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CONSPECTUS

eolites are one of humanity’s most important synthetic products.

These aluminosilicate-based materials represent a large segment
of the global economy. Indeed, the value of zeolites used in petro-
leum refining as catalysts and in detergents as water softeners is esti-
mated at $350 billion per year. A major current goal in zeolite
chemistry is to create a structure in which metal ions and functional-
izable organic units make up an integral part of the framework. Such
a structure, by virtue of the flexibility with which metal ions and
organic moieties can be varied, is viewed as a key to further improv-
ing zeolite properties and accessing new applications.

Recently, it was recognized that the Si—0—Si preferred angle in zeo-
lites (145°) is coincident with that of the bridging angle in the M—Im—M
fragment (where M is Zn or Co and Im is imidazolate), and therefore it
should be possible to make new zeolitic imidazolate frameworks (ZIFs)
with topologies based on those of tetrahedral zeolites. This idea was suc-
cessful and proved to be quite fruitful; within the last 5 years over 90 new
ZIF structures have been reported. The recent application of high-through-
put synthesis and characterization of ZIFs has expanded this structure
space significantly: it is now possible to make ZIFs with topologies pre-
viously unknown in zeolites, in addition to mimicking known structures.

In this Account, we describe the general preparation of crystalline ZIFs,
discussing the methods that have been developed to create and analyze
the variety of materials afforded. We include a comprehensive list of all

Surface area (' g}

L
L " 1% 1] E

known ZIFs, induding structure, topology, and pore metrics. We also examine how complexity might be introduced into new struc-
tures, highlighting how link—link interactions might be exploited to effect particular cage sizes, create polarity variations between

pores, or adjust framework robustness, for example.

The chemical and thermal stability of ZIFs permit many applications, such as the capture of CO, and its selective separation
from industrially relevant gas mixtures. Currently, ZIFs are the best porous materials for the selective capture of CO,; further-
more, they show exceptionally high capacity for CO, among adsorbents operating by physisorption. The stability of ZIFs has also
enabled organic transformations to be carried out on the crystals, yielding covalently functionalized isoreticular structures wherein
the topology, crystallinity, and porosity of the ZIF structure are maintained throughout the reaction process. These reactions, being
carried out on macroscopic crystals that behave as single molecules, have enabled the realization of the chemist’s dream of using
“crystals as molecules”, opening the way for the application of the extensive library of organic reactions to the functionalization

of useful extended porous structures.
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Introduction

Zeolitic imidazolate frameworks (ZIFs) are a new class of
porous crystals with extended three-dimensional structures
constructed from tetrahedral metal ions (e.g., Zn, Co) bridged
by imidazolate (Im). The fact that the M—Im—M angle is sim-
ilar to the Si—O—Si angle (145°) (Scheme 1) preferred in zeo-
lites' has led to the synthesis of a large number of ZIFs with
zeolite-type tetrahedral topologies. Given the small number of
zeolites that have been made relative to the vast number of
proposed tetrahedral structures, we anticipated that ZIF chem-
istry would allow access to a large variety of ZIFs by virtue of
the flexibility with which the links and the metals can be var-
ied. Indeed by combining metal salts with imidazole (ImH) in
solution, a large number of crystalline ZIFs have been made;
some of these possess topologies found in zeolites, and oth-
ers have yet to be made as zeolites. Remarkably, ZIFs exhibit
permanent porosity and high thermal and chemical stability,
which make them attractive candidates for many applications
such as separation and storage of gases.

In this Account, we present (1) the general synthesis of crys-
talline ZIFs and the great variety of tetrahedral nets that they
adopt and the realization of this variety by development of
high-throughput synthesis and characterization methods, (2) a
comprehensive list of all known ZIFs including their structure,
topology, and pore metrics, (3) the introduction of complex-
ity by exploiting link—link interactions® to produce unusu-
ally large cages within ZIFs, incorporation of mixed links to
give structures with a juxtaposition of polar and nonpolar
pores, the exceptional robustness of their frameworks and the
reproducible nature of their synthesis, which has led to a
series of isoreticular (same topology) materials with controlled
pore metrics, and the development of specific methods for car-
rying out organic reactions on the imidazolate links of the
framework (isoreticular functionalization), and (4) the use of
appropriate ZIF structures for the selective capture of CO..

Synthesis and General Structure

Generally, ZIFs are constructed by linking four-coordinated
transition metals through imidazolate units to yield extended
frameworks based on tetrahedral topologies. At the outset of
our studies on ZIFs, only a small number of structures com-
posed of divalent metal ions and imidazolate building units
with topologies resembling those of zeolites had been report-
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ed; furthermore all of them, with the exception of three
structures,> > were nonporous or of a low symmetry, and their
thermal and chemical stability had not been studied.>~'°
We developed a general synthetic procedure for obtain-
ing porous crystalline ZIFs. It involves combining the desired
hydrated transition metal salt and the ImH unit, of the kind
shown in Scheme 2, in an amide solvent, such as DMF (N,N-
dimethylformamide), and heating the solutions to tempera-
tures ranging from 85 to 150 °C.'" Under these conditions
deprotonation of the linking ImH is achieved by amines result-
ing from the thermal degradation of the solvent. Typically,
upon cooling, crystals are obtained in moderate to high yields
(50—900%b). The molar ratio and concentration of the metal ion
and link and the temperature of the reaction are critically
important for achieving monocrystalline materials suitable for
single-crystal X-ray diffraction studies. In addition to provid-
ing the requisite bridging angle of 145° (Scheme 1) for syn-
thesizing zeolite-type structures, the bridging Im unit is
suspected to play a secondary role by directing the topology
through link—link interactions.'*'® This was exploited by
employing functionalized Im links (Scheme 2) in the synthe-
sis using microreactions and high-throughput synthesis and
characterization involving the following synthetic protocol: (1)
automated mixing of the reactants in varying concentration
into microplate wells, (2) heating of these mixtures to pro-
duce crystalline ZIFs, (3) automated optical imaging of the indi-
vidual wells, and (4) automated screening for crystalline
specimens by collection of X-ray powder diffraction patterns
for each of the wells. This was followed by single-crystal X-ray
diffraction studies on the samples exhibiting new phases. Gen-
erally, most of the wells contain single-phase materials, and
notably we find that often the microreaction conditions are
scalable to gram quantities. In cases where such scale up was
not possible, systematic variation of reactant concentration
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and temperature and on occasion running the reactions in
closed vessels has resulted in a scalable synthesis.'*"> With
these methods, it was possible to target specific topologies,
discover previously unknown topologies, and optimize crys-
tallization conditions for the synthesis of isoreticular materi-
als based on a given topology.

ZIF Structures and the Zeolite Problem

Table 1 shows a comprehensive list of the topologies and
summarizes the structural properties of all reported ZIFs. A
variety of ZIFs have been synthesized that possess the zeo-
lite topologies ANA, BCT, DFT, GIS, GME, LTA, MER, RHO
and SOD (Figure 1). Among these, 15 structures (ZIF-60—62,
-68—70, -73—76, and -78—82) form single-phase materials
that are synthesized from mixed linkers.'#16

Notably these heterolink materials add functional complex-
ity garnered by introducing another organic moiety into the
backbone of the framework. ZIF structures also consist of nets
that are not purely tetrahedral. For example (ZIF-5),
In,Zns(Im)q> is comprised of In(lll) and Zn(ll) in octahedral and
tetrahedral coordination environments, respectively, and the
framework has the same topology as the (4,6)-coordinated
gar net defined by the 4- and 6-coordinated atoms in the gar-
net structure such as Al and Si in CasAl,Si30,."" In the ZIF
with the CCDC code BETHUE with stoichiometry Cu,(Im)s, one
copper atom is 4-coordinated and the other [clearly Cu(l)] is
2-coordinated to give a structure with a (2,4)-coordinated net.
Recently, ZIFs have been reported in which two Zn are
replaced with Li and B or with 4-coordinated tetrahedral Cu(l)
and B."? ZIF-95 and ZIF-100 display unprecedented structural
complexity and novel topologies termed poz and moz,
respectively; in the latter, one vertex (out of ten different kinds)
is 3-coordinated. These ZIFs have immense and complex
cages; in particular, the most notable aspect of the ZIF-100
structure is a giant cage with 264 vertices assembled from
7524 atoms: 264 Zn, 3604 C, 2085 H, 26 O, 1030 N, and
515 Cl. The outer and inner sphere diameters measure 67.2
and 35.6 A, respectively (a sphere fit from the centroid of the
cage to the van der Waals surface of the cage’s wall is used
to determine the inner sphere diameter); in comparison the
corresponding distances in the faujasite supercage in zeolite
FAU are 18.1 and 14.1 A, and the diameter of Ceo is 10.5 A
(Figure 2)."°

We call attention to some generalizations about the
observed ZIF framework topologies and a comparison with
zeolites. Noted first is that all zeolite nets found in ZIFs are ver-
tex-transitive (uninodal). Table 1 includes 105 ZIFs that have
structures based on 3-periodic 4-coordinated nets; 84 (84%)
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of these have uninodal nets. Or again of the same subset,
there are 27 structure types of which 18 (680%) are uninodal;
of these 18 only 4 (frl, Ics, neb and zni) have not been
observed before in zeolites or in other aluminosilicates or
related materials. The remaining nine framework types have
respectively two, two, three, four, four, four, five, six, and six
kinds of vertices and are previously unobserved topologies.
The distribution of zeolite framework types is rather differ-
ent. The Atlas of Zeolite Framework Types lists 180 4-coordi-
nated topologies of which only 21 (26%) are uninodal, and
there are a number with 12 or more topologically distinct
kinds of vertices including one (TUN) with 24 kinds of verti-
ces."”

Now, given the fact that the number of possible structure
types increases exponentially with the number of vertices, one
expects the number of possible zeolites with, say, up to 12
kinds of vertices to be at least millions, or more likely, vastly
greater. The “zeolite problem” is this: zeolite synthesis has
been an active area of research for 50 years with expendi-
ture of thousands of person-years, yet only a tiny fraction of
those potential zeolites have been found. One must conclude
either that most of the purported potential zeolite structures
are not suitable for some unknown reason or, surely more
likely, that a good general method of synthesizing zeolites has
yet to be discovered. We feel that the fact that so many ZIFs
have been discovered in such a short time may lead to clues,
the interactions between the organic building blocks in com-
bination with reaction parameters such as temperature and
solvent mixture, to a more general method of zeolite (sensu
stricto) discovery. In any event, there is clearly an enormously
rich field of synthetic materials chemistry waiting to be
exploited. It is interesting that just as the most dense zero
pressure phase, quartz, is the most stable for silicates, the most
dense topology (zni) is calculated to be the most stable of
unsubstituted imidazolates.'®

Structural Complexity in ZIFs

We have observed that ZIF net topologies are directed through
Im link—Ilink interactions in combination with the solvent
composition.'®'* This important design feature demonstrated
the potential for a systematic approach to further developing
this new class of porous crystals. As a consequence, new
topologies have been achieved through the judicious choice
of sterically bulky links that prevent the formation of known
topologies. For example, analysis of structural models of ZIFs
formed from 2-methylimidazolate (mIm) and benzimidazolate
(blm), which form SOD and RHO type topologies, respective-
ly,'" indicated that substitution of the 4- and 5-positions of the
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TABLE 1. Composition, CCDC Code, Structure, and Topology Parameters of All Reported ZIFs?

name composition® CCDC code© RCSR topology® zeolite code T/VAT/nm3) a2 (A) a," (A) ref

7IF-14 Zn(elm), MECWIB ana ANA 2.57 22 22 4,14
—d Co(lm), EQOCESO1 cag —d 3.40 24 24 31
7IF-62 Zn(nim), Glziop cag —d 3.58 14 13 14
—d Co(Im), NAFGOR cag —d 3.64 1.0 1.0 31
7IF-4 Zn(im), VEJYUF cag —d 3.68 20 2.1 11
—d n(Im), VEJYUFO1 cag —d 3.66 0.8 0.8 26
TIF-4 Zn(Im); 5(mblm)g s 701064 cag —d 3.46 20 6.9 38
—d n(Im), EQOCOC oi —d 473 25 6.0 8
—d Co(Im), IMZYCO coi —d 4.71 2.5 6.0 28
ZIF-64 Zn(im), GITTEJ ab BCT 3.62 25 79 14
—d Fe(mim), LoDCUC ab BCT 418 438 8.0 6
—d Co(Im), NAFGOROT ab BCT 3.62 0.9 3.0 31
7IF-1 Zn(im), VEJYEP ab BCT 3.64 6.3 6.94 11
—d Zn(im), VEJYEPOT ab BCT 3.63 2.2 2.2 26
7IF-2 Zny(Im), VEIT ab BCT 2.80 6.4 6.9 11
—d In(Im), VEJYITO1 ab BCT 278 5.4 5.7 26
—d Pr(Im)s LEMVOP as —d 2.19 16 16 37
—d In(Im), HIFVOI dft —d 258 6.6 9.6 26
7IF-3 Zny(Im), VEIYOZ dft —d 2.66 46 6 11
7IF-23 Zn(4ablm), MIHHOB dia —d 332 1.1 42 13
—d Cd,(HIm)3(Im) VIGHID dia —d 2.90 0.7 1.7 38
—d Fe(4ablm), XASGON dia —d 321 0.2 18 34
—d Fe(bilm), ZIMMEN dia —d 3.02 0.2 28 39
—d Hg(Im), BAYPUN dia-c —d 5.17 1.0 53 29
—d Cd(im), BAYQAU dia-c —d 5.14 0.8 6.0 29
—d Cd(Im), BAYQAUO1 dia-c —d 5.13 20 33 8
—d Cd(im), BAYQAU02 dia-c —d 5.13 20 33 30
BIF-2Li LiB(mIm), 699084 dia-c-b —d 423 2.4 2.4 12
BIF-2Cu CuB(mim), 703703 dia-c-b —d 4.16 26 26 12
BIF-6 CuBH(im); 697962 fes —d 7.05 13 22 12
7IF-73 Zn(nm); 74(mblm)o 26 GITVOV frl —d 3.20 1.0 1.0 14
2IF-77 Zn(nim), GITWIQ frl —d 323 29 36 14
7IF-5 Znslny(Im);, VEJZAM gar —d 151 1.7 3.03 11
2IF-6 Zn(im), EQOCOCO1 gis GIS 231 15 3.03 11
7IF-74 Zn(mblm)(nim) GITVUB gis GIS 2.67 12 26 14
ZIF-75 Co(mblm)(nim) GITWAI gis GIS 2.67 12 2.62 14
—d Zn(im), HIFVUO gis GIS 247 5.2 8.6 26
TIF-5Zn Zn(Im)(dmblim) 701066 gis GIS 2.70 1.0 6.0 36
TIF-5Co Co(Im)(dmblim) 701065 gis GIS 2.70 0.7 5.0 36
ZIF-68 Zn(blm)(nim) GITTUZ gme GME 2.11 7.5 10.3 14
7IF-69 n(cbim)(nim) GITVAH gme GME 2.10 44 7.8 14
ZIF-70 Zn(Im); 13(nim)g g7 GITVEL gme GME 2.11 13.1 15.9 14
7IF-78 Zn(nblm)(nim) —d gme GME 2.08 3.8 7.1 16
ZIF-79 Zn(mbim)(nim) —d gme GME 2.10 40 75 16
7IF-80 Zn(dcim)(nim) —d gme GME 2.07 9.8 132 16
7IF-81 n(brblm)(nim) —d gme GME 2.08 3.9 7.4 16
7IF-82 Zn(cnim)(nim) —d gme GME 2.09 8.1 12.3 16
2F-72 Zn(ddm), GlIzuv Ics —d 3.16 1.9 1.9 14
7IF-76 Zn(Im)(cbim) GITWEM Ita LTA 1.03 19 19 14
ZIF-20 In(pur); MIHHAN Ita LTA 2.04 2.8 15.4 13
7IF-21 Co(pur), MIHHER Ita LTA 2.04 2.8 15.4 13
ZIF-22 n(5ablm), MIHHIV Ita LTA 2.02 2.9 14.8 13
—d Cd(Im),(bipy) DAYVI) mab —d 2.67 1.1 32 40
usf-ZMOF Ins(Imdd)ro 690432 med —d 1.94 43 9.7 35
7IF-60 Zn;(Im)3(mim) GITSUY mer MER 224 7.2 9.4 14
ZIF-10 Zn(im), VEJZIU mer MER 225 8.2 122 14
—d Cu(im), CUIMDZ03 mog —d 497 13 35 9
—d Fes(Im)s IMIDFE mog —d 418 19 3.1 M
—d Fes(Im)s IMIDFEQ1 mog —d 412 19 3.1 33
—d Mn;s(Im)s IMIDZA mog —d 3.97 20 33 27
ZIF-100 Zn0(chim)3(OH) 668215 moz —d 1.29 3.4 356 15
—d Co(Im), EQOBUH neb —d 3.82 0.6 6.7 8
—d Co(Im), EQOCES neb —d 3.61 18 7.1 8
—d Co(Im), EQOCIW neb —d 3.67 1.6 6.9 8
—d Cos(Im)1o AFIXAO nog —d 3.50 4.1 55 7
—d Coy(Im), AFIXAOOTs nog —d 3.50 3.9 55 8
—d Cos(Im)1o AFIXES nog —d 351 35 5.9 7
—d In(Im), HIFWAV nog —d 3.45 47 8.2 26
TIF-3 Zn(Im)(mbim) 701063 pcb ACO 2.77 22 6.2 36
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TABLE 1. Continued

name composition® CCDC code© RCSR topology® zeolite code T/VAT/nm3) d.2 (A) a," (A) ref
ZIF-95 In(cbim), 668214 poz —d 1.51 37 24 15
—d Fe(mim), CAGLIF qtz —d 3.61 26 6.0 42
ZIF-71 In(dclm), GITVIP rho RHO 2.06 42 16.5 14
—d In;(elm), MECWOH rho RHO 1.92 13 21.6 4,5
rho-ZMOF In(Imdcd), TEFWIL rho RHO 1.60 5.7 26.9 3
ZIF-11 In(blm), VEJZOA rho RHO 2.02 3 14.6 11
ZIF-12 Co(blm), VEJZUG rho RHO 2.02 3 14.6 11
ZIF-90 Zn(lca), 693596 sod SOD 2.33 35 11.2 21
—d In(blm), AKUGES sod SOD 2.62 24 5.2 5,10
—d Cu(im), CUIMDZO01 sod SOD 4.52 4.6 73 9
ZIF-65 Co(nlm), GITTIN sod SOD 233 3.4 10.4 14
ZIF-67 Co(mim), GITTOT sod SOD 2.46 3.4 11.6 14
—d Zn(mim), MECWEX sod SOD 244 3.0 14.2 4
—d In(Im-d5), OFERUN sod SOD 2.45 3.1 14.2 25
sod-ZMOF In(Imdcd), TEFWOR sod SOD 2.05 1.2 8.1 3
ZIF-9 Co(blm), VEJZEQ sod SOD 251 29 431 10
ZIF-7 In(blm), VELVIS sod SOD 2.49 29 431 10
ZIF-8 Zn(mim), VELVOY sod SOD 2.45 3.4 11.6 10
ZIF-91 Zn(hmim), —d sod SOD 233 3.2 11 21
ZIF-92 In(helm), —d sod SOD 233 0 5.2 21
BIF-3Li LiB(mIm), 703704 sod-b SOD 291 2.7 10 12
BIF-3Cu CuB(mim), 697959 sod-b SOD 2.92 2.7 9.9 12
BIF-8 CuBH(eim); 697964 srs-c-b —d 4.62 0.8 42 12
BIF-7 CuBH(mIm); 697963 ths-c-b —d 5.26 17 55 12
TIF-1Zn Zn(dmblm), 682400 zea —d 1.61 3.0 4.1 43
TIF-1Co Co(dmblm), —d zea —d 1.61 3.0 4.1 43
TIF-2 In(Im); 1o(mblm)g o 701062 zeb —d 2.21 9.6 10.0 36
—d n(Im), HICGEG zec —d 2.96 5.0 5.0 26
ZIF-61 Zn(Im)(mim) GITTAF zni —d 4.62 0.7 0.7 14
—d Zn(Im), IMIDZB ni —d 4,66 36 36 27
—d Co(Im), IMZYCOO01 zni —d 4.67 37 37 8
BIF-1Li LiB(Im), 693499 zni-b —d 5.48 3.0 44 12
BIF-1Cu CuB(Im), 693500 zni-b —d 5.56 29 37 12
—d CuCu(Im)s BETHUE —d —d 7.02 2.1 28 5,32
BIF-4 CuCulB(bIm) 697960 —d —d 3.01 0.7 36 12
BIF-5 Cusl[B(bIm)4]; 697961 —d —d 2.53 2.6 33 12

9 For method of analysis, see ref 44. ” Formula excluding guests. < Deposition number was used where the CCDC code is unavailable.  The name, RCSR symbols,
and zeolite symbols are not applicable or that the structure, CCDC code, and deposition number are not yet available. ¢ For a description of RCSR symbols, see
ref 45.7/T/V is the density of metal atoms per unit volume. 9 d, is the diameter of the largest sphere that will pass through the pore. " dj, is the diameter of the
largest sphere that will fit into the cages without contacting the framework atoms. Pore metrics measurements exclude guests.

benzene unit of bim provides sufficient steric encumbrance to
prevent the formation of a structure with the RHO topology.'?
Indeed, by employing 5-chlorobenzimidazole as the organic
building block, two new ZIFs, ZIF-95 and ZIF-100, were
obtained. The salient features of these materials are their
unusual structural complexity and giant cages (vide supra). In
addition to their unique structures, these ZIFs also show excep-
tional CO, adsorption properties (Table 2).'>
High-throughput methods were used to introduce an addi-
tional degree of complexity into ZIFs by employing mixtures
of Im links (heterolinks)."* Two different types of Im linker,
espedially those with a side chain, for example, —NO, (nlm) or
—CHs (mIm), or an aromatic ring linker have been employed
in the successful synthesis of ZIFs with MER, GIS, GME, and
LTA topologies. These ZIFs have a 3D pore system in which
hydrophilic and hydrophobic channels are found alternating
in the crystal. A number of tetrahedral topologies such as cag
and frl, which are yet to be found in zeolites, have been found
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by using heterolinks.'* Heterolinks of brblm, bim, cnim, cbim,
dclm, Im, mblm, nlm, and nblm were used to make a series
of isoreticular materials (ZIF-68—70 and ZIF-78—82); all hav-
ing the GME topology.'*'® It is worth noting that the GME
topology is the only one found in ZIFs that has both large
pores and large windows (Figure 1).

Many ZIFs have unusual chemical stability for metal—
organic frameworks.""'#~'® For example, ZIF-8 can be boiled
in water, alkaline solutions, and refluxing organic solvents
without loss of crystallinity and porosity.'" Additionally, as
anticipated for structures formed from robust links, their
frameworks display high thermal stability (up to 500
°C)."" 141 The chemical stability of ZIFs in both aqueous and
organic media provides a foundation for carrying out cova-
lent modifications on the Im links of the frameworks without
changing the underlying topology of the ZIF structures (isore-
ticular covalent functionalization) as has recently been dem-
onstrated in MOF chemistry.'®2° Accordingly, covalent



Zeolitic Imidazolate Frameworks Phan et al.

poz RHO

ZIF-100

MER DFT ANA

ZIF-60 ZIF-3 ZIF-14 ZIF-6 ZIF-74 ZIF-75
FIGURE 1. Crystal structures of ZIFs presented in this paper and grouped according to their topology (three-letter symbol).' 74> The largest
cage in each ZIF is shown with ZnN, in blue and CoN, in pink polyhedra, and the links in ball-and-stick presentation. The yellow ball
indicates space in the cage. H atoms are omitted for clarity (C, black; N, green; O, red; Cl, pink). Supporting Information is available to view
larger high-resolution images of crystal structures of ZIFs.

transformations of the organic links of ZIF-90, which possess  carried out; reduction of the aldehyde to an alcohol with
aldehyde functionality in the 2-position of the imidazole unit, NaBH, and the formation of an imine bond by reaction with
were recently effected. Two common organic reactions were  ethanolamine in 80% and quantitative yields, respectively
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ZIF-95 (41.14)

C60(105A) FAU (18.1A)

ZIF-100 (67.2A)

FIGURE 2. The cages in ZIF-95 and -100 are shown as natural tiling. The outer sphere diameters of ZIF-95 and -100 are in compatrison with
the corresponding distances in the faujasite (FAU) supercage in zeolite and in Cgo. Zn atoms are represented by red spheres in ZIF-95 and

ZIF-100.

TABLE 2. ZIF Surface Area, CO, Uptake, and Separation Selectivity for ZIF-68—70, -78, -79, -81, -95, and -100

material BET (mz g71) COZ (Cm3 g71) COZ (Cm3 Cm73) COz/CO COZ/CHA COz/Nz COz/Oz

ZIF-95 1050 19.7 19.2 114+1.1 43+04 18+1.7 —b

ZIF-100 595 32.67 28.2° 173+ 15 59+04 25+24 —b

ZIF-78 620 51.5 60.2 —b 10.6 50.1 47.7
ZIF-81 760 38.2 49.3 —b 57 23.8 27.9
ZIF-79 810 335 36.1 —b 5.4 232 22.2
ZIF-69 950 40.6 49.2 209 5.1 199 18.0
ZIF-68 1090 37.6 39.9 19.2 5.0 18.7 19.1
ZIF-82 1300 52.7 49.3 —b 9.6 353 34.1
ZIF-70 1730 55.0 45.4 37.8 52 173 16.7
BPL carbon® 1150 46.8 225 7.5 39 17.8 18.6

9Measured at 273 K. ” No available data for the gas pair. < BPL carbon is used for comparison.

(Figure 3). A noteworthy aspect of this work is that subsequent
to both transformations the crystallinity of the ZIF material was
maintained.?' This remarkable transformation makes the con-
cept of using crystals as molecules a reality in ZIF chemistry
and opens the way for performing organic chemistry on ZIFs.

Applications to Separations and Carbon
Dioxide Selective Capture

ZIFs exhibit exceptional uptake capacities for CO, and can
selectively separate CO, from industrially relevant gas mix-
tures. A series of ZIFs (ZIF-68, -69, -70, -78, -79, -81, -82, -95,
and -100) have been examined for their potential to sepa-
rate CO from CH,4, CO, O, and N, (Table 2).'4~'® These mix-
tures are associated with processes involving natural-gas
purification/combustion, landfill gas separation, and steam-
methane reforming.%* The CO, adsorption isotherms of ZIF-
68, -69, and -70 show steep uptakes in the low-pressure
regions indicating a high gas affinity; furthermore all afore-
mentioned ZIFs also possess a high CO, uptake capacity. For
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example, we calculated that 1 L of ZIF-69 can store 82.6 L of
CO; at 273 K. Indeed ZIF-69, the best-performing ZIF, displays
a superior ability to store CO, in comparison to the industri-
ally utilized adsorbent BPL carbon.'* In addition to the signif-
icant gas uptake, the isotherms all display complete
reversibility, a necessary property for a selective CO, adsor-
bent. Metal—organic frameworks (MOFs) are a class of crys-
talline, porous materials that have also demonstrated high
uptake capacities for CO, and thus make for an interesting
comparison to ZIFs.?* Given that both ZIFs and MOFs can hold
significantly large amounts of CO,, other aspects of their phys-
ical properties need to be considered. For example, the rela-
tively high chemical stability of ZIFs compared with MOFs
makes them excellent candidates for industrial use. Further-
more, ZIFs have been shown to have a high affinity for CO,
at low pressures (at 298 K and 1 atm, MOF-177 has a maxi-
mum uptake of 7.60 L/L CO, while ZIF-69 has a capacity of
82.6 L/L), which is relevant for a pressure swing adsorption
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FIGURE 3. Isoreticular functionalization of ZIFs: crystal structure of ZIF-90 transformed to ZIF-91 by reduction with NaBH,4 and to ZIF-92 by
reaction with ethanolamine. The yellow ball indicates space in the cage. H atoms are omitted for clarity, except the H of an alcohol group in

ZIF-91 (C, black; N, green; O, red; Cl, pink).

type process for CO, capture.* In addition, ZIFs show greater
selectivity than MOFs for CO, from other relevant flue gases
(such as CO)."* Due to these intrinsic differences in their phys-
ical and gas adsorption properties, we believe that ZIFs are
preferable to MOFs for industrial application, especially given
the importance of gas selectivity in CO, capture, because CO,
does not come in pure form but rather as in flue gas (mix-
ture of gases).??

Breakthrough experiments further support the affinity of
the reported ZIFs for CO, by showing complete retention of
CO, and concomitant unrestricted passage of CH,, CO, and N,
through the pores of the framework. Such experiments using
binary gas mixtures such as CO,/CH,, CO,/CO, and CO2/N,
(50:50 v/v) were carried out in a column packed with acti-
vated ZIF-68—70, -78—82, -95, or -100 at room temperature.
The resultant breakthrough curves reveal that only CO, is
retained while the other gas passes through without hin-
drance. For example, calculations indicate that ZIFs have
higher selectivity for CO, in CO,/CO gas mixtures than the
industrially pertinent BPL carbon, thus supporting the poten-
tial applicability of using these ZIFs as selective CO,
reservoirs.'3~1°

Recent studies showed that hydrogen is attracted to
the imidazole backbone of the ZIF structure.?> In light of these
findings, the active pursuit of ZIFs constructed from the diverse
array of imidazole building units will undoubtedly produce
materials with novel gas adsorption properties. Because it is
now commonly believed that anthropogenic carbon dioxide
emissions need to be abated, research into the potential util-
ity of ZIFs as practical CO, capture materials has intensified.

Perspective and Outlook

The impact of link—link interactions on the choice of topol-
ogy coupled with the extensive library of known function-
alized imidazolate links has led to a large class of diverse
ZIF materials. Given that there are millions of possible tet-
rahedral structures and that ZIF synthesis is amenable to
high-throughput methods, there remains a very rich chem-
istry to be explored. Additionally, the trend in ZIF chemis-
try from materials discovery to the design of complex
structures is clearly evident in the development of ZIFs com-
prised of mixed links with different chemical functional-
ities and through the exploration of isoreticular covalent
functionalization of the organic framework. The chemical
stability of ZIFs and the vast number of organic reactions
that potentially can be effected on the crystals suggest that,
as in the case of molecular chemistry, links may be chem-
ically modified to perform specific functions. For example,
the introduction of ligand-binding moieties into the pore
space of ZIFs via isoreticular covalent functionalization will
facilitate binding of metal ions that will act to enhance gas
adsorption and separation properties and to potentially per-
form size- and shape-selective catalysis. Continued research
into transferring the concepts of molecular reaction chem-
istry to the solid state in order to synthesize ZIFs with com-
plex pore functionalities will indubitably lead to structures
with tailored functionality. The flexibility with which ZIF
structures can be made and functionalized, coupled to their
stability, bodes well for designing ZIFs capable of not only
capturing carbon dioxide but also transforming it into a fuel.
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