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Abstract

Metal-organic frameworks (MOFs) are crystalline inorganic—organic hybrid materials that consist of metal ions and organic molecules
connected in space to produce an infinite one-, two-, or three-dimensional framework. The modularity of MOFs, specifically, the ability to
modify the organic and/or inorganic components, offers a ready means to modify and control properties of such materials (e.g. inclusion,
magnetism). This review highlights the design and synthesis of cavity-containing and porous MOFs with emphasis on methods that enable the
functionalization of interior void spaces with organic groups. A relatively new class of MOFs, known as inverted metal—organic frameworks
(IMOFs), which enables organic functionalization using principles of supramolecular chemistry, is discussed. We also briefly outline methods
to functionalize the interior spaces of mesoporous materials (MCMs) and zeolites, and suggest that MOFs offer a diverse space within which
to place a wide range of organic functionalities.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ence, and molecular chemistry, which was largely orientated
towards chemical reactivity and catalysis, was unambigu-

Two decades ago the border between solid-state chem-ous. During the last two decades, a new field has developed,
istry, which was largely orientated towards materials sci- which bridges the gap between the solid-state chemistry and
molecular chemistry, known as molecular materials science
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0010-8545/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0010-8545(03)00122-X



170 G.S Papaefstathiou, L.R. MacGillivray/ Coordination Chemistry Reviews 246 (2003) 169-184

sizes, shapes, and functionalities of cavities and pores of

r ++ .hq. -llsh, t‘q. MOFs by changing the organic bridge and/or metal node.
4 In some cases, the modularity has made MOFs useful for
r +—+—t .tt]- 'ﬁq,_'tq_ which applications involving zeolites, for example, do not
exist[35,36]
J p e .
1D 2D 3D 2. Overview

Fig. 1. 1D, 2D, and 3D frameworks based on three different metal coordi-
nation geometries and a linear organic bridge (black connectors, metal;
gray connectors, organic bridge).

It is with these ideas in mind that we will provide here an
account of a class of MOFs known as inverted metal—organic
frameworks (IMOFs)[37]. IMOFs are constructed by
on molecules. That such solids are based on moleculesemploying an organic ligand as a node and a transition-
enables chemists to construct materials with diverse prop-metal-ion as a linear bridge such that the structural roles of
erties (e.g. chiral, magnetic). To this end, the developmentthe organic and metal components of a MOF, as compared
of synthetic strategies that grant control over the distribu- with a more traditional MOF, are inverted. By inverting the

tion of molecules within solid-state molecular materials is
a challengd4].

Metal—organic frameworks (MOFs) are crystalline molec-
ular materials that consist of metal ions and organic
molecules[5-14] The synthesis of MOFs is achieved un-
der mild conditions (e.g. solution chemistry, solvothermal

structural roles of the components, IMOFs offer an ability
to functionalize the walls of MOFs with terminal groups,

in the form of molecules and/or anions, coordinated to the
metal centers. Owing to the wide variety of molecules and
anions (e.g. carboxylates) that may serve as terminal groups,
and to the reversible nature of the interaction between a

synthesis) and, in the simplest case, involves reaction of atransition-metal-ion and ligand, IMOFs present a modular
transition-metal-ion, which acts as a node, with an organic means to functionalize the cavities and pores of MOFs using
ligand, which acts as a linear bridge, to form an infinite principles of coordination supramolecular chemigj;
one-(1D), two-(2D), or three-(3D) dimensional framework  We will start by briefly describing methods to functional-
[15] (Fig. 1). Consequently, the components of MOFs are ize the walls of MCMs and zeolites, frameworks that have
connected though coordination bonds, which are weaker ininspired the design and synthesis of host MQE2]. We
energy than the strong Si/Al-O bonds that sustain the struc-will then describe a method to functionalize the cavities and
tures of microporous zeolites and mesoporous molecularpores of more traditional MOFs, and then outline the in-

sieves (i.e. MCMs)16]. Given the relative weakness and ki-
netic lability of coordination bonds, and the fact that MOFs

consist of molecular components, one can readily apply

verted approach.

concepts of supramolecular chemistry (e.g. self-assembly)3. Functionalization of MCMs and zeolites

to design MOFs.

A major driving force behind the syntheses of the first
MOFs was the construction of topologically interesting
structureg5,17,18] Frameworks of increasing dimension-
ality (i.e. 2D to 3D) and complexity (e.g. interpenetration)
dominated. The inorganic networks of We]l9] emerged
as tools to describe the diverse topologies of MOFs, while
various forms isomerism were discover@d—-22] Conse-
qguently, the field of MOFs was growing fast and a need for
applications developeff3]. It was then that attention was
turned to properties (e.g. magnef@—-27] electronic[28],
optic [29], host-guesf30]) that may be designed within
such solids.

MOFs with cavities and pord44,31]are potentially use-
ful for applications in separatiorj82,33], storagd30], and
catalysig34], areas where zeolites and MCMs have encoun-
tered numerous applicatiofis6]. Although the weaker co-

The ability to functionalize a MCM or zeolite with
organic groups provides a means to construct a hybrid
inorganic—organic material with unique properties. In this
context, two general methods to functionalize the walls
of MCMs and zeolites with organic groups have been de-
scribed. In the first approach, known as post-synthetic graft-
ing [38], organic groups are covalently grafted onto the walls
of a MCM or zeolite. The hexagonal pores of MCM-41, for
example, have been recently grafted with coumdB8$. In
these solids, photocontrolled and reversible intermolecular
dimerization of the coumarins was shown to affect the up-
take, storage, and release of guest molecules. In the second
approach, known as direct synthegd8,40,41] the organic
groups are designed within precursor building blocks of the
host (e.g. organosiloxane) such that the organic groups, in a
single synthetic step, are integrated within the framework.

ordination bonds that sustain the structures of MOFs lead Phenethyl groups covalently tethered to silicon atoms, for
to frameworks of general lower stability than zeolites and example, have been incorporated into 1D and 2D zeolites
MCMs, the modular nature of MOFs has enabled a variety of and have been used for shape-selective catal$6is An
MOFs to emerge as useful hosts of ions and molecules. Theultimate goal of both methods is to prepare, a priori, func-
modular approach has provided a ready means to fine-tundionalized solids with targeted properties.



G.S Papaefsgtathiou, L.R. MacGillivray/ Coordination Chemistry Reviews 246 (2003) 169-184 171

4. Functionalization of metal—organic frameworks (2,6-dm-pyz) with Cu(@H4)(ClOy4), for example, pro-
duced a 2D planar shee{[Cuy(2,6-dm-pyz}](ClO4)2.2

MOFs are highly promising frameworks for organic func- (acetone)}.,, composed of three-coordinate copper atoms
tionalization. For example, whereas the structures of MCMs linked by 2,6-dm-pyz molecules while reaction of 2-
are largely based on a single topology (i.e. 1D pores), the chloropyrazine (2-Cl-pyz) with Cu(f4)(CIO4) produced
structures of MOFs are largely based on a variety of topolo- a 2D pleated shee[Cux(2-Cl-pyz); 5](ClO4)2} 00, COM-
gies (i.e. 1D, 2D, and 3D pore$y,15,22] Additionally, posed of four-coordinate copper atonksg(. 2) [42]. In the
whereas the cavities and pores of zeolites are generally offormer, guest acetone molecules resided within the MOF,
a relatively narrow range of sizes (i.e. 2-14 A), the cav- sitting above and below hexagonal cavities lined by the
ities and pores of MOFs are generally of a wide range methyl groups, while, in the latter, the components assem-
of sizes (i.e. 2-30 A). The numerous frameworks, along bled to form a structure that prohibited inclusion of guests.
with the variety of cavity and pore sizes, accessible using The different coordination geometries of the metals, and
MOFs enables such materials to provide a diverse ‘space’different topologies of the MOFs, were ascribed to steric
within which organic groups may be positioned to tailor effects involving the metal centers and substituents of the
specific properties of such host inorganic—organic solids pyrazine derivatives.

[15]. Recent studies by Zubieta involving substituted pyrazines
have focused on copper(l) cyanides as building u@i8].
4.1. Synthetic strategies Hydrothermal reactions of CUCN and KCN with alkylated

pyrazines produced 2D networks and 3D frameworks with
The most common strategy to synthesize a porous or[Cu(CN)]. chains and/or [Cu(CNy} rings as structural
cavity-containing MOF has been to propagate the coordi- motifs. Reaction of CUCN, KCN, and 2,6-dm-pyz, for ex-
nation geometry of a transition-metal-ion using a linear or- ample, yielded the 3D network [G(CN)2(2,6-dm-pyz)).
ganic bridge. Depending on the coordination preferences of The components of [GUCN)(2,6-dm-pyz)}, assem-
the metal, the metal and organic components may assembldled to produce doubled-stranded ribbons, involving
to form a 1D (e.qg. linear), 2D (e.g. grid), or 3D (e.g. octa- three-coordinate copper atoms, linked to four adjacent rib-
hedral) structure. In such frameworks, the metal serves asbons to give the 3D framework. In a similar way to the
a node and the organic serves as a spfzkP?2] Conse- MOFs described by Kitagawa, the coordination geometries
quently, the chemical functionality that defines the walls of of the metals were sensitive to substituents attached to the
such hosts is largely based on the chemical composition ofbridges.
the organic spacer. A functionalization of a linear bridge that has enabled
The most common method to modify the walls of a host the coordination geometry of a metal to remain intact, yet
MOF based on a metal node and a linear organic bridge hashas lead to a change in framework topology, has been re-
been to modify the organic briddé2—-51] Such modifica- ported by Fujita[44]. Specifically, reaction of Cd(N§)>
tion has been achieved by covalently attaching functional with 1,4-bis(4-pyridylmethyl)benzene (bpmb) produced a
groups, in a pre-framework synthesis, to the bridge such that1D MOF, [Cd(NG)2(bpmb) 5], Wherein the cadmium(ll)
the functionalized organic ligand is integrated within the ion, in a T-shaped geometry, was propagated by the bridge
MOF by a direct synthesis. In the ideal case, the functional to form a ladder-like MOF with square cavities of dimen-
groups are anticipated to project from the bridge to provide sions~16.4x 16.6 A (Fig. 3. The ladders interpenetrated
a means to systematically study and control the chemistry of in the solid to give a 3D assembly of 1D networks wherein
the cavities and pores (e.g. recogniti¢h®]. Alternatively, each ring of the ladder interlocked with four rings of adja-
the functional groups may interfere with the assembly pro- cent ladders. The interpenetration enabled the bridging lig-
cess to produce a MOF with a different connectivity and/or ands to completely fill the square cavities, which prohibited
topology[44]. Such interference may arise owing to struc- the inclusion of guests.
tural influences of the functional groups on the coordination =~ Whereas reaction of Cd(N{» with bpmb produced the
bonds and/or packing of the metal and organic components.1D ladder framework [Cd(N€&)2(bpmb) 5], reaction of
Either a single metal iof#2—47]or a metal clustef47-49] Cd(NQGs)2 with 1,4-bis(4-pyridylmethyl)-2,3,5,6-tetrafluo-
in the form of a secondary building unit (SBU)1], may robenzene (bpmtfb) produced the 2D brick framework

serve as the node. [CA(NO3)2(bpmtfb) 5100 In this framework, the metal-ion,
in a T-shaped geometry, was propagated by the linear bridge
4.1.1. Single metal ion as node to produce a brick-like framework with large rectangular

Early work of Kitagawa involving substituted pyrazines cavities of dimensions-16.3x 32.7 A. In a similar way to
addressed the feasibility of modifying a linear organic bridge [Cd(NO3)2(bpmb) 5], the bricks assembled to produce
to functionalize MOFs with organic groups. With nodes an interpenetrated 2D network, three independent bricks in-
based on copper(l), Kitagawa revealed that metal geometriegerpenetrating within the same plane. The interpenetration,
and framework topologies were sensitive to substituents similar to [Cd(NG)2(bpmb} s]~, prohibited the inclusion
attached to the bridge. Reaction of 2,6-dimethylpyrazine of guest species.
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linear organic
bridge

(b)

Fig. 2. Perspective view of: (a) the hexagonal cavitieg[6fuy(2,6-dm-pyz}](ClO4)2.2(acetone)} and (b) the 2D pleated sheet fiCuy(2-Cl-pyz) 5]
(ClO4)2} -

Champness and Schroder have demonstrated that inter90° angles parallel and perpendicular to the plane of the 2D
penetration of adamantoid networks can be affected by host. As a result, the bridge lined the cavities of the MOF,
organic functionality added to a linear bridge. Specifically, which were filled by disordered anions and solvent mole-
copper(l) and 2,7-diazapyrene (2,7-dap) were shown to as-cules, with alkyl groups. Replacement of the alkyl groups
semble to form a triply interpenetrated adamantoid lattice, with chiral groups was then shown to produce a chiral MOF.
{[Cu(2,7-dap)](PFs)} [45], which contrasted the quadru-  Specifically, chiral bipyridine 9,9-bis§-2-methyl-butyl]-2,
ply interpenetrated framework{[Cu(4,4-bpy)](BF4)}co 7-bis(4-pyridylethynyl)fluorine $mbpf) assembled with
(where 4,4bpy = 4,4-bipyridine). The decrease in the Cu(NGs), to form a chiral square-grid, [CB(mbpf)z]gj,
number of interpenetrating lattices was ascribed to a com-with a topology virtually identical to the ethyl ana-
bination of - - - 7 interactions and steric bulk, relative to log. In contrast to [Cu(dep,f)gj, the fluorine groups of
4,4-bpy, of the pyrene unit. [Cu(Smbpfr]2 maintained the same orientation on the

An organic functionalization that has enabled the metal sides of the grids, which forced the chiral groups to project
coordination geometry and framework topology of aMOF to into the cavities. [Cu(depj]go+ and [Cqubpf)z]ggr
remain intact and, consequently, has been exploited for thealso displayed different modes of packing, exhibiting
construction of a chiral MOF, has been recently described ABAB and ABCABC stacking, respectively. Nevertheless,
by zur Loye and Bunz. In particular, reaction of Cu(}© [Cu(depfp]% and [CuSmbpfy]% demonstrated the fea-
with  9,9-diethyl-2,7-bis(4-pyridylethynyl)fluorine (depf) sibility of functionalizing, a priori, a linear organic bridge,
produced the 2D square-grid framework, [Cu(dg}f@, and corresponding MOF, with chiral groups. Such function-
with cavities of dimensions-25x 25 A (Fig. 4) [46]. The alization may lead to MOFs that exhibit chiral selectivity
central ethyl groups of the bridge projected at approximate of guestg47].
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(b)

Fig. 3. Structures of: (a) 1D ladder framework [Cd(®elbpmb) 5]~ and (b) the 2D brick framework [Cd(N»(bpmtfb) 5]ec-

4.1.2. Secondary building unit as node and 3D frameworks with walls readily amenable to organic
Transition-metal-ion clusters, in the form of oligonuclear functionalization.
metal carboxylatesHig. 5) [48], have been successfully em- Extensive work by Yaghi has demonstrated that the lin-

ployed as nodes of host MOFs. In contrast to single metal ear bridges of MOFs with SBUs as metal components can
ions, the clusters provide a means to fix the coordination be functionalized with organic groups to produce isoreticu-
geometry of a node by using rigid carboxylates to orient lar MOFs (IRMOFs)[49]. Reaction of the octahedral zinc
multiple metal ions, in the form of SBUs, into well-defined cluster ZnO with substituted 1,4-benzenedicarboxylates,
positions[11]. Consequently, the clusters impart rigidity for example, has produced highly stable and porous 3D
upon the structures of MOFs, giving rise to highly stable frameworks that adopt the topology of Cag-ig. 6). A va-
cavity-containing and porous solids. In particular, clusters riety of functional groups (e.g. bromo, aminapropoxy)
involving linear dicarboxylates have provided access to 2D have been attached, in pre-framework syntheses, to the linear
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(a)

(b)

Fig. 5. Oligonuclear metal carboxylate clusters that provide fixed coor-
dination geometries for the construction of MOFs: (a) paddle-wheel
complex and (b) M octahedral complex.

In addition to IRMOFs, Yaghi has revealed that a func-
tional group attached to a linear bridge can be used to
reticulate a square SBU into a 3D framework. Specifi-
cally, reaction of Cu(N@):-2.5H,O with ortho-bromo-
terephthalic acid produced a MOF, [&o-Br-BDC)2]oo
(where 0-Br-BDC = o-bromo-benzene-1,4-dicarboxylate),

_ ‘ wherein dinuclear copper paddle-wheel complexes were
Fig. 4. bs“u‘z’i“re of two square-grids: (a) [Cu(deH) and (b) reticulated at right angles to form a 3D framework with
[Cu(Smbphelac a topology that conforms to the structure of NH&D].
spacer and have been shown to reticulate into the pores ofThe bromine groups forced the carboxylate groups of the
the 3D structures by pointing into the voids. One IRMOF, o-Br-BDC spacer to twist at right angles to each other and,
with a cyclobutyl moiety as the organic group, was revealed thus, promote the SBUs to assemble into the 3D structure.
to exhibit a high capacity for the uptake of methane (240 The resulting MOF was both highly porous and stable, pos-
cm? at standard temperature and pressure per gram at 29&essing cavities of volume2309 A2 stable to exchange of

K and 36 atm). The exceptional uptake was ascribed to bothsolvent guests.

the hydrophobic nature and ability of the functional group  That a linear bridge of a metal carboxylate may be func-
to provide an appropriately sized aperture for inclusion of tionalized with chiral groups to produce a chiral MOF has
the gas. been recently demonstrated by Lin. In particular, reaction
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Fig. 7. Structure of the chiral 2D MOF [Mfj.-H20)(bda)(py)s(dmf)]so.
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covalent noncovalent
I synthesis synthesis
linear organic organic organic linear metal

bridge functionality functionality bridge

functionalized
linear bridge

Fig. 8. Schematic representation of covalent and noncovalent approaches to functionalize a linear bridge.

of M(NO3)2 (M = Mn, Co, Ni) with the enantiopure atropi- components of an IMOF, as compared with a more tradi-
someric  6,6dichloro-2,2-diethoxy-1,1-binaphthalene-4, tional MOF, are inverted. In such a framework, the number
4'-dicarboxylic acid (HBDC) produced the homochiral of bonds used by a metal ion or cluster to support the MOF
MOF  [M2(u-H20)(bdad(py)s(dmf)ls  (py = pyridine; are minimized (i.e. two), which enables remaining coordina-
dmf = dimethylformamide) Fig. 7) [51]. The metal and tion sites of the metals to be filled with terminal ligands that
organic components assembled to produce a 2D squaremay be used to functionalize the interior of the framework.
grid, with cavities of dimensions17.5x 17.5 A, involving Thus, reaction of a linear metal bridge with organic ligands
paddle-wheel-like SBUs. The carboxylate groups located that serve as planar three-connected (vertex angle?)120
in the 4,4-positions of the dicarboxylate served as linear and four-connected nodes (vertex angle?)3@ould gener-
links while a twisted 1,tbinaphthalene unit provided the ate MOFs with inverted hexagonal and square grid topolo-
chirality. The ethoxy groups of the dicarboxylate pointed gies, respectivelyHig. 9). In effect, such inversion of the
into the cavities of the framework while the grids stacked structural role of the metal and organic components enable
in a staggered arrangement such that SBUs from adjacenthe coordination sphere of the metal-based bridge to line the
layers were positioned in the cavities of adjacent grids. The cavities and pores of a MOF supramoleculdBg], where
pointing of the functional groups into the cavities, coupled the terminal ligands may be tailored to define structural and
with the staggered stacking of the grids, resulted in a mini- recognition properties of the sol[83].

mal void space. In a similar way to the chiral MOF reported  Although an IMOF offers an attractive means to line in-
by zur Loye and Bunz, the strategy may be used to designterior cavities and pores of a MOF with functional groups,

MOFs that display chiral selection of guests. the method has remained largely unexplored. To demon-
strate the feasibility of the approach, we will discuss MOFs

4.2. Pre-framework synthesis and covalent designed to date with structures that conform to the struc-

functionalization ture criteria of an IMOF[54-68] We will then describe

an example reported by our lab that employs the approach
A common feature of MOFs with metal ions or clusters [37].
as nodes and linear organic bridges as spacers is that the
functionalization of the bridge has been performed by way 51, Sngle metal ion as linear bridge
of a covalent synthesis. Consequently, the functionalization
has chiefly relied upon employing principles and methods  To our knowledge, Robson reported the first MOF with
of organic synthetic chemistry. Although such a covalent g structure that conforms to an IMOF. Specifically, reaction
approach provides a means to functionalize a bridge with a of the tetrapyridyl metalloporphyrin (5,10,15,20-tetra-4-py-
virtually unlimited range of organic groups, the method can ridyl-21H,23H-porphyrinato)palladium (Pd-py-porph) with
involve an elaborate, multi-step synthesis and/or produce the(;d(NQ)2 - 4H,0 produced the infinite 3D host [GINO3)4
linear bridge in low yield. Indeed, an alternative and possibly (Pd-py-porph)(HO)als (Fig. 10 [54]. In this material, the
more efficient means to functionalize a linear brldge is to porphyrin units served as p|anar four-connected nodes in
employ a supramolecular approa&d®,53] In this design,  which the four pyridyl units were bound to octahedral Cd(ll)
reversible bonds are used to attach single and/or multiple centers that served as either linear or bent connectors. Each
organic groups to the bridge such that the bridge forms in a cd(il) ion was coordinated by two Npions, two HO
single step and high yield. By inverting the structural role of mglecules, and two pyridyl groups in eithetrans or cis ar-
metal and Organic Components, an IMOF prOVideS such an rangement_ The pyr|dy| groups in thans andcis arrange-
approach to functionalizing the interior of a MOFig. 8). ments served as the linear and bent connectors, respectively.
As a consequence of this arrangement, the connectors as-
sembled with the porphyrin units to form 1D chains that
5. Inverted metal organic frameworks passed over each other to produce the 3D network. The co-
ordinated HO molecules and ND ions lined voids of the
An IMOF is a MOF that consists of an organic bridge as solid, which were filled with HO molecules.
a node and a single metal ion or SBU as a linear sj&aér Robson has also described an IMOF based on a planar
Consequently, the structural roles of the metal and organicthree-connected node. Specifically, reaction of 2,4,6-tris
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(b)

Fig. 9. Schematic of the inversion of: (a) square grid and (b) honeycomb network (black circle, metal; open circles, organic; ellipses, orgarakitjgnct

(4-pyridyl)-1,3,5-triazine (tpt) with ZnSif-produced [Zg occupied by one MeOH molecule, twa@ molecules, and
(SiFg)3(tpt)2(H20)6(MeOH)]oo [55] wherein the metal one Sil‘—é* anion Fig. 11). As a consequence of the assem-
and organic components assembled to produce an eightfoldbly process, the components organized to form a (10,3)-a
interpenetrated 3D framework that involved an enantiomor- net with mutually perpendicular fourfold helices of the
phic (10,3)-a topology. Each Zn(ll) center adopted an octa- same handedness. The interpenetration of the (10,3)-a nets
hedral coordination geometry with twteans pyridyl units involved four networks of one handedness interpenetrating
from two tpt ligands, while the remaining four sites were with four networks of the opposite handedness to give a 3D

( Ty

linear metal
bridge

Fig. 10. The linear and bent Cd(ll) bridges of EENO3)4(Pd—py—porph)(kO)a] -



178 G.S Papaefstathiou, L.R. MacGillivray/ Coordination Chemistry Reviews 246 (2003) 169-184

or honeycomb topologyHig. 12 [56]. The honeycomb
framework formed with dimethylformamide (DMF) and
H>0O as the solvent while the brick-wall framework formed
with DMF, H,O, and pyridine.m—w interactions involv-
ing the BTC anions and included pyridine molecules were
used to account for the formation of the brick-wall struc-
ture. In each case, the 2D framework assembled to produce
1D pores and the hydroxyl groups of the linear bridges
served to connect adjacent layers by way of hydrogen
bonds. Notably, each MOF was shown to lose crystallinity
upon removal of solvent guest. A similar 2D honeycomb
framework [Ni(GoH32Ng)(CsHg(COOX], involving the
cis,cis-1,3,5-cyclohexanetricarboxylate anion and a Ni(ll)
macrocycle with pendant pyridyl groups, has also been re-
ported[57]. In a similar way to [(Nilg)(BTC)], the MOF
was shown to lose crystallinity upon removal of the guest.
Rosseinsky has recently demonstrated that BTC may be
used as a three-connected node to produce the 2D IMOF
[Ni3(BTC)2(pyridinep(H20)3]~ [58]. The components as-
sembled to produce a framework that exhibited a nearly pla-
nar (6,3) net composed of hexagons with side lengths of
Fig. 11. Structure of the 3D network [g(5iFs)a(tpt)2(H20)s (MeOH)] approximately 11.3 A. The carboxylate groups of the an-
emphasizing the linear metal bridges between the tpt nodes. ions adoptedrans positions in the coordination sphere of
each nickel atom. The coordination sphere of each metal
racemate devoid of cavities and pores. The terminal ligandswas completed by three pyridines and ongOHmolecule.
of the Zn(ll) ions lined the interior of the 3D network. The pyridines pointed into the hexagonal cavities while the
Suh has described IMOFs based on a planar three-coordinated HO molecules participated in O-H O hy-
connected node, in the form of the 1,3,5-benzenetricarboxy-drogen bonds with the carboxylate groupsy( 13. A simi-
late anion (BTC), and a linear bridge, in the form of a lar 2D IMOF [Ni3(BTC).(pyridine)(n-butanol}]~, has also
hydroxylated Ni(ll) macrocycle. In particular, reaction of been reported wherein alkyl chains of coordinated alcohols
NIL(CIO4)2 (L=C12H30NgO2) with NaxBTC produced two pointed into hexagonal cavities. Each IMOF lost solvent
IMOFs of formula [(NiL3)(BTC)2]oc Which, depending  guestupon standing in air and displayed an increase in crys-
on the nature of the guest, exhibited either a brick-wall tallinity upon being exposed to pyridine vapor.

Fig. 12. The hexagonal grid [(NE)}(BTC)2]oo-
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Fig. 13. Structure of the 2D IMOF [N{BTC)z(pyridinel(H20)3] . Fig. 14. The inverted square grid framework [A§osy(ia-hmt)]s (Sin-
gle atoms bonded to Ag from coordinated Tos anion: gray sphere, oxygen;
white sphere, carbon).
It is well-established that the Ag(l) cation is able to adopt

a linear, or bent, coordination geometry. Consequently, re- S
action of the Ag(l) cation with a polydentate ligand may, in nated by twotrans hmt molecules. The grid displayed
principle, generate an IMOF. This has been the case whenMetal-metal separations 6%.2x 10.9 A In a similar way
various Ag(l) salts have been reacted with hexamethylenete-{© [Ag2(Tosk(p.a-hmit)], the NG, anions pointed above
tramine (hmt), a tetrafunctional molecule with four nitrogen @nd below the plane of the framework. .
atoms located at the vertices of a tetrahedron. Specifically, Chen has revealed that reaction of £§0s) with hmt
four IMOFs based on the Ag(l) ion have been reported Produced the square grid [A650s)(pa-hmt)(H20)]o in
[59,61-63] Three frameworks exhibit a square grid network Which the Ag(l) cation, similar to Ag(N¢), adopted two
while the fourth exhibits a hexagonal grid topology. fjlfferent goord|nat|on geom_etrlleiél]. In addition to serv-
Reaction of Ag(Tos) (where Tos p-CHsCgH4SOs) ing as a linear spacer by brlldgmg two hm_t molecules, each
with hmt produced, as described by Ciani, the square grid I°n Was coordinated by either a $Oanion or a HO
framework [Ag(Tosk(pa-hmt)] (Fig. 14 [59]. In this molecule. The coordinated $O anions HO molecules
framework, the Ag(l) cation served as a bent bridge, being pointed above and below the plane of each grid (metal-metal
coordinated by two hmt molecules, a Tos anion, and an Separations-6.3x 10.4 A), while adjacent grids were con-
aromatic ring. The coordinated hmt molecule served as anected through hydrogen bonds that involved the coordi-
four-connected node. As a consequence of this arrangementated B0 molecules and S anions. The hydrogen bonds
the metal and organic components assembled to produce anvolving the HO molecules and Sij anions produced a
2D square grid with metal-metal separations-@.4 x 6.4 3D network with irregular pentagonal channels that included
A. The bulkiness of the hmt ligand and relative short length H>O molecules as guests.
of the metal bridge precluded formation of a cavity which, = Whereas the metal and organic components ob(Ags)
in effect, forced the aromatic groups of the anions to point (us-hmt)ls, [Ag2(NO2)2(a-hmt)lss, and [Ag(SOs)(jus-
above and below the plane of the 2D framework. A similar hmt) (H2O0)] have assembled to form a MOF with a square
2D grid involving Hg(ll) as a bent spacer in [Hghmt)] grid topology, the components gfAgs(3-hmtp(H20)4]
has been recently reported by Bat{én]. (PFs)3} o0 have assembled to form a MOF with a hexagonal
Similar to [Ag(Tosy(ws-hmt)], reaction of Ag(NQ) grid topology. In particular, Ciani has revealed that the Ag(l)
with  hmt produced the 2D square grid [AHO2) cation of the framework, similar to [A4SOy)(ps-hmt)

2(ra-hmt)]oo, as independently reported by Chigi] and (H20)]0, assembled in two different coordination geome-
Liu [62]. In contrast to [Ag(Tosk(mna-hmt)ls, the Ag(l) tries. Specifically, one third of the Ag(l) ions assumed a
ion of [Ag2(NO2)2(hmt)], adopted two different coor- linear geometry, bridging two hmt molecules, while the

dination geometries. Specifically, half of the Ag(l) ions remaining cations adopted a bent geometry, being coordi-
assumed a linear geometry, bridging two hmt molecules, nated by two hmt molecules and twa® moleculeq59].
while the remaining cations adopted an octahedral ge- Hydrogen bonds involving the coordinateg® molecules
ometry, being chelated by two NOanions and coordi-  formed between the layers to produce elongated hexagonal
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Fig. 15. Hexagonal grids of[Ags(j.3-hmtl(H20)4](PFe)3}co-

cavities (metal-metal separations.8x 14.9 A) filled by
PF; counter ionskig. 19.

5.2. Secondary building unit as linear bridge

an IMOF. Such a SBU would be expected to fix metals and
organic functionalities of a linear bridge into well-defined
geometries such that the cluster supports a robust IMOF with
well-positioned organic groups. In this context, the dinuclear
carboxylate paddle-wheel complexofRCO;)s (M = Cu,

Rh, Ru, Mo; R= alkyl) has been used as a linear bridge to
construct IMOFJ64—68]

The first IMOF based on a dinuclear paddle-wheel com-
plex was reported by Cottoj4]. Specifically, reaction of
[Rh2(O2CCR3)4] with TCNE (where TCNE= tetracyano-
ethylene) produced the 2D square grid [fRD,CCF3)4)2
(TCNE)]w. The grid was composed of planar four-connected
TCNE molecules and linear [R{0O>,CCFs)4] bridges that
formed square cavities. The —g€Roieties of the carboxy-
lates pointed into the cavities of the framework, lining
the walls with disordered fluorine groups. The grids stacked
at a separation distance of 9.5 A to produce voids filled
with solvent benzene molecules. Notably, Dunbar has re-
cently reported a 2D IMOF [(M(O2CCR)4)2(TCNQ)]wo
(where M= Ru, Rh; TCNQ= 7,7,8,8-tetracyano-quinodi-
methane) with a structure similar to [(RIO2CCFRs)4)2
(TCNE)]» [65] (Fig. 16. The metal and organic compo-
nents, owing to the presence of the aromatic ring of the
TCNQ molecule, assembled to form a 2D cavity-containing
framework with a square grid topology. The cavities hosted
toluene molecules as guests. In a similar way to HRh

In addition to serving as a node of a MOF, a metal car- (O,CCRg)4)2(TCNE)]», the carboxylates lined the walls

boxylate cluster, or SB{L1], may serve as a linear bridge of

of the host with —CEk groups.

Fig. 16. View of the distorted hexagonal network of {{@2CCF3)4)2(TCNQ)lw, (M = Ru(ll) or Rh(ll)).
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Fig. 17. The crystal structure of the inverted hexagonal framework[(@GACCHz)4)3(tpt)2] o -

Robson has shown that reaction of pg0,CCHs)4] with formed to a superdiamondoid lattice. The hmt molecules
tpt produced the 2D IMOF [(C{O2CCHg)a)3(tpt)2] co- served as four-connected nodes while the dinuclear Mo
The framework consisted of (6,3) sheets wherein tpt clusters served as linear bridg¢88]. Solvent CHCI,
molecules served as planar three-connected nodes andnolecules were included within cavities of the framework.
copper paddle-wheel complexes served as linear bridgesThe carboxylates of the linear bridges lined the cavities
(Fig. 17) [66]. As a consequence of this arrangement, the with —CHg groups.
metal and organic components produced very large hexag-
onal cavities with ring diagonals of dimensions35 A. 5.3. Our approach
The grids adopted aABC stacking pattern such that half
of the organic nodes of one grid assembled above or below During the last 2 years, we have developed an approach
the cavities of the other. Consequentty-m interactions for controlling reactivity in the organic solid state that em-
between tpt units of shee¥ and X + 2, within cavities of ploys bifunctional molecules that serve as linear hydrogen
sheetX+ 1, formed to produce a 3D framework devoid of bond template§69]. The method has enabled us to enforce
cavities for inclusion. The —Cgigroups of the SBU bridges  topochemical alignment of olefins in organic solids such
pointed into the hexagonal cavities of the framework. that the double bonds undergo an intermolecula# &

Work by Zaworotko has shown that hmt may be used as a photocycloaddition reaction. Thus, co-crystallization of
node to produce a 2D IMOF with a SBU as a bridge. Specif- 1,3-dihydroxybenzene (resorcinol) withrans-1,2-bis(4-
ically, reaction of [Cg(O2CCH,CHs)4] with hmt produced pyridyl)ethylene (4,4bpe) produced a four-component
a 2D grid, [(Cy(O2CCHyCH3)4)5(hmt)s] 0, that displayed molecular assemblyFg. 19, 2(resorcinol) 2(4,4-bpe),
novel tiling of pentagonsHig. 18 [67]. The hmt molecules  held together by four O—H-N hydrogen bonds wherein
of the framework served as both three- and four-connectedtwo double bonds were organized for a photodimeriza-
nodes to produce non-planar grid with cyclopentanoid cavi- tion [70]. Ultraviolet irradiation of the solid produced
ties of dimensions-10x 15 A. The ethyl groups of the car-  rctt-tetrakis(4-pyridyl)cyclobutane (44pcb), stereospecif-
boxylates pointed into the cavities, which mitigated against ically (yield: 100%).
inclusion of guest solvent molecules. An attractive feature of the template approach has been the

In addition to a 2D IMOF, hmt has been shown to gen- nature of the products. That hydrogen bond donors have been
erate a 3D IMOF. In particular, Dehnicke has shown that used to assemble the reactants has meant that the cyclobutane
reaction of the silylated phosphaneimine 8éNPEg with units have been lined with hydrogen bond acceptor sites
[M02(0O2,CCHg)s] produced [(M@(O2CHs)s)2(hmt)]s in the form of pyridyl groups. Owing to the ubiquity of
which involved a 3D framework with a topology that con- pyridyl groups in coordination chemistry, and the fact that
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Fig. 18. The (53) network [(Cy(O2CCH,CHg)a)s(hmt)]~. Carboxylates have been omitted for clarity and the paddle-wheel complexes are shown as
a single line with black spheres.

multiple and divergent pyridyl groups were attached to the  The —CH groups of the linear bridges of [(G(O2
cyclobutane unit, we anticipated that products of our linear CCHg)4)2(4,4-tpcb)l, pointed into the cavities of the

templates could serve as nodes of IMOFs. IMOF. In particular, four —CH groups were directed into
Our first result has involved the application of 4tgcb each cavity such that the alkyl groups subdivided each cavity
as a node for the construction of a 2D IMORB7]. into three compartments. The largest compartment, which

Specifically, reaction of copper paddle-wheel complex defined a large rectangular box of dimensier20.0x 9.5
[Cux(02CCHg)4(H20)p] with 4,4-tpcb was shown to A, was located along the diagonal of the obtuse corner
give [(Cwp(O2CCHz)4)2(4,4-tpcb)l (Fig. 20. In this angles of the cavities and was occupied by solvent ben-
framework, each 4/4pcb unit was surrounded by four zene guests. The two smaller compartments, which defined
paddle-wheel complexes such that the cyclobutane unitsmoderately-sized square boxes of dimensiens0x 7.0
served as four-connected nodes and the paddle-wheel comA, were located in the remaining corners and were filled by
plexes served as linear bridges. As a consequence of the-CHg groups directed above and below each cawig(21).
assembly process, a 2D IMOF with rhombic cavities of The inclusion of the —CHklinto the square-shaped compart-
dimensions~17.2x 17.2 A and corner angles of75 and ments resulted in oblique stacking of the grids, which pro-

105 formed. duced a 3D MOF with isolated 1D channels of dimensions
O-H---NS ~ = N H-0
hy
—
OH----- N2 S L N---eee- HO solid
| || ] | | l ]
| | | |
template reactants template product

(b)

Fig. 19. Construction of 4,4pcb in the solid state using a linear template.
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6. Summary and outlook

In this article, we have described methods to function-
alize the interiors of crystalline inorganic—organic hybrid
materials[38—41] with focus on MOF942-68] We have
shown that MOFs offer a diverse space within which to
place functional groups to affect and, in some cases, con-
trol properties of metal-organic solids (e.g. recognition).
Cavity-containing and porous MOFs have been highlighted,
where it has been demonstrated that IMQ&554—68]of-
fer an attractive means to functionalize the interiors of host
MOFs with organic groups using principles of supramolec-
ular chemistry[52]. Indeed, much of the efforts to func-
tionalizing the interiors of MOFs are at a beginning and we
anticipate a further understanding of those factors that dic-
tate assembly processes in molecular crystalline solids will
enable the ability to line and fine-tune the interiors of host
MOFs to be further realized.

Fig. 20. Space filling model of the 2D IMOF [(G(D2CCHs)a)2
(4,4-tpch)}. Acknowledgements
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to form the channels. To our knowledge, such molecular

compartmentalization had not been observed within a MOF
[37]. Preliminary guest-exchange experiments revealed that
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ble to removal of the benzene guest.
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