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MESOSCOPIC MATERIALS COMPRISED OF ORDERED SUPERLATTICES OF
MICROPOROUS METAL-ORGANIC FRAMEWORKS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C. §119

from Provisional Application Serial No. 61/955,084, filed March 18,

2014, the disclosure of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The disclosure provides for mesoscopic materials which

are comprised of ordered superlattices of metal-organic frameworks

(MOFs) , the manufacture thereof, and the use of the mesoscopic

materials for various applications, such as catalysis, light

harvesting, and meta-materials .

BACKGROUND

[0003] Metal-organic frameworks (MOFs) are porous crystalline

nano-materials that are constructed by linking metal clusters

called Secondary Binding Units (SBUs) and organic linking moieties.

MOFs have high surface area and high porosity which enable them to

be utilized in diverse fields, such as gas storage, catalysis, and

sensors .

SUMMARY

[0004] The disclosure provides for innovative mesoscopic

materials (MOF heterolites) , comprising ordered superlattices of a

plurality of microporous metal-organic framework (MOF)

nanocrystals . The MOF heterolites disclosed herein exhibit chemical

and physical properties based on the interplay between the

nanoscopic MOF building blocks at the mesoscopic level. Due to the

long range crystalline ordering of the MOF heterolites, the

mesoscopic materials are open materials that are ideal for

catalysis, gas storage and gas separation. The MOF heterolites

unit lengths can be tuned to any frequency of interest, leading to

the use of MOF heterolites in light capturing applications,

catalysis, and metamaterials .

[0005] The disclosure also provides methods which allow for the

targeted self-assembly of the MOF heterolites disclosed herein.

Moreover, the self-assembly methods allow for size and shape

directed sedimentation of MOFs, including MOFs with large chemical



differences, to form permanently porous supercrystals . The methods

further provide for the precise surfactant functionalization of

MOFs .

[ 0 0 0 6 ] In a particular embodiment, the disclosure provides for

a metal-organic framework (MOF) heterolite mesoscopic material that

is comprised of an ordered superlattice of metal-organic frameworks

(MOFs) . In a further embodiment, the MOF heterolite disclosed

herein is comprised of a plurality of MOFs, wherein the MOFs are

comprised of a plurality of linked M-X-L secondary binding units

(SBUs) , wherein M is a metal, metal ion, or metal containing

complex; X is an atom from an organic linking ligand that can form

one or more bonds with M ; and L is an organic linking ligand

comprising an optionally substituted (C1-C20) alkyl, optionally

substituted (C1-C20) alkenyl, optionally substituted (C1-C20)

alkynyl, optionally substituted (C1-C20) hetero-alkyl , optionally

substituted (C1-C20) hetero-alkenyl, optionally substituted (C1-C20)

hetero-alkynyl, optionally substituted (C3 -C12) cycloalkyl,

optionally substituted (C3 -C12) cycloalkenyl , optionally substituted

aryl, optionally substituted heterocycle or optionally substituted

mixed ring system. In yet a further embodiment, the MOFs making up

the MOF heterolite comprise a metal or metal ion selected from Li+,

Na+, K+, Rb+, Cs+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Sc +, Sc2+, Sc+, Y +, Y2+,

Y Ti +, Ti +, Ti2+, Zr +, Zr +, Zr2+, Hf +, Hf +, V +, V +, V +, V 2+, Nb 5+,

Nb 4+, Nb +, Nb2+, Ta5+, Ta4+, Ta +, Ta2+, Cr + , Cr +, Cr4+, Cr +, Cr2+, Cr+,

Cr, :o + , Mo +, Mo4+, Mo +, Mo2+, Mo+, Mo, + , +, 4+, +, 2+, +, ,

Mn 7+, Mn +, Mn +, Mn4+, Mn +, Mn2+, Mn+, Re 7+, Re + , Re +, Re4+, Re +, Re2+,

Re+, Re, Fe +, Fe +, Fe +, Fe2+, Fe+, Fe, Ru +, Ru 7+, Ru +, Ru 4+, Ru +,

Ru2+, Os +, Os7+, Os +, Os +, Os4+, Os +, Os2+, Os+, Os, Co +, Co4+, Co +,

Co2+, Co+, Rh +, Rh 5+, Rh4+, Rh +, Rh2+, Rh+, Ir +, Ir +, Ir4+, Ir +, Ir2+,

Ir+, Ir, Ni +, Ni2+, Ni+, Ni, Pd + , Pd4+, Pd2+, Pd+, Pd, Pt +, Pt +, Pt4+,

Pt +, Pt2+, Pt+, Cu 4+, Cu +, Cu2+, Cu+, Ag +, Ag2+, Ag+, Au +, Au4+, Au +,

Au2+, Au+, Zn2+, Zn+, Zn, Cd2+, Cd+, Hg4+, Hg2+, Hg+, B +, B2+, B+, A l +,

A l2+, Al+, Ga +, Ga2+, Ga+, In +, In2+, In +, Tl +, Tl+, Si4+, Si +, Si2+,

Si+, Ge +, Ge +, Ge2+, Ge+, Ge, Sn 4+, Sn2+, Pb 4+, Pb2+, A s5+, A s +, A s2+,

A s+, Sb +, Sb +, Bi +, Bi +, Te + , Te +, Te 4+, Te2+, La +, La2+, Ce4+, Ce +,

Ce2+, p 4+, Pr +, Pr2+, Nd +, Nd2+, Sm +, Sm2+, Eu +, Eu2+, Gd +, Gd2+, Gd+,

Tb 4+, Tb +, Tb2+, Tb+, Db +, Db2+, Ho +, Er +, Tm 4+, Tm +, Tm2+, Yb +, Yb2+,



Lu +, and combinations thereof, including any complexes which

contain the metals or metal ions listed above, as well as any

corresponding metal salt counter-anions . In another embodiment,

the MOF heterolite disclosed herein is comprised of a plurality of

zirconium based MOFs.

[ 0 0 0 7 ] In a certain embodiment, the disclosure provides that

the MOF heterolite disclosed herein is comprised of homogeneous

MOFs. In an alternate embodiment, the MOF heterolite disclosed

herein is comprised of heterogeneous MOFs. In a further

embodiment, the MOF heterolite is comprised from two to eight

structurally different MOFs. In another embodiment, the MOF

heterolite is comprised of structurally different MOFs that have

different gas sorption and/or gas separation properties or

catalytic properties. In yet a further embodiment, a MOF

heterolite disclosed herein is comprised of at least one MOF that

catalyzes the oxidation of water, and at least one MOF that

catalyzes the reduction of carbon dioxide. In another embodiment,

the disclosure provides for a MOF heterolite that comprises a

supercrystal that is between 250 nm to 1500 nm in size, or is

between 500 nm to 1000 nm in size.

[ 0 0 0 8 ] In a certain embodiment, the disclosure provides a

method to produce a MOF heterolite disclosed herein comprising:

preparing a MOF reaction mixture comprising metal or metal ions,

organic molecules comprising multidentate functional groups, a

suitable modulating agent, and a suitable solvent system;

crystallizing the MOFs by adding a dilute base to the reaction

mixture, and then heating at a predetermined temperature and

sufficient period of time to allow for crystal formation; preparing

a colloidal solution comprising the MOFs; assembling the MOFs from

the colloidal solution into MOF heterolites by using accelerated

sedimentation in a centrifuge or gravimetric sedimentation in a

pipette assembly. In another embodiment, a surfactant is added to

colloidal solution. Examples of surfactants include:

polyvinylpyrrolidone, sodium dodecyl sulfate, cetrimonium bromide

and triton X-100.



[ 0 0 0 9 ] In a particular embodiment, the disclosure provides for

a device (e.g., a gas storage and/or separation device) which

comprises a MOF heterolite of the disclosure.

[ 0 0 1 0 ] The disclosure provides a metal-organic framework (MOF)

heterolite mesoscopic material that is comprised of an ordered

superlattice of metal-organic frameworks (MOFs) . In one

embodiment, the heterolite is comprised of a plurality of MOFs,

wherein the MOFs are comprised of a plurality of linked M-X-L

units, wherein M is a metal, metal ion, or metal containing

complex; X is an atom from an organic linking ligand that can form

one or more bonds with M ; and L is an organic linking ligand

comprising an optionally substituted (C1-C20) alkyl, optionally

substituted (C1-C20) alkenyl, optionally substituted (C1-C20)

alkynyl, optionally substituted (C1-C20) hetero-alkyl , optionally

substituted (C1-C20) hetero-alkenyl, optionally substituted (C1-C20)

hetero-alkynyl, optionally substituted (C3 -C12) cycloalkyl,

optionally substituted (C3 -C12) cycloalkenyl , optionally substituted

aryl, optionally substituted heterocycle or optionally substituted

mixed ring system, wherein the linking ligand comprises at least

two or more carboxylate linking clusters. In a further embodiment,

the organic linking ligand is selected from the group consisting

of:

( I ) ( I D













Formula XXIII

wherein the carboxylate groups depicted in formulas I-XXXIII form a

bond with a metal, metal ion or metal complex, and whe -A

9 is selected from

optionally substituted FG, optionally substituted (C1-C20) alkyl,

optionally substituted (C1-C19) heteroalkyl, optionally substituted

(C1-C20) alkenyl, optionally substituted (C1-C19) heteroalkenyl ,

optionally substituted (C1-C19) alkynyl, optionally substituted (Ci-

C19) heteroalkynyl, optionally substituted (C1-C19) cycloalkyl,

optionally substituted (C1-C19) cycloalkenyl, optionally substituted

aryl, optionally substituted heterocycle, optionally substituted

mixed ring system, wherein one or more adjacent R groups can be

linked together to form one or more substituted rings selected from

the group comprising cycloalkyl, cycloalkenyl, heterocycle, aryl,

and mixed ring system; and R -R 1 2 are independently selected from

H , D , optionally substituted FG, optionally substituted (Ci-

C20) alkyl, optionally substituted (C1-C19) heteroalkyl, optionally

substituted (C1-C20) alkenyl, optionally substituted (Ci-

C19) heteroalkenyl, optionally substituted (C1-C19) alkynyl, optionally

substituted (C1-C19) heteroalkynyl, optionally substituted (Ci-

C19) cycloalkyl, optionally substituted (C1-C19) cycloalkenyl,

optionally substituted aryl, optionally substituted heterocycle,

optionally substituted mixed ring system, wherein one or more

adjacent R groups can be linked together to form one or more

substituted rings selected from the group comprising cycloalkyl,

cycloalkenyl, heterocycle, aryl, and mixed ring system. In still a



further embodiment, the organic linking ligand comprises a

structured selected from the roup consisting of:

V ) (VII) , and

Formula XXIII wherein the carboxylic acid

groups in Formula I , V , VII and XXIII undergo condensation with a

metal, metal ion or metal complex, and wherein A1-A3 are

independently a C , N , 0 , or S , X -X3 are independently selected from

H , D , optionally substituted FG, optionally substituted (Ci-

C2o )alkyl, optionally substituted (C1 -C19) heteroalkyl, optionally

substituted (C1-C20) alkenyl, optionally substituted (Ci-

C19) heteroalkenyl, optionally substituted (C1 -C19) alkynyl, optionally

substituted (C1 -C19) heteroalkynyl, optionally substituted (Ci-

C19) cycloalkyl, optionally substituted (C1 -C19) cycloalkenyl ,

optionally substituted aryl, optionally substituted heterocycle,

optionally substituted mixed ring system, wherein one or more

adjacent R groups can be linked together to form one or more

substituted rings selected from the group comprising cycloalkyl,

cycloalkenyl, heterocycle, aryl, and mixed ring system; and R 7-R40,

R47-R54, R 7-R 1 2 are independently selected from H , D , optionally

substituted FG, optionally substituted (C1-C20) alkyl, optionally

substituted (C1-C19) heteroalkyl, optionally substituted (Ci-



C20) alkenyl, optionally substituted (C1-C19) heteroalkenyl , optionally

substituted (C1-C19) alkynyl, optionally substituted (Ci-

C19) heteroalkynyl, optionally substituted (C1-C19) cycloalkyl,

optionally substituted (C1-C19) cycloalkenyl, optionally substituted

aryl, optionally substituted heterocycle, optionally substituted

mixed ring system, wherein one or more adjacent R groups can be

linked together to form one or more substituted rings selected from

the group comprising cycloalkyl, cycloalkenyl, heterocycle, aryl,

and mixed ring system. In further embodiments of any of the

foregoing, R -R1 2 can be independently selected from:









embodiment, M is a metal or metal ion selected from Li+, Na+, K+,

Rb+, Cs+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Sc +, Sc2+, Sc+, Y +, Y2+, Y+, Ti4+,

Ti +, Ti2+, Zr +, Zr3+, Zr2+, Hf4+, Hf +, V +, V 4+, V +, V2+, Nb5+, Nb4+,

Nb +, Nb2+, Ta5+, Ta +, Ta +, Ta2+, Cr +, Cr5+, Cr4+, Cr +, Cr2+, Cr+, Cr,

Mo +, Mo +, Mo4+, Mo +, Mo2+, Mo+, Mo, +, +, 4+, +, 2+, +, , Mn7+,

Mn +, Mn +, Mn4+, Mn +, Mn2+, Mn+, Re7+, Re +, Re +, Re4+, Re +, Re2+, Re+,

Re, Fe +, Fe +, Fe +, Fe2+, Fe+, Fe, Ru +, Ru7+, Ru +, Ru4+, Ru +, Ru2+,

Os +, Os7+, Os +, Os5+, Os4+, Os +, Os2+, Os+, Os, Co5+, Co4+, Co +, Co2+,

Co+, Rh +, Rh5+, Rh +, Rh +, Rh2+, Rh+, Ir +, Ir +, Ir4+, Ir +, Ir2+, Ir+,

Ir, Ni +, Ni2+, Ni+, Ni, Pd +, Pd4+, Pd2+, Pd+, Pd, Pt +, Pt +, Pt4+,

Pt +, Pt2+, Pt+, Cu +, Cu +, Cu2+, Cu+, Ag +, Ag2+, Ag+, Au5+, Au4+, Au +,

Au2+, Au+, Zn2+, Zn+, Zn, Cd2+, Cd+, Hg4+, Hg2+, Hg+, B +, B2+, B+, Al +,

Al2+, Al+, Ga +, Ga2+, Ga+, In +, In2+, In +, Tl +, Tl+, Si4+, Si +, Si2+,

Si+, Ge4+, Ge +, Ge2+, Ge+, Ge, Sn4+, Sn2+, Pb 4+, Pb2+, As +, As +, As2+,

As+, Sb +, Sb +, Bi +, Bi +, Te +, Te +, Te 4+, Te2+, La +, La2+, Ce4+, Ce +,

Ce2+, Pr +, p 3+, Pr +, Nd +, Nd2+, Sm +, Sm2+, Eu +, Eu2+, Gd +, Gd2+, Gd+,

Tb 4+, Tb +, Tb2+, Tb Db +, Db2+, Ho +, Er +, Tm4+, Tm +, Tm2+, Yb +, Yb2+,

Lu +, and combinations thereof, including any complexes which

contain the metals or metal ions listed above, as well as any

corresponding metal salt counter-anions. In a further embodiment

of any of the foregoing embodiments, the MOF heterolite is

comprised of a plurality of zirconium based MOFs. In yet a further

embodiment of any of the foregoing, the heterolite is comprised of

homogeneous MOFs. In another embodiment, the heterolite is

comprised of heterogeneous MOFs. In yet another embodiment, the

heterolite comprises from two to eight structurally different MOFs.



In another embodiment, the structurally different MOFs have

different gas sorption and/or gas separation properties. In still

another embodiment, the structurally different MOFs have different

catalytic properties. In another embodiment of any of the

foregoing embodiments, the MOF heterolite comprises a supercrystal

that is between 250 nm to 1500 nm in size. In yet another

embodiment, the MOF heterolite comprises a supercrystal that is

between 500 nm to 1000 nm in size. In yet another embodiment, the

heterolite is nucleated with an inorganic nanoparticle .

[0011] The disclosure also provides a method to produce a MOF

heterolite of any proceeding claim comprising, preparing a MOF

reaction mixture comprising metal or metal ions, organic molecules

comprising multidentate functional groups, a suitable modulating

agent, and a suitable solvent system; heating at a predetermined

temperature and sufficient period of time to allow for crystal

formation; preparing a colloidal solution comprising the MOFs;

assembling the MOFs from the colloidal solution into MOF

heterolites by using accelerated sedimentation in a centrifuge or

gravimetric sedimentation in a pipette assembly. In one

embodiment, a surfactant is added to colloidal solution. In a

further embodiment, the surfactant is selected from

polyvinylpyrrolidone, sodium dodecyl sulfate, cetrimonium bromide

and triton X-100.

DESCRIPTION OF DRAWINGS

[0012] Figure 1 presents a diagram showing a formation of

nanocrystals of metal organic frameworks (top) and their mesoscopic

assembly (bottom) .

[0013] Figure 2 shows examples of supercrystals having

different sizes of MOF supercrystals constructed from different

linker lengths.

[0014] Figure 3 demonstrates that by using the methods of the

disclosure, MOF-801 heterolites can be produced as 250 nm sized

nanocrystals with homogeneous size and morphology. (Top)

generalized scheme to make MOF-801 supercrystals with homogeneous

size distribution (heterolites) . (Bottom left) powder X-ray

patterns of MOF-801 heterolites. (Bottom right) scanning electron

image (SEM) of a MOF-801 heterolite.



[0015] Figure 4 presents a magnified SEM image of a MOF-801

heterolite .

[0016] Figure 5 presents a highly magnified SEM image of a MOF-

801 heterolite.

[0017] Figure 6 demonstrates that by using the methods of the

disclosure, Uio-66 MOF heterolites can be produced as 500 nm sized

nanocrystals with homogeneous size distribution. (Top) generalized

scheme to make Uio-66 MOF heterolite. (Bottom left) X-ray pattern

of Uio-66 MOF heterolite. (Bottom right) scanning electron image

(SEM) of a Uio-66 MOF heterolite.

[0018] Figure 7 presents a magnified SEM image of a Uio-66 MOF

heterolite .

[0019] Figure 8 presents a highly magnified SEM image of a Uio-

66 MOF heterolite.

[0020] Figure 9 demonstrates that by using the methods of the

disclosure, Uio-67 MOF heterolites can be produced as 1 µ sized

nanocrystals with homogeneous size distribution. (Top) generalized

scheme to make a Uio-67 MOF heterolite. (Bottom left) powder X-ray

pattern of a Uio-67 MOF heterolite. (Bottom right) scanning

electron image (SEM) of a Uio-67 MOF heterolite.

[0021] Figure 10 presents a magnified SEM image of a Uio-67 MOF

heterolite .

[0022] Figure 11 demonstrates that by using the methods of the

disclosure, MOF-867 heterolites can be produced as 1 µ sized

nanocrystals with homogeneous size distribution. (Top) generalized

scheme to make MOF-808 supercrystals . (Bottom left) powder X-ray

pattern of a MOF-867 heterolite. (Bottom right) scanning electron

image (SEM) of a MOF-867 heterolites.

[0023] Figure 12 presents a magnified SEM image of a MOF-867

heterolite .

[0024] Figure 13 presents a method for characterizing MOF-801

heterolites. (Top) generalized scheme for the activation of a MOF-

801 heterolite and the subsequent sorption studies of the activated

heterolite. (Bottom left) SEM image of a MOF-801 heterolite

supercrystals as synthesized. (Bottom right) SEM image of MOF-801

heterolite supercrystals after activation.



[0025] Figure 14 presents a method for characterizing MOF-801

heterolite. (Top) generalized scheme for the activation of MOF-801

heterolite supercrystals and the subsequent sorption studies of the

activated supercrystals. (Bottom left) Isotherm studies looking at

the sorption characteristics of MOF-801 heterolite supercrystals.

(Bottom right) SEM image of MOF-801 heterolite supercrystals post

sorption studies.

[0026] Figure 15 presents a method for characterizing Uio-66

heterolite supercrystals. (Top) generalized scheme for the

activation of Uio-66 heterolite supercrystals and the subsequent

sorption studies of the activated supercrystals. (Bottom left) SEM

image of Uio-66 heterolite supercrystals as synthesized. (Bottom

right) SEM image of Uio-66 heterolite supercrystals after

activation .

[0027] Figure 16 presents a method for characterizing Uio-66

heterolite supercrystals. (Top) generalized scheme for the

activation of Uio-66 heterolite supercrystals and the subsequent

sorption studies of the activated supercrystals. (Bottom left)

Isotherm studies looking at the sorption characteristics of Uio-66

heterolite supercrystals. (Bottom right) SEM image of Uio-66

heterolite supercrystals post sorption studies.

[0028] Figure 17 provides diagrams demonstrating the assembly

of mesoscopic materials which are comprised of ordered

superlattices of multiple heterogeneous microporous metal-organic

framework (MOF) nanocrystals using co-sedimentation or ligand-

directed self-assembly.

[0029] Figure 18 presents an application of MOF heterolites for

artificial photosynthesis. MOFs that reduce CO2 can be joined with

MOFs which oxidize water to form a MOF heterolite superlattice that

can be used to perform artificial photosynthesis.

[0030] Figure 19 provides for the formation of heterolite

supercrystals of Zr-bipyridine based MOF that have been metalated

with a Re complex. (Top) generalized scheme to produce a

heterolite supercrystal for water oxidation. (Bottom left) Powder

x-ray diffraction patterns of Zr-bipyridine based MOFs. (Bottom

right) SEM image of a heterolite of Zr-bipyridine based MOFs.



[0031] Figure 20 presents a magnified SEM image of a heterolite

of Zr-bipyridine based MOF that have been metalated with a Re

complex .

[0032] Figure 21 provides for the formation of a heterolite of

Zr-bipyridine based MOFs that have been metalated with an Ir

complex. (Top) generalized scheme to produce a heterolite for CO2

reduction. (Bottom left) Powder x-ray diffraction patterns of a Zr-

bipyridine based MOFs. (Bottom right) SEM image of a heterolite of

Zr-bipyridine based MOFs.

[0033] Figure 22 shows the formation of MOF heterolites that

can potentially perform artificial photosynthesis.

[0034] Figure 23 demonstrates multi-varied links used to

generate mvMOFs as well as examples of mvMOFs . The mvMOFs can then

be used for from heterolites.

[0035] Figure 24 shows reaction schemes for the synthesis of

various MOFs of the disclosure.

[0036] Figure 25 shows PXRD patterns of simulated MOF-801,

synthesized MOF-801, MOF-801-L, simulated UiO-66, synthesized UiO-

66, simulated UiO-67, synthesized UiO-67, simulated MOF-867,

synthesized MOF-867, simulated MOF-808, and synthesized MOF-808.

[0037] Figure 26 shows nitrogen sorption isotherms for MOF-801,

MOF-801-L, UiO-66, UiO-67, MOF-867, and MOF-808 measured at 77 K .

Solid and open circles represent adsorption and desorption

branches, respectively.

DETAILED DESCRIPTION

[0038] As used herein and in the appended claims, the singular

forms "a, " "and, " and "the" include plural referents unless the

context clearly dictates otherwise. Thus, for example, reference

to "an organic linking ligand" includes a plurality of such linking

ligands and reference to "the metal ion" includes reference to one

or more metal ions and equivalents thereof known to those skilled

in the art, and so forth.

[0039] Also, the use of "or" means "and/or" unless stated

otherwise. Similarly, "comprise," "comprises," "comprising"

"include," "includes," and "including" are interchangeable and not

intended to be limiting.



[0040] It is to be further understood that where descriptions

of various embodiments use the term "comprising, " those skilled in

the art would understand that in some specific instances, an

embodiment can be alternatively described using language

"consisting essentially of" or "consisting of."

[0041] All publications mentioned throughout the disclosure are

incorporated herein by reference in full for the purpose of

describing and disclosing the methodologies, which are described in

the publications, which might be used in connection with the

description herein. The publications discussed throughout the text

are provided solely for their disclosure prior to the filing date

of the present application. Nothing herein is to be construed as

an admission that the inventors are not entitled to antedate such

disclosure by virtue of prior disclosure. Moreover, with respect

to similar or identical terms found in the incorporated references

and terms expressly defined in this disclosure, the term

definitions provided in this disclosure will control in all

respects .

[0042] Unless defined otherwise, all technical and scientific

terms used herein have the same meaning as commonly understood to

one of ordinary skill in the art. Although there are many methods

and reagents similar or equivalent to those described herein, the

exemplary methods and materials are presented herein.

[0043] As used herein, a wavy line intersecting another line

that is connected to an atom indicates that this atom is covalently

bonded to another entity that is present but not being depicted in

the structure. A wavy line that does not intersect a line but is

connected to an atom indicates that this atom is interacting with

another atom by a bond or some other type of identifiable

association .

[0044] A bond indicated by a straight line and a dashed line

indicates a bond that may be a single covalent bond or

alternatively a double covalent bond. But in the case where an

atom' s maximum valence would be exceeded by forming a double

covalent bond, then the bond would be a single covalent bond.

[0045] The term "alkyl", refers to an organic group that is

comprised of carbon and hydrogen atoms that contain single covalent



bonds between carbons. Typically, an "alkyl" as used in this

disclosure, refers to an organic group that contains 1 to 30 carbon

atoms, unless stated otherwise. Where if there is more than 1

carbon, the carbons may be connected in a linear manner, or

alternatively if there are more than 2 carbons then the carbons may

also be linked in a branched fashion so that the parent chain

contains one or more secondary, tertiary, or quaternary carbons.

An alkyl may be substituted or unsubstituted, unless stated

otherwise .

[ 0 0 4 6 ] The term "alkenyl", refers to an organic group that is

comprised of carbon and hydrogen atoms that contains at least one

double covalent bond between two carbons. Typically, an "alkenyl"

as used in this disclosure, refers to organic group that contains 1

to 30 carbon atoms, unless stated otherwise. While a Ci-alkenyl can

form a double bond to a carbon of a parent chain, an alkenyl group

of three or more carbons can contain more than one double bond. It

certain instances the alkenyl group will be conjugated, in other

cases an alkenyl group will not be conjugated, and yet other cases

the alkenyl group may have stretches of conjugation and stretches

of noncon jugation . Additionally, if there is more than 1 carbon,

the carbons may be connected in a linear manner, or alternatively

if there are more than 3 carbons then the carbons may also be

linked in a branched fashion so that the parent chain contains one

or more secondary, tertiary, or quaternary carbons. An alkenyl may

be substituted or unsubstituted, unless stated otherwise.

[ 0 047 ] The term "alkynyl", refers to an organic group that is

comprised of carbon and hydrogen atoms that contains a triple

covalent bond between two carbons. Typically, an "alkynyl" as used

in this disclosure, refers to organic group that contains 1 to 30

carbon atoms, unless stated otherwise. While a Ci-alkynyl can form

a triple bond to a carbon of a parent chain, an alkynyl group of

three or more carbons can contain more than one triple bond. Where

if there is more than 1 carbon, the carbons may be connected in a

linear manner, or alternatively if there are more than 4 carbons

then the carbons may also be linked in a branched fashion so that

the parent chain contains one or more secondary, tertiary, or



quaternary carbons. An alkynyl may be substituted or

unsubstituted, unless stated otherwise.

[0048] The term "aryl", as used in this disclosure, refers to a

conjugated planar ring system with delocalized pi electron clouds

that contain only carbon as ring atoms. An "aryl" for the purposes

of this disclosure encompass from 1 to 12 aryl rings wherein when

the aryl is greater than 1 ring the aryl rings are joined so that

they are linked, fused, or a combination thereof. An aryl may be

substituted or unsubstituted, or in the case of more than one aryl

ring, one or more rings may be unsubstituted, one or more rings may

be substituted, or a combination thereof.

[0049] The term "cluster" refers to identifiable associations

of 2 or more atoms. Such associations are typically established by

some type of bond-ionic, covalent, Van der Waal, coordinate and the

like .

[0050] The term "cylcloalkyl" , as used in this disclosure,

refers to an alkyl that contains at least 3 carbon atoms but no

more than 12 carbon atoms connected so that it forms a ring. A

"cycloalkyl" for the purposes of this disclosure encompass from 1

to 12 cycloalkyl rings, wherein when the cycloalkyl is greater than

1 ring, then the cycloalkyl rings are joined so that they are

linked, fused, or a combination thereof. A cycloalkyl may be

substituted or unsubstituted, or in the case of more than one

cycloalkyl ring, one or more rings may be unsubstituted, one or

more rings may be substituted, or a combination thereof.

[0051] The term "cylcloalkenyl" , as used in this disclosure,

refers to an alkene that contains at least 3 carbon atoms but no

more than 12 carbon atoms connected so that it forms a ring. A

"cycloalkenyl" for the purposes of this disclosure encompass from 1

to 12 cycloalkenyl rings, wherein when the cycloalkenyl is greater

than 1 ring, then the cycloalkenyl rings are joined so that they

are linked, fused, or a combination thereof. A cycloalkenyl may be

substituted or unsubstituted, or in the case of more than one

cycloalkenyl ring, one or more rings may be unsubstituted, one or

more rings may be substituted, or a combination thereof.

[0052] The term "framework" as used herein, refers to a highly

ordered structure comprised of secondary building units (SBUs) that



can be linked together in defined, repeated and controllable

manner, such that the resulting structure is characterized as being

porous, periodic and crystalline. Typically, "frameworks" are two

dimensional (2D) or three dimensional (3D) structures. Examples

of "frameworks" include, but are not limited to, "metal-organic

frameworks" or "MOFs", "zeolitic imidazolate frameworks" or "ZIFs",

or "covalent organic frameworks " or "COFs". While MOFs and ZIFs

comprise SBUs of metals or metal ions linked together by forming

covalent bonds with linking clusters on organic linking moieties,

COFs are comprised of SBUs of organic linking moieties that are

linked together by forming covalent bonds via linking

clusters. "Frameworks" are highly ordered and extended structures

that are not based upon a centrally coordinated ion, but involve

many repeated secondary building units (SBUs) linked

together. Accordingly, "frameworks" are orders of magnitude much

larger than coordination complexes and have different structural

and chemical properties due to the framework's open and ordered

structure .

[0053] The term "functional group" or "FG" refers to specific

groups of atoms within molecules that are responsible for the

characteristic chemical reactions of those molecules. While the

same functional group will undergo the same or similar chemical

reaction (s) regardless of the size of the molecule it is a part of,

its relative reactivity can be modified by nearby functional

groups. The atoms of functional groups are linked to each other

and to the rest of the molecule by covalent bonds. Examples of FG

that can be used in this disclosure, include, but are not limited

to, substituted or unsubstituted alkyls, substituted or

unsubstituted alkenyls, substituted or unsubstituted alkynyls,

substituted or unsubstituted aryls, substituted or unsubstituted

hetero-alkyls, substituted or unsubstituted hetero-alkenyls ,

substituted or unsubstituted hetero-alkynyls, substituted or

unsubstituted cycloalkyls, substituted or unsubstituted

cycloalkenyls, substituted or unsubstituted hetero-aryls ,

substituted or unsubstituted heterocycles, halos, hydroxyls,

anhydrides, carbonyls, carboxyls, carbonates, carboxylates ,

aldehydes, haloformyls, esters, hydroperoxy, peroxy, ethers,



orthoesters, carboxamides, amines, imines, imides, azides, azos,

cyanates, isocyanates, nitrates, nitriles, isonitriles, nitrosos,

nitros, nitrosooxy, pyridyls, sulfhydryls, sulfides, disulfides,

sulfinyls, sulfos, thiocyanates , isothiocyanates , carbonothioyls,

phosphinos, phosphonos, phosphates, Si (OH) 3, Ge(OH) 3, Sn (OH) 3,

Si(SH) 4, Ge(SH) 4, As0 3H , As0 H , P(SH) 3, As(SH) 3, S03H , Si (OH) 3,

Ge(OH) 3, Sn(OH) 3, Si(SH) 4, Ge(SH) 4, Sn(SH) 4, As0 3H , As0 H , P(SH) 3, and

As (SH) 3.

[ 0 054 ] The term "heterocycle", as used in this disclosure,

refers to ring structures that contain at least 1 noncarbon ring

atom. A "heterocycle" for the purposes of this disclosure encompass

from 1 to 12 heterocycle rings wherein when the heterocycle is

greater than 1 ring the heterocycle rings are joined so that they

are linked, fused, or a combination thereof. A heterocycle may be a

hetero-aryl or nonaromatic, or in the case of more than one

heterocycle ring, one or more rings may be nonaromatic, one or more

rings may be hetero-aryls , or a combination thereof. A heterocycle

may be substituted or unsubstituted, or in the case of more than

one heterocycle ring one or more rings may be unsubstituted, one or

more rings may be substituted, or a combination thereof.

Typically, the noncarbon ring atom is N , 0 , S , Si, Al, B , or P . In

case where there is more than one noncarbon ring atom, these

noncarbon ring atoms can either be the same element, or combination

of different elements, such as N and 0 . Examples of heterocycles

include, but are not limited to: a monocyclic heterocycle such as,

aziridine, oxirane, thiirane, azetidine, oxetane, thietane,

pyrrolidine, pyrroline, imidazolidine, pyrazolidine , pyrazoline,

dioxolane, sulfolane 2,3-dihydrof uran, 2,5-dihydrof uran

tetrahydrof uran, thiophane, piperidine, 1,2,3 , 6-tetrahydro-

pyridine, piperazine, morpholine, thiomorpholine , pyran, thiopyran,

2,3-dihydropyran, tetrahydropyran, 1 ,4-dihydropyridine, 1,4-

dioxane, 1,3-dioxane, dioxane, homopiperidine, 2 ,3 ,4 ,7-tetrahydro-

lH-azepine homopiperazine, 1,3-dioxepane , 4,7-dihydro-l ,3-dioxepin,

and hexamethylene oxide; and polycyclic heterocycles such as,

indole, indoline, isoindoline, quinoline, tetrahydroquinoline ,

isoquinoline , tetrahydroisoquinoline , 1,4-benzodioxan, coumarin,

dihydrocoumarin, benzofuran, 2,3-dihydrobenzof uran, isobenzof uran,



chromene, chroman, isochroman, xanthene, phenoxathiin, thianthrene,

indolizine, isoindole, indazole, purine, phthalazine,

naphthyridine, quinoxaline, quinazoline, cinnoline, pteridine,

phenanthridine , perimidine, phenanthroline , phenazine,

phenothiazine, phenoxazine, 1 ,2-benzisoxazole, benzothiophene ,

benzoxazole, benzthiazole, benzimidazole, benztriazole,

thioxanthine , carbazole, carboline, acridine, pyrolizidine, and

quinolizidine . In addition to the polycyclic heterocycles described

above, heterocycle includes polycyclic heterocycles wherein the

ring fusion between two or more rings includes more than one bond

common to both rings and more than two atoms common to both rings .

Examples of such bridged heterocycles include quinuclidine,

diazabicyclo [2 .2 .1]heptane and 7-oxabicyclo [2.2 .1]heptane .

[0055] The terms "heterocyclic group", "heterocyclic moiety",

"heterocyclic", or "heterocyclo" used alone or as a suffix or

prefix, refers to a heterocycle that has had one or more hydrogens

removed therefrom.

[0056] The term "hetero-aryl " used alone or as a suffix or

prefix, refers to a heterocycle or heterocyclyl having aromatic

character. Examples of heteroaryls include, but are not limited

to, pyridine, pyrazine, pyrimidine, pyridazine, thiophene, furan,

furazan, pyrrole, imidazole, thiazole, oxazole, pyrazole,

isothiazole, isoxazole, 1 ,2 ,3-triazole, tetrazole, 1,2,3-

thiadiazole, 1,2,3-oxadiazole, 1,2,4-triazole, 1,2,4-thiadiazole ,

1,2,4-oxadiazole , 1 ,3 ,4-triazole, 1 ,3 ,4-thiadiazole, and 1,3,4-

oxadiazole .

[0057] The term "hetero-" when used as a prefix, such as,

hetero-alkyl , hetero-alkenyl , hetero-alkynyl , or hetero-

hydrocarbon, for the purpose of this disclosure refers to the

specified hydrocarbon having one or more carbon atoms replaced by

non-carbon atoms as part of the parent chain. Examples of such non-

carbon atoms include, but are not limited to, N , 0 , S , Si, Al, B ,

and P . If there is more than one non-carbon atom in the hetero-

based parent chain then this atom may be the same element or may be

a combination of different elements, such as N and 0 .

[0058] The term "hydrocarbons" refers to groups of atoms that

contain only carbon and hydrogen. Examples of hydrocarbons that



can be used in this disclosure include, but are not limited to,

alkanes, alkenes, alkynes, arenes, and benzyls.

[0059] A "linking moiety" refers to a parent chain that binds a

metal or metal ion or a plurality of metals or metal ions. A

linking moiety may be further substituted post synthesis by

reacting with one or more post-framework reactants .

[0060] The term "linking cluster" refers to one or more atoms

capable of forming an association, e.g. covalent bond, polar

covalent bond, ionic bond, and Van Der Waal interactions, with one

or more atoms of another linking moiety, and/or one or more metal

or metal ions. A linking cluster can be part of the parent chain

itself and/or additionally can arise from functionalizing the

parent chain, e.g. adding carboxylic acid groups to the parent

chain. For example, a linking cluster can comprise NN(H)N, N(H)NN,

C02H , CS2H , N02, SO3H, Si (OH) 3 , Ge(OH) 3, Sn(OH) 3, Si(SH) 4, Ge(SH) 4,

Sn(SH) 4, PO3H, As0 3H , As0 4H , P(SH) 3, As(SH) 3, CH(RSH) 2, C (RSH) 3 ,

CH(RNH 2)2, C(RNH 2)3, CH(ROH) 2, C (ROH) 3 , CH(RCN) 2, C (RCN) 3 , CH(SH) 2,

C(SH) 3, CH(NH 2)2, C(NH 2)3, CH(OH) 2, C (OH) 3 , CH(CN) 2, and C (CN) 3 ,

wherein R is an alkyl group having from 1 to 5 carbon atoms, or an

aryl group comprising 1 to 2 phenyl rings and CH(SH) 2, C(SH) 3 ,

CH(NH 2)2, C(NH 2)3, CH(OH) 2, C (OH) 3, CH (CN) 2, and C(CN) 3. Generally,

the linking clusters disclosed herein are Lewis bases, and

therefore have lone pair electrons available and/or can be

deprotonated to form stronger Lewis bases. The deprotonated

version of the linking clusters, therefore, are encompassed by the

disclosure and anywhere a linking cluster that is depicted in a

non-de-protonated form, the de-protonated form should be presumed

to be included, unless stated otherwise.

[0061] A "metal" refers to a solid material that is typically

hard, shiny, malleable, fusible, and ductile, with good electrical

and thermal conductivity. "Metals" used herein refer to metals

selected from alkali metals, alkaline earth metals, lanthanides,

actinides, transition metals, and post transition metals.

[0062] A "metal ion" refers to an ion of a metal. Metal ions

are generally Lewis Acids and can form coordination complexes.

Typically, the metal ions used for forming a coordination complex

in a framework are ions of transition metals.



[ 0 0 63] The term "mixed ring system" refers to optionally

substituted ring structures that contain at least two rings, and

wherein the rings are joined together by linking, fusing, or a

combination thereof. A mixed ring system comprises a combination

of different ring types, including cycloalkyl, cycloalkenyl , aryl,

and heterocycle.

[ 0 0 6 4 ] The term "post framework reactants" refers to all known

substances that are directly involved in a chemical reaction. Post

framework reactants typically are substances, either elemental or

MOF frameworks, which have not reached the optimum number of

electrons in their outer valence levels, and/or have not reached

the most favorable energetic state due to ring strain, bond length,

low bond dissociation energy, and the like. Some examples of post

, I-R, Br-R, CR3-Mg-Br, CH2R-Li, CR3,Na-R, and K-R; and

wherein each R is independently selected from the group comprising:

H , sulfonates, tosylates, azides, triflates, ylides, alkyl, aryl,

OH, alkoxy, alkenes, alkynes, phenyl and substitutions of the

foregoing, sulfur-containing groups (e.g., thioalkoxy, thionyl

chloride) , silicon-containing groups, nitrogen-containing groups

(e.g., amides and amines), oxygen-containing groups (e.g., ketones,

carbonates, aldehydes, esters, ethers, and anhydrides) , halogen,

nitro, nitrile, nitrate, nitroso, amino, cyano, ureas, boron-

containing groups (e.g., sodium borohydride, and catecholborane) ,

phosphorus-containing groups (e.g., phosphorous tribromide) , and

aluminum-containing groups (e.g., lithium aluminum hydride) .

[ 0 0 65] The term "substantially" as used to modify a term means

that the modified term includes minor variations in size, purity,

structure and the like by only a minor amount. Accordingly,

"substantially homogenous in size" means that the material does not

vary by more than 1%, 5%, 10%, 20% or 30% (or any value there

between) in size from an average size. Thus, MOF nanocrystals do

not vary in size by more than 30% from an average size.



[ 0 0 6 6 ] The term "substituted" with respect to hydrocarbons,

heterocycles , and the like, refers to structures wherein the parent

chain contains one or more substituents .

[ 0 0 6 7 ] The term "substituent" refers to an atom or group of

atoms substituted in place of a hydrogen atom. For purposes of this

disclosure, a substituent would include deuterium atoms.

[ 0 0 6 8 ] A "superlattice" is a periodic structure of layers of

the same or two (or more) different materials. This also includes

an ordered dispersion of individual MOF crystal in other MOF

crystals of a different composition. Typically, the thickness of

one layer is several nanometers. A MOF superlattice refers to

layered MOF crystals, wherein a single layer of MOF crystals has a

thickness of x and superlattice has a thickness of nx, wherein n is

2 or greater. The layered nanocrystal MOFs form mesoscopic

materials (MOF heterolites) , comprising ordered superlattices of a

plurality of nano- or micro-porous metal-organic framework (MOF)

nanocrystals . The MOF heterolites disclosed herein exhibit chemical

and physical properties based on the interplay between the

nanoscopic MOF building blocks at the mesoscopic level. Due to the

long range crystalline ordering of the MOF heterolites, the

mesoscopic materials are open materials that are ideal for

catalysis, gas storage and gas separation. The MOF heterolites

unit lengths can be tuned to any frequency of interest, leading to

the use of MOF heterolites in light capturing applications,

catalysis, and metamaterials . The superlattice materials can

undergo targeted self-assembly as disclosed herein. Moreover, the

self-assembly methods allow for size and shape directed

sedimentation of MOF nanocrystals, including MOFs with large

chemical differences, to form permanently porous supercrystals .

The individual building blocks (MOF nanocrystals) can form

interlocking well organized structure.

[ 0 0 6 9 ] The term "unsubstituted" with respect to hydrocarbons,

heterocycles, and the like, refers to structures wherein the parent

chain contains no substituents .

[ 0 0 7 0 ] Metal-organic frameworks (MOFs) are porous crystalline

materials that are constructed by linking metal clusters called

Secondary Binding Units (SBUs) and organic linking moieties. MOFs



have high surface area and high porosity which enable them to be

utilized in diverse fields, such as gas storage, catalysis, and

sensors. Discovered about 15 years ago, more than 30,000 metal-

organic frameworks, or MOFs, have been made so far. However,

mesoscopic materials (MOF heterolites) constructed from

superlattices of MOFs have not been previously characterized.

Among the advantages of MOF heterolites is the ability to combine

MOFs with different functionalities together in a structured

superlattice array. The MOF heterolites place the MOFs in close

proximity thereby providing possible synergistic effects for gas

sorption or catalysis.

[0071] The disclosure provides for the synthesis and

characterization of mesoscopic superlattice structures

(heterolites) constructed from arranging metal-organic frameworks

(MOFs) into a supercrystal array (MOF heterolites) . It should be

understood that while MOF heterolites are shown to be constructed

from Zirconium-based MOFs in the figures and examples presented

herein, that the assembly methods presented herein can equally be

used with any MOF that is described in the literature to make a MOF

heterolite of the disclosure. For a desired application (e.g.,

catalysis) , the initial choice of MOF nanocrystals will provide the

MOF heterolites with the requisite features.

[0072] The assembly methods provided herein are based on a two

part strategy. First, the MOFs (sometimes referred to as MOF

nanocrystals) are prepared to be the same-size with well-defined

morphologies by dissolving synthetic modulators in MOF preparation

solutions. These modulators provide a role in making homogenous

nanocrystals by controlling the nucleation and growth of the

nanocrystals so that they are formed at the same rate. After

making homogenous MOF, MOF heterolites are constructed by using

sedimentation process from colloidal solutions comprising the MOF

nanocrystals. For the colloidal solutions, each MOF is coated with

surfactant and dispersed in the solution. By using a sedimentation

process, a well-ordered superlattice structure of the MOF

heterolite can be generated. This supercrystal structure is porous

and provides channels or cavities suitable to adsorb and/or

separate gases. In addition, the MOFs may comprise functional



groups that can be modified in order to improve the sorption

properties of the materials.

[0073] In a particular embodiment, the disclosure provides for

MOF heterolites which are comprised of homogenous MOF. In an

alternate embodiment, the disclosure provides for MOF heterolites

which are comprised of heterogeneous MOFs. In yet a further

embodiment, the MOF heterolites are comprised of at least two, at

least three, at least four, at least five, at least six, at least

seven, or at least eight different MOFs. In a further embodiment,

the MOFs may have similar or different catalytic, gas sorption, gas

separation, luminescence, drug delivery, or sensor

properties/activities.

[0074] In a further embodiment, the MOF heterolites disclosed

herein are comprised of interconnected MOFs that have different

catalytic specificities thereby controlling which and what kind of

active compounds can be prepared. Further, the MOF heterolites

disclosed herein organize the active compounds in three dimensions

while maintaining porosity and providing unhindered access to

active sites. In a particular embodiment, the disclosure provides

for a MOF heterolite that is comprised of at least two different

catalytic MOFs, wherein the first MOF catalyzes the oxidation of

water, while the second type of MOF catalyzes the reduction of CO2 .

[0075] The MOF heterolites disclosed herein can be synthesized

from multiple MOFS that utilize metal ions in distinct but

different coordination geometries, in combination with ligands

possessing multidentate functional groups in the presence or

absence of suitable templating agents. In a particular embodiment,

MOF heterolites disclosed herein comprise a supercrystal between

100 nm to 5000 nm, 150 nm to 2500 nm, 200 nm to 2000 nm, 250 nm to

1500 nm, or 500 nm to 1000 nm in size.

[0076] In a certain embodiment, the disclosure provides for the

production of MOF heterolites from MOFs wherein the MOFs comprise a

plurality of linked M-X-L secondary binding units (SBUs) , wherein M

is a metal, metal ion, or metal containing complex; X is an atom or

cluster from an organic linking ligand that can form one or more

bonds with M ; and L is an organic linking ligand comprising an

optionally substituted (C1-C20) alkyl, optionally substituted (Ci-



C20) alkenyl, optionally substituted (C1-C20) alkynyl, optionally

substituted (C1-C20) hetero-alkyl, optionally substituted (C1-C20)

hetero-alkenyl, optionally substituted (C1-C20) hetero-alkynyl ,

optionally substituted (C3 -C12) cycloalkyl, optionally substituted

(C3 -C12) cycloalkenyl, optionally substituted aryl, optionally

substituted heterocycle or optionally substituted mixed ring

system, (in some embodiments, the linking ligand comprises at least

two or more carboxylate linking clusters) .

[ 0 077 ] In a certain embodiment, one or more metals and/or metal

ions that can be used in the synthesis of MOF nanocrystals making

up a MOF heterolite disclosed herein, include, but are not limited

to, Li+, Na+, K+, Rb +, Cs+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Sc +, Sc2+, Sc+,

Y3 Y2+, Y+, Ti4+, Ti +, Ti2+, Zr4+, Zr +, Zr2+, H f4+, H f +, V +, V 4+, V +,

v 2+ , Nb +, Nb 4+, Nb +, Nb 2+, Ta +, Ta4+, Ta +, Ta2+, Cr + , Cr +, Cr4+, Cr +,

Cr2+, Cr+, Cr, Mo + , Mo +, Mo4+, Mo +, Mo2+, Mo+, Mo, + , +, 4+, +,

2+, +, , Mn 7+, Mn + , Mn 5+, Mn 4+, Mn +, Mn2+, Mn+, Re7+, Re + , Re +, Re4+

Re +, e2+, Re+, Re, Fe +, Fe4+, Fe +, Fe2+, Fe+, Fe, Ru +, Ru 7+, Ru +,

Ru 4+, R 3+, Ru2+, Os +, Os7+, Os + , Os +, Os4+, Os +, Os2+, Os+, Os, Co +,

Co4+, Co 3+, Co2+, Co+, Rh +, Rh 5+, Rh 4+, Rh +, Rh2+, Rh+, Ir +, Ir5+, Ir4+,

Ir +, r2+, Ir+, Ir, N i +, N i2+, N i+, Ni, Pd + , Pd4+, Pd2+, Pd+, Pd, Pt +,

Pt5+, Pt +, Pt +, Pt2+, Pt+, Cu 4+, Cu +, Cu 2+, Cu+, A g +, A g2+, A g+, Au +,

Au 4+, Au 3+, Au2+, Au+, Zn2+, Zn+, Zn, Cd2+, Cd+, Hg 4+, Hg2+, Hg+, B +, B2+,

B A l +, A l2+, A l+, Ga +, Ga2+, Ga+, In +, In2+, In +, Tl +, Tl Si4+,

Si +, Si2+, Si+, Ge4+, Ge +, Ge2+, Ge+, Ge, Sn 4+, Sn2+, Pb 4+, Pb 2+, A s +,

A s +, A s2+, A s+, Sb +, Sb +, Bi +, Bi +, Te + , Te +, Te4+, Te2+, La +, La2+,

Ce4+, Ce 3+, Ce2+, Pr4+, Pr +, Pr2+, Nd +, Nd2+, Sm +, Sm 2+, Eu +, Eu2+,

Gd +, Gd2+, Gd+, Tb 4+, Tb +, Tb 2+, Tb+, Db +, Db 2+, Ho +, Er +, Tm 4+, Tm +,

Tm 2+, Yb +, Yb 2+, Lu +, and combinations thereof, including any

complexes which contain the metals or metal ions listed above, as

well as any corresponding metal salt counter-anions .

[ 0 0 7 8 ] The MOFs making up the MOF heterolites disclosed herein can

be generated by first utilizing a plurality of linking moieties.

In some embodiments, the linking moieties have different functional

groups. In further embodiments, the linking moieties have

different functional groups wherein at least one of these

functional groups may be modified, substituted, or eliminated with

a different functional group post-synthesis of the framework. In



other words, at least one linking moiety comprises a functional

group that may be post-synthesized reacted with a post framework

reactant to further increase the diversity of the functional groups

of the MOFs making up the MOF heterolites disclosed herein.

[ 0 0 7 9 ] For example, and not by way of limitation, MOFs can be

generated by condensing a metal or metal ion with a linking ligand.

The linking ligand typically comprises a linking cluster (e.g., a

COO- cluster) that undergoes condensation with a metal of metal ion

(i.e., the X in M-X-L) . Examples of linking ligands that can be

used in such a reaction include :

( I ) ( I D













Formula XXIII

where , N , 0 , or S ; A 9 is selected

from Χ -Χ8 are independently

selected from H , D , optionally substituted FG, optionally

substituted (C1-C20) alkyl, optionally substituted (Ci-

C19) heteroalkyl, optionally substituted (C1-C20) alkenyl, optionally

substituted (C1-C19) heteroalkenyl, optionally substituted (Ci-

Cig)alkynyl, optionally substituted (C1-C19) heteroalkynyl , optionally

substituted (C1-C19) cycloalkyl, optionally substituted (Ci-

C19) cycloalkenyl, optionally substituted aryl, optionally

substituted heterocycle, optionally substituted mixed ring system,

wherein one or more adjacent R groups can be linked together to

form one or more optionally substituted rings selected from the

group comprising cycloalkyl, cycloalkenyl, heterocycle, aryl, and

mixed ring system; and R -R 192 are independently selected from H , D ,

optionally substituted FG, optionally substituted (C1-C20) alkyl,

optionally substituted (C1-C19) heteroalkyl, optionally substituted

(C1-C20) alkenyl, optionally substituted (C1-C19) heteroalkenyl,

optionally substituted (C1-C19) alkynyl, optionally substituted (Ci-

C19) heteroalkynyl, optionally substituted (C1-C19) cycloalkyl,

optionally substituted (C1-C19) cycloalkenyl, optionally substituted

aryl, optionally substituted heterocycle, optionally substituted

mixed ring system, wherein one or more adjacent R groups can be

linked together to form one or more optionally substituted rings

selected from the group comprising cycloalkyl, cycloalkenyl,

heterocycle, aryl, and mixed ring system. For example, R -R192 can

be independently selected fr
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[0080] In addition, multivariant MOFs (aka mvMOFs or MTVs) can be

used to make a MOF heterolite of the disclosure. Such MTVs comprise

a linking moiety having a backbone of as selected above, but by

which the side-groups linked to the backbone can be selectively

modified. In MTVs a plurality of linking moieties with different

functional groups whose orientation, number, relative position and

ratio along the backbone are controllable by virtue of the

unchanged size of the linking moiety and the unaltered connectivity

of the backbone and wherein the functional groups modify the

chemical and physical properties of a pore in the framework (see,

Figure 23 and International Application Publ . No. WO2010/148296,

the disclosure of which is incorporated herein by reference) .

[0081] After MOFs are synthesized, the MOFs may be further

modified by reacting with one or more post framework reactants that

may or may not have denticity prior to assembling into the MOF

heterolites of the disclosure. In a certain embodiment, the MOFs

as-synthesized are not reacted with a post framework reactant. In

another embodiment, the MOFs as-synthesized are reacted with at

least one post framework reactant. In yet another embodiment, the

MOFs as-synthesized are reacted with at least two post framework

reactants. In a further embodiment, the MOFs as-synthesized are

reacted with at least one post framework reactant that will result

in adding denticity to the MOFs .

[0082] The disclosure provides for chemical reactions that modify,

substitute, or eliminate a functional group post-synthesis of a MOF



disclosed herein with a post framework. These chemical reactions

may use one or more similar or divergent chemical reaction

mechanisms depending on the type of functional group and/or post

framework reactant used in the reaction. Examples of chemical

reaction include, but are not limited to, radical-based,

unimolecular nucleophilic substitution (SN1), bimolecular

nucleophilic substitution (SN2), unimolecular elimination (El),

bimolecular elimination (E2), ElcB elimination, nucleophilic

aromatic substitution (SnAr) , nucleophilic internal substitution

(SNi) , nucleophilic addition, electrophilic addition, oxidation,

reduction, cycloadition, ring closing metathesis (RCM) , pericylic,

electrocylic, rearrangement, carbene, carbenoid, cross coupling,

and degradation. By modifying the MOFs post-synthetically, access

to functional groups that were previously inaccessible or

accessible only through great difficulty and/or cost is possible

and facile.

[ 0 0 83] In another embodiment, a post framework reactant adds at

least one effect to the MOFs making up a MOF heterolite disclosed

herein, including, but not limited to, modulating the gas storage

ability of the MOFs making up a MOF heterolite disclosed herein;

modulating the sorption properties of the MOFs making up a MOF

heterolite disclosed herein; modulating the pore size of the MOFs

making up a MOF heterolite disclosed herein; modulating the

catalytic activity of the MOFs making up a MOF heterolite disclosed

herein; modulating the conductivity of the MOFs making up a MOF

heterolite disclosed herein; and modulating the sensitivity of the

MOFs making up a MOF heterolite disclosed herein to the presence of

an analyte of interest. In a further embodiment, a post framework

reactant adds at least two effects to the MOFs making up a MOF

heterolite disclosed herein, including, but not limited to,

modulating the gas storage ability of the MOFs making up a MOF

heterolite disclosed herein; modulating the sorption properties of

the MOFs making up a MOF heterolite disclosed herein; modulating

the pore size of the MOFs making up a MOF heterolite disclosed

herein; modulating the catalytic activity of the MOFs making up a

MOF heterolite disclosed herein; modulating the conductivity of the

MOFs making up a MOF heterolite disclosed herein; and modulating



the sensitivity of the MOFs making up a MOF heterolite disclosed

herein to the presence of an analyte of interest.

[ 0 0 8 4 ] In a particular embodiment, a post framework reactant is

selected to modulate the size of the pores of the MOFs making up a

MOF heterolite disclosed herein.

[ 0 0 85] In another embodiment, a post framework reactant is

selected to increase the hydrophobicity of the MOFs making up a MOF

heterolite disclosed herein.

[ 0 0 8 6 ] In yet another embodiment, a post framework reactant is

selected to modulate gas separation of the MOFs making up a MOF

heterolite disclosed herein. In a certain embodiment, a post

framework reactant creates an electric dipole moment on the surface

of the MOFs making up a MOF heterolite disclosed herein when it

chelates a metal ion.

[ 0 0 8 7 ] In a further embodiment, a post framework reactant is

selected to modulate the gas sorption properties of the MOFs making

up a MOF heterolite disclosed herein. In another embodiment, a post

framework reactant is selected to promote or increase greenhouse

gas sorption of the MOFs making up a MOF heterolite disclosed

herein. In another embodiment, a post framework reactant is

selected to promote or increase hydrocarbon gas sorption of the

MOFs making up a MOF heterolite disclosed herein.

[ 0 0 8 8 ] In yet a further embodiment, a post framework reactant

is selected to increase or add catalytic efficiency to the MOFs

making up a MOF heterolite disclosed herein. In a particular

embodiment, a post framework reactant is selected so that

organometallic complexes (e.g., Re complexes) can be tethered to

the MOFs making up a MOF heterolite disclosed herein. Such

tethered organometallic complexes can be used, for example, as

heterogeneous catalysts.

[ 0 0 8 9 ] In a particular embodiment, the MOF heterolites of the

disclosure can be used for catalysis, adsorption and separation,

energy gas storage (e.g., hydrogen, methane and other natural

gases) , greenhouse gas capture, respirator against toxic gas/vapor,

adsorptive thermal battery, water supply and purification, proton

conductor, photovoltaic devices, artificial photosynthesis, and

radioactive ion capture .



[ 0 0 9 0 ] In one embodiment of the disclosure, a gas storage or

separation material comprising a MOF heterolite of the disclosure

is provided. Advantageously, the MOF heterolite includes one or

more sites for storing and/or separating gas molecules. Gases that

may be stored in the gas storage material of the disclosure include

gas molecules which have high electron density for attachment to

the one or more sites on the surface area of a pore or

interpenetrating porous network. Such electron density includes

molecules having multiple bonds between two atoms contained therein

or molecules having a lone pair of electrons. Suitable examples of

such gases include, but are not limited to, the gases comprising a

component selected from the group consisting of ammonia, argon,

carbon dioxide, carbon monoxide, hydrogen, and combinations

thereof. In a particularly useful variation the gas storage

material is a hydrogen storage material that is used to store

hydrogen (¾) . In another particularly useful variation, the gas

storage material is a carbon dioxide storage material that may be

used to separate carbon dioxide from a gaseous mixture .

[ 0 0 9 1 ] The disclosure provides an apparatus and method for

separating one or more components from a multi-component gas using

a separation system having a feed side and an effluent side

separated by a MOF heterolite of the disclosure. The apparatus may

comprise a column separation format.

[ 0 0 92 ] In an embodiment of the disclosure, a gas storage

material comprising a MOF heterolite is provided. Gases that may be

stored or separated by the methods, compositions and systems of the

disclosure includes gas molecules comprising available electron

density for attachment to the one or more sites. Such electron

density includes molecules having multiple bonds between two atoms

contained therein or molecules having a lone pair of electrons.

Suitable examples of such gases include, but are not limited to,

the gases comprising ammonia, argon, carbon dioxide, carbon

monoxide, hydrogen, and combinations thereof. In particularly

useful variation, the gas binding material is a carbon dioxide

binding material that may be used to separate carbon dioxide from a

gaseous mixture .



[ 0 0 93] In an embodiment, a gas separation material comprising

one or more MOF heterolite disclosed herein is provided.

Advantageously, a MOF heterolite disclosed herein includes one or

more open metal sites for sorption of one or more select gas

molecules resulting in separation of these gas molecules from a

multicomponent gas. Furthermore, gases that may be separated by one

or more MOF heterolites disclosed herein include gas molecules that

have available electron density for attachment to the one or more

open metal sites on the surface area of a pore or interpenetrating

porous network. Such electron density includes molecules having

multiple bonds between two atoms contained therein or molecules

having a lone pair of electrons. Suitable examples of such gases

include, but are not limited to, the gases comprising ammonia,

argon, carbon dioxide, hydrogen sulfide, carbonyl sulfide, carbon

disulfide, mercaptans, carbon monoxide, hydrogen, and combinations

thereof. In a particular embodiment, one or more MOFs disclosed

herein, can be used to separate one or more component gases from a

multi-component gas mixture. In a certain embodiment, one or more

MOF heterolites disclosed herein can be used to separate one or

more gases with high electron density from a gas mixture. In

another embodiment, one or more MOF heterolites disclosed herein

can be used to separate one or more gases with high electron

density from one or more gases with low electron density. In yet

another embodiment, the disclosure provides for MOF heterolites

that are comprised of at least two, at least three, at least four,

at least five, at least six, at least seven, or at least eight

different MOFs that have different gas sorption properties and/or

different gas adsorption specificities.

[ 0 0 9 4 ] In a particular embodiment, one or more MOF heterolites

disclosed herein are part of a device. In another embodiment, a

gas separation device comprises one or more MOF heterolites of the

disclosure. In a further embodiment, a gas separation device used

to separate one or more component gases from a multi-component gas

mixture comprises one or more MOF heterolites disclosed herein.

Examples of gas separation and/or gas storage devices include, but

are not limited to, purifiers, filters, scrubbers, pressure swing

adsorption devices, molecular sieves, hollow fiber membranes,



ceramic membranes, cryogenic air separation devices, and hybrid gas

separation devices. In a certain embodiment, a gas separation

device used to separate one or more gases with high electron

density from gas mixture comprises one or more MOFs of the

disclosure. In a further embodiment, a gas separation device used

to separate one or more gases with high electron density from one

or more low density gases comprises one or more MOF heterolites of

the disclosure.

[ 0 0 95] In a particular embodiment of the disclosure, a gas

storage material comprises one more MOF heterolites disclosed

herein. A gas that may be stored or separated by the methods,

compositions and systems of the disclosure includes gas molecules

comprising available electron density for attachment to the one or

more open metal sites. Such electron density includes molecules

having multiple bonds between two atoms contained therein or

molecules having a lone pair of electrons. Suitable examples of

such gases include, but are not limited to, the gases comprising

ammonia, argon, hydrogen sulfide, carbon dioxide, hydrogen sulfide,

carbonyl sulfide, carbon disulfide, mercaptans, carbon monoxide,

hydrogen, and combinations thereof. In particularly useful

variation, a gas binding material is a carbon dioxide binding

material that may be used to separate carbon dioxide from a gaseous

mixture. In a particularly useful variation a gas storage material

is a hydrogen storage material that is used to store hydrogen (¾) .

In another particularly useful variation, a gas storage material is

a carbon dioxide storage material that may be used to separate

carbon dioxide from a gaseous mixture.

[ 0 0 9 6 ] In yet a further embodiment, one or more MOF heterolites

disclosed herein can be used to separate and/or store one or more

gases selected from the group comprising carbon monoxide, carbon

dioxide, hydrogen sulfide, carbonyl sulfide, carbon disulfide,

mercaptans, nitrous oxide, and ozone.

[ 0 0 9 7 ] In another embodiment, one or more MOF heterolites

disclosed herein can be used to separate and/or store one or more

gases selected from the group comprising carbon monoxide, carbon

dioxide, hydrogen sulfide, carbonyl sulfide, carbon disulfide, and

mercaptans .



[0098] In yet another embodiment, one or more MOF heterolites

disclosed herein can be used to separate and/or store carbon

monoxide or carbon dioxide .

[0099] In an embodiment, one or more MOF heterolites disclosed

herein can be used to separate and/or store hydrogen.

[00100] In another embodiment, a gas storage device comprises

one or more MOF heterolites disclosed herein. In a further

embodiment, a gas storage device used to adsorb and/or absorb one

or more component gases from a multi-component gas mixture

comprises one or more MOF heterolites disclosed herein. In a

certain embodiment, a gas storage device used to adsorb and/or

absorb one or more gases with high electron density from gas

mixture comprises one or more MOF heterolites disclosed herein. In

a further embodiment, a gas storage device used to adsorb and/or

absorb one or more gases with high electron density from one or

more low density gases comprises one or more MOF heterolites

disclosed herein.

[00101] In a particular embodiment, the disclosure provides for

an artificial photosynthesis device which comprises one or more MOF

heterolites of the disclosure. In particular, one or more MOF

heterolites disclosed herein can oxidize water and/or can reduce

C02.

[00102] The disclosure also provides methods using MOF

heterolites disclosed herein. In a certain embodiment, a method to

separate or store one or more gases comprises contacting one or

more gases with one or more MOF heterolites disclosed herein. In a

further embodiment, a method to separate or store one or more gases

from a mixed gas mixture comprises contacting the gas mixture with

one or more MOF heterolites disclosed herein. In yet a further

embodiment, a method to separate or store one or more high electron

density gases from a mixed gas mixture comprises contacting the gas

mixture with one or more MOF heterolites disclosed herein. In a

certain embodiment, a method to separate or store one or more gases

from a fuel gas stream comprises contacting the fuel gas stream

with one or more MOF heterolites disclosed herein. In a further

embodiment, a method to separate or store one or more acid gases

from a natural gas stream comprises contacting the natural gas



stream with one or more MOF heterolites disclosed herein. In yet

another embodiment, a method to separate or store one or more gases

from the exhaust of a combustion engine comprises contacting the

exhaust with one or more MOF heterolites disclosed herein. In a

certain embodiment, a method to separate or store one or more gases

from flue-gas comprises contacting the flue-gas with one or more

MOF heterolites disclosed herein.

[00103] The MOF heterolites of the disclosure can be used for

removing contaminants from natural gas streams, including carbon

dioxide, hydrogen sulfide, and water vapor. "Natural gas" refers

to a multi-component gas obtained from a crude oil well (associated

gas) or from a subterranean gas-bearing formation (non-associated

gas) . The composition and pressure of natural gas can vary

significantly. A typical natural gas stream contains methane as a

significant component. The natural gas will also typically contain

ethane, higher molecular weight hydrocarbons, one or more acid

gases (such as carbon dioxide, hydrogen sulfide, carbonyl sulfide,

carbon disulfide, and mercaptans) , and minor amounts of

contaminants such as water, nitrogen, iron sulfide, wax, and crude

oil .

[00104] In a certain embodiment, one or more MOF heterolites

disclosed herein can be used to separate and/or store one or more

gases from a natural gas stream. In another embodiment, one or

more MOF heterolites disclosed herein can be used to separate

and/or store one or more acid gases from a natural gas stream. In

yet another embodiment, one or more MOF heterolites disclosed

herein can be used to separate and/or store one or more gases from

a town gas stream. In yet another embodiment, one or more MOF

heterolites disclosed herein can be used to separate and/or store

one or more gases of a biogas stream. In a certain embodiment, one

or more MOF heterolites disclosed herein can be used to separate

and/or store one or more gases from a syngas stream.

[00105] Sorption is a general term that refers to a process

resulting in the association of atoms or molecules with a target

material. Sorption includes both adsorption and absorption.

Absorption refers to a process in which atoms or molecules move

into the bulk of a porous material, such as the absorption of water



by a sponge. Adsorption refers to a process in which atoms or

molecules move from a bulk phase (that is, solid, liquid, or gas)

onto a solid or liquid surface. The term adsorption may be used in

the context of solid surfaces in contact with liquids and gases.

Molecules that have been adsorbed onto solid surfaces are referred

to generically as adsorbates, and the surface to which they are

adsorbed as the substrate or adsorbent. Adsorption is usually

described through isotherms, that is, functions which connect the

amount of adsorbate on the adsorbent, with its pressure (if gas) or

concentration (if liquid) . In general, desorption refers to the

reverse of adsorption, and is a process in which molecules adsorbed

on a surface are transferred back into a bulk phase.

[00106] MOF heterolites of the disclosure can be used as

standard compounds for sorption instruments, and obtained results

would be helpful to improve various industrial plants (i.e.

separation or recovery of chemical substance) .

[00107] The MOFs used in making the MOF heterolites of the

disclosure include a plurality of pores for gas adsorption. In one

variation, the plurality of pores has a unimodal size distribution.

In another variation, the plurality of pores have a multimodal

(e.g., bimodal) size distribution.

[00108] The disclosure further provides for catalysts comprising

a MOF heterolite of the disclosure. The MOF heterolites disclosed

herein can be used in the catalytic conversion of organic molecules

or inorganic molecules (e.g., CO2, water, etc.) to different

molecules. Reactions of this type are, for example, oxidations,

such as the oxidation of water or epoxidation of olefins (e.g. the

preparation of propylene oxide from propylene and H2O2, the

hydroxylation of aromatics, the preparation of hydroquinone from

phenol and H2O2, and the conversion of toluene into cresol) ; the

conversion of alkanes into alcohols, aldehydes and acids;

isomerization reactions, for example the conversion of epoxides

into aldehydes, and reductions, such as the conversion of CO2 to

methanol .

[00109] The following examples are intended to illustrate but

not limit the disclosure. While they are typical of those that

might be used, other procedures known to those skilled in the art



may alternatively be used (see, e.g., Zhao et al ., J . Am. Chem.

Soc. 2015, 137, 2199-2202; the disclosure of which is incorporated

herein for all purposes) .

EXAMPLES

[00110] Materials for MOFs: All reagents unless otherwise stated

were obtained from commercial sources (Sigma-Aldrich, and Merck)

and were used without further purification. Specifically,

terephthalic acid (benzene-1 ,4-dicarboxylic acid or BDCH2) , 4,4'-

biphenyldicarboxylic acid (BPDCH2) , (2,2 '-bipyridine )-5,5 '-

dicarboxylic acid (BPYDCH2), ZrCl , and N ,Af-dimethylformamide (DMF) ,

were purchased from Sigma-Aldrich. Hexane, ethanol, acetone and

distilled water were purchased from Merck.

[00111] Reaction conditions to produce MOFs of uniform size and

orientation: The MOF heterolites can be synthesized using a MOF

nanocrystal reaction mixture comprising metal ions having distinct

and different coordination geometries in combination with ligands

having multidentate functional groups and a suitable modulating

agent in a suitable solvent system. It should be understood that

ligands having multidentate functional groups can also bring with

them corresponding counter cations, such as H+, Na+, K+, Mg2+, Ca2+,

Sr2+; ammonium ions, such as alkyl-substituted ammonium ions, aryl-

substituted ammonium ions; counter ions such as F , CI , Br , I ,

CIO , CIO 2 , CIO 3 , CIO 4 , OH , NO3 , NO2 , SO 3 , PO3 , CO3 , and PF6 ;

and organic counter ions such as acetate, CH3CO 2 , and triflates

CF3SO 3 .

[00112] Examples of metal ions that can use to prepare the

heterolites include, but are not limited to, Mg2+, Ca2+, Ba2+, Sc +,

Y3 Ti +, Zr +, V 4+, V +, V2+, Nb +, Ta +, Cr +, Mo +, +, Mn +, Mn2+,

Re +, Re2+, Fe +, Fe2+, Ru +, Ru2+, Os +, Os2+, Co +, Co2+, Rh +, Rh+, Ir2+,

Ir+, Ni2+, Ni+, Pd2+, Pd+, Pt2+, Pt+, Cu2+, Cu+, Ag+, Au+, Zn2+, Cd2+,

Hg2+, Al +, Ga +, In +, Ti +, Si4+, Si2+, Ge4+, Ge2+, Sn +, Sn2+, Pb 4+,

Pb2+, As+, Sb +, Sb+, Bi +, Bi +, and Bi+, along with the corresponding

metal salt counterion.

[00113] The preparation of microporous MOF materials can be

carried out in either an aqueous or non-aqueous system. The

solvent may be polar or nonpolar as the case may be. Examples of

non-aqueous solvents include n-alkanes, such as pentane, hexane,



benzene, toluene, xylene, chlorobenzene, nitrobenzene,

cyanobenzene , aniline, naphthalene, naphthas; alcohols, such as

methanol, ethanol, n-propanol, and isopropanol ; acetone;

dichloromethane ; methylene chloride; chloroform; carbon

tetrachloride; tetrahydrof uran ; dimethylf ormamide ;

dimethylsulf oxide ; N-methylpyrollidone ; dimethylacetamide ;

diethylf ormamide ; thiophene; pyridine; ethanolamine ; triethylamine ;

ethylenediamine ; and the like. Those skilled in the art would

readily be able to determine an appropriate solvent based on the

starting reactants .

[00114] In order to control the nucleation and growth of the

crystals, the reaction mixture should contain one or more

modulating agents. The modulating agent should suppress the

reaction at the initial point thereby enabling mass nucleation and

growth to occur at the same time . Any modulating agent known to

affect the outcome of the reaction, such as formic acid, acetic

acid, hydrochloric acid, propionic acid, heptanoic acid, oleic acid

can be used.

[00115] MOF nanocrystal synthesis: The MOF nanocrystal

crystallizing step is carried out by: leaving the MOF nanocrystal

reaction mixture at room temperature or in an isothermal oven for

up to 200 °C; adding a diluted base to the solution to initiate

crystallization; and/or transferring the reaction mixture to a

closed vessel and heating to a predetermined temperature to allow

for crystal formation.

[00116] Preparing a colloidal solution of MOF Nanocrystals : The

preparation of MOF heterolites is carried from a colloidal solution

comprising MOF nanocrystals. When interactions between the surface

of MOF nanocrystals and solvent prevent the suspension of the MOF

nanocrystals in a colloidal solution, then a surfactant can be

used. Any surfactant having long molecular chains or a polymer

structure can be used, such as polyvinylpyrrolidone, sodium dodecyl

sulfate, cetrimonium bromide and triton X-100. In the subsequent

sedimentation step, the use of the surfactant can also control

sedimentation velocity.

[00117] Assembly of MOF nanocrystals into MOF heterolites:

Assembly of MOF nanocrystals into a MOF heterolite is facilitated



by either using accelerated sedimentation in a centrifuge; or

gravimetric sedimentation in a pipette assembly. After completing

sedimentation, the supernatant is removed and the MOF heterolite is

dried under a low rate vacuum.

[00118] X-ray diffraction analysis: X-ray diffraction (SXRD)

data are typically collected on a Bruker D8-Venture dif fractometer

equipped with Mo- = 0.71073 A ) and Cu-target (λ = 1.54184 A )

micro-focus X-ray tubes and a PHOTON 100 CMOS detector, unless

indicated otherwise. Additional data is collected using synchrotron

radiation in the beamline 11.3.1 of the Advanced Light Source,

LBNL .

[00119] Powder X-ray diffraction patterns (PXRD) are recorded

using a Bruker D8 Advance dif fractometer (Gobel-mirror

monochromated Cu K radiation λ = 1.54056 A ) . Room-temperature

neutron powder diffraction data are collected on the high-

resolution neutron powder dif fractometer , BT1, using a Ge(311)

monochromator (λ = 2.0781 A ) and a 60 minute collimator.

[00120] Nuclear Magnetic Resonance (NMR) and Elemental

Microanalysis (EA) : Solution H NMR spectra are acquired on a

Bruker AVB-400 NMR spectrometer. EA are performed using a Perkin

Elmer 2400 Series II CHNS elemental analyzer. Attenuated total

reflectance (ATR) FTIR spectra of neat samples are performed using

a Bruker ALPHA Platinum ATR-FTIR Spectrometer equipped with a

single reflection diamond ATR module.

[00121] Thermal gravimetric analysis: TGA curves are recorded on

a TA Q500 thermal analysis system under air flow.

[00122] Isotherm analysis: Low-pressure gas (N2 and Ar)

adsorption isotherms are recorded using a Quantachrome Autosorb-1

volumetric gas adsorption analyzer. Liquid nitrogen and argon baths

are used for the measurements at 77 and 87 K , respectively. Water

isotherms are measured on a BEL Japan BELSORP-aqua3, and the water

uptake in weight percent (wt%) unit is calculated as [(adsorbed

amount of water) / (amount of adsorbent) 100], consistent with the

established procedures. Prior to the water adsorption measurements,

water (analyte) are flash frozen under liquid nitrogen and then

evacuated under dynamic vacuum at least five times to remove any

gases in the water reservoir. The measurement temperature is



controlled with a water circulator. Helium is used for the

estimation of dead space for gas and water adsorption measurements.

Ultra-high-purity grade 2 , Ar, and He gases (Praxair, 99.999%

purity) are used throughout the experiments.

[00123] Figure 24 depicts a scheme for synthesis of various

nMOFs of the disclosure.

[00124] MOF-801, Zr 04 (OH) 4 (fumarate) 6: 36 mg of fumaric acid and

30 L of triethylamine were dissolved in 5 mL of DMF while 66.8 mg

of ZrCl4 and 0.69 mL of acetic acid were dissolved in 5 mL of DMF

separately. The solutions of fumaric acid and ZrCl4 were combined

in a 20 mL vial, capped, and placed in 85°C oven for a day. The

resulting MOF-801 was washed three times with DMF using a

centrifuge (4,400 rpm for 20 min) and sonication and then

sequentially immersed in methanol for three 24 h periods. Finally,

MOF-801 was activated by removing the solvent under vacuum for 12

hrs at room temperature.

[00125] MOF-801-L, Zr 04 (OH) 4 (fumarate) 6: 36 mg of fumaric acid

and 30 L of triethylamine were dissolved in 5 mL of DMF, while

66.8 mg of ZrCl4 was dissolved in 5 mL of DMF separately. The

solutions of fumaric acid and ZrCl4 were combined in 20 mL vial,

capped and placed in 85°C oven for a day. The resulting MOF-801L

was washed three times with DMF using a centrifuge (4,400 rpm for

20 min) and sonication and then sequentially immersed in methanol

for three 24 h periods. Finally, MOF-801L was activated by removing

the solvent under vacuum for 12 hrs at room temperature.

[00126] UiO-66, Zr 04 (OH) 4 (BDC) 6: 49.8 mg of BDCH 2 and 30 L of

triethylamine were dissolved in 5 mL of DMF while 66.8 mg of ZrCl4

and 1.38 mL of acetic acid were dissolved in 5 mL of DMF

separately. The solutions of terephthalic acid and ZrCl4 were

combined in 20 mL vial, capped and placed in 85°C oven for a day.

The resulting UiO-66 was washed three times with DMF using a

centrifuge (4,400 rpm for 20 min) and sonication, and then

sequentially immersed in methanol for three 24 h periods. Finally,

UiO-66 was activated by removing the solvent under vacuum for 12

hrs at room temperature.

[00127] UiO-67, Zr604 (OH) 4 (BPDC) 6 (BPDC=4,4'-

biphenyldicarboxylate) : 19.36 mg of BPDCH 2 and 120 L of



triethylamine were dissolved in 5 L of DMF while 18.64 g of ZrCl4

and 1.38 mL of acetic acid were dissolved in 5 mL of DMF

separately. The solutions of 4 4 '-biphenyldicarboxylic acid and

ZrCl4 were combined in 20 mL vial, capped and placed in 85°C oven

for a day. The resulting UiO-67 was washed three times with DMF

using a centrifuge (4,400 rpm for 20 min) and sonication, and then

sequentially immersed in methanol for three 24 h periods. Finally,

UiO-67 was activated by removing the solvent under vacuum for 12

hrs at room temperature.

[00128] MOF-867, Zr 04 (OH) 4 (BPYDC) 6 (BPYDC=2 ,2 '-bipyridine-5 ,5 '-

dicarboxylate) : 19.5 mg of BPYDCH2 and 30 L of triethylamine were

dissolved in 5 mL of DMF while 18.64 mg of ZrCl and 1.38 mL of

acetic acid were dissolved in 5 mL of DMF separately. The solutions

of (2,2 '-bipyridine )-5,5 '-dicarboxylic acid and ZrCl4 were combined

in 20 mL vial, capped, and placed in 85°C oven for a day. The

resulting MOF-867 was washed three times with DMF using a

centrifuge (4,400 rpm for 20 min) and sonication, and then

sequentially immersed in methanol for three 24 h periods. Finally,

MOF-867 was activated by removing the solvent under vacuum for 12

hrs at room temperature.

[00129] MOF-808, Zr 04 (OH) 4 (BTC)2(HCOO) 6 (BTC=1,3,5-

benzenetricarboxylate) : 0.21 mg of BTCH 3 and 0.97 mg of ZrOCl 2 -8H20

dissolved in a solvent mixture of 30 mL of DMF and 30 mL of formic

acid were placed in a 125 mL screw-capped glass jar and placed in

a 100 °C oven for a day. White powder was collected by filtration

and washed with fresh DMF and methanol. Finally, MOF-808 was

activated by removing the solvent under vacuum for 12 hrs at room

temperature .

[00130] Figure 25 and 26 show the PXRD patters and nitrogen

sorption of the nMOFs of the disclosure.

[00131] A number of embodiments have been described herein.

Nevertheless, it will be understood that various modifications may

be made without departing from the spirit and scope of this

disclosure. Accordingly, other embodiments are within the scope of

the following claims.



WHAT IS CLAIMED IS:

1 . A metal-organic framework (MOF) heterolite mesoscopic

material that is comprised of an ordered superlattice of metal-

organic frameworks (MOFs) .

2 . The MOF heterolite of claim 1 , wherein the heterolite is

comprised of a plurality of MOFs, wherein the MOFs are comprised of

a plurality of linked M-X-L units, wherein M is a metal, metal ion,

or metal containing complex; X is an atom from an organic linking

ligand that can form one or more bonds with M ; and L is an organic

linking ligand comprising an optionally substituted (C1-C20) alkyl,

optionally substituted (C1-C20) alkenyl, optionally substituted (Ci-

C20) alkynyl, optionally substituted (C1-C20) hetero-alkyl ,

optionally substituted (C1-C20) hetero-alkenyl , optionally

substituted (C1-C20) hetero-alkynyl, optionally substituted (C3-C12)

cycloalkyl, optionally substituted (C3-C12) cycloalkenyl , optionally

substituted aryl, optionally substituted heterocycle or optionally

substituted mixed ring system, wherein the linking ligand comprises

at least two or more carboxylate linking clusters.

3 . The MOF heterolite of claim 2 , wherein the organic linking

ligand is selected from the group consisting of:

( I ) ( I D
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Formula XXIII

wherein the carboxylate groups depicted in formulas I-XXXIII form a

bond with a metal, metal ion or metal complex, and whe -A

are independently a C , N , 0 , or S ; A 9 is selected from

; X -X 8 are independently selected from H , D ,

optionally substituted FG, optionally substituted (C1-C20) alkyl,

optionally substituted (C1-C19) heteroalkyl, optionally substituted

(C1-C20) alkenyl, optionally substituted (C1-C19) heteroalkenyl ,

optionally substituted (C1-C19) alkynyl, optionally substituted (Ci-

C19) heteroalkynyl, optionally substituted (C1-C19) cycloalkyl,

optionally substituted (C1-C19) cycloalkenyl, optionally substituted

aryl, optionally substituted heterocycle, optionally substituted

mixed ring system, wherein one or more adjacent R groups can be

linked together to form one or more substituted rings selected from

the group comprising cycloalkyl, cycloalkenyl, heterocycle, aryl,

and mixed ring system; and R -R 1 2 are independently selected from

H , D , optionally substituted FG, optionally substituted (Ci-

C20) alkyl, optionally substituted (C1-C19) heteroalkyl, optionally

substituted (C1-C20) alkenyl, optionally substituted (Ci-

C19) heteroalkenyl, optionally substituted (C1-C19) alkynyl, optionally

substituted (C1-C19) heteroalkynyl, optionally substituted (Ci-

C19) cycloalkyl, optionally substituted (C1-C19) cycloalkenyl,

optionally substituted aryl, optionally substituted heterocycle,

optionally substituted mixed ring system, wherein one or more

adjacent R groups can be linked together to form one or more

substituted rings selected from the group comprising cycloalkyl,

cycloalkenyl, heterocycle, aryl, and mixed ring system.



4 . The MOF heterolite of claim 3 , wherein the organic linking

ligand comprises a structured selected from the group consisting

of:

(VII) , and

Formula XXIII

wherein the carboxylic acid groups in Formula I , V , VII and XXIII

undergo condensation with a metal, metal ion or metal complex, and

wherein A -A 3 are independently a C , N , 0 , or S , X -X3 are

independently selected from H , D , optionally substituted FG,

optionally substituted (C1-C20) alkyl, optionally substituted (Ci-

C19) heteroalkyl, optionally substituted (C1-C20) alkenyl, optionally

substituted (C1-C19) heteroalkenyl, optionally substituted (Ci-

Cig)alkynyl, optionally substituted (C1-C19) heteroalkynyl , optionally

substituted (C1-C19) cycloalkyl, optionally substituted (Ci-

C19) cycloalkenyl, optionally substituted aryl, optionally

substituted heterocycle, optionally substituted mixed ring system,

wherein one or more adjacent R groups can be linked together to

form one or more substituted rings selected from the group

comprising cycloalkyl, cycloalkenyl, heterocycle, aryl, and mixed

ring system; and R 7-R 40, R 47-R 54, R 7-R1 2 are independently selected

from H , D , optionally substituted FG, optionally substituted (Ci-



C2o )alkyl, optionally substituted (C1-C19) heteroalkyl, optionally

substituted (C1-C20) alkenyl, optionally substituted (Ci-

C19) heteroalkenyl, optionally substituted (C1-C19) alkynyl, optionally

substituted (C1-C19) heteroalkynyl, optionally substituted (Ci-

C19) cycloalkyl, optionally substituted (C1-C19) cycloalkenyl ,

optionally substituted aryl, optionally substituted heterocycle,

optionally substituted mixed ring system, wherein one or more

adjacent R groups can be linked together to form one or more

substituted rings selected from the group comprising cycloalkyl,

cycloalkenyl, heterocycle, aryl, and mixed ring system.

5 . The MOF heterolite of claim 3 or 4 , wherein R -R1 2 can be

independently selected from:









6 . The MOF heterolite of claim 2 , wherein M is a metal or metal

ion selected from Li+, Na+, K+, Rb+, Cs+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+,

Sc +, Sc2+, Sc+, Y3+, Y2+, Y+, Ti +, Ti +, Ti2+, Zr +, Zr +, Zr2+, Hf +,

Hf +, V +, v +, V +, V2+, Nb +, Nb4+, Nb +, Nb2+, Ta5+, Ta4+, Ta +, Ta2+,

Cr +, Cr5+, Cr +, Cr +, Cr2+, Cr+, Cr, Mo +, Mo +, Mo4+, Mo +, Mo2+, Mo+,

Mo, +, +, 4+, +, 2+, +, , Mn7+, Mn +, Mn +, Mn4+, Mn +, Mn2+, Mn

Re7+, Re +, Re +, Re +, Re +, Re2+, Re+, Re, Fe +, Fe4+, Fe +, Fe2+, Fe+,

Fe, Ru +, Ru7+, Ru +, Ru +, Ru +, Ru2+, Os +, Os7+, Os +, Os5+, Os4+, Os +,

Os2+, Os+, Os, Co5+, Co4+, Co +, Co2+, Co+, Rh +, Rh5+, Rh4+, Rh +, Rh2+,

Rh+, Ir +, Ir +, Ir +, Ir +, Ir2+, Ir+, Ir, Ni +, Ni2+, Ni+, Ni, Pd +,

Pd4+, Pd2+, Pd+, Pd, Pt +, Pt +, Pt4+, Pt +, Pt2+, Pt+, Cu4+, Cu +, Cu2+,

Cu+, Ag +, Ag2+, Ag+, Au +, Au4+, Au +, Au2+, Au+, Zn2+, Zn+, Zn, Cd2+,

Cd+, Hg +, Hg2+, Hg+, B +, I32+, B+, Al +, Al2+, Al+, Ga +, Ga2+, Ga+, In +

In2+, In +, T 1 3+, Tl+, Si +, Si +, Si2+, Si+, Ge 4+, Ge +, Ge2+, Ge+, Ge,



Sn +, Sn2+, Pb 4+, Pb2+, As5+, As +, As2+, As+, Sb +, Sb +, Bi5+, Bi +, Te +,

Te5+, Te 4+, Te2+, La +, La2+, Ce4+, Ce +, Ce2+, Pr4+, p 3+, Pr2+, Nd +,

Nd2+, Sm +, Sm2+, Eu +, Eu2+, Gd +, Gd2+, Gd+, Tb 4+, Tb +, Tb2+, Tb+, Db +,

Db2+, Ho +, Er +, Tm +, Tm +, Tm2+, Yb +, Yb2+, Lu +, and combinations

thereof, including any complexes which contain the metals or metal

ions listed above, as well as any corresponding metal salt counter-

anions .

7 . The MOF heterolite of any preceding claim, wherein the MOF

heterolite is comprised of a plurality of zirconium based MOFs.

8. The MOF heterolite of any preceding claim, wherein the

heterolite is comprised of homogeneous MOFs.

9 . The MOF heterolite of any preceding claim, wherein the

heterolite is comprised of heterogeneous MOFs.

10. The MOF heterolite of claim 9 , wherein the heterolite

comprises from two to eight structurally different MOFs.

11. The MOF heterolite of claim 10, wherein the structurally

different MOFs have different gas sorption and/or gas separation

properties .

12. The MOF heterolite of claim 10, wherein the structurally

different MOFs have different catalytic properties.

13. The MOF heterolite of claim 11, wherein at least one MOF

catalyzes the oxidation of water, and wherein at least one MOF

catalyzes the reduction of carbon dioxide.

14. The MOF heterolite of any preceding claim, wherein the MOF

heterolite comprises a supercrystal that is between 250 nm to 1500

nm in size .

15. The MOF heterolite of claim 14, wherein the MOF heterolite

comprises a supercrystal that is between 500 nm to 1000 nm in size.



16. A method to produce a MOF heterolite of any proceeding claim

comprising :

preparing a MOF reaction mixture comprising metal or metal

ions, organic molecules comprising multidentate functional groups,

a suitable modulating agent, and a suitable solvent system;

heating at a predetermined temperature and sufficient period

of time to allow for crystal formation;

preparing a colloidal solution comprising the MOFs;

assembling the MOFs from the colloidal solution into MOF

heterolites by using accelerated sedimentation in a centrifuge or

gravimetric sedimentation in a pipette assembly.

17. The method of claim 16, wherein a surfactant is added to

colloidal solution.

18. The method of claim 17, wherein the surfactant is selected

from polyvinylpyrrolidone, sodium dodecyl sulfate, cetrimonium

bromide and triton X-100.

19. A device comprising a MOF heterolite of any one of claims 1

to 15.

20. The device of claim 19, wherein the device is a gas

separation and/or gas storage device.

21. A MOF heterolite, device or method of any of the foregoing

claims wherein the MOFs are substantially homogeneous in size.
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