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(57) Abstract: Metal-organic frameworks (MOFs) are highly porous entities comprising a multi dentate ligand coordinated to multiple
metal atoms, typically as a coordination polymer. MOFs are usually produced from a solvent in powder form under hydrothermal or
solvothermal synthesis conditions. Alternately, powder-form precursors of MOFs may be formed by milling or mulling a substantially
solid mixture of a metal salt and a multi dentate organic ligand, optionally in the presence of a small amount of a solvent. The pow-
der-form precursors may then undergo heating, typically in the absence of applied shear, to produce the corresponding MOF. Mulling
may be differentiated from milling at least in that mulling applies to the substantially solid mixture at a non-constant pressure and
milling applies a constant pressure while forming the powder-form precursor. In some cases, mulling may promote more effective
formation of the powder-form precursor compared to milling.
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SOEID-STATE SYNTHESES OF PRECURSORS OF METAL-ORGANIC

FRAMEWORKS
[(3001] The present disclosure relaies 1o syntheses of metal-organic frameworks.
BACKGROUND

[6602] Metal-organic frameworks (MOFs) are a relatively new class of highly porous
maaterials with potential applications in a wide range of fields including gas storage, gas and
liquid separations, isomer separation, waste removal, and catalysis, among others. In contrast to
zeolites, which are puwrely inorganic in character, metal-organic frameworks comprise
multidentate organic ligands that function as “struts” bridging metal atoms or clusters of metal
atoms together in an extended coordination structure {e.g., as a coordination polvmer). Like
zeolites, metal-organic frameworks are microporous and exhibit a range of structures, including
ntumability of the pore shape and size through selection of the multidentate organic ligands and the
metal. Tens of thousands of MOF structures are now known, compared to only a few hundred
unique zeolite structures. Factors that may influence the structure of metal-organic frameworks
include, for example, one or more of ligand denticity, size and type of the coordinating group(s),
additional substitution remote or proxumate to the coordinating group{s), ligand size and
geometry, ligand hydrophobicity or hydrophilicity, choice of metal(s) and/or metal sali(s) and/or
metal coordination compound{s), choice of solvent(s), and reaction conditions such as
temperature, conceniration, and the like. As used herein, the term “metal salt{sy” expressly
mcludes embodiments in which at feast one oxide of a metal cation mayv be present.

[6003] Metal-organic  frameworks are typically synthesized by precipitation of
microcrystatline powder materials from a liqud reaction medium under hydrothermal or
solvothermal synthesis conditions, oftentimes at high dilution. Organic solvents are frequently
used for conducting solvothermal syntheses of metal-organic frameworks, although some metal-
organic frameworks may be synthesized hydrothermally using water as a solvent. The frequent
requirement for a high~dilution reaction wedium and associated solids separation processes
during production of metal-organic frameworks may limit scalability for commercial syntheses
and present cost barriers for vanous large-scale applications. Moreover, there may be
environmental concerns associated with some organic solvenis used in conjunction with
svnthesizing metal-organic frameworks, even if solvent recycling is conducted after corapleting
the synthesis.

{60604 Solid-phase syntheses of metal-organic frameworks are described in U.S. Patent

8,466,285 As described therein, grinding processes may impart sufficient activation energy to
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promote formation of certain mwetal-organic frameworks 1n a solid-phase reaction. The metal-
organic frameworks may be porous or non-porous. U.S. Patent 9,815,222 describes solid-phase
reactions for synthesizing metal-organic frameworks using high-shear extrusion conditions.
Localized heating duning the mixing processes of these solid-phase syntheses may be problematic
for some metal-orgamic frameworks, thereby leading to possible byproduct formation and/or
MOF decomposition in some cases.

SUMMARY

[6605] Powder-form precursors of metal-organic frameworks may be formed by mulling or
milling operations. In various aspects, the present disclosure provides methods comprising:
providing a substantially solid mixture comprising a metal salt and a multidentate organic ligand,
and moulling or mulling the substantially solid nuxture for a sufficient length of time to produce a
powder-form precursor of a metal-organic framework. The powder-form precursor comprises a
reaction product of the metal salt and the mudtidentate organic ligand. The powder-form
precursor is substantially free of the metal-organic framework.

10006] In certain aspects, the present disciosure provides mulling-based methods for
sviithesizing metal-organic frameworks or precursors thereof. The methods comprise: providing
a substantially solid mixture comprising a metal sall and a multidentate organic ligand, and
mulling the substantially solid mixture at a non-constant pressure for a sufficient length of time
to produce a powder-form precursor of a metal-organic framework, The powder-form precursor
comprises a reaction product of the metal salt and the multidentate organic higand. The powder-
formo precursor is substantially free of the metal-organic framework.

10007] In other aspects, the present disclosure provides methods for converting a powder-
form precursor of a metal-organic framework into the metal-organic framework. The methods
comprise: providing a powder-forra precursor of a metal-organic framework, and heating the
powder-form precursor for a sufficient time and at a sufficient temperature o convert the
powder-form precursor into the metal-organic framework.  The powder-form precursor
comprises a reaction product of the metal salt and the multidentate organic higand. The powder-
form precursor is substantially free of the metal-organic framework.

{6008 In still further aspects, the present disclosure provides powder-form precursors of
metal-organic frameworks that are prepared by a process comprising: providing a substantially
solid mixture comprising a metal salt and a multidentate organic higand, and mulling or milling
the substantially solid mixture for a sufficient length of time to produce a powder-form precursor

of a metal-organic framework. The powder-form precursor comprises a reaction product of the
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metal salt and the multidentate organic ligand. The powder-form precursor is substantially free
of the metal-organic framework.

BRIEF DESCRIPTION OF THE DRAWINGS

[B009] The following figures are included {o illustrate certain aspects of the present
disclosure, and should not be viewed as exclusive embodiments. The subject matier disclosed is
capable of considerable modifications, alterations, combinations, and equivalenis in form and
function, as will occur to one of ordinary skill in the art and having the benefit of this disclosure.
[G610] FIG. 1 shows overlaid x-ray powder diffraction patterns for a powder-form precursor
of MIL-101 (Cr) obtained by mulling and the corresponding metal-organic framework obtained
after heating several precursor variants.

(0011} FIG. 2A shows an SEM image of MIL-101 (Cr) produced by heating a powder-form
precursor mulled without solvent. FIGS. 2B-2D show SEM images of MIL-101 (Cr) produced
by heating a powder-form precursor mulled with DMF, water, or ethanol, respectively.

[6612] FIG. 3 shows overlaid x-ray powder diffraction pattemns for a powder-form precursor
of MIL-101 (Cr} obtained by milling and the corresponding metal-organic framework obtained
after heating several precursor variants.

[B0613] FIG 4A shows an SEM image of MIL-101 {Cr) produced by heating a powder-form
precursor nulled without solvent. FIGS. 4B-4D show SEM images of MIL-101 (Cr) produced by
heating a powder-form precursor milled with DMF, water, or ethanol, respectively.

[6614] FIG. 5 shows overlaid x-ray powder diffraction pattemns for a powder-form precursor
of MIL~53 (Al) obtained by mulling a muxture of aluminum mitrate and terephthalic acid and the
corresponding metal-organic framework obtained after heating several precursor variants.

[6615] FIG. 6A shows an SEM image of MIL-53 {(Al) produced by heating a powder-form
precursor obtained by mulling a nuxture of aluminum nitrate and terephthalic acid without
solvent. FIGS. 6B-6D show SEM images of MIL-33 (Al) produced by heating a powder-form
precursor obtained by mulling a mixture of aluminum nitrate and terephthalic acid with DMF,
water, or ethanol, respectively.

[3016] FIG. 7 shows overlaid x-ray powder diffraction patiemns for a powder-form precursor
of MIL-53 (Al) obtained by mulling a mixture of aluminum hydroxide and terephthalic acid and
the corresponding metal-organie framework obtained after heating several precursor variants.
(60617} FIG. BA shows an SEM image of MIL-53 (Al) produced by heating a powder-form
precursor obtained by mulling a mixture of aluminum hvdroxide and terephthalic acid without

solvent. FIGS. 8B-8D show SEM mmages of MIL-53 (Al) produced by heating a powder-form
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precursor obtained by mulling a mixture of alumanom hydroxide and terephthalic acid with DMF,
water, or ethanol, respectively.

DBETAILED DESCRIPTION

18] The present disclosure genevally relates {o metal-organic frameworks and, wore
specifically, to solid-phase syntheses of precursors of roetal-organic frameworks.

i60319] As discussed above, wet-chemical svntheses of metal-organic frameworks may
require high dilution condittons and possible organic solvent recvehing, These factors may
compheate production of metal-orgarue frameworks 1o sufficient quantities {o support various
{arge-scale applications. Altemative solid-phase syntheses of certain metal-organic frameworks
are known, However, localized heating while bending a solid mixtore of g metal salt and &

multidentate bgand mav be problemabtic in vanious respects dvring sobid-phase syntheses.

|5

Mamely, localized heating occwring during direct svntheses of metal-orgamc frameworks
produced via solid-phase syntheses may lead o byproduct formation and/or at least partial
decomposition of the metal-organic rarework,

HEDGH]! In cmvirast to convendional solid-phase svntheses for producing metal-organic
frameworks, the present disclosure provides solid-phage syntheses of powder-form precursors of
metal-organie frameworks that may undergo subsequent thermal conversion into finished metal
orgarue Frameworks,  Surprisingly, blending a metal salt and a nwludentaite orgamue hgand
together under suitably muld nuxing conditions mayv lead to formation of a phase differing from
baoth the wetal salt and the wultidentate organie hgand (powder-form precursory and vet that is
stith not the metal-organic framework formed onder more energetic nuxing condihions. Further
surprisingly, the powder-form precursor may be at least parttally crystalline followmg blending.
Advantageously, the thermal conditions used for converting the powder-form precursor into the
corresponding  metal-organic framework may  be more carefully controlled than those in
conventional solid-phase syntheses wherein metal-organic frameworks are produced directly
during energetic blendmg or extrusion. The greater thermal control affurded by the discloswe
herein may decrease byproduct formation and/or himit metal-organic framework decomposition.
HETE Y Advantageously, the methods described herein allow metal-organic frameworks 1o be
svathesized while using no or very mimmal quantities of orgame solvents or waler while
conducting the syntheses.  Minumizing solvent use accovding to the disclosure herein way
provide a superor econonuc and environmental profile compared to conventional hydrotherroal
or solvothermal metal-organic framework synthetic methods. MNamely, by avoiding high-dilution
synthedic conditions, the methods disclosed hersin are much more amenable 1o scale-up than arsg

conventional hydrothermal or solvothermal roethods for synithesizing metab-orgame frameworks,
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Surprisiogly, mcluding a sroall amount of solvent in an otherwise sohd micture of reaciants may
fead 1o an advantageous increase in surface area following formation of the metal-organic
framework, Different solvents may provide a variable extent of surface area modification. In
addition, imclusion of a small arvount of 3 suitable solvent way afford formation of ooe or more
different cryvstaliine phases as well,

i60B22] The methods of the present disclosure further sharve certain beneflits in common with
conventional solid-phase svotheses of metal-organic frameworks {e.g, scalability and bmited
solvent use). but without exhibiting the drawbacks associsted with energetic solid-phase blending
1o produce the metal-areanic frameworks directly.  As addressed above, the methods disclosed
heremn blend a metal salt and a multidentate organic hgand under vuld mixing conditions o
produce a powder-form precursor substantially lacking the coresponding metal-organic
framework, Lnder appropriate conditions, both mmliing and nulking operations may be used 1o
produce the powder-form pracursor, as addressed forther hereinbelow. Subsequent conversion of
the powder-forrn  precursor o the corresponding  metal-organic  framework may  be
accomplished  with  decreased  byproduct formation  and/or meial-orgamic  framework
decomposition than may be typical for conventional solid-phase syntheses of these endities.
00231 A stiti further advantage of the methods disclosed herein is that o powder-form
precursor of a metal-orgarc framework may be collected and potentially stored uniil conversion
into the corrssponding metal-organic framework 15 desired at a later ume.  Uptionally, the
powder-form precursor may be manipuiated (formed) mto a desired shape and/or mixed with a
binder, such as a within a roold or simtlar structure, fo afford the metal-organic framework o a
defined shape following heating fo convert the powder-formn precursor info the corrssponding
metal-organic framework. The powder-form precursor may be pressed or extroded info a desired
shape in Some instances,

G024} Before describing the methods of the present discloswre in further detail, 2 histing of
terms follows to aid in better understanding the present disclosure.

IB025] Al numenical values within the detaled descruption and the claims herein are
modified by “abowt” or “approximately” with respect to the mdicated value, and tske nto
account experimental error and variations that would be expected by a person having ordinary
skall i the art. Unless otherwise indicated, room temperature 13 about 25°C.

[0026] As used in the present disclosure and claims, the singular forms “a,” “an,” and “the”
include plural forms unless the context clearly dictates otherwise.

{6627} The term “and/or” as used in a phrase such as “A and/or B herein is intended to

include “"Aand B,” A or B, "A”, and ©“B.”
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[6628] For the purposes of the present disclosure, the new numbering scheme for groups of
the Periodic Table is used In said numbering scheme, the groups (columns) are numbered
sequentially from left to right from 1 through 18, excluding the f-block elements (lanthandes and
actinides).

(3023 As used herein, the term “substantially solid” refers to either a dry powder lacking
solvent or a solvent-wetted dry powder m which solid particulates or a portion thersof are wetted
with a solvent but the solid particulates are not separated or dispersed from one ancther by a
continucus solvent phase,

{030] Ag used herein, the farm “nmultidentate” refers 1o a compound having two or more
polential sites for coordinating a wetal ton. Accordingly, the terro “muslindentate” encompasses
bidentate, tridentate, etrademiate, and higher denticity hgands.

60631 As used herein, the term “substantially fres of” refers to a mass percemtage under

about 5 wi Y.

ERIEY

32 As used herein, the terms “mull,” “milhmg” and other granunatical forms thereof refer
1o a blending process in which a miviure of powder materials is mixad under a constant amount
of mechanically apphied pressure.

(8331 As used herein, the terros “voull” “mulling,” and other gravymatical forms thereof
refer 1o a blending process i which a maxture of powder materials s mixed under a non-constant
amount of mecharically applied pressure. Mulling is differentiated from mulling in that nwulling
13 less energetic and s less prone toward producing localized heating at the pomt of contact
hetween the powder roaterials and the mulling head of a miler,

0:34] According 1o some emibodiments of the present disciosure. methods for producing a
powder-form precursor of a melal-organic framework are disclosed herein. Cerlain methods of
the presernt disclosure may coroprise: providing a substantially solid nmuxture comprising a metal
salt and a multidentate organic ligand, and mulling or nulling the substantially solid mixture for a
sufficient length of time to produce a powder-form precursor of a metal-organic framework, in
which the powder-form precursor i3 substantially free of the metal-organic framework and
comprises a reaction product of the metal salt and the multidentate organic ligand.

{035 As described above, milling may take place at a constant pressure and mulling may
take place at a non-constant pressure. More specifically, in some embodiments, the substantially
solid mixture may be nulled and milling may take place at a constant pressure applied upon the
substantially solid mixture by a mill. In other embodiments, the substantially solid mixture may
be mulled and mulling may take place at a non-constant pressure applied upon the substantially

solid muxture by a mull.  The milling or mulling applies a sufficient input of energy to the
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substantially sohid mixture of the metal salt and the mudtidentate organic ligand, such that the
substantially solid mixture undergoes a reaction to produce the powder-form precursor of the
metal-organic framework, The chemical natire of the powder-form precursor may vary for
different metal-organic frameworks, and may comprise a partially coordinated coordination
copolvmer, possibly in a lavered structure, that is capable of being converted nto the
corresponding metal-organic framework with full metal coordination upon undergoing further
heating. Conversion into the metal-organic framework may relax stresses that are present n the
powder-form precursor.  According to the present disclosure, milling or mulling s not
understood to input sufficient energy to the substantially solid mixture fo promote direct
formation of the metal-organic framework iself. Because synthesis does not take place divectly
under intense nulling, the present disclosure may avoid formation of an extremely dense
crystalline phase having nunimal porosity, which may be undesirable for various applications.
Alternately, an intermediate metal-organic framework may be formed under the milling or
mulling conditions, with the mtermediate metal-organic framework undergoing subsequent
conversion iinio a final metal-organic framework of interest.

68361 Suitable mulls for perfornung the disclosure herein may include, for example, ball
wills, rod pulls, autogenic mulls, semu-auntogenic vaills, pebble mills, rolling nulls, and the ke
{037 Suitable roullers for performang the disclosure herein may inchude, for example, roiler
mudlers. Presswres applied to the substandially sohd nuxture during nwudling may be a constant
pressure falling within a range from about 0 14 to about 30 kN, or {rom about (.14 1o about 24
kN, or from about 24 (o about SO KN

0381 Milling or mulling the substanfially solid nuxture mayv take place at a temperature
ranging from about 0°C to about 70°C, or about 23°C to about 70°C, or about 35%C to about 63°C.
(08391 Mulling or milbing the substantially sobid rosture of the metal salt and the
multidentate organic ligand may take place over a period of ume wherein formation of the
precursor the metal-organic framework 15 sobstaniially complete and no substantial formation of
the corresponding  metal-organic framework ocours. Sufficient twmes for mulling the
substantially solid nuxture to produce the powder-form precursor may range from about 1 mimue
{0 about 12 hours, or aboul 5 munuies 1o about 4 hours, or aboul 5 minudes to about 1.5 hows, or
about 10 mimstes to about 1 howr,

{3040 i sorne embodiments, the substantially solid roiiure may ack a solvent and consist
easentially of the metal salt and the mulliidentale orgamic ligand  H i3 to be appreciated that
ceriain mudtidentate organic ligands may be linnds at room temperature or at the temperature at

which mitling or roulling takes place. According to the disclosure herein, even when a lgud
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mdiidentate organic hgand is present, a roixhue of the metal salf and the rouihdentate hgand will
still be considerad to constitine a substantially sohid mixture of the two,

641 It iz also 1o be appreciated thai swall amounts of solvent may be present in
combination with the metal salt and the woitidentate organic Hgand while stifl mantaining «

(33

substantially solid nexture of the two.  As wed berem, the tarm “solvent” refers to any
compound that i3 a hquid at room temperature or at the temperature of mulling or mulling.
Typicailv, the solvent is present in an amouni Lo provide wetting of at feast a portion of the meial
salt and/or the roultiderdate organie zand, The solvent may or yoay not promote dissolution or
partial dissolution of the metal salt and/or the mulidentate organic ligand when included i such
amounts. In partieoiar embodiments, the solvent s present 1o an arnount such that the maxture of
the metal sali and the vwltideniate organic lLgand stull appears to be substantially sohd
character or at most a wat shurry. I parficular embodiments. an amount of solvent in the nuxturs
of the metal salt and the multidentate organic ligand may be about 20 yb or above, or gbowt 100
ul. or above, or gbout 5300yl or above, or about 10060 gl or above per gram of a combined
amowunt of the metal salt and the multidentate orgamic ligand In stll more particular
ermbodiments, an amount of the solvent 1o the substanially solid mixture may range from abowt
28 ul. to about 1000 kb, or fron about 20 yl. to about 500 yl, or from about 20 yL to abowt 100
ul, or from ahout 20 4l 1o about 60yl or from about 40 pl to about G pl per gram of a
combined armount of the metal salt and the mutiidentale organic higand.

(042} Solvenis that roay be suitably wmeluded n the substantighlly sohd maxire are not
constdered 1o be particulariy limited, provided that they do not inhibit formation of the powder-
forma precursor and/or the corresponding metal-organic frarvework. In particnlar embodiments,
suifable solvents may include, for example, water, protic organic solvenis such as methanol,
ethanol or other alcohods, or aprotic organic solvenis such as acetone o N N-dimethyHormanude
1)

(8431 According o some more specific embodiments, methods of the present disclosure
may conprise providing a substantially solid nuxture comprising a metal salt and a multidentate
organic ligand, and mulling the substantially solid mixture at a non-constant pressure applied by
a muller for a sufficient length of time o produce a powder-form precursor of a metal-organic
framework, in which the powder-form precursor is substantially free of the metal-orgamc
framework and comprises a reaction product of the metal salt and the multidentate organic
ligand.

(0441 The metal-organic frameworks that may be produced according to the disclosure

herein are not considered fo be particularty linuted. The metal-organic frameworks produced
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according {0 the disclosure herein mav represent presently koown metal-organic frameworks or
metal-oreanic frameworks that are presently wndmown.  For metal-organic frameworks that are
presently known, one having ordinary skill in the art will be able to select a suitable metal salt
and a suitable multidentate orgame ligand for producing the metal-organic framework, with one’s
selecuons heing guided by wet chemical roethods for producing the metal-organse framework,
Accordingly, a wide range of meial salts and multidentate organic ligands may be present when
formaing a precursor of a metsborgame framework according to the disclosure herein, as
described hercimalier

0451 Metal salis that mayv be present in the substantially solid nuxtiwe may be any metal
calt that s capable of fornung 4 metal-orgamce Gamework,  Smiable metal salts gy include
metal ions such as, but not lindted 1o, Mg?t, Ca™, 827, Ba?*, 8¢, Y77, Tiv, Zr*', HiY, v+ v,
V2 NB, Ta’t, Cr¥f, Mo, W3 Mt M, Re’, Re?', Fe'', Fe?', Ry, Ru?', Os?, 02, Coot,
Co’™, Rh?, Rh', I, Ir', Ni**, NiF, Pd?*, Pd*, P2, PtY, Cu?', Cu', Ag®, Ao, Zn?t, Cd¥, Hg?",
AP Ga’t, Int, T, SiY, S, Ge™', Ge?', Sn*t, Sn?', PbY', PP, As™, As™, As®, Sb%, Sb*,
Sh'. Bi°*, Bi*" and Bi'. Other oxidation states of these metal ions may also be suitably used in
some instances. Suitable counterion forms for the metal ions may include, but are not limited to,
mitraie, witrite, sulfate, hydrogen sulfate, oxide, acetate, formate, oxide, hydroxide, benzoate,
alkoxide, carbonate, acetylacetonoate, hvdrogen carbonate, fluoride, chloride, bromide, 1odide,
phosphate. hvdrogen phosphate, dihydrogen phosphate, or the like.

(66461 Bidentate or tugher denticity orgame Hgands that may be present in the substantially
sobid mwxture are swnularty not considered (o be parhcudarty houted. Heteroatoms such as O, N,
S or P may comprise a inding site for metal ion complexation in the ligands 1 the metal-organic
framework, Particular functional groups that may suitably complex a metal ion include, but are
not limited 1o, -COzH, -CS:H, -NO», -0OH, -SH, -50:H, -Si{OH}s, -Ge{OH)3, -Sn{OH);, -PO3H, -
AsO:H, -CN, -NHo, -NHR, and -NR, (R = alky! or aryl). Ilustrative bidentate organic ligands
may comprise one or more of an alkyl group substructure having from 1 to 10 carbon atoms, an
arvl group substracture having from 1 to 5 phenyl or naphthyl rings and/or 1 to 5 hetercaromatic
rings, an alky! or aryl amine substructure comprising alkyl groups having from 1 to 10 carbon
atoms or aryl groups having from 1 to 5 phenyl or naphthyl rings and/or 1 to 5 heteroaromatic
rings, 1n which one or more of the substructures have bound thereto at least one and typically
more than one functional group capable of bidentate bonding. In still more specific examples,
two or more of such groups may be attached to an organic group, Z which may be an alkylene

group having 1, 2, 3, 4 or 5 carbon atoms such as, for example, a methylene, ethylene, n-
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propvlene, 1-propylene, n-butvlene, i-butylene, t-butylene or n-pentvlene group or an aryl group
containing one or two aromatic rings.

0347] More particudar examples of mudiidentate organic ligands that may be used to form
precursors of metal-organie frameworks according to the disclosure heretn mclade, for example,
I.4-butanedicarboxylic acid, tartanic acid, glutaric acid, oxalic acid, 4-oxo-pyran-2, 6-
dicarboxvlic acid, 1,6-hexanedicarboxylic acid, decane dicarboxvlic acid, 1.8-heptadecans
dicarboxylic acid, 1,9-heptadecanedicarboxylic acid, heptadecanedicarboxyvlic acid, acetvlens
dicarboxvlic acid, 1,2-benzenedicarboxylic acid, 2,3~-pyridinedicarboxvlic acid, 1,3-butadiene-
1, 4-dicarboxvlic acid, 1.4-benzenedicarboxylic acid, 1.3-benzenedicarboxvlic acid, imidazole-
2. 4-dicarboxvhic acid, Z-methyl-quinoline-3,4-dicarboxvlic acid, qunoline-2,4-dicarboxylic acid,
quinosaline-2,3-dicarboxylic  acid,  6-chloroquinoxaline-2,3-dicarboxylic  acid,  4.4°-
diaminophenylmethan-3, 3'-dicarboxylic  acid, quinoline-3 4-dicarboxylic acid, 7-chloro-4-
hydroxyquinoline-2 8-dicarboxvlic acid, pyridine-2,6-dicarboxyhic acid, 2-methylimidazole-4,5-
dicarboxvlic acd, thiophene-34-dicarboxylic  acid,  2-isopropyl-4,5-dicarboxylic  acid,
tetrahydropyrane-4,4-dicarboxylic  acid, perylene-3,9-dicarboxvlic acid, polyethvlenegvicol
dicarboxylic acids, 3,6-dioxaoctanedicarboxylic acid, 3.5-cyciochexadiene-1,2-dicarboxylic acid,
octanecarboxylic acid, pentane-33-carboxvlic acid, 4,4'-diamino-1, 1'-diphenyl-3,3-dicarboxylic
acid, 4,4'-digminodiphenyl-3,3'-dicarboxylic acid, benzidine-3,3'-dicarboxylic acid, 1.4-bis-
{phenvlamino)-benzene-2, 5-dicarboxylic acid, 1-1'-dinaphthyi-8 8'-dicarboxylic acid, 7-chloro-8-
methvlquinoline-2,3-dicarboxylic  acid, P-anibinoanthraquinone-2.4'-dicarboxylic  acid,
polvtetrabydrofuran-2,5~dicarboxylic acid, 1.4-bis-(carboxymethy!}-piperazin-2.3-dicarboxylic
acid, 7-chlorogquinoline-3,8-dicarboxvlic acid, 1-{4-carboxy)-phenyl-3-(4-chloro}-phenyl-
pyrazolin-4,5-dicarboxylic  acid, 1,4.5,6,7,7-hexachloro-3-norbomene-2,3-dicarboxylic  acid,
phenylindanedicarbosylic acid, 1.3-dibenzyl-2-oxo-inudazolidine-4,5-dicarboxylic acid, 1.4-
cyclohexanedicarboxyvlic  acid.  naphthalene-1 8-dicarboxylic  acid, 2-benzovibenzol-1.3-
dicarboxvlic acid, 1,3-dibenzyi-2-oxo-imidazolidine-4,5-cis-dicarboxviic acid, 2.2'-bigquinoline-
4. 4'-di-carboxylic acid, pyndine-3 4-dicarboxylic acid, 3.6,9-trioxaundecanedicarboxyhc acid,
hydroxy-benzophenone-dicarboxylic acids, pyrazole-3 d-dicarboxylic acid, 2,3~
pyrazinedicarboxvlic acid, 5,6-dimethvl-2,3-pyrazine dicarboxvlic acid, 4,4'-diaminodiphenyl
ether-di-tmidedicarboxvlic acid, 4,4-diaminodiphenylmethanediimidedicarboxylic acid, 4.4'-
diamino-diphenvisulfone ditmdedicarboxyhic acid, 2,6-naphthalene dicarboxyhic acid, 1.3-
adamantanedicarboxvlic acid, 1.8-naphthalenedicarboxylic acid, 2.3-naphthalenedicarboxylic
acid, 8-methoxy-2, 3-naphthalenedicarboxyhic acid, 8-nitro-2,3-naphthalensdioic acid, 8-sulfo-

2,3-naphthalindicarboxvlic acid, anthracene-2.3-dicarboxvhlic acid, 2'.3'-diphenyl-p-terphenyl-
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4. 4'-dicarbosylic acid, diphenyl-4,4'-dicarboxylic acid, imidazole-4,5-dicarbosylic acid, 4 {(1H)-
oxo-thiochromen-2 #-dicarboxylic  acid,  3-tert-buivl-1.3-benzenedicarboxylic  acid, 7.8~
quinolinedicarboxvlic acid, 4.5-imidazoledicarboxvlic acid, 4-cyclohexene-1,2-dicarboxylic acid,
hexatriacontandicarboxyvlic acid, tetradecanedicarboxylic acid, 1,7-heptanedicarboxylic acid, S-
hydroxy-1,3-benzenedicarboxylic acid, pyrazine-2.3-dicarboxylic acid, furan-2,5-dicarboxylic
acid, 1-nonene-6,9-dicarboxylic  acid,  eicosenedicarboxyvlic  acid,  4,4'-dihvdroxy-
diphenylmethane-3,3'-dicarboxvlic acid, l-amino-4-methyl-9,10-dioxo-9, 10-dihydroanthracene-
2. 3-dicarboxylic acid, 2.5-pyndinedicarboxyvhic acid, cyclohexene-2,3-dicarboxvhic acid, 2.9-
dichlorfluorubin-4,11-dicarboxvlic acid, 7-chloro-3-methylquinoline-6,8-dicarboxvlic acid, 2.4~
dichlorobenzophenone-2'S'-dicarboxylic acid, 1,3-benzenedicarboxylic acid, 2,6~
pyridinedicarboxyvlic  acid, 1-methvlpyrrole-3 4-dicarboxylic acid, 1-benzvl-1H-pvrrole-3.4-
dicarboxylic acid, anthraquinone-1,5-dicarboxvlic acid, 3,5-pvrazoledicarboxylic acid, 2-
nitrobenzene-1,4-dicarboxylic acid, heptane-1,7-dicarboxvlic acid, cvclobutane-1,1-dicarboxylic
acid, 1, l4-tetradecane-5,6-dehyvdronorboman-2,3-dicarboxylic acid, S-ethvl-2 3-
pyridinedicarboxylic  acid,  2-hydroxv-1.2 3-propanetricarboxylic  acid,  7-chloro-2.3,8-
quinolinetricarboxylic acid, 1.2,4-benzenetricarboxvlic acid, 1,2.4-butanetricarboxylic acid, 2-
phosphono-1,2 4-butanetricarboxylic acid, 1.3,5-benzenetricarboxylic acid, 1-hydroxy-1,2,3-
propane-~4,5-dihydro-4,5~dioxo- 1H-pvrrolo[2,3-Flquinohne-2,7 9-tricarbosylic acid, S-acetyl-3-
amino-6-methyibenzene-1.2 4-tricarboxylic  acid, 3-amino-5-benzoyl-6-methvibenzene-1,2 4-
tricarboxyhic acid, 1,2 3-propaneiricarboxylic acid, awurinetricarboxylic acid, 1,1-dioxide~
pervio[1,12-BCDthuophene-3.4,9, 10-tetracarboxylic  acid,  pervienetetracarboxyvlic  acids,
perviene-3.4 9 10-tetracarboxvlic  acid, perylene-1,12-sulfone-3.4 9, 10-tetracarboxvlic  acid,
butanetetracarboxylic acids, 1,2.3.4-butaneietracarboxvlic acid, meso-1,2,3.4-
butanetetracarboxylic acid, decane-2 4.6, 8-tetracarboxylic acid, 1,4,7,10,13.16-
hexaoxacyclooctadecane-2,3,11,12-tetracarboxvlic acid, 1,24 5-benzenetetracarboxylic acid,

1.2,11.12-dodecanstetracarboxvlic  acid, 1.2,5.6-hexanetetracarboxylic  acid, 1,2.7.8-

octaneletracarboxyhic acid, 1.4,5,.8-naphthalenctetracarboxylic acid, 1,2.9,10-
decanetetracarhboxylic acid, benzophenonetetracarboxylic acid, 3,3.4,4'-
henzophenonetetracarboxylic acid, tetrahydrofilrantetracarboxylic acid, and

cyclopentanetetracarboxylic acids such as cyclopentane-1,2,3 4-tetracarboxylic actd.

(00451 Other exaroples of multidentate orgamnie bigands that wmay be present mw the
substantially solid minture inclede, for example, imidazolaies such as 2-methvi-imidazolate,
acetylenedicarboxviic acid, camphordicarboxylic acid, fumaric acid, succinic  acid,

benzenedicarbosylic  acids such as phthalic acid. isophthalic acid, terephthalic acid,



WO 2020/159631 PCT/US2019/066181

-17-
aminoterephthalic acid, triethylenediamine, methylglycinediacetic acid, naphthalenedicarboxylic
acids, biphenyldicarboxvlic acids such as 4,4'-biphenyidicarboxylic acid, pyrazinedicarboxylic
acids such as 23-pyrazinedicarboxylic acid, bipyridinedicar-boxvlic acids such as 2,2'-
bipyridinedicarboxylic actds, including 2.2-bipvridine-5,5'-dicarboxylic acid,
benzenetricarboxylic acids, including 1,2.3-benzeneiricarboxylic acid, 1.2,4-benzenetricarboxylic
acid or 1,3,5-benzenetricarboxylic acid, benzenetetracarboxylic acids, adamantanetetracarboxylic
acid, adamantanedibenzoate, benzenetribenzoate, methanetetrabenzoate,
adamantanetetrabenzoate, dihvdroxyterephthalic acids such as 2.5-dihvdroxyterephthalic acid,

tetrahydropyrene-2,7-dicarboxylic  acid, biphenyletracarboxylic  acid, and  1.3-bis(4-

pyridybpropane.
(30349 Besides the multidentate organic ligand, one or more monodentate higands may also

be present in the substantially solid mixture and in the precursors and/or metal-organic
frameworks formed therefrom. Suitable monodentate ligands may include, for example, alkvl
amines and their corresponding alkyl ammonium salts containing hinear, branched, or cyclic
aliphatic groups, having from 1 to 20 carbon atoms; aryl amines and their corresponding aryl
ammonium salts having from 1 to 5 phenyl or naphthyl rings and/or 1 to 5 heteroaromatic rings;
alkyt phosphomum salts containing linear, branched, or cyclic aliphatic groups, having from 1 to
20 carbon atoms; arvl phosphonium salts having from 1 to 5 phenyl or naphthyl rings and/or | to
5 heteroaromatic rings; alkyl organic acids and the corresponding alkvl organic anions {including
salts thereof) containing hinear, branched, or cyclic aliphatic groups, having from 1 to 20 carbon
atoms; aryl organic acids and the corresponding arvl organic anions {including salts thereof)
having from 1 to 5 pheny! or naphthyl rings and/or 1 to 5 heteroaromatic rings; aliphatic alcohols
containing linear, branched, or cyclic aliphatic groups, having from 1 to 20 carbon atoms; aryl
alcohols having from | to 5 phenyl or naphthyl rings and/or 1 to 5 heteroaromatic rings:
morganic antons including, for example, sulfate, nitrate, mitrite, sulfite, bisulfite, phosphate,
hvdrogen phosphate, dihydrogen phosphate, diphosphate, iriphosphate, phosphite, chloride,
chlorate, bromide, bromate, todide, iodate, carbonate, bicarbonate, and the corresponding acids
and salts of the aforementioned inorganic anions. Miscellaneous ligands such as water,
ammonia, carbon dioxide, oxygen, ethylene, hexane, {ietrahydrofuran, ethanolamine,
trigthylamine and trifluoromethanesulfonic acid may also be sutiably present in the substantially
solid mixture or in the precursors and/or metal-organic frameworks formed therefrom.

B Methods of the present disclosure may further comprize heating the powder-form
precursor of the wetal-organic framework for a sefficient time and at a sufficient temperature to

convert the powder-forro precursor indo the corresponding metab-organic framework. i more
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specific embodiments, heating mav take place without apphing shear to the powder-form
precursor, particularty given that the powder-form precursor may be isolated following milling or
mulling but before undergoing further transformation. Sustable lemperatures for converting the
powder-form precursor into the corresponding metal-organic framework mehuide tomperatures up
to about 20000, or up to about 180°C, or up o about 130°C. I more particular embaodiments, the
powder-torm precursor may be heated at a temperature ranging from abowt S0°C o about 200°C,
or about 100°C 1o about 200°C, or abowt 100°C 1o about 150°C, or about 1536°C o abowt 2060°C.
Suitable terpperatures for converting the powder-forro precursor indo the corresponding metal-
organic framework may inciude heating tirnes up to about 24 hours, or up to about 12 hours, or
up to about & hours, of up to about 2 howrs, or up to about 1 hour. In particudar embodiments,
sutiable heating tmes may range from about 30 manuies o about 12 bours, or about 1 houwr 1o
abot 1G hours, or about 2 howrs (¢ about 6 hours. Heating may take place under a vanety of
conditions, including under vacuum, in a static or flowing tnert gas, or in air.
{60511 Metal-organic frameworks may have a pove size that 15 defined by both the metal and
the pmiltidentate organic ligand. Pore sizes may be comparable to those produced during wet
chemical syntheses of the metal-organic frameworks. Both microporosity and mesoporosily may
be precent within the roetal-organic frameworks oblamed afler heating. Micropores are defined
herein as having a pore size of about 2 run or below, and mesopores are defined herein as having
a pore size from about 2 nm to abowt 50 nm.  Microporosity and/or mesoporosity may be
determnined by analvsis of the nitrogen adsorption isotherm at 77 K, as will be understood by one
having ordinary skill in the art. BET surface areas of the metal-organic frameworks may also be
determined from the nitrogen adsorption isothermy.  The BET surface area may be impacted,
sometimes considerably, depending upon whether a solvent is present while mulling or mixing
the substantially solid muxture of the metal salt and the multidentate organic ligand.
(G052 In some or other embodiments, methods of the present disclosure may comprise
forming or manipulating the powder-form precarsor into a shaped body prior {o heating,
Optionally, the powder-form precursor may be combined with a binder matenal prior to being
shaped. The shaping process may promaete conversion of the precursor into the comresponding
metal-organie framework, or conversion of the precursor to the corresponding metal-organic
framework way occur after shaping and dunng heating,
HHEXT! Accordingly, other particular erobodiments of the present disclosure may comprise:
providing a powder-form precursor of a metal-organic framework, in which the powder-form
precursor is substantially free of the metal-organic framework and comprises a reaction product

of a metal salt and a multidentate organic ligand, and heating the powder-form precursor for a
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sufficient time and at a sufficient temperature to convert the powder-form precursor into the
metal-organic framework, Switable heating times and temperatures needed for converting the
powder-form precursor 1into the corresponding meial-organic framework are provided
hereinabove. In more particular embodiments, heating may take place without applying shear to
the powder-form precursor while converting the powder-form precursor into the corresponding
metal-organic framework.

[6054] In particudar embodiments, providing the powder-form precursor may comprise
milling a substantially solid mixture of the metal salt and the multidentate orgamic hgand at a
constant pressure applied by a mill. In other particular embodiments, providing the powder-form
precursor may comprise mulling a substantially solid mixture of the metal salt and the
multidentate organic higand at a non-constant pressure applied by a muller.  Particular details
concerning mulling and milling operations are disclosed hereinabove.

[BB8E] Embodiments disclosed herein include:

{30551 A. Methods for forming a powder-form precursor of a metal-organic framework.
The methods comprise: providing a substantially solid mixture comprising a metal salt and a
multidentate organic ligand; and mulling or mulling the substantially solid mixture for a sufficient
length of time to produce a powder-form precursor of a metal-organic framework, the powder-
form precursor being substantially free of the metal-orgamic framework and coroprising a
reaction product of the metal salt and the multidentate organic higand.

[357] B. Methods for forming a powder-form precursor of a metal-organic framework by
mulling. The methods comprise: providing a substantially solid muxture comprising a metal salt
and a multidentate organic ligand; and mulling the substantially solid mixture at a non-constant
pressure applied by a muller for a sufficient length of time to produce a powder-form precursor
of a roetal-organic framework, the powder-form precursor being substantially free of the metal-
organic framework and comprising a reaction product of the metal salt and the multidentate
organic ligand.

IB058] . Methods for converting a powder-form precursor of a metal-organic framework
into the corresponding metal-organic framework. The methods comprise: providing a powder-
form precursor of a metal-organic framework, the powder-form precursor being substantially free
of the metal-organic framework and comprising 3 reaction product of a metal salt and a
multidentate organic ligand; and heating the powder-form precursor for a sufficient time and at a
sufficient temperature to convert the powder-form precursor into the metal-organic framework.
[B059] D, Powder-form precursors of a metal-organic framework. The precursors comprise:

providing a substantially solid mixture comprising a metal salt and a multidentate organic ligand;
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and mulling or milling the substantially solid mixture for a sufficient length of time to produce a
powder-form precursor of a metal-organic framework, the powder-form precursor being
substantially free of the metal-organic framework and comprising a reaction product of the metal
salt and the multidentate organic higand.

[B060] Embodiments A-D mayv have one or more of the following additional elements in any
combination:

i6061] Element 1. wherein the substantially solid mixture 13 milled and malling takes place at
a constant pressure applied upon the substantially solid mixture by a null.

[3062] Element 2: wherein the substantially solid mixture is mulled and mulling takes place
at a non-constant pressure apphied upon the substantially solid muixture by a muller.

[B063] Flement 3: wherein the substantially solid mixture further comprises a solvent.

16064] Flement 4 wherein an amount of the solvent in the substantially solid mixture is
about 20 ubL or above per gram of a combined amount of the metal salt and the multidentate
organic ligand.

[6065] Element 5. wherein the powder-form precursor is ai least partially crystalline.

[6066] Element 6. wherein the method further comprises:  heating the powder-form
precursor for a sufficient time and at a sufficient temperature to convert the powder-form
precursor into the metal-organic framework; wherein heating takes place withowt applying shear
to the powder-form precursor.

[G867] Flerent 7. wherein the method further comprises:  forming the powder-form
precursor into a shaped body prior to heating.

[6068] Element 8  wherein providing the powder-form precursor comprises mulling a
substantially solid mixture of the metal salt and the multidentate organic higand at a constant
pressure applied by a mill,

[3669] Element 9. wherein providing the powder-form precursor comprises mulling a
substantially sohd mixture of the metal salt and the multidentate organic Higand at a non-~-constant
pressure apphied by a muller.

[6070] Flement 10: wherein heating takes place without applying shear to the powder-form
Precursor.

[6671] Element 1. wherein the powder-form precursor is produced i the presence of a
solvent.

(38721 Elersent 12: wherein the substantially solid mixture is milled and milling takes place

at a constant pressure applied upon the substantially solid nuxture by a muill.
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[6G73] Element 13: wherein the substantially solid mixture 15 mulled and mulling takes place
at a non-constant pressure apphied upon the substantially solid mixture by a muller.
[0674] By way of non-himiting example, exemplary combinations applicable to A include 1
and 3, L3and 4 landS land 6 tand 7. 2and 3. 2. 3and 4. Zand 5. Zand 6; 2 and 7; 3 and
4;3-5:3and 6;3and 7. S and 6; Sand 7 and 6 and 7. By way of further non-limiting example,
exemplary combinations applicable to B include 3 and 4; 3 and 5; 3-5; 3 and 6; 3 and 7; 5 and 6;
Sand 7; and 6 and 7. By way of still further non-limiting exaruple, exemplary combinations
applicable to C include 7 and 8; 8 and 10; 8 and 11; 7 and 9; 9 and 10; and 9 and 11. By way of
vet still further non-limiting example, exemplary combinations applicable to D include 5 and 11;
Sand 12; Sand 13; 11 and 12; and 11 and 13.
[B075] To facilitate a betier understanding of the embodiments described herein, the
following examples of various representative embodiments are given. In no way should the
following examples be read to limit, or to define, the scope of the present disclosure.
EXAMPLES
16076] General Mulling Syathesis Conditions., In a typical synthesis, swtable quantities
of a metal salt and a multidentate organic ligand were combined together with one another as
solids (1 g of total solidsy. Optionally, 40 UL of solvent (2 drops per gram of metal salt and
multidentate organic ligand solids) was added to the muxture. Thereafter, the mixture was
blended in either a HTME bench scale muller or a conventional Lancaster muller at room
terperature for a predeternuned period of time (7-30 minutes depending on batch size). The
mnitially produced powder-form precursor of the metal-organic framework was then removed
from the muller and heated for a predetermined period of time at temperatures ap to aboui 200°C
to convert the powder-form precursor into the corresponding metal-organic framework, Heating
was conducted in a conventional oven under ambient atmosphere unti! formation of the metal-
organic framework was complete.
[B677] The powder-form precursor and the corresponding metal-organic framework were
characterized by x-rav powder diffraction using Cu K{o) x-ray radiation and a Bruker D8
Advance diffractometer. BET swrface areas of the metal-organic frameworks were measured
from the N> adsorption isotherm at 77 K.
{6078 Example 1; Mulling-Based Synthesis of MIL-101 (Cr). [[[This corresponds to
Figure 2 in the PML]]] The general conditions above were used {o synthesize the metal-organic
framework MIL-101 (Cr) by combining a Cr'* salt (chromium (1i) nitrate nonahydrate) and
terephthalic acid. The mixture was mulled without adding solvent. The resulting powder-form

precursor was collected and analyzed by x-ray powder diffraction. X-rav powder diffraction did
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not show substantial {ormation of MIL-101 {Cry.  Thereafter, the powder-form precursor was
heated in a Teflon-lined stainiess steel autoclave for 4 hours at 200°C. Heating was conducted in
some ingtances after adding approximately 20 ul of water, N N-dimethylformamide (DMF) or
ethanol. The resulting product was again analyzed bv x-ray powder diffraction and the BET
surface area was determined.

[B0679] FIG. 1 shows overlaid x-ray powder diffraction patterns {or a powder-form precursor
of MIL-101 (Cr) obtained bv mulling and the corresponding metal-organic framework obtained
after heating several precursor variants. As shown, the powder-form precursor exhibited a
constderably different x-ray diffraction patiern than did the products obtained afler heating.
Specifically, after heating the x-ray powder diffraction patterns were characterized by ingrowth
of peaks at 28 values of approximately 5.20, 8.49, 913, and 10.39 degrees, whereas none of
these peaks were present in the powder form precursor. The MIL-101 {Cr) formed without
solvent and in the presence of ethanol exhibited considerable crystallinity, as shown by the
sharpness of the x-ray powder diffraction peaks, whereas the MIL-101 {Cr} formed in the
presence of DMF or water was considerably less crystalline. The BET surface areas of the MIL-
101 {Cr) formed without solvent or in the presence of ethanol were also significantly hugher than
those formed in the presence of BMF or water.

[GG80] FIG. 2A shows an SEM image of MIL-101 (Cr) produced by heating a powder-form
precursor mulled without solvent. FIGS. 2B-2D show SEM images of MIL-101 (Cr) produced
by heating a powder-form precursor mulled with DMF, water, or ethanol, respectively.
Consistent with the x-ray powder diffraction data, the SEM umages of the MIL-101 (Cr) formed
from a solveni-free precursor or an ethanol-containing precursor were highly cryvstalline and of
comparable morphology. The MIL-101 (Cr) formed in the presence of DMF or water, in
contrast, was much less crvstalline in appearance, as evident from the SEM images.

{0081 ] Example 2;: Milling-Based Synthesis of MIEL-101 (Cr). ||| This corresponds fo
Fig. 1 in the PM.}|] Example 1 was repeated except for blending the metal salt and the
multidentate organic ligand by milling instead of mulling.

[6082] FIG. 3 shows overlaid x-ray powder diffraction patterns for a powder-form precursor
of MIL-101 (Cr) obtained by muiling and the corresponding metal-organic framework obtained
after heating several precursor variants. As shown, the powder-form precursor exhibited a
considerably different x-rav powder diffraction pattern than did the producis obtained after
heating. Notably, the powder-form precursor obtained by milling was considerably less

crystalline than that obtained by nmlling

t=t)

as evidenced by the broadness of the x-ray powder

diffraction peaks compared to those of the mulled powder-form precursor {see FIG. 1) In
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addition, there were considerably more peaks present in the x-ray powder diffraction patterns of
the MIL-101 (Cr) produced from a milled powder-form precursor after heating compared to that
obtained from a mudled powder-form precursor. Like the mulling process of Example 1, the
milled samples produced without solvent or containing ethanol showed the greater crystallinity
and higher BET surface areas than did those formed in the presence of DMF or water.

[6083] FiG. 4A shows an SEM image of MIL-101 (Cr) produced by heating a powder-form
precursor milled without solvent. FIGS. 4B-4D show SEM images of MIL-101 (Cr) produced by
heating a powder-form precursor milled with DMF, water, or ethanol, respectively. Consistent
with the x-ray powder diffraction data, the SEM images of the MIL-101 (Cr) formed fiom a
solvent-free precursor or an ethanol-containing precursor were highly crystalline and of
comparable morphology. The MIL-101 (Cr) formed in the presence of DMF or water, in
contrast, was much less crystalline in appearance in the SEM images. The product formed in the
presence of water was particularly non-porous.

160841 Example 3: Mulling-Based Synthesis of MIL-83 (Al Using Aluminum Nitrate.
Example 1 was repeated except for synthesizing MIL-33 (Al} by blending aluminum nitrate and
terephthalic acid by muiling to produce the powder-form precursor.

[B085] FIG. 5 shows overlaid x-ray powder diffraction patterns {or a powder-form precursor
of MIL-53 (Al obtained by mulling a mixture of aluminum nitrate and terephthalic acid and the
corresponding metal-organic framework obtained after heating several precursor varants. As
shown, the powder-form precursor of MIL-33 (Al exhibited a considerably different x-ray
diffraction pattern than did the products obtained after heating.  Specifically, the x-ray powder
diffraction patterns obtained after heating were characterized by ingrowth of peaks at 28 values
of approximalely 889, 10.29, 1516, 17.82, 20.41, 21.27, and 24.20 degrees, whereas none of
these peaks were present in the powder-form precursor. Several peaks were present in the x-ray
powder diffraction pattems of both the powder-form precursor and the MIL-53 (Al) formed after
heating. The MIL-53 (Al formed without solvent and in the presence of DMF exhibiied &
comparable extent of crystallinity, as shown by the sharpness of their x-ray powder diffraction
peaks. Only modest peak broadening occurred in the x-ray powder diffraction pattems when the
powder-form precursor was produced in the presence of water or ethanol. The BET surface area
of the MIL-53 (Al) formed from a DMF-containing powder-form precursor was modestly higher
than that formed without solvent.

[6086] FIG. 6A shows an SEM image of MIL-53 (Al} produced by heating a powder-form
precursor obtamned by mulling a muxture of aluminum nitrate and terephthalic acid without

solvent. FIGS. 6B-6D show SEM images of MIL-53 (Al produced by heating a powder-form
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precursor obtained by mulling a mixture of aluminum ntirate and terephthalic acid with DME,
water, or ethanol, respectively. The SEM images showed a similar structural morphology in each
case.

[BORT] Example 4: Mulling-Based MOF Synthesis of MIL-83 (A} Using Aluminum
Hydroxide., Example 3 was repeated except for substituting aluninum hydroxide for alumunum
nitrate to synthesize MIL-33 (Al).

[G088] FIG. 7 shows overlaid x-ray powder diffraction patterns for a powder-form precursor
of MIL~53 (Al) obtained by mulling a mixture of aluminum hydroxide and terephthalic acid and
the corresponding metal-organic framework obtained after heating several precursor varianis. As
shown, the powder-form precursor of MIL-53 (Al) exhibited a considerably different x-ray
powder diffraction pattern than did the products obtained after heating. Notably, the powder-
form precursor of MIL-53 (Al) produced using aluminum hydroxide differed significantly from
that produced using aluminum nitrate (see FIG. 5 and Example 3). Despite a different powder-
form precursor being produced, heating the powder-form precursor again vielded MIL-53 (Al).
albett with a smaller crystallite size than in Example 3. The MIL-53 (Al) obtained after heating
the powder-form precursor variants exhibited x-ray powder diffraction peaks at 26 values of
approximately 8.64, 10.32, 15.01, and 17.46 degrees, each of which showed significant peak
broadening. These peaks each roughly corresponded to some of the peaks present in MIL-53
(Al produced using an aluminum mitrate powder-form precursor (Example 3). The BET surface
areas were fairly comparable to one another and were lower than those produced in Example 3.
1G08Y] FIG. 8A shows an 8EM image of MIL-53 {Al} produced by heating a powder-form
precursor obtained by mulling a mixture of aluminum hydroxide and {erephthalic acid without
solvent. FIGS. 8B-8D show SEM images of MIL-53 (Al produced by heating a powder-form
precursor obtained by mulling a mixture of alumanum hydroxide and terephthalic acid with DMF,
water, or ethanol, respectively. The SEM images showed a similar structural morphology in each
case, possibly indicative of nanocrystallinity.

[3090] All documents described herein are incorporated by reference herein for purposes of
all jurisdictions where such practice is allowed, including any priority documents and/or testing
procedures to the extent thev are not inconsistent with this text.  As is apparent from the
foregoing general description and the specific embodiments, while forms of the disclosure have
been iltustrated and described, various modifications can be made without departing from the
spirit and scope of the disclosure. Accordingly, it is not intended that the disclosure be himited
thereby. For example, the compositions described herein may be free of any component, or

composition not expressly recited or disclosed herein.  Any method may lack any step not recited
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or disclosed herein. Likewise, the term “comprising” is considered synonymous with the term
> é’ »f o

E

“including.” Whenever a method, composttion, element or group of elements is preceded with

o, 55

the transitional phrase “comprising,” it is understood thai we also contemplate the same

composition or group of elements with transitional phrases “consisting essentially of)”
2 g 3

2 <¢

“consisting of,” “selected from the group of consisting of.” or 157 preceding the recitation of the
composition, element, or elements and vice versa.

[6091] Unless otherwise indicated, all numbers expressing quantities of ingredients,
properties such as molecular weight, reaction conditions, and so forth used in the present
specification and associated claims are to be understood as being modified in all instances by the
term “about.” Accordingly, unless indicated to the contrary, the numerical parameters set {orth
n the following specification and attached claims are approximations that may vary depending
upon the desired properties sought o be obtained by the embodiments of the present invention.
At the very least, and not as an attempt to himit the application of the doctrine of equivalents to
the scope of the claim, each numerical parameter should at least be construed in light of the
number of reported significant digits and by applving ordinary rounding techniques.

[0692] Whenever a numerical range with a lower limit and an upper Himit is disclosed, any
number and any included range falling within the range is specifically disclosed. Tn particular,
every tange of values (of the form, “from about a 1o about b,” or, equivalently, “from
approximately a to b,” or, equivalently. “from approximately a-b™} disclosed herein is 1o be
understood to set forth every number and range encompassed within the broader range of values.
Also, the terms mn the claims have their plain, ordinary meaning unless otherwise explicitly and
clearly defined by the patentee. Moreover, the indefinite articles “a” or “an,” as used in the
claims, are defined herein to mean one or more than one of the element that it introduces.

[3093] One or more illustrative embodiments are presented herein. Not all features of a
physical implementation are described or shown in this application for the sake of clarity. It is
understood that in the development of a physical embodiment of the present disclosure,
numerous implementation-specific decisions must be made to achieve the developer's goals, such
as corapliance with system-related, business-related, government-related and other constraints,
which vary by implementation and from time to time. While a developer's efforts might be time-
consuming, such efforts would be, nevertheless, a routine undertaking for one of ordinary skill in
the art and having benefit of this disclosure.

16094] Therefore, the present disclosure i1s well adapted to attain the ends and advantages
mentioned as well as those that are inherent therein. The particular embodiments disclosed

above are illustrative onlv, as the present disclosure may be modified and practiced in different
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but equivalent manners apparent (o one having ordinary skill in the art and having the benefit of
the teachings herein. Furthermore, no limitations are intended to the details of construction or
design herein shown, other than as described in the claims below. 1t is therefore evident that the
particular illustrative embodiments disclosed above may be altered, combined, or modified and
all such vanations are considered within the scope and spirit of the present disclosure. The
embodiments iliustratively disclosed herein suitably may be practiced in the absence of any

elernent that is not specifically disclosed herein and/or any optional element disclosed herein.
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CLAIMS
i A method comprising:

providing a substantially solid mixtiwre comprising a metal salt and a nudtidentate organic
ligand; and

mulling or milling the substantially solid mixture for a sufficient length of time to
produce a powder-form precursor of a metal-organic framework, the powder-form precursor
being substantially free of the metal-organic framework and comprising a reaction product of the
metal salt and the multidentate organic ligand.
2. The method of claim 1, wherein the substantially solid mixture is milled and mulling takes
place at a constant pressure applied upon the substantially solid mixture by a mill.
3 The method of claim 1, wherein the substantially sohid mixture 1s mulled and mulling
takes place at a non-constant pressure applied upon the substantially solid mixture by a muller,
4. The method of any one of claims 1-3, wherein the substantially solid mixture further
comprises a solvent,
5. The method of claim 4, wherein an amount of the solvent in the substantially solid
mixture is about 20 uL. or above per gram of a combined amount of the metal salt and the
multidentate organic higand.
6. The method of any one of claims 1-35, wherein the powder-form precursor is at least
partially crystatline.
7 The method of any one of claims -6, further comprising;
heating the powder-forn precursor for a sufficient time and at a sufficient temperature to
convert the powder-form precursor into the metal-organic framework;

wherein heating takes place without applying shear {0 the powder-form precursor.

8. The method of claim 7, further comprising;

forming the powder-form pracursor into a shaped body prior to heating,
9. A method comprising:

providing a substantially solid mixture comprising a metal salt and a roultidentate organic
ligand; and

myutling the substantially solid mixture at a non-constant pressure applied by a muldler for
a sufficient length of time to produce a powder-form precursor of a metal-organic framework, the
powder-form precursor being substantially free of the metal-organic framework and comprising a
reaction product of the metal salt and the multidentate organic ligand.
10, The method of claim 9, further comprising;

heating the powder-forn precursor for a sufficient time and at a sufficient temperature to
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convert the powder-form precursor into the metal-organic framework;
wherein heating takes place without applying shear to the powder-form precursor,

it The method of claim 10, further comprising:

forming the powder-form precursor into a shaped body prior to heating.
12, The method of any one of claims 9-11, wherein the substantially solid muxture further
comprises a solvent.
13 The method of claim 12, wherein an amount of the solvent in the substantially solid
mixture 15 about 20 yL or above per gram of a combined amount of the metal salt and the
multidentaie organic ligand.
14. The method of any one of claims 9-13, wherein the powder-form precursor 1s at least
partially crystalline.
15 A method comprising:

providing a powder-form precursor of a metal~organic framework, the powder-form
precursor being substantially free of the metal-organic framework and comprising a reaction
product of a metal salt and a multidentate organic ligand; and

heating the powder-form precursor for a sufficient tirne and at a sufficient temperature to
convert the powder-form precursor into the metal-organic framework,
6. The method of claim 15, wherein providing the powder-form precursor comprises mulling
a substantially solid mixture of the metal salt and the multidentate organic ligand at a constant
pressure apphied by a maill.
17 The method of claim 15, wherein providing the powder-form precursor comprises
mulling a substantially solid muxture of the metal salt and the multidentate organic ligand at a
non-constant pressure applied by a muller.
18 The method of any one of claims 15-17, wherein heating takes place without applying
shear to the powder-form precursor.
i9. The method of any one of claims 15-18, further comprising;

forming the powder-form precursor into a shaped body prior to heating,
20. The method of any one of claims 15-19, wherein the powder-form precursor is produced
in the presence of a solvent.
21 A powder-form precursor of a metal-organic framework prepared by a process
comprising:

providing a substantially solid misture comprising a metal salt and a mudfidentate organic
ligand; and

mulling or milling the substantially solid mixture for a sufficient length of time to
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produce a powder-form precursor of a metal-organic framework, the powder-form precursor
being substantially free of the metal-organic framework and comprising a reaction product of the
metal salt and the muitidentate organic figand.

22, The powder-form precursor of claima 21, wherein the substantially solid maxture 1s mulled
and milling takes place at a constant pressure applied upon the substantially solid nuxture by a
i

23, The powder-form precursor of claim 21, wherein the substantially solid mixture is mulied
and mulling takes place at a non-constant pressure applied upon the substantially sohid mixture
by a muller,

24. The powder-form precursor of any one of claums 21-23, wherein the powder-form

precursor is produced in the presence of a solvent.
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FIG. 2B

FIG 2A

FiG. 2D

FIG. 2C
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FIG. 4A FIG. 4B

FI1G. 4C FIG. 4D
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FIG. 6A FIG. 6B

FI1G. 6C FIG. 6D
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FIG. 8B

FIG. 8A

FIG. 8D

F1G. 8C
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