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METAL-ORGANIC FRAMEWORKS FOR CARBON DIOXIDE CAPTURE

CROSS-REFERENCE TO RELATED APPLICATIONS

{6661 This application claims prionty to and the benefit of U.S. Provisional Application
No. 63/062,034, filed on August 06, 2020, the disclosure of which is incorporated herein by
reference in ifs entirely.

FIELD OF THE PRESENT DISCLOSURE

{6002} The present application relates to absorbents comprising tetraamine ligands grafted
onto metal-organic frameworks and a method for using same for COz capture from fossil fuel
combustion sources 10 reduce emissions. In particular, this application relates to capturing > 90%
by volume, preferable > 99% by volume, CO; emissions such that the emissions are negative,
essentially removing CO; from the combustion air

BACKGROUND

{8003} Carbon dioxide (CO2) generated from buming fossil fuels at thermoelectric power
plants 15 likely a major contributor to global climate change. See, Pachaurt and Meyer, Climate
Change 2014 Synthesis Report. Contribution of Working Groups I II and I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, Intemnational Government
Panel on Climate Change, Geneva, Switzerland, 2014, Accordingly, point-source post-combustion
capture of CO; from the flue gas streams of fossil fuel-fired power plants, in which the CO; is
separated from the other constituents of flue gas {primarily Ny, O», and Ha(}) before it is released
into the atmosphere, and sequestration (CCS), has been proposed as a key strategy to minimize
global CO; emissions. See, Pachaurt and Mever, /bid . Chu, 2009, Science 325, p. 1599, and
Haszeldine, 2009, Science 325, p. 1647. Moreover, researchers in the field have predicied that
point-source CCS may need to be supplemented with air capture techniques in which excess CO;
in the atmosphere is reduced in order to address CO; contribution from mobile sources such as
automobile and airplang emissions. See Lackner ef o/, 2012, PNAS 109(33), p. 13156,

{3004} Despite extensive exploration of solid adsorbents for COn capture, few studies have
examined the performance of adsorbents in post-combustion capture processes specific to natural
gas flue emissions.  Matural gas is the fastest-growing fossil fuel source 1n terms of worldwide
consurnption. The growing worldwide consumption of natural gas is due to increasingly available
reserves and s low greenhouse gas footprint relative to coal.

{3005} The conditions for carbon capture from natural gas are relatively similar to that of

carbon capture from coal flue gases. However, there are differences. The flue gas streams are
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released at atmospheric pressure, are generated at high temperatures (> 80°C) but typically cooled
1o 40-60°C 1o enable effective CQO; capture. While coal flue gas streams typically contain
relatively high CO: concenirations, the typical flue gas from a natural gas combined cycle (NGCC)
power plant contains ~4% by vol. CO:, or about 40,000 ppmv COn, making capture challenging.
An additional challenge is that flue gas from natural gas combined cvcle (NGCC) power plants
also contains other components such oxygen and water,

{3006} According to the Intergovermnmental Panel on Climate Change (IPCC)the 1.5°C and
2°C scenarios show a fuiture need for carbon dioxide removal (CDR) negative emussions
technologies such as bioenergy with carbon capture and storage (BECCS) or direct air capture
(BAC). DAC is has shown to be very expensive while BECCS requirves large areas of arable land

competing with agriculture at the same time as the world’s population is increasing.

{60607} As such, there is a need for adsorbents which are specific to U0, and maximize CO;
capture.
{B008] The most technology-ready materials for CCS applications are agueous amine

solutions due to their low costs, effective performance under hurmid conditions, and high selectivity
for CO, over Na. For instance, in some such mstances, the exhaust from power plants is passed
through a fluidized bed of aqueous amine solution. See, Boot-Handford er «f | 2014, Energy
Environ. Sci. 7, p. 130; Bhown and Freeman, 2011, Environ. Sci. Technol. 45, p. 8624; and
Rochelle, 2009, Science 325, p. 1652, However, these sorbents suffer from a number of
drawbacks, including Tow working capacities (~2 wi %), corrosiveness, and thermal degradation
upon regeneration of the amine solution. See Boot-Handford, 2014, Fenmell, Energy Environ. Sci.
7. p. 130; and Fredriksen and Jens, 2013, Energy Procedia 37, p. 1770; and Gouedard ef af., 2012,
Int. J. Greenhouse Gas Control, 10, p. 244, In particular, at least on the high vohume scale needed
for industrial regeneration of CO; absorbents, agueous anunes to date have been unsatisfactory
because of such thermal degradation.

[3009] Porous solid adsorbents are also of interest for {02 adsorbent applications because
of their increased stability compared to aqueous amine solutions and potentially lower regeneration
energies. See, Drage, 2012, J. Mater. Chem. 22, p. 2815, These favorable properties have led to
their investigation as adsorbents for CCS. For selected reviews, see: Lee and Park, 2015, Ind. Eng.
Chem. 23, p. 1, Samanta ef o/, 2012, Ind. Eng. Chem. Res. 51, p. 1438; and Chot er o, 2009,
ChemSusChem 2, p. 796. Unfortunately, CO: adsorption in most of these materials is impaired by

the water present in {flue gas, which passivates the U0 binding sites and/or degrades the material.

o]

ce, Woerner ef af., 2016, 1. Phys. Chem. C 120, p. 360; Kim e/ o/, 2016, Energy Environ. Sci. 9,
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p. 1803; Mason eral., 2018, §. Am. Chem. Soc. 137, p. 4787, and Wang and LeVan, 2010, J. Chem.
Eng. Data 55, p. 3189

{6616} Amine-functionalized porous solids, such as amine-appended silicas, combine the
best of both classes of matenals while maintaining high COo/Ny selectivities under humud
condittons. See, Lee and Park., 2015, Ind. Eng. Chem. 23, p. 1; Samanta ef o, 2012, Ind. Eng.
Chem. Res. 31, p. 1438; Choi er af., 2009, ChemSusChem 2, p. 796; Kim ef o/, 2016, Energy
Environ. Sci. 9, p. 1803; Masoun et al, 2615, J. Am. Chern Soc. 137, p. 4787, Unveren ef al., 2017,
Petroleum 3, p. 37, Didas efaf., 2014, 1. Phys. Chen. Lett. 5, p. 4194; Bacsiker g/, 2011, Langmur
27, p. 11118; Savari and Belmabkhowt, 2010, J. Am. Chem. Soc. 132, p. 6312, Sema-Guerrero ef
al., 2008, Ind. Eng. Chem. Res. 47, p. 9406. However, one often overlooked drawback of many
of these adsorbents s the significant co~adsorption of HaO upon CO: adsorption, contributing to
parasitic energy costs upon regeneration as water is desorbed from the bed with CO». See, Mason
et al, 2015, §. Am. Chem. Soc. 137, p. 4787; Veneman ef af., 2014, Energy Procedia 63, p. 2336,
Kuetal, 2005, Ind. Eng. Chem. Res. 44, p. 8113, and Franchi ef o/, 2005, Ind. Eng. Chern. Res.
44, p. ROUT.

{6613} Metal-organic frameworks are a class of porous solids consisting of metal nodes
connected by polyiopic organic linkers that allow for precise control over pore architecture and
thus fine-tuning of an adsorbent’s properties. See, Zhou ef ¢/, 2012, Chem. Rev. 112, p. 673;
Furukawa ef o/, 2013, Science 341, p. 123044, and Eddaoud: ef of., 2002, Science 295, p. 469,
Many metal—organic frameworks have been evaluated for CCS. For selected reviews, see: Yu et
al.. 2017, Chem. Rev., {DOI: 10.1021/acs.chemrev.6b0062); Sabouni ef o/, 2014, Environ. Sci.
Pollut. Res. 21, p. 5427; Sumidaef /., 2012, Chem. Rev. 112, p. 724; Linef al., 2012, Greenhouse
Gasses Sci. Technol. 2, p. 239 Lieral |, 2011, Coord. Chem. Rev. 255, p. 1791, and I¥ Alessandro
etal, 2010, Angew. Chem. Int. Ed | 49, p. 6038,

f6012] in particular, amine-functionalized (Sumida ef o/, 2012, Chem. Rev. 112, p. 724;
Linetal, 2016, RSC Adv. 6, p. 32598; Qiac ef of., 2016, Chem. Commun. 52, p. 974; Liac e/ al,,
2016, Chemy Sci. 7, p. 6528; Fracaroli ef al., 2014, ¥ Aro. Chem. Soc. 136, p. 8863; Cao er al.,
2013, 1. Environ. Sci. 25, p. 2081; Montoro ef /., 2012, J. Mater. Chem 22, p. 10155; Liuefal.,
2012, Chem. Soc. Rev. 41, p. 2308) metal-organic frameworks are promising for these applications
due to their ability to capture CO» in the presence of water while potentially minimizing water co-
adsorption.

{6013} Accordingly, what is needed in the art are polyamine metal-organic frameworks, in

which the polvamines are grafted to the metal-organic framework by multiple M-N bonds per
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ligand, that exhibit step-shaped CO, adsorption profiles, and enable effective capture of COp at
low partial pressures {e.g., an approximately 40 °C step occurring at or below 15 mbar for O
capture from coal flue gas, or at or below 4 mbar at approximately 40 °C for CO; capture from
natural gas flue gas, or at or below 0.4 mobar (400 ppm)} at ambient temperature conunonly taken
as 25 “C for carbon capture from air), at greater than 90% by volume capture of CO», preferably
greater than 99%, and are sufficiently stable to be used in steam based regeneration processes on
an ndustrial scale.

SUMMARY

{6014} The present disclosure addresses the above-ideniified shortcomings by providing
tetraamine functionalized materials that have an unexpected tmprovement in capturing CO; over
the prior art. The resulting tetraamine-appended framework adsorbs COs cooperatively, resulting
in step-shaped C(On» adsorption profiles. These matertals maintain COn adsorption steps in the
presence of water vapor, and anlike the diamine-appended MOFs, these tetraamine materials are
stable to stearn, roaking them highly promising for carbon capture from bumid gas streams. In
addition, these tetraamine functionalized Mgy(dobpdc) materials are capable of greater than 90%
by vol., preferably greater than 99% by vol., CO» capture. For example, {etraamine functionalized
materials can achieve greater than 90% by vol ., preferably greater than 99% by vol., CO» capture
from NGCCflue gas streams at a temperature range of 40°C — 60°C, preferably 50°C, resulting in
lowering CO; concentrations to less than about 4,000 ppmv. Generally, these tetraaamine
functionalized materials can reduce COs concentrations to less than about 15,000 ppmv, preferably
to less than 10,000 ppmv, preferably less than 4,000 ppmv, preferably to less than abowt 2,000
ppmy, more preferably to less than about 400 ppmyv, even more preferably to less than about 200
pprav.  These tetraamine functionalized materials have proven to be stable and able to capture CO»
at higher temperatures allowing for targeted CO: concentration reductions depending on the
capture temperature. Thus depending on the exact reduction in CO:2 in the emitted gas desired, all
that 1s needed is to adiust the temperature of the process.

{8015} These tetraanune functionalized materials exhibit enhanced cooperative CO»
adsorption relative to dianune-appended materials

{6016} One aspect of the present disclosure provides activated absorbents comprising
polvamine ligands grafted onto a metal-organic framework and exhibiting step-shaped CO»
adsorption and desorption profiles. Such adsorbents have a wide range of technical applications,
such as for CO» capture. The disclosed meial-organic frameworks are composed of polytopic

organic linkers coordinated with divalent cations such as Mg, Ca, Mn, (r, Fe, Co, Ni, Cu, or Zn.
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In some embodiments the disclosed metal-organic frameworks include two or more different
divalent cations {e.g., Mg and Ca). In some embodiments the disclosed metal-organic frameworks
include three or more different divalent cations. Insome embodiments the disclosed metal—organic
frameworks a single type of divalent cation.  Examples of the polytopic organic linkers include
4 4'-dioxidobiphenyl-3 3'-dicarboxylate;  4.4"-dioxido-{1.1":4',1"-terphenyl}-3,3"-dicarboxvlate;
2,5-dioxidobenzene-1, 4-dicarboxylate; and 3,3-dioxidobiphenyi-4 4-dicarboxylate.

{0817} Another aspect of the present disclosure provides methods for charging the
disclosed absorbents. The disclosed charging methods include grafting polyamine ligands onto a
metal-organic framework in an organic solvent fo form unactivated adsorbent, followed by
subjecting the unactivated adsorbent to an inert siream of gas at a temperature of at least 165 °C or
by washing the unacfivated adsorbent with a noncoordinating solvent such as toluene at 60-80 °C,

ereby activating the absorbent.

{6018} One aspect of the present disclosure provides an adsorption material comprising a
metal-organic framework. The metal-organic framework comprises (1) a plurality of divalent
cations and (i1} a plurality of polytopic organic linkers. The adsorption material further comprises
a plurality of polvamine ligands. In some non-limiting embodiments, the adsorption material has
a polvamine ligand . metal-organic framework divalent cation loading ratio of 0.3 or less to I {e.g.
(.25 to 1, meaning one polyamine ligand per four metal sites}, 0.4 orlessto 1 {e.g2,03510 1), 0.5
orlesstol{eg 04510 1), 0.6 orlessio 1 {e.g 0.50 to | meaning one polyamine ligand per two
metal sites), (0.7 orlessto 1 (e 0610 1), 87 orlessto 1 {eg 06510 1), (0.8 orlessio 1 (e.g
(.75 1o 1 meaning three polyanine ligands per four metal sites), or (0.9 orlessto L{e.g 0.85t0 1)
In some embodiments, the polyamine ligand | metal-organic framework divalent cation loading
ratio is some other ratio not referenced above. Each respective polvamine ligand in the plurality of

polyamine ligands comprises:

R, Rs Ry Rg
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In this formula, Xy and X: are respective first and second divalent cations in the plurality of

divalent cations {e.g., Mg, Ca, Mn, Cr, Fe, Co, Ni, Cu, or Zn). Further, Y is:
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25, 2o, 23, Za, Zs, Qr and Qy are each ndependently carboun, silicon, germanium, sulfur, or
selenium. The values i, j, k, X, v, and z are each independently 0, 1, or 2, whilem1s 2, 3, or 4.
FHach mstance of each Ri, Ro, Rz, Ry, Rs, Re, Ry, Ry, Rs, Ruo, Ryy, R, Ris, Ry, Rys, and Ryg is
independently H, halogen, substituled or onsubstituted alkyl substituted or unsubstiited
heteroalkvl, substituted or unsubstituted arvi, substituted or unsubstituted heteroaryl, substituted
or unsubstituted heterocycloalkyvl, substituted or unsubstituted alkoxy, substituted or unsubstituted
arlyoxy, or substituted or unsubstituted beteroarvioxy.

{66191 Another aspect of the present disclosure provides a method for abating CO» from a
flue gas it which the flue gas 1s contacted with the tetraamine functionalized adsorption material
of the present disclosure to reversibly adsorb 0o from the flue gas, capturing > 90% by volome,
preferably > 99% by volume, CO» emussions such that the emissions are negative, resulting in
direct CO, capture from the air, thereby generating an adsorption material enriched for CO; and
then siripping a major portion of the OO from the adsorption material enriched for COz using &
temperature swing adsorption method, vacuum swing adsorption method, a pressure swing

adsorption method, a concentration swing adsorption method, or a combination thereof.
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HEU! Another aspect of the present disclosure provides a roethod for capturiog CO, from
air, also known as direct air capture, in which air is contacted with the tetraamine fimctionalized
adsorption material of the present disclosure (o reversibly adsorb CO» from air, capturing > 50%
by volume, preferable > 75% by volume, CO» enussions, or stated differently, reducing CG»
concentrations in air 1o less than about 200 ppmv. preferably to less than 100 ppmv, such that the
emissions are negative, resulting tn direct COn capture from the air, thereby generating an
adsorption material enriched for COn. Tt would be understood by a person of skill in the art that as
the base concentration changes, the capture rate also changes. A major portion of the {0 is then
stripped from the adsorption material enriched for C0O» using a temperature swing adsorption
method, vacuum swing adsorption method, a pressure swing adsorption method, a concentration
swing adsorption method, or a combination thereof.

{6021} Another aspect of the present disclosure provides a method for removing CG; from
a biogas. The method comprises contacting the biogas with anv adsorption material of the present
disclosure to reversibly adsorb CO» from the biogas thereby generating an adsorption matenal
enriched for CO; and a residual gas that is greater than 98 percent pure methane. In some such
embodiments, the method further comprises stripping a major portion of the COs from the
adsorption material enriched for CO2 using a temperature swing adsorption ruethod, vacuum swing
adsorption method, a pressure swing adsorption method, a concentration swing adsorption method,
or a combination thereof.

{8022} Another aspect of the present disclosure provides a method for removing COp from
a hydrocarbon reservoir. The method comprises contacting the hvdrocarbon reservoir with any
adsorption material of the present disclosure to reversibly adsorb CO» from the hvdrocarbon
reservoir thereby generating an adsorption material enriched for CO,. In some such embodiments,
the method further comprises stripping a major portion of the CO: from the adsorption material
enriched for CO» using a temperature swing adsorption method, vacuum swing adsorption method,
a pressure swing adsorption method, a concentration swing adsorption method, or a combination
thereol

{6023} Still another aspect of the present disclosure provides a method of sequestering
carbon dioxide produced by a source. The method comprises exposing the carbon dioxide o an
adsorption material of the present disclosure whereby the carbon dioxide is reversibly sequestered
into the adsorption material. In some such embodiments, the method further comprises

regenerating the adsorption material enriched for CO» using a temperature swing adsorption
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method, vacuum swing adsorption method, a pressure swing adsorption method, a concentration
swing adsorption method, or a combination thereof.

{60241 Another aspect of the present disclosure provides a method of synthesizing an
adsorption material in which a plurality of polvamine ligands s grafted onto a metal-organic
framework. The metal-organic framework comprises a plurality of divalent cations and a plurality
of polytopic organic linkers. The grafting comprises exposing an amount of the metal-organic
framework to a solution comprising the polvamine ligand diluted with a solvent thereby forming

an unactivated adsorption material. Each polyamine ligand has the formula;

Re  Rg

R. Ry
e ZAANAN N

Rs Rs Rg Ry

where Y is:

, Of

,OF

2y, Lo, Za. 24, Zs, Oy and 2 are each independently carbon, silicon, germamum, sulfur, or
selenium, 1, §, k, x, v, and 7 are each independently 0, 1, or 2, and mis 2, 3, or 4. Further, each
jnstance of each Ry, Ry, Rs, Ry, Rs, Rs, Ry, Rg, Re, Rus, R, Ruo, Rus, Rus, Rus, and Rus 5

independently H. halogen, substituted or unsubstituted alkyl, substitted or unsubstituted
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heteroatkyl, substituted or unsubstituted arvl, substituted or unsubstituted heteroaryl, substituted
or unsubstituied heterocycloalkyvl, substituted or unsubstituted alkoxy, substituted or unsubstituted
arlyoxy, or substituted or unsobstituted heteroarvioxy. In some embodiments, the unactivated
adsorption material is subjected to an inert stream of gas at a temperature of at least 165 °C, at least
190 °C, at least 210 °C, or between 190 °C and 230 °C, thereby activating the adsorption matenal.
In some embodiments, the unactivated adsorption material 1s washed with a weakly coordinating
or non-coordinating solvent at a temperature of between 60 °C and 180 °C thereby activating the
adsorption material. Representative and non-limiting examples of weakly coordinating or non-
like, as well as combinations thereof. In some embodiments, the unactivated adsorption material
is placed under a vacuum at a temperature of greater than 60 °C thereby activating the adsorption
material. In some embodiments, the unactivated adsorption material is subjected to one or more
cycles of (1) an inert stream of gas at a temperature of at least 165 °C followed by (it} placement
under a vacuurn at a temperature of greater than 60 °C thereby activating the adsorption material.
In some embodiments, the unactivated adsorption material is subjected to a plurality of evacuate-
refili cycles, in which an inert gas such as argon or nitrogen, or mixtures thereof is used in the refill
cycle. In some embodiments, the snactivated adsorption material is subjected to a plurality of
evacuate-refill cycles under elevated temperatures, such as greater than 60 °C, in which an inert
gas such as argon or nitrogen, or mixtures thereof is used in the refill cycle. In some embodiments,
the adsorption material is characterized as activated when it has a polyamine ligand loading of 120
percent or less, where a loading of 100% corresponds o one polvamine ligand per two metal sites.
{6028} Referring back to the synthesis of the adsorption material, in some embodiments,
the solvent is ioluene.  In some embodiments, the solvent i1s ioluene, water, methanol,
dichloromethane, tetrahydrofuran, cvclohexane, pentane, 2-butanone, trichloroethvlene, methyl-r-
butyl ether, heptane, diethyl ether, or a nuxture thereof. In some embodiments, the inert stream of
gas is nitrogen gas, argon gas, of a mixture thereof.

{026} In some embodiments, the activated adsorplion material has a polyamine ligand
Inading of 114 percent or less.

{6027} in some embodiments, each divalent cation in the plurality of divalent cations is
Mg, Ca, Mn, Cr, Fe, Co, Ny, Cy, or Zn.

{66281 Another aspect of the present disclosure provides a method for removing CO; from
a mudti-component gas mixture comprising CO; and at least one of N, H,(, and O,, the method

comprising contacting the multi-component gas mixture with the adsorption material of the present
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invention reversibly adsorb CO, {from the multi-component gas mixture thereby generating an
adsorption material enriched for CO» and a residual gas that is depleted of U062 (2.2, less than 10%
v/v COr remaining in the mulfi-component gas mixture, less than 5% v/v COz remaining in the
mulii-component gas mixture, less than 2% v/v CO: remaining m the mulii-component gas
mixture, fess than 1000 ppm at 25 °C in the multi~-component gas mixture, less than 500 ppm at 25
°C i the mudti-component gas mixture, efc. upon depletion).

BRIEF DESCRIPTION OF THE DRAWINGS

{0029} FIG. 1 illustrates a structure of the metal-organic framework Mg:(dobpdc)
(dobpdct =  4.4-dicxidobiphenyl-3.3“dicarboxylate}) {panel A} and appending
alkylpropylensietraamines o the open Mg?* sites of the framework (panel B) to vield adsorbents
displaying step-shaped adsorption of CO».

{3030} FIG. 2 depicts the 0> isobar showing how the N, N -{propane-1,3-
divhbis{propane-1,3-diamine) (73-3-37) Mg{dobpdc) MOF can capture ~16 wit.% €Oy from
stmulated air (400 pprm COy) at temperatures below 60°C.

{0031} FIG. 3 depicts the CO: isobar showing how the N, N’-(propane-1.3-
divibis{propane-1,3-diaming} (*3-3-37) Max{dobpde} MOF can capture ~16 wi% CG» from
simudated NGCC {lue gas (4% CQ») at temperatures below 110°C.

{8032} FIG. 4 illustrates the two-step adsorption protile for Mg:{(dobpdc) tetraaamine MOF
variants: N, N -(propane-1,3-divhbis{propane-1.3-diaming} (*3-3-37), N, N'-(butane-1,4-
divDbis(propane-1,3-diarmine) (<3-4-37); ; N N'~{ethane-1.2-divibis{propane-1,3-dianune) (*3-2-
37, N.N’-(propane-1,3-diyvljbis{ethane-1 2-diamine}  (72-3-27); and NN -(ethane-12-
diyl)bis{ethane-1,2-diamine) (*2-2-27}.

DETAVLED DESCRIPTION OF THE INVENTION

L. Intreduction

{0833} Herein, a procedure for grafting polyamines {specifically triamines, tetraamines and
pentamines) to Mgy {dobpdc) and related metal-organic frameworks via multiple M-N bonds,
thereby greatly decreasing amine volatilization, 1s provided. These polyamines are grafied to the
framework and then heated at a critical temperature thereby enabling the formation of the desired
adducts possessing multiple M-N bonds per polyamine. The resulting polyamine-appended
frameworks adsorb CO» cooperatively, hikely via formation of ammonium carbamate chains,
resulting in step-shaped CO; adsorption profiles. In addition. these materials maintain CO;

adsorption steps in the presence of water vapor, and unlike the diamine-appended M{OFs, these
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polyamine materials are stable to steam, making them highly promising for carbon capture from
humid gas streams.

{60341 Before the invention is described in greater detail, i i3 10 be understood that the
jovention is not limited to particular embodiments described herein as such erbodirents may
vary. His also to be understood that the terminology used herein is for the purpose of describing
particular embodiments only, and the termuinology is not intended to be limiting. The scope of the
invention will be limited only by the appended claims. Unless deflined otherwise, all technical and
scientific terms used herein have the same meaning as commonly understood by one of ordinary
skill in the art to which this invention belongs. Where a range of values is provided, it is understood
that each intervening value, to the tenth of the unit of the fower Himit unless the context clearly
dictates otherwise, between the upper and lower hmit of that range and any other stated or
intervening value in that stated range, is encompassed within the invention. The upper and lower
limuts of these smaller ranges may independently be included in the smaller ranges and are aiso
encompassed within the invention, subject to any specifically excluded Himit in the stated range.
Where the stated range includes one or both of the limits, ranges excluding either or both of those
included limits are also included in the mnvention. Certain ranges are presented herein with
numerical values being preceded by the term “about.” The term “about” is used herein o provide
literal support for the exact number that it precedes, as well as a number that is near to or
approximately the number that the term precedes. In deternuning whether a number 13 near to or
approximately a specifically recited number, the near or approsimating unreciied nurmber may be
a number, which, 1n the context in whach it is presented, provides the substantial equivalent of the
specifically recited number. All publications, patents, and patent applications cited in this
specification are incorporated herein by reference to the same extent as if each individual
publication, patent, or patent application were specifically and individually indicated to be
incorporated by reference. Furthermore, each cited publication, patent, or patent application is
incorporated herein by reference to disclose and describe the subject matter in connection with
which the publications are cited. The citation of any publication is for its disclosure prior (o the
filing date and should not be construed as an admission that the invention described herein is not
entitled to antedate such publication by virtue of prior invention. Further, the dates of publication
provided might be different from the actual publication dates, which may need to be independently
confirmed.

{30351 it is noted that the claims may be drafted to exclude any optional element. As such,

this statement is intended to serve as antecedent basis for use of such exclusive terminology as
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“solely,” “only,” and the like in cormection with the recitation of claim elements, or use of a
“negative” limitation. As will be apparent to those of slall in the art upon reading this disclosure,
each of the individual embodiments described and illustraied herein has discrete components and
features which may be readily separated from or combined with the features of any of the other
several embodiments without departing from the scope or spinit of the invention. Any recited
method may be carried out in the order of events recited or in any other order that is logically
possible. Although any methods and materials similar or equuvalent to those described heretn may
also be used in the practice or testing of the invention, representative tlustrative methods and
materials are now described.

{6636} In describing the present invention, the following terms will be emploved, and are
defined as indicated below.

L. Definitions

{8637} Where substituent groups are specified by their conventional chemical formulae,
written from left to night, the structures optionally also encompass the chemically identical
substituents, which would result from writing the structure from night to lefl, e.g, -CH:O- is
intended to also optionally recite ~OCH:-.

{66381 The term “alkyl,” by uself or ag part of another substituent, means, unless otherwise
stated, a straight or branched chain, or cvclic hydrocarbon radical, or combination thereof, which
may be fully saturated, mono- or polyunsaturated and can inchude di-, tri- and nmudtivalent radicals,
having the number of carbon atoms designaied {i.e. Ci-Cio rueans ove to ten carbous). Exaroples
of saturated hydrocarbon radicals include, but are not limited to, groups such as methyl, ethvl, n-

propvl, isopropvl, n-butyl, t-butyl, isobutyl, sec-butyl, cyclohexyvl, (cyciohexylmethyl,

cvclopropyimethyl, homologs and isomers of, for example, n-pentyvl, n-hexyl, n-heptyl, n-octyl,
and the like. An unsaturated alkyl group is one having one or more double bonds or triple bonds.
Examples of unsaturated atkyl groups include, but are not limited to, vinyl, 2-propenyl, crotyl, 2-
isopentenyl, 2-(butadienyl), 2,4-pentadienyl, 3-(1,4-pentadienyl), ethynyl, 1- and 3-propyuvl, 3-
butynyl, and the higher homologs and isomers. The term “alkyl” unless otherwise noted, is also
meant to optionally include those derivatives of alkyl defined in more detail below, such as
“heteroalkyl.” Alkyl groups that are limited to hydrocarbon groups are termed “homoalkyl”™.
Exemplary alkyl groups include the monounsaturated Co.jo, oleovl chain or the diunsaturated Co.
10, 12-13 linoevl chain,

[2639] The term “alkyiene” by itself or as part of ansther substituent means a divalent

radical derived from an alkane, as exemplified, but not limited, by ~CH2CHLCHCHy-, and further
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neludes those groups described below as “heteroalkvlene.” Typically, analkyl (or alkylene) group
will have from 1 to 24 carbon atoms, with those groups having 10 or fewer carbon atoms being
preferred o the present invention. A “lower alkyl” or “lower alkylene” is a shorter chain alkyl or
alkylene group, geverally having eight or fewer carbon atoms.

{30401 The terms “alkoxy.” “alkylamino” and “alkvlthio™ (or thicalkoxy) are used in their
conventional sense, and refer to those alkyi groups attached o the remainder of the molecule via
an oxygen atom, an aming group, or a sulfur atom, respectively,

{0041} The terms “arvioxy” and “heteroarvloxy™ are used in their conventional sense, and
refer 1o those asyl or hetercarvl groups attached o the remainder of the molecule via an oxygen
atom.

{66421 The terra “heteroalkyl.” by itself or in combination with another term, means, unless
otherwise stated, a stable straight or branched chain, or cyclic hydrocarbon radical, or combinations
thereof, consisting of the stated number of carbon atoms and at least one heteroatom selected from
the group consisting of O, N, 81 and §, and wherein the nitrogen and sulfur atorns may optionally
be oxidired and the nitrogen heteroatom may optionally be quaternized. The heteroatom(s) O, N
and S and Si may be placed at any interior position of the hetercalkyl group or at the position at
which the alkyvl group s attached to the remainder of the molecule. Examples include, but are not
fimuted to, ~-CH-CHL-O-CH;, -CH-CH-NH-CHs, ~CH:-CH:z-N(CH;3)-CHs, -CH2-8-CH-CH;, -
CHz-CHz, -S{0-CH;s, ~CH-CH:-8(0)-CH3, -CH=CH-0-CH;, -S8i{CHs)s, ~-CH-CH=N-OCHj3,
and —~CH=CH-N{CH:)}-CH,. Up to two heteroatoms may be consecutive, such as, for example, -
CH>-NH-OCH; and ~CHp-0-8i{CHs)s. Sinularly, the term “heteroalkylene” by itself or as part of
another substituent means a divalent radical derived from heteroalkyl, as exemplified, but not
limited by, ~-CH2-CH-8-CH-CHy~ and —CHR-5-CH-CHR-NH-CH;-. For heteroaikvlene groups,
heteroatoms can also occupy either or both of the chain fermini (e g, alkyleneoxy, alkylenedioxy,
alkvieneamino, alkylenediamino, and the like} Sdll further, for alkvlene and heteroalkylene
linking groups, no orientation of the Hnking group is implied by the direction in which the formula
ol the linking group is written. For exarople, the formula -CO:R - represents both ~C{OYOR and
~OC(OR"

[0043] The terms “cyeloalkyl” and “heterocycloalkyl,” by themselves or in combination
with other terms, represent, unless otherwise stated, cyclic versions of “alky!” and “heteroalkyl”,
respectively. Additionally, for heterocycloalkyl, a hetercatom can occupy the postiion at which
the heterocvele is attached to the remainder of the molecule. Examples of cvcloalky! include, bui

are not limited to, cyclopentyl, cvclohexyl, 1-cyclohexenyl, 3-cyclohexenyl, cvclohepivl, and the
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like. Further exemplary cveloalkyl groups juclude sterowds, e.g., cholesterol and its derivatives,
Examples of heterocyeloalkyl include, but are not limited to, 1 -{1,2,5,6-tetrahydropyridyl), 1-
piperidinyl, Z-piperidinyl, 3-pipenidinyl, 4-morpholinyl, 3-morpholinyl, tetrahydrofuran-2-v1,
tetrahydrofuran-3-v1, tetrahydrothien-2-y1, tetrahydrothien-3-vl, 1 —piperazinyl, 2-piperazinyl, and
the like.

{8044} The terms “halo™ or “halogen,” bv themselves or as part of another substituent,
mean, unless otherwise stated, a fluorine, chloring, bromine, or iodine atom. Additionally, terms
such as “haloalkyl” are meant to include monchaloalkyl and polyhaloalkyl. For example, the term
“halo{C1-Cyalkyl” is mean to include, but not be limited to, trifluoromethyi, 2.2 2-trifluoroethyl,
4-chlorobutyl, 3-bromopropyl, and the hike.

{6645} The termn “aryl” means, unless otherwise stated, a polyunsaturated, aromatic,
substituent that can be a single ring or multiple rings (preferably from 1 to 3 rings), which are fused
together or linked covalently. The term “heteroarvl” refers to arvl subsiituent groups {or rings)
that contain {rom one to four heteroatoms selected from N, O, 8, $i and B, wherein the nitrogen
and sulfur atoms are optionally oxidized, and the nitrogen atonys}) are optionally quatemized. An
exemplary hetercaryl group is a six-membered azine, e.g., pyridinyl, diazinyl and triazinyl, A
heteroaryl group can be atiached to the remainder of the molecule through a hetercatom. Non-
linuting examples of aryl and heteroaryl groups include phenyl, I-naphthyl, Z-naphthyl, 4-
biphenyl, -pyrrolyl, Z-pyvrrolyl, 3-pyvrrolyl, 3-pyrazolyl, 2-imidazolyl, 4-imidazolyl, pyrazinyl, 2-
oxarolyl, 4-oxarolyl, 2-phenyi-4-oxazolyl, 3~oxazolyl, 3-isoxazolvl, 4-isoxazolvl, S-isoxazolyl, 2-
thiazolyl, 4-thiazolyl, S-thiazolyl, 2-furvl, 3-furyl, 2-thienvl, 3-thienvl, 2-pyndyl, 3-pynidvl, 4-
pyridyl, Z-pyvrimidyl, 4-pyrimidyl, 5-benzothiarolyl, purinyl, 2-benzimidazolyl, S-indolyl, 1-
isoquinolyl,  S-isoquinolyl,  Z-quinoxalinyl, S-quinoxalinyl, 3-quinolyl, and 6G-quinolyl
Substituents for each of the above noted arvl and heteroarvl ring systems are selected from the
group of acceptable substituenis described below.

[3846] For brevity, the term “arvl” when used in combination with other terms {e.g.,
arvloxy, arvithioxy, arylalkyly includes arvl, hetercaryl and heteroarene rings as defined above,
Thus, the term “arylalkyl” is meant to include those radicals in which an aryl group is attached to
an alkyl group {e.g, benzyl, phenethyvl, pvridylmethyl and the like} including those alkyl groups in
which a carbon atom {e.g., a methylene group) has been replaced by, for example, an oxygen atom

(e.g.. phenoxymethyl, Z-pvidvioxvmethyl, 3-(1-vaphthyloxy)propyl, and the hike}.
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{8047} Each of the above terms {e.g., “alkvl” “heteroalkyl” “arvl, and “heteroaryl”) are
meant to optionally include both substituted and unsubstituted forms of the indicated species.
Exemplary substituents for these species are provided below.

{66481 Substituents for the alkyl and heteroalkyl radicals (ncluding those groups often
referred to as alkviene, alkenyl, hetercalkvlene. hetercalkenvl, alkynyl, cycloalkyl,
heterocycloalkyl, eycloalkenyl, and heterocveloalkenyi) are generically referred to as “alkyl group
substituents,” and they can be one or more of a variety of groups selected from, but not limited to;
H, substitited or unsubstituted arvl, substituted or unsubstituted heteroaryl, substituted or
unsubstituted  heterocveloalkyl, -OR’, =0, =NR’, =N-OR’, -NR’R”, -8R’, halogen, -
SIR'R7R™, -GC{OR’, -C{OR’, -CORR, -CONRR”, ~OC{OINRR”, -
NRPCOIR’, NR-C{OINRR™, ~NRPC{ORR’, -NR-

and -NO; in a number ranging from zero to 2r’+1), where m’ s the total namber of carboun atoms
in such radical. ®°, R”, R and R each preferably independently refer 1o hydrogen, substifuted
or unsubstituted hetercatkyl, substituted or wnsubstituted arvl, e.g, aryl substituted with 1-3
halogens, substituted or unsubstituted alkyl, alkoxy or thioalkoxy groups, or arylalkyl groups.
When a compound of the invention includes more than one R group, for example, each of the R
groups is independently selected as are each R°, R”, R™” and R™ groups when more than one of
these groups is present. When R’ and R” are attached to the same nifrogen atom, they can be
combined with the nitrogen atom {0 form a 5-, 6-, or 7-membered ring. For example, -NR'R” ig
meant to include, but not be himited to, I-pvrrolidiny] and 4-morpholinyl.  From the above
discussion of substituents, one of skill in the art will understand that the term “alkyl” is meant to
include groups including carbon atoms bound to groups other than hydrogen groups, such as
haloatkyl {e.g., -CFs and ~CHCF3) and acyl {e.g., -C{OYCH;, -C(OYCF;, -C{O)CHOCH:, and the
like}. These terms encompass grovups considered exemplary “allyl group substituents,” which are
components of exemplary “substituted alkv]” and “substituted heteroalky]l” moieties.

{3049} Similar to the substituents described for the alkyl radical, substituents for the arvl
hetercarvl and heteroarene groups are generically referred to as “arvl group substituents.” The
substituents are selected from, for example: groups attached to the hetersaryl or hetercarens
nucleus through carbon or a heteroatom (e.g., P, N, (0, 8§, Si, or B) including, without limitation,
substituted or unsubstituted alkvl, substituted or unsubstituted aryl, substituted or unsubstituted
heteroarvl, substituted or unsubstituted heterocveloalkyl, -OR7, =0, =NR’, =N-OR’, -NR’R”, -
SR’, -halogen, -SiR'R”R™, -OC(OR°, -C{OR’, -COR’, -CONR'R”, -OC(ONR'R”, -
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NR C{OIR, NR-COINR'R™, NRPC(ORMR’, NR-

and =NO», R, -Ni, -CH(Ph}, fluoro{Ci~-Cyalkoxy, and fluoro(Ci-Cylalkyl, in a number ranging
from zero to the total number of open valences on the aromatic ring system. Each of the above-
named groups 1s attached to the heteroarene or heteroaryi nucleus directly or through a heteroatom
{e.g, P, N, O S, 8i, or B), and where R’, R”, R™ and R™ are preferably independently selected
from hvdrogen, substituted or unsubstituted alkyl, substituted or unsubstituted heteroalkyl,
substituted or unsubstituted aryl and substituted or unsubstituted heteroaryl. When a compound of
the invention includes more than one R group, for example, each of the R groups is independently
selected as are each R*, R”, R and R™™ groups when more than one of these groups is present.
{66501 Two of the substituents on adjacent atoms of the arvl, heteroarene or heteroaryl ring
may optionally be replaced with a substituent of the formula -T-C{O}-{CRR}¢-U-, wherein T and
U are independently —NR-, -0O-, -CRR’~ or a single bond, and g is an infeger of from 0 to 3.
Alternatively, two of the substituenis on adjacent atoms of the aryl or heteroarvl ring may
optionally be replaced with a substituent of the formula —~A-{CH)-B-, wherein A and B are
independently ~-CRR’-, -0-, -NR~, -8-, -§(0}-, -8{0)»-~, -S{(OLNR’ - or a single bond, and r is an
integer of from 1 to 4. One of the single bonds of the new ring so formed may optionally be
replaced with a double bond. Alternatively, two of the substituents on adjacent atoms of the aryl,
hetercarene or heteroarvl ring may optionally be replaced with a substituent of the formula -~
{CRR)-X-(CR"R")g-, where s and d are independently integers of from 0 to 3, and X 15 —O-, -
NR-, -8- -8(0})-. -8(Ok-, or ~-S(OpNR’- The substituenis R, R", R” and R™ are preferably
independently selected from hydrogen or substituted or unsubstituted (€1-Ce) alkyl. These terms
encompass groups considered exemplary “arvl group substituents”™, which are components of
exemplary “substituted arvl” “substituted heteroarene” and “substituted hetercaryl™ moieties.
HEES As used herein, the termy “acyl” describes a substituent containing a carbonyl
residue, C{OIR. Exemplary species for R include H, halogen, substituted or unsubstituted atkyl,
substituted or unsubstituted arvl, substituted or unsubstituted heteroarvl, and substituted or
unsubstituted heterocycloalkyl.

[0052] As used herein, the term “fused ning system”™ means at least two rings, wherein each
ring has at least 2 atoms tn common with another ring. “Fused ring svstems may inchade aromatic
as well as non-aromatic rings. Examples of “fused ring systems” are naphthalenes, indoles,

quinolines, chromenes and the like.
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{B053] As used herein, the term “heteroatom” includes oxygen (O}, nttrogen (IN), sulfur (8)
and silicon {81}, boron (B} and phosphorous (F).

{6654} The symbol “R” i3 a general abbreviation that represents a substituent group that is
selected from H, substituted or unsubstituted alkyl, substituted or unsubstituied heteroalkyi,
substituted or unsubstituted arvl. substituted or unsubstituted heteroarvl, and substituted or
unsubstituted heterocyeloalkyl groups.

HEESY The compounds disclosed herein may also contain unnatural proporiions of atomic
1sotopes at one or more of the atoms that constitute such compounds. For example, the compounds
may be radiolabeled with radioactive isotopes, such as for example tritium (*H), iodine-125 (*%°D)
or carbon-14 (*C). Al isotopic variations of the compounds of the present invention, whether
radioactive or not, are intended 1o be encompassed within the scope of the present invention.
{3056} The term “salt{s)” includes salts of the compounds prepared by the neutralization
of acids or bases, depending on the particular ligands or substituenis found on the compounds
described hereinn. When compounds of the present mvention contain relatively aadic
functionalities, base addition salis can be obiained by contacting the neutral form of such
compounds with a sufficient amount of the desired base, etther neat or in a suiiable inert solvent,
Examples of base addition salts include sodium, potassium calcium, anwoonium, organic aming,
or magnesium salt, or a similar salt. Exarmples of acid addition salts include those derived from
inorganic acids like hydrochloric, hydrobromic, nitric, carbomic, monohvdrogencarbonic,
phosphoric. monohydrogenphosphoric, dihydrogenphosphoric, sulfuric, monchydrogensulfuric,
hydriodic, or phosphorous acids, and the like, as well as the salis derived from relatively nontoxic
organic acids like acetic, propionic, isobutyric, butyric, maleic, malic, malonic, benzoic, succinic,
suberic, fumaric, lactic, mandelic, phthalic, benrzenesulfonic, p-tolvlsutfonic, citric, tartaric,
methanesulfonic, and the hke. Certain specific compounds of the present invention contain both
basic and acidic functionalities that allow the compounds to be converted into either base or acid
addition salts. Hydrates of the salis are also included.

{8057} “-COOH” as this term is used refers 1o i3 meant to optionally include ~C{3Y0 and
~C{OYO X', wherein X' is a catiomic counter-ion. Likewise, a substituent having the formula -
N{R}R} is meant to optionally include -N'H{R}R) and -~-N'HR}R)Y ", wherein Y represenis an
anionic counter-ion. Exemplary polvmers of the invention include a protonated carboxylic motety
(COOH). Exemplary polymers of the invention include a deprotonated carboxylic moiety (COO-
). Various polvmers of the invention include both a protonated carboxylic mgoiety and a

deprotonated carboxylic motety.
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{BOS8] it is undersiood that, in any compound described herein having one or more chiral
centers, if an absolute stereochemistry is not expressly indicated, then each center may
independently be of R-configuration or S-configuration or a mixture thereof. Thus, the compounds
provided herein may be enanfiomerically pure or be sfereoisomeric mixtures. Inaddition it 15
understood that, in any compound described herein having one or more double bond{s) generating
geometrical isomers that can be defined as E or Z, each double bond may independently be Eor 2
amixtare thereof. Likewise, itis understood that, in any compound described, all tautomeric forms
are also intended to be included.

{6059} Below are examples of specific embodiments of the present disclosure. The
examples are offered for illustrative purposes only, and are not intended to limit the scope of the
present invention in any way.

1. Compositions

{3060} One aspect of the present disclosure provides an adsorption material comprising a
metal-organic framework. The metal-organic framework comprises (1) a plurality of divalent
cations and (11) a plurality of polytopic organic linkers. The adsorption material further comprises
a plurality of polvamine ligands. In some embodiments, the adsorption material has a polyaming
ligand : metal-organic framework divalent cation loading ratic of 0.3 orlessto 1 {e.g 025 0 1,
meaning one polvamine ligand per four metal sites), 0.4 orlessto 1 {e.g, 035t 1), 05 orless to
{e.g 045101}, 06 orlessto § {eg (.50 10 I meaning one polyamine ligand per two metal sites),
({07 orlesstol {eg 0610 1), 07 orlessto §(eg 06510 1), (B8 orlessto 1 {eg 07510 1
meaning three polyvamine ligands per four metal sites), or (0.9 orlessto 1 {e.g. 0.8510 1). Insome
embodiments, the polyamine ligand ;| metal-organic framework divalent cation loading ratio is
some other ratio not referenced above. Each respective polvamine ligand in the plurality of

polyamine ligands comprises:

R, R Rs R

& Q) N
x/ R{ \R5 {/ \R7 \Xg

In this formula, X and X, are respective first and second divalent cations in the plurality of

divalent cations {e.g., Mg, Ca, Mn, Cr, Fe, Co, Ni, Cy, or Zn). Further, Y is;

(=4
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N E N
Ezi
Rig/ m , O
H H H
i R‘]'I i R‘iS i
N | N I N
/ \? N L \\
E‘4 25
Ria Rig , and

25, 2o, 23, Za, Zs, Qr and Qy are each ndependently carboun, silicon, germanium, sulfur, or
selenium. The values i, j, k, X, v, and z are each independently 0, 1, or 2, whilem s 2, 3, or 4.
Hach mstance of each Ry, Ro, Ri, Ry, Rs, Re, Ry, Ry, Rs, Ryo, Ryy, R, Ris, Ry, Rys, and Rys is
independently H, halogen, substituled or onsubstituted alkyl substituted or unsubstiited
heteroalkyl, substituted or unsubstituted arvl, substituted or unsubstituted heteroarvi, or substituted
or unsubstituted heterocycloalkyvl, substituted or unsubstituted alkoxy, substituted or unsubstituted
arlyoxy, or substituted or unsubstituted beteroarvioxy.

{66611 In some embodiments, at least tweniy percent, in at teast forty percent, in at least
sixty percent, in at least eighty percent, or at least ninetv-eight percent of the plurality of polyamine
ligands are each (1) amine appended by a first amine of the respective polvamine ligand to a first
divalent cation in the plurality of divalent cations and (i1} amine appended by a second amine of
the respective polyamine ligand to a second divalent cation in the plurality of divalent cations of

the metal-organic framework
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6062} in some embodiments, Y is:

. and
(a) 1 and } are each zero, (b)11s one and j 1s 7ero, {¢y 1 iz one and j is one, or {d)iis ong and j 1s
two.

{6063} An example of such embodiments where i is one and j is zero is

N-(Z-Arotnoethvl -1 3~propanedianune

i
HENWNWNHQ

In the case of N-(2-Aminoethyl}-1,3-propanediamine, 71, 72, 75, 1 and ( are each carbon, 113

one, j is zero, and Ri, Ro, Ra, Ry, Rs, Rs, Ry, R, Ro, Rig, Riy and Ry are each hvdrogen.

{6064} Alternatively, in some embodiments, Y 1s:
H
, Ris i
Zy
P R/

and k and x are zero, and m is two or three. An example of such embodiments is:

NN fethane-1,2-diviibis{fethane-1,2- K N
digmine) (2-2-2) N WEW 2

In the case of tethylenetetraamine, Zi. Z», Zs. Quand Oz are each carbon, k is zero, x 1s zero, Ry,
Ro, B3, R4, Rs, Re, Ry, Ry, Ro, and Ry, are each hydrogen, each instance of the two instances of

Riz and Rueis hydrogen, and m is two.

6065} Alternatively, in some embodiments. Y is:
H
R'!S l R15
N
2|§4 Zg
Rig m Riafx

k and x are each one, and mis two, three or four.
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Aun example of such ernbodiroents is:

N, N'-{propone-1,3-diyi}bis{propane-1,3- " H
digmine) {3-3-3) HaN oo e N oo o N oo e Nz

In the case of N N-bis{3-aminopropvi}-1,3~propanediamine, Z1, £, £z, Za, Zs, (G and Q2 are
each carbon, kis one, X is one, R}, Ra. Rj, R4, Rs, Rﬁ, R",, Ra, R9, Rw, Ru, R;z, Ris, and Rye are
each hvdrogen, each instance of the three instances of Rz and Risis hydrogen, and m 18 three.

Another example of such embodiments is:

NN -{hutane-1 d-diyhbis{propane-1 3= N ﬁ
digmine} {3-4-3) T N Wﬁf\/\mz

In the case of N, N-bis(3-aminopropyi}-1,4-diaminobutane, 71, 22, Zs, Za, Zs, (1 and (O are ecach
carbon, k is one, x 15 one, Ry, Rz, Ba, Ry Rs, Re, Ry, Re, Ro, Rie, Rin Ru, Rus, and Rig are each
hydrogen, each instance of the four instances of Riz and Ry is hydrogen, and m is four.

{6666} In some embodiments, 21, 7o, 3, Za, Zs, Q1 and Q2 are each independently carbon.
In some embodiments. each instance of each R, Ko, Ra, Ra, Bs, Re, K7, Rs, Ro, Rio, Rin, Riz, Ras,
Ry, and Rys is independently H, halogen, substituted or unsubstituted n-alkyl or a substituted or
unsubstitted branched-chain alkyl. In some such embodiments, each instance of each Ry, Ra, Rs,
R, Rs, Re, Ry, Ry, Ro, Rio, Ry, Rig, Rz, Ry, and Rysis H

{0067} in some embodiments, the polytopic organic linker is 4,4'-dioxidobiphenyl-3,3-
dicarboxylate (dobpdc*), 4.4"-dioxido-|1,1"4',1"-terphenyl}-3,3"-dicarboxviate

(dotpdc™), 2.5-dioxidobenzene-1 4-dicarboxylate (dobde™), or 3.3’ dioside-biphenyl-4 4'-
dicarboxylate (para-carboxylate-dobpde®).

{3068} In some embodiments, each polvanune ligand in the plurality of polyvamine higands
180 triethylenetetraamine, NN -bis(G-aminopropy!)-1,3-propanediamine (referred to herein as “3-

3-37), NN-bis(3-aminopropy -1, 4~-diaminobutane {(referred to herein as “3-4-37).



WO 2022/032281 PCT/US2021/071099

-2 -

{03869 By way of example, the polvamine ligands can be

Ml N ~ N
\ N N 222

NN (ethane- 2-divhbis( ethane-1 2-diamine)

RaMNG //\//\\ //\\\,/'NH} 2-3-2
\“‘//\\N N

H H

NN {propane-1,3-diyibis(ethane-1,2-

H
th\\/\\//N\//\\:\l’//\/\:\:H,~ 323
iy :

WY {ethan

bis{propane-1,3-dia

HZN\//\\//N\V//\\\/J,REWNHQ 233

NN (propane-1 3-diyhbis{propane-13-diamine)

H 3-4-3
HaN N
\/"/\\// \V’/\\\“AN/\\\’/A\NH;
NN (butane-1 4-diylibis(propane- 1, 3-dissming)
[6070] in some embodiments, the loading of the plurality of polyamine ligands to the

metal-organic framework is between 5 percent and S00 percent, 20 percent and 250 percent, 25
percent and 200 percent, 80 percent and 120 percent, between 90 percent and 110 percent, between
95 percent and 105 percent, or between 98 percent and 102 percent.

{8071} In some embodiments, the adsorption material exhubits a step-shaped CO»
adsorption profile. In sorme ervbodirvents, the adsorption matenial exhibits a step-shaped CO;
desorption profile. In some embodiments, the adsorption material exhibits a single step-shaped
CO: adsorption profile. In some embodiments, the adsorption material exhibits a single step-
shaped CO» desorption profile.

{0672} In some embodiments, the polytopic organic linker is an analog of {dobpdc*),

having the formula:
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where Ry7, Ris, Ris, Roo, Ro: and Ry, are each independently selected from H, halogen, hydroxyl,
methyl, and halogen substituted methyl.
{66731 In some smbodiments, the polytopic organic Hinker is an analog of {dotpdc®)

having the formula:

where Ry7, Rig, Ruo, Rao, Roi, Raz, Rus, Rog, Ros, and Ros, are each independently selected from H,
halogen, hydroxyl, methyl, and halogen substituted methyl.
{6074} in some embodiments, the polyiopic organic Hinker is an analog of (pe-dobpdc*)

having the formula:

where Ry7, Ris, Ris, Rao, R and Ry, are each independently selected from H, halogen, hydroxyl,

methyi, and halogen substituted methyl.
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[0875] {n some embodiments, the polytopic organic hoker has the formula:

R4z

where Rys, Ris, Ris, Ro1 R, and Rys are each independently selected from H. halogen, hydroxyl,
methyl, and halogen substituted methyl, and Ry 13 selected from substituted or wnsubstituted

aryl, and substituted or unsebsiituted heteroaryl.

IV. Synthetic Methods

{6876} Another aspect of the present disclosure provides a method of synthesizing an
adsorption material in which a plurality of polvamine higands 1s grafted onto a metal-organic
framework. The metal—orgavic framework comprises a plurality of divalent cations and a plurality
of polytopic organic linkers. The grafting comprises exposing an amount of the metal-organic
framework 1o a solulion comprising the polvamine ligand diluted with a solvent thereby forming
an unactivated adsorption material.

{8877} in some embodiments, adsorption material is prepared by a method in which the
metal-organic framework is optionally first heated {e.g. at 160 °C under vacimum condition or under
flowing N2 or Ar for 12 hows), removing adsorbed water and coordinated water or other
coordinating solvends. Then the metal-organic framework is dissolved in a solution comprising
anhydrous organic solvent charged with the polyamine thereby forming unactivated adsorption
material. Tn some embodiments, the solution is 20% (v/v} polyvamine to anhydrous organic solvent.
In some embodiments, the solution 1s between 10% (v/v} and 40% (v/v} polyamins o anhvdrous
organic solvent. In some embodiments the polyamine is dissolved into the anhydrous organic
solvent on an equivalent (w/v) basis rather than a (v/v) basis. In somwe embodiments, the resulting

product is dried for three hours or more under nitrogen protection.
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[6878] in some embodiments, each polyamine ligand has the formula:

Ry Ry

2

R, Ry
R \z/ i/v \z/ R
N TN T e
N Q1 QQ N
/ NV

H R, Ry Rs Ry H L and
where Y is:
, Of
R,
Zs
|
R L or

P

2y, Lo, 22 Za, Zs, Oy and Q: are each independently carbon, silicon, germanium, sulfur, or

selenium, 1, §, &, x, v, and 7 are each independently 0, 1, or 2, and mis 2, 3, or 4. Further, each
mmstance of each Ry, Ry, Rs, Ry, Rs, Rs, By, Rs, Re, Rug, Run, Riz, Riz, Ruw, Rus, and Rys 18
independently H. halogen, substituted or unsubstituted alkyl, substituted or unsubstitiied
heteroalkyl, substitited or wnsubstituted arvl, substitted or unsubstituted heteroaryl, substituted
or unsubstituted heterocveloalkyl, substituted or unsubstituted alkoxy, substituted or unsubstituted
arfyoxy, or substituted or unsubstituted heteroaryloxy.

{8079} in some embodiments, the unactivated adsorption material is subjected to an inert
stream of gas at a termperature of at least 165 °C thereby activating the adsorption material.

{66801 In some aliernative embodiments, the unactivated adsorption material is washed

with a weakly coordinating or non-coordinating solvent at a teraperature of between 60 °C and 80
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°C at least 165 °C thereby activating the adsorption material. Representative and non-limiting
examples of weakly coordinating or non-coordinating solvents can inchade toluene, chiorobenzene,
paraffins, halogenated paraffins, and the hike, as well as combinations thereof.

{66811 In some alternative embodiments, the unactivated adsorption material is placed
under a vacuum at a temperature of greater than 60 °C thereby activating the adsorption material.
HER Y in some altemnative embodiments, the unactivated adsorption material is subjected
to one or more cycles of (i) an inert stream of gas at a temperature of at least 165 °C followed by
(i) placement under a vacuum at a temperature of greater than 60 °C thereby activating the
adsorption material.

{6683} In some aliemative embodiments, the unactivated adsorption material 15 subjected
to a plurality of evacuate-refill cycles, in which an inert gas such as argon or nitrogen, or mixtures
thereof is used i the refill cycle, thereby activating the adsorption material.

{3084} In some alternative embodiments, the unactivated adsorption maierial is subjected
o a plurahity of evacuate-refill cycles under elevated ternperatures, such as greater than 60 °C, in
which an inert gas such as argon or nitrogen, or mixtures thereof is used in the refill cycle thereby
activating the adsorption material.

{66851 In some embodiments, the adsorption material is charactenized as activated when it
has a polyamine ligand loading of 120 percent or less. In some embodiments, each divalent cation
in the plurality of divalent cations is Mg, Ca, Mn, Cr, Fe, Co, Ni, Cu, or Zn.

{3086} in some embodiments, the solvent is anhivdrous. In some embodiments, the solvent
is toluene. In some embodiments, the solvent is toluene, methanol, dichloromethane,
tetrahydrofuran, cyclohexane, pentane, 2-butanone, trichloroethyvlene, methvi-r-butyl ether,
heptane, diethyl ether, or a mixture thereof. In some embodiments, the inert stream of gas is an
argon or nitrogen gas, or a mixture thereof,

{8087} In the disclosed methods, the unactivated adsorption material from the wet
impregnation method is then subjected to an inert environment at a temperature of at least 165 °C
thereby activating the adsorption material. In some such embodiments, the activated adsorption
material has a polvamine ligand loading of 120 percent or less. In some embodiments, the activated
adsorption matertal has a polyamine ligand loading of 110 percent or less. In some embodiments,
the unactivated adsorption material from the wet impregnation method is subjected o an inert

enviromment at a temperature of at least 190 °C, at least 210 °C, or between 190 °C and 250 °C.



WO 2022/032281 PCT/US2021/071099

27 -

{BO8S] o some ersbodimuents, the unactivated adsorption yoatenial is subjected to the joert
environment at the temperatuwe of at least 165 °C for at least four hours, for at least six hours, for
at least eight hours, or at least twelve hours, thereby activating the adsorption material.

Y. Techunical Applications

{3089} in one aspect of the present disclosure, there is provided a number of techwucal
applications for the disclosed adsorption materials.

{3036} One such apphceation is carbon capture from powerplant exhaust, such as coal flue
gas. The mcreasing atmospheric levels of carbon dioxide {(C0»), which are likely contributing to
giobal climate change, warrant new strategies for reducing U0» emissions from point sources such
as power plants. In particular, coal-fucied power plants are responsible for 46% of global
anthropogenic energy supply CO» emissions.  See, “C(O, Emussions From Fuel Combustion
Highlights” 2016 Edition, Intemnational Energy Agency, Paris, France, which is hereby
incorporated by reference. Thus, there remains a continuing need for the development of new
adsorbents for carbon capture from coal flue gas, a gas stream consisting of CO» (15-16%), 02 (3-
4%), HaO (5-7%;), N2 (70-75%). and trace impurities {e.g. SOz, NO,) at ambient pressure and 40
*C. See, Planas ef ¢/, 2013, “The Mechanism of Carbon Dioxide Adsorption in an Alkyvlamine-
Functionalized Metal-Organic Framework,” J. Am. Chem. Soc. 135, pp. 7402-7403, which is
herebv incorporated by reference. In particular, for a temperature swing adsorption process, an
adsorbent should possess the following properties: {a} a high working capacity with a minimal
teroperature swing, in order to minintize regeneration energy costs; (by high selectivity for CGn
over the other constituents of coal flue gas; (¢} 90% capture of CO» under flue gas conditions; {d)
effective performance under humid conditions; and (d) long-term stability to adsorption/desorption
cyeling under bumid conditions.

3091} Another such application is carbon capture from a biogas such as crude biogas,
natural gas, or landfill gas. Biogas, for instance the CO2/CHy mixtures produced by the breakdown
of organic matter, is a renewable fuel source with the potential to replace traditional fossil fuel
sources. Removal of CO: from crude biogas muxtures is one of the most challenging aspects of
upgrading this promising fuel source to pipeline quality methane. Therefore, for example, the use
of adsorbents o selectively remove CO» from high pressure C03,/CHs mixtures with a high working
capacity and minimal regeneration energy has the poiential to greatly reduce the cost of using
biogas in place of natural gas for applications in the energy sector. Some embodiments of the
present disclosure provide a method that comprises contacting a biogas, natural gas, landfill gas,

or non-renewable gas comprising CO» and CHy with any adsorption material of the present
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disclosure to reversibly adsorb CO; from the gas thereby generating an adsorption material
enriched for U0 and a residual gas that is greater than 80 percent pure methane, 90 percent pure
methane, or 98 percent pure methane. In some such embodiments, the method further comprises
siripping a major portion of the CO» from the adsorption roaterial enriched for CO; using a
temperature swing adsorption method, vacuum swing adsorption method, a pressure swing
adsorption method, a concentration swing adsorption method, or a combination thereof.

{8092} The disclosed compositions (adsorption materialsy can be used to strip a major
portion of the CO; from the adsorption material enriched for CO» using a temperature swing
adsorption method or a vacuum swing adsorption method. Example temperature swing adsorption
methods and vacuum swing adsorption methods are disclosed in International Publication Number
WO2013/059527 Al which is hereby incorporated by reference.

{3093} Another aspect of the present disclosure provides a method for abating CO; froma
flue gas, such as natural gas floe gas. In such embodiments, the flue gas is contacted with any
adsorption material of the present disclosure to reversibly adsorb CO: from the flue gas thereby
generating an adsorption material entiched for CO; and then stripping a major portion of the CO»
from the adsorption material enriched for CO» using a using a temperature swing adsorption
method, vacuum swing adsorption method, a pressure swing adsorption method, a conceniration
swing adsorption method, or a combination thereof.

{0694} Another other aspect of the present disclosure provides air capture methods in
which excess COn 1u the atmosphere s reduced in order to address COz contribution from mobile
sources such as automobile and airplane enussions for abating CO» from a flue gas, such as natural
gas flue gas. In some such embodiments, atmospheric air is contacted with any adsorption material
of the present disclosure (o reversibly adsorb CO, from the air thereby generating an adsorption
material enriched for €O, and then stripping a major portion of the CO: from the adsorption
material enriched for €Oz using a using a temperature swing adsorption method, vacuum swing
adsorption method, a pressure swing adsorption method, a concentration swing adsorption method,
or a combination thereof,

{6095] Still another aspect of the present disclosure provides a method of sequestering
carbon dioxide produced by a source. The method comprises exposing the carbon dioxide o an
adsorption material of the present disclosure whereby the carbon dioxide is reversibly sequestered
into the adsorption material. In some such embodiments, the method further comprises

regenerating the adsorption material enriched for CO» using a temperature swing adsorption
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method, vacuum swing adsorption method, a pressure swing adsorption method, a concentration
swing adsorption method, or a combination thereof.

{6096} Still another aspect of the present disclosure provides a method of seguestering
carbon dioxide from a roulti-coroponent gas nuxture.  In sorme such embodiments the multi-
component gas mixture coraprises COs and at least ona of N, H,Q, and O,. The method comprises
exposing the multi-component gas mixture {0 an adsorption material of the present disclosure
whereby a least fty percent, at least sixty percent, or at least eighty percent of the carbon dionde
within the multi-component gas mixture is reversibly sequestered into the adsorption material. In
some such embodiments, the method further comprises regenerating the adsorption maierial
enriched for COy using a temperature swing adsorption method, vacuum swing adsorption method,
a pressure swing adsorption method, a concentration swing adsorption method, or a combination
thereof.

{8697} Another aspect of the present disclosure provides a method of captwing CO»
enmssions using a cornbination of the tetraanune functionalized yoaterials disclosed heremn with
known CO» capture technologies such as liquid absorbents in process configurations such as those
disclosed in Feron, P. et al., “Towards Zero Enussions from Fossil Fuel Power Stations”,
International Joumal of Greenhouse Gas Control 87 (2019) 188-902, hereby incorporated by
reference, and separation processes, such as cryogenics, which involve the separation and the
stmultaneous solidification of CO: from a gaseous mixfure. See U8, Patent No. 2,011,550 1o
Hasche.

Vi. Examples

Synthesis of Tetraamine-Appended Meox{dobpdc)

{6098} The following procedure was used for each letraamine analogue, 3-4-3 and 3-3-3.
A 20 mb scintilation vial was charged with a 20% v/v solution of amine in toluene. Separately,
approximately 20 mg of methanoi-solvated Mga(dobpde) was filtered from the methanol mother
liguor and washed with tolaene (3 » 10 mL). After the toluene washes and subsequent drving on
the flter for 2 mun under vacuum, Mga(dobpde) was added to the tetraamine solution and the vial
was left at room temperature for 24 h (60 °C for 24 h in the case of 3-4-3). After soaking, the
mixture was filtered and washed with toluene (3 x 10 mL). Tetraamine-appended Mgz{(dobpde)
was recovered as an off-white powder afier 2 minates of drving on the filter. To achieve desired
1.2 tetraamine: metal ratio, the as-synthesized material was then heated at 225 °C {for 3-3-3) while

under flowing No for 1 h.
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{3099} FIG. 1 illustrates a structure of the metal-orgarie framework Mg(dobpdc)
(dobpdcd-~ = 4 4-dioxidobiphenyl-3.3"-dicarboxylatey {panel A} and appending

atkylpropylenstetraamines to the open Mg sites of the framework (panel B) to vield adsorbents
displaying siep-shaped adsorption of CO».

{60190} FIG. 2 depicts the (O isobar showing how the N, N’-(propane-1,3-
diyDbis{propane-~1,3-diamine} (“3-3-3")}Mg(dobpdc) MOF can capture ~16 wt.% C(n from
stnulated atr (400 ppro CO2) at temperatures below 60°C.

[60161] FIG. 3 depicts the CO; isobar showing how the N, N'-(propane-.3-
diyl)bis(propane-1,3-diaming} (*3-3-3"3-Mgy{dobpdc) MOF can capture ~16 wt.% CO; from
sirmudated NGCC flue gas (4% CO») at temperatures below 110°C.

{66192} FIG. 4 illustrates the two-step adsorption profile for Mgx{dobpde) tetraaamine MOF
variants: NN -{propane-1,3-diyl}lus{propane-1,3-dianune} {*3-3-37} {single-step}; N, N -{butane-
i, 4-civhibis(propane-1,3-diamine} ("3-4-37); N N'-(ethane-1,2-diyhbis{propane-1,3-diamine)
{("3-2-37). N N-(propane-i.3-divhbis(ethane-1,2~-diamine) ("2-3-27) and NN -{ethane-1,2-
diyl)bis{(ethane-1,2-diamine) (*2-2-27}.

CONCLUSION

{08103} It 15 understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in hight thereof will be
suggesied to persons skilled in the art and are fo be inciuded within the spirit and purview of this
apphication and scope of the appended claims. Al publications, patents, and patent applications

cited herein are hereby incorporated by reference in their entirety for all purposes.
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I A method for reducing carbon dioxide emissions, the method comprising:

(a) contacting a flue gas from a source with a carbon dioxide adsorbing material to
reversibly adsorb CO» from the flue gas thereby generating an adsorption material enriched for
COs;

{b} reducing the concentration of COz from the flue gas to less than about 15,000 ppmy;
and,

(c) stripping a major portion of the CO» from the adsorption material enriched for CO;
using a regeneration process,
wherein the carbon dioxide adsorbing material comprises a tetraamine functionalized metal organic
framework.

2. The method of claim 1, wherein the tetraamine functionalized metal organic framework
comprises a plurality of divalent cations and a plarality of polvtopic organic hinkers,

3 The method of any one of the preceding claims, wherein each divalent cation in the plurahity
of divalent cations is Mg, Ca. Mn, Cr, Fe, Co, INi, Cu, Zn or a combination thereof.

4. The method of any one of the preceding claims, wherein the divalent cation in the plurality
of divalent cations is Mg,

5. The method of any one of the preceding claims, wherein the plurality of polytopic organic
linkers comprise 4,4'-dioxidobiphenyi-3,3-dicarboxylate (dobpde*), 4.4"-dioxido-[1,1:4"1"-
terphenyl}-3,3"-dicarboxvlate (dotpde®), 2,5-dioxidobenzene-1,4-dicarboxylate {dobdc*), or 3,3
dioxide-biphenyi-4.4'-dicarboxylate {para-carboxylate-dobpdc™).

6. The method of anv one of the preceding claims, wherein the tetraamine functionalized
metal organic framework comprises NN -{propane-1,3-diviibis{propane-1,3-diamine);, NN~
(butane- 1 4-divlybis{propane-1,3-diamine}; N.N’-{ethane-1,2-divhbis{propane-1,3-diamine};
NN ~{propane-1,3-diyhibis{ethane-1,2-diamine}; of N, N’-{gthane-1,2-divibis{(ethane-1,2-
diamineg}.

7. The method of anv one of the preceding clairos, wherein the tetraamine functionalized
metal organic framework comprises N, N'-{propane-1 3-diyijhis{propane-1,3-dianune} or NN~
{(butane-1 4-divi}bis(propane-1.3-diamine}.

8. The method of anv one of the preceding claims, wherein the source is a natural gas
combined cycle (INGUC) power plant and €O, in the flue gas is reduced to a concentration of less

than abowut 2,000 ppmy.
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9. The method of any oue of the preceding claims, wheremn CO» 1 the flue gas 1s reduced to
concentration of fess than about 400 ppmv.
10.  The method of any one of the preceding claims, wherein the concentration of CO; from the
flue gas 1s reduced to less than about 10,000 ppmyv.
iL The method of any one of the preceding claims, wherein the concentration of CO2 from
the flue gas is reduced to less than about 4,000 ppmv.
2. The method of any one of the preceding claims, wherein the regeneration process comprises
a temperature swing adsorption method, a vacuum swing adsorption method, & pressure swing
adsorption method, a concentration swing adsorption method, or a combination thereof
13 The method of any one of the preceding claims, wherein the regeneration process comprises
applying steam to the adsorption material entiched for CO: thereby reactivating the adsorption
material.
14, A method for CO divect air capture, the method comprising:

contacting air with a carbon dioxide adsorption matenal to reversibly adsorb CO; from the
air thereby generating an adsorption material enriched for CO; and reducing CO: concentrations
10 less than about 400 ppmv,

wherein the carbon dioxide adsorbing material comprises a tetraamine functionalized metal
organic framework.
15 The method of claim 14, wherein the tetraamine functionalized metal organic framework
comprises a plurality of polytopic organic linkers comprising 4,4-dioxidobiphenyl-3,3'-
dicarboxvlate {(dobpdcd—), 4.4"-dioxido-[1,1"4' 1"-terphenyl}-3,3"-dicarboxylate {dotpdcd-}, 2.5-
digxidobenzene-1 4-dicarboxylate (dobdc4-), or 3,3" dioxide-biphenvi-4 4'-dicarboxvlate {para-
carboxylate-dobpded-) and the tetrammine Rmctionalized metal organic framework further
comprises NN -{propane-1.3-divijbis{propane-1,3-dianune); N N -(butane-1 4-diyl}bis{propane-
1,3-diamine}; N, N -{ethane-1,2-diyi}bis{propane-1,3-diamine}, NN -{propane-1,3-
divhbis(ethane-1,2-diamine}; or N,N -(ethane-1,2-diyl}bis{ethane-1,2-diamine} and whergin CO;

in the flue gas is reduced to concentration of less than about 400 ppmwv.



