for pertechnetats (%Tc0ys) given their similarities in both magnitude
and trend between the solubilities?”. The amounis of rhenium species enriched by these
matlerials as a funclion of its concentration in the supematant at the equilibrium stale wers
determined by varying the inilial concentrations from 25 to 800 ppm with a material-io-solution
ratio of 0.5 mg mbL'. An overnight reaction iime was used to ensure that the ion exchange
reached equilibrium. Results indicate that the equilibrium adsorplion data of ReQ4 appeared to
follow the Langmuir isotherm model {FIG. 14A);, sorption increases rapidly at low ReQOg
concenirations and slows appreciably as the sorplion capacily of the adsorbent is approached,
yielding high cormrelation coefficients (R? > 0.99). Exchange capacities up to 936, 808, and 1127
mg of ReQy per gram of polymer were observed for PQA-Py-Cl, PQA-pNH:Py-Cl, and PQA-
pN(MePy-Cl, respectively, almost 20 times that observed for the unmodified counterparis
(POP-Py, POP-pNH:Py, and POP-pN(Me),Py), affording 53, 48, and 37 mg g, respectivaly.
Given the greally enhanced performances after guaternization, we ssiablish that the high
density of the ion exchange sites on the polymesr backbone is the fundamental contributor {0
their high working capacities and the mechanism for uptake of ReQy4 is thus believed io be

predominantly ion exchange.

[0170] The high extraction capacities for these materials prompled us to evaluate their ion
exchangs Kinetics, which were dstermined from distilled water samples spiked with 50 ppm of
rhenium in the form of ReQ4. Remarkably, when the solutions were treated with these malerials
at a phase ratic of 25000 mbL g, exiremely rapid ion exchange and high uptake were
rscognized. All three materials reached their equilibrium exchange capacities within 60 min and
in particular, 85.3% removal was achisved after 5 min for PQA-pN{Ma)Py-CH{FIG. 14B}). This is
in stark conirast o the lengthy contact times required for many sorbeni materials, which
routinely range from several hours to as much as several days*. The fast kinetics should be an
advantage for the continuous ireatment of relatively large volumes of slightly contaminated
water. We surmise that the impressive uptake capacity along with the Tast removal rate is due o
the high density of ion-exchange sites and inlrinsic porosities allowing for rapid diffusion of
ReCy throughout the materials. Notably, in addilion to rapid saturation, PQA-pN{(Me}:Py-Cl also
possessed a higher capacily, vielding an equilibrium value of 997 mg g, in comparison with
849 and 642 mg g afforded by PQA-Py-Ci and PQA-pNH.Py-Cl, respectively, positioning PQA-
piN{Me),Py-Cl as the material with the highest ReCs uplake among all adsorbenis reported so
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far (FIG. 148). Infriguingly, the increase in gravimetric capacily in going from PQA-pN{(Me}:Py-
Cl to PQA-Py-Cl and PQA-pNH:Py-Cl is opposite to what would be expecied from the density of
ion-exchange sites. For instance, on the basis of glemental analysis, it was found to have a Cl
species content of 10.3, 11.1, and 12.5 wi.%, for PQA-pN(Me)Py-Cl, PQA-Py-Cl, and POA-
PNHPy-Cl, respectively. We therefore altribule this anomalous increase in ReO4 uptaks
capacily for PQA-pN(Me):Py-Cl io the higher electrosiatic ion-pairing attraction energies
between the cationic polymer backbone of PQA-pN{(Me):Py-Cl and ReQy ions. To rationalize
this assumption, we measured the distribution coefficient values (K, for definition, see the
Experimsntal Section) of these malerials toward ReOy . Under the conditions of 10 ppm rhenium
with a Vim of 1000 mL g, the K; values were calculated and found to egual 1.13x109 (8.82
pply), 5.4410° (18.35 ppb), and 1.00x107 (1.00 ppb) for PQA-Py-Cl, PQA-pNH,Py-Cl, and PQA-
ph{Me)Py-Cl, respectively (number given in parentheses is the residual rhenium
canceniration), with PQA-pN(Me)Py-Ct showing almost more than an order of magnilude
improvemsnt in performance over the other two, indicative of its stronger affinily toward ReQy

and thereby facilitating the ion exchange betwsen Cl and ReOy

[0171] Nexi, we assessed selectivity over common anions. The material’s abilily to
competitively maintain efficiencies and rapid exiraction rates at sub ppm levels, more typical of
gxposure cases, is one of the most important factors when evaluating a materal for water
treatment applications. Given the high environmental mobility, any accidenial leaching of TcOy
poses a real threat to groundwater contamination and aguatic life forms. As such, {o accsss ths
ion-exchange properiies associaled with these materials, ireatability studies were carried out
using groundwater spiked with 1000 ppb of rhenium to simulate the contaminated water from
on-site and off-site wells. PQA-pN(Me),Py-Cl was shown to remove more than 99.8% of ReOs
from the groundwaler, bringing rhenium concentrations io 1.2 ppb, implying that the
interferences commonly found in surface watsrs have a minimal sffect on its performance. Htis
worth mentioning that the residual rhenium concentrations treated by PQA-pN(Me),Py-Cl are 8
and 15 times lower than that of PQA-Py-Cl and PQA-pNH:Py-Cl, respectively (FIG. 14C). In
addition to the impressive removal efficiency, it is outstanding from the viewpoint of kinetic
efficiency, reaching the eguilibrium exchange capacity within 20 min and over 99.7% of the
rhenium species removed within 5 min. These resulis highlight the vast potential of PQA-

pN{Me),Py-Cl in accomplishing radionuclide removal from groundwater.

[0172] Encouraged by the results above, we then evalualed wastewaler sampies. Compared {o

surface water samples, wastewatar is often comprised of fewer competing ions but significantly
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higher concentrations. Given ihis, {o evaluate the sorption sslectivity of ReCy against the major
anions NOjy or SO, we performad binary exchange reactions by varying the equivalent ionic
fractions of thess anions in reactant solutions. A plot of the removal efficiencies of ReQy4 against
mole fractions of NOy or 804 to ReQy clearly indicated that PQA-pN(Me),Py-Cl showed a
remarkably high tolerance io ReQys sorption ability in the presence of 304% and NOy competition
with very high removal efficisncies and excsllent Kg{Re) values (FIGS8. 18A-188). Specifically, at
SO NGs - ReOy molar ratios of 1 to 100, more than 93.9% of ReQy ions were sequesterad
with Kq(Re) values in the range of 1.5x10% - 6.86x10% mbL g. It is interesting that even with a
tremendous excess of NaxS0s; (S04 | ReQOs molar ratio at 8000), PQA-pN{Me)Py-Cl still
retained a very good ReOy removal efficiency (83.4%) and high Ky(Re) value (5034 mb g%,
indicative of an exceptional sslectivity of PQA-pN(Me),Py-Cl for ReOy against SO4%. This
feature makes it an extremely atiractive candidate o selectively remove ReQ,/TcOy from wasts
solutions with high ionic sirengths. By contrast, under identical conditions, PQA-Py-Cl and PQA-
pNHPy-Cl afforded ReQ4 ramoval efficiencies of 75.7% and 70.6%, with corresponding Ka(Re)
values of 3123 and 2402 mL g, respectively, inferior (o those for PQA-pN{Me)Py-Cl.

[0173] Under ali conditions tested, the preference of these pyridinium-based sorbenis towards
Re(Qy complexation follows the same order: PQA-pN{Me}.Py-Cl > POA-Py-Cl » PQA-pNH:Py-
Cl. This trend may not be pinpointed to a single propsiily change of the adsorbents but rather as
a consequence of a complex interplay of several factors. For example, an increase in surface
arga may play a key role in ths uplake capacily by providing a greatsr number of exposad
exchangeable sites. However, in the present case, only a very weak correlation with the surface
area of these materials could be established, thus suggesting that surface area is not the central
factor determining the sorplion performancs; rather, the interaction strength belween bonding
sites and guest species is a more important factor for determining guest uptakse. To undsrsiand
the lack of dependsnce on the materials’ textural parametsrs, we investigated the distnbution of
ReOs in solid samples. Elemental distribution mapping was performed by SEM. We found
homogeneously and densely distributed rhenium species throughout each sample. To examine
the binding behavior of ReQs in these adsorbents, XPS and IR speaciroscopy were carried out.
Comparison of Redf signals in the reacted samples (Re@PQA-Py-Cl, Re@PQA-pNH,Py-CI,
and Re@PQA-pN(Me):Py-Cl), Re@PQA-pNH:Py-Cl and Re@PQA-pN{Me},Fy-Ci displayed
very similar binding energies, giving Redf, signals at 45.1 and 45.0 eV, respectively, which are
lower than those in Re@PQA-Py-Cl (456 eV) and KReD, (46.1 eV} This presumably arises
from the eleciron donating groups present in PQA-pNH,Py-Cl and PQA-pN(Me),Py-Cl, which
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weakens the partial positive charge on the cations and thereby that on the rhenium speciss.
These observations ware further corroborated by the IR specira), a slight red-shift of the ReOy
antisymmetric vibration was detected in Re@PQA-pNH:Py-Cl and Re@PQA-pN({Me):Py-Cl
(893.8 oYy compared to that in Re@PQA-Py-CI {901.6 cmr') and KReQ4 samples (906.8 cm).
Regarding electronic factors, the introduction of electron donating groups facilitates thse
formation of kinetically labile complexes, which allows for rapid gusst exchange. However, the
relevant explanations cannot correlate with the observed trend, wherein the introduction of the
amino group gave adverse resulis, with the lowest performance of the three materials. To
explain this, we reasoned that, different from the dimethylamine group, the amino group acts
both as a hydrogen bond donor and a hydrogen bond acceptor. Anions, such as Cl, are inclined
to inferact with it via hydrogen bonding, thereby compromising the ion-exchange capability for
ReCys ions. Such an interaction between the amino group and the Cl ion is expecied

considering the successful Cl extraction solely on an amine-based neutral anion receptor?’.

Compulational Methods

[8174] Since the polymer is cross-linked and not dissolved in water, we ireat it as a sgparats
phase which contains one anion binding site per monomer. The monomer formula weights are
181.07 g molt, 196.08 g mol’, and 224.11 g mol'. The fraction of binding sites occupied by
anion X is computed as the ratio, 8y = ny.o/Nsora, OF Polymer sites bound io X {o tolal polymer
sites, ngma. Assuming the polymer phase occupies a negligible fraction of the total solution
volume, the occupancy fraction is also related to the solution concentration of ions through

mass balance. Mass balance stales that the formal concentration of X jons is
S fy = XS (20)

[0175] where [X ] is the concentration of anions in the aqueous phase and [§] = — {5 the

Viotal
formal concentration of polymer binding sites. Finally, the equilibrium constant for the anion

exchange reaction,

AAG

S*CF+ Xg — ST X +Clag 21
[0176] is

Ko oo Ox=yeCU] G (fy—— X))
G =X ™ g yx-1x-] X1 e- 1T b
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[0177] The approximation assumes ths two agusous Debye-Huckel ionic activily coefficients

are similar so %;Cn:—m 1 {appropriate for ions of the same charge and hydrated radius). For
—

isotherms where all CI comes from the polymer, for = [S] and the equation for the isotherm is:

psByx = fm = X1 = 2= (I 44X TST/Kerox- = X71) (23)

[0178] However, a more direct way to plot the isotherm would be to take the logarithm of Eq. 22

and show log (XVICH) as the independent variable.

[0179] lon-binding free energies for each polymsr were estimated from calculations on the
truncated fragments. Quantum calculations were carried out using density functional theory with
the MOG exchange and correlation funclionals. A 6-311++G(24d,2p) basis was used for all atoms
except Tc, which was treated with the def2-tzvp basis and associated empirical core potential.
This combination was found previously to reproduce the sxperimental structure of ths

pertechnetate anion.’?

[0180] Solvation free energies were computed using the 3D RISM method with the Kovalenko-
Hirata closure® as implemented by Case and coworkers.® We also applied the pressure
correction of Ref. 5 as implemented by Misin and coworkers.® Solvent interaction Lennard-
Jones parameters for all atoms were computed from MMFF84 nonbonded parameters between
each atom and water oxygen. Thase were calibrated so that the parametars would be computed
correctly by the Lorentz-Berthelot combination rule emploved by the 3D RISM model with iis

SPC water modsl.

[0181] The itrends show that all structures are selective for TcOs over NOs and HSO4
Comparison was not made directly io 804> because the difference in net charge would
introduce long-range correction terms, incurring additional numerical error, and a dependence
on solution ionic strength. However, the polymer environment is relatively hydrophobic, and it
may be the case that SO, is deprotonated during exchange. On the other hand, if the pKa of
HSCOy is identical in both the polymer and aqueous phasses, then the fres energy of exchanging

HSO. will also equal the free energy of exchanging 5042,

[0182] Gas-phase partition coefficients were calculated considering only the anion franslational

and rotational contributions using:

g3 ~ Guip(L71CH) E—ﬁ(EC.f.X_.—EC-;. ~Ex-) (24)
GCF3q{E7) G (X )G (XT)
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[0183] With energies, £, computed from the ground stats energy of sach molecule and
Ger(X )G, (X7) the standard expressions for ligand gas-phase tfranslational and rotalional
partition functions including symmetry numbers (1 for Cl, 2 for HSOy, and 12 for NOa and TcOs
}. £0.5.5 is appropriate if the polymsr and anion behave as rigid bodies during binding, so their
intemal degrees of freedom are frozen. The numerator treais the anion as a rigid body with & (or

3 for Ch) vibrational degrees of freedom,

e—,ﬁ’hl’j/z

{25}

—-,’?h“v'l.' .

Goin (X 1CTY =115, —

[0184] Here v; are the vibrational frequencies of external coordinates for X7 in the field of
Ctobtained by  diagonalizing the  mass-weighted projectad  Hessian  matrix,
diag(M, ) Y2 [TIR)TH [T|R] diag(M, I} V2, with H the Hessian for the anion coordinates in the
presence of C*, M the tolal mass of X (scaling translations, 7}, ! the principle momaeants of
inertia for X~ (scaling infinitesimal rotations, R). The 3N by 3 matrices T and R are given
explicitly by,

{Limod3 =j

Ty = 7
7 {0, otherwise

RL} = Thys) X Linod 3 {26)

[0185] with r the vector of anion coordinates and L a unit veclor in the direction of the |

moment of inertia (/). For X = CF, the rotational modes are omitied.

Density funclional theory calculation studies.

[0188] VWe carried out quantum densily functional theory (OFT) computations {0 understand the
chamical basis of the binding selectivities toward ReQ4/TcQs. Calculations on truncated
fragments were performed using M06 exchange and correlation functionals as implemented in
NWChem. A 6-311++G{(2d,2p) basis was used for all aloms except technetium, which was
treated with the def2-tzvp basis and associated empirical core potential. Distribution of ths
charge density around the aromatic ring was shown by examining a plot of the slectrostatic
potential surface just below the moleculs. The most favorable binding geometry for a iriangular
face of an anion was observed to have opposiie orientations between the cationic building
blocks of PQA-Py-Cl, PQA-pNH,Py-Cl, and PQA-pN{Me):Py-Cl. Methy! groups were iniroduced
to take the slectrostatic effects of the polymar chain into account. Comparison demonsirated

some nagative charge is donated to the ring system during formation of a hydrogen bond.

[0187] Binding free energies were computed for CI, TcQs, NOs, and HSOs to all four

structures using the guasi-chemical method. The anion HSOs was used in place of S0,
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because ths computational resulis are more reliable when comparing ions of equal valence. The
difference in binding free snergies between HSC4, and SC.% is the sams as the difference

between the pKas of HEO, in bulk solution compared to HSO4 bound {0 the polymer.

[0188] A large portion of the binding free ensrgies is due {0 solvation effscis. These increase
polymer binding affinity of the larger {less hydrophilic) TcOs over the smaller ClI- and NGOy
Although our solvation free energy calculations were carried out for liguid water, the polymer
environment is expecied o be slightly more hydrophobic. This will give TcO4 and additional
boost relative to other ions that is not reflected in our final calculated selectivities. Entropic
effects also contribute additional uncertainty to the calculations because it is difficult to predict
the change in volume or rigidity of the surrounding polymer environment upon ion binding.
Because of this, our fres energy computations include only ligand translational and rotational
entropy contributions (tfreating both binding partners as rigid bodies). Relative to CI {(which has
no rotational entropy), the enfropy coniributions decrease the overall affinity for all ions by 2.5-6

kcal mol.

[8189] The chemical portion of the binding free energies is provided by energy differences in
minimum energy configurations. The energy difference itself favors binding of NOs and HSOs
over TeQq by 7, 5, and 4 keal mol. Just as seen in experiments, the final order of ion exchange

affinily in solution is TcQy > H3O04 > NOg » Ci for all polymers.

Siability test.

[0190] Considering the superior performance of PQA-pN{Me)Py-Cl to extract ReO4 with good
affinity and selectivity in the aforementioned situations, it was therefore the sample of choice for
more detailed siudies. The ability to regenerate and recycle the material would afford great
advantagss in reducing the overall cost and hence facilitating practical applications. To this end,
the possibility of regeneration and reusing of PQA-pN(Me):Py-Cl were evaluated. Significantly,
the ion exchanges processes were fully reversible as reflected by the fact that the lvaded ReQy
ions can be washed off by saturated NaCl agueous solulions with maintained ion-exchange
capacity for at least three cycles, affording 990, 1003, and 887 mg g7, respectively (Fig. 18A).
These resulls suggest the adequate chemical and structural siability of PQA-pN{Me)Py-Cl,
which was further established by the following experiments. The ReQs uplake capacilies of
PQA-pN(Me)Py-Cl remained almost unchanged after being scaked in 12 M HCl or 2 M NaOH
in saturated NaCl aqueous solution for one week {Fig. 16B). More impressively, PQA-

pN{MeRLPy-Cl was able to maintain its performance in exiraction of ReQy from 3 M HNG;
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solution for more than 3 times with approximately 70% of ReQs from 3 M HNG: solution
containing 1.6 mM of ReOs (NGO . ReQ4 miolar ratio = 1875) at a phase ratio of 50 ml g after
a single treatment {Fig. 18C). Nolably, a removal efficiency of 97% can be reachsd at a phase
ratio of 20 mbL g (a8 number that is nearly half that used for the chromalographic column
application, 11 mbL g'). These features clearly represent a priority in uptake for ReO4/TcOs over
NOa, thereby showing its polential for removing TcOy from reprocessed used fuel prior to the

plutonium uranium redox extraction (PUREX) process.

[0191] Given that the above studies were done with non-radicactive elements, how radiation
inferacts with the materials was not taken info account®. Therefore, o rationalize resulls
obtained from simulanis, extemal radiation sources wers exeried Very impressively, PQA-
pN{Me,LPy-Cl exhibits sutstanding resistance toward high-energy ionizing radiation of both B-
and y-rays, indicative by no noticeable change in the IR specira or the sorplion performance
measurements on the irradiated samples in relation o the pristine material, thereby providing a
substantial prersquisits for application in used nuclear fuel reprocessing and waste
managemeant. Remarkably, even after iradiation with exiremely large doses of 1000 kGy of &~
or y-rays, the sorption rate and capacily for ReQOy by PQA-pN{(Me):Py-Cl remained unaffected
{Fig. 16D} PQA-pN(Me),Py-Cl combines the satiribules of high capacity, reusability, and
rasistance against radiation, providing an exiended lifetime that is sought after for long-term use

in nuclear waste watsr treatment applications.

Removal from Simulaied Nuclear Wasles,

[0192] To further validate the resulls, TcO4 uptake experiments were performed by contacting
PQA-pN(Me)Py-Cl with an agueous solution of TcOys. The concentration of TcQs was
monitored by liguid scintilation counting measurements. PQA-pN(Me),Py-Cl was kinstically

favored, 98% of TcOs could be removed within & min.

[0193] With this success, it promoted us to investigate performance of PGA-pN{(Me).Py-Cl in
legacy nuclear waste. Previous estimates of Hanford tank waste inventories indicated that the
amount of fechnetium in the waste nesded to be reduced substantially to prepars immobilized
fow activity waste (LAW} glass that meels performance assessmeni requirements. To
investigate the removal of TcOs~ for this application, we prepared a simulated Hanford LAW
melter recycle stream, where the amounis of NOy, NOz, and CI are more than 300 times that of
TeOs, resulting in an enormous challenge {0 seleclively remove TcOy. Foliowing similar

experimental conditions as the established procedures, PQA-pN{Me)Py-Cl was found {0
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remove about 95% of available TcO4 from the waste at a phase ratio of 200 mb g, placing it
within siriking distance of the alltime TcO4s removal record. To further extend the potential
application of PQA-pN(Me)Py-Cl in nuclear waste remediation, we tesled its capability for the
deconiamination of TcQy in Savannah River Sies. I was shown to be effective for the
segregation of TcO4 from simplified simulants, a strong basic TcOy solution with the strength of
other anions over 70 000 times that of TcOs. Approximatsly 80% of available TcOs was
extracted from ths wasle at a phase ratio of 100 mb g, which o date, we have found no
materials in the literature with comparable selectivity under similar conditions. Although
applicable to pertechnetate-containing waste streams in general, these two examples discussed
here were directed atl two spscific potential applications at the U.S. Depariment of Energy’s
lsgacy site: 1} the removal of dilute pertechnstate from nsar-nsutral solutions, typical of the
eluent streams from prefreated Hanford tank wastes, and i} the direct removal of pertechnelats

from highly alkaline solutions, typical of those found in Savannah River Sites.
Discussion

[8194] In summary, based on the results above, we can now formulate clear design rules to
achieve ideal ReQs/TcOs scavengers with optimal uplake capacity and selectivity. The
presented case shows that a subtie interplay between various functions in the adsorbent-in this
case incorporation of a distinct funclionality on a cation moiety-would be ussd {o obtain an
optimally performing adsorbent. Given the fact that ion exchange often follows a similar
mechanism, we expect that the trends discovered here will also be of high relevance for many
other sequestration processes, such as coordinative binding. We conceptually showed the
potential for tuning binding sites in seleclive capiure to a greater degree of complexity. Given
the demonstrated easy iunability, regeneration, and separation combined with radioactive
resistance, long-term siability, and high performance in application relevant conditions, these
new materials presenied here could become highly influential for nuclear wastewater treatment
technologies, particularly in the event of an impending water crisis. Also, potential cost savings
and scheduls accelsration could be anticipated based on conseguent improvemenis in
vitrification processing, reduction in waste form volumes, and higher wasts-packags

performance.
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Example 8: borate/boric acid functionalized covalent organic frameworks

Synthesis of borate/boric acid funclionalized covaleni organic frameworks

NO,

{H {2}

{3} (4}

{5}
Reagent: (e} CH;C00H, (CH000, Ha80,, Cr0,; (b} bis{pinacolato)diboron, Pd{dppfiCl

{6}

[0198] 1,3 5-tris(4-nitrophenylibenzene {1). 4-Nitroacetophenone (50 g}, tolusne (200 mlL), and
CF:80:H (2.0 mbL) were added to a flask equippsd with a water separaior and a cooling

condenser. The mixdiure was refluxed for 48 h, during this time the formed water was eliminated
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as a tolusne azeotrope. After baing coolaed {0 room temperaturs, the mixture was filtersd and
washed with DMF under refluxing to vield a grey-green solid product after drying. This product is

insoluble in any common solvent,

[01986] 1,3 5-tris-(4-aminophenylibenzene (2). A suspension of 1,3,5-Iris(4-nitrophenyiibenzene
(12.5 g, 28.4 mmol} and Pd/C (5 wi%, 2.0 g} in ethanol (200 mL) was heated to reflux
Hydrazine hydrate (30 ml) was addsd in portions, and the resulling mixdture was refluxed
overnight. After that, the mixture was filtered through celite in hot and lefi the filtrale undisturbed
to fully crystallize the product. The solid was collected by filtration and washed with cold ethanol.
Yield: 8.3 g (84%). 'H NMR (400 MHz, de-DMSO, 298K, TMS): § 7.50 (¢, 8H, J=5.8 Hz), 6.69 (d,
8H, J=8.4 Hz), 522 (s, 8H) ppm. ¥C NMR (125 MHz, de-DMSO, 298K, TMS) 193.65, 138.486,
13577, 132.45, 130.59, 120.438 ppm.

[0197] 1,3 6 8-tetrabromopyrene (3}, To a mixiure of pyrene (101 g, 50.0 mmol) and
nitrobenzene (350 mL), Br, (220 mmol in 200 mbL of nitrobenzens,) was added dropwise. After
the addition was complete, the yellow suspsnsion was healed at 120 °C for 18 h and then
cooled to room temperature. The precipitale was filtered off, washed with ethanol, and dried
under vacuum fo vield 1,36 8-tetrabromopyrene as a pale vellow solid (24.2 g, 94%). The

product was found to be insoluble in ali common organic solvents, limiting charactsrization.

[0198] 1,3 6 8-lefrakis(4-aminophenyiipyrene (4} 1,3,6,8-Tatrabromopyrene (148 g, 2.86
mmol}, 4-aminophenylboronic acid pinacol ester (3.0 g, 13.7 mmol}, KxCOs (2.2 g, 15.8 mmol),
and Pd(PPhs)s (0.33 g, 0.29 mmol) were introduced into a mixture of 1,4-dioxane (50 mL) and
H.O (10 mL}. The resulting mixiure was refluxed at 115 °C under N, atmosphere for 3 d. After
cooling to room temperature, the solution was poured into watsr and the resulling precipilate
was filtered off, washed with water and methanol. The resulting solid was further purified by
flash chromatography with acetong as eluent to afford the title compound as a yellow-brown
solid. Yield: (1.49 g, 92%). TH NMR (400 MHz, ds-DMSQ, 298K, TMS): & 8.13 (s, 4H), 7.78 (s,
2HY, 7.35 (d, 8H, J=8.4 Hz), 6.77 (d, 8H, J=B Hz}, 5.32 (s, 8H) ppm. 3C NMR (125 MHz, ds-
DMSO, 208K, TMS) 148.69, 137.598, 131.52, 129.50, 128.03, 127.17, 126.58, 124.89, 114 .4
pprm.

[019%] 2 5-dibromobenzene-1,4-dicarbaldehyde (5). To a mixiure of 2, 5-dibromo-p-xylene (8 g},

acetfic acid (40 ml}, acetic anhydrids (80 mb) at 0 °C, sulfuric acid (28 ml} was added

dropwise. CrO; (12 g) was then added {o the mixture in small portions. The resultant mixiure

was stirred at 0 °C overnight. The greenish slurry was poured info ice water, fillrated, and
75



WO 2019/140338 PCT/US2019/013393

washed with water and methanol. The obtained diacetate was then hydrolyzed by refluxing with
a mixture of water (40 mlb), ethanol (40 mbL) and sulfuric acid (4 ml) overnight. The title product
was oblained by fillration, which was used direcily for the next step without further purification.
Yield: 2.83 g (32%). '"H NMR (400 MHz, de-DMSO, 298K, TMS): & 10.14 (s, 2H), 8.07 (s, 2H)
ppm.

[0200] 2 5-bis(4, 4,5 5-teframethyl-1,3 2-dicxaborolan-2-yiiterephthalaidehyde {8). § {1.0 g, 3.5
mmol), bis{pinacolato)diboron (2.2 g, 86.6 mmol), KOAc (0.85 g, 86.3 mmol), and Pd{(dppfHiCh
{0.255 g, 0.34 mmol) were dissolved in 1,4-dioxane (20 mlL), the resulting mixture was refluxed
at 110 °C undar N; atmosphere for 24 h. The residus was extracted with ethyl acetale, washead
with brine, dried over Na;80s, and evaporated under reduced pressure, giving the crude
compound which was purified by flash chromatography with hexane/ethyl acetate (5:1) as
eluent to afford the fitle compound as a light vellow solid. Yield: 1.23 g (92%). 'H NMR (400
MHz, CDCls, 298K, TMS): 6 10.56 (s, 2H), 8.38 (s, 2H), 1.41 (s, 24H) ppm. "B NMR (400 MHz,
CDCls, 288K, TMS): 8 31.27. *C NMR (125 MHz, CDCls, 298K, TMS) 194.12, 143.28, 135.12,
84.86, 24.92 ppm.
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[06201] Synthesis of COF-1. A Pyrex tube measuring o.d. » i.d. = 8.5 x 7.5 mm?® was charged
with 2 (20.0 mg, 0.057 mmol) and § (32.9 mg, 0.088 mmol) in 1.1 mL of a §:5:1/v:viv soiution of
1. 2~-dichiorobenzene: n-butylalcohold M agueous acetic acid. Ths tube was flash frozen at 77 K
(iquid Nz bath), evacuated and flame sealed. Upon sealing the length of the tube was reduced

to ca. 15 cm. The reaction mixture was heated at 100 °C for 3 days to afford a yellow-brown
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precipitate which was isolated by filtration and washed with anhydrous tefrahydrofuran using
soxhlet extraction for 2 days. The product was dried under vacuum at 50 °C to afford COF-1
(42.1 mg, 86%).

[0202] Synthesis of COF-2. COF-1 (200 mg) and NalQO4 (861 mg) were added into the mixiure
of THF (11 mbL) and HG (2.8 mlL) and the resulting mixture was stirred at room temperature for
24 h. After that, 1 M HCU{0.2 mbl) was introduced and stirred for another 48 h. The product was

collected by filtration, washed with HO and ethanol, and dried under vacuum.

COF-3 COF-4

[0203) Synthesis of COF-3. A Pyrex tube measuring o.d. x id. = 9.5 x 7.5 mm® was charged
with 4 (11.0 mg, 0.018 mmol} and § (15.0 mg, 0.038 mmol) in 1.1 mbL of a 5:5:1/v:viv solution of
1,2-dichlorobenzene:n-butylalcchol:8 M aqueous acetic acid. The tube was flash frozen at 77 K
(liquid N2 bath), evacuated and flame sealed. Upon sealing the length of the tube was reduced
to ca. 15 cm. The reaction mixiure was heated at 100 °C for 3 days to afford a ysliow-brown
precipitate which was isolated by filtration and washed with anhydrous tetrahydrofuran using
soxhlet extraction for 2 days. The product was dried under vacuum at 50 °C to afford COF-2
(20.1 my, B2%).

[0204) Synthesis of COF-4. COF-3 (200 mg) and NalO4 (661 mg) were added into the mixture
of THF (11 mb) and HxO (2.8 mlL) and the resulling mbdure was stirred at room temperature for
24 h. After that, 1 M HCI (0.2 mL) was introduced and stirred for another 48 h. The product was

collected by fillration, washed with HxO and ethanol, and dried under vacuum.
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Synthesis of amic acid functionalized porous oraanic polvmer

1) o 8)
Reagent: {g) HNO,, CHL,COOH, {[CHiC0,0; {R) NHgNH,y, RPA/IC

[0208] tetrakis{4-nitrophenylimethane (7). A iotal of 14 mlL of fuming nilric acid in a flask
equipped with a magnetic stirrer, and a gas funnel were cooled down 1o -10 °C, followed by the
portioned addition of tetraphenyimethans (2.5 g, 7.8 mmol), acstic acid (8 mL), and acetic
anhydride (4 mbL). The mixture was stirred at -10 °C for 1 h. The resulling vellow solid was
filtered, washed with acetic acid and water, and dried in an oven at 100 °C. Yield: 2.5 g (4.9

mmol, 63%).

[02086] lefrakis(4-aminophenylimethane (8). A total of §.75 g of tetrakis(dnitrophenylmethane
(1.5 mmol, 1 equiv) ware suspended in 50 mL ethancl Then, 1 g of NoHse HO (20 mmol, 13
equiv) and 50 mg of Pd/C (5 wl.% Pd/C) were added and the mixture was refluxed for 3 h. After
hot filtration and washing with sthanol, the solvent was evaporated and the residue washed with
DCM to give a white solid. Yield: 0.358 g (9.0 mmol, 63%)."H NMR (400 MHz, DMSO, 298K,
TMS): 3 6.63 (d, 8H, J=8.8 Hz), 6.347 (d, 8, J=8.8 Hz), 4.79 (s, 8H) ppm.
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[0207] Synthesis of POP-1. In a 20 mbL glass vial, pyromellitic anhydride {115 mg, .52 mmol}
was dissolved in 1 4-dioxane (16 mlL). Tetrakis{4-aminophenylymethane (100 myg, 0.26 mmol)
and water {1 mL} were then added in one portion at room temperature. The reaction vessel was
then placed in oven at 100 “C without stirring. After 18 h, the reaction mixture turned inio a gel,
was cooled down o room temperature, and then fitered under vacuum and washed with 1,4-
dioxane, water, acetone, dichloromethane, THF, toluene, DMF. The obtained solid material was

finally washed with dichloromethane and then dried under vacuum at 50 °C.

[0208] Synthesis of POP-2. In a 20 mL glass vial, pyromellitic anhydride {115 mg, 0.52 mmol)
was dissolved in 1 4-dioxane (16 mlL). Tetrakis{(d-aminophenylmethane (147 mg, 6.26 mmol}
and water {1 mbL} were then added in one portion at room temperature. The reaction vessel was
then placed in gven at 100 °C without stirring. After 18 h, the reaction mixiure turned into a gel,
was cooled down o room temperature, and then filtered under vacuum and washed with 1,4-
dioxane, water, acetone, dichloromethane, THF, toluene, DMF. The oblained solid material was

finally washed with dichioromethane and then dried under vacuum at 50 °C.
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Synthesis of porous arganic polvmers from free radical polymerization.

O OO0

Reagent: potasshum vinyltrifluoroborate, gd{Pphﬂs

COOH CQOGH,;
LBy “ \ Br
,.-»'
CO0H SOO0H,
{10}

Huaged: Madid, Ma8Gy polassiant vbplivifiucorolonate, FdiPPiuh

B e B ] e R Ry
\E’.ﬂ - § s
=

N I3
{12}

Rasganhpolassium vippWrifiuoroborate, PdiPPhyls

[0209] 4 4-diviny/-1,1-biphenyl (8). 4,4 -dibromo-1,1-biphanyl (3.08 g, 10 mmol), potassium
vinvitrifluoroborate (3.22 g, 24 mmol), K:COs (4.14 g, 30 mmol), and Pd{PPh:}s (8.22 g, 0.2
mmol) were dissolved in a mixture of oluene (25 mL), THF (25 mL} and HxO (5 mbL) and the
resuiting mixture was refluxed at 90 °C under N; aimosphers for 24 h. The residue was
exiracted with ethyl acetale, washed with bring, dried over Na;S04, and svaporated under
reduced pressurs, giving the crude compound which was purified by flash chromatography with
hexane as eluent to afford the title compound as a white solid {(1.75 g, 85%). 'H NMR {400 MHz,
CDChL, 288K, TMS): 8 7.46-7.58 (m, 8H), 8.72-6.79 (m, 2H), 5.78 (d, 2H, J=17.6 Hz), 6.02 (d,
2H, J=16.0 Hz), 5.27 (d, 2H, J=10.8 Hz) ppm.

[0210] dimethyl 2 5-dibromoterephthalate (10} A mixture of 2 5-dibromoterephthalic acid (5 g,
15.5 mmol), concentrated H:304 (4.0 mb) and CH:OH (100 ml) was refluxed for 12 h. The
mixiure was exiracted with an excess of ELO, and then the combined organic phase was
washed with NaHCO; agueous solution and dried over Na;8504. The residue was evaporated
under reduced pressure and purified by flash chromatography with hexane/ethyl acetate (5:1)
as eluent to afford the title compound as white solid. Yield: 5.3 g (88%). 'H NMR (400 MHz, ds-
DMSO, 298K, TMS): 8 8.06 (s, 2H), 3.85 (s, 6H) ppm.
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[0211] dimethy! 2 5-divinyiterephthalate (11} 186 (351 g, 10 mmol), potassium
vinvitrifluoroborate (3.2 g, 24 mmol), KxCO; (8.6 g, 48 mimol), and Pd{PPhs)s (0.22 g, 0.2 mmol
were dissolved in the mixture of toluens (30 mb), THF (30 mlL) and H.O (6 mbL), and the
resulting mixture was refluxed at 90 °C under N, atmosphere for 12 h. The residue was
exiracted with ethyl acetale, washed with bring, dried over Na,S04, and svaporated under
reduced pressurs, giving the crude compound which was then purified by flash chromatography
with hexane/ethyl acetate (5:1) as eluant 1o afford the title compound as white solid. Yield: 2.2 g
(80%). TH NMR (400 MHz, ds-DMSO, 298K, TMS): 5 8.01 {d, 2H, J=4 Hz), 7.19-7.25 (m, 2H),
5.81-5.85 (m, 2H), 3.87 (d, 8H, J=4 Hz) ppm.

[0212] 3 5-divinvipyridine (12}, 3. 5-dibromopyridine (3.0 g, 127 mmol), potassium
vinvlirifluorcborate (4.06 g, 30.4 mmol), K,COs (5 g, 36.2 mmol), and Pd(PPhs), {(0.37 g, 0.315
mmol) were dissolved in a mixiure of foluene (25 ml), THF (25 mL), and H.O (10 mL), and the
resuiting mixture was refluxed at 80 °C under N; atmosphere for 48 h. The product was
extracted with ethyl acetate, washed with bring, dried over Na;S0s, and svaporated under
reduced pressure, giving the crude compound which was then purified by flash chromatography
with hexane/ethy! acetate (5:1) and 1%v/v triethylamine as eluent o afford the title compound
as a coloriess liquid. Yield: 1.44 g (86%). 'H NMR (400 MHz, CDCls, 298K, TMS): § 8.50 (d, 2H,
J=1.2 Hz), 7.73 (s, 1H), 6.68-6.74 (m, 2H), 5.85 (d, 2H, J=14 Hz), 540 (d, 2H, J=8.8 Hz) ppm.
BC NMR (125 MHz, CDCls, 298K, TMS) 147.35, 133.35, 132.81, 1298.43, 116.48 ppm.
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[0213] Synthesis of PORP-3, 1.0 g of 8 was dissolved in 10 mlb of THF, followed by addition of
25 myg of AIBN. The mixture was iransferred into an autoclave at 100 °C for 24 h. The title
material was oblained after being washed with CH,Cl and dried under vacuum. Concentrated
sulfonic acid (40 mbL) was added dropwise to a 100 ml flask containing 500 mg of polymer. The
mixture was stirred at room temperature for 48 h, and then 50 °C for another 48 h, after which
the mixture was poured inlo ice waler and washed with an excess of water until the pH of the

filiration tuned to around 7.

[0214] Synthesis of POP-4. POP-4 was oblained by the ireatmeni of POP-3 with NaCH

agueocus solution.

[0218] Synthesis of POP-5. 1.0 g of 10 was dissolved in 10 mbL of THF, followed by addition of
25 myg of AIBN. The mixture was iransferred into an autoclave at 100 °C for 24 h. The tille

material was obtained afler being washed with CH;Cl, and dried under vacuum.

[0216] Synthesis of POP-8. POP-6 was synthesized by the treaimant of POP-5 (0.2 g) with
LIOH-H.O (0.1 g) in a methanol/water mixture {4:1 v/v, 20 mbL) to convert the ester groups to
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carboxyl groups. After the resulting mbdure being stirred at room temperaiurs for 24 h, ths tille

material was obtained by filtration, washed with water, and dried under vacuum.

[0217] Synthesis of POP.7. POP-7 was obtained by the treaiment of POP-6 with NaCH

aqueocus solution.

[0218] Synthesis of POP-8 1.0 g of 12 was dissolved in DMF (10 mL), followed by the addition
of free radical initiaior azobisisobutyronitrils (AIBN, 25 mg). After stirring at room temperature {0
achieve homogeneity, the mixture was transferred inte a 20 mbL sutoclave and maintained at
100 °C for 24 h. A white solid product (1.0 g, 100% vield) was obtained by extracting the DMF
solvent with £E1OH and drying in vacuum at 50 °C for 12 h.

[0219] Synthesis of POP-3. Under an atmosphere of Ar at 0°C, peracetic acid (3% wt% in
acstic acid, 10 mbL) was added dropwise to POP-8 (100 mg). After stirring overnight at 85 °C,

the title materials was obiained by filtration, washed with sthanol, and dried under vacuum,.

Ammonium adsorption performance test;

Table 7. Ammonium removal efficiency from low concentration solution over various

adsorbents.
Entry Adsorbent Initial N conceniration {ppm) N concentration after adsorption

{ppm)
1 COF-1 3.49 2.75
2 COF-2 3.49 1.05
3 COF-3 3.49 2.30
4 COF-4 3.48 0.74
5 POP-1 3.49 0.83
6 POP-2 3.49 1.28
8 POP-3 3.49 0.15
g POP-4 3.49 3.13
10 POP-5 3.48 3.32
11 POP-8 3.49 0.72
12 POPR-7 3.49 3.08
13 POP-8 3.49 2.98
14 POP-g 3.49 2.64

Conditions: ammonium agueous solution (10 mbL), adsorbent (5.0 mg), RT, overnight
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Table 8. Ammonium uptake capacity evaluation of various adsorbents.

Entry Adsorbent Initial N concentration {pprm) N uptake capacity
{mg g
1 COF-1 236.67 16.53
2 COF-2 238.67 50.41
3 COF-3 23667 21.32
4 COF-4 236.67 70.18
5 POP-1 236 .67 56.04
6 POP-2 236.67 47.35
8 POP-3 238.67 60.32
9 POP-4 23667 10.11
10 POP-5 236.67 514
1 POP-6 236 .67 63.29
12 POP-7 236.67 13.12
13 POP-8 238.67 g.14
14 POR-9 23687 11.13

Conditions: ammonium agueous solution (10 mL), adsorbent (5.0 mg), RT, overnight.
Example 9; pyridine-based polymers for precious metal recovery

Synthesis of pyridine-based polvimers for precious melal recovary

4 $
& Br 2
Xy = RN < N S8
E e ] _ i ]
< N L
N N N
1 2

[0220] 3, 8-divinylpyridine {2). 1 (3.8 g, 12.7 mmaol), potassium vinvitrifluoroborate (4.06 g, 30.4
mmol), K2CO3 (3 g, 36.2 mmol), and Pd{(PPhs)s (0.37 g, 0.315 mmol) were dissolved in a
mixture of foluene (25 mi), THF (25 mL}, and HO (10 ml), and the resulting mixiure was
refluxed at 80 °C under Ny atmosphere for 48 hr. The product was exiracied with ethyl acetate,
washed with brins, dried over Na;50,, and evaporated under reduced prassure, giving ths
crude compound which was then purified by flash chromatography with hexane/ethyl acetate
{(5:1) and 1%v/v triethylamine as eluent to afford the title compound as a white powder. 'H NMR
(400 MHz, de-DMSO, 208K, TMS): & 10.34 (s, 2H), 8.18 (s, 2H), 7.59-7.88 (m, 2H), 5.97 {d, 2H,
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J=17.6 Hz), 559 (d, 2H, J=11.2 Hz) ppm. *°C NMR (125 MHz, ds-DMSO, 288K, TMS) 183.65,
138.48, 13577, 132.45, 130.59, 120.48 ppm.

[0221] Synthesis of polymer (3). 2 (1.0 g) was dissolved in DMF (10 mi), followed by the
addition of free radical initiator azobisisobutyronitrile (AIBN, 0.025 g). After stlirring at room
temperature to achieve homogeneily, the mixture was transferred into a 20 mb aufoclave and
heated to 100 “C overnight. A white powder was obiained by exiracting the DMF solvent with
EtOH and drying in vacuum at 80 °C for 12 hr.

) Br i 8r E S
AN N ~ NS RS - \I N
() — 1 — "1 — "1
L P : o
N N N N
4 5 6 7

[06222] 3,8-dibromopyridin-4-amine (5}, To a solution of 4 (1.88 g, 20 mmol) and carbon
tetrachloride (80 mL), N-bromosuccinimide (7.12 g, 40 mmol) was slowly added in portions over
a thirty-minute period, while the flask was protectsd by aluminum foil. After stirring at room
temperature for 24 hr the product was exitracled with chloroform, washed with brine, dried over
Ma.S04, and evaporated under reduced pressure, giving the crude compound. This was then
purified by flash chromatography with hexaneg/ethyl acetate (2.1} and 1%v/v iriethylamine as
elusnt to afford the title compound as a yellow powdsr. 'H NMR (400 MHz, ds-DMSQO, 288K,
TMS): 8 8.20 (d, 2H, J= 10 Hz), 6.40 (br, 2H) ppm.

[0223] 3, &-divinyipyridin-4-amine {6}). 5 (1.0 g, 4 mmol}, potassium vinyitrifivoroborate (1.32 g,
9.6 mmol}, K;CO;z (1.6 g, 12 mmol), and Pd{PPha)s (0,118 g, 0.1 mmol) were dissolved in a
mixture of foluene (25 mi), THF (25 mL), and HO (10 ml), and the resulting mixture was
rafluxed at 90 °C under N atmosphere for 48 hr. The product was extracied with ethyl acetate,
washed with brine, dried over Na,S0,, and evaporated under reduced pressure, giving the
crude compound which was then purified by flash chromatography with hexane/ethyl acetale
(5:1) and 1%v/v tristhylamine as eluent to afford the titls compound as a vellow powder. 'H
NMR (400 MHz, ds-DMSO, 288K, TMS): 8 8.12 (s, 2H), 6.81-6.88 (m, 2H), 5.96 (s, 2H), 5.59-
564 {m, 2H), 5.19-5.22 (m, 2H) ppm.

[0224] Synthesis of polymer (7). & (1.0 g} was dissolved in DMF (10 mL)}, followed by the
addition of free radical initiator azobisisobutyronitrile (AIBN, 0.025 g). After stiring at room

temperature to achieve homogeneity, the mixture was transferred into a 20 mL auloclave and
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heated 1o 100 °C overnight. A yellow solid product was obtained by extracting the DMF solvent
with EtOH and drying in vacuum at 50 °C for 12 hr.

N g N B o 2 - SN
N NN NN NN
8 9 10 1

[0228] 3 &-dibromopyridin-2-amine {8} To a solution of 8§ (1.88 g, 20 mmol) and carbon
tefrachloride (80 mL), N-bromosuccinimide {(7.12 g, 40 mmol) was slowly added in porlions over
a thirty-minute period, while the flask was protected by aluminum foil. After stirring at room
tempsrature for 24 hr the product was extracted with chioroform, washed with bring, dried over
NaS04, and evaporated under reducsad pressure, giving the crude compound. This was then
purified by flash chromatography with hexane/ethy! acetate (2:1) and 1%v/v friethylaming as
eluent fo afford the tifle compound as a yellow powder. 'H NMR (400 MHz, ds-DMSO, 298K,
TMS): 6 7.27 (d, 1H, J= 8.8 Hz), 7.02 (d, 1H, J= 8.4 Hz), 5.69 (s, 2H) ppm.

[0226] 3,5-divinylpyridin-2-amine {16} 8 (1.0 g, 4 mmol), potassium vinyitrifluorcborate {1.32
g, 9.6 mmol), Ko:COs (1.6 g, 12 mmeol), and Pd{PPhs)s (0.116 g, 0.1 mmol) were dissolved in a
mixture of toluene (25 mi), THF (25 mL), and H.O (10 ml), and the resulling midure was
rafluxed at 90 °C under N atmosphere for 48 hr. The product was exiracted with ethyi acetate,
washed with brine, dried over Na.80,, and svaporated under reduced pressurs, giving the
crude compound which was then purified by flash chromatography with hexane/ethyl acelats
(5:1) and 1%v/v triethylamine as eluent to afford the title compound as a yellow powder. 'H
NMR (400 MHz, CDCla, 208K, TMS): 3 7.94 (d, 1H, J= 2.8 Hz), 7.61 (d, 1H, J= Z Hz), 6.53-6.65
(m, 2H), 5.57-5.70 (m, 2H), 5.13-5.44 (m, 2H), 4.94 (br, 2H) ppm.

[0227] Synthesis of polymer {11): 10 (1.0 g) was dissoclved in DMF (10 mL), followed by the
addition of free radical initiator azobisisobutyronitrile (AIBN, 0.025 g). Afier stirring at room
tempsrature o achieve homogeaneity, the mixiure was transferred into a 20 mb autoclave and
heated to 100 °C ovarnight. A yvellow solid product was obiained by extracting the DMF solvent
with EtOH and drying in vacuum at 50 °C for 12 hr.

Palladium Recovery

[0228] Pd?* sorption isotherm. To obtain adsorption isotherms for polymers 3, 7, and 11, 5

mg of adsorbent was placed in 10 mL aqueous solutions of varying Pd®* concenirations (25-800
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ppmy. The sclutions were then stired overnight to achieve sguilibrium. The solutions were
filtered through a 0.45 um membrane fiker and the filirate was analyzed via ICP to determins
the rasidual Pd? concentrations. The amount adsorbed or uplake capacity, 9. {mg g), at
equilibrium was calculated using Equation 27. Polymers 3, 7, and 11 had uptakes of 707.6,

742 .6, and 751.8 mg/g, respectively.

go =B 7

m

[0229] Pd* sorption kinetics. 20 mg of polymers 3, 7, and 11 were added to Erlenmeyer
flasks containing 200 mb of a 5 ppm Pd® solution. Al increasing time intervails 3 mlL aliquotls
were removed from the mixiures, filtered through a 0.45 um membrane filter, and the filtrates
were analyzed by ICP-MS for the remaining Pd® concentration. Polymers 3, 7, and 11 were

able to drop 10 2.23, 0.282, and 1.28 ppb, respectivaly, within 3 hours.

[0230] Selectivity in multi-element solutions. 5 mg of polymers 7 and 11 were added to
Erfenmeyer flasks containing 50 mLb of a mixed metal solulion containing 5 ppm Pd?*, Fe?*, Zn?*,
Pb?* Ni?*, and Cd?. The solulions were stirred overnight to achieve equilibrium. The solutions
were fillered through a 0.45 um membrane filier and the filtrate was analyzed via ICP {o

determine the residual Pd?* concentrations. Polymers 7 and 11 were able to drop to 1.02 npb

and 188 ppb, respectively.

[0231] pH stability and Pd™upiake. 5 mg of polymer 7 was added to 20 mbL agueous
soltions of pH 8 and 10, adjusted with nitric acid and sodium hydroxide, respectively. The
adsorbenis were soaked in the extreme pH solutions over a time period of 72 hr. The polymers
were then separaied from the solufions through cenirifugation and used withoul further
freatment. The adsorbents were subsequently added to 50 mL of 5 ppm Pd?* solutions of pH 3
and 10. The sclutions were stirred overnight to achisve squilibrium. Ths solutions were fillered
through a 045 um membrane filter and ths fillrate was analyzed via ICP {o dstermine ths

residual Pd?* concenfrations. Polymer 7 was able to drop to 2.08 and 6.14 ppb under pH 3 and

10, respectively.

[0232] Palladium Elution and Polymer Regeneration. 3.0521 g thiourea was dissolved in
188 mb of DI water. 4 ml of 0.5M HCl was added to the sclution. The resulting solution was
0.2M thicurea and 0.01M HCL The polymer was placed in 100 mbL of the solution and stirred
overnight. The polymer was then fillered from the solution, rinsed with water, and dried under

vacuum. 20 mg of polymers 7 and 11 were added to Erlenmeyer flasks containing 200 mL ofa 5
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ppm Pd?* solution. The solutions were stirred overnight to achieve equilibrium. The solution was
filtered through a 0.45 um membrane fiker and the filirate was analyzed via ICP to determins

the residual Pd? concentrations. Polymer 7 was able to drop to 0.1 ppb, removing over 89.99%

of the palladium in solution, while Polymer 11 had a reduced capacily, dropping to 29.0 ppb.

Table 9. Summary of Additional Experiments

Polymer
Experiment 7 11
Rasidual Concentration (ppb)
Selectivity 1.02 188
pH 3 2.08
pH 10 5.14
Regeneration 0.1 29.0

[0233] it should be emphasized that the above-described embodiments of the present
disclosure are merely possible examples of implemeantations, and are set forth only for a clear
undersianding of the principles of the disclosure. Many variations and modifications may be
made io the above-described embodimenis of the disclosure without depariing substantially
from the spirit and principles of the disclosure. All such modifications and variations ars

intended to be includsd herein within the scope of this disclosure.
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We claim;

1. A compaosition for binding one or more contaminanis from a source of waler, the

composition comprising a porous organic polymer (POP) comprising:

(i) a pluralily of repeat units each having a struciure according to any one of Formula 3A-

Formula 3C
5
R12
|
11 10 3
WR’EZ R R’Ezm MR12 R R12 A
a3 A% a3 R11 o3 R11
+ +
R10 N*”/ R10 /N o A3 /N /
I \R12‘1‘
R1O R'i()
Formula 3A Formula 3B Formula 3C
;and
(i} a plurality of pores having a hierarchical pore size distribution over a rangs of pors
5izes;

where gach occurrence of R' is independsnily a hydrogen, a halide, or an alkyl or

hetercalkyl having 1 10 3 carbon atoms;

where sach occurrence of R is independantly a hydrogen, -NH;, -NHR'3, or -NR1R™
where each occurrence of R'? and R is independently an alky! or hetercalkyl having 110 3

carbon atoms;
where gach occurrence of RY is independently an alkyi having 1 to 3 carbon atoms; and

where each cccurrence of A% is independently none or a substituted or unsubstituted

phenyl

2. The composition according to claim 1, wharein sach occurrance of RY is -NH;, -NHR®,
or -NRTERM™,

3. The composition according to claim 1, wherein each occurrence of A® is none.
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4. A composition for binding one or more contaminants from a source of water, the

composition comprising a porous arganic polymer (POP) comprising:

(i) a plurality of repeat unils each having a structure according {0 any one of Formula 4A-

Formula 4C
5
RZZ
i
21 20 4
WR?Z R??"‘ WR?? R R22 A
\A4 A4f \A4 RZ 1 o \A4 RZ‘E
R2O N/ R2O N / A4 N / RQC‘
\R22"‘
REC’ R2G
Formula 4A Formula 4B Formula 4C
;and
(iiy a plurality of pores having a higrarchical pore size distribution over a range of pore
sizes;

where each occurrence of R and R? is independenily a hydrogen, a halide, an alkyl or
heteroalky! having 1 1o 3 carbon atoms, -NH,, -NHR™, or -NR"R"™ where each occurrence of

R'3 and R" is independently an alkyl or heteroalkyi having 1 to 3 carbon atoms;
where sach cccurrence of R? is independantly an alkyl having 1 fo 3 carbon atoms; and

where each occurrence of A? is independently none or a substituied or unsubstituted

phenyl

A, The composition according to claim 4, wharein sach occurrance of R?' is -NH;, -NHR®,
or -NRPRM,

8. The composition according to claim 4, wharsin at least one occurrence of R is -NH;, -

NHR'S, or -NRTR™,

7. The composition according to claim 4, wherein each occurrence of A® is none.
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8. A composition for binding one or more contaminants from a source of water, the

composition comprising a porous organic polymer (POP) comprising:

(i) a plurality of repeat units gach having a structure according to any one of Formula 1A-

Formula 1C

Formula 1A Formula 1B Formula 1C

and

(iiy a plurality of pores having a hierarchical pore size distribution over a range of pore

5izes;

where gach occurrence of R' is independently a hydrogen, a halide, an alkyl or
heteroalkyl having 1 io 3 carbon atoms, or a binding moisty, so long as at least one occurrence

of R'is a binding moisty;

wherein each occurrence of the binding moisty is indspendently selected from the group
consisting of a nitre substifuent, a thiol substituent, a halids substituent, a conjugate bass
substifuent, an ammonium substifuent, a pyridinium substituent, an imidazolium substituent, an

a salt thereof,
where each occurrence of R? is independently an alkyl having 1 to 3 carbon atoms; and

where gach occurrence of A2 is independently none or a substituted or unsubstituted

phenyl.

9. The composition according to claim 8, wherein the binding moiety comprises a halide

selacted from the group consisting of a chioride, a bromide, and an iodide.

91



WO 2019/140338 PCT/US2019/013393

10. The composilion according to claim 8, wherein the binding moiely comprises a conjugaie
base substituent or a salt thereof, whersin the conjugate bass is sslected from the group

consisting of sulfate and nitrate.

11. The composition according to claim 8, wherein the binding moiety comprises an
ammonium substituent or g salt thereof, and the ammonium substituent has a structure

according io the following formula

where R? R4, and R® are hydrogen; or

whare R? R* and R® are each independently selected from the group consisting of

hydrogen and C1-C5 alkyl, heteroalkyi, and alkoxy; or

where R* is hydrogen, and where R? and R® are each independently selected from the

group consisting of C2-C7 carboxylic acids.

12. The composition according to claim 8, wherein the binding moiety comprises a thiol
substituent having a struciure according to the following formula —-R8SH, where R is selected

from the group consisting of none, C4-Cy alky, C4-C7 heteroalky and C4-Cy alkylthio.

13. The composition according o claim 8, whsrain the binding moiely comprises a
pyridinium substituent or a sali thereof, where the pyridinium substiiuent has a siructure

according to the following formula

where R’ is selscted from the group consisting of hydrogen, C-Cy alkyl, and C4-C7 heteroalkyl.
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14, The composilion according to claim 8, wherein the binding moiely comprises an
imidazolium substituent or a szalt thereof, where the imidazolium substituent has a structure

according to the following formula
81
-
\
Bzﬁ
whare RE is an C1-C7 alkyl or hetsroalkyl; and

where B! and B? are sach independently selecied from the group consisting of
hydrogen, alkyl, imidazolium, and alky! imidazolium, so long as at least one occurrence of B or

B? is an imidazolium or alkyl imidazolium.

15. The composition according to claim &, wherein the repeat units in the plurality of repeat

units each have a structure according to any one of Formula 2A-Formula 2C

Formula 2C

Formula 2B

where R is a5 defined above.
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16. The composition according to claim 8, wherein a first ocourrence of R' comprises a first

binding moiety, and

wherein a second occurrence of R comprises a second binding molety different from ihe

first binding moiety.

17. A composition for binding one or more contaminants from a source of water, the

composition comprising a porous organic polymer (POP) comprising:

(i) a first plurality of repeat units and a second plurality of repeat units different from the
first plurality of rapeat unils, wherein each of the repeat units in the first plurality of repeat units
and each of the repeat units in the second plurality of repeat units have a structure according to

any one of Formula 1A-Formula 1C, Formula 3A-Formula 3C, and Formula 4A-Formula 4C

5
R
11 10 AC%
WR12 R?Z,,\ MR’EZ R 2
a3 3” 3 N3 11
A A A R A ®
l -/ N+ N+

Rﬂ) N* RTO 7 / A??\, . prd / RTO

E Rﬂ) RS R1G

Formula 3A Formula 3B Formula 3C
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5
RZZ
|
20 4
R.ﬂ \A4 RZ‘E
N ' RN
/ A4 N / RZO
\REE‘A
RZO REO
Formula 4A Formula 4B Formula 4C
cand
{ily a plurality of pores having a hierarchical pore size distribution over a rangs of pors
5izes;

where each occurrence of R' is independently a hydrogen, a halide, an alkyl or
heteroalkyl having 1 to 3 carbon atoms, or a binding moiely, so long as at least one occurrence

of R'is a binding moiaty;

wharein each occurrence of the binding molely is independently selected from the group
consisting of a nitro substituent, a thiol substituent, a halide substituent, a conjugate base
substituent, an ammonium substituent, a pyridinium substituent, an imidazolium substituent, an

a salt thereof;
where sach occurrence of R? is independantly an alky! having 1 to 3 carbon atoms; and

where each occurrence of A? is independently none or a substituied or unsubstituted

phenyl

18. The composition according to any one of claims 1-17, wherein the range of pore sizes is

at least 5 nm, at least & nm, or at least 10 nm.

18. The composition according to any one of claims 1-17, wherein the range of pore sizes is

about 1 nmto 10 nm, about 1 nmio 8 nm, about 1 nmioc & nm, or about 5 nmto 10 nm.
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20. The composition according to any one of claims 1-17, wherein the hisrarchical pore size
distribution is determinad based upon at least 80% of the pore sizes in the rangs of pore sizes

having a pore volume of at lsast 0.01 cm® ¢! in the pore size distribution,

wharain the pore size distribution is based on a non-local densily functional theory modsl

applied to a nitrogen adsorption isotherm for the POP measured at 77 K.

21 The composition according o claim 20, wherein the range of pore sizes is about 1 nm o

about 10 nm; and

wharain at least 80% of the pore sizes in the pore size distribution have a pore volume of

atleast 0.01 om® g

22. A method of removing one or more contaminants from a source of water, the method

comprising contacting the water with a composition according to any one of claims 1-21.

23. The method according to claim 22, wherein the one or more contaminants are selected
from the group consisting of antimony, arsenic, barium, beryilium, cadmium, chromium, copper,

lsad, msrcury, selenium, technetium, thallium, uranium, radium, urea, and phosphate.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Groups I+, Claims 1-21 (in-part); compound of Formula 3A, where each occurrence of R10 is hydrogen; where each occurrence of R11
is hydrogen; where each occurrence of R12 is an alkyl having 1 to 3 carbon atoms; and where each occurrence of A3 is none (first
exemplary compound structure), and compositions associated therewith.

The compound and compositions will be searched to the extent the compound encompasses a compound of Formula 3A, where each
occurrence of R10 is hydrogen; where each occurrence of R11 is hydrogen; where each occurrence of R12 is an alkyl having 1 to 3
carbon atoms; and where each occurrence of A3 is none (first exemplary compound structure). Applicant is invited to elect additional
compound(s}), with fully specified structure (e.g. no optional or variable atoms or substituents) for each, to be searched. Additional
compound(s) will be searched upon the payment of additional fees. !t is believed that claims 1-3 (in-part) and 17-21 (in-part) encompass
this first named invention and thus these claims will be searched without fee to the extent that they encompass a compound of Formula
3A, where each occurrence of R10 is hydrogen; where each occurrence of R11 is hydrogen; where each occurrence of R12 is an alky!
having 1 to 3 carbon atoms; and where each occurrence of A3 is none (first exemplary compound structure). Applicants must specify the
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additional invention fees are to be applied to the "+" group(s) will result in only the first claimed invention to be searched/examined. An
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hydrogen; where each occurrence of R12 is an alky! having 1 to 3 carbon atoms; and where each occurrence of A3 is none (first
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Groups I+ share the technical features including: a compound of Formula 1A, where each occurrence of R1 is hydrogen or a binding
moiety, so long as at least one occurrence of R1 is a binding moiety wherein the binding moiety is a halide substituent; where each
occurrence of R2 is an alkyl having 1 to 3 carbon atoms; and where each occurrence of A2 is none.

However, these shared technical features are previously disclosed by US 2014/0255794 A1 (UCHICAGO ARGONNE LLC) (hereinafter
‘Chicago’).

Chicago discloses a compound of Formula 1A, where each occurrence of R1 is hydrogen or a binding moiety, so long as at least one
occurrence of R1 is a binding moiety wherein the binding moiety is a halide substituent; where each occurrence of R2 is an alkyl having
1 to 3 carbon atoms; and where each occurrence of A2 is none (fourth porous organic polymer shown in paragraph [0035) wherein A is
phenyl substituted by one halogen (R1 moieties are hydrogen and one R1 moiety is halogen) and each L is C1-C4 alkylene (R2 is alkyl
having 1 to 3 carbon atoms and each A2 is none); paragraphs [0024], [0026], [0035]).

Since none of the special technical features of the Groups I+ inventions is found in more than one of the inventions, and since all of the
shared technical features are previously disclosed by the Chicago reference, unity of invention is lacking.
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