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MULTIVARIATE AND OTHER METAL-ORGANIC FRAMEWORKS, AND USES
THEREOF

CROSS-REFERENCE TO RELATED APPLICATION

{6061} This application claims priority to U.S. Provisional Patent Application No.

62/771,537, filed November 26, 2018, which is incorporated herein by reference n its entirety.
FIELD
[6662] The present disclosure relates generally to water harvesting, and more specifically to

systems and methods for harvesting water from surrounding air using various types of metal-

organic frameworks.
BACKGROUND

{86403} Water scarcity has been judicated as one of the major evolving global risks by the
World Economic Forum in the recent Global Risks Report 2018." About two thirds of the global
population faces water scarcity for at least one month of the year.” The water supply crisis is
expected to exacerbate with growing population and ongoing climate change.” Thus, different

strategies were proposed and implemented to cope with this global challenge.”

{8004} One realm of possible solutions relies on the usage of atmospheric humidity as an
ubiquitous water resource.” This includes fog harvesting®, water collection via dewing’ or water
vapor concentration by desiccants.® However, these technologies require either the occurrence of
a very high relative humidity (RH = 100%) or high energetic investment for regeneration of the

employed sorbent.”

[008s] Only recently, metal-organic frameworks (MOFs) were found to be a promising class
of materials circumventing the above described challenges of water harvesting from air.” In
particular, MOFs exhibit desirable properties for water harvesting applications under arid
conditions, i.¢. adsorption of large amounts of atmospheric water at low RH and successive

energy-efficient desorption without loss of porosity.

{06006} While the practical employment of MOFs for water harvesting has been realized

recently,'® only few MOFs are reported to be suitable for water harvesting under arid

conditions.' This invention provides a guideline to fine-tune and improve the water sorption

properties by employing metal-organic frameworks constructed from a combination of two or

more building blocks, which may generally be referred to as multivariate (MTV) MOFs.'? This
1
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approach will not only drastically expand the vaniety of water harvesting systems but will also

aliow for adjustment of the water sorption properties for the respective application.

BRIEF SUMMARY

{06097} The invention provides multivariate and other metal-organic frameworks (M{OFs) for
water harvesting and other uses. In some variations, the multivariate metal-organic frameworks
(MTV-MOFs) may have mixed roetals in the secondary building units and/or mixed organic

ligands.

{6668} in some aspects, provided is a MOF comprising repeating cores, wherein the cores
comprise secondary building uuits (SBUs) connected to organic ligands. In some variations, the
secondary building units comprise one or more metals or metal-containing complexes. In one
variation, the secondary building units form 1D rod-like chains or distinct multinuclear metal
clusters. In certain variations, the organic ligands comprise one or more linear ditopic moieties,
v-shaped ditopic moietics, frigonal tritopic moietics, square or rectangular tetratopic moieties, or
tetrahedral tetratopic moieties. In one variation, such moieties comprise S5-membered or 6-

membered rings substituted with at least two carboxylate groups.

16069] In an aspect the invention provides a multivariate metal-organic framework (MTV-
MOF) of inorganic metal clusters (secondary building units, SBUs) and a combination of two or

more different organic units/ligands (linkers).

[6618] in another aspect, provided is a MOF made up of secondary building units and one

type of organic ligand.

{0811} In some embodiments of the foregoing, the organic ligands are lincar ditopic, v-
shaped ditopic, trigonal tritopic, square or rectangular tetratopic, or tetrahedral tetratopic. In one

variation, at least one of the organic ligands is v-shaped as disclosed herein.

10812 In some variations, the secondary building units are metal clusters, or comprise a
metal or metal-containing complex. In certain variations, the secondary building units form 1D

rod-tike chains or distinct multinuclear metal clusters.

{6613} in some embodiments, the metal in the secondary building unit is selected from
zirconium, nickel, iron, copper, manganese and alumimim, and/or from magnesium, calcium,

strontivm, barium, titanium, zine, indium, cadmivm, hafniom, lead, cobalt, and chromium.
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8814} In an aspect the invention provides a device such as a water harvester, comprising a

moisture sorption unit comprising one or more of the MOFs deseribed herein.

j6015] In an aspect the invention provides a method of using one or more of the MOFs
described herein, comprising containing in, storing in and/or extracting from the composition a

predetermined gas or fluid, such as CCy, H;0, Hy, CHy, CH,, CH;, ete.

[B016] In an aspect the invention provides a method of using one or wore of the MOFs
described herein, comprising utilizing the composition for water harvesting or waler purification

applications,

8817} In another aspect the invention provides a water harvester comprising a moisture
sorption unit comprising a MOF of formula AOHY2,5-PyIBC), wherein 2,5-PyldC is 2,5~

pyrroledicarboxylate.

{0018} In an aspect the invention provides a method of using the water harvester comprising

for water harvesting or water purification applications.

8619} The mmvention encompasses all combination of the particular embodiments recited

herein, as if each combination had been laboriously recited.
DESCRIPTION OF THE FIGURES

[06206] The present application can be understood by reference to the following description

taken in conjunction with the accompanying figures,

{8621} FIGS. 14 and 1B depict a non-comprehensive list of compounds that may be used to
form organic ligands connected to secondary building units in the MOFs described herein. These
linkers can also be combined in systems for water harvesting to expand the realm of MOF

materials for water harvesting.

6022} FIGS. 2 and 3 depict a structural model of ANOHN2,5-PyiDC). FIG. 2 shows views
along the a-axis and c-axis. FIG. 3 shows an excerpt of the secondary building units of the MOF.
Oxygen atorns are located at the vertices of the octahedron, coordinating to an alominum atom at

the center of the octahedron.

{8823} FI(G. 4 depicts a comparison of the powder x-ray diffraction (PXRI)} data of the
experimentally attained MOF AOH)Y2,5-PyIDC) and its proposed structural model.
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i8624] FIG. 8 depicts a nitrogen sorption analysis on AWOHY2,5-PylDC) conducted at 77 K
(BET surface area = 1051 m%/g).

j6025}] FIG. 6 depicts a water sorption isotherm of AOH)(2,5-PylDC) conducted at 25 °C,

{6626} FIG. 7 depicts a structural model of AKOHY2,4-By1DC): view along the a-axis (left)
and c-axis (right). Oxygen atoms are located at the vertices of the octahedron, coordinating to an

aluminum atom at the center of the octahedron,

{8627} FIG. 8 depicts a comparison of the powder x-ray diffraction (PXRD) data of the
experimentally attained MOF AOHY2,4-PvIDC) and its proposed structural model.

iB828] FIG. 8 depicts a nitrogen sorption analysis on A{OHN2,4-PyIDC) conducted at 77 K
(BET surface area = 912 m%/g).

10629] FIG. 18 depicts a water sorption isotherm of AHOHN2,4-PyIDC) conducted at 25 °C.

{06030] FiG. 11 depicts a structural model of AORY2,4-TDC): view along the a-axis (left)
and c-axis (right). Oxygen atoms are located at the vertices of the octahedron, coordinating to an

aluminum atom at the center of the octahedron.

{6631} FIG. 12 depicts a comparison of the powder x-ray diffraction {PXRD) data of the
experimentally attained MOF A OHX2,4-TDC) and its proposed structural model.

[0832] FIG. 13 depicts a nitrogen sorption analysis on AOHY2,4-TDC) conducted at 77 K

(BET surface area = 1101 m*/g).
[8033] FIG. 14 depicts a water sorption isotherm of AWOHN2,4-TDC) conducted at 25 °C,

10634} FIG. 18 depicts chemical structures of 2,5-furandicarboxylic acid (H(2,5-FDC)) and
2 4-thiophenedicarboxylic acid (Hx(2,4-TDC)).

{8835} FIG. 16 depicts a comparison of the powder X-ray diffraction (PXRD) analyses
conducted on ANOH)(2,5-FDC), MTV-MOF ANOH)(2,5-FDC)o 5(2,4-TDC)o 5, and MOF-323.

[8636] FIG. 17 depicts a 'H-nuclear magnetic resonance (NMR) analysis conducted on the
Hnkers Hp(2,5-FDC) (top) and Ha2,4-TDC) (bottom), as well as on the digested (e, treated as
described in Example 4 below) MTV-MOF AKCGHY2,5-FDC)o5(2,4-TDC)g 5 (center). Numbers

indicate the relative signal intensities of the respective peaks determined through integration.
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8837} FIG. 18 depicts a representative scanning electron microscopy (SEM) micrograph of
the MTV-MOF AKCH)2,5-FDCy5(2,4-TDC Yo 5.

{6038} FIGS. 13A-E depict various representative scanning electron microscopy (SEM)
micrographs and energy dispersive X-ray spectroscopy (EDS) analyses of the MTV-MOF
ANOHYZ,5-FDCY 5(2,4-TDC)g 5.

{6038 FIG. 28 depicts a water sorption analyses on AHOH)(2,5-FDC), the MTV-MOF
AOH}2,5-FBC 5s(2,4-TDC 5, and MOF-323 at 25 °C (P: partial vapor pressure,

Psar saturation vapor pressure at 25 °C).

[8848] FIG. 21 depicts a low pressure region of the water sorption analyses on AKOHY2,5-
FDO), the MTV-MOF AOHX2,5-FDC)os(2,4-TDC) 5, and MOF-323 at 25 °C (P: partial

vapor pressure, Py, saturation vapor pressure at 25 °C).

{0641} F1G. 22 depicts chemical structures of [sophthalic acid (H2IPA) and 3,5-
pyridinedicarboxylic acid (Ha(3,5-PynDC)).

[8042] FIG. 23 depicts a comparison of the powder X-ray diffraction (PXRD) analyses
conducted on AOH}3,5-PynDBC), the MTV-MOF AKOH)Y3,5-PynDC s6{1PA) 44, and
AWOH)IPA.

8843} FIG. 24 depicts a 'H-Nuclear magnetic resonance (NMR) analysis conducted on the
linkers H(3,5-PynDC) (top) and HaIPA (bottom), as well as on the digested {(i.e,, treated as
described in Example 5 below) MTV-MOF AOH)(3,5-PynDC)o ss(1PA)s 44. Numbers indicate

the relative signal intensities of the respective peaks determmned through integration.

[8044] FIG. 28 depicts a representative scanning electron microscopy (SEM) micrograph of
the MTV-MOF AKOH)(3,5-PynDCos6(IPA)o.4s.

{8045} FIGR. 26A-E depict representative scanning electron microscopy (SEM)
micrographs and energy dispersive X-ray spectroscopy (EDS) analyses of the MTYV-MOF
AE(OH){3,5~P§/HDC)Q,56(EPA)(),44.

{6046} FIG. 27 depicts a water sorption analyses oo AKOH)(3.5-PynDC), the MTV-MOF
AOH)N3,5-PynDC se(IPA)g 44, and AW OHYPA at 25 °C (P: partial vapor pressure,

P saturation vapor pressure at 25 °C).
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8847} FIG. 28 depicts a low pressure region of the water sorption analyses on AHOH)Y(3,5-
Pyn3C), the MTV-MOF AYOH3,5-PynDC)56{2,4-TDC g 44, and A OHIPA at 25 °C (P

partial vapor pressure, Pg, saturation vapor pressure at 25 °C).

DETAILED DESCRIPTION

[8848] The following description sets forth exemplary methods, parameters and the like, It
should be recognized, however, that such description is not intended as a imitation on the scope

of the present disclosure but is instead provided as a description of exemplary embodiments.

(66491 Unless contraindicated or noted otherwise, i these descriptions and throughout this
specification, the terms “a” and “an” mean one or more, the term “or” means and/or. It is
understood that the examples and embodiments described herein are for itlustrative purposes
only and that various modifications or changes in light thercof will be suggested to persons
skilled in the art and are to be included within the spirit and purview of this application and

scope of the appended claims.

[6050] in an aspect, provided herein are organic-inorganic hybrid materials, in particular
metal-organic frameworks (MOFs), constructed from one or more organic building blocks,
particularly for water harvesting applications. MOFs are shown to exhibit desirable properties
for water harvesting applications under arid conditions. For example, MOFs may be used to
adsorb large amounts of atmospheric water at low relative humidity and successive energy-
efficient desorption without loss of porosity. This invention identifies reporied as well as new
MOFs which are particularly suitable for water harvesting under arid conditions. Furthermore,
the mvention provides technology to tune and improve the water harvesting propertics by
employing multivariate (MTV) MOFs. Such metal-organic frameworks may be constructed

from a combination of two or more organic units/ligands,

{6651} The described approach for tuning of water sorption properties can be applied in
MOF-based water harvesting devices. The harvested water can be used for human consumption

or irrigation of crops.

{3852} Additionally, the tuning of water sorption properties by emiployment of the MOFs
described herein can be used in other water sorption based applications, such as in heat pumps,
dehumidifiers, adsorption refrigerators, solar cooling systems, drvers, organic light emitting

devices and secondary battery devices.
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{8853} The following description describes various types of MOFs, including single-linker

MOFs and MTV-MOFs, for water sorption applications, in particular water harvesting,

6054} In some aspects, provided is a MOF comprising repeating cores, wherein the cores

comprise secondary building units connected to organic ligands.

[e0s5] {n some embodiments, the organic ligands comprise one or more linear ditopic
moieties, v-shaped ditopic moieties, trigonal iritopic moieties, square or rectangular tetratopic
moteties, or tetrahedral tetratopic moieties. In one variation, the organic ligands comprise v-

shaped ditopic moieties.

8856} In some variations of the organic ligands, such moteties comprise S-membered or 6-
membered rings substituted with at least two carboxylate groups. In one variation, such moieties

comprise S-membered or 6-membered rings substituted with two carboxylate groups.

{0657} in certain variations, the organic higands comprise one or more moieties of Formula

-1

O
1 O
At g
R ©
R® (D), wherein x'is NH, O or S, and each of R* and R is independently H or
alkyl;
Q Re
{ O
e S 3 5 )
R? (I, wherein X is NH, O or 8, and each of R* and R® is independently H or
alkyl;
O R

N o
R® (IV), wherein X' is NH, O or §, and R* is H or alkyl;
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9" (V), wherein X° is NH, O or S, and R® is H or alkyl;

N-N o (V1), wherein X' is NH, O or §;

O O
-G&Yi\\(%

vi _ov® r a2 3,
~F (VID), wherein Y, Y  and Y~ are independently CH or N;

O
_Q/Jkaa"“wa

N3 b (VHI), wherein X° is NH, O or S; and
/C[)l; O
,YJ\
o :[E; 1 O
N (IX), wherein Y' and Y? are independently CH or N.

{8058} In one variation of the moiety of Formula (1), X* is NH or O, and R® is H or alkyl.
{68591 In one variation of the moiety of Formula (IV), X' is NH or O, and R* is H or alkyl.
[00608]  In onc variation of the moisty of Formula (V), X' is NH or O, and R® is H or alkyl.
{8061} In one variation of the moiety of Formula (VI), X' is NH or O.

[0062] in certain variations, the organic ligands comprise one or more moieties of Formula

{X), (X1, or (XI1}:

O gf o]
Q/LK\E/\ o

RSN R (X), wherein each of R, R® and R is independently H or alkyl;

o o
_Q/LL\EE/YQ\\E)LO_

A i _ , 4. . s o
R “YP UR® (X1, wherein one of Y and Y? is N, and the remaining of Y* and Y' is CH,

or both Y' and Y* are N, and each of R® and R® are independently H or alkyl; and
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(X11), wherein Y' is CH or N,

[8863] In some variations of the foregoing, R, R®, RS, RY, R® and R are each H.

O

H o
- o R L
{6064 In some variations, cach organic ligand comprises G| In another

variation of the foregoing, each secondary building unit comprises aluminum hydroxide. For

exampie, in one variation, the MOF is MOF-313.

i8]
0 q A

- s . i -
{6065} In some variations, each organic ligand comprises NH  C In another

G

variation of the foregoing, each secondary building unit comprises aluminum hydroxide. For

example, in one variation, the MOF 1s MOF-314.

O
Q : -
| y . S
{6066} o some variations, each organic ligand comprises 8 . In another
variation of the foregoing, each secondary building unit comprises aluminum hydroxide. For

example, in one variation, the MOF 1s MOF-323.

8867} In some variations, the organic ligands comprise 0" and

A
l < o

comprises aluminum hydroxide. For example, in one variation, the MTV-MOF is A{OH)2,5-
FDCY2.,4-TDC) In certain vaniations, the MTV-MOF s AI(OH)(2,5-FDC)(2,4-TDC),,
wherein w + v = 1. In a certain variation, the MTV-MOF s A{OHNK2,5-FDC} s(2,4-TDC)ys.

", In another variation of the foregoing, each secondary building unit
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N

[8068] In some variations, the organic ligands comprise N and .

O O
.O)J\O_
. In another variation of the foregoing, each secondary building unit

comprises aluminum hydroxide. For example, in one variation, the MTV-MOF is AOH){(3,5-
PynDCKIPA). In certain variations, the MTV-MOF is AOH)(3,5-PynDC),{IPA),, wherein m
+n=1. In acertain variation, the MTV-MOF is AWOH)(3,5-PynDC)o s6(IPA g 44.

{8869} FIGS. 1A and 1B provides a non-comprehensive list of compounds that may be used
to form organic higands connected to secondary building units in the MOFs described herein,
These tinkers can also be combined in systems for water harvesting to expand the realm of MOF

materials for water harvesting dramatically.

{6076] in other embodiments, the secondary building units comprise one or more metals or
metal-containing complexes, o some variations, the secondary building vnits form 1D rod-like
chains or distinct multinuclear metal clusters. In one variation, each secondary building unit

comprises one metal or metal-containing coruplex.

(6671} In certain variations, each secondary building unit comprises zirconium, nickel, iron,
copper, manganese, aluminum, magnesium, calcium, strontium, barium, titanium, zine, indium,
cadmium, hafniom, lead, cobalt, or chromium, or a complex thereof. In one variation, each

secondary building unit comprises alumimum or an aluminum-containing complex.

{88721 As a result of the cooperative nature of water condensation in MOF,Q the use of the
MOFs described herein, including the MTV-MOFs, could enable shifting of the P/P; value at
which a steep step is observed in the water vapor sorption isotherm. Further, the total water
uptake of a MOF with voluminous ligands can be improved by “doping” it with less bulky
ligands due fo the resulting increase in the pore volume of the MTV-system. Also, hnkers
otherwise not forming a MOF can be included in 2 MTV-MOF, thus expanding the realm of

water harvesting materials enormously.

16073 This approach can be employed for fine-tuning of a system in such a way that
optimal properties for a desired water sorption application can be achieved. Thus, the described

invention enables the synthesis of water harvesting materials on demand.

10
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18874} In some vanations, provided herein are Al-MOFs exhibiting 1D rod-like SBUs
constructed from V-shaped molecules. Such MTV-approach can also be employed for other
MOF-based water harvesting systems constructed from other metal cations and linkers with

other geometries,

[6675] In certain variations, the secondary building units are connected to the organic
ligands through the oxygen atoms of the carboxylate groups in the organic ligands via a cis-

edge-shared octahedra geometry or a frans-edge-shared octahedra geometry,

[6676] n other aspects, provided are methods of producing the MOFs described herein. In
some embodiments, the method comprises combining one or more of the compounds set forth in
FIGS. 14 and 1B with a metal sohution under basic conditions, at elevated temperatures. In
some variations, the metal solution comprises any of the metals described herein for the MOFs,
In other variations, the compounds in FIGS. 1A and 1B and the metal solution are combined
with a basic solution, such as sodium hydroxide. A solid is obtained from the reaction mixture,
and isolated. The isolated product can then be characterized using any suitable methods or
technigues known i the art, including, for example, by x-ray diffraction (e.g., powder X-ray

diffraction).

{0877} In vet other aspects, provided are methods and systems for water harvesting using
one or more of the MOFs described herein, In one aspect, provided is a method of water
harvesting, comprising: adsorbing water from ambient atmosphere using a water-harvesting
system, wherein the water-harvesting system comprises one or more of the MOFs described
herein; desorbing vapor from the one or more MOFs; and collecting water from the vapor. In
another aspect, provided is a water-harvesting system, comprising an adsorbent layer comprising
one or more of the MOFs described herein, In some variations of the foregoing methods and

systems for water harvesting, the MOFs used are MTVY-MOFs.

{6678} In some variations of the foregoing, the water-harvesting syster is a passive device,

in which sunlight-driven desorption of water leads to saturation in a closed environment which,

consequently, leads to water condensation. In other variations, the water-harvesting system is an
active device, in which a condenser is needed to collect the water. The condenser may be, for

example, adjacent to the adsorbent layer in the water-harvesting system.

ENUMERATED EMBODIMENTS

{66791 The following enumerated embodiments are representative of some aspects of the
invention.

11
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1. A composition comprising a multivariate metal-organic framework (MTV-MOF) of
inorganic metal clusters (secondary building units, SBUs) and a combination of two or more

different organic units (linkers).

2. The composition of embodiment 1, wherein the linkers are selected from v-shaped,
trigonal or tritopic Hnkers; or square/rectangular-shaped tetratopic linkers; or tetrahedral

tetratopic linkers,

s |

3. The composition of embodiment 1, wherein at least one of the linkers is a v-shaped

Iinker disclosed herein.

4, The composition of embodiment 1, wherein the metal clusters are infinite 1D rod-like

chains or distinct multinuclear metal clusters.

3. The composition of any one of embodiments 1 to 4, wherein the MOF metal is selected
from zirconiwm, nickel, iron, copper, manganese and aluminum, and/or from magnesium,
calcium, strontivm, bartum, titanium, zinc, indium, cadmium, hafniom, lead, cobalt, and

chromium.

6. A device such as a water harvester, comprising a moisture sorption unit conmprising the

composition of any one of embodiments 1 to 5.

7. A method of using the composition of any one of embodiments 1 to 6, comprising
containing in, storing in and/or extracting from the composition a predetermined gas or fluid,

such as CO,, HoO, Hy, CHy, CH,y, CiH,, etc.

8. A method of using the composition of any one of embodiments 1 to 6, comprising

utilizing the composition for water harvesting or water purification applications.

9. A water harvester comprising & moisture sorption unit comprising a MOF of formula
AKOHYZ,5-PylnC), wherein 2,5-PylDC is 2,5-pyrroledicarboxylate.

10. A method of using the harvester of embodiment 9, for water harvesting or water

purification applications.

11, A metal-organic framework (MOF), comprising repeating cores, wherein the cores

comprise secondary building units connected to organic ligands,

12



WO 2020/112899 PCT/US2019/063442
wherein the secondary building unifs comprise one or more metals or metal-containing

complexes,

wherein the organic ligands coraprise ove or more linear ditopic moteties, v-shaped
ditopic moieties, trigonal {ritopic moietics, sguare or rectangular tetratopic moieties, or
tetrahedral tetratopic moieties, wherein the moieties coraprise 5-membered or 6-ruembered rings

substituted with at least two carboxylate groups, and

wherein the secondary building units are connected to the organic ligands through the

oxygen atoms of the carboxylate groups in the organic ligands.

12. The MOF of embodiment 11, wherein the secondary building units form 1D rod-hike

chains or distinct multinuclear metal clusters.

13, The MOF of embodiment 11 or 12, wherein the organic ligands comprise one or more

moicties of Formula (I)-{XII):

O
+ 0
X
1 < :
R? ©
R® (D), wherein X' is NH, O or S, and each of R® and R” is independently H or
alkyl;
O Re
/O
A -x¢ o . 3. a [
R (1), wherein X is NH, O or 8, and each of R" and R® is independently H or
alkyl;
9} RE
3
O rad

o

5 T 0

X
LS,
J\W X
4 N e i . 1o ar a -

R (IV), wherein X is NH, O or §, and R" is H or alkyl;
O

/

NN P

LA

R® O (V), wherein X* is NH, O or S, and R* is H or alkyl;

13
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_O)J\rx‘- o
=1

N-N o (V1), wherein X' is NH, O or S;

F2 a3 . . 2 .
Y Y VIL), wherein Yl, Y? and Y° are independently CH or N;
cp Y

.
N3 b (VHD), wherein X* is NH, O or §;

N (IX), wherein Y and Y7 are independently CH or N.
o R 0
T
LA , ; .
RN e (X), wherein each of RY, R® and RYis independently H or alkyl;

o o)
_OJK(Yi\E/lJ\Q_

REyE

or both Y' and Y* are N, and each of R® and R® are ndependently H or alkyl; and

~zN (XID), wherein Y' is CH or N.

R®  (X1), wherein one of Y' and Y* is N, and the remaining of Y* and Y' is CH,

14. The MOF of embodiment 13, wherein the organic ligands comprise one or more moieties

of Formula {I}-(VII).

15.  The MOF of embodiment 13, wherein the organic Hgands comprise one or more moictics

of Formula (Vi) or (IX).

16. The MOF of embodiment 13, wherein the organic higands comprise one or more moieties

of Fornmla (X}, (X1) or (XII}.

14
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17.  The MOF of any one of embodiments 13 to 16, wherein R®, R®, R®, RY, R® and R are

each H.

18.  The MOF of embodiment 11 or 12, wherein the organic ligands comprise one or more

moieties:

o S o
Q
== == - =
oy y) o y) ”4( © y
HN~ O~y e} S—p
H O O
O O
oy QJI\L“/OH N
1 [o X ~N Sn G

0 o 0
o i o
N N AN
OJ\( N "C)\/ S __,4 O AN
| i il
N~N?:j<0"7 N~o> o N“‘SHG ,
0 o 0 " o o o)
\\5;’;’ N/ = N
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O
Q/U\/ N {v\/U\ o ©

NN

~Z

18. The MOF of embodiment 11 or 12, wherein the organic ligands comprise one or more

moieties:

O O O
H
A vISa S a vl

O (9] G
O O O
..O)J\(E%?/« QJJ\(‘%.‘_( _ OKE%——’“( —
‘~~0 G » S O >

“NH O
o
07 NF 4 —QJJY/‘\},Jé)
Hu- o oy o
i T8 o
oL oA
W L%
o o)
_O)J\/N j o O
[N AN
L% L_N>‘*l<o
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o o 9 Q o o Q o
i | N i
MQWQ“ lOWOH 0 E N%(J\QV _ij/l: fTL\O-
i\\;”;} , N/ , /= , N/ .

O O O (9]
N._N N._N

, OF ~

20. The MOF of embodiment 11 or 12, wherein the organic ligands comprise one or more
moicties:
o o) 0 0 ji/
e o o o O s O
N . . . .
N e Y N B N
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21. The MOFs of any one of embodiments 18 to 28, wherein the organic ligands comprise

one moiety.

22. The MOFs of any one of embodiments 18 to 20, wherein the organic ligands comprise

two moteties.

23, The MOFs of any one of embodiments 18 to 20, wherein the organic ligands comprise a

plurality of moicties.

24, The MOF of any one of embodiments 11 to 17, wherein each organic ligand comprises

one moicty of Formula (D)-(X1I1), and the MOF is a single-linker metal-organic framework.

235, The MOF of embodiment 24, wherein each organic ligand comprises one moiety of

Formutla (D)-(V11}, and the MOF is a single-linker metal-organic framework.

26. The MOF of embodiment 24 wherein each organic ligand comprises:
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27.  The MOF of embodiment 24, wherein each organic ligand comprises o,
28. The MOF of embodiment 27, wherein cach secondary building unit comprises aluminum
hydroxide.
29. The MOF of embodiment 28, wherein the MOF is MOF-313,
O
O
oA
30.  The MOF of embodiment 24, wherein each organic ligand comprises TNH O
31. The MOF of embodiment 30, wherein each secondary building unit comprises aluminum
hydroxide.
32. The MOF of embodiment 31, wherein the MOF is MOF-314.
O
O
(&) 1 N
33, The MOF of embodiment 24, wherein each organic ligand comprises S o,
34.  The MOF of embodiment 33, wherein each secondary building unit comprises aluminum

hydroxide.
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35, The MOF of embodiment 34, wherein the MOF is MOF-323.

36. The MOF of any one of embodiments 11 o 20, wherein the MOF 1s a multivariate metal-

organic framework (MTV-MOF).

37.  The MOF of embodiment 36, wherein the organic ligands comprises a plurality of

moigctics of Formula (D-(VII).

38.  The MOF of embodiment 36, wherein the organic ligands comprises two moieties of

Formula (D-(VH),

39.  The MOF of embodiment 36, wherein the organic ligands comprises a plurality of

moieties of Formula (H)-{X11}.

40, The MOF of embodiment 36, wherein the organic ligands comprises two moieties of

Formula (D-(X11).

O
o 1 0/
41, The MOF of embodiment 36, wherein the organic hgands comprise o
O
O
YA
and s ©

42, The MOF of embodiment 41, wherein cach secondary building unit comprises aluminum

hydroxide.

43, The MOF of embodiment 42, wherein the MOF 18 AHOH)(2,5-FDCY2.4-TDC); or
AWOHY2,5-FDC),(2.4-TDC),, wherein w + v =1; or Al{OHY2,5-FDC)e s(2,4-TDC)s 5.

O

i O
'OJI\(Q\\\‘E)J\C"

44,  The MOF of embodiment 36, wherein the organic ligands comprise

and .
45, The MOF of embodiment 44, wherein each secondary building unit comprises aluminum
hydroxide.
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46.  The MOF of embodiment 45, wherein the MOF s AWOH)(3,3-PynDC)(IPA), or
optionally AKOH3,5-PynDCY(IPA),, wherein m + n = 1; or A{OH)(3,5-PynDC g s6({PA)g.44.

47.  The MOF of any one of embodiments 1 to 46, wherein each secondary building unit
comprises zirconium, nickel, iron, copper, manganese, aluminum, magnesium, calcium,
strontium, barium, titanium, zinc, indium, cadmium, hafnium, lead, cobalt, or chromium, or a

complex thereof.

48. The MOF of any one of embodiments 11 to 47, wherein each secondary building unit

comprises aluminum or an aluminum-containing complex.

49, The MOF of any one of embodiments 11 {o 48, wherein the secondary building units
form 1D rod-tike chains, and the organic ligands comprise one or more v-shaped ditopic

moieties.

50. The MOF of embodiment 42, wherein the secondary building units are connected to the
organic ligands through the oxygen atoms of the carboxylate groups in the organic ligands via a

cis-edge-shared octahedra geometry or a trans-edge-shared octahedra geometry,

51. A method of water harvesting, comprising:
adsorbing water from ambient atmosphere using a water-harvesting system, wherein the
water-harvesting system comprises one or more MOFs of any one of embodiments 11 to 5¢;
desorbing vapor from the one or more MOFs; and

collecting water from the vapor.

52.  The method of embodiment 51, wherein the water is collected from the vapor using a
condenser.
53, A water harvesting system, comprising an adsorbent layer comprising one or more

MOFs of any one of embodiments 11 to 50.

54, The system of embodiment 33, further comprising a condenser adjacent to the adsorbent

layer.
55.  The system of embodiment 53, wherein the system is a passive water harvesting system.

56. A MOF of any one of embodiments 11 to 50 for use in water harvesting or water

purification.
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37. A MOF of any one of embodiments 11 to 50 for use in heat pumps, dehomidifiers,
adsorption refrigerators, solar cooling systems, dryers, organic light emitting devices, or

secondary battery devices.

58. A method of using the MOF of any one of embodiments 11 to 50, comprising containing

in, storing in and/or extracting from the MOF a predetermived gas or fluid.

59. The method of embodiment 58, wherein the gas or fluid i3 CO,, HaO, Hy, CHy, CoHy, or

{yHa, or any combinations thereof.

EXAMPLES
{3886] The following Examples are merely illustrative and are not meant to limit any aspects
of the present disclosure in any way.
Example 1

Synthesis and Characterization of MOF-313
{6681} To illustrate an exemplary way to synthesize 1D rod-like SBU based MOFs, the
synthesis and characterization of AKOHY2,5-PytDC) (2,5-PvIDC = 2, 5-pyrroledicarboxvlate), a
MOF suitable for water sorption applications, is described here. This compound is also referred

to as MOF-313.
Synthesis:

{8082] 77.5 mg of 2,5-pyrroledicarboxylic acid (0.5 mmol) was dissolved i 4.5 mL aqueous
NaQOH solution (0.139 M) under heating. Then, 500 pL agueous AICL solution (1 M) was
added. The resulting precipitation was dissolved under heating and the solution was placed in an
oven preheated to 100 °C. After two hours, the precipitation was filtrated off. The solid was
washed five times with water for one day, and five times with methanol for another day.

Removal of the solvent under reduced pressure resulied in 15 mg AHOHY2,5-PyIDC).
PXRD Characterization:

{6883] The structure (FIGS. 2 and 3) of the synthesized MOF was verified based on powder
x-ray diffraction (PXRD) analysis (FIG. 4). The structure was shown to be constructed from 1D

rod-like SBUs connected by 2,5-pyrroledicarboxylate linker ligands.

Porosity and Surface Area:
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[8684] In order to analyze the porosity and surface area of the metal-organic framework, a
nitrogen isotherm at 77 K was coliected (FIG. 8}. Based on the BET model, the surface area was

estimated to be 1051 m%/g.
Water Sorption Properties:

[0085] The water sorption isotherm exhibited a steep step at £/P; = 0.12 (FIG. 6). Water
vapor uptake started to level off at /Py = 0.15 and reached approximately 480 cra’/g (STP) at
full saturation of the material. Importantly, only minimal or in the optimal case no hysteresis

was observed.

Example 2
Synthesis and Characterization of MOF-314

j6086} To illustrate an exemplary way to synthesize 1D rod-like SBU based MOFs, the
synthesis and characterization of AKOH)(2,4-PyiDC) (2,4-PyIDC = 2 4-pyrroledicarboxylate), a
MOF suitable for water sorption applications, is described here. This compound is also referred

to as MOF-314.
Synthesis:

[6087] 2 4-pyrroledicarboxylic acid [Ha(2,4-PyiDC); 75.0 mg) was completely dissolved in
aqueous NaCH solution {0.43 M, 14.517 mL}. Then, aqueous AlCH: solution (1M, 0.483 mi)
was added which resulted in white precipitation. The resulting suspension was heated to 100 °C
in a pre-heated oven and the solution became clear after a few minutes. The reaction was
stopped after 6 hours. The resulting off-white solid was filtered and washed three times with
H;0 and three times with methanol over a period of one day each. Afier heating at 120 °C under
vacuum {~10" mbar) for 6 hours, activated MOF-314 [AOH)}2,4-PyIDC); 35 mg) was

obtained.
PBXRD Characterization

j0688] The structure (FIG. 7) of the syuthesized MOF was verified based on powder x-ray
diffraction (PXRI3} analysis (FIG. 8). The structure was shown to be constructed from 1D rod-

like SBUs connected by 2,4-pyrroledicarboxylate linker ligands.
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Porosity and Surface Area:

{0689] In order to analyze the porosity and surface area of the metal-organic framework, a
nitrogen tsotherm at 77 K was collected (FIG. 2). Based on the BET model, the surface area was

estimated to be 912 m%g.
Water Sorption Properties:

{0690} The water sorption isotherm exhibited a steep step at #/F; = 0.1 (FI1G. 18). Water
vapor uptake started to level off at P/Py= 0.2 and reached approximately 535 cm’/g (STP) at full
saturation of the material. Importantly, only minimal or in the optimal case no hysteresis was

observed.

Example 3
Synthesis and Characterization of MOF-323
10691] To illustrate an exemplary way to synthesize 1D rod-like SBU based MOFs, the
synthesis and characterization of ACH)}(2,4-TDC) (2,4-TDC = 2 4-thiophenedicarboxylate), a
MOF suitable for water sorption applications, is described here, This compound is also referred
to as MOF-323.

Svnthesis:

{8092} 2 4-thiophenedicarboxylic acid (Hx(2,4-TDC); 98.9 mg) was dissolved in KOH
solution (0.139 M, 6.187 mL) and ethanol (3.239 mL). Then, aqueous AlCl; solution (1 M,
0.574 ml) was added. The resulting clear solution was heated to 100 °C in a pre-heated oven.
After 24 hours, the resulting white precipitation was filtered and washed three times with H,O
and three times with methanol over a period of one day cach. After heating at 60 °C under

vacuum (~107 mbar) for 6 hours, activated MOF-323 (AOH)(2,4-TDC); 60 mg) was obtained.
PXRD Characterization:

[6093] The structure (FIG. 11) of the synthesized MOF was verified based on powder X-ray
diffraction (PXRD) analysis (FIG. 12). The structure was shown to be constructed from 1D rod-

like SBUs connected by 2,4-thiophenedicarboxylate linker ligands.

Porosity and Surface Area:
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[8894] In order to analyze the porosity and surface area of the metal-organic framework, a
nitrogen isotherm at 77 K was coliected (FIG. 13). Based on the BET model, the surface area

was estimated to be 1101 m¥g.
Water Sorption Properties:

[4695] The water sorption isotherm exhibited a steep step at £/FP; = 0.16 (FIG. 14). Water
vapor uptake started to level off at /Py = 0.21 and reached approximately 470 cra’/g (STP) at
full saturation of the material. Importantly, only minimal or in the optimal case no hysteresis

was observed.

Example 4
Synthesis and Characterization of MTV-MOF

{6096} To illustrate an exemplary way to synthesize an exeraplary MTV-MOF systers, the
synthesis and characterization of AOHY2,5-FDC)5(2,4-TDC) 5 (2,5-FDC = 2,5~
furandicarboxylate; 2,4-TDC = 2 4-thiophenedicarboxylate; FIG. 18), a MTV-MOF suitable for

water sorption applications, is described here,
Synthesis of the MTV-MOF:

{8097} 2,5-furandicarboxylic acid (Hy(2,5-FDC); 44.9 mg) and 2,4-thiophenedicarboxylic
acid {Hx{2,4-TDC}; 49.5 mg) were dissolved in aqueous KOH solution (0.139 M, 6.187 mL) and
ethanol (3.239 mL) (FIG. 15). Then, aqueous AlCh solution (1 M, 0.574 ml.) was added. The
resulting solution was heated to 100 °C in a pre-heated oven. After 24 hours, the resulting white
precipitation was filtered and washed three times with HoO and three tunes with methanol over &
period of one day each. After heating at 120 °C under vacuum (~107 mbar) for 6 hours, the

activated MTV-MOF AOHY(2,5-FDC)o s(2,4-TDC o5 (35 mg) was obtained.
Svnthesis of the single-linker MOFs used for comparison:

10098} ANOH)(2,5-FDC) (also known as MIL-160) was synthesized by dissolving Ha(2,5-
FDOC) (78.0 mg) in aqueous KOH solution {0.079 M, 9.5 mL) and adding aqueous AlCH solution
{1 M, 0.5 mL}. The resulting solution was heated at 100 °C overnight. The resulting white
precipitation was filtered and washed three times with H,O and three times with methanol over a
period of one day each. After heating at 120 °C under vacuum (~10~ mbar) for 6 hours,
activated AI{OH)(2,5-FDC) (40 mg) was obtained. AHOHY2,4-TDC) (MOF-323) was

synthesized as described above.
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PXRD characterization:

[0099] The synthesized MTV-MOF was verified based on powder x-ray diffraction (PXRD)
analysis, and compared with AHOH)Y(2,5-FDC) and MOF-323 (FIG. 16).

NMR analysis:

{6108} Washed and activated samples were subjected to NaOD solution (5% in D,0) prior
to nuclear magnetic resonance {(NMR) analysis. Under these conditions, the aluminum MTV-
MOF dissolved into its components, and solution-based 'H-NMR analysis was employed to

analyze its linker molecule composition (FIG. 17).
Scanning electron microscopy (SEM) micvograph:

{3161} The overall crystal shape and morphology in an 8EM micrograph of the MTV-MOF
ANOHY2,5-FDC) 5(2,4-TDC)o 5 (FIG. 18) indicated phase-purity.

Scanning electron microscopy (SEM) micvograph and energy dispersive X-ray spectroscopy

(EDS) analysis:

{0182}) An SEM micrograph and EDS analysis of the MTV-MOF AHOH)(2,5-FDC)5(2,4-
TDC e 5 (FIGS. 1%A-K) mdicated even distribution of the elements carbon (C), oxygen (O),
atuminom (Al), and sulfor (8) in all crystals. Together with the NMR data, this indicated that

both linkers are present and evenly distributed in all crystals.
Water sorption properties:

16163} Water sorption analyses on ANOHN2,5-FDC), the MTV-MOF AHOHX2,5-
FDCY5(2,4-TDC Yy 5, and MOF-323 at 25 °C (FIGS. 28 and 21) indicated that MTV-systems can
be used to tune the water sorption properties of MOFs.,

Exampie 5

Synthesis and Characterization of MTV-MOF

{6104} To illustrate an exemplary way to syuthesize another exemplary MTV-MOF system,
the synthesis and characterization of A{OH)(3,5-PynDClg s6(IPA) 44 (3,5-PynDC = 3,5-
pyridinedicarboxylate; IPA = isophthalate; FIG. 22), a MTV-MOF suitable for water sorption

applications, is described here.
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Synthesis of the MTV-MOF:

{8165] Isophthalic acid (HyIPA; 41.5 mg) and 3,5-pynidinedicarboxylic acid (Hy(3,5-
PynDXC); 41.8 mg) were dissolved in HoO (4 mL) and ethanol (5§ mlL) (FIG. 22). Then, aqueous
AlCEH (1 M, 0.5 mL) and aqueous urea solution (2 M, 0.5 ml.) were added. The resulting
solution was heated to 100 °C in a pre-heated oven. After 24 hours, the resulting white
precipitation was filtered and washed three times with H,O and three times with methanol over a
period of one day each. After heating at 120 °C under vacuum {~10~ mbar) for 6 hours, the

activated MTV-MOF AYOH)(3,5-PynDC)p s6{IPA)s 44 (70 mg) was obtained..
Synthesis of the single-linker MOF3s used for comparison:

{6166} To synthesize A{OH)(3,5-PynDC) (also known as CAU-10-pyridine), 3,5-
pyridinedicarboxylic acid (H2(3,5-PynDC); 83.5 mg) was dissolved in H,O (4 mL) and ethanol
{5 wlL). Then, agueous AlC (1 M, 0.5 mL) and agqueous urea solution (2 M, 0.5 mL) was
added. The resulting solution was heated to 100 °C in a pre-heated oven. After 24 hours, the
resulting white precipitation was filtered and washed three times with HyO and three tires with
methanol over a period of one day each. After heating at 120 °C under vacuum (~10~ mbar) for
6 hours, AI{OH)(3,5-PynDC) (70 mg) was obtained. A{OH)IPA (also known as CAU-10) was

synthesized based on a previously reported procedure.'®
PXRD characterization:

{8197} The synthesized MTV-MOF was verified based on powder x-ray diffraction (PXRD)
analysis, and compared with AOH)(3,5-PynDC) and ACHMPA (FIG. 23).

NMR analysis:

6168} Washed and activated samples were subiected to NaOD solution (5% in 13,0) prior
to muclear magnetic resonance (NMR) analysis, Under these conditions, the aluminom MTV-
MOF dissolved into its components, such that solution-based 'H-NMR analysis could be

employed to analyze its linker molecule composition (FIG. 24).

Scanning electron microscopy (SEM) micrograph and energy dispersive X-ray spectroscopy

(EDS) analysis:

{6169} An SEM micrograph and EDS analysis of the MTV-MOF AOH)(3,5-
PynDChase{IPAYg 44 (FIGS. 258 and 26A-E) indicated even distribution of the elements carbon
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(), oxygen (O), alominum (AD, and sulur (5) in all crystals. Together with the NMR data, this

mndicated that both linkers are present and evenly distributed in all crystals.
Water sorption properties:

i6118) Water sorption analyses on AOHY3,5-PynDC), the MTV-MOF AKOH)(3,5-
PynDClg s6(IPA)g .4, and AHOHMPA at 25 °C (FIGS. 27 and 28} indicated that MTV-systems

can be used to tune the water sorption properties of MOFs.
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CLAIMS

What is claimed is:

1. A metal-organic framework (MOF)}, comprising repeating cores, wherein the cores
comprise secondary building units connected {o organic ligands,

wherein the secondary building units comprise one or more metals or metal-containing
complexes,

wherein the organic ligands comprise one or more linear ditopic moieties, v-shaped
ditopic moieties, trigonal iritopic moicties, square or rectangular tetratopic moieties, or
tetrahedral tetratopic moieties, wherein the moieties comprise 5-membered or 6-membered rings
substituted with at least two carboxylate groups, and

wherein the secondary building units are connected to the organic ligands through the

oxygen atorns of the carboxylate groups in the organic higands.

2. The MOF of claim 1, wherein the secondary building units form 1D rod-like chains or

distinct multinuclear metal clusters.

3. The MOF of claim 1 or 2, wherein the organic ligands comprise one or more moieties of

Formula (D-(XH):

(1), wherein X' is NH, O or S, and each of R® and R” is independently H or

O Re
O
07N
S o N
R® (1), wherein X" is NH, O or 8, and each of R® and R® is independently H or
alkyl;
O Re

3
AL e
N O 1), wherein X% is NH, O or §, and R® is H or alkyl;
G
5 1D
- X
L
o Y O

R® (1V), wherein X' is NH, O or S, and R is H or alkyl;
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o]
f
-G/‘\/N\‘> /0
kas

9" (V), wherein X° is NH, O or S, and R® is H or alkyl;

N-N o (V1), wherein X' is NH, O or §;
0] (0]

-o)L\/‘*’l\,/‘Lo—

il i
2 3
Y Y (VII), wherein Y, Y2 and Y* are independently CH or N;

N~ b (VIID), wherein X* is NH, O or §;

o] e
1
Y2, N
N (IX), wherein Y' and Y? are independently CH or N;
o R 9
do » )
RY Re (X}, wherein each of R®, R® and R'is independently H or alkyl;

O O
1
-okq’y\%@“
L S
R TYP TR® (X1, wherein one of Y' and Y? is N, and the remaining of Y* and Y' is CH,

or both Y' and Y* are N, and each of R® and R® are independently H or alkyl; and

G G
4
- OJ’L\TE/Y\XF/U\ o
N i

=N

(XID), wherein Y' is CH or N,
4. The MOF of claim 3, wherein R?, R®, R®, R%, R® and R’ are cach H.

P

5. The MOF of any one of claims 1 to 4, wherein the organic ligands comprise one or more

moieties:
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6. The MOF of any one of claims 1 to 5, wherein the MOF 15 a single-linker metal-organic
framework.
7. The MOF of claim 6, wherein each organic ligand comprises:
o] O O 0
O O O 0
~0/u\i)>_,< _GJW 74 ..QW - Q/LH@/ —<
1 / 0-9 LNH Q"’ L\Q 0“9 8 G"’ >
e Ja s Jup S p
9] O O O O
Q N N N
'a)J\@,( 'OJ\[ J< RN __J< “OJ\[ 07 Y
L { P |
CaN A et P

0 o i\/ Woo 9 N \i 9 y Q o o
—Q/U\WO})— _/( -0 T N,?“ '4 OJ'KE; o -QJ\E f‘\o" OJ\(\VU\O
NN O N O 2 ’ N ’ NN ’
0 9
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8. The MOF of any one of claims 1 to 7, wherein each secondary building unit comprises

aluminum hydroxide.

9. The MOF of any one of claims 1 to 7, wherein the MOF is MOF-313, MOF-314, or
MOF-323,

16, The MOF of any one of claims 1 to 5, wherein the MOF is a multivariate metal-organic

framework (MTV-MOF).

11, The MOF of claim 10, wherein the organic ligands comprises a plurality of moieties of

Formula {(I)-{(X1}.

12, The MOF of claim 11, wherein the organic ligands comprises two moieties of Formula

(D-(XID).

13, The MOF of any one of claims | to 5, wherein the MOF is A{OH)(2,5-FDC (2,4~
TDC), wherein w + v =1; or AHOH)(3,5-PynDCO)(IPA),, wherein o +n= 1.

14, The MOF of any one of claims 1 fo 13, wherein each secondary building unit comprises
zirconium, nickel, iron, copper, manganese, aluminum, magnesium, calcium, strontium, barium,
titanium, zing, indivm, cadmium, hafnium, lead, cobalt, or chromium, or a complex thereof.
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15,  The MOF of any one of claims 1 to 13, wherein each secondary building unit comprises

alaminum or an aluminum-containing complex.

16.  The MOF of any one of claims 1 to 15, wherein the secondary building units form 1D

rod-like chains, and the organic ligands comprise one or more v-shaped ditopic moicties.

17. The MOF of claim 16, wherein the secondary building units are connected to the organic
ligands through the oxygen atoms of the carboxylate groups in the organic ligands via a cis-

edge-shared octabedra geometry or a trans-edge-shared octahedra geometry.

18. A method of water harvesting, comprising:
adsorbing water from ambient atmosphere using a water-harvesting system, wherein the
water-harvesting system comprises one or more MOFs of any one of claims 1 t0 17;
desorbing vapor from the one or more MOFs; and

collecting water from the vapor.

19, The method of claim 18, wherein the water is collected from the vapor using a

condenser.

20. A water harvesting system, comprising an adsorbent layer comprising one or more

MOFs of any one of claims 1 o 17.

21, The system of claim 20, further comprising a condenser adjacent to the adsorbent layer,
22, The system of claim 20, wherein the system is a passive water harvesting system.

23. A MOF of any one of claims 1 to 17 for use in water harvesting or water purification.

24, A MOF of any one of claims 1 to 16 for use in heat pumps, dehumidifiers, adsorption
refrigerators, solar cooling systerns, dryers, organic light emitting devices, or secondary battery

devices.

25, A method of using the MOF of any one of claims 1 to 16, comprising containing in,

storing in and/or extracting from the MOF a predetermined gas or fluid,

26. The method of claim 24, wherein the gas or fluid is CO,, H20O, Ha, CHa, CoHy, or CoHy,

or any combinations thereof.
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