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Preface

The study of metal-ligand coordination polymers, also termed metal-organic frame-
works (MOFs) and porous coordination compounds (PCPs), is a field of research
that has risen rapidly over recent years to the forefront of modern chemistry
and materials science. The field has grown out of coordination chemistry through
supramolecular chemistry and crystal engineering to the discovery of porous hybrid
materials via the design and implementation of new synthetic strategies, and of
structural, theoretical, and topological analysis and modeling. A range of new fasci-
nating porous materials showing specific and unprecedented properties and func-
tion are now emerging.

This volume focuses on recent advances in research on porous framework mate-
rials covering chiral separations, catalysis and activation, fuel gas storage and cap-
ture, reactivity in porous hosts, and magnetism. The control of chemistry within
confined, nanoscale environments is an expanding platform technology for the future,
which will be vital for the delivery of new sustainable processes, energy portals, and
healthcare. Synthesis and materials design has never been more important.

Nottingham, Summer 2010 Martin Schroder
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Microporous Organic Polymers: Design,
Synthesis, and Function

Jia-Xing Jiang and Andrew I. Cooper

Abstract Microporous organic polymers (MOPs) can be defined as materials with
pore sizes smaller on average than 2 nm which are comprised of light, non-metallic
elements such as C, H, O, N, and B. We describe here the main classes of MOPs
which are conveniently sub-divided into amorphous and crystalline groups. We
present an overview of the synthesis of these materials, along with some general
design criteria for producing MOPs with high surface areas and micropore volumes.
The advantages and disadvantages of MOPs with respect to inorganic materials
such as zeolites and hybrid materials such as metal organic frameworks are discussed
throughout, particularly in terms of practical applications such as catalysis, separa-
tions, and gas storage. We also discuss future opportunities in this area as well as
the potential to unearth “undiscovered” MOPs among the large number of rigid
backbone polymers and networks reported in the literature.

Keywords Microporous ¢« Nanoporous * Networks ¢ Polymers
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Abbreviations

BET  Brunauer-Emmett-Teller

CMP Conjugated microporous polymer
COF  Covalent organic framework
HCP  Hypercrosslinked polymer

MOF  Metal organic framework

MOP  Microporous organic polymer
PAE  Poly(aryleneethynylene)

PIM  Polymer of intrinsic microporosity
PPB  Poly(phenylene butadiynylene)
PPV Polyphenylenevinylene

ZIF Zeolitic imidazolide framework

1 Introduction

Microporous materials are important in a wide range of applications such as catalysis
and separation science [1]. They can exhibit very high physical surface areas
and the pores have dimensions that are comparable to small molecules. There are
several well-known classes of microporous material [1] including zeolites, acti-
vated carbons, silica, and metal organic frameworks (MOFs) — the latter of which
is the main focus of this volume [2-5]. In this chapter, we will discuss the design,
synthesis, and function of microporous organic polymers (referred to hereafter as
“MOPs”). We define “organic” polymers broadly as materials, which are composed
predominantly of light, non-metallic elements such as carbon, hydrogen, boron,
and nitrogen. We do not include (other than for comparison) metal-based species
(e.g. MOFs) [2-5], although we do discuss phthalocyanine and porphyrin networks
(Sect. 2.2.3). Microporous inorganic materials such as silica, metal oxides, and
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zeolites, are not covered; neither are “hybrid” materials such as polysilsesquioxanes
[6]. We will restrict the discussion to microporous polymers following the current
IUPAC definition — that is, materials with pores that are mostly smaller than 2 nm
in diameter. Moreover, this review is focused on materials with interconnected
porosity, which are physically accessible to other molecules and can be measured,
for example, by gas sorption analysis. This contrasts with the closed porosity and
channel structures found in supramolecular organic structures and some crystalline
polymers [7]. A summary of the main types of MOPs and their typical properties
is given in Table 1.

Unambiguous classification is challenging for MOPs, even when the subject is
delineated as above. We have divided materials into amorphous (Sect. 2) and
crystalline (Sect. 3) groups since this distinction is clear-cut. Within amorphous
MOPs, classification is more problematic and several “classes” overlap. For exam-
ple, many network-type MOPs may be classified in principle as “hypercrosslinked,”
although this term has been confined in the literature to only a few polymers
(Sect. 2.1).

1.1 Advantages of MOPs

MOPs have a range of potential advantages for specific applications. There are also
a number of challenges in terms of developing and improving the properties of
MOPs. As such, this is a fertile area of research for synthetic chemists, materials
chemists, and researchers working in diverse areas such as energy storage, separation
science, catalysis, and sensor technology.

1.1.1 Synthetic Diversity

Perhaps the main potential advantage of MOPs is the synthetic diversity that is
possible. First, a very wide range of synthetic polymer methodologies has been
developed, many of which can be adapted to the synthesis of MOPs. Examples of
chemistry used to generate MOPs includes Friedel-Crafts alkylation [8], dibenzo-
dioxane formation [9], imidization [10], amidation [10], Sonagashira—Hagihara
cross-coupling [11] and homocoupling [12], Gilch coupling [13], boroxine- and
boronate-ester formation [14], and nitrile cyclotrimerization [15]. Second, there is
enormous scope for polymer post-modification to introduce specific chemical func-
tionalities. This is possible because most MOPs are quite chemically and thermally
stable (Sect. 1.1.2). They can therefore be handled and derivatized under standard
wet chemical conditions without problems such as framework degradation or loss
of microporosity. Indeed, most of the combinatorial chemistry developed for resin-
based supports may be translated to MOPs, although some limitations could arise
in terms of size exclusion of bulky reagents, particularly for ultramicroporous
MOPs (pore sizes<0.7 nm).
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1.1.2 Chemical and Physical Stability

The very high physical surface area exhibited by microporous materials is the key
to many applications; but this also presents a potential challenge in terms of stability.
For example, surface degradation reactions are greatly accelerated in a material that
is “all surface.” Some microporous materials such as activated carbon have very
good thermal and chemical stability but there is relatively limited scope for
synthetic diversification (Sect. 1.1.1). Zeolites can be extremely stable thermally
but may be degraded (or indeed dissolved) under certain chemical conditions.
Reports suggest that MOFs have widely varying chemical stability: some materials
lose porosity on brief exposure to air, while others are reported to be quite stable
under standard atmospheric conditions for extended periods. Zeolitic imidazolide
frameworks (ZIFs) [16, 17] are stable even towards harsh chemical conditions.

The chemical and thermal stability of MOPs are also variable. In general,
though, organic main-chain aromatic polymers have very good chemical stability
and moderate-to-good thermal stability. For example, hypercrosslinked polymers
(HCPs) (Sect. 2.1), polymers of intrinsic microporosity (PIMs) (Sect. 2.2), and
conjugated microporous polymers (CMPs) (Sect. 2.3) all tend to be stable, for
example, to acids and bases. These materials also exhibit quite good thermal stability,
although less so than inorganic materials such as silica. Covalent organic frame-
works (Sect. 3) based on boroxines show good thermal stability but porosity has
been reported to be degraded by exposure to air [18].

1.1.3 Cost and Scalability

Some MOPs — for example, HCPs (Sect. 2.1) — are relatively low cost and have
already been commercialized. It does not follow however, that MOPs are in general
less expensive than “exotic” materials such as MOFs, some of which are synthe-
sized from fairly inexpensive metal salts and organic linkers. For example, most of
the monomers used to synthesize the CMPs developed in our laboratory [11, 12, 19]
(Sect. 2.3) are expensive, as is the palladium catalyst used for the coupling
chemistry. As such, cost must be appraised in terms of specific technical benefit on
a case-by-case basis. In general, organic polymers are a well-proven and scalable
technology. Cost is unlikely to be totally prohibitive for all MOPs, particularly in
cases where unique molecular function can be achieved to distinguish these materi-
als from cheaper high surface area materials.

1.2 Challenges

In addition to numerous advantages, MOPs present a range of challenges. So far few
organic polymers have been synthesized which match the highest micropore volumes and
surface areas exhibited by MOFs (apparent BET surface areas >4,000 m?g),
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although boroxine- and boronate-ester-linked COFs [14, 20], in particular, show
strong promise in this regard. Some MOPs are relatively expensive (Sect. 1.1.3).
An associated problem is environmental impact, since most organic polymer chem-
istry are carried out using volatile organic solvents. Likewise, atom economy is low
for some MOP chemistries — for example, the Friedel-Crafts alkylation route used
to generate HCPs [8, 21, 22] (Sect. 2.1) uses non-catalytic concentrations of FeCl3
and produces HCI as the condensate molecule. From a longer-term “life cycle”
perspective, the environmental degradability of the aromatic units that comprise
most MOPs is poor, although this may also apply to aromatic MOFs, for example.
A significant challenge in developing ordered crystalline MOPs (Sect. 3) is to
identify covalent linking chemistries that are sufficiently reversible to form
structures under thermodynamic control (Sect. 1.3.3) while generating stable and
robust microporous structures.

1.3  Design Rules for MOPs

Although it is difficult to formulate generic “design rules” for MOPs, a number of
criteria are clearly important in terms of producing polymers with high physical
surface areas and interconnected micropore structures.

1.3.1 Polymer Rigidity and Free Volume

All organic polymers exhibit free volume — that is, molecular spaces between
polymer chains — to a greater or lesser degree [23]. However, with the exception of
certain ultra-high free volume polymers such as poly(1-trimethylsilyl-1-propyne)
and PIMs [9] (Sect. 2.2), the vast majority of linear polymers do not exhibit sufficient
interconnected free volume to be classified as permanently microporous. Network-
type or “crosslinked” organic polymers can exhibit permanent microporosity but
this is not generic; it is easy to synthesize organic polymer networks which are
entirely non-porous. In general, both linear PIMs and network polymers must be
composed of rigid molecular linkers in order to “lock in” microporosity in the dry
state. A good example of this can be found in HCPs (Sect. 2.2): linear polystyrene
crosslinked with chloromethyl methyl ether or tris-chloromethyl mesitylene was
found to exhibit an apparent BET surface area of >1,000 m?g~!, while comparable
materials crosslinked using a more flexible linker, bischloromethyl diphenylbutane,
were non-porous [21]. Likewise, linear PIMs (Sect. 2.2.1) exhibit permanent micro-
porosity as a function of both their rigid polymer backbones and the contorted
structures (for example, introduced via spiro linkages) [9], which prevent the chains
from packing efficiently in the solid state. A degree of molecular rigidity is gener-
ally necessary to expect permanent microporosity in organic polymers, whether
they be ordered or disordered (Sect. 1.3.2), linear or networks. There are no fixed
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rules, however, about what constitutes a sufficiently rigid covalent bond. Rigid
aromatic groups are clearly advantageous, as found for MOFs; and most MOPs
reported thus far are aryl-type polymers. Boroxines [14, 20] (Sect. 3.1) and triazine
units [15] (Sect. 3.2) are also rigid and impose a planar 1,3,5-geometry. Examples
of aliphatic linkages in MOPs all tend to have low conformational flexibility — for
example, methylene, tetraphenylmethane [24], and triphenylmethanol [24]
(Sect. 2.2). In our laboratory, we have exploited aryleneethynylene [11] and
butadiynylene [12] linkers (Sect. 2.4). These units are quite rigid although there is
significant conformational freedom in terms of rotation about the alkyne bond.

1.3.2 Order Versus Disorder

There are two broad classes of MOPs — disordered, amorphous MOPs (Sect. 2.2-2.5)
and ordered, crystalline MOPs (Sect. 3). The nature of the covalent bond-forming
chemistry tends to govern possibilities here. Crystalline MOPs will in general,
necessitate chemistry that is reversible to allow ordered, thermodynamic products
to be accessed. Examples of this include boroxine- and boronate-ester formation
[14, 20] and nitrile cyclization [15]. Irreversible chemistry — for example,
Sonagashira—Hagihara cross-coupling [11, 19] — will tend to produce amorphous,
kinetic products, at least in the absence of very strong templating which could in
principle direct such chemistry to give crystalline MOPs. This situation is unsym-
metrical; reversible bond-forming chemistry might produce amorphous, kinetic-
product MOPs under certain reaction conditions, whereas it is harder to conceive
conditions where irreversible chemistry forms ordered, crystalline MOPs.

It cannot be said that one particular strategy — order versus disorder — is “better”
than the other, and the choice will depend on the desired application. There are a
number of potential advantages for crystalline MOPs. Structural uniformity makes
it possible to design materials with very narrow pore size distributions and thus,
conceivably, gain some of the advantages associated with zeolites [1] — for exam-
ple, molecular specificity in catalysis. Crystalline MOPs can also be characterized
structurally at the molecular level by X-ray diffraction [14, 15, 20] in a manner that
is not possible for amorphous materials. At the time of writing, the highest apparent
BET surface areas reported for MOPs (up to 4,210 m?g™") were found for ordered,
crystalline COFs [20].

Given the advantages of crystalline MOPs, why, then, would one consider dis-
ordered systems? First, there are properties and functions that cannot currently be
accessed with ordered crystalline materials. For example, linear PIMs [9] (Sect. 2.2)
can be cast from solution to form microporous membranes for gas separation, which
have good mechanical properties. High surface area conjugated MOPs [11-13, 19]
may be useful in a range of electronic and optoelectronic applications, but the chemistry
employed to prepare conjugated polymers is usually irreversible. Thus, crystalline
conjugated MOPs may be hard to access, although this is certainly a very interesting
challenge. The highest apparent BET surface areas reported thus far for amorphous
MOPs are exhibited by hypercrosslinked materials (>2,000 m?g™) [25]. Molecular
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simulations in our laboratory suggest that much higher surface areas are in theory
possible for amorphous MOPs and that density is the primary limiting factor. That
is, the highest surface area COFs [14, 20] (and MOFs) exhibit lower densities and
higher pore volumes than are typically observed in amorphous MOPs. In principle,
better molecular design and more sophisticated templating strategies may allow the
formation of amorphous MOPs with less chain interpenetration and higher micropore
volumes (Sect. 1.3.3). Pore size is harder to control precisely in most amorphous
MOPs because the average pore size is statistically related to the chemical structure
rather than defined crystallographically.. We have shown recently, however, that
fine synthetic control over pore size can be achieved for poly(aryleneethynylene)
(PAE) networks (Sect. 2.3) [11, 19]. Amorphous MOPs may have stability advantages
in some applications by virtue of the irreversible covalent bond-forming reactions used
to generate these materials. It is not a coincidence, for example, that the most
synthetically-versatile microporous MOF [2] and COF [14, 20] routes give rise to
high surface area materials where chemical lability and physical stability are potential
practical issues. To achieve the best of both worlds — that is, the molecular design of
highly-robust, high surface area MOPs — remains a difficult synthetic challenge.

1.3.3 Templates and Porogens

The role of solvent and other additives in pore formation in MOPs is likely to be
very important but is poorly understood. Templating effects are commonly invoked
for microporous MOFs and similar considerations would apply to crystalline
microporous COFs [14, 20], for example. Likewise, the influence of solvents and
other species as “porogens” in porous polymer synthesis is well-known [26] but
mostly understood at a qualitative level. Indeed, there is relatively little detailed
information to hand for MOPs and this issue requires further attention.

Solvent porogen effects for macroporous resins are often explained in terms of the
degree of solvation imparted to the incipient polymer network, the point at which
phase separation takes place, and the resultant degree of “in filling” between primary
particles [26]. This may play a role in some amorphous MOPs (for example, micro/
mesoporous PPV [13]); however other systems such as HCPs (Sect. 2.1) do not
undergo phase separation in this way [21, 22]. This basic mechanistic difference also
accounts for the apparent independence of surface area on monomer concentration for
conjugated microporous PAE networks [19], for example, in comparison with macro-
porous polymer resins where surface area may be strongly concentration dependent.

A few MOPs — for example, linear PIMs [9] — can be dissolved and precipitated an
indefinite number of times from a range of solvents. As we know, the effect of changing
solvent or drying time on micropore properties has not been reported in detail.

The solvothermal conditions used to synthesize boroxine- and boronate-ester
COFs (temperature, solvent, solvent-to-head-space ratio) have a strong effect on the
product morphology [14, 20] and it seems that particular solvents give rise to ordered
crystalline materials whereas others do not. In principle, this may be understood in
terms of templating effects but could equally arise from differences in monomer
solubility, for example, which in turn affects the rate of network formation.
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Triazine-based networks have been produced under ionothermal conditions in molten
ZnCl,, followed by extraction of residual salt from the materials [15]. It is certainly
possible that the salt acts here as a template for pore formation; indeed, ZnCl, has been
used previously as a “porogen” for the formation of activated carbon [27-29].

1.3.4 Molecular Simulations for MOPs

It is desirable to use molecular simulations to design new MOPs with particular
properties. There are two interrelated strategies — predictive simulations (to anticipate
wholly new structures) and explanatory simulations (to rationalize the properties of
materials that have been synthesized).

Truly predictive simulations are challenging for both amorphous and crystalline
MOPs. For amorphous materials, it is very difficult to simulate ab initio the density
of a disordered MOP network. Pore sizes and surface areas are highly dependent on
small changes in simulated density. As such, a major challenge exists in accurately
predicting micropore properties for amorphous MOPs, even if one can simulate
precisely the polymer network growth mechanism and underlying chemistry (in
itself a non-trivial task). The scope of predictive simulation for ordered, crystalline
MOPs is rather greater, although again numerous difficulties exist. For example, it
may be hard to establish whether a putative ordered MOP structure is more stable
than, for example, an alternative catenated and non-porous form.

Explanatory simulations are more readily achieved, particularly for ordered
materials such as MOFs. For example, it was shown recently that calculated geometric
surface areas for MOFs agree well with both simulated and actual BET surface areas
[30]. Geometric surface areas can be calculated simply and quickly in comparison
with BET surface areas derived from Grand Canonical Monte Carlo (GCMC) gas
sorption simulations. This simple geometric approach may therefore be widely
applicable as an in silico screening tool for the design of COFs (Sect. 3) and other
crystalline MOPs, so long as an appropriate surface is defined — that is, an accessible
surface, as opposed to a Connolly surface. Simulations for known amorphous MOPs
are again more problematic and there are relatively few examples in the literature
[31]. Micropore volumes (and hence densities) can be determined with some preci-
sion by gas sorption; as such, it is possible to set a “target” density for simulations,
thus addressing one of the most important variables in terms of predicting micropore
volume. It is clear, however, that identical simulated densities can be obtained for
materials with very different pore connectivities and, hence, different simulated
accessible pore volumes and surface areas. An example of a molecular simulation for
a hypercrosslinked polydichloroxylene network is shown in Fig. 1.

For the few soluble, linear MOPs which exist (i.e. PIMs [9], Sect. 2.2), it should
be possible to define chemical structures with good fidelity within simulations,
although the quantitative representation of molecular weight distribution requires
some thought. Amorphous network-type MOPs such as HCPs present a range of
challenges. Most significantly, it is difficult to build a single, unambiguous model
of the covalent network structure, even when high-quality solid state *C NMR
data are obtained. For example, we have simulated the micropore structure for
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Fig. 1 Molecular simulation of a microporous hypercrosslinked polydichloroxylene network
(a—c) and simulation of hydrogen sorption within the micropores (d) [31]. This model simulates
properties such as pore volume, density, and average pore size quite well. Hydrogen sorption is
overestimated by the simulation shown in (d) because a Connolly surface, rather than a solvent
accessible surface [30], is used to calculate the H, uptake

polyxylylene materials [31] based on a combination of measured pore volumes,
solid state *C NMR data, and elemental analysis (Fig. 1); but even with this range
of data it is only possible to define average atomic connectivities and substitution
patterns for the polyxylylene network.

2 Amorphous Microporous Polymers

2.1 Hypercrosslinked Polymers

Permanently porous vinyl polymer resins — for example, as produced from styrene/
divinylbenzene — are well-known and are used for ion exchange applications and as
supports for various reagents and catalysts [26]. These materials are often mesoporous
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or macroporous (pore sizes >2 nm) and have a relatively broad pore size distributions.
We do not therefore define these materials as MOPs, although resins have been
produced with significant microporosity and surface areas up to around 1,000 m?g-".
(The term “macroporous” here is used in the non-IUPAC sense of “permanently
porous in the dry state,” although to confuse matters further, macroporous resins
do often exhibit IUPAC-style macroporosity with pore sizes of >50 nm [26])
HCPs are in most cases predominantly microporous and tend to exhibit Type I gas
sorption isotherms. HCPs can be produced in two ways — by intermolecular and
intramolecular crosslinking of preformed polymer chains (either linear chains or
lightly crosslinked gels), and by direct step growth polycondensation of suitable
monomers.

2.1.1 HCPs by Post-Crosslinking of Polymers

The most well-known HCPs derived from polystyrene (or related polymers) are
produced by extensive crosslinking via Friedel-Crafts alkylation [8]. Tsyurupa and
Davankov [21, 22] have reviewed this class of material in depth and only the main
features will be described here. In the simplest case, linear polystyrene is exten-
sively crosslinked with a crosslinking agent such as monochlorodimethyl ether
(MCDE) which contributes a methylene bridge between two chains, or intramo-
lecularly within a single chain [32]. Extensive single-phase crosslinking occurs in
the presence of a solvating medium (Sect. 1.3.4.), to generate a relatively uniform
network, which cannot collapse into a non-porous state upon removal of the sol-
vent. Hypercrosslinked polystyrene has been studied by SEM, TEM and X-ray
diffraction and there is no indication of heterogeneity; it is therefore likely to be a
homogeneous, single-phase material, quite unlike the macroporous polymer resins
referred to above [26]. The same approach can be applied to solvent-swollen,
lightly crosslinked styrene—divinylbenzene gels, and the methylene bridge can be
“built in” to the prepolymer — for example, by using poly(chloromethyl styrene)
linear homopolymer or gel [25, 33-36]. The molecular structure of these materials
is complicated; depending on the chemistry, a variety of crosslinks can be intro-
duced including both single and double methylene bridges [37] (Fig. 2).

Solid state *C NMR is the method of choice for elucidating these structures [33,
37] but it is quite difficult to determine anything more precise than average ring-
substitution patterns for such polymers.

Apparent BET surface areas for hypercrosslinked polystyrenic materials can be
as high as 2,090 m?g! in some cases [25] and these materials can be produced as
monoliths, powders, suspension polymerized beads, or by surfactant-free emulsion
polymerization as spherical particles with diameters of around 500 nm [35]. Some
care must be exercised when interpreting gas sorption isotherms for HCPs using
sorbates such as nitrogen and argon as they exist in a “non-classical” [38] physical
state and can exhibit unusual swelling characteristics (Fig. 3).

For example, hypercrosslinked polystyrene swells significantly in non-solvents
for the equivalent linear polymer (e.g. water, methanol [21]) and, conceivably, can
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n
Lewis acid CHCI Lewis acid
1.2-dichloroethane 1,2-dichloroethane
CH,CI
(1) (2) (3)

Fig. 2 Formation of a hypercrosslinked network by Friedel-Crafts alkylation. A simplified
scheme is shown [25]; in reality, a diverse range of crosslinks, macrocycles (also Fig. 3) and end
groups can exist in these networks [25, 31]

Fig.3 Schematic representation of a stressed (a) and unstressed (b) macrocycle in a hypercrosslinked
polystyrene network [8]. The cooperative conformational rearrangement of a large ensemble of
such macrocycles may allow the substantial swelling observed for these networks in a wide range of
solvents

also swell in liquid nitrogen or dense argon. This property may be exploited in
principle for the storage of gases such as methane (Sects. 4.3 and 5.3) [39].

2.1.2 HCPs by Direct Polycondensation

HCPs have also been produced by the direct polycondensation of small molecule
monomers (Fig. 4). Polyxylene networks — for example, produced from dichloroxy-
lene (DCX) [21, 31] — are analogous to the Friedel-Crafts linked polystyrene
materials described in Sect. 2.1.1 and can exhibit apparent BET surface areas up to
1,431 m?g™! [31].
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Fig. 4 Three bischloromethyl monomers used for the preparation of HCPs by direct polyconden-
sation [31]. Monomer BCMBP gave rise to the highest surface area materials (>1,900 m>g™")

We have shown that similar networks formed from bis(chloromethyl)biphenyl
(BCMBP) exhibit surface areas as high as 1,904 m?>g~' [31]. Webster and coworkers
have prepared HCPs by treating 4,4'-dilithiobiphenyl (as well as other multi-lithiated
aromatic compounds) with dimethylcarbonate to generate polymeric carbinol networks
with surface areas of 400-1,000 m?g™" [24]. More recently, polysilane “element—
organic frameworks” was synthesized via a lithiation route to yield microporous
networks with BET surface areas in the range 780-1,046 m>g~' [40].

2.2 Polymers of Intrinsic Microporosity

For the purposes of this review, we restrict the definition of PIMs to organic polymers
which have interconnected pore structures and which exhibit appreciable apparent
inner surface areas by gas sorption analysis. PIMs can be linear polymers (Sect. 2.2.1)
or networks (Sect. 2.2.2). While other network polymers may be microporous (e.g.
Sect. 2.1 and 2.4), it is this porosity of the linear analogues that distinguishes PIMs.
Again, the area of PIMs has been reviewed quite recently [41, 42] so relatively brief
details are given here.

2.2.1 Soluble, Linear PIMs

A unique advantage of PIMs is the ability to prepare linear polymers which are
solution-processable and microporous in the dry state when cast as films [9, 43].
This gives rise to a range of potential applications, particularly in areas such as gas
separation (Sect. 4.2.2), where thin films and high gas flux are desirable. Most
PIMs have been synthesized via a highly efficient dibenzodioxane-forming reac-
tion using bis catechol type monomers; the structure of PIM-1 is shown in Fig. 5
[9]. Analogous soluble PIMs were formed from bis(phenazyl) monomers [44].
Soluble spirobifluorene-linked polyamides and polyimides have also been shown
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to exhibit microporosity (BET surface areas up to 550 m2g™") [10]. Limited gas
sorption was observed in hyperbranched thermosetting poly(imide-ester)s although
the sorption isotherms presented (N, and CO,) did not suggest a high degree of
microporosity [45].

2.2.2 Insoluble PIM Networks

Insoluble PIM networks can also be produced using similar chemistries [46—48].
By and large, these materials exhibit higher surface areas than their linear counterparts
(up to 1,065 m?g™!) [48], as evidenced, for example, by larger hydrogen storage
capacities (Sect. 4.3.1). This is most likely due to greater retention of micropore
volume because of their highly linked covalent network structures. Three-connected
branching monomers used to create these PIM networks include hexaazatrinaphtha-
lyene (HATN) [47], cyclotricatechylene (CTC) [46], and 9,10-diethyl-2,3,6,7,12,13-
hexahydroxytriptycene (Trip) [48] (Fig. 5). Significant sorption hysteresis was
observed for N, with some of these networks — most notably the Trip-based PIM
[48]. This suggests activated sorption occurs [48] either due to network swelling
(c.f., discussion for HCPs, Sect. 2.1) or restricted access of N, molecules to narrow
pore openings (i.e. a degree of kinetic trapping).
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Fig. 5 Molecular repeat unit structures for various linear, soluble PIMs (PIM-1, PIM-7) and
insoluble PIM networks (HATN-PIM, CTC-PIM, Trip-PIM, Porph-PIM) [79]
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2.2.3 Phthalocyanine and Porphyrin Networks

Phthalocynanine-containing polymers are well-known [49]; but till relatively recently,
phthalocynanine-containing network polymers were generally rendered non-porous by
strong non-covalent - stacking between sub-units. The introduction of contorted spiro
centres allowed the preparation of phthalocynanine networks with BET surface areas in
the range 500-1,000 m?g! (Fig. 6) [41, 50]. These materials also demonstrated marked
gas sorption hysteresis [50]. In the same study, dioxane-linked porphyrin network PIMs
were produced with high BET surface areas (900-1,100 m?>g™") [51]. An important
aspect of these network polymers is their potential use in catalysis [52] (Sect. 4.1).

2.3 Conjugated Microporous Polymers

Conjugated organic polymers were studied intensively in the last 20 years because of
their potential applications in organic electronics and optoelectronics [53, 54].
Surprisingly, to the best of our knowledge, no explicit examples of the synthesis of
CMPs were available until very recently [11, 19, 55]. The production of well-defined
CMPs with high surface areas opens up a range of technological possibilities in areas
such as sensors, solar energy conversion, and hybrid conjugated materials.

2.3.1 Poly(aryleneethynylene)s and Poly(phenylene butadiynylene)s

PAEs are versatile materials [56, 57] with applications that include photolumines-
cence [58], light-emitting diodes (LEDs) [59], molecular wires [60], sensors [60],

Fig. 6 Reaction scheme for synthesis of microporous phthalocynanine-containing network
polymers [50]
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and rapid bacterial identification [61]. In our laboratory, we have used Sonogashira—
Hagihara Pd-catalysed cross-coupling chemistry to synthesize a range of CMPs
based on branched PAE networks [11, 19]. The materials exhibit BET surface areas
of 1,000 m?>g~! or more. Excluding any microporous materials that may have been
prepared inadvertently and not recognized as such (Sect. 5.1), these represent the
first examples of CMPs. A series of five CMPs was prepared by this method (Fig. 7)
and it was shown that the average micropore size, the micropore volume, and the
BET surface area could be fine tuned by varying the “strut” length in the PAE net-
work [11, 19]. This systematic synthetic variation in pore structure has been
achieved for isoreticular MOFs [4, 62] but this is the first comparable example for
an amorphous MOP [55]. Moreover, it was also shown that these physical properties
can be tuned to an even finer degree by copolymerization of “short” and “long”
struts [19] (Figs. 8 and 9). This can be achieved with amorphous statistical copolymer
networks in a manner that would be impossible with crystalline frameworks. These
microporous CMP networks are non-conducting as prepared (pressed-pellet
conductivity for CMP-1 approx. 10712S cm™) but there is broad synthetic scope for
modifying these network structures and also for post-modification, for example, by
doping (Sect. 5.3).

Very recently, microporous poly(p-phenylene) and poly(phenyleneethynylene)
materials based on a spirobifluorene building block were reported (BET surface
areas 450-510 m?g™!) [63]. These interesting materials exploit two of the afore-
mentioned design strategies — that is, spiro linkers (as found in soluble PIMs [9,
10], Sect. 2.2.1) combined with rigid phenylene [24] and phenylene ethynylene
[11] struts.

In separate but related studies, microporous pyrolytic polymers were prepared
by heat treatment (350-900°C) of a variety of branched alkyne-linked networks
[64]. The precursor networks were designed to bear degradable side chains to pro-
duce microporosity upon thermal degradation (a kind of “intramolecular porogen,”
see Sect. 1.3.4). In general, heat treatment to 400°C led to “pyrolytic polymers” and
further heating to 900°C caused carbonization. Molecular level characterization
(e.g. solid state *C NMR) was not given for the precursors nor the pyrolytic poly-
mers. No porosity data was given for the precursor networks prior to heating,
although an equivalent of CMP-1 [11] (P6a in this study [64]) was prepared.
Interestingly, P6a exhibited much lower surface area than CMP-1 after heating to
450°C (360 versus 834 m?g!). By comparison with our own findings [11, 12], it is
conceivable that some of these pyrolytic networks [64] were in fact more porous
prior to heat treatment and subsequent carbonization.

In addition to Pd-catalysed cross-coupling, we have also used homocoupling
routes to produce microporous conjugated poly(phenylene butadiynylene)s (PPBs)
[12]. These materials also exhibit high BET surface areas (842 m?g™!). The struc-
tures are more complex than found for PAEs [11, 19]; in particular, the networks do
not solely comprise of butadiynylene linkages but also incorporate head-to-tail
1,3-disubstituted enyene crosslinks [12]. Perhaps as a result of this more diverse
linking chemistry, these PPB materials exhibit broader pore size distributions and
mesostructure which are absent in the PAE samples [11, 19] referred to above. This
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Fig. 7 “Node-strut” topology for series of CMPs networks produced by Sonagashira—Hagihara
cross-coupling chemistry [19]. The benzene “nodes” are shown in red. The total number of ethyne
plus benzene links per “strut” increases in increments of one from two (CMP-0) to six (CMP-5)
in this series of samples. It should be stressed that these are simple representations of the repeat
unit structures for the networks. The actual three-dimensional materials have more complex struc-
tures and include both terminal alkyne and halogen end groups (see also molecular simulations,
Fig. 9)
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Fig. 8 Gas sorption characterization data for series of CMP polymers [19]. N, adsorption—
desorption isotherms measured at 77.3 K (a), adsorption branch is labelled with filled symbols.
For clarity, the isotherms of CMP-0, CMP-1, CMP-2, and CMP-3 were shifted vertically by 400,
300, 200, and 100 cm?g!, respectively. NL-DFT pore size distribution curves, (b); the dashed
arrow indicates the shift to larger average pore size in this series. Cumulative pore volume curve
calculated by application of NL-DFT, (c)

is manifested in the gas sorption isotherms [12] ,which deviate from the pure Type
I behaviour shown by microporous PAEs [11, 19].

2.3.2 Polyphenylenevinylene
The PAE networks referred to above [11, 19] are potential precursors for micro-

porous polyphenylenevinylene (PPV). For example, if all of the alkyne bonds
in CMP-1 [11] were selectively hydrogenated to the corresponding alkenes then
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Fig. 9 Atomistic simulations for PAE networks with different strut lengths [19]. Node-strut topology
for simulated network fragments for CMP-0 (leff), CMP-1 (centre), and CMP-5 (right), (a).
Atomistic simulations of network fragments for CMP-0, CMP-1, CMP-2, CMP-3, and CMP-5
(left to right), (b). A solvent accessible surface is shown (in green) in each case (solvent diame-
ter=0.182 nm)
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Fig. 10 Gas sorption data (left) and NMR spectrum (right) for micro/mesoporous PPV-type
network [13]

the resulting material would be a hyperbranched 1,3,5-linked network variant
of PPV. In principle, such a material might retain a degree of microporosity. We
did not yet attempt a chemical network transformation of this kind, but we did
synthesize micro/mesoporous PPV directly [13] by Gilch coupling [65] of
1,2,4,5-tetrakis(bromomethyl)benzene (TBMB) (Fig. 10). Materials were produced
which exhibited some microporosity but which were predominantly mesoporous
(average mesopore diameter 5.6 nm; BET surface area 761 m?g™'; pore volume
0.63 cm?g™). Solid state *C NMR supported the proposed structure and revealed a
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variety of end groups [13]. The material showed wide adsorption in the range
250-400 nm and fluorescence between 500 and 525 nm. Similar condensation reac-
tions with 1,3,5-tris(bromomethyl)benzene did not yield insoluble porous networks
[13], probably because of the need for a diradical with para geometry [66].

3 Crystalline MOPs

3.1 Covalent Organic Frameworks

Covalent organic frameworks [14, 20, 67, 68] are porous, shape-persistent zeolite
analogues [69], which (unlike MOFs) comprised solely of non-metallic elements (C,
H, O, B). The first COF (COF-1) was synthesized by self-condensation in sealed
pyrex tubes of 1,4-benzenediboronic acid (BDBA) to generate a staggered P6,/mmc
hexagonal layered material linked by planar boroxine rings (Fig. 11) [14]. Choice of
solvent was important, as was control over reaction rates to ensure that the thermo-
dynamic ordered, crystalline products were obtained. These considerations (solubil-
ity, reaction rates, nucleation and growth, ability of structures to “self heal”) are
likely to be important in the synthesis of any ordered, crystalline MOPs.

COF-1 exhibited an apparent BET surface area of 711 m?g-!, a micropore vol-
ume of 0.32 cm®g!, and an average micropore size of 1.5 nm [14]. An analogous
boronate-ester linked structure (COF-5) showed a BET surface area of 1,590 m?g™!
and a mesopore volume of 0.998 cm?®g~! (average pore size=2.7 nm).

Much higher surface areas were obtained by employing three-dimensional tetra-
hedral monomers (Fig. 12) [20]. For example, COF-103 [20] exhibited an apparent
BET surface area of 4,210 m?g~!, which is comparable with the highest surface
areas observed in MOFs. These remarkable polymeric networks exhibit some of the
lowest densities known for any crystalline material. COF materials also have excellent
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Fig. 11 Structure of crystalline two-dimensional microporous polyboroxine network,
COF-1 [14]
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Fig. 12 Structure of crystalline three-dimensional microporous network, COF-102 [20]

thermal stabilities up to 500-600°C. There is less information at this time concerning
chemical and physical stability for COFs, although an early report [18] suggests
that COF-1 is unstable in moist air at 298 K. This highlights a fundamental chal-
lenge in the preparation of crystalline microporous polymers: that is, to identify
bond-forming chemistry which is sufficiently reversible to access kinetic products
while yielding materials with good physical and chemical stability.

3.2 Triazine-Based Frameworks

An innovative approach to the formation of ordered microporous crystalline polymers is
the ionothermal cyclotrimerization of nitrile monomers to generate crystalline polytri-
azines [15] (Fig. 13). Nitrile monomers such as 1,4-dicyanobenzene (DCB) were
reacted in molten ZnCl, at 400°C. The molten salt acts as both a solvent for the mono-
mer and a catalyst for the trimerization reaction. Yields are generally close to 100%
and black, monolithic materials are obtained [15]. The polymer produced from DCB,
CTF-1, exhibited an apparent BET surface area of 791 m?>g~! (very close to that found
for both COF-1 [14] and CMP-1 [11, 19]) and a total pore volume of 0.4 cm?g™!
(again, comparable to COF-1/CMP-1) [15]. Powder XRD analysis revealed intense
reflection peaks consistent with an ordered hexagonal structure although these peaks
were relatively broad, possibly suggesting limited long range order.

The molecular network structure suggested for CTF-1 is isoelectronic with the
structure of COF-1 [14]. By contrast, COF-1 shows a staggered, P6,/mmc hexagonal
structure prior to CTF-1 is proposed to have eclipsed P6/mmm symmetry [15]. No
NMR data was given for these triazine networks, but elemental analysis implied partial
decomposition or carbonization in some samples. For example, a network produced
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Fig. 13 Proposed structure for polytriazine CTF-1 prepared by ionothermal synthesis [15]

from dicyanobiphenyl (DCBP; surface area=2,475 gcm) using a larger quantity of
ZnCl, exhibited a measured nitrogen content of 5.41% compared with a theoretical
content of 13.72% for the idealized network. Incomplete combustion during analysis
may account for this difference. Alternatively, ZnCl, is commonly used in the prepara-
tion of activated carbons [27-29] (albeit typically at much higher temperatures) and it
is possible that a degree of carbonization takes place in these reactions.

4 Applications of MOPs

4.1 Catalysis

The good chemical and physical stability of many MOPs, coupled with synthetic
diversity and potential for pore size control, bodes well for applications in hetero-
geneous catalysis. For example, microporous phthalocyanine and porphyrin
network polymers are used as heterogeneous catalysts for the oxidation of
cyclohexene, the decomposition of hydrogen peroxide, and the oxidation of hydro-
quinone [52]. Enhanced catalytic activity was observed with respect to low molar
mass analogues. There is considerable scope for future development here —for
example, the design of electrocatalytic materials using CMPs [11, 12, 19].

4.2 Separations

MOPs are obvious candidates for separation technology because of their high
surface areas, good stabilities, and pore sizes, which have molecular dimensions.
Again, the broad potential for synthetic versatility is a major advantage here in
terms of designing MOPs with specific affinities.



Microporous Organic Polymers: Design, Synthesis, and Function 23
4.2.1 Chromatography

HCPs in particular are quite well developed in terms of chromatographic separa-
tions and for the adsorption of specific components from solution mixtures. To
give just a few examples, hypercrosslinked polystyrene has been used for the
adsorptive removal of phenolic compounds from aqueous solutions [36, 70], as a
stationary phase for HPLC [71], and as a sorbent for solid phase extraction of
polar compounds from water [72]. The ability to produce bimodal pore size
distributions (e.g. large “flow” macropores interconnected with micropores for
surface area) [25] is a significant advantage here, as is the relatively low cost and
high stability of these materials. A generic issue for chromatographic separation
media is particle size control. HCPs may be produced by suspension polymeriza-
tion to yield relatively well-controlled polymer beads [21]. Other materials such
as PIMs, CMPs, and COFs might need to develop similar heterogeneous polym-
erization strategies or, alternatively, to produce these materials as coherent
moulded monoliths [73-76].

4.2.2 Gas Separations

Practical gas separations tend to require relatively thin films to allow high gas
fluxes. PIMs have a unique advantage here in that they can be dissolved in organic
solvents and cast directly as microporous films [42]. Solution-cast PIM membranes
have been used for both gas separation [41] and for pervaporation of aqueous
phenol solutions [43]. A practical trade-off here is the balance between gas perme-
ability and selectivity: in general, high gas permeabilities tend to be accompanied
by low separation selectivities and vice versa, as illustrated by the “Robeson plot”
(Fig. 14) [77].
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Fig. 14 Robeson plot showing high O,/N, separation selectivities for PIM-1 and PIM-7, (a) [77].
Relation between CO, permeability and CO,/CH, selectivity of thermally rearranged polyimides,
(b) [78]
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As shown in Fig. 14, PIM-1 and PIM-7 have been found to exhibit substantially
higher O,/N, selectivities (a(O,/N,)>3.0) than other polymers of similar permea-
bility [41]. Other “thermally rearranged” [78] polyimides show excellent CO,/CH,
separation selectivities. These materials were also shown to function as fuel cell
membranes when doped with H,PO, and proton conductivities of 0.15 Scm™ were
observed at 130°C [78]: that is, higher than polybenzimidazole membranes.

The fine control over pore size and pore size distribution in CMPs [11, 19]
suggests that these materials might also be promising for gas separation applica-
tions, although it would first be necessary to solve the non-trivial problem of
synthesizing or processing these materials as defect-free thin films or as a moulded,
“sandwiched” layer.

4.3 Gas Storage

Since 2006, there has been a great deal of interest in MOPs as gas storage media:
indeed, this has been a key driver in the recent rapid development of this field [79,
80]. The fact that MOPs are composed of light elements — and there is potential to
develop high specific surface areas — offer advantages here.

4.3.1 Hydrogen Storage

A great deal of research has focused on the use of microporous sorbents such as
activated carbon [81] and MOFs [82-85] for the physisorptive storage of H, at low
temperatures (typically 77.3 K). In 2006, it was shown that a PIM network (CTC-
PIM) could adsorb up to 1.7 wt. % H, at 77.3 K and 10 bar [46]. Shortly afterwards,
our group [33] and others [34] showed that HCPs could adsorb up to around 3 wt.
% H, at 77.3 K/15 bar. We showed subsequently that HCPs produced via a poly-
condensation route (Sect. 2.1.2) adsorbed around 3.7 wt. % at 77.3 K/15 bar (~4 wt.
% at 100 bar/saturation) [31]. At the time of writing, this is the highest H, uptake
reported for a MOP although lower than observed for leading activated carbons
[81] and MOFs [82, 83]. A DCBP polytriazine network [15] was shown recently to
adsorb 1.55 wt. % H, at 77.3 K/1 bar; that is, lower than Trip-PIM [48] (1.65 wt.
%) HCP 27 [31] (1.69 wt. %), or a monolithic hypercrosslinked BCMBP polymer
(1.9 wt. %) [39], despite the fact that the polytriazine network exhibited an apparent
BET surface area (2,475 m?g™!) which was significantly higher than these other
three networks. This supports prior observations [31, 80] which suggest that ultra-
micropore volume, rather than apparent BET surface area, is a better predictor for
H, uptake at low pressures, well below saturation. There is at present limited data
available concerning H, sorption in COFs. Computer simulations suggest that
perfectly crystalline COF-105 may adsorb more than 8 wt. % H, at >10 bar/77 K [86].
A H, sorption capacity of 1.28 wt. % was reported recently for COF-1 at 1 bar/77.3 K
[18]. COF-1 has much lower surface area than the COFs modelled in the study
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above [86] and hence direct comparisons are difficult. CMP-1 (SA =834 m*g™",
S e =675 m* g™, pore volume=0.33 cm’g™") [11, 19] exhibited an N, isotherm and
pore size distribution which were both very similar to that reported for COF-1
(SA,.,=711 m*g™", S =587 m’g”', pore volume=0.32 cm’g™") [14]. Likewise,
the reported H, uptakes at 1 bar/77.3 K are also similar (~1.2 wt. % for CMP-1 [11,
19] versus ~1.3 wt. % for COF-1) [14].

Larger micropore volumes and physical surface areas in MOPs would undoubtedly
drive up H, storage capacities at cryogenic temperatures. Perhaps a more intractable
problem, however, is the low isosteric heat [87] for H, on most microporous sorbents
(including MOPs [31, 34], activated carbons [87], and MOFs [82, 83, 88]) which
necessitates cryogenic temperatures that are unlikely to be compatible with practical
applications. An interesting approach here is the generation of hypercrosslinked
polyanilines which were shown to exhibit specific surface areas in excess of
630 m>g™! [89]. These materials showed isosteric heats (-8 to =9 kJ mol™) [89]
which were somewhat higher than those found for hypercrosslinked polystyrene [31,
34], although still far below the average value required for close to ambient temperature
H, storage (approx. —15 kJ mol™) [87]. We recently suggested a potential strategy
for incorporating “naked” fluoride moieties into polymer networks in order to
achieve higher energy H, sorption sites (Fig. 15) [90].

Calculations suggested that such moieties might impart significantly higher isos-
teric heats with H, (>10 kJ mol™") although it is synthetically challenging to produce
MOPs where “naked” fluoride groups would exist in a site-isolated, charge-sepa-
rated form [90]. An alternative strategy would be to introduce transition metals into
MOPs such that dihydrogen [91, 92] (or dihydride [93]) complexes might be formed.

Fig. 15 Side view of molecular model showing six H, molecules binding to tetraethylammonium
fluoride, (a) [90]. Molecular simulation of a hypothetical biphenyl-linked tetrabiphenylammo-
nium fluoride MOP, (b). A 3 x2 lattice is shown with a Connolly surface superimposed in green/
grey. We have no viable synthetic route to this material at present
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Certain transition metal dihydrogen complexes are known to have bond dissociation
energies in the correct range for reversible H, storage close to ambient temperatures
[91] and these species are therefore particularly appealing. Again, the formation of
these reactive functionalities in a site-isolated form within a MOP is challenging,
although some progress has been made recently with derivatized MOFs [94].
Other MOF strategies may also be translated to MOPs — for example, models suggest
that lithiation improves H, binding energies for MOFs [95, 96] and COFs [97] and
there is some experimental evidence for this in the case of MOFs [98]. Similar
approaches might also be possible with certain CMPs [11, 12, 19], for example.

4.3.2 Methane Storage

Methane storage by physisorption is in many respects an easier problem than H, storage
because the boiling point of CH, is much higher and isosteric heats of sorption with
common sorbents are much more substantial. Indeed, high surface area activated
carbon is a very respectable sorbent for CH, at ambient temperatures [87] and certain
MOFs have already exceeded the DoE target of 180 v/v [62, 99]. Nevertheless, there
are reasons to investigate alternative CH, sorbents — for example, to identify inexpen-
sive, scaleable MOPs with enhanced physical and chemical stability (Sect. 1.1.2). We
have shown recently that HCPs are promising materials for CH, storage [39],
although initial uptakes (5.5 mmol g! at 35 bar/298 K) were significantly lower than
leading MOFs [99]. Interestingly however, the isosteric heat of sorption for CH, with
these HCPs (approx. =21 kJ mol™) [39] was found to be substantially higher than
most MOFs [62, 100] and activated carbon (—16 kJ mol™) [87]. We assigned this
largely to the aromatic hydrocarbon nature of the HCP material and this has been
borne out recently by the discovery of an anthracene-based MOF (PCN-14) with high
aromatic content and even greater isosteric heat values (-25 to —30 kJ mol™") [99].
HCPs and other MOPs therefore offer the potential to “tune” isosteric heats of sorption
by synthetic diversification, perhaps to generate MOPs with enhanced CH, sorption
capacities at significantly lower pressures [39]. It is also possible to produce HCPs
[39] (and other MOPs such as CMPs [11, 12, 19]) in a moulded monolithic which
may have potential advantages in terms of volumetric storage capacity [39].

5 Future Outlook

5.1 “Undiscovered” MOPs?

The MOPs referred to in Sects. 2 and 3 were synthesized with the aim of generating
microporosity. Some materials were even “designed” [101] to an extent. It is quite
likely however, that a number of other “inadvertent” MOPs exist in the literature
which are undiscovered in terms of their micropore properties (Fig. 16). For example,
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Fig. 16 Examples of potential “undiscovered” MOPs. A polyphenylene dendrimer [105] (a), a
hyperbranched polyphenylene material [121] (b) and polytriphenylamine [116, 117] (c)
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we synthesized a homocoupled “linear” PPB sample (HCMP-2), initially as a control
experiment [12]. It was found not to be linear when synthesized under these con-
ditions but rather found to contain 1,3-disubstituted enyene crosslinks and to
exhibit significant micro/mesoporosity (SA, =827 m*g™") [12]. Others [102, 103]
had observed this crosslinking phenomenon — and very similar solid state NMR
spectra — before [102, 103] but no attempt had been made to measure micropore
properties. Similarly, a series of PAE networks was reported in 1986, some of
which were most likely microporous, although no such measurements were made
at that time [104]. It is interesting to speculate which published systems may be
microporous: obvious candidates would be network polymers produced from rigid
monomers (see Sect. 1.3) although soluble rigid backbone polymers cannot be
discounted, particularly when efficient chain packing is inhibited in some way (e.g.
other aromatic polyimides, see Sect. 2.2). While it is outside the scope of this
review to survey this very broad literature in detail, a few examples of possible
“good bets” are listed as follows:

e Rigid aromatic dendrimers [105—108] and dendrons (particularly higher genera-
tion or unsymmetrical materials where efficient molecular packing might be
restricted); PAE dendrimers or dendrons [109, 110], especially if alkyl solubiliz-
ing groups can be minimized/omitted.

e Hyperbranched polyphenylenes [111] and other polyphenylene nanostructures
[106] (potentially also hyperbranched aromatic polyesters [112], although ester
groups may introduce too much conformational flexibility; hyperbranched poly-
carbazoles [113], again absence of alkyl solubilizing groups might enhance
porosity; hyperbranched PAEs [114].

e Dendronized conjugated polymers [115] or copolymers; such materials have
been designed to be non-aggregating in order to suppress formation of long
wavelength emitting aggregates; such motifs might also lead in principle to the
generation of permanent microporosity.

e Polytriphenylamine [116, 117] and related structures provided that substantial
molecular weights/networks are achieved.

5.2 New Classes of MOPs

There are a number of interesting “crossovers” between the approaches described in
the sub-sections of this chapter, which are yet to be realized. For example, it should
be possible to design conjugated polymers of intrinsic microporosity (CPIMs); that
is, linear (or perhaps dendritic [109, 110]/ hyperbranched [114]) conjugated polymers
which are soluble in organic solvents but microporous when cast as films. This would
have obvious practical advantages in terms of generating new electronic or optoelec-
tronic devices (Sect. 5.3). A challenge here is that the alkyl functionalities typically
used to solubilize such conjugated polymers might also fill free volume and reduce
microporosity: as such, branched or dendritic architectures may be preferred since
these are often inherently more soluble for a given system.
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By varying reaction conditions, it should also be possible to utilize the boroxine- and
boronate-ester-forming chemistry used to generate crystalline COFs [14, 20, 67] to
synthesize amorphous MOPs, if desired, and perhaps even solution-processable
variants. (Simulations have already suggested other nanostructures such as nano-
tubes and fullerene-analogues [118].) Conversely, ordered, crystalline CMPs might
have very interesting physical properties (Sect. 5.3) but this would require employ-
ment of reversible chemistry or the presence of strong templating to direct the
crystallization (see discussion, Sect. 1.3.2).

Certain general synthetic strategies may also be transferable across classes of
MOPs. For example, Friedel-Crafts post crosslinking has been used extensively to
generate HCPs (Sect. 2.1.1) but similar “prepolymer” strategies have not in general
been applied to other MOPs. The synthesis of linear or branched prepolymers with
pendant reactive functional groups (e.g. catechols [9], alkynes [11], nitriles [15]),
followed by spin-coating and subsequent network formation could represent a
broad strategy for the preparation of microporous thin films.

5.3 MOPs with New Properties

There are an increasing number of reports of useful, specific chemical and physical
properties in MOPs. Recent examples include high gas separation efficiencies in
PIM membranes [41, 78], catalytically-active phthalocyanine and porphyrin net-
work polymers [52], and HCPs with elevated isosteric heats of sorption for CH,
[39]. Many more possibilities for exploration exist — the following list suggests just
a few such opportunities:

e HCPs exhibit very unusual swelling properties [38], even in weak solvents
(Sect. 2.1). This suggests applications in molecular entrapment and the storage of
gases (e.g. alkanes [39]) which might “solvate” these networks, even weakly.

e CMPs have been produced with high surface areas and good synthetic control
over pore size (Sect. 2.3) [11, 19, 63]. An important extension of this would be
the synthesis of conducting or semiconducting CMPs — for example, by using
doping strategies. Potential applications here include light-harvesting and
photocatalysis.

e Three-dimensional COFs have been predicted to exhibit high levels of H, sorp-
tion [86] (Sect. 4.3.1); the practical demonstration of this (also CH, for;
Sect. 4.3.2) would be of significant interest.

e Ordered, crystalline CMPs might exhibit a range of unique electronic and opto-
electronic properties if suitable chemistry or templating strategies can be devised
(Sect. 1.3.2).

e The efficient separation and capture of CO, from industrial waste streams is
an important societal problem. Recently, ZIFs, for example, have demon-
strated excellent CO, selectivities in this regard [16, 17]. At present there has
been little progress in this area with MOPs, despite the clear potential for the
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introduction of suitable chemical functionality [119, 120]. For example, cyclic
amidine structures were introduced into linear polymers bearing chloromethyl
substituents [120] and this strategy might readily be translated into HCPs, for
example, which are often synthesized from chloromethyl-substituted monomers
[21, 25, 31, 33].

5.4 High Throughput Approaches

High throughput (HT) approaches have much to offer, both for the discovery of
entirely new materials (Sect. 5.2 and 5.3) and for the optimization of new properties
(Sect. 5.3) as new MOPs are discovered. HT methods were used in the synthesis of
novel ZIFs using X-ray methods as a primary “screen” [16]. The HT discovery of
amorphous MOPs is complicated by the lack of an equivalent structural handle. We
have developed HT gas sorption methods (H,, N,, CH,) to address this [31]. This
accelerated methodology can be used to measure standard quantities such as appar-
ent BET surface areas and H, (or CH,) uptakes. The method is also applicable to
the rapid measurement of isosteric heats of sorption for diverse libraries or for
homologous series of materials [19]. Coupled with the use of automated robotic
synthesizers to prepare the polymer arrays, this represents a very powerful com-
bined strategy for the accelerated discovery of new MOPs.

6 Conclusion and Perspectives

The synthesis and application of MOPs is a flourishing area of interdisciplinary
research. Recent discoveries have led to a growing understanding of the underlying
structure—property relationships for this class of material although much remains to
be uncovered. A key advantage of MOPs is the very broad synthetic diversity that
may be achieved. This promises a range of new microporous polymers with tailored
physical and chemical properties that are unobtainable in other microporous
materials.
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Hydrogen, Methane and Carbon Dioxide
Adsorption in Metal-Organic Framework
Materials

Xiang Lin, Neil R. Champness, and Martin Schréder

Abstract The role of porous coordination polymers (metal-organic frameworks) as
storage materials for hydrogen, carbon dioxide and methane and the current state-
of-the-art in this rapidly developing field are reviewed. The significant potential of
porous materials to store fuel gases effectively and reversibly illustrates the great
promise of engineered solid-state materials as the next generations of applied multi-
functional materials.
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Abbreviations

BET Brunauer-Emmett-Teller

DABCO 1,4-Diazabicyclo[2.2,2]octane

diPyNI N.N'-Di-(4-pyridyl)-1.,4,5,8-naphthalenetetracarboxydiimide
diPyTz Di-3,6-(4-pyridyl)-1,2,4,5-tetrazine

DoE Department of Energy (USA)

H,BDC Benzene-1,4-dicarboxylic acid

H,BDP Benzene-1,4-di(4’-pyrazole)

H,BPnDC Benzophenone-4,4'-dicarboxylic acid
H,BPPC Pyridine-3,5-bis(phenyl-4-carboxylic acid)
H,ImDC Imidazole-4,5-dicarboxylic acid

H,NDC Naphthalene-2,6-dicarboxylic acid

H,PPZ Dihydropiperazinium cation

H,T?DC Thieno[3,2-b]thiophene-2,5-dicarboxylic acid
H;BTB 1,3,5-Tris-(4-carboxyphenyl)benzene

H;BTC Benzene-1,3,5-tricarboxylic acid

H;BTT Benzene-1,3,5-tris-tetrazole

H,ABTC Azodibenzene-3,3',5,5 -tetracarboxylic acid
H,BPTC Biphenyl-3,3’,5,5'-tetracarboxylic acid
H,MDIP 5,5'-Methylene diisophthalic acid

H4QPTC Quaterphenyl-3,5,3’,5'-tetracarboxylic acid
INS Inelastic neutron scattering

IRMOF Isoreticular metal-organic framework

LDA Lithium diisopropylamide

MOF Metal-organic framework

NH,-H,BDC  2-Amino-benzene-1,4-dicarboxylic acid

NPD Neutron powder diffraction

PDF Pair distribution function

Pyen 5-Methyl-4-oxo-1,4-dihydropyridine-3-carboxaldehyde
ZIF Zeolitic imidazolate framework

AH,q4 Heat of enthalpy of adsorption

1 Introduction

Fossil fuels represent a vital energy resource for human activities and there are
growing concerns that oil reserves cannot be sustained in the face of increasing
worldwide demand. The increasing level of carbon dioxide (CO,) in the atmosphere
produced from the burning of fossil fuels has also raised increasing concerns over
the impact on global eco-systems [1]. Ongoing research efforts to address these
concerns have focussed on many aspects including capture and storage of CO,, and
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the use of cleaner energy sources such as methane (CH,4) or methanol as alternatives
to petroleum or diesel in vehicular applications. The potential use of hydrogen (H;)
as an energy carrier in principle reduces or even eliminates CO, emissions entirely
at the point of use [2-7]. For all of these applications the key target and required
technological advance is the invention of new polyfunctional materials that are
highly efficient for fuel gas separation, capture and reversible storage. Porous
coordination polymers constructed from metal cation and cluster nodes linked by
ligand linkers are an important class of new hybrid solids that show potential for
such applications [8—10]. The formation of coordination polymers has been recog-
nised for decades as a class of metal complexes [11-15] but it was only in the early
1990s that they were recognised as potential porous hosts for substrate inclusion via
the formation of stable 3-D superstructures [16—18]. 2-D and 3-D coordination
polymers showing permanent porosity are often named metal-organic frameworks
(MOFs), but conceptually they are no different to coordination polymers con-
structed via the node-linker, building block [16—18] or tecton [19, 20] methodology,
and can also be regarded as crystal-engineered solids [21-23].

One of the key significant scientific challenges facing “The Hydrogen Economy”
[2-7] is that of inventing safe, efficient and effective stores for H, gas, and to
replace current technologies based around the compression of H, as a liquid or as a
gas using cryogenic temperatures or high pressures [7]. Therefore, there is major
world-wide interest in meeting the United States Department of Energy (DoE)
targets of 6.5 wt% gravimetric and 45 g L™ volumetric H, storage by 2010, and
9.0 wt% and 81 g L' by 2015 for mobile applications [7]. Physisorption of H,
within a light, porous and robust material is an especially attractive option since this
maximises the possibility of highly reversible gas storage with fast kinetics and
stability over multiple cycles. Although physisorption of H; in porous hosts can be
highly reversible via changes in pressure and/or temperature, the storage involves
low binding energies and isosteric heats of adsorption (typically less that 6 kJ mol ')
and therefore cryogenic temperatures, typically 77 K, need to be used to achieve
reasonable substrate uptake capacities. In contrast, chemisorption of H, involves a
much higher enthalpic AH,4, contribution but may also lead to slower and poorer
kinetics due to the requirement for reversible cleavage and formation of the H-H
bond with concomitant generation of heat [7].

The use of CH, in mobile applications has similar problems to the use of H,
although the challenges are reduced. CHy is a gas at room temperature but has a
relatively low boiling point (—164°C). An economic and safe on-board storage
system is one of major technical barriers preventing CH,-driven automobiles from
competing with traditional petroleum-driven vehicles. The US DoE target for CH,
storage is 180v(STP)/v under 35 bar at ambient temperatures [24, 25]. This is the
same energy density as that of compressed natural gas, currently used at 100 bar.
Some porous carbons have capacities very close to this target [26], and some
coordination polymers can out-perform these materials in CH, adsorption and
exceed the DoE targets [27, 28].

CO, is one of the most important greenhouse gases and the current approach to
tackling increasing levels of atmospheric CO; is to capture and remove CO, from
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the flue exhaust of power plants. This is accomplished by cooling and pressurizing
the exhaust or by the chemical reaction of CO, with aqueous amine solution. Both
processes involve very high energy costs and are currently inefficient [29, 30].
Physisorption of CO, in porous MOFs provides a high capacity [31] but with
relatively low adsorption enthalpy. Recent developments have shown that chemical
modification of MOF surfaces with amine groups can offer excellent selectivity for
CO, from mixtures of CO,/N,, CO,/CH, and CO,/CO [32-34].

This chapter reviews and highlights the key porous coordination compounds that
show potential for gas adsorption and storage applications with particular emphasis
on the fuel gases H,, CH4 and CO,.

1.1 Design Principles

Micro- and meso-porous oxide-based materials such as zeolites can be designed via
the use of molecular or supramolecular templates [35-39]. However, the chemical
nature of the interior surface on which a target gas will be adsorbed is difficult to
modify in a systematic manner. MOFs are very promising materials [40—45] that
afford innovative approaches to the design and synthesis of porous light-weight
materials with potentially large internal surface areas [46]. MOFs are comprised
typically of metal centre(s) onto which is bound organic donor molecules (ligands)
that, rather than binding to a single metal centre, bridge these metal centres to afford
coordination polymers. By judicious design and choice of metal nodes and bridging
ligands, specific framework topologies can be targeted, while functionalisation and
modification of the ligand and metal centres can fine-tune the electronic and
chemical nature of the resultant framework surface. By appropriate design of
metal nodes, ligand bridges, solvent, synthetic conditions and templates, MOF
materials showing porosity and open structures can be prepared [47].

Although metal-ligand coordination polymers have been known for many dec-
ades [11-15], creating novel and functional materials by design has only really
developed over the past 15 years. Design principles derived from crystal engineering
using the node-linker [42, 48, 49], tecton [19, 20, 50] and building-block [16—18]
methodologies have underpinned this work.

The structure of the framework defines its gas adsorption properties. Thus, the
modular construction of MOFs offers flexibility to manipulate and decorate the
framework structure at a molecular level and, in principle, improves and refines
the gas adsorption of the material on demand. The ultimate goal is to gain full
control and understanding over the framework structure and synthesis at a predic-
tive level. Such design and control remains difficult to achieve in practice [40, 51],
but series of analogous materials have been successfully synthesised to afford
systematic variations of pore size, shape and functional groups at the pore surface
[52-57]. Such studies provide valuable data to assess the factors that affect gas
adsorption, separation and uptake/release behaviour, and guide the further design of
porous coordination polymers.
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Fig. 1 Assembly of nodes and linker to form polymer structures [47]. Reproduced by kind
permission of the authors

There are many excellent reviews covering various aspects of network topolo-
gies and approaches to coordination polymers [22, 4244, 47, 49, 58—65]. The most
important characteristics for nodes and linkers are their connection numbers and
their overall geometries. Figure 1 illustrates some of the basic motifs generated by
combinations of different metal nodes and organic linkers. For example, Cu(I) ions
are known to connect in a tetrahedral stereochemistry to four 4,4-bipyridyl ligands
(L), and the resulting cationic frameworks {[Cu(L),]*}. have an overall polymeric
diamondoid structure [66—68]. By manipulation of metal stereochemistry and the
angular nature of the ligand linkers, highly complex topologies can be generated
[23, 69-71]. There is also interest in developing MOFs that mimic the topologies of
zeolites [54, 55, 72-78]. For example, the angle between two coordinating vectors
in the imidazolate ligand is very close to that in the Si—O-Si moiety in silicates.
Thus, combinations of imidazolate and metal ions [Zn(II), In(IIT) or Co(II)] have
afforded zeolitic imidazolate frameworks (ZIFs) [54, 55, 75-78].

2 H,, CH4 and CO, Adsorption

The first report of gas adsorption in a MOF was in 2000 and described the
adsorption of CHy in [Cu(4,4-bipy)SiF¢]..,, which shows an adsorption capacity
comparable to that of zeolites and active carbons [79]. The first example of H,
storage in a MOF was reported in 2003 [80]. A wide range of such materials have
now been investigated and we summarise herein some representative compounds
and systems with particular emphasis on the different classes and types of porous
coordination polymers that show significant gas uptake and storage potential.
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2.1 Prussian Blue Analogues

Prussian Blue, Fe,[Fe(CN)gl5-14H,0, has been known for three centuries, and its
crystal structure [81] incorporates octahedral Fe(Il) centres bound to six cyanide
ligands in an [Fe(CN)6]47 moiety. The terminal N-donors of the cyanide ligands
point to additional Fe(IIl) centres and a charge-balance of four Fe(IIl) centres
with three [Fe(CN)¢]*~ anions is achieved. Six of the 14 water molecules are bound to
Fe(IlT) and the remaining 8 fill the void in the framework structure and can be
removed by heat treatment in vacuo. A wide variety of Prussian Blue analogues
MX[M’(CN)(;]y-szO [M = Mn, Fe, Co, Ni, Cu, Zn; M’ = Cr, Mn, Fe, Co] can be
prepared by employing different transition metal ions, and these materials have
the same overall framework structure [82]. The complexes M3[Co(CN)¢],-xH,O
(M = Mn, Fe, Co, Cu,Zn,x = 16; M = Ni, x = 15) give stable porous framework
materials on removal of water molecules, and Ar isotherms on M3[Co(CN)¢], give
BET surface area measurements in the range of 560-870 m* g~ ' comparable to
zeolites. The H, adsorption isotherms for these species show good reversibility with
an uptake of 1.4-1.8% H,; at 890 Torr and 77 K. In the reported pressure range, no
correlation between BET surface and H, uptake was established for these materials
[82].

A series of dehydrated Prussian blue analogues M3[Co(CN)g], (M = Mn, Fe,
Co, Ni, Cu and Zn) has also been reported. The heats of adsorption AH,q4, for H, in
these Prussian blue analogues are in the region of 6.5-7.0 kJ mol ™', except for
Mn;[Co(CN)g], which has a low value of 5.3 kJ mol ' [82]. These binding energies
are relatively low, consistent with the observation from high energy X-ray scatter-
ing experiment on an H,-loaded samples of Mn3[Co(CN)gl, and time of flight
neutron powder diffraction (NPD) on D,-loaded samples of Mn3[Co(CN)gl,
which gave no evidence for binding interactions of the adsorbed H, or D, with
the accessible metal sites [83]. These experiments were carried out at 30 and 77 K,
respectively, using a differential pair distribution function (PDF) to estimate the
position of H, molecules. The most plausible position for the H, molecules in the
Mn;[Co(CN)g], framework, based upon these studies, is about a single disordered
site at the centre of the pore, which maximises van der Waals interaction with the
pore surface lined with highly polarisable cyanide groups.

At very low temperature (5 K), the Rietveld profile analysis of NPD data of D,-
loaded samples of Cu;[Co(CN)s], reveals two possible adsorption sites [84], one at the
centre of the pore, the (4, 4, '4) site, which is consistent with the PDF study on Mn;[Co
(CN)gl» [83]. The other is situated on (x, 0, 0) (x = 0.183) sites, which results from [Co
(CN)6]*™ vacancies, suggesting a Cu—D, distance of 3.16 A. The study suggested that
at low loading the ('4, Y, '4) site is the preferred adsorption site, and the weak D,—Cu
interaction accounts for only ~25% H, adsorption at high loading.

2.2  Zn(Il) Carboxylates

The IRMOF series of complexes is based upon [Zn4O] nodes linked by linear
ditopic carboxylate ligands (Fig. 2) [80, 85—88] and is prepared by reaction of
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Fig. 2 View of (a) [Zn4O] node; (b) the series of organic linkers in IRMOFs

Zn(NO;), with carboxylate ligands in a polar solvent typically dimethylformamide
or diethylformamide at 80—120°C. Microwave-assisted synthesis or electrolysis has
been reported to give faster or larger-scale synthetic procedures [89, 90]. In these
materials the [Zn4O] node is comprised of four Zn(Il) ions on the vertices of a
tetrahedron with an O~ moiety at the centre of the tetrahedron. Each pair of Zn(II)
ions is bridged by a carboxylate group (Fig. 2a), and, therefore, each [Zn,O] node is
connected to six carboxylate linkers constructing a simple cubic topology [80].
The size of the pore can be controlled by the length of the linker and number of
other pendant groups on the phenyl rings. Longer linkers tend to produce larger voids
and up to 80.3% of the material volume is void when thieno(3,2-)thiophene-2,5-
dicarboxylic acid is used.

The pore structures of the IRMOF series can be viewed as three mutually
perpendicular arrays of channels that intersect at cavities, with the sizes and shapes
of the channels and cavities controlled by the linkers. The linkers in IRMOF-1, 3, 6,
8 and 18 have the same overall length, but the diameters of the channels and the
cavities are affected by the functional groups on the phenyl ring only. These
functional groups reduce the size of pores, and this enhances the interaction energy
with adsorbed molecules when the attractive potential fields of opposite walls
overlap [91]. This results in higher H, adsorption for IRMOF-3 and 6 than for
IRMOF-1 and 2 at 1 bar (the low gravimetric uptake of IRMOF-2 is due to heavy Br
atoms in the framework). However, introduction of too many functional groups, as
in IRMOF-18, leads to occupation and reduction of the size of the void and this
limits the uptake of H,.

An alternative method of manipulating the pore shape and size with MOFs is to
prepare interpenetrated frameworks [92]. It is well known that increasing the length
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of the ligand linkers leads to interpenetration of frameworks in which the void in
one net is filled by another net passing though it [93, 94]. In the series of IRMOF
materials, once the length of the linker reaches two phenyl rings, interpenetration is
observed and this results in lower porosity for the resultant framework material.
The degree of interpenetration in these systems can be as high as fourfold when the
linker contains a linear quaterphenyl chain [95]. Interpenetration significantly
reduces the diameters of the pores, but can also enhance the adsorption enthalpy
AH,q4, of H, binding by increasing the overlap of the attractive potential of opposite
walls [91]. Adsorption of H, by the interpenetrated materials IRMOF-11 and 13 is
thus noticeably higher than for other IRMOFs at 1 bar (Table 1).

The saturation uptake for IRMOFs was found to be proportional to the pore
volume/BET surface [88]. Thus, although introducing functional group(s) and/or
interpenetration may increase the heat and strength of adsorption of the substrate,
this comes at a price with a potential reduction in the available free volume
available for gas adsorption due to the decrease in pore volume. Therefore, there
will be an overall decrease in the maximum uptake capacities. Thus, current
approaches seek to increase the length of the ligand linker to increase pore volume,
but at the same time to avoid interpenetration. The length of the linkers in IRMOF-
8 and 20 are longer than in IRMOF-1, 3, 6, 8 and 18, but do not induce interpene-
tration of frameworks. Accordingly, IRMOF-20 has the highest saturation H, uptake
(6.7 wt%) in the IRMOF series, although its uptake at 1 bar is not especially
impressive.

Preparative procedures can significantly affect the porosity and H, adsorption of
IRMOF-1 (MOF-5). An anhydrous synthesis can make IRMOF-1 adsorb 36% more
H, (excess uptake of 5.2 wt% vs 7.1 wt%) [87], although the improvement in BET
surface area was minor (3,530 vs 3,800 m? gfl). This difference in adsorption
behaviour is probably caused by the instability of IRMOF-1 to water which would
be expected for a relatively labile Zn(II) centre. Thus preparation of IRMOF-1
under strictly anhydrous conditions affords one of the best performing MOF
materials for H, adsorption. At 77 K and 100 bar, IRMOF-1 can store a total of
10.0 wt% H, [87].

An interesting attempt has been made to enhance the interaction of IRMOF-1
with H, by modifying the pore surface with Cr(CO)e. The reaction of Cr(CO), with
the phenyl rings in IRMOF-1 at 160°C successfully forms “piano-stool” chromium
complexes within the framework, retaining the porosity of the framework during
the reaction [96]. UV irradiation of the IRMOF-1-Cr(CO); under an H, atmosphere
can remove one carbonyl which is replaced by H, molecules, which can in turn be
replaced by N, molecules under an N, atmosphere. Considering the instability of
molecular Cr—N, complexes [97], it is worth noting that the Cr—N, bond is stable
within the IRMOF-1 framework at room temperature. Although this process does
not improve the overall H, storage capacity of IRMOF-1, it shows a potential route
to use MOFs as a matrix to stabilise active species and to introduce direct chemical
binding of H, to a vacant metal centre within such a framework.

CH,4 and CO, adsorption capacities for the IRMOF series compounds are high
due to their high surface areas and pore volumes. IRMOF-1 (MOF-5) and IRMOF-3
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can adsorb 135 and 120 v(STP)/v CO,, respectively, at 298 K and 36 bar. The
highest CH, storage capacity was observed on IRMOF-6, 155 v(STP)/v at 298 K
and 36 bar [52], which represents 70% of the amount stored in compressed CHy
cylinder (200 bar) in current commercial use.

CO, adsorption at room temperature by the IRMOF series of coordination
polymers takes place via monotonic Type-I isotherms [31]. All CO, adsorptions
reach plateau capacities at pressures over 35 bar, which qualitatively scale with
their surface areas and pore volumes. IRMOF-1, 3 and 6 show 18.5, 19 and
22 mmol g~' CO, adsorption at 298 K and 35 bar, respectively, and have greater
capacities for CO, than other IRMOF compounds due to their larger pore volumes.
Also, A theoretical study suggests that there is no structural change in IRMOF-1 on
CO, loading although the CO, adsorption in IRMOF-1 exhibits inflections assigned
to phase change behaviour of adsorbed CO, [98].

2.2.1 High H, Adsorption Density

MOF-74 was synthesised by the reaction of Zn(NO3), - 4H,O and dihydroxyl-1,4-
benzenedicarboxylic acid in a mixture of DMF, 2-propanol and water. Zn(II)
cations are bridged by carboxylate and hydroxyl groups to give a hexagonal 1-D
channels [86]. The BET surface area (870 m> gfl) and H, uptake (1.7 wt% at 77 K
and 1 bar) of MOF-74 are modest compared to other IRMOF materials, but MOF-
74 has very high H, uptake at low pressure. It can adsorb 1.0 wt% H; at 100 mbar,
which is at least five times the capacity of other IRMOF materials (Fig. 3a). The H,
adsorption enthalpy (8.8 kJ mol~ ") in MOF-74 is also higher than the others and it
does not alter below loadings of 0.5 wt% H, [86]. These observations indicate a

[
o

—-|RMOF-1
~*-MOF-74
~&~HKUST-1

Uptake (mg/g)

0 200 400 600 800
Pressure (Torr)

Fig. 3 (a) Comparison of H, adsorptions of MOF-74 and IRMOF-1 and HKUST-1 at 77 K. (b)
The green balls show the close packing of D, molecules inside the channels of MOF-74, which
was revealed by refinement based on NPD experiments [99]. Reproduced by kind permission of
the authors
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strong H,-framework interaction at low H, loading. The Rietveld profile analysis of
NPD on D, loaded MOF-74 (Fig. 3b) revealed that the D,—D, intermolecular
distances in the first layer vary from 2.85 to 4.2 A with an average of 3.4 A,
which is shorter than the 3.6 A found for solid D, [99], indicating that the packing
density of D, on the surface of MOF-74 can be higher than that of solid D,.
Quantum mechanical calculations also suggested that such short D,—D, distances
are reasonable in the potential well created in MOF-74 (see also Sect. 2.3.6).

2.2.2 Framework Based on a Tri-Branched Carboxylate Ligand: MOF-177

The design of new framework topologies and structures seeks to avoid interpene-
tration in order to maximise total H, uptake. Combination of the 6-connected
[Zn4O] node, as in the IRMOF series, with the 3-connected tri-branched linker
1,3,5-tris-(4-carboxyphenyl)benzene (BTB3 ~) produces a (6,3)-net, MOF-177,
which incorporates a large void in the framework [85, 100] (Fig. 4). The Langmuir
surface area for MOF-177 is estimated from N, isotherms as over 4,500 m> g_1 and
the pore volume of 1.59 cm® g~ is the highest in the Zn-based MOFs. H, uptake in
MOF-177 at 77 and 1 bar is not impressive, only 1.24%, but the large pore volume
offers a great potential at high pressure with a 7.5% uptake at 77 K and 70 bar.

The large pore volume of MOF-177 makes it an ideal material for CO, adsorp-
tion and it has much higher CO, adsorption capacity than the IRMOF series
compounds discussed above. At 298 K and 42 bar, MOF-177 can adsorb
33.5 mmol g~ CO,, which is also higher than the best CO, capacity reported for
a zeolite (7.4 mmol g71 for zeolite 13X) and activated carbon (25 mmol g71 for
MAXSORB) [31].

CH, adsorption on MOF-177 is less impressive than its CO, adsorption capacity.
MOF-177 adsorbs 70v(STP)/v of CH, at 298 K, 35 bar, which is similar to activated

BTBS-

Fig. 4 View of the linker BTB®>~ and the structure of MOF-177 [100]. Reproduced by kind
permission of the authors
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carbon, and only at higher pressures does MOF-177 out-perform activated carbon
and even then only marginally [10a]. Interestingly, Cu(II)-carboxylate-based mate-
rials have been found to be more efficient for CH,4 adsorption than Zn(II)-carboxy-
late based systems (see Sect. 2.3).

2.3 Cu(Ill) Carboxylates

2.3.1 HKUST-1: Cu(Il) with Benzene-1,3,5-tricarboxylate

Carboxylate ligands can bridge metal cations to form square paddlewheel
M,(O,CR),4 moieties and these can act as 4-connected nodes in coordination
polymer construction. Such bimetallic tetracarboxylate units are common and are
often highly stable [101, 102]. Combination of the 4-connected node M,(O,CR),
with the 3-connected anionic linker benzene-1,3,5-tricarboxylate (BTC37) affords
[Cu3(BTC),]o (HKUST-1) [103-105] and [Mo3(BTC),],, (TUDMOF-1) [106]
both having (3,4)-framework structures analogous to Pt30,4-type nets. HKUST-1
was prepared by reaction of Cu(NO;), and H;BTC in DMF/H,0/ethanol mixture at
85°C, while TUDMOF-1 was synthesised with Mo(CO)¢ and H;BTC in refluxing
DMEF at 156°C under an Ar atmosphere. Although the synthetic conditions for these
two materials are different, they have similar structures and show similar gas
adsorption behaviours. The BET surface areas estimated from N, isotherms are
1,507 and 1,280 m? g~' for HKUST-and TUDMOF-1, respectively. Considering
the higher molecular weight of TUDMOF-1, the difference between these materials
is less than 5%, suggesting very similar behaviour for the N, molecules within the
pores of the framework. HKUST-1 can adsorb 2.54 wt% H, at 1 bar and 77 K while
TUDMOF-1 adsorbs 1.75 wt%. Considering the difference in the formula weight,
the copper-based framework HKUST-1 can adsorb 25% more H, than the molyb-
denum-based framework (TUDMOF-1), suggesting that choice of metal centre
node can play an important role in maximizing gas uptake.

The D, adsorption in HKUST-1 under 4 K has been studied in detail by INS and
NPD [107-109]. NPD revealed that the strongest adsorption site is at the exposed
Cu(Il) with a Cu-D, distance of 2.40 A. The filling of the pores follows the order
of smaller preceding large pores, consistent with the theory of micropore filling.
Further analysis by INS suggested that H, has a tendency to lie in a plane
perpendicular to the Cu—Cu bond in the {Cu,} node [108], and the INS peaks at
9.1,12.75 and 14.0 meV were assigned to rotational transitions of D, fromJ = Oto 1,
M = +£1.

Significantly, HKUST-1 adsorbs considerable amounts of CH, [109 v(STP)/v
at 35 bar, 298 K and 228 v(STP)/v at 150 bar, 298 K] [110], higher than the
other more porous materials such as Zn-based MOF-177, Cr-based MIL-101 and
activated carbon. CH, uptake by HKUST-1 has a significant non-linearity below
50 bar, suggesting significant interaction between the Cu(Il)-based pores
and CHy,.
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2.3.2 The NOTT-xxx Series: Cu(Il) with Linear Di-isophthalate Ligands

The 4-connected di-copper node Cu,(O,CR)4 can be combined with other linkers
[56, 57, 111-113] to produce more complex frameworks. For example, reaction
of biphenyl-3,5,3',5'-tetracarboxylic acid, an angular 4-connected linker, with
Cu,(0O,CR), leads to the construction of a (4,4)-net which has a simplified NbO
topology [56, 57, 113]. This structure prevents interpenetration compared to the
cubic topology of the IRMOF series, and so the length of the linker can be readily
varied from biphenyl, terphenyl to quaterphenyl backbones, all linkers producing
frameworks with the same topology without interpenetration (Fig. 5) [56, 57]. The
desolvated materials have the same stoichiometry [Cu,(L)].., and Table 2 lists their
BET surface areas and H, uptake data. However, when the phenyl number in the
ligand increase to five, the double interpenetrated framework NOTT-104 is formed;
framework NOTT-104 is however not stable to de-solvation.

The pore sizes estimated from the N, isotherms are 6.5, 7.3 and 8.3 A for NOTT-
100, NOTT-101 and NOTT-102, respectively. Accordingly, NOTT-100 can adsorb
2.57 wt% of H, at 1 bar, NOTT-101 absorbs 2.52 wt%, while the most porous
NOTT-102 can only adsorb 2.24 wt% at 1 bar. These uptakes are significantly
higher than those for Zn-based IRMOF materials. At 1 bar, the adsorption is far
from reaching saturation. Thus, a small pore can provide a high attractive force to
adsorb H, molecules due to greater overlap of the potential field leading to the
small-pored NOTT-100 adsorbing more H, than NOTT-101 and NOTT-102 at low
pressures. At 20 bar, NOTT-100 nearly reaches its adsorption saturation at 4.02 wt
% uptake of H,, while NOTT-101 and NOTT-102 adsorb 6.06 and 6.07 wt% H,,
respectively, comparable to 6.08 wt% measured for MOF-177. However, NOTT-
101 and NOTT-102 have smaller pore volumes than MOF-177 and thus MOF-177
has a higher H, uptake at higher pressures.

Tl 2
NOTT-100 ‘!@:M}’
AP

NOTT-101 3

i
s 1"-?”- HEE

b

Fig. 5 Space-filling views of NOTT frameworks, in which water molecules have been removed
from Cu(ll) sites to show the two types of window in the frameworks: (a) view along the c-axis;
(b) view along the a-axis [56]. Reproduced by kind permission of the authors
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The Rietveld profile analysis of NPD on a D,-loaded sample of NOTT-101
shows a Cu-D, distance of 2.50 A [56], slightly longer than that observed in
HKUST-1 (2.40 A) [108]. Two other adsorption sites, one located in the middle
of a window and the other in the cusp of three phenyl rings, were identified close to
the centre of three { Cu,} paddle wheels in NOTT-101, but the filling order for these
sites is not as clear-cut as in HKUST-1. This is reasonable as the pores in NOTT-
101 are larger than in HKUST-1 and thus afford more similar sites in terms of
H,-framework affinity.

2.3.3 Modification of NOTT-101 and NOTT-102

The high porosity of NOTT-101 and NOTT-102 can accommodate functional
groups onto the central phenyl groups and the resultant materials retain porosity.
This allows the systematic study of the relationship between the functional groups
and H, uptake (Fig. 6). Table 2 summarises the variation of H, adsorption in these
Cu(II) materials. NOTT-105, 106, and 107 have the same ligand length and network
topology and, therefore, their results are readily comparable [56]. Compared to
NOTT-101, modest changes in H, uptake in these materials were observed. The
small differences observed at 1 bar can be attributed to the changes of pore size with
the reduced H, uptake at high pressures a result of reduced pore volume due to the
additional functional groups. This is also supported by the fact that all adsorption
enthalpies are increased in the functionalised material but drop rapidly with
increasing H, loading. PCN-14 [114] has the highest H, uptake of 2.70 wt% at
1 bar and 77 K and this is probably due to the large aromatic surface, while its H,
uptake at high pressure is not as impressive due to the relative small pore volume
caused by introduction of the bulky anthracene group.

Increasing the ligand aromatic surface seems have a positive effect on H,
adsorption. NOTT-103 contains a naphthalene group and NOTT-110 [115] a
phenanthrene group. At 1 bar and 77 K, NOTT-103 adsorbs 2.63 wt% H, and
NOTT-110 adsorbs 2.64 wt% H,, which are higher than NOTT-102, albeit they
have very similar BET surface areas and pore volumes. Due to the large pore
volume, the H, adsorptions at 60 bar and 77 K are 7.78 and 7.62 wt% for NOTT-
103 and NOTT-110, respectively, which are amongst the highest uptakes reported
so far. Replacing the phenanthrene group in NOTT-110 with 9,10-dihydrophenan-
threne group only has a minor impact on the H, adsorption capacity; however, the
heat of adsorption for H, uptake in NOTT-111 is ~1.0 kJ mol " higher than NOTT-
102 and NOTT-110 at all the measured loadings [115]. This suggests that higher
uptake capacities may not necessarily be related to higher heats of adsorption.

It is worth noting that PCN-14 shows exceptionally high CH, storage capacity
[27]. At 35 bar and 290 K, the excess adsorption capacity of CH4 in PCN-14 is 220
v(STP)/v, which is 22% high than the DoE target of 180 v(STP)/v. The heat of CH,
adsorption is 30 kJ mol ™' at low loading and decreases slowly with increasing
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loading. Interestingly, the adsorption enthalpy increases gradually after CH, loading of
1 mmol g, indicating that CH,~CH, interactions start to dominate the adsorption
process. This is supported by single crystal structure analysis of CHy-loaded
[Zn,(BDC),(DABCO)] (H,BDC = benzene-1,4-dicarboxylic acid, DABCO
= 1,4-diazabicyclo[2,2,2]-octane) [116, 117], which suggest that CH, can form
n-HC interaction with phenyl rings, with the CH, molecules stabilised by van der
Waals interactions with neighbouring CH4 molecules.

2.3.4 Cu(Il) with Triangular Hexa-carboxylate Ligands

The linear tetra-carboxylate ligand design can be modified to triangular hexa-
carboxylate ligands such as 1,3,5-tris-(3,’5'-dicarboxy[1,1”biphenyl]-4-yl)benzene
(Fig. 7). The reaction of this ligand and Cu(NOs3), in DMSO produces a highly
porous crystalline material NOTT-112 [118]. The combination of 4-connected
{Cu,} paddle-wheel units and the triangular ligand builds up a spectacular cage
structure (Fig. 7) comprising three types of cage of diameters of 13, 13.9 and 20 A,
respectively, tiling 3-D space. Although similar network topologies have been
reported [119, 120], the framework NOTT-112 shows good stability and extraordi-
nary gas adsorption capacity with a BET surface area of 3,800 m* g ' and total
pore volume of 1.62 cm® g~'. This is one of the most porous materials discovered
so far; only IRMOF-1 (prepared under anhydrous conditions) [87], MOF-177 [88,
121] and MIL-101 [122, 123] have similar BET surface areas and pore volumes.
The total H, uptake of NOTT-112 is over 10.0 wt% above 80 bar and 77 K,
comparable to IRMOF-1 and MOF-177. Interestingly, NOTT-112 out-performs
these phases at lower pressure of H, and shows a total uptake of 7.8 wt% at
20 bar and 77 K. At 1 bar and 77 K, NOTT-112 can adsorb 2.3 wt% H,, which is
nearly double the levels of IRMOF-1 (1.32 wt%) and MOF-177 (1.25 wt%). NOTT-
112 represents an interesting case that mixes excellent H, adsorption performance
in both low pressure and high pressure regions; this is due to the exposed Cu(Il)
centres and the mix of varied sized cavities within the structure.

.......

Fig. 7 The structures of ligand and cages in NOTT-112 [62]. Reproduced by kind permission of
the authors
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Fig. 8 C, and C», configuration of MDIP*~ ligand in PCN-12 and PCN-12/

2.3.5 Cu(Il) with Angular Di-isophthalate Ligands

The network topology of Cu-isophthalate frameworks can be further modified by
employing a non-linear ligand 5,5'-methylene diisophthalate (MDIP*") (Fig. 8).
The reaction of Hymdip and Cu(NOs3), can produce two kinds of materials, PCN-12
and PCN-12/, depending on the reaction temperature and solvent used [124].
Although the chemical composition of the PCN-12 and PCN-12’ frameworks are
the same, [Cuy(MDIP)], the configuration of MDIP*~ ligands are different in the
two materials. In PCN-12 and PCN-12/, MDIP*~ adopts C, and C,, configurations,
respectively, with formula [Cug(C,-MDIP),(C5,-MDIP)(H,0)¢] for PCN-12 and
[Cuy(Co,-MDIP)] for PCN-12’. PCN-12 has a BET surface area of 1,943 m’ g71
and pore volume of 0.94 cc g~ ', comparable to other di-isophthalate-Cu(II) materi-
als [56]. Interestingly, its H, uptake at 1 bar and 77 K is the highest reported so far at
3.0 wt%. The authors proposed that the exceptional H, uptake at 1 bar and 77 K
relates to the unique alignment of open metal sites in the cuboctahedral cages in
PCN-12, with exposed Cu(II) centres pointing into the cage, the collective effect of
these Cu(Il) centres generating high framework-H, interactions [124]. INS results
support this postulate with two principal bands observed at 7.7 and 8.6 meV, lower
than for analogous {Cu,} sites in HKUST-1 (9.2 meV) and NOTT-101 (9.2 meV),
indicating a stronger interaction of H, with the Cu sites in PCN-12.

2.3.6 Cu(Il) with Polyfunctional Ligands

A 3-D (3,6)-connected biporous coordination framework incorporating two differ-
ent channels (A and B in Fig. 9) has been synthesized using a designed polytopic
ligand 3,5-dicyano-4-(4-carboxyphenyl)-2,2',6’ 4" -terpyridine (HDCCPTP). The
framework, [Cu(DCCPTP)(NO3)]-0.5(1,4-dioxane)-0.5MeOH, incorporates both
free nitrile and free amine groups decorating the pore walls [125]. The desolvated
framework absorbs 1.01 wt% H, at 0.2 bar and this reaches a value of 1.91 wt% at
20 bar at 77 K. Although the maximum uptake of H, is modest, the H, adsorption
density and the relative H, absorption at low pressure (below 1 bar) is especially
high [125]. [Cu(DCCPTP)(NO;)] represents a rare example of a framework with
two different free functional groups within a porous structure.
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O OH

HDCCPTP

Fig. 9 View of (a) HDCCPTP and of (b) the (3,6)-connected biporous framework in [Cu
(DCCPTP)(NO3)]-0.5(1,4-dioxane)-0.5MeOH viewed close to [100] direction. The two types of
channel (A and B) are identified with their respective MeOH and 1,4-dioxane guests [125].
Reproduced by kind permission of the authors

A related bifunctional porous co-ordination polymer based upon Co(Il) incor-
porating both uncoordinated carboxyl and pyridyl groups within its pores has been
prepared [126]. Gas adsorption measurements on the desolvated material reveal
not only high capacity uptakes for H,, CO,, C,H, and CHy4, but also selective CO,
adsorption over C,H, and CH, due to the increased interactions between CO, and
uncoordinated organic groups [126].

2.4 Cr(II) Carboxylates

2.4.1 The MIL Series: MIL-100, 101 and Analogues

Assembly of carboxylate ligands and tri-nuclear [Cr;O] cluster units can form
materials of exceptionally high porosity. MIL-100 and MIL-101 are constructed
from [Cr;0] cluster nodes and 1,3,5-benzenetricarboxylate or 1,4-benezenedicar-
boxylate, respectively. The structures are based on supertetrahedra, which consist of
trinuclear [Cr3(OH)(H,0)(n-O)] units linked by 1,3,5-benzenetricarboxylate along
the faces in MIL-100, and along the edges by benezene-1,4-dicarboxylate in MIL-
101. These show an augmented Mobil Thirty-Nine (MTN) zeotype structure
(Fig. 10) [122, 127, 128]. Both compounds have large pore sizes with a large cage
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Fig. 10 Structure of MIL-100 and MIL-101 [122]. Reproduced by kind permission of the authors

of diameter ~29 A in MIL-100 and ~34 A in MIL-101, with pore volumes of
1.0 cm® g~ ! for MIL-100 and 1.9 cm® g~ for MIL-101. MIL-101 has a very large
Langmuir surface area (5,500 m’ gfl) and BET surface area (4,230 m’ gfl). How-
ever, the H, adsorption capacities for these materials are not especially high: at 77 K;
MIL-100 reaches saturation at 25 bar at 3.3 wt% uptake, and MIL-101 can adsorb
6.1 wt% H, at 80 bar. This suggests that the large sized pores (>10 A) in MIL-100
and MIL-101 are not necessarily favourable or optimised for H, storage. MIL-
101_NDC [129], an analogue of MIL-101 with the same framework topology but
with 2,6-naphthalenedicarboxylate replacing 1,4-benezenedicarboxylate, incorpo-
rates larger cages than MIL-101. The diameter of the largest cage in MIL-101_NDC
is ~46 A. However, there have been no reports of H, adsorption by MIL-101_NDC
possibly due to the difficulty in preparing pure phases of this material.

MIL-100 can absorb large amounts of CH4 and CO,. At 35 bar and 303 K, 119 v
(STP)/v of CH,4 is adsorbed [28] below the DOE target of 180v(STP)/v and the best
MOF {PCN-14, 220 v(STP)/v at 35 bar and 290 K [27]}. This is due to the weak
interaction between CH, and MIL-100 which shows an adsorption enthalpy of
20 kJ mol ' at zero loading and decreases with increasing coverage. This is in
contrast to the higher adsorption enthalpy of 30 kJ/mol at zero loading (with little
decrease on increasing gas coverage) of CH, in PCN-14 [27]. At 50 bar and 303 K,
18 mmol g~ ' of CO, is adsorbed in MIL-100. Although MIL-101 has a larger BET
surface area and pore volume than MIL-100, the CH, storage capacity of MIL-101
[100v (STP)/v at 35 bar and 303 K] is lower than that of MIL-100. However, MIL-
101 shows better CO, adsorption capacity than MIL-101 [28]. At 304 K and 40 bar,
MIL-101 adsorbs 35 mmol g~' CO,, the highest value obtained for MOFs and
exceeding the value reported for MOF-177 of 33.5 mmol g~ ' at 298 K and 42 bar.
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It is worth noting that MIL-100 and MIL-101 have very high CO, adsorption
enthalpies (63 kJ mol~' for MIL-100 and 45 kJ mol ' for MIL-101) near zero
coverage, which is the highest for a non-amine decorated MOF material, but
decreases rapidly when the loading of CO, increases. At CO, loading above
3 mmol g, the adsorption enthalpies for MIL-100 and MIL-101 are around
25 kJ mol ™!, similar to other framework materials. This indicates a strong interac-
tion between CO, molecules and exposed metal sites in MIL-100 and MIL-101,
which is supported by the IR spectra characterizing the potential formation of CO,-
coordinated species on Lewis acid sites (O=C=0. . .Cr3+) [28].

2.4.2 MIL-53 (Al, Fe or Cr)

MIL-53 has three isomers containing Cr(III), AI(II) and Fe(Ill) as metal ions,
respectively [130-132], with a V(II) analogue MIL-47 also reported [133]. These
frameworks consist of corner-sharing metal clusters (Cr, Al, Fe or V) interconnected
with benzene-14-dicarboxylate (BDC?") ligands and are very flexible with their
unit cells and pore sizes changing significantly during dehydration/hydration proces-
sing. MIL-53 (Cr and Al) have been studied extensively [134], which shows a
hydrated phase with contracted pores and a dehydrated phase with open pores. This
dehydration corresponds to an overall expansion of the unit cell volume by 480 A3,
However, loss of water from MIL-53(Fe) results in a closing of structure to form a
metastable phase followed by a small opening of the structure, during which the
volume change is much smaller, around 87 A3 [130].

The dehydrated MIL-53 compounds have moderate H, adsorption capacities of
2.8 wt% for MIL-53(Cr) and 3.8 wt% for MIL-53 (Al) [131]. Significant adsorp-
tion/desorption hysteretic behaviour was observed in the H, isotherm which is
clearly due to the dynamic behaviour of MIL-53.

The dynamic nature of the frameworks in MIL-53 (Cr and Al) also results in very
interesting CO, and CH,4 adsorption behaviours (Fig. 11) [133]. CH4 adsorption
isotherms for MIL-53 are typical of those obtained with microporous materials such
as zeolites and activated carbon. At 35 bar and 304 K, the amount adsorbed is 155
(Al) and 165 (Cr) v(STP)/v. The adsorption enthalpy of CH, remains almost
constant at 17 kJ mol™! from 0 to 10 bar, which is well above the liquefaction
enthalpy of CH4 (8.2 kJ mol_l). The maximum CO, adsorption is 10 mmol g_1 for
MIL-53(Al), observed at 304 K and 30 bar. This is a moderate capacity; however,
the shape of the CO, adsorption isotherm is very unusual and shows a first
adsorption step below 1 bar adsorbing 2 mmol g~' CO,, followed by a second
adsorption step at around 6 bar. Interestingly, no steps were found to be present in
the CO, desorption process. The corresponding adsorption enthalpy for CO, on
MIL-53(Al) is around 35 kJ mol ' during the initial adsorption process up to 6 bar,
which is followed by a sharp decrease to around 17 kJ mol ', close to the
liquefaction enthalpy of CO, (17.2 kJ molfl). MIL-53(Cr) exhibits similar beha-
viour in CO, adsorption: the first step in CO, adsorption in dehydrated MIL-53(Cr)
disappears if the sample is hydrated [135]. For hydrated MIL-53(Cr) CO,
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Fig. 11 Two-step CO, adsorption behaviour MIL-53 (Al and Cr) and their CH,4 adsorption and
adsorption enthalpies [133]. Reproduced by kind permission of the authors

adsorption only occurs above 10 bar, corresponding to the second adsorption step
for dehydrated MIL-53(Cr), but no CH, adsorption is observed in hydrated MIL-53
(Cr). Changes in the PXRD pattern for MIL-53 suggests that the quadrupole
moment of CO, can trigger pore opening in hydrated MIL-53 at 10 bar, allowing
the entry of CO, molecules, whilst the interaction of CH4 and MIL-53(Cr) is simply
too weak to open pores entrances. Thus, a framework contraction may contribute to
the strong adsorption of CO, in MIL-53(Cr) [135-139].

Functionalising MIL-53(Al) with amino groups leads to an increased selectivity
for CO, over CHy4 [32]. The amino-MIL-53(Al) was synthesised using 2-aminoter-
ephthalic acid as a linker [33, 34], and the initial CO, adsorption enthalpy in amino-
MIL-53(Al) is 38.4 kJ mol ', significantly higher than that for CH, (20 kJ mol ).
Such differences result in a separation factor of 60 for CO, over CHy, 5 times higher
than the parent material MIL-53(Al).

2.5 Non-Transition Metal Carboxylates

A MOF containing the tri-nuclear cluster M3O unit has been very recently obtained
via the synthesis of the highly porous [InO(ABTC); s(H,0)3](H>0)3;(NO3)
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(H4ABTC = azodibenzene-3,3',5,5 -tetracarboxylic acid) [140]. In this material
three In(IIl) cations are bridged by six 4-connected planar carboxylate ligands
to afford 6-connected [In;O(O,R)¢] moieties leading to an overall soc (square-
octahedral) topology. The desolvated framework has a Langmuir surface area of
1,417 m? g~ " and a pore volume of 0.50 cm® g™, with an H, uptake of 2.61 wt% at
78 K and 1.2 bar. This is a high uptake considering the pressure, but potential
saturation adsorption is limited due to the relatively low pore volume of the
framework. INS studies on [In3O(ABTC); 5](NOs) indicate occupation of multiple
sites in the material. This is also in agreement with analysis of AH,qs from H,
isotherms, which shows a nearly constant value (6.5 kJ mol ') at loadings below
1.8 wt%. In this case with In(III) cations present at the node, open metal sites do not
necessarily out-perform other sites within the polymer structure, and the geometry
of the pores and framework topology are key factors in determining strong interac-
tion between H, and the framework material. Other examples of H, uptake as a
function of cation exchange in anionic In(Ill) frameworks are discussed in Sect. 2.9.
New porous materials derived from carboxylate ligands and lighter Mg(II)
centres have been reported [141] and these have been shown to have high isosteric
heats of absorption of 7.0-9.5 kJ mol ' reflecting the increased van der Waals
contact area associated with a small pore and possible interactions with the Mg(II)
centre. Other examples of porous materials derived from carboxylate ligands and
light Mg(I) [142—-145] and AI(IIT) [131, 146—148] centres have been reported.

2.6 Complexes of Tetrazolate Ligands

Benzene-1,3,5-tris-tetrazole is a tri-branched linker incorporating three N-donors
that can bridge two metal centres (Fig. 12a). This is analogous to the carboxylate
group which can also stabilise multi-nuclear metal nodes. Reaction of benzene-
1,3,5-tris-tetrazole (H3BTT) and MnCl, in DMF affords [Mn(DMF)];
[(MnyCl);(BTT)g(H,0)45],-42DMF-11H,0-20CH30H  which incorporates an
8-connected [Mn4Cl]7+ node linked by 3-connected BTT?~ ligands [149]. The
fundamental building unit in the structure is a truncated octahedron sharing square
faces to generate a cubic framework structure as in sodalite (Fig. 12). In the solvated
material, the encapsulated Mn(II) cations are coordinated by organic solvents, DMF
and methanol. To generate a porous material, the DMF was exchanged with
methanol followed by desolvation in vacuo to afford a material with partially
desolvated Mn(Il) cations and exposed coordination sites. The material has a BET
surface area of 2,100 m> gfl and can adsorb 6.9% wt% H, at 90 bar and 77 K.
Significantly, the excess volumetric adsorption reaches 60 g L™" of H, which is well
above the 45 g L™" of DoE 2010 criteria, and only 11 g L™" lower than the density
of liquid H, (71 g L™" at 1 bar and 20 K). This raises a possibility of replacing
current liquid H, storage systems with a liquid N, coolant at moderate pressures.
Using CuCl, in the same reaction produces a product that is isostructural with the
Mn material [150]. The Cu complex H[Cu(dmf)¢][(CuyCl);(BTT)g(H,0)5]-
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Fig. 12 Views of (a) (b) BTT>~ linker and its connection to metal ions; (c) the crystal structure of
sodalite structure in [Mn];[(Mn4Cl)3(BTT)g], [150]. Reproduced by kind permission of the authors

3.5HCI-12H,0-16CH;3;0OH can be completely desolvated under reduced pressure and
heating to 120°C. Significantly, the Cu-based material has a lower BET surface area
(1,710 m* g~') than its Mn analogue and, accordingly, adsorbs less H, with an
overall capacity of 5.7 wt% at 90 bar at 77 K.

Strong binding of D, to exposed metal sites in [Mn];[(Mn4Cl)3(BTT)g], has
been established by NPD studies at 3.5 K [149]. A Mn(I)-D distance of 2.27 A
suggest that D, molecules interact significantly with exposed Mn(II) sites, but this
distance is significantly longer than distances reported for c-bonded n*-H, com-
plexes of group 6 metal ions (M-H ca. 1.7-2.0 A). NPD also reveals that once the
exposed Mn(Il) sites are saturated, D, molecules are sited at the surface of cavities
created by the tetrazolate linkers. The Mn—D, binding appears to be consistent with
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the high adsorption enthalpy of H, observed for [Mn];[(Mn4Cl)3(BTT)g],. In the
low H, coverage region, AH,q; = 10.1 kJ mol ', which is higher than the value of
5.9 kJ mol™! observed for Mn;[Co(CN)gl,. In the high H, coverage region,
however, the adsorption enthalpy of H, in [Mn]3[(Mn4CI);(BTT)g], (5.7 kJ molfl)
and Mn;[Co(CN)sl, (5.3 kJ mol™!) are very similar. Neutron scattering experi-
ments were conducted at 3.5 K with D, condensed inside the micropores of the
[Mn]5[(MnyCl)3(BTT)g], framework. Although these experiments confirm the
binding of H, molecules at exposed Mn(Il) sites at 3.5 K, it is still difficult to
speculate upon the strength of such an interaction at 77 K [149].

NPD studies on the Cu analogue of [Mn];[(Mn4Cl);(BTT)g], gave a Cu-D,
distance of 2.47 A [150]. Compared to [Mn];[(Mn4Cl)3(BTT)g]>, the longer Cu-D,
distance is in agreement with the slightly lower adsorption enthalpy of 9.5 kJ mol
for the Cu material. At H, loading of 1.6 wt% the heats of adsorption for the Mn and
Cu materials are the same [6.0 kJ mol '], suggesting adsorption of H, at high
loading is controlled primarily by pore size and shape.

The Mn(II) cations in [Mn];[(Mn4Cl)3(BTT)g], can be partially exchanged with
Fe(1I), Co(II), Ni(II), Cu(Il), Zn(II), Li(I) and Cu(II) ions, and the resultant materi-
als remain porous [151]. Cation exchange has a small impact on the adsorption
enthalpy of H; at zero loading, with adsorption enthalpies being similar at 1.2 wt%
loading. This suggests that the interaction of H, and exposed metal cations mostly
affects adsorption at low H, loading. Exchanging Mn(II) with Co(II) and Fe(II)
increases the initial H, adsorption enthalpy slightly from 10.1 to 10.2 and
10.5 kJ mol %, respectively. However, replacement with other cations results in a
decrease in adsorption enthalpy. This gives an interesting profile for the interaction
between metal cations and H, suggesting an order of H,—M binding strength within
this Mn-BTT framework of Co**>Fe”">Mn*">Cu">Zn**>Ni**>Li">Cu*".

The exposed Cu(Il) site in H3[(CuyCl);(BTT)g] can be occupied by ethylene-
diamine (en), and this amine modified surface shows very high affinity to CO,
compared to the unmodified parent material [152]. The initial adsorption en-
thalpy of CO, in the amine functionalised material is as high as 90 kJ mol ',
which is almost five times higher than the value of 19 kJ mol ' observed for
H;[(CuyCD)3(BTT)g] and also the highest adsorption enthalpy observed in a MOF
material. Such a high adsorption enthalpy indicates a chemisorption interaction
between CO, and Cu-BTT-en system. CO, can thus be captured at low pressure
from a CO,/N, mixture, and the material recycled by passing over N, to remove
CO; at 30°C.

Reaction of Co(CF;S03), and benzene-1,4-di(4'-pyrazole) (H,BDP) in N,N-
diethylformamide produces crystalline [Co(BDP)-DEF-H,O] [153], the crystal
structure of which shows a 10 x 10 A square channel running along the c-axis of
the crystal. This material undergoes a phase change after desolvation, although the
structure of the phase after desolvation has not been identified. N, adsorption of the
desolvated materials at 77 K has five distinct adsorption steps in the pressure region
of 0 < P/Py < 0.05 (Fig. 13a). At 87 K, the five steps are shifted to higher
pressures. Desorption of N, revealed hysteresis at both temperatures, but the
hysteresis is much more apparent at 87 K. This is very unusual as the hysteresis
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Fig. 13 (a) Multi-steps N, isotherms and (b) high pressure hysteretic H, adsorption—desorption in
[Co(BDP)] [153]. Reproduced by kind permission of the authors

in N, uptake/release in microporous materials is normally related to a high diffusion
barrier and such hysteresis becomes smaller with increasing temperature. Similar
unusual adsorption—desorption behaviour is also observed in the H, isotherm
(Fig. 13b). The material adsorbs no H, at 77 K at low pressures and the pore
opens at 20 bar and reaches a maximum of 3.1 wt% at 28 bar. Interestingly, the
adsorbed H, cannot be released until the pressure drops to 15 bar, resulting in a
hysteresis loop with a width of 13 bar. In agreement with the temperature-depen-
dent hysteretic N, isotherms, the width of the hysteresis of H, isotherm increases to
27 bar as the temperature rises to 87 K [153].

The adsorption enthalpy for H, binding of [Co(BDP)] is low, 3.2 kJ mol ! for
adsorption and 2.6 kJ mol " for desorption. The authors considered that this
behaviour is due to part of the adsorption enthalpy being consumed during the
pore-opening process. Based on this assumption, the enthalpy of the pore-opening
or phase-change of [Co(BDP)] lies in the range 2—8 kJ mol L. Analysis of diffusion
kinetics of H, in the pores of [Co(BDP)] shows a very small diffusion barrier of
0.62 kJ mol . This also supports the argument that the large hysteresis observed in
the H, and N, isotherms on [Co(BDP)] is due to the phase change rather than a
diffusion kinetic trap.

Materials based on Mn-formate [154] and Co-triazine [155] and Pd- and
Cu-pyrimidine [156] linkers have also been found to show H, storage capabilities.

2.7 Complexes of Imidazolate Ligands

There has been interest in developing porous coordination polymers that mimic the
topology and structures of zeolites. The bridging angles of imidazolate (IM) in
<M-IM-M units is coincident with the Si—O-Si angle in zeolites (Fig. 14) and this
has led to the use of imidazole and related ligands as tectons to form so-called ZIFs.

MIL-100 and MIL-101 (see Sect. 2.4.1) show an augmented MTN zeotype
structure (Fig. 10) [122, 127, 128], but the first examples of ZIF materials in the
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Fig. 14 Bridging angles and girths in zeolites and imidazole (IM) [73]. Reproduced by kind
permission of the authors

Fig. 15 Packing of cages in 3-D space in (a) ZIF-95 and (b) ZIF-100 [73]. Reproduced by kind
permission of the authors

literature were reported by Tian and co-workers [75-78]. Subsequently, further
example based upon substituted imidazolate and tetrahedral metal ions were
reported [54, 55, 72-74]. Some of these coordination polymers have the same
topologies as those found in zeolites and some new topologies not previously
observed in zeolites were discovered. The connection topologies of imidazolate
ligands and metal ions are (as in many syntheses of coordination polymers) highly
sensitive to reaction conditions used (solvent, substrate, temperature, reaction time)
and the nature of the imidazolate derivatives used in the synthesis. These materials
show many structural varieties and types, and many have been well characterised
by single crystal X-ray diffraction. The common feature in all ZIFs is that the metal
nodes are tetrahedrally coordinated by imidazolate and the 4-coordinated net of
linked metal atoms form varied cage structures. Figure 15 illustrates the basic cage
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Fig. 16 Flow of a CO,/CO mixture passing through a sample of ZIF-68 showing the retention of
CO, in the pores and passage of CO [54]. Reproduced by kind permission of the authors

structures formed in ZIF-95 and ZIF-100 and how the packing of these cages
defines different structures.

Although many ZIF materials incorporate large pores, their surface areas are
below 2,000 m* g~ '. The BET surface area of ZIF-8 is 1,630 m* g~ ' and pore
volume 0.636 cm® g~ ', the highest yet reported for ZIFs. These numbers are lower
than for MOFs constructed from longer and multi-branched organic ligands. Also,
the relatively short ligand span of imidazolates and the zeolitic topology requires a
high relative percentage of 4-connected metal centres.

H, adsorption on ZIF-11 was reported to be 1.4 and 1.3 wt% for ZIF-8 at 1 bar and
77 K [55]. The total maximum gas uptakes in these materials are not impressive
compared to other more porous metal-organic polymers due to their relative low
BET surface areas and pore volumes. However, the ZIF series provides a number of
candidates for selective gas capture and adsorption. ZIF-68, 69 and 70 have the same
topology (gme) and large pores of 7.2, 10.2 and 15.9 A diameter, respectively,
connected through tunable windows of 4.4, 7.5 and 13.1 A diameter, respectively.
Under a mixed stream of CO, and CO, ZIF-68, 69 and 70 show retention of CO, with
CO passing through the material with no adsorption (Fig. 16). The CO, vs CO
selectivity of ZIF-70 is the highest observed for these types of materials and also five
times better than the state-of-the-art material BPL carbon. Similarly, ZIF-78 and 82
show high selectivity for CO, vs CHy4, N, and O, and out-performs BPL carbon [54].

2.8 Mixed Ligand Systems

2.8.1 Pyridine-Carboxylate Ligands

Another approach in preparing porous materials is to combine two types of linker
ligands within the same structure. Thus, bimetallic tetracarboxylate units M,(O,CR),
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Fig. 17 (a) Views of different linkers binding to a bimetallic node from axial and equatorial
directions to form frameworks [53]. (b) Gas adsorption data for the resultant frameworks

can be combined with linear ditopic amine linkers that bind at the two axial sites of
the paddlewheel (Fig. 17a). In these materials, the square-planar 4-connected bime-
tallic nodes are, therefore, bound by linear linkers L>~ defining a 4 x 4 2-D grid, and
these sheets are then pillared by linker P to form a porous 3-D framework. A series of
Zn(II) complexes have been synthesised using this methodology [53, 157] and they
all have stable frameworks on removal of crystallised solvent, except C6 and C7
(Fig. 17). C1 has the highest BET surface area (1,450 m* g~ ') and the others have
similar BET surface areas of ca. 1,000 m* g~'. The H, adsorption curves confirm
that the pendant arms on the linker L~ can help to take up more H, at low pressure,
but they also limit the potential of these materials in terms of total H, capacity.
The material C1 has the highest pore volume and, therefore, shows good potential
for H, storage at higher pressure.

The above strategy of building pillared structures can result in highly porous
frameworks. For example, SNU-6 is a framework built from benzophenone-4,4’-
dicarboxylic acid (H,BPnDC), 4,4’-bipyridine and Cu(Il) [158]. The solvent-acces-
sible volume for this material is 83.7% with a BET surface area of 2,590 m? g”.
The structure has very large pores which are estimated to be distributed between 14
and 20 A. The large pores result in modest H, uptake at 1 bar (1.68 wt% at 77 K),
but high uptake at 70 bar (excess: 4.87 wt%, total: 10.0 wt%). There are no high
pressure CO, adsorption data available for SNU-6; however, the CO, adsorption at
195 K and 1 bar reaches 25.8 mmol g~ ' suggesting good potential for CO,
adsorption at room temperature and high pressure [158].

A further approach involves incorporation of both pyridyl and carboxylate
donors within the same angular ligand. The pyridyl group can act as a terminal
group to replace solvent molecules in the metal cluster nodes [159-162]. This
methodology can also, in principle, produce framework materials of especially
high connectivity with the pyridyl and carboxylate linkers limiting interpenetration
when the length of the linker is increased [163, 164]. The 12-connected frameworks
[Ni;(OH)(BPPC);3]-8DMF-10H,0 and [Fe;(O)(BPPC);]-3DMF-17H,0 have been
constructed using the tri-branched linker pyridine-3,5-bis(phenyl-4-carboxylic
acid) (H,BPPC) bound to the tricapped trigonal prismatic polyhedral metal nodes
[Niz(OH)] or [Fe;O], respectively[165]. The overall topology of these highly
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unusual 12-connected frameworks is 3'4%*5° and desolvation affords highly
porous materials with large surface areas (1,553 m? g~' for Ni complex and
1,200 m* g~ ! for Fe complex). Their H, adsorption capacities are proportional to
their surface areas with the Ni complex adsorbing 4.15 wt% H, at 77 K and 20 bar,
with 3.05 wt% uptake for the Fe complex under the same conditions. Another
successful approach to preparing porous materials has involved the linking of Ni(II)
amine macrocyclic units with bridging carboxylic linkers [166].

2.8.2 Mixed Carboxylate Ligands

Porous coordination polymers with more complicated topologies can be formed by
introducing three different building units such as ditopic terephthalic acid (H,BDC)
and tri-branched 1,3,5-tris-(4-carboxyphenyl)benzene (H;BTB) with 4-connected
[Zn4O] units. [ZnyO(BDC)(BTB)43] (UMCM-1) is a mesoporous coordination
polymer which has a 1-D hexagonal channel 2.7 nm X 3.2 nm [167]. Using the
longer ditopic carboxylate thieno[3,2-b]thiophene-2,5-dicarboxylate (T>DC>7)
affords [Zn4O(T2DC)(BTB)4/3] UMCM-2 [168]. UMCM-2 has a BET surface
area of 5,200 m? g~' and can adsorb 6.9 wt% H, at 46 bar at 77 K. The H,
adsorption enthalpy in UMCM-2 is between 4.6 and 6.2 kJ mol ' at low loading,
similar to other Zn(II)-carboxylate-based materials. The large pore in UMCM-1
provides an ideal space for post-synthesis and modification to the framework.
An analogue of UMCM-1 has been synthesised by using 2-amino-benzene-1,
4-dicarboxylic acid (NH,—H,BDC) producing UMCM-1-NH,. Subsequent Schiff-
base condensation of UMCM-1-NH, with 2-pyridinecarboxaldehyde forms chelate
sites, which can be used to bind metal cations, such as Pd(II), thus generating
dangling metal sites inside the mesopores [169]. Although no gas adsorption was
reported on this metalated framework, it is an interesting and promising route for
incorporating metal ions without affecting the rigidity of the framework.

2.9 Modification of Coordination Polymers by Li* Exchange
or Doping

The major shortcoming of porous coordination polymers and other physisorption-
based materials for H, storage is the weak H,-adsorbent binding energy, which
prevents such materials from adsorbing high levels of H, at room temperature. The
adsorption enthalpy of H, in most porous MOFs is in the range 5-9 kJ mol .
Although the adsorption enthalpy can reach 13 kJ mol ™" at zero coverage in some
materials, the enthalpy often decreases rapidly with increasing H, loading, and the
pore volume in microporous materials is too limiting to achieve high capacity H,
storage. Theoretical studies have suggested that introducing light, non-transition
metal species such as Li, Na or Mg can afford higher H,-framework interactions
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[170-177], and thus produce a hybrid chemi-physi-sorption material to promote H;
adsorption at ambient temperatures.

[Me,NH,][In(BPTC)] (H4;BPTC = biphenyl-3,3’,5,5 -tetracarboxylic acid) has
a PtS-like anionic framework with 4-connected In(III) cation and BPTC*™ ligand
nodes [178]. The [Me,NH,]* cation can be exchanged with Li* by soaking a sample
in saturated LiCl solution. The resulting material, Li[In(BPTC)], has a larger pore
volume (0.42 cm® g~ ' vs 0.33 cm® g~ ') and BET surface area (1,024 m® g~ ' vs
820 m> g_l) than [Me,NH,][In(BPTC)] due to Li* having a smaller volume than
the [Me,NH,]" cation and the exchange makes the pore more accessible to N,
molecules. Accordingly, H, adsorption capacity at 77 K and 20 bar was enhanced
from 2.36 to 2.88 wt% on exchange of [Me,NH,]" with Li". However, the initial
adsorption enthalpies for H, binding in [Me,NH,][In(BPTC)] and Li[In(BPTC)]
are reduced from 7.6 to 6.1 kJ mol_l, consistent with reduction in adsorption
enthalpy with increasing pore size [56].

Similar results have been reported for Li* and Mg** exchanged products derived
from the anionic framework [In(ImDC),]” (H,ImDC = imidazole-4,5-dicarbox-
ylic acid) [179]. [IndmDC),] ™ has a rigid rho-zeolitic structure (rho-ZMOF = [In
(ImDC),]7) and the as-synthesised material incorporates [Me,NH,]* cations within
the anionic [In(ImDC),]~ framework. The [Me,NH,]" cations can be exchanged
with Li* or Mg”* to produce Li-rho-ZMOF and Mg-rho-ZMOF, respectively. No
enhancement of H, adsorption capacity or adsorption enthalpy was observed in the
Li* or Mg* exchanged rho-ZMOF. The positions of the Mg(Il) cations were
identified by single crystal X-ray diffraction in a sample of Mg-In[ImDc], which
had been activated at 115°C. The Mg(II) centre at 115°C for H, adsorption. The
Mg(II) centre was found to be coordinated by water molecules and apparently H, is
restricted from access to these cations in Mg-rho-ZMOF. The INS spectra of H,
loaded Li*, Mg** and [Me,NH,]*-rho-ZMOF are very similar, suggesting that no
strong adsorption site is created by the cation exchange with Li* or Mg>*. This was
rationalised by the decomposition temperature of the rho-ZMOF framework being
lower than the dehydration temperature of the Li* and Mg?* centres thus preventing
full desolvation. Thus, no exposed Li* or Mg?* surfaces were generated and no
interaction between H, and Li* or Mg2+ centres observed [179].

Alkali metal doping has been achieved by reaction of Li, Na or K metal with Zn(II)
framework materials [180, 181]. Alkali metal doping in framework [Zn,(NDC),(di-
PyNI)] (H,NDC = naphthalene-2,6-dicarboxylic acid; diPyNI = N,N'-di-(4-pyri-
dyl)-1,4,5,8-naphthalenetetracarboxydiimide) led to a slightly enhanced adsorption
enthalpy for H, uptake, but much smaller enhancements than those predicted from
computational analyses [181]. It was concluded that any enhancement was most
likely caused by reduction of the framework by Li metal. Indeed, high dopant
concentration in [Zn,(NDC),(diPyNI)] leads to decreases in BET surface area, H,
adsorption capacity and adsorption enthalpy compared to non-doped samples [180].
This suggests that changes in the gas adsorption properties brought about by alkali
metal doping in [Zn,(NDC),(diPyNI)] is unlikely to be caused by any noticeable
H,—alkali metal interaction, but from the subtle structural changes or breathing of
the framework. The same conclusion was also drawn from Li*, Na™ and K" doped
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samples of the interwoven framework [Zn,(NDC),(diPyTz)] (diPyTz = di-3,6-(4-
pyridyl)-1,2,4,5-tetrazine) [182].

Fixing Li* on the internal surface of MOFs can potentially stabilise a partially
exposed Li*, and some recent reports have indicated that this is a viable route to
improving H, adsorption enthalpy. H,PPZ[In(QPTC)] (H,PPZ = dihydropiperazi-
nium cation, H4QPTC = quaterphenyl-3,5,3',5-tetracarboxylic acid) has an anio-
nic interpenetrated diamondoid framework structure. In the as-synthesised material
the [HZPPZ]2+ cation is bound to the O-centres of the QPTC4_ ligands via N-H. . .O
hydrogen bonding [183, 184]. Li* exchange can remove all [H,PPZ]** cations to
give Li[In(QPTC)], the single crystal structure of which reveals Li* coordinated by
two O-centres from carboxylate groups from the framework and two from two water
molecules (Fig. 18). IR spectroscopy confirms that the water molecules can be
removed at 150°C leaving partially exposed Li*. The adsorption enthalpy of Li[In
(QPTC)] was found to be 10 kJ mol ! at zero loading, enhanced from 9 kJ mol~!in
H,PPZ[In(QPTC)], confirming the enhancement of H; adsorption enthalpy upon the
incorporation of exposed Li™ cations [183].

An analogue of MIL-53(Al) can be synthesised with H,BDC—OH incorporating
a pendant hydroxy group in the framework [185]. The material MIL-53(Al)-OH
was treated with lithium diisopropylamide and the presence of Li* within the
framework material confirmed by solid state NMR spectroscopy. The adsorption
enthalpy of H, uptake in Li-MIL—53(A1)-OH is 11.6 kJ mol ', double the value for
MIL-53(A1-OH (5.8 kJ mol™ ") [185]. This value is close to the value of 13 kJ
mol ! estimated from theoretical calculations [172], again supporting the strategy
of Li doping to enhance H, adsorption.

The material DO-MOF has a pillared framework structure, in which
4,4'bipyridine pillars bridge 2-D square 4,4-nets comprising binuclear Zn(II)
nodes and 4,4',4",4"'-benzene-1,2,4,5-tetrayltetrabenzoate. Addition of ~-BuOLi
dopes the framework with Li* [186] and, similarly, Mg** can be introduced by

Fig. 18 Views of framework structures of (a) H,PPZ[In(QPTC)] and (b) Li[In(QPTC)] (indium
green, nitrogen blue, oxygen red, carbon grey, hydrogen white, lithium purple) [183]. Reproduced
by kind permission of the authors
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using Mg(OMe),. Interestingly, the H, adsorption capacities of Li* or Mg** doped
samples at 77 K and 1 bar show no significant difference to the corresponding
undoped samples, and their adsorption enthalpies are the same at zero loading.
However, the H, adsorption enthalpies of Li and Mg doped DO-MOF do not
decrease with increasing H, loading. This is extremely unusual, suggesting a strong
H,-framework binding site which is not saturated in the measurement range.

2.10 H, Adsorption and Kinetic Trapping

Materials based on 4,4'-bipyridine are one of most extensively explored coordina-
tion polymer systems. Reaction of Ni(NOs), and 4,4'-bipyridine affords two pro-
ducts [Niy(NO3)4(4,4’-bipyridine)s],, depending upon whether the reaction is
conducted in methanol or ethanol solution[187]. In both materials the charge on
Ni(Il) is neutralised by coordinated nitrate anions, and the resultant Ni(NOj),
centre is connected by three ditopic 4,4-bipy linkers to form a T-shaped node
(Fig. 19a). In the product obtained from methanol solution, T-shaped units form a
1-D ladder structure, and these ladders run parallel (material M). In the case of the
product isolated from ethanol, T-shaped units give an interlocked 2-D bilayer
product (material E). The common characteristics for these two materials are that
the interactions between the ladders or the layers are relatively weak and this results
in dynamic structures in which the interactions and distances between ladders or
layers are modulated as adsorbate molecules enter the framework [187]. Although
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Fig. 19 (a) View of the structures of [Niy(NO3)4(4,4’-bipyridine);],.; forms E and M. (b)
Hysteretic H, adsorption-desorption at 77 K [187]. Reproduced by kind permission of the authors
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these materials show only modest H, uptake capacity at 77 K (0.82% for M at 1 bar
and 0.68% for E for 1 bar) (Fig. 19b), adsorption—desorption hysteresis is observed,
particularly for material E. Thus, almost no H, is released when the pressure is
reduced from 1 bar to 0.1 bar at 77 K with significant release beginning at 110 K.
This raises an intriguing idea that H, can be loaded under high pressure and stored
at low pressure. A range of other Ni(Il) porous frameworks have been prepared
[188, 189] and these also show modest H, uptake.

The above kinetic trap behaviour is also found and studied in the framework of
H,PPZ[In(QPTC)], in which the [H,PPZ]** cation was found to act as a kinetic trap
to give hysteresis in H, uptake; Li* exchange eliminates the hysteresis in H,
adsorption completely. Analysis of the adsorption kinetics at various temperatures
revealed that the energy barriers for H, diffusion through the small windows is
15 kJ mol ! [183], which is larger than that found in a related material with no
adsorption/desorption hysteresis, [Zn3(BDC);][Cu(Pyen)] (Pyen = 5-methyl-4-
0x0-1,4-dihydropyridine-3-carboxaldehyde) (M'MOF-1) [190].

2.11 Hydrogen Spillover in MOF's

Although some coordination polymers can adsorb considerable amounts of H, at
77 K at relatively low pressures (<100 bar), their H, storage capacity at room
temperatures can be very low even at very high pressures (>200 bar) [191].
Hydrogen spillover is effective in enhancing H, storage capacity at room tempera-
ture [191-193]. H, spillover in MOFs was first proposed in 2002 [194] although the
H, spillover effect was confirmed generally many years ago [195]. Creating a
carbon bridge between a MOF and Pt particles encourages the diffusion of dis-
sociated H,. This method can enhance H, storage capacities by a factor of 4 for
IRMOF-8 to give 4 wt% H, uptake at 200 bar [192, 196, 197]. The overall of
adsorption enthalpy of Pt doped IRMOF-8 is between 20 and 25 kJ mol ! and the
activation energy of H, diffusion on a surface is 9.3 kJ mol ' [197]. The studies of
H, spillover in MOF-5 [196], HKUST-1 and MIL-101 [198] suggest that H, storage
capacity at 298 K is correlated with the surface area and pore volumes of these
materials. Very interestingly, the effectiveness of spillover was found to be related
to the defects in MOF crystals. The optimisation of imperfect lattice and pore
networks can improve the amount of H, adsorbed, but with the drawback of
much slower adsorption kinetics [199].

3  Summary and Outlook

MOFs are a class of very promising materials for H, storage at 77 K and at
moderate pressure (<100 bar). The building-block, node-linker approach [16—18]
offers the capability to design and prepare porous framework materials with new
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topologies and concomitant fine-tuning of framework structures and decoration.
There are now several materials (MOF-5, MOF-177, Mn-BTT, NOTT-101, 102,
103, 111, 112, 120, SNU-6) that have formally reached the DoE 2010 H, storage
targets either as gravimetric or as volumetric stores albeit at 77 K and under
intermediate pressures. However, the application of these materials in on-board
mobile H, storage systems requires a further substantial improvement over the
current best results with greater than 10% excess uptake potentially needed. Partic-
ular consideration will be required regarding the weight and cost of cryogenic
systems and high pressure containers [7]. The current strategy of making more
porous and light frameworks materials may address these requirements. Simulta-
neously, utilizing the kinetic trap observed in MOF materials, it might be possible
to compress H, into a storage tank at low temperatures and store the H, at higher
temperatures. However, the pore volumes for materials that have been found to
function in this way are as yet too small. To achieve H, storage at ambient
temperature and at low pressures (~30 bar), a material with an adsorption enthalpy
for H, of 15.1 kJ mol™! is desirable [200]. Although a few materials have H,
adsorption enthalpies exceeding 10 kJ mol ' at zero loading [190], high adsorption
enthalpies are not maintained due to the saturation of strong binding sites. Several
routes are being explored to enhance the H,-framework interactions, including Li™*-
doped MOFs, incorporating more unsaturated metal centres, and the introduction of
spillover mechanisms.

MOF materials can show excellent CO, (Table 3) and CH,4 (Table 4) storage
capacities. The best performing material for CH, storage, PCN-14, has a storage
capacity 28% higher than DoE requirement. MOF materials can also show very
high capacity in CO, adsorption and the significantly enhanced CO, selectivity over
other gases (N,, CO, CH,) have been observed by generating coordination poly-
mers with free functional groups within the framework surface. The challenge still
remains to design new functional and robust materials incorporating higher pore
volumes and specific multi-functional groups. The role of design and synthesis has
never been more important.

Table 4 Comparison of CH,4 adsorption in metal-organic frameworks

Materials Spm? g’ Vp,cm® g=! CH, uptake at 35 bar, Ref.
BET _Langmuir 298 K. mg g~ (VSTP)/)
MOF-5 3,800 4,400 1.13 120 (135) [52]
IRMOEF-3 2,446 3,062 1.07 104 (120) [52]
IRMOF-6 2,800 3,310 0.993 171 (155) [52]
MIL-100 1,900 1.10 121 (119) [28]
MIL-101 4,230 5,500 2.15 162(100) [28]
MIL-53(Al, Cr) 1,270 1,580 96 (155) (304 K) [133]
HKUST-1 1,507 2,175 0.75 78 (109) [110]
PCN-14 1,750 2,180 0.87 189 (230) (290 K) [27]

{CuSiFs(4,4 -bipyridine), }, 1,337 0.56 104 (133) [79]
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Doping of Metal-Organic Frameworks with
Functional Guest Molecules and Nanoparticles

Felicitas Schroder and Roland A. Fischer

Abstract Nanoparticle synthesis within metal-organic frameworks (MOFs) is
performed by the adsorption of suitable precursor molecules for the metal com-
ponent and subsequent decomposition to the composite materials nanoparticles @
MOF. This chapter will review different approaches of loading MOFs with more
complex organic molecules and metal-organic precursor molecules. The related
reactions inside MOFs are discussed with a focus on stabilizing reactive inter-
mediates in the corresponding cavities. The syntheses of metal and metal oxide
nanoparticles inside MOFs are reviewed, and different synthetic routes compared.
Emphasis is placed on the micro structural characterization of the materials nano-
particles@ MOF with a particular focus on the location of embedded nanoparticles
using TEM methods. Some first examples of applications of the doped MOFs in
heterogeneous catalysis and hydrogen storage are described.

Keywords Catalysis « Hydrogen storage « Metal oxides « Metal-organic frame-
works « Nanoparticles
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1 Introduction

Metal-organic frameworks (MOFs) allow reversible adsorption of guest molecules
and are thus characterized by a permanent porosity. This novel class of hybrid
inorganic—organic soft solid state materials is largely based on Werner-type coordi-
nation chemistry. Specifically, the research on porous coordination polymers has become
a major field of research during the past decade [1-8]. For example, the concepts
of “reticular synthesis,” along with the basic zinc and copper carboxylates based
so-called MOFs [9,10] were established; likewise boronic ester based frameworks
(COFs) [7] and zinc imidazolate based MOFs (ZIFs) [13—15] were also introduced.
The responsive and adaptive properties of soft porous coordination polymers with
applications in gas storage, sensing and catalysis have been investigated as well
[16-19]. The so-called Materials of Institute Lavoisier (MILs) [20,21], were intro-
duced, with MIL-53 and MIL-88 demonstrating large and reversible structural changes
upon guest exchange and MIL-101 being the most porous material known to date,
with an equivalent Langmuir surface area of 5,900 m?g' [22]. Chiral MOFs, e.g.,
with an amino acid backbone, exhibiting interesting properties in selective solvent
sorption have been studied [23]. A wide range of studies on the applications of all
these materials in gas storage and separation as well as solvent separation have
been performed [15,25-33]. Furthermore the controlled growth of MOF thin films
at surfaces (“SURMOFs”) has been demonstrated by a few groups recently [34—
38]. This paves the way for integration of MOF materials into more complex func-
tional devices such as smart membranes and chemical sensors. Herein we will
focus on the doping of MOFs with nanoparticles. Similar to zeolites, mesoporous
silica and other inorganic porous materials, the grafting of functional molecular
species at the internal surface of MOFs and the loading of the pores, cavities or
channels of MOFs with functional nanoparticles is relevant for a number of potential
applications including catalysis, hydrogen storage and sensing [39-44]. In addition,
the use of MOFs as host materials for the formation of nanosized metals or metal
oxides is of considerable interest as it helps to study the resulting specific properties
and host-synergetic functions [45-47]. In this chapter we will cover the current
literature related to the doping of MOFs with nanoparticles with some emphasis on
the involved precursor concepts. The discussion will include relevant aspects of the
loading of MOFs and loading-related properties in general. This appears to be very
important since the loading of MOFs, using molecular precursors to provide the
components for the nanoparticle growth inside the framework, clearly relies on
the supramolecular host—guest chemistry of MOFs in general.

2 Loading of Metal-Organic Frameworks with Guest Molecules

The synthesis of MOFs usually requires the pores or channels to be occupied with
solvent molecules and sometimes also with unreacted, excess linkers. These mol-
ecules should be removable or exchangeable by other solvent or gas molecules
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without any structural change of the parent framework in order to load MOFs
with more complex functional molecules. This is apparently mandatory, since in
some cases structural changes of the host or even complete collapse of the frame-
work structure can occur upon solvent removal [17,18]. MOFs are typically
studied in the context of their gas storage and/or separation properties, mainly
focusing on rather nonpolar hydrocarbons [25-33]. Most MOFs exhibit nonpolar,
i.e., hydrophobic, inner surfaces and we will largely restrict our discussion to
these types of MOFs.

2.1 Large Organic Molecules

Only a few key examples of MOFs have been tested in loading with larger, more
complex organic molecules so far. In their first report on the zinc-1,3,5-benzene-
tribenzoate based MOF-177 in 2004 [10], Yaghi et al. introduced loading of this
highly porous framework with dye molecules of Astrazon Orange R, Nile red and
Reichardt’s dye as well as with C,, molecules. The inclusion of these compounds
in MOF-177 was followed by UV- and Raman-Spectroscopy (Fig. 1). Quantitative
uptake analysis of the materials revealed sixteen molecules of Astrazon Orange R,
two molecules of Nile red and one molecule of Reichardt’s dye per MOF-177 unit
cell, already demonstrating the size dependant sorption properties of MOF-177.

Quiu et al. presented the synthesis of the porous framework [Cd,(bpdc),(dmf)]-5
dmfe18 H,O (bpdc=4.,4"-biphenyldicarboxylate, dmf=dimethylformamide,
JUC-48, JUC =1Jilin University China) and the assembly of Rh6G dye molecules in
its pores [48]. The dye molecules were infiltrated by either adding an ethanolic
solution of the dye to the mother liquor of the MOF or immersion of the framework
in the dye solution. The dye @ MOF composite showed temperature dependent fluo-
rescence properties. Férey et al. studied the loading of the chromium terephthalate
based MIL-101 with the Keggin anion [PW O, ] in order to show the selective
inclusion of very large guest molecules into the spacious cages of the MIL-101
(Fig. 2) [22]. The loading was followed by powder X-ray diffraction (PXRD), N,
adsorption and *P-NMR. From elemental analysis 0.05 Keggin anions per chromium
were found, corresponding to a loading of five Keggin moieties per large cage of
MIL-101. The volume of five Keggin anions represents 10,100 A% in volume, the
volume of the large cage of MIL-101 however is 20,600 A3, and the authors there-
fore assume that the remaining space is filled with cations and water molecules.
The Férey group also introduced the first drug (Ibuprofen) release study of a MOF
[49,50]. The Ibuprofen uptake of the frameworks as well as the subsequent release
were investigated.

Leaving the well known toxicity of chromium aside, the drug release study of
MIL-101 and MIL-100 shows the potential of MOFs for not only the loading
but also the controlled release of an imbedded compound [49]. MIL-101 is able to
take up four times as much Ibuprofen as MCM-41, which has comparable cage
sizes. It also shows a slower delivery rate, which presents advantages for larger
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Fig. 1 Loading of MOF-177: (a) Raman spectra of (A) bulk C,, (B) evacuated MOF-177 crystal,
(C) whole MOF-177 crystals loaded with C_ and (D) sliced MOF-177 crystals loaded with C .
(b) MOF-177 crystal loaded with dye molecules.[10] Reprinted by permission from Macmillian
Publishers Ltd: [Nature] [10] copyright 2004

pharmacological molecules. Very recently, the “breathing” chromium and iron
based MIL-53 materials have also been used as matrices for the delivery of
Ibuprofen [50]. Very slow, controlled and complete delivery was achieved under
physiological conditions which are due to the ability of the framework to adapt
to the dimensions of the drug.

These and similar studies employing more complex organic molecules as guests
prove distinct features of the corresponding framework, like extraordinary cavity
size or adsorption properties. The loading of MOFs with metal-organic precursor
molecules is effected by the combination of the functionality of the precursors to
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Fig. 2 (a) Schematic view of the insertion of Keggin anions within the largest pore of MIL-101.
(b) XRD of MIL-101 (1) and MIL-101(Keggin) (2). 0, in degrees. (¢) TGA of MIL-101 (1) and
MIL-101(Keggin) (2). T, temperature (K). (d) Nitrogen sorption—desorption isotherms at 78 K
of MIL-101 (1) and MIL-101(Keggin) (2). V., volume adsorbed in cm’g™". (e)*'P solid state NMR
spectra of the Keggin salt and MIL-101(Keggin). 6, chemical shift in ppm. From [22]. Reprinted
with permission from AAAS

serve as sources for nanoparticles, with the property of the MOF to restrict the growth
and the aggregation of the particles by caging effects. Interestingly, the characteristic
sizes of cavities, channels and pores of MOFs cover a size regime between classical
zeolites <1 nm and mesoporous materials >2—3 nm. In contrast to these latter mate-
rials however, MOFs are expected to show a much weaker particle/host
interaction.

3 Towards Nanoparticles in Metal-Organic Frameworks

Metal doping of MOFs seems to be a promising field of research not only for catalytic
applications but also for enhanced capacity in gas storage as compared to the pure
MOF [51]. In general one could think of two different approaches for the synthesis
of metal nanoparticles inside MOFs: the infiltration of preformed nanoparticles
stabilized by organic molecules (surfactants) in solution or the stepwise infiltration
of suitable precursors and their conversion into nanoparticles inside the framework
cavity. For other porous host materials, such as silica and alumina, several
approaches for embedding nanoparticles in their cavities via immersion in colloidal
solutions are known in the literature [52,53]. However, the typical cavity sizes of
MOFs are too small to match the size of surfactant stabilized nanoparticles with
hydrodynamic radii typically larger than 3 nm. In order to utilize the MOF as a
stabilizing agent and host material at the same time, stepwise precursor infiltration
and subsequent decomposition appear to constitute the most suitable approach. In
this way, the size and shape of the nanoparticles, synthesized directly in the pores
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of the framework, should be controlled by the pore size, shape and channel structure
of the host material. Suitable precursors for the synthesis of metal nanoparticles in
MOFs can in general be molecules that are also commonly used in the synthesis of
colloidal metal nanoparticles in solution or metal nanoparticles in the solid state.
These molecules are often also known from thin film formation processes such as
metal-organic vapor deposition (MOCVD) or atomic layer deposition (ALD) and
are basically metal-organic coordination compounds, the so-called organometallic
compounds, often with entirely hydrocarbon ligand molecules, featuring metal
carbon bonds. Upon decomposition, the ligands of these molecules are cleaved
from the metal center, leaving “free” metal atoms that will then fuse together to
form metal clusters [54,55]. Spatial confinement of the MOF cavities should limit
the growth of the particles to the size of the corresponding pore diameter. Note, that
the host framework should be inert towards the embedded precursor as well as to
decomposition products or free ligands of the precursor molecules. Here, common
approaches known from colloid and nanoparticle chemistry in general, like the
“polyol process” for coinage and noble metal colloids seem to have a somewhat
lower importance due to the reactivity of many MOFs toward acidic conditions
(protons) and halides, especially at elevated temperatures. That typical metal-
organic precursor molecules often exhibit an intrinsic reactivity toward protic sol-
vent residues, hydroxyl groups or other reactive groups inside the host material,
should not also be overlooked. Thus, a careful choice of the MOF and the precursor
is mandatory for a controlled nanoparticle synthesis inside a MOF. We will now
discuss the loading of MOFs with metal-organic coordination complexes and
related precursors for metal nanoparticles.

3.1 Loading with MOCVD Precursors

Loading of metal-organic frameworks with MOCVD precursor molecules can be
seen as an extension of the loading with larger nontrivial organic molecules as
mentioned above. Some of these coordination compounds are highly volatile
already at room temperature; others are sublimable at elevated temperature and
pressure. Loading of MOFs with these compounds can therefore be compared to
loading with gases or volatile solvents and is usually performed in vacuum. With
respect to the subsequent controlled decomposition of the included molecules
to nanoparticles, MOCVD precursors are a suitable class of compounds for the
loading of MOFs. For a controlled loading, the characterization of the primary
inclusion compounds precursor @MOF is required to afford a well-defined metal @
MOF composite in a second step. In addition, studying the loading process of the
MOF with precursor molecules also offers interesting insights into the host—guest
interactions of this composite which may help to elucidate the interactions between
imbedded metal nanoparticles and the MOF. This is highly relevant since catalytic
processes, for example, often demand well-defined host—guest interactions to
enable stabilization of free adsorption sites for molecules in the catalytic reaction.



84 F. Schroder and R.A. Fischer

Depending on the guest molecules, loading of MOFs can be generally performed
via the gas phase under vacuum or via solution. In all studies discussed above,
loading of MOFs with dye molecules [10,48], C, [10], Keggin anions [22] and
Ibuprofen [49,50] was performed via solution impregnation of the MOF powders.
The MOF materials were immersed in saturated solutions of the compounds, allow-
ing the guest molecules to diffuse slowly into the MOF cavities. When loading via
solution, the competition in diffusion between the guest and the solvent molecules
has to be taken into account. A uniform distribution of the guest molecules through-
out the framework is not easy to achieve due to the inclusion of solvent molecules
at the same time [10]. Kaskel et al. have used the “incipient wetness technique” to
load MOF-5 with the Pd precursor [Pd(acac),] (acac=acetylacetonate) [51]. The
advantage of this technique is the rather precise control of the loading just by
choosing a certain concentration of the precursor in the solution. With this tech-
nique however, the loading with precursors is limited to the solubility of the precur-
sor molecule in the solvent used. Note that, Kaskel et al. introduced only 1 wt% Pd
into MOF-5, which is however, fine for many catalytic applications. Due to its
facile synthesis even in larger scales, temperature stability up to 400°C in argon,
high Langmuir surface area of up to 4,400 m?>g~! [56] and the relatively large pore
opening of 7.8 A [6], MOF-5 is quite a nice test system for various types of loading
studies. However, the reactivity of MOF-5 towards water and humid air [57,58]
limits its application in technical processes to some extent. The first studies on the
loading of MOFs with MOCVD precursor molecules and the subsequent synthesis
of metal nanoparticles in MOF (which we will discuss later), have been performed
by infiltration of [CpPd(n*-C H,)], [CpCu(PMe,)] and [Au(CH,)(PMe,)] in MOF-5
(Zn,0(bdc),, bdc =benzene-1,4-dicarboxylate) in vacuum [59].

Thus, freshly prepared [Zn,O(bdc),] was activated in vacuum and then exposed
to the vapors of the different metal-organic molecules. The loading was followed
by 'H and *C MAS-NMR, FT-IR, PXRD and elemental analysis. It was shown that
similar to the loading with the large organic molecules, the structure of the host
framework remains intact after inclusion of the MOCVD precursor compounds.
The presence of the unchanged guest molecules inside the MOF cavities was shown
by the corresponding solid state 'H and '*C MAS-NMR signals and elemental ana-
lyzes. In a second, more detailed study, the loading of MOF-5 was extended to a
variety of metal and metal oxide precursors, here different aspects of the loading
were investigated [61]. The metal loading was in a range of 1040 wt% (see
Table 1). The reversible loading of MOF-5 was presented, without changing the
chemical properties of the precursors or the host framework.

Ferrocene, as a representative example for many organometallic compounds of
interest here, can be first infiltrated into the MOF-5 cavities (see Fig. 3) and can
then be removed without any change of the host material. Also, the dependence of
the size of the precursor molecules on the loading was shown. MOF-5 cavities
exhibit an opening diameter of 7.8 A. Ideally, only one of the three principal axes
(X, y, z; see Table 2) of the enveloping ellipsoid representing the van der Waals
volume of the respective precursor molecule should exceed this diameter in order
to allow diffusion into the MOF cavities. For that reason, [Cu(OCHMeCH,NMe,), |
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Table 1 Loading parameters of various precursors in MOF-5 and MOF-177

MOF-5

Elemental analysis (measured/calculated)

Calculated
number of
Precursor M (%) C (%) H (%) molecules
[CpPd(n*-C,H,)] 26.4/26.3 41.5/41.5 3.14/3.2 4
[CpPtMe, ] 34.5/34.7 34.2/34.2 3.0/3.2 3
[FeCp,]* - 54.22/54.49 3.98/3.99 7
[CpCu(CN'Bu)] 6.4/6.5 41.2/41.6 2.6/2.6 1
[CpCu(PMe,)] 10.7/10.8 40.4/40.7 3.4/3.4 3
[Au(CH,) (PMe,)] 40.8/41.0 23.4/24.9 34/3.1 3
[Sn(C,H,),(OOC H,),] 8.7/- 38.5/- 2.8/— 0.75
[Zn(CH,),] 41.8/42.0 31.1/30.9 1.3/1.29 2
[CpPd(*-C,H,)//[CpPtMe,]  12.2/—; 16.7 38.1/- 3.75/- 1.70;1.76
MOE-177
[CpPd(n*-C,H,)] 31.9/32.4 47.7/48.9 3.8/4.3 11
[CpCu(PMe,)] 8.3/8.2 49.6/53.9 3.8/3.8 10
[CpCu(CN'Bu)] 8.3/8.2 50.9/56.5 3.8/3.7 2
[FeCp,] 19.4/19.1 60.3/61.2 4.5/4.4 2
[ZnCp* ] 19.1/21.4 63.5/62.2 8.1/3.3 2

“Loading parameters for [FeCp,] @ MOF-5 were taken from Kim et al. [60]
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Fig. 3 Cut-out of the crystal structure [60] of the inclusion compound ferrocene, @MOF-5
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Table 2 Characteristic molecular dimensions of organometallic precursors absorbed by MOF-5
and MOF-177

Precursor X y z Max.
[CpPd(n*-C H,)] 4.5 4.5 4.5 55
[CpPtMe, ] 43 4.7 4.7 6.5
[FeCp,J* 35 4.5 4.5 5.2
[CpCu(CN'Bu)] 4.5 4.5 7.6 8.2
[CpCu(PMe,)] 5.0 5.0 7.5 7.5
[Au(CH,)(PMe,)] 4.5 4.5 7.0 7.0
[Sn(C,H,),(0O0C,H,),] 6.5 7.8 10.0 10.0
[Zn(CH,),] 1.8 3.0 8.0 8.0
[Fe(CO),] 4.2 4.2 59 5.9
[Cu(OCHMeCH,NMe,),] 6.5 7.9 8.7 8.7
A, y, z in A

is not adsorbed by the MOF-5 matrix since its characteristic dimensions exceed
the pore opening in all three dimensions (see Table 2). Not surprisingly, the loading
is also dependent on the vapor pressure of the precursor molecule. Rapid des-
orption is observed for small, comparably volatile compounds such as [Fe(CO),]
or [Zn(C,H,),]. Cyclopentadienyl complexes such as [FeCp,] form more stable
inclusion compounds with the MOF-5 matrix. More or less stoichiometric inclusion
compounds of the formula precursor, @ MOF-5 (where n is the average number of
precursor molecules per MOF-5 cavity) are obtained in all cases according to
elemental analytical data (see Table 1). In addition to this, the loading of MOF-177,
another member of the zinc(Il) carboxylate based MOFs, with MOCVD precursor
molecules has been studied [62,63]. The larger pore opening and pore volume of
MOF-177 (10.8A and 1.59 m?g™ [10]) in comparison to MOF-5 (7.8A and
1.04m?g"'[6]),allowsthediffusionoflargermoleculeslike [Cu(OCHMeCH NMe,), |
into the cavities, and the overall absorption of more molecules per cavity than in
MOF-5 [63]. Typically the included precursor molecules are very mobile and
behave as in solution. This was concluded from the comparison of the solid state
NMR of the samples precursor@MOF with the respective high resolution NMR
data of the precursors in solution [61]. When the precursors are intercalated in
MOF-5, they exhibit the same number of signals with almost the same chemical
shift as in solution. This indicates a low interaction with the host framework and
the high mobility of the precursor molecules. For example, the solid state *C
MAS-NMR of[Ru(cod)(cot)| @ MOF-5(cod=1,5-cyclooctadienyl,cot=1,3,5-cyclooc-
tatrienyl) exhibits six signals for the carbon centers of the intercalated precursor,
corresponding to the number of signals of [Ru(cod)(cot)] in C,D, solution [64].
In contrast, the solid state 3C MAS-NMR of the pure, crystalline Ru precursor
exhibits 16 signals, i.e., each carbon center of the ligands is different. MAS-NMR
and FT-IR spectroscopy and PXRD are very powerful techniques to follow guest
inclusion in porous materials. The loading of MOF-5 with [Ru(cod)(cot)] was
also followed by means of the change of MOF-5 PXRD reflection intensities
below 10° 20.
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In general, the overall intensity of the host XRD reflections will decrease upon
inclusion of guest molecules due to the enhancement of the X-ray scattering
contrast [65]. In MOF-5, the intensity ratio of the reflections at especially 20 =6.9°
and 9.7° will change upon loading [66]. This is also observed when the powder
X-ray data of pure, empty MOF-5 and [Ru(cod)(cot)] @ MOF-5 are compared (see
Fig. 4); the intensities of these peaks are inverted. Most noteworthy, the PXRD of
[Ru(cod)(cot)] @ MOF-5 displays many additional reflections which originate from
the ordering of the guest molecules in the MOF-5 with new reflections observed at
20=10-20°, with the most prominent new reflection at 13.8°. However, the exact
structure of the material [Ru(cod)(cot)] @ MOF-5 could not be fully elucidated
with Rietveld analysis. Usually the embedded precursor molecules are randomly
distributed which is deduced from the almost unchanged PXRD of the host matrix,
i.e., lacking new extra diffraction peaks and only showing some more or less pro-
nounced intensity deviations. However, investigating the ordering of organometallic
molecules in the MOF cavities is clearly an interesting aspect of loading of MOFs
in general. Only in a few cases can a crystal structure of the host—guest composite
be obtained. The first example of such a substructure was investigated by Kim et al.
[60]. Similar to the first reports by us, MOF-5 was loaded with ferrocene via gas
phase in vacuum. Interestingly, the authors attempted loading of MOF-5 in dimeth-
ylformamide (DMF) solution as well. However in this case, inclusion of the guest
molecules was not successful as shown by UV/VIS spectroscopy (see our above
comments regarding solution impregnation). By applying synchrotron radiation at
100 K, a single crystal structure of the compound [FeCp,],@MOF-5 was obtained.
Shrinkage of the unit cell volume of 3.7% is observed compared to the evacuated host.
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Fig. 4 Powder X-ray diffractogramms of (a) [Ru(cod)(cot)] @MOF-5, (b) [Ru(cod)(cot)] and (c)
MOF-5. Reproduced with permission from [64]. Copyright 2008 American Chemical Society
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Fig. 5 Single crystal structure of [FeCp,],@MOF-5 [60]. Reproduced by permission of the Royal
Society of Chemistry

The unit cell is defined by the space group Pa-3. The smaller pores of MOF-5 are
filled with six ferrocene molecules; the larger pores with eight (see Fig. 5) [60].
Depending on the tilting of the bdc linkers, MOF-5 exhibits two kinds of pore
diameters with 11.0 and 15.1 A [6]. From elemental analysis the results of the crystal
structure were confirmed, giving seven ferrocene molecules per formula unit of
MOF-5, which corresponds to 56 ferrocene molecules per elementary cell of the
MOF-5 structure. The six ferrocene molecules in the smaller pore adopt an octahedral
arrangement with the ferrocene molecules close to the faces of the cube shaped
cavity. The eight molecules in the larger pore are positioned near the corners of the
MOF-5 pores (see Fig. 6). Here extensive n—m interactions exist between the guest
molecules as well as between the guests and the framework itself. The packing of
the ferrocene molecules in the pores leaves only 1.6% of the crystal volume accessible
to other guest molecules.

Inanother study, Kimetal. have shown the loading of porous[Tb, (TATB) (DMA),,]
(DMA), (H,0),,,(TATB =triazine-1,3,5-tribenzoate, DMA = N,N-dimethylacetamide)
with ferrocene [67]. In this case, a crystal structure of the composite was not obtained.
Loading was followed by emission spectroscopy and 'H-NMR spectroscopy with
elemental analytical data suggesting 65 ferrocene molecules per formula unit. It is
important to mention that it is not at all straightforward to obtain the superstructure
of the guest molecules inside MOFs. As discussed above, at least in MOF-5, which
exhibits no additional functional groups at the bdc linkers, the interaction between
intercalated guests and the host is comparatively low with the intercalated guest
molecule behaving almost as in a solid solvent cage. Therefore, X-ray diffraction
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Fig. 6 The orientation of the ferrocene molecules in the larger pore of MOF-5 [60]. Reproduced
by permission of the Royal Society of Chemistry

measurements should be performed at low temperatures, thus reducing mobility in
order to obtain a high quality data set. In addition, the reflections of the guest structure
are often rather weak, which demands the use of high intensity X-rays, e. g. synchro-
tron radiation for collecting diffraction data. However, the crystal structure of
ferrocene@MOF-5 nicely shows the influence of the space limitation of the MOF
cavities on the ferrocene arrangement and conversely, the subtle effects of the loading
on the MOF-5 framework itself. This leads to another aspect of loading MOFs. The
space confinement of the MOF cavities may also support and stabilize reactive spe-
cies as intermediates of organometallic or organic reactions.

3.2 Reactions Inside MOFs

The interior of porous hosts may be very different from that of the exterior surroundings,
leading to a novel kind of reactive species in these pores. For example, reactive interme-
diates from metal-organic or organic reactions could possibly be stabilized in the cavities
of the host material.

At this point, it is noteworthy, that detailed studies on the stabilization of reactive
species inside metal-organic polyhedrons have already been performed. Here, the
group of Raymond et al. has given interesting insights into the rich host—guest chem-
istry of the assemblies of the type ML, (see Fig. 7) [68,69]. For instance, it was
shown that the ionic [(Cp)Ru(cod)]* and [(Cp*)Ru(cis-1,3,7-octatriene)]* species,
which usually rapidly decompose in water, are stabilized inside the cluster [Ga,L,]"*
in aqueous solution [70]. Despite their stabilization within the host, the guest
molecules are still able to react stoichiometrically with CO. In addition, the ability
of the tetrahedral assemblies to act as nanoenzymes, catalyzing the hydrolysis of
acetals and ketals in basic solution has been presented [71]. In a similar metal-organic
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Fig. 7 Schematic presentation of the supramolecular tetrahedral assembly Ga,L, a guest molecule
included in the nanocage [57,58]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission

polyhedron even the observation of a reactive intermediate of the photodissociation
of [Cp"Mn(CO),] by crystal structure was shown by Fujita et al. [72] with the in situ
generated pyramidal [Cp"Mn(CO),] observed directly by X-ray diffraction.

These results suggest that MOFs as “extended” metal-organic assemblies could
show a similar host—guest chemistry. In uncharged MOFs however, space confine-
ment should be the most effective stabilizing effect on these species.

So far only few reports on reactions inside MOF and the trapping of reactive
intermediates have been published. The first example was reported by Long et al.
who showed functionalization of MOF-5 bdc linkers with {Cr(CO),} fragments and
subsequent photoreactions [73]. The fragments were introduced by heating the
MOF-5 powder in a solution of Cr(CO), in THF/Bu,O. Photoreactions of the
{Cr(CO),} fragment with N, and H, lead to stable (nﬁ—arene)Cr(CO)z(Nz) and (m%
arene)Cr(CO),(H,) species which are usually only accessible in frozen gas matrices
or supercritical fluids (Fig. 8). Thus, the MOF framework shows a remarkably sta-
bilizing effect on the reactive fragments. Another example of reactions inside a MOF
was presented by us. The hydrogenolysis of [Ru(cod)(cot)] inside MOF-5 at atmos-
pheric H, pressure led to the formation of (nS-arene)Ru(cod) species with the bdc
linkers of MOF-5 as a side- product of Ru nanoparticle formation in the framework
[64]. This is in full agreement with known arene/cot exchange reactions of [Ru(cod)
(cot)] taking place when the precursor is treated with 1 bar H, in the presence of
arenes in solution. In contrast to the work of Long et al., not all bdc linkers were
coordinated by {Ru(cod)}, and *C MAS-NMR showed signals of “free” bdc linkers.
Here, obviously diffusion limitation inside the framework causes incomplete split-
ting of the alkene ligands of the Ru precursor by hydrogenolysis, and this enables
coordination of {Ru(cod)} fragments to a fraction of the aromatic moiety of the bdc
linkers. So far, there are no reports in the literature on molecular complexes of the
{Ru(cod)} fragment and terephthalic acid or its derivatives. Evidently, the caging
effect of MOF-5 has an influence on the kinetics of the hydrogenolysis of [Ru(cod)
(cot)] leading to partial functionalization of bdc linkers with {Ru(cod)} fragments.
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Fig. 8 Reaction of [Zn,0(bdc),] with Cr(CO),. Reproduced with permission from [73]. Copyright
2008 American Chemical Society

From these first examples it can be concluded that MOFs, especially MOF-5, show
potential as stabilizing matrices for reactive intermediates in metal-organic reactions.
In the future this will definitely be studied in more detail.

4 Nanoparticles Inside Metal-Organic Frameworks

The synthesis of nanoparticles inside MOFs is another, still more special example of
reactions inside the framework. Nanoparticles “trapped” inside MOF cavities, with
a high number of reactive surface atoms, are indeed reactive species as well. Their
synthesis inside the porous hosts, starting from molecular precursors, anticipates the
caging effect of the framework. To prevent the clusters from growing to larger, bulk
agglomerates, the space confinement of the framework pores is utilized naturally.

4.1 General Synthesis

In the few reports of the synthesis of nanoparticles inside MOFs, the formation of
nanoparticles is obtained in two steps: loading of the porous host with precursor
molecules followed by decomposition of the precursors inside the porous host.



92 F. Schroder and R.A. Fischer

Depending on the properties of the intercalated precursor, the decomposition
conditions have to be chosen carefully. In general, decomposition of MOCVD
precursors can be achieved by treatment with reactive gases such as H, at a suitable
temperature, by treatment at an elevated temperature or by photolysis. The formation of
nanoparticles from metal salts, i.e., loading the MOFs with metal cations or inor-
ganic metal complexes, e.g., [PACI,]* as precursors, will be addressed as a special case
later. It is mandatory to choose precursors with decomposition conditions that will
be tolerated by the host framework. Therefore, the thermal stability of the framework
should match the corresponding decomposition temperature of the precursor in
order to obtain nanoparticles in an unchanged host matrix. Also, the stability of the
MOF towards possible additional reactive gases or UV radiation has to be confirmed.
For different precursors, different decomposition protocols have to be applied.
The obtained nanoparticle@MOF composites can subsequently be investigated by
analytical techniques such as PXRD, X-ray absorption spectroscopy (XAS), N,
sorption measurements and transmission electron microscopy (TEM). As for related
research on nanoparticles hosted by zeolites or mesoporous silica, the challenge is
to determine whether the nanoparticles are located inside or outside the framework
and to investigate and control the distribution of the particles inside the matrix.
Beside TEM, routine analytical methods only give indirect proof for the existence
of embedded particles. The few reports on the synthesis of either metallic or oxidic
nanoparticles in MOFs have mostly been performed with MOF-5; however some
other MOFs have been studied as well. We shall therefore, now discuss the synthesis
of nanoparticles in MOF-5 followed by their synthesis in other MOFs.

4.2 Metal Nanoparticles Inside MOF-5

In the first report on the synthesis of metal nanoparticles inside MOF-5, the forma-
tion of Pd, Cu and Au nanoparticles inside this framework was presented [59]. After
loading with the corresponding precursors [Cde(n3-C3H5)], [CpCu(PMe,)] or
[Au(CH,)(PMe,)], (see above) decomposition of the precursor to nanoparticles was
achieved by either photolysis (UV radiation) or hydrogenolysis. Both, UV radiation
and H, treatment, even at elevated temperatures, left MOF-5 unchanged, with con-
trolled decomposition of precursor molecules only.

4.2.1 Pd@MOF-5

Palladium nanoparticles with a dimension of 1.4 nm were obtained by photolysis
of [CpPd(n’-C,H,)] in MOF-5 at room temperature or below (with cooling) in
the absence of additional hydrogen, leaving a perfectly intact MOF-5 matrix as
confirmed by powder X-ray analysis and N, sorption measurements (see Fig. 9)
[59]. The powder XRD of the corresponding sample shows an additional broad
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Fig. 9 Powder X-ray diffraction patterns of (a) MOF-5, (b) photolytically generated Pd@MOF-5,
(c) PA@MOF-5 generated by hydrogenolysis and (d) TEM picture of photolytically generated Pd@
MOF-5 [59]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

reflection (FWHM =5.4°) at 26=40.99° typical for nanocrystalline Pd particles.
The size of the nanoparticles derived from TEM and PXRD data (Scherrer equation)
is in good agreement with the diameter of the MOF-5 cavities (see above) hinting
at nanoparticles embedded in the porous host. Treatment of the same precursor @
MOF-5 composite with H, gas at —35°C led to Pd nanoparticles in the same size
regime, here, however, the MOF-5 matrix appears to have lost its 2D long range
order (see Fig. 9) Elemental analysis in both cases gave a metal loading of
35.6 wt% Pd.

In order to gain a more thorough insight into the particle distribution through-
out the framework, a more detailed analysis of the photolytically synthesized Pd@
MOF-5 was performed [74]. These results are illustrated in Figs. 10 and 11.
Figure 10a shows a bright field TEM picture of a MOF-5 nanocrystallite with
embedded Pd nanoparticles. The enlargement (Fig. 10b) clearly shows the Pd
nanoparticles in a size range of 1-3 nm as darker spots, with the larger nanoparti-
cles most probably located either close to the surface of the nanocrystallite or in a
locally distorted environment in the inner core of the crystallite. From nanoparti-
cle formation inside zeolitic materials it is known, that particles with a bigger size
than the pore diameter can be formed inside the bulk of the matrix [75]. Note that,
from the full width at half maximum (FWHM) of the Pd reflection in the PXRD
of PA@MOF-5 (Fig. 9) the particle size was calculated to be well below 3 nm.
Evidently, the growth of the particles might cause a local distortion of the frame-
work, allowing larger particles to grow. The selected area electron diffraction
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Fig. 10 Pd@MOF-5; (a) Bright field TEM image showing the Pd loaded framework. The crystal
is faceted, indicating that the framework is still intact after loading; (b) Enlarged image of the
region indicated (a) the particles have sizes ranging from 1 to 3 nm; (c) Diffraction pattern taken
from a cubic PA@MOF-5 crystal in [-223]* zone axis. A weak ring corresponding to the 111
planes of cubic Pd is also visible; (d) HAADF image of the Pd@MOF-5 material showing the Pd
particles as white spots. Reproduced with permission from [74]. Copyright 2008 American
Chemical Society

(SAED) pattern of the corresponding sample is given in Fig. 10c and confirms the
intact structure of MOF-5 (sharp reflections) indicating that the crystallite is
shown along the [-223] zone axis. In addition to the relatively sharp reflections of
the host structure, a faint ring at 2.25 A is also visible in the SAED pattern which
is typical for the cubic spacing of Pd(111). This shows that the embedded particles
exhibit the cubic Pd structure which is in agreement with the results from the
PXRD analysis of the composite (Fig. 9). Figure 10d presents the result of a high-
angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) measurement of the same material. The contrast in this type of image
depends on both the thickness and the atomic number Z of the sample. Here, the
heavier Pd nanoparticles appear as white dots within the MOF-5 framework. From
this picture a close packing of the particles can be deduced. The 3D distribution of
the Pd nanoparticles inside MOF-5 was examined by tomographical TEM meas-
urements (Fig. 11), for which a 3D reconstruction of several TEM images of Pd@
MOF-5 was performed. The TEM image of PA@MOF-5 in Fig. 11a exhibits Pd
nanoparticles in a range of 1-5 nm, however the larger particles here seem to be
agglomerates of several smaller particles.

In tomographical TEM measurements, the resolution is usually rather low in order
to avoid beam damage of the sample, and, therefore, smaller particles within the
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Fig. 11 (a) Bright field TEM image of a PdA@MOF-5. Inset; particles from 1 to 5 nm in diameter
are present, some particles appear to have agglomerated; (b) Tomographically reconstructed Pd
particles (matrix not imaged); (¢) and (d) Slices through the tomographically reconstructed volume:
the metallic particles are mostly imbedded inside the MOF-5 matrix. Reproduced with permission
from [74]. Copyright 2008 American Chemical Society

areas of agglomerates cannot be resolved. The 3D tomographical reconstruction,
however, clearly shows the rather uniform particle distribution throughout the
framework (Fig. 11b). Inside the imaged MOF-5 matrix (specimen), the particles
are in a size range of 1-3 nm (see above). At the surface of the specimen larger
agglomerates are observed. Thus, the tomographical measurements provide a
direct measure of the particle distribution throughout the framework. In the
photolytically synthesized Pd@MOF-5, the particle distribution appears to be rather
uniform, although some larger particle agglomerates at the surface of the MOF-5
crystallites can be detected. Another route to introducing Pd nanoparticles into
MOFE-5 was presented by Kaskel et al. [39-44]. Here, MOF-5 powder was loaded
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with a solution of [Pd(acac),] in CHCI, following standard recipes of the “incipient
wetness technique.” For this technique the volume of the solvent applied in the
loading procedure is estimated from the free volume of the porous material used.
The corresponding precursor molecules are then dissolved in this restricted
amount of solvent and infiltrated into the porous material. Decomposition of the
precursor was achieved by thermal treatment at 150-200°C or hydrogenolysis at
150-200°C. The metal loading was determined to be 1 wt% by elemental analysis
and no additional reflections for Pd were observed in the PXRD of the composite.
Due to the low metal loading, detection of the embedded Pd species and its
chemical nature, whether fully reduced to Pd° nanoparticles or still some remain-
ing Pd* species, was difficult. These aspects were not reported and discussed in
detail by the authors. The BET surface area of the composite material was how-
ever reduced in comparison to the starting material, from 2,885 to 958 gm™
which is most probably due to the embedding of Pd nanoparticles. In another
approach, Kaskel et al. also applied coprecipitation for the preparation of Pd in
MOF-5 [76]. In this case, PA(NO,), was directly added during the synthesis of the
MOF, leading to Pd contents of 0.43-0.64 wt%. Again, no Pd reflections were
observed in the corresponding PXRD data, although a slightly reduced surface
area was observed. The detection of the location and the nature of imbedded
metal species in MOF-5 remains a particular challenge, especially when the cor-
responding metal content is rather low. Here the detection limit of most analytic
techniques obviously anticipates a detailed examination. However, our study on
Pd@MOF-5 at a high metal loading of 35.6 wt% shows the general ability of
MOF-5 to host metal nanoparticles.

4.2.2 Ru@MOF-5

In order to study the stabilizing property of MOF-5 in comparison to the surfactant
approach in non aqueous colloid chemistry of metal particles, the system Ru@
MOF-5 was selected as a target [64]. The synthesis and characterization of Ru
colloids starting from [Ru(cod)(cot)] in solution is well reported in the literature
[77-79].

Therefore, this species is a well suited model system for investigation inside
MOFs. With a preparation method similar to the one described above, Ru nanopar-
ticles in MOF-5 were obtained. Thus, [Ru(cod)(cot)] can be introduced into the
porous [Zn,O(bdc),] and hydrogenolysis at lower temperatures and H, pressure
lead to coordination of {Ru(cod)} species to part of the bdc linkers as a side
reaction to Ru nanoparticle formation. “Pure” Ru@MOF-5 was obtained by
hydrogenolysis at 150°C, 3 bar H,, 48 h, with an Ru content of 31.5 wt%. As in the
case of higher Pd loadings in MOF-5, an additional reflection for Ru is observed in
the PXRD of the composite. Here also the low angle region of the PXRD was
investigated. The change of the reflection intensities was not as pronounced as in
the case of the intact precursor due to only a fraction of all MOF cavities occu-
pied by Ru particles [64]. Given an Ru content of 31.5 wt% and based on the fact
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that Ru nanoparticles in the size regime of the MOF-5 cavities are likely to consist
of~140-150 atoms, only 2% of all MOF-5 cavities would be filled with Ru parti-
cles. The corresponding TEM micrographs reveal small Ru nanoparticles of 1.5—
1.7 nm, matching the typical MOF-5 pore diameter, distributed over the porous
matrix without any bigger agglomerates at the surface (Fig. 12). The SAED pattern
of hexagonal Ru could be detected, and the distribution of the Ru nanoparticles was
examined with tomographical TEM measurements which are illustrated in Fig. 13
[74]. Figure 13a shows a more or less uniform particle distribution of the Ru nano-
particles throughout the MOF-5 nanocrystallite. In contrast to this, the tomographical

Ru@MOF-5

37'1'! d|

Fig. 12 TEM pictures of Ru@MOF-5 with a corresponding SAED pattern for the embedded Ru
nanoparticles. Reproduced with permission from [64]. Copyright 2008 American Chemical Society
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3D reconstruction (Fig. 13b) shows that most of the particles are in fact located at
the outer domains of the investigated MOF-5 specimens with a maximum penetration
of 20 nm, and only some particles are located in the core of the MOF-5 crystallites.
This is in contrast to the results from the tomographical TEM measurements of
Pd@MOF-5 (Fig. 11), where a more or less uniform particle distribution was
observed. Obviously, the preparation technique has a great impact on the particles
distribution. The photolytically synthesized Pd@MOF-5 shows a more uniform
particle distribution than the material Ru@MOF-5, which was obtained by thermally
activated hydrogenolysis over a long period of time. In the case of Ru@MOF-5,

Fig. 13 (a) Bright field TEM image of a Ru loaded MOF. Inset; particles from 1 to 5 nm in
diameter are present, the matrix appears to be densely packed; (b) Tomographically reconstructed
Ru particles (matrix not imaged) Some overlapping of the particles is present due to diffraction
contrast; (¢) and (d) Slices through the tomographically reconstructed volume: the metallic parti-
cles are not completely imbedded in the inner core of the MOF-5 matrix. Most particles are
positioned at the surface of the matrix, or close to the surface (up to approximately 20 nm deep).
Reproduced with permission from [74]. Copyright 2008 American Chemical Society
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Fig. 14 Images of millimeter-sized MOF-5 crystals after loading with [Ru(cod)(cot)] before (left)
and after (right) treatment with H,. The presented crystals on the left and the right side stem from
the same loading experiment. One of them (right) was then treated with H,. In order to show the
macroscopically uniform distribution of the precursor and the Ru nanoparticles after hydrogenol-
ysis, the crystals were cut (middle) and turned to examine the cross section (bottom). Reproduced
with permission from [64]. Copyright 2008 American Chemical Society

presumably an autocatalytical process starting at the surface of the MOF-5 crystallites
leads to a segregation of the particles to the interfaces of the MOF-5 microcrystals
in a powder sample. Loading a MOF-5 single crystal however, the distribution of
[Ru(cod)(cot] precursor molecules is rather uniform as can be observed by the light
microscopic image in Fig. 14. Also the Ru nanoparticle distribution on the
macroscopic scale appears to be uniform, when such a single crystal is exposed to
the hydrogenolysis. However, the detailed investigation by TEM on the nanoscale
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Fig. 15 XANES (left) and EXAFS (right) of (a) Ru@MOF-5, (b) [Ru(cod)(cot) @MOF-5, (c)
Ru-ox@MOF-5, (d) Ru foil and (e) RuO,. All data were recorded at liquid nitrogen temperature.
Reproduced with permission [64]. Copyright 2008 American Chemical Society

reveals quite the opposite, with Ru nanoparticles mostly located close to the outer
surface of the imaged specimen.

XAS measurements were performed on the Ru@MOF-5 powder material to
give additional insights into host—particle interactions. The X-ray absorption near
edge structure (XANES) of Ru@MOF-5 is indicative of metallic ruthenium.
The curves of Ru@MOF-5 and the reference Ru foil overlap to a large degree and
the edge shift excludes oxidation of the Ru nanoparticles (Fig. 15a). The EXAFS
of Ru@MOF-5 is typical for small Ru nanoparticles with a small amplitude in the
FT curve for the first Ru shell when compared to the Ru foil (Fig. 15b). Interestingly,
a small shoulder is visible in the EXAFS of Ru@MOF-5 at 1.78 A which can be
assigned to a Ru—C interaction most probably from interaction of the Ru nanopar-
ticles and the bdc linkers. This is indirect proof for the Ru nanoparticles being
indeed located inside the MOF-5 matrix. This example nicely shows the combina-
tion of different methods in order to investigate the location of nanoparticles inside
MOFs. The framework—particle interaction was studied also by static 2H solid state
NMR of surface-bound hydrides on Ru nanoparticles inside MOF-5. A remarkably
high mobility was found, even exceeding the one of surface hydrides on Ru col-
loids. This suggests a rather weak framework—particle interaction superior to that
of other common porous solids which also explains the particle distribution within
the framework observed by tomographical TEM measurements. Presumably, the
surface of nanoparticles embedded in MOF-5 is readily accessible to reagents, e.g.,
in catalytic applications.
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4.2.3 Cu@MOF-5 and Au@MOF-5

In addition to the already discussed metal@MOF-5 composites PA@MOF-5 and
Ru@MOF-5, the synthesis of copper and gold nanoparticles in MOF-5 has also
been investigated. As for the synthesis protocols discussed above, these materials
were obtained by hydrogenolysis of [CpCuPMe,)] [51,72] or [CpCu(CN'Bu)] [80]
and [Au(CH,)(PMe,)] [59] as precursors in MOF-5 at elevated temperatures.
Figure 16 shows the PXRD patterns of the parent MOF-5 as well as the ones of
the Cu precursors in MOF and Cu@MOF-5 synthesized from these composites.
The characteristic reflections of the MOF-5 host are retained in all cases. The struc-
tural quality of the Cu@MOF-5 composite derived from [CpCu(CN'Bu)] @ MOF-5
appears to be better than the one of the material derived from [CpCu(PMe,)]@
MOF-5. This effect may be due to the interaction of the PMe, ligand with the
MOF-5 matrix [80]. From PXRD and TEM measurements, the size of the Cu nano-
particles was determined to be in a range of 1-3 nm (see discussion above) with a
metal loading of 10—11 wt%. In this case tomographical TEM measurements to
determine the particle distribution inside the MOF-5 host were not performed.

In contrast, TEM and PXRD data of Au@MOF-5 show polydispersed Au
particles in a size range of 5-20 nm (see Fig. 17), with a metal loading in Au@
MOF-5 determined to be 48 wt%. The gold particles appear to interact more
weakly with the host matrix than the Pd, Ru and Cu particles and thus larger
agglomerates are formed possibly by diffusion of the particles to the outer surface.
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Fig. 16 Powder X-ray diffraction patterns of (a) pure, activated MOF-5, (b) [CpCu(PMe,)]@
MOF-5, (¢) [CpCu(CN'Bu)]@MOF-5, (d) Cu@MOF-5 (derived from [CpCu(PMe,)]@MOF-5)
(e) Cu@MOF-5 (derived from [CpCu(CN'Bu)]@MOF-5). TEM image of Cu@MOF-5 (derived
from [CpCu(PMe,)]@MOF-5). Reproduced with permission [80]. Copyright 2008 American
Chemical Society
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Fig. 17 Powder X-ray diffraction patterns of (a) MOF-5, (b) Au@MOF-5 and (¢) TEM picture
of Au@MOF-5 [59]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission

Similar observations have been made for the loading of mesoporous silica in
which Au and Ag nanoparticles grow larger than the pore diameter of the host,
presumably due to a destructive growth mechanism of the embedded particles
[81-83]. We have already discussed the rather weak interaction between the par-
ticles and the host framework for Ru@MOF-5. From the TEM pictures of the Pd,
Ru and Cu nanoparticles in MOF-5 it can be deduced that they are mostly located
inside the framework even though few nanoparticles exhibit a size larger than the
MOFE-5 pore diameter. In this case a local distortion of the porous host allows
particles to grow slightly larger than the actual pore size. In order to create a
stronger interaction between the host and the embedded particles, several
approaches appear possible. The functionalization of the MOF-5 linkers with
—-OH, -OR, —SH or -NH, groups is one possible strategy to bind the embedded
particles to the framework. Another approach is the embedding of metal oxide
species in the MOF matrix prior to the embedding of the nanoparticles to increase
the interaction between the host and the metal nanoparticles. In combination with
metal nanoparticles, metal oxide species in MOFs are known to have a promoting
effect on catalytical properties of the embedded metal nanoparticles as seen in
Cu/ZnO composites in methanol catalysis [84—87]. In addition, nanosized metal
oxide species such as ZnO or TiO, embedded in MOF could enhance the semi-
conducting properties of MOF-5 [20,21].
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4.3 Metaloxide@MOF and Metal/Metaloxide @MOF

In this section we will refer to the formation of metal oxide and metal/metal oxide
species in MOF-5 similar to the formation of metal nanoparticles@MOF-5. After
infiltration of precursor molecules, oxidation of the precursor molecules to oxide
species by O, gas is performed. However classical sol-gel chemistry might be
another synthetic strategy to yield oxide species inside MOFs and will surely
be investigated in the future. Due to the sensitivity of MOF-5 towards moisture
however, a sol-gel approach is not feasible. The sol-gel chemistry inside MOFs
requires water stable structures. We have reported the synthesis of Cu/ZnO spe-
cies in MOF-5, the preparation of nanometer sized ZnO species in MOF-5 and
the subsequent introduction of Cu nanoparticles [80]. ZnEt, was used as a ZnO
precursor and was adsorbed inside MOF-5 and then converted to ZnO species by
either exposure to O, gas (dry method) or by very careful hydrolysis (wet
method), followed by annealing at 250°C. O labeling studies using H,""O
revealed that neither the bdc linkers nor the central oxide ion of the Zn,O unit
exchange oxygen atoms/ions with the imbedded ZnO species [80]. Depending on
the preparation conditions, Zn contents from 10 to 35 wt% were introduced in
MOF-5. Results from PXRD, TEM, UV-VIS and O MAS-NMR spectroscopy
gave evidence for a largely intact MOF-5 matrix with imbedded ZnO nanoparticles
<4 nm (see Fig. 18).

Langmuir surface areas of the composite gave values of 900 m?g™ (wet
method) and 1,750 m?*g~' (dry method) which shows the advantage of the dry
method, leaving a remarkably high surface area at a Zn loading of 35.5 wt%. The
corresponding TEM micrographs reveal the typical faceted MOF-5 nanocrystal-
lites. However, due to the low contrast of the ZnO in the Zn-based MOF matrix,
the single particles could not be detected. In addition to the synthesis of ZnO@
MOF-5, TiO,@MOF-5 was obtained by the oxidation of Ti(OiPr), inside the
MOF cavities [88]. The resulting metal oxide aggregates are presumably quite
small and neither showed reflections in the PXRD nor in the SAED. Attempts to
synthesize CuO or Cu,O species in MOF-5 by oxidizing the composite Cu@
MOF-5 with O, led to a complete collapse of the framework as indicated by
PXRD [80]. Yet, soft oxidation of the embedded Cu nanoparticles with N,O
yields core-shell Cu,O/Cu nanoparticles inside the framework with the host
matrix remaining completely unchanged. The oxidation is completely reversible
and upon treatment with H, gas Cu,0/Cu@MOF-5 is fully re-reduced to Cu@
MOFEF-5 [80]. Cu/ZnO@MOF-5 was obtained by gas phase loading of ZnO@
MOF-5 with [CpCuL] (L =PMe,, CN'Bu) followed by hydrogenolysis. Here, a Cu
loading of 1.4 wt% together with a ZnO loading of 9.9 wt% was obtained. The
composite exhibited a surface area of 920 m?g~' indicating an intact host matrix.
In this case, the order of introduction of the different nano species is a crucial
point. Although both precursors of ZnO and Cu nanoparticles were infiltrated in
the MOF simultaneously as unchanged molecules, the simultaneous conversion
by pyrolysis, photolysis or hydrogenolysis of both to Cu/ZnO @MOF-5 failed and
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Fig. 18 Left: Powder X-ray diffraction patterns of MOF-5 (a), [ZnEt,] @MOF-5 (b), as ZnO@
MOF-5 (as synthesized by the wet method) (¢), ZnO@MOF-5 (after annealing and derived by the
wet method) (d), as ZnO@MOF-5 (as synthesized by the dry method) (e), ZnO@MOF-5 (after
annealing and derived by the dry method) (f) and ZnO-reference sample obtained from controlled
hydrolysis of ZnEt, and annealing in air (g). The positions of the characteristic reflections of
hexagonal ZnO are marked. Right: TEM images of unloaded MOF-5 (a) and ZnO@MOF-5 (f,
after annealing and derived by the dry method). Reproduced with permission [80]. Copyright
2008 American Chemical Society

led to the collapse of the host matrix. Therefore, the Cu precursor had to be introduced
after the formation of the ZnO species in MOF-5. Below we will discuss the catalytic
properties of the obtained composite Cu/ZnO @MOF-5.

4.4 Other Frameworks and Other Loading Techniques

Due to its easy accessibility and photochemical as well as thermal stability MOF-5
has been the typical study case for nanoparticle@MOF synthesis and characterization.
However, a few studies of other frameworks are known as well and are summarized
in the following.

4.4.1 Noble Metal Particle Formation at Redox-Active Frameworks

Suh et al. studied the nanoparticle formation in MOFs using metal salts as precursors
which are reduced to form metal clusters by a special redox-active framework
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[89-91]. Silver nanoparticles of ~3 nm are formed when the MOF [{Ni(C, H,.N)},
(bpdc),]-2C;HN-6H,0 (bpdc=4,4"-biphenyldicarboxylate; Fig. 19) is immersed in a
methanolic solution of Ag(NO,). The reaction proceeds stoichiometrically with a
relation of a ration of Ni**(in the host): Ag* of 1:1. The host framework remains
unchanged upon oxidation of its Ni-centers from Ni* to Ni*. Due to the positive
charge of the MOF during the redox reaction, however, NO3‘ ions are adsorbed in
the framework channels as well. The size of the Ag nanoparticles (3 nm) exceeds the
window size of the host framework of 7.3 A (Fig. 20), which might be due to diffu-
sion of the particles to the framework’s surface [89]. Similarly, in a second report Suh
et al. presented the synthesis of Ag and Au nanoparticles by the redox reaction of
Ag(NO,) or HAuCl, with the 2D framework {[Ni(cyclam)],[BPTC]} -2nH,O

Fig. 19 X-ray structure of [{Ni(C, H,N)},(bpdc),]-2 CHN- 6 H,O. (a) Structure of the linear
coordination polymer. (b) Double network of threefold braids where macrocycle grooves are created
by bpdc? ligands. (¢) View showing the stacking of the linear chains to generate 1D channels [89].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

5 um
s

Fig. 20 HRTEM images of [{Ni(C, H,JN)},(bpdc),] after immersion in methanolic Ag(NO,)
solution at room temperature for (a) 10 min, (b) 18 h and (c) after removal of the host by heating
the solid of (b) in dioctylether solution [89]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission
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Fig.21 HRTEMimagesof Agnanoparticles formed by immersionof [Ni(cyclam)],[BPTC]} -2 H,O
in the EtOH solution of AgNO, (1.3x10™'M) at room temperature (a) for 5 min and (b) for 16 h
[90]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

(cyclam=1,4,8,11-tetraaza-cyclotetradecane and BPTC=1,1"-biphenyl-2,2",6,6"-
tetracarboxylate) [90].

Ag nanoparticles of 4 nm and Au nanoparticles (Fig. 21) of 2 nm are obtained
which exceed the void size between two layers in the framework. As in the case
above, the authors assume particle diffusion to the surface of the framework as a
reason for this finding. In addition, Suh et al. reported Pd nanoparticle synthesis in
the MOF [{Ni(cyclam)],(mtb)} ]-8n H,O-4n DMF (mtb=methanetetra-benzoate)
from Pd(NO,), solution in acetonitrile [91]. The presumably stoichiometric reac-
tion between the Ni" centers of the framework and the Pd salt, gives Pd° and Pd"
coexisting in the framework as determined by XPS measurements. TEM analysis
reveals that again the size of the obtained Pd nanoparticles exceeds the size of the
MOF channels. In this case, the authors state that Pd nanoparticles were already
spontaneously formed from the solution of Pd(NO,), in MeCN [91]. In all examples
of metal nanoparticles formed at the redox-active MOFs, the sizes of the obtained
nanoparticles largely exceed those of the host channels (i.e., 3 nm particles in a
framework with 7.3 A pore diameter). No TEM tomographical measurements have
been reported for these composites. Also, it is not clear whether the redox reaction
requires a penetration of the noble metal salt into the MOF or whether these reactions
occur only at the surface. It is not really clear whether the particles are actually still
located in the framework (“outer surface”) or indeed outside. From the presented
TEM pictures it cannot really be ruled out that at least some of the larger particles
are located outside the framework. For MOF-5 we have already discussed the
rather low interaction between the framework and embedded particles which might
allow the diffusion of the particles out of the host matrix. This might also be the
case for the redox-active MOFs.
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Fig. 22 TEM images of as synthesized MIL-101 and precious metal immobilized EDMIL-101.
(a) as synthesized MIL-101, (b) Pd/ED-MIL-101, (¢) Au/ED-MIL-101, (d) PYEDMIL-101, (e)
Pd- impregnated MIL-101 and (f) Pd/APS-SBA-15. Insets are EDX profiles of impregnated pre-
cious metal nanoparticles [92]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission

4.4.2 Grafting of Metal Nanoparticles Inside MOF's

A method known from nanoparticle synthesis in silica materials was introduced
very recently to direct the loading with metal precursors and in parallel to reduce
the problems resulting from the rather low interaction of the host materials with
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embedded particles. The synthesis of Pd, Pt and Au nanoparticles inside chromium
based MIL-101 was reported by Férey et al. [92].

A subsequent treatment with HCI resulted in the formation of ammonium
groups inside the cavities in order to facilitate ionic interactions with [PdCl,]*,
[PtC16]4* or [AuCl,]" as carrier species for the noble metal component. Finally, the
adsorbed anionic noble metal complex was reduced with NaBH,. Again, the par-
ticle formation has no influence on the crystallinity of the host framework and no
additional Bragg peaks are visible in the PXRD patterns. This is possibly due to
the surprisingly low metal loading of about 1 wt%. TEM analysis reveals particle
sizes of 2-4 nm matching the pore dimensions of MIL-101 (2.4 and 3.9 nm).
However, larger particles outside the framework were also detected by TEM
which might be due to a leaching process during the reduction step of the metal
salt (Fig. 23). The grafting of the MIL-101 frameworks has a great effect on the
interaction between the framework and the embedded particles. Through grafting
of the framework with functional amine groups, it was possible to obtain Au nano-
particles embedded inside the framework. As discussed above, Au nanoparticles
might otherwise readily diffuse out of the framework to form larger agglomerates.
The overall metal content of Pd, Pt and Au in MII-101 is rather low, so it will be
interesting to see in future whether an increased loading can be obtained and what
effect it will have on the particle sizes in the MIL materials. In addition, synthesis
of PdA@MIL-101 was also performed using the “incipient wetness technique” by
Kaskel et al. [93]. Using a similar procedure to that published previously on the
loading of MOF-5 [51], Pd nanospecies in MIL-101 at rather low Pd content
(1 wt%) were obtained. As in the previous work of the same group [51], no addi-
tional Bragg reflections for palladium were observed in the corresponding PXRD

100

wethylbenzene (wt.-%)

0 6 12 18 24
time (hours)

Fig. 23 Ethylbenzene formation with different Pd supported catalysts. Filled square represents Pd@
MOE-5 (1 wt%), open circle represents Pd/Norit A (1 wt%) and open triangle represents Pd/C (pur-
chased from Aldrich,1 wt%|[51]. Reproduced with permission of The Royal Society of Chemistry
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of PdA@MIL-101. The results from N, and H, sorption measurements, however,
indicate the loading of the pores in MIL-101.

4.5 Applications of Nanoparticles Loaded MOFs in Catalysis

Most of the examples of metal @MOFs and metaloxides@MOFs discussed up to
now have been synthesized in order to obtain novel kinds of supported nanopar-
ticles with potentially advantageous properties for applications in catalysis. The
catalytic properties of the composite materials Pd@MOF-5 and Cu@MOF-5 were
among the first to be tested. The PA@MOF-5 composite that was obtained by the
gas phase loading/photolysis synthetic protocol (35.6 wt% Pd) showed moderate
activity in catalysis of hydrogenation of cyclooctene [59]. The Pd@MOF-5 (1 wt%)
synthesized by the “incipient wetness technique” from [Pd(acac),] was tested as
catalyst in hydrogenation of styrene, 1-octene and cis-cyclooctene, and exhibited a
slightly higher catalytic activity than Pd supported on activated carbon (Pd/Norit A;
Fig. 23) [51].

The observed enhanced catalytic performance of PA@MOF-5 (1 wt%) in com-
parison to Pd/Norit A (1 wt%) and PdA@MOF-5 (35.6 wt%) [59] is due possibly to
the higher dispersion and accessibility of the active Pd sites in this sample. Also,
Pd@MOF-5 was tested in hydrogen adsorption revealing a capacity of up to
1.86 wt% (at 77 K, 1 bar) clearly exceeding the value of Pd-free MOF-5 (1.32 wt%
at 77 K, 1 bar) by about 40%. The material Pd@MOF-5 material obtained from
coprecipitation [76] was also tested in hydrogenation catalysis of ethyl cinnamate,
revealing an activity twice as high as the one of Pd supported on activated carbon.
Again, the higher performance was attributed to the higher dispersion and better
accessibility of the palladium; however, the actual microstructure of the catalyst is
still unknown. From N, measurements of the composite material after subsequent
catalytic test reactions, however, it was found that the Pd is most probably bound
to the outer surface of the MOF-5 crystals. Therefore the as prepared composite
might be less stable in prolonged catalytic runs than a sample with the Pd located
in the MOF-5 pores. The Pd loaded MIL-101 composite was tested in catalysis of
the Heck reaction of acrylic acid with iodobenzene. Its activity is comparable to
that of commercially available Pd/C catalysts [92]. Kaskel et al. also performed
catalytic test reactions of the composite Pd@MIL-101 [93]. The material exhibited
a higher catalytic activity in the hydrogenation of styrene and octane than Pd@
MOF-5. Furthermore, sustained activity in gas phase hydrogenation of acetylene/
ethylene mixtures was found. The work of Kaskel et al. and Férey et al. show that
for distinct catalytic applications, “incipient wetness” loading or solution loading
in general might be more suitable than gas phase loading, since the metal content
of the resulting metal@MOF composite can be controlled more readily. However
other applications, e.g., methanol synthesis, demand a high metal (Cu) content of a
catalyst sample. Here, the gas phase loading may be more advantageous, since
comparably high metal loadings can be obtained rather straightforwardly. Accordingly,
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the composite Cu@MOF-5 [59] was tested in methanol catalysis from synthesis
gas (H,/CO/CO,) and showed some catalytic activity, matching the performance of
Cu/ZnO@MCM-41 [94]. This is surprising since the promotion of Cu by ZnO_ species
is usually essential for catalytic activity in methanol synthesis [80]. Apparently, in
Cu@MOF-5 this is not necessary or provided in a novel form by the zinc carboxy-
late based host material MOF-5. A significant decomposition of Cu@MOF-5 during
the catalytic test reactions to yield promoting ZnO has been ruled out by characteri-
zation of the used catalyst. In order to study the influence of additional ZnO species
as a promoter for Cu@MOF-5, the Cu/ZnO @MOF-5 system discussed above was
also tested as a catalyst for methanol synthesis. The material expectedly showed
enhanced catalytic activity peaking at about 60% of an industrial reference catalyst
[80]. With a comparably very low Cu loading of only 1.4 wt%, obviously a superior
interfacial contact between the Cu and ZnO nano species must exist. However, the
MOF-5 host material collapsed after several hours under catalytic conditions, lead-
ing to poor final activities. The same effect was found for the catalytic test reaction
of Ru@MOF-5 (oxidized) in alcohol oxidation, although at the beginning of the test
run, some conversion is observed [64]. Upon prolonged reaction time, the framework
collapsed. These observations are attributed to the instability of MOF-5 against
water, and water is a by-product in many oxidation reactions. Due to its sensitivity
to water, MOF-5 appears to be less suitable as a support material in catalytic
reactions that demand or release water. Yet, the presented results are encouraging and
show the general potential of MOFs as support matrices in catalytic reactions. Beside
the zinc carboxylate MOFs, other, more stable structures will be surely investigated
in more detail in the future.

5 Conclusion

Different preparative approaches to forming nanoparticles inside MOFs have been
reviewed herein. As for other porous materials, the characterization of the embedded
particle and its location in or outside the framework is always a challenge. To date,
nanoparticles with MOF-5 are still the most investigated systems. However, these
results have been transferred to MOF-177, [62,63] HKUST-1 [38] and [Zn(bdc)
(dabco)]. [38] It was found that the embedded particles interact very weakly with the
host matrix such that, in the case of Au@MOF-5 large nanoparticles are formed
outside the framework. The sizes of embedded Pd, Ru and Cu particles have been
found to be in the range between 1-3 nm, which accounts for at least a fraction of the
nanoparticles, exhibiting sizes that exceed those of the MOF-5 cavities (1.5 nm).
Nevertheless, even the larger nanoparticles (>1.5 nm) are located inside the MOF-5
host matrix, most probably in a locally distorted environment, as seen in the case of
Pd@MOF-5, in particular. Furthermore, nanoparticle distribution is obviously
dependent on the synthesis procedure applied. Autocatalytic hydrogenolysis can lead
to an agglomeration of particles at the outer surface of MOF-5 due to diffusion limita-
tions of the reactive gas and the mobility of the included organometallic precursors.
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In all examples, tomographical TEM measurements are clearly the most potent tool
for the direct imaging of the embedded particles and for studying their location
inside the host matrix. The usual 2D TEM pictures can present misleading results.
Catalytic tests of the embedded Cu and Pd nanoparticles (and Ru nanoparticles) show
the potential of MOFs to act as host materials for functional nanoparticles. Enhanced
hydrogen storage capacity was measured for PdA@MOF-5 (1 wt%). However, MOF-5
is rather sensitive to water and moist air which limits its application as a host matrix.
The results can, however, be clearly transferred to other nanoparticle@MOF com-
posites that are more promising for industrial applications. Studies on nanoparticle
synthesis in other MOFs have already been published and are very likely to be extended
in the future. Host frameworks with a high temperature and chemical stability will
surely be addressed in upcoming investigations.
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Abstract In the light of growing demand for chiral purity in biological and chemical
processes, the synthesis of chiral metal-organic porous materials (CMOPMs)
have become immensely important because of their potential applications in chiral
separation and asymmetric catalysis. In this chapter, the synthetic strategies for
CMOPMs are discussed briefly keeping the focus on their applications. Two
distinct approaches have been taken to synthesize a wide variety of chiral structures
with different topologies and accessible cavities. Several CMOPMs have shown
catalytic activity and enantioselectivity toward a number of chemical transforma-
tions. On many occasions, the chiral pores of the MOPMs have been utilized in
order to achieve separation of enantiomers from racemates. Recent applications of
homochiral MOPMs in heterogeneous asymmetric catalysis and chiral separations
are also presented here.

Keywords Asymmetric catalysis ® Chirality ¢ Crystal structure * Enantioselection
» Metal-organic porous materials

K. Kim (D<), M. Banerjee, M. Yoon and S. Das

Department of Chemistry, Division of Advanced Materials Science, and
National Creative Research Initiative Center for Smart Supramolecules,
Pohang University of Science and Technology, Pohang, 790-784,
Republic of Korea

e-mail: kkim@postech.ac.kr



116 K. Kim et al.

Contents

I INOAUCHION.c...eiiiiiiiicce e e 117
1.1 Chirality in Crystal STrUCLUIE..........ccceruiriiriiieiiicietee ettt 118
1.2 Metal-Organic Porous Materials: Brief History and Key Developments . . 119

2 Synthetic Strategies of Chiral MOPMES........ccccceoiiirinininencnencieceeeeeeee . 121
2.1 Direct Synthesis of Chiral MOPMs from Building Blocks.... 121

2.2 Chiral MOPMs Through Postmodification...............c......... e 127
3 Applications of CMOPMs in Chiral Separation and Catalysis.
3.1 BaCKIOUNM....ciiiiiiiiiiic e
3.2 Homochiral MOPMs for Enantioselective Separation
3.3 Homochiral MOPMs as Heterogeneous Catalysts.......
4 Other APPLICALIONS ...eoveiuiieiiiiieite ettt ettt et sb et et s bt et saeesbeenbeeaeenaes
5 Summary and PErSPECLIVES ........cc.eririiriirieriiieieiieiceteetest ettt
RETETENCES ...ttt ettt et a et 150

Abbreviations

1,2-pd 1,2-propanediol
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1 Introduction

Porous materials are ubiquitous in nature. The earth’s crust contains many porous
materials e.g., soil, sandstones, carbonates, shales; even biological tissues can be
porous. Porous materials have found enormous applications in many traditional
scientific fields such as catalysis, adsorption, and environmental technology
because of their high surface area coupled with many other unique chemical and
physical properties. A classic example of naturally occurring porous materials is
zeolites, a class of aluminosilicates with interconnected small cavities of 4—-13 Ain
dimensions, used as catalysts for oil refining, petrochemistry, and organic synthesis
in the production of fine and specialty chemicals [1]. The loosely bound cations
present inside the channels and pores of zeolites can be readily exchanged with
other cations when in aqueous media; this also make them ideal choices as water
softening devices and in detergent and soap industries. In fact, a major part of the
global economy (~$350 billion) is currently based on the use of crystalline micro-
porous zeolites in several industrial processes [2], which reflects the importance of
such porous materials in the daily life of man.

As the demand for optically pure compounds grows, significant research efforts
have been devoted to developing chiral zeolites and related chiral porous solids
with the goal of using them for the production of enantiopure materials via asym-
metric chemical transformations and/or chiral separations [3]. Despite considerable
efforts, however, only a few optically pure zeolites have been synthesized to date
[4,5]. More importantly, local chirality at the catalytic center would provide more
impact than the topological chirality in imparting strong asymmetric induction to
the substrate during the reaction. This has prompted exploration of other strategies
for the synthesis of similar porous solids with embedded chiral functionalities,
which may find practical applications in chirotechnology.

There has been considerable research interest in metal-organic porous materials
(MOPMs) or metal-organic frameworks (MOFs) over the last couple of decades
because of their potential impact on several technologies, such as gas storage, sepa-
ration, and heterogeneous catalysis [6—11]. Although not as robust as zeolites, they
certainly have some advantages over zeolites. MOPMs are typically synthesized
under very mild conditions, which should allow facile construction of homochiral
MOPMs by appropriate choice of chiral building blocks. Ideally, they can possess
chiral functionalities that are accessible via the open channels or cavities. Such
readily accessible, regularly ordered chiral functionalities could be exploited to
generate heterogeneous asymmetric catalysts for the economical production of
optically pure compounds. The cavities of homochiral MOPMs can also be utilized
in separation of enantiomers by selective recognition/sorption. Successful design of
homochiral MOPMs may therefore lead to practical applications in the field of
chirotechnology. From the beginning of this century, research of great potential in
this field has started to flourish. Several review articles on this highly important
field of research are available [12—14]. This review aims to provide current status
and trends in the development of chiral metal-organic porous materials (CMOPMs)
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and indicate their useful and practical applications in the burgeoning field of
chirotechnology.

1.1 Chirality in Crystal Structure

In the context of chemistry, the term “chirality” usually refers to a pair of molecules
that cannot be superimposed onto each other - also referred to as enantiomers or
optical isomers. The main characteristic of chirality is the absence of an axis of
improper rotation. The existence of such a symmetry element is implied by the
presence of either a mirror plane through the central atom or a center of inver-
sion; if either of these elements is present, the molecule is achiral. The chiral
sense of a molecule is specified by its absolute configuration (R/S, D/L, or A/A).
Molecules may be present as enantiomeric mixtures, of which those with compo-
sitions 100:0 and 0:100%, described as enantiomerically pure or homochiral, and
the equimolar one of 50:50% described as a racemate or racemic mixture are
particularly important.

A total of 230 space groups, which are the combination of 32 crystallographic
point groups and 14 Bravais lattices, are used to define the 3D solid-state structure
of a molecule. Out of these 230 space groups, 65 are noncentrosymmetric, which
contain only pure rotation and screw axes- for example, the two-, three-, four-, or
six-fold rotations with screw axis without any plane of symmetry or inversion
center. Among these, 22 space groups are pair wise enantiomorphous, and therefore
inherently chiral. Within each pair, inversion through a point transforms one space
group into the other, e.g., P6, transforms into P6, and vice versa. When coordina-
tion polymers crystallize, they form well-ordered 1D, 2D or 3D net structures con-
nected through covalent or noncovalent bonds with defined topologies. Coordination
polymers with chiral components always crystallize in noncentrosymmetric space
groups due to the embedded chirality in the subunits. However, in principle, a crys-
tal with single-handed helical arrangement of the components is chiral. Therefore,
a helix may be a good model to transmit chirality to the crystal structure even if it
is constructed from achiral components. In this sense, the topology-based approach
is much more convenient for the design of noncentrosymmetric coordination net-
works because of the presence of some inherently chiral nets. The simplest and
most common nontrivial regular 3D chiral topologies are 3-connected (10, 3)-a and
(12, 3) nets (Fig. 1) [15]. The symbol (10, 3) is used to characterize the topology
of a net in which all nodes are 3-connected and the shortest circuits involving all
three different pairs of connections radiating from each node are 10-gons. The chi-
rality in (10,3)-a arises from the disposition of the same handed 4-fold helices
parallel to each of the three crystallographic cubic axes. Similarly, a (12,3) net can
be realized in a completely strain-free manner from alternating T and trigonal
nodes. Among 4-connected nets, diamond-like nets with unsymmetrical linkers
have the ability to generate noncentrosymmetric crystals. The diamondoid network
consisting of alternating adamantane-like cavities can be constructed with alternate
tetrahedral metal centers linked together by rigid, linear bridging ligands (Fig. 1c).
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(10,3)-a net Diamondoid net

Fig. 1 Representative topologies of (10,3)-a, (12,3), and 2-fold diamondoid nets

1.2 Metal-Organic Porous Materials: Brief History and Key
Developments

There are a number of excellent reviews on coordination polymers, MOFs or
MOPMs [9-11,16-20]. Here we briefly touch the history and key developments in
this area.

The design of extended solids with ordered array of the basic building units has
been a subject of intense study in conjunction with developing new solid-state
functional materials. Hydrogen bonding has been extensively used in designing
organic solids with specific structures, largely because of its strength and directionality
[21-23]. The strong and yet reversible nature with high directionality of metal-ligand
coordination bond makes it widely exploited in constructing network structures
with specific topologies and geometries. In 1990, for the first time, Robson introduced
a design concept to the construction of 3D MOFs using appropriate molecular
building blocks and metal ions [24]. Following the seminal work, several groups
including Zaworotko [25,26], Yaghi and O’Keeffe [27,28] contributed significantly
to the developments in this field in terms of establishing designing principles.
Particularly, the node (simple metal ions or metal clusters) and spacer (bridging
organic ligands) approach has been remarkably successful in producing well-ordered
crystalline solids with predictable network architectures [29].

In particular, MOFs with large pores or metal-organic porous materials
(MOPMs) have attracted considerable attention due to their potential applications
in many areas including gas storage and catalysis. Considerable efforts have thus
been made in designing MOPMs with specific pore sizes, shapes, and chemical
environments. One of the early issues in this area was to design a stable framework.
MOFs are usually produced with guest molecules — typically solvents or templates
— in the pores. However, the attempts to remove guest molecules from the pores
often result in collapse of the framework. Therefore, rigid and directional building
units are the prime choice in controlling the porosity as well as the stability of the
frameworks. Yaghi and coworkers demonstrated how the concept of secondary
building units (SBUs) could be applied with great success to design highly porous
and stable rigid MOFs [30-32]. The clusters of metal-carboxylates have been used
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as rigid SBUs that act as vertices in the framework, and the length of the organic
linkers can be modulated to vary the pore sizes systematically. With increasing pore
size, however, frameworks show a tendency to undergo interpenetration. Although
interpenetration may increase the stability of the framework and selectivity in sorp-
tion, it substantially decreases the possibility to accommodate larger molecules for
separation and catalysis. The use of bulky solvent molecules as a template or bulky
ligands at times decreases the possibilities of interpenetration [33].

The primary objectives of the design and synthesis of these open-framework
solids are to utilize them as functional materials. Except some applications such as
nonlinear optics, many applications including catalysis, ion exchange, and gas
sorption rely on the fact that the open cavities allow passage of certain species to
the active centers and exclude others [34-36]. The basic functions of these materi-
als, whether two- or three-dimensional, are dependent on the building blocks and
topology of the material. With the achievement of permanent porosity and high
surface area, these materials are used for gas storage and separation. For example,
Kitagawa and Yaghi first demonstrated the use of such materials for methane and
hydrogen gas storage, respectively [37,38]. The guest induced structural transfor-
mations have also been used for selective sorption and separation [39]. However,
one of the most exciting applications of MOPMs is catalysis. Fujita first elegantly
demonstrated the use of MOPMs as a heterogeneous catalyst to facilitate chemical
transformations, while Kim demonstrated that homochiral MOPMs are useful for
enantioselective separation and catalysis [40,41].

1.2.1 Chiral Metal-Organic Porous Materials

A compelling motivation to prepare porous materials with built-in chirality is their
potential use in enantioselective separation and in the synthesis of optically pure
compounds, beside their second harmonic generation (SHG) properties. Although
microporous zeolites show a profound range of applications in heterogeneous
catalysis, the dearth of chiral zeolites limits their contribution in heterogeneous
asymmetric catalysis or chiral separation. There are sporadic reports on the immobi-
lization of chiral units in zeolites and successful application in asymmetric induction.
However, this process does not guarantee a stable well-ordered chiral environment
within the pores [42,43]. CMOPMs with well-defined chiral centers and/or reactive
sites may thus emerge as a useful substitute to the practically inaccessible chiral
zeolites in the realm of chirotechnology. Such chiral porous matrices have some
additional advantages over zeolites. First, it is easy to introduce various functional
groups into the cavity of CMOPMs. Second, these materials are not only restricted
to the rigid tetrahedral network topologies like zeolites, but a variety of topologies
can be generated with more internal flexibilities to allow easy access of guest mol-
ecules to the cavities. Third, it is also possible to keep hydrophilic and hydrophobic
balance in the pores by judicious choice of linkers. During the last 5-10 years,
several CMOPMs have been synthesized adopting different strategies, which will
be discussed in Sect. 2 in detail.
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2 Synthetic Strategies of Chiral MOPMs

To achieve well-ordered chiral catalytic centers in the solid phase, it is necessary to
select proper chiral organic building units and metal salts that form periodically
ordered porous materials with appropriate void space. The accessibility of the
active sites, which depends on the shape and size of the window and cavity in the
MOPM, is crucial for the activity and selectivity of the final catalyst. Nanometer
sized pores are ideal to access the catalytic centers of the framework, and to achieve
strong multidirectional interactions between substrates and the chiral environment
of the cavities. Keeping these points in mind, different strategies have emerged for
the construction of well-defined metal-organic porous frameworks with chiral
environments. In principle, one can construct CMOPMs in two distinct ways,
(a) by deliberate design of homochiral frameworks from the building blocks, and
(b) introduction of chiral units inside pre-assembled achiral frameworks by post-
modification. A large number of chiral MOPMs have been synthesized using the
first approach, either from achiral building blocks or from chiral molecular
components. In this section, we describe the strategies for the construction of
CMOPMs with illustrative examples.

2.1 Direct Synthesis of Chiral MOPMs from Building Blocks

Chiral building blocks are the preferred choice for building homochiral frame-
works. However, achiral molecular components are also capable of generating
chiral frameworks by adopting chiral net structures. Both approaches are discussed
here in separate subsections.

2.1.1 Chiral MOPMs from Achiral Building Blocks

Any MOPM - whether built with achiral or chiral components, may acquire a chiral
space group during crystallization by unique spatial disposition of all the building
units within the MOPM. There are numerous examples of MOPMs built with sim-
ple achiral molecules that crystallize in chiral space groups through self-resolution
[44—47]. Although the individual crystals of such systems are chiral, the bulk sam-
ples tend to contain both enantiomorphs and thus can be racemic. However, it is not
understood how to induce homochirality in the bulk phase in such a way that every
crystal is oriented with the same chirality. Therefore, the design of noncentrosym-
metric coordination networks requires identification of those nets that are not pre-
disposed to pack in centrosymmetric space groups, and identification of potential
nodes and spacers that can lead to the desired noncentrosymmetric topologies. To
increase the possibilities of having control over the predicted topology, however,
simple systems are better such as 3-connected (10,3)-a net, which is inherently
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Fig. 2 The course of the assembly of 3D (10,3)-a and (12,3) nets from the 3-connected nodes and
liner linkers

chiral (Fig. 2). Many researchers have tried to generate homochiral MOPMs with
this topology through self-resolution. Although in some cases individual crystals
were enantiomorphic by deliberate design, the bulk sample was still racemic
[48,49]. Other networks with applicable porosity include 3-connected (12,3) and
4-connected diamond-like nets. There are several reports of chiral MOFs with these
networks through proper selection of linkers, but the high propensity of higher-fold
interpenetration often reduces the void space [31].

To generate bulk chirality, the two possible enantiomeric forms must be differ-
entiated. This can be achieved by using chiral templates, such as enantiopure
solvents of crystallization, counter cations, or auxiliary ligands. Rosseinsky and
coworkers used optically pure coligand, 1,2-propanediol (1,2-pd) as a template to
direct the formation of homochiral porous networks of the type M,(btc),, where M
is a divalent metal ion and btc is 1,3,5-benzenetricarboxylate [5S0]. In the doubly
interpenetrated (10,3)-a network of [Ni,(btc),(py),(1,2-pd),]-11(1,2-pd)-8(H,0), 1,
the coordinating 1,2-pd acts as a chiral coligand that controls the helical growth of
all crystals in the same direction to afford homochiral materials. However, only the
S-isomer of 1,2-pd binds to the metal center during the formation of the chiral
framework. This selectivity was observed even when the crystals were grown from
racemic diol, which was ascribed to the steric conflict between the methyl group of
diol and btc unit. Recently, Morris and coworkers used a nonligating template to
exert chiral purity on a framework [51]. They used chiral ionic liquid, 1-butyl-3-
methylimidazolium L-aspartate, as a solvent as well as a template for the synthesis
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of homochiral MOPM, [(BMIm),][Ni(Hbtc),(H,0),], 2, where the bulky organic
counter cations occupied most of the void space. Obviously, a synthetic approach
that allows the achiral molecular precursors into extended homochiral frameworks,
templated by enantiopure coligands or counter cations will help expanding the
diversity of metal-organic homochiral solids. Removal of these extra framework
species is, however, much more difficult than that of neutral solvent molecules to
access the cavity or channel.

2.1.2 Chiral MOPMs from Homochiral Building Blocks

The most reliable and rational strategy to design homochiral MOPMs is the combi-
nation of metal or metal cluster (SBU) containing nodes and chiral organic ligands.
The chiral organic ligands ensure the chirality in the final networks. The chiral
organic ligands can be used in two ways to construct homochiral MOPMs: (a) using
homochiral linkers to connect metal ions or SBUs, or (b) using enantiopure chiral
auxiliary ligands to generate chiral SBU, which subsequently connect with rigid
achiral linkers. In some cases, it is difficult to classify them into one of the two
approaches, but we try to demonstrate the principle with illustrative examples.

From Homochiral Bridging Linkers

The use of well-defined and directional homochiral bridging ligands as building
blocks for the synthesis of homochiral MOPMs is without any doubt the most reli-
able and promising strategy among all available strategies. Before the development
of well-known “reticular synthesis” or predesigned SBU concept, commercially
available, multitopic, homochiral ligands with the propensity to bridge metal cent-
ers such as amino acids or hydroxyacids were the most attractive choice for intro-
ducing homochirality into a MOF. For example, Randford and coworkers used the
amino acid derivative, N-(2-hydroxybenzyl)-L-alanine (H,sala), and metal ions for
the synthesis of a homochiral MOF. A honeycomb like framework was formed
through the propagation of hydrogen bonded helical chains of discrete dimer,
[{Zn(sala)(H,0),},], 3 [52]. Although thermal dehydration retains the framework
integrity, the accessible free space is very small. Subsequently, several other groups
tried to generate chiral MOPMs with other cheap and readily available chiral
ligands. In some cases, they showed moderate chiral separation; however, their
structural prediction was found to be difficult because of the high order flexibility
inherent in these building blocks. In addition, these ligands are not always equipped
with functional groups required for chiral separation and asymmetric catalysis.
Therefore, it is necessary to design rigid, homochiral ligands with proper func-
tionality and connectivity and apply a modular approach to produce the desired
framework (Fig. 3).

In 2000, Kim and coworkers reported the first example of a well-defined,
crystalline, homochiral MOPM with catalytic activity [41]. They synthesized the
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Fig. 3 Schematic representation of the general synthetic strategy of chiral framework by using
chiral linker

achiral SBU chiral linker chiral framework

Fig. 4 Schematic representation of the synthesis of POST-1

homochiral open-framework solid, [Zn,(1*-O)(L,~H),]-2H,0-12H,0 (referred to as
POST-1 (4)) using enantiopure tartaric acid-based unsymmetrical ligand (L,)
(Fig. 4). In POST-1, oxo-bridged trinuclear zinc cluster behaved as an SBU, which
in turn was interconnected to generate 2D infinite layers with large 1D channels.
The ligand, L 4 can be considered semi-flexible, which leads to an interesting but 2D
layered structure. However, more rigid, linear chiral linker, like BINOL or chiral
salan based ligands, are expected to produce robust frameworks.

Lin and coworkers used rigid BINOL-based chiral ligands to synthesize several
2D or 3D homochiral MOPMs. The reason behind the selection of BINOL derivatives
as chiral linker is their active involvement in several well-known homogeneous cata-
lysts. In order to achieve larger pore size with predictable structure, they designed
linear dicarboxylic acid functionalized BINOL derivative (6,6'-dichloro-2,2'-diethoxy-
1,1’-binaphthyl-4,4'-dibenzoic acid), L, to link with zinc ion. As a result, a chiral
framework of cubic topology, [Zn (u*-O)(L,),(DMF),]-4DMF-3CH,OH-2H,O (5),
with octahedral zinc-carboxylate unit, Zn4O(OZC‘)6, as SBU was obtained [53]
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Achiral SBU Chiral linker Chiral framework

Fig. 5 A typical example of the synthesis of chiral framework by using rigid chiral linker (L,)
and achiral metal cluster SBU

(Fig. 5). Though they could isolate the product with desired network, the interpenetra-
tion led to almost closed-pack system. Later, through suitable selection of molecular
building blocks and reaction condition, they synthesized a large number of chiral
MOPMs with the same strategy.

More recently, Hupp and Nguyen used salen-based chiral Mn-complex as a chiral
linker to generate chiral MOPM through pillaring with Zn-carboxylate paddlewheel
[54]. Bu et al. also employed the same strategy to construct several homochiral open-
framework materials using homochiral camphoric acid as a rigid linker [55].

From Chiral Secondary Building Units

The predesigned synthesis of CMOPMs with readily available chiral building
blocks, such as amino acids or sugars, is very difficult as they are flexible in nature.
However, these ligands can be utilized as auxiliary units to form clusters, 1D
chains, or 2D layers, which function as chiral SBU to generate well-defined net-
works through proper selection rigid achiral linkers (Fig. 6). Recently, Kim and
Fedin have described the synthesis of homochiral framework with permanent
porosity by using chiral linear chain as SBU [56]. Homochiral L-lactic acid has
been used to form a chiral 1D chain with zinc ion, which is in turn interconnected
through 1,4-benzenedicarboxylic acid (H,bdc) to afford a chiral 3D open-
frameworko[an(bdc)(L-laC)(dmf)]-(DMF), (6-DMF) (Fig. 7). The medium-sized
pores (~5A) thus formed are essentially chiral by the presence of L-lactate
moieties. In a very similar approach, Rosseinsky used chiral 2D layers of
Ni-(enantiopure-aspartate) as SBUs, to generate porous 3D homochiral frameworks
by pillaring with appropriate neutral achiral bridging linkers [57].

So far, we have discussed several general strategies for constructing homochiral
porous frameworks. However, additional requirements are necessary for them to be
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Fig. 6 A synthetic approach toward homochiral metal-organic frameworks through linking chiral
secondary building blocks by achiral ligands
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Fig. 7 The formation of 1D chain SBU by zinc ion and L-lactate and the construction of 3D
network structure by achiral bridging ligand (viewed along b axis)

useful in enantioselective catalysis, including the presence of catalytic centers in
the chiral pores.

The simplest system that behaves as a functional material in catalytic processes
can be designed with a coordinatively unsaturated metal centers linked to a chiral
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Fig. 8 Schematic representation of the synthetic approaches to possible chiral frameworks for
catalysis and separation

ligand to construct a porous metal-organic assembly (Fig. 8a). Here, the metal centers
in the homochiral metal-organic assembly should play a dual role as both the struc-
tural forming and the catalytically active centers, and the metal center should have
an open coordination site or a readily removable ligand. In most cases however, the
metal coordination sites are either fully occupied or sterically crowded, which leads
to little or no catalytic activity. To avoid such difficulties, one may design a metal-
organic assembly with one metal forming the framework, and another catalytically
active metal open towards the pore (Fig. 8b).

Pendant organic subunits may also perform catalytic reactions (Fig. 8c) [41,58].
For example, a free basic functional group such as amine can perform a base cata-
lyzed reaction inside the pore. However, for the asymmetric catalysis, the organic
catalytic unit should itself be chiral or positioned near a chiral center in the pore.

2.2 Chiral MOPMs Through Postmodification

Unlike previous strategies, the postmodification approach does not require prepara-
tion of specific, intricate building blocks for the generation of a targeted functional
MOPM. Indeed, MOPMs can be readily modified by subsequent reaction with a
variety of organic molecules without changing the framework structure. Kim et al. [41]
first successfully demonstrated the postsynthetic covalent modification of MOPMs
by N-alkylation of the free pyridyl groups present in the cavities of POST-1 without
altering the original 3D framework. In recent studies, Cohen and coworkers
incorporated various organic subunits to the pendant amino group by postsynthetic
covalent modification in IRMOF-3, which is otherwise impossible to introduce
inside the framework [59,60]. More recently, Chang and Férey reported the incor-
poration of primary amine at the coordinatively unsaturated metal center by post-
modification, which showed a catalytic activity in Knoevenagel condensation [61].
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Fig. 9 Schematic representation of the postmodification concepts

Conceptually, a similar strategy may be applied to introduce chiral auxiliary ligands
with well-defined binding and catalytic centers to MOPMs that have pendant reac-
tive centers or open metal coordination sites (Fig. 9). Though no CMOPM has been
synthesized by this strategy until now, it certainly appears to be quite a feasible and
promising strategy.

In Sect. 3, we describe the applications of recently developed, important
CMOPMs in chiral separation and heterogeneous asymmetric catalysis with brief
structural descriptions.

3 Applications of CMOPMs in Chiral Separation
and Catalysis

3.1 Background

For the last few decades, the use of optically pure compounds has significantly
increased for economic, environmental, and social reasons. Particularly, pharma-
ceutical industries desire to produce the active isomer of chiral drugs in optically
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pure form to avoid side effects. Among the various methods available to produce
selectively single enantiomers, homogeneous chiral catalysis is effective in terms
of efficiency and enantioselectivity. However, despite the huge efforts devoted to
this field, only few processes (including hydrogenation, epoxidation and reduc-
tion) have been applied on an industrial scale [62,63]. One of the main reasons
for this unexpected consequence is the difficulty associated with recovery and
reuse of highly expensive chiral catalysts. One way to overcome this difficulty is
the heterogenization of asymmetric catalysts, which allows facile recovery and
reuse of the catalysts [64]. Conventional heterogeneous catalysts are prepared by
immobilization of chiral catalysts onto a solid support by covalent bonding or
other physical interactions. Mesoporous silica is one of the best choices as solid
support for immobilization due to the presence of large well-defined pores with
silanol functionality. Organic polymers, ion exchange resins, modified zeolites,
and some other materials are also used for immobilization of homogeneous cata-
lysts. This subject has produced several hundred publications and numerous
reviews [65-67] to date. In a different immobilization approach, self-supported
nonporous coordination polymers with ill-defined structures, but useful for enan-
tioselective catalysis have been prepared by reactions between multitopic chiral
ligands and metal ions [68].

All conventional immobilization techniques in chirotechnology suffer from
some severe shortcomings. For example, most conventional immobilization methods
result in the chiral ligands or catalytically active units randomly anchored onto
the solid supports, which often make some of the catalytic sites inaccessible to the
substrates. Consequently, the immobilized catalysts display reduced enantioselec-
tivity and lower efficiency in catalysis in comparison with their homogeneous
counterparts. As a typical example, the immobilized salen-Mn system of Pini
et al. shows only up to 58% ee in epoxydation, which is much lower than that for
Jacobsen—Katsuki salen complexes [66,69]. Another major problem is that the bonds
between metals and ligands, even if covalent, are often broken under the harsh cata-
Iytic reaction conditions and the catalyst breaks away from the solid support and
dissolves. This “leaching” process inevitably leads to loss of activity of the catalyst
when it is recovered and recycled. Therefore, developing new strategies for the
synthesis of more robust metal-ligand conjugates that can sustain harsh conditions
is highly desirable.

Chiral separation or sorption is another important technique in chirotechnology.
In fact, due to the high cost of chiral catalysts, industries generally prefer chiral
separation over asymmetric catalysis to obtain optically pure compounds. As in
asymmetric heterogeneous catalysis, a chiral selector (a chiral molecule in optically
pure form) can be immobilized on a solid support to make a chiral stationary phase
(CSP) of use in direct chiral separation. The basic principle of chiral separation is
that the chiral selector interacts differently with the enantiomers of a racemic or
enantioenriched mixture to form transient diastereoisomeric species of different
stability, and this fine distinction leads to the separation of enantiomers during
elution. This topic has also produced a huge number of papers and the readers are
referred to the previous reviews for more knowledge on this field [70-73].
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3.1.1 Advantages of CMOPMs over Conventional Immobilized Catalysts

In principle, homochiral MOPMs have several advantages over conventional immobi-
lized catalysts: (a) well-ordered structure; (b) high degree of porosity; (c) high density
of active catalyst centers; (d) no additional support required. These materials are insolu-
ble in common solvents to fulfill the main prerequisite of a heterogeneous catalyst.
Moreover, metals and ligands are strongly bound within the framework to protect
“leaching” of the catalyst to the solution and at the same time ensure reusability.

A well-organized chiral pore, large enough for a particular guest molecule to
access can induce sufficient enantioselection. The chiral bridging ligands of
CMOPMs can provide a chiral environment inside the well-organized cavities/
pores, which in principle functions as a chiral selector; therefore, they can be con-
sidered to possess a built-in chiral selector. Thus in an ideal situation, CMOPMs
also have all the qualities to be efficient CSPs for chiral separation processes.

3.2 Homochiral MOPMs for Enantioselective Separation

Kim and coworkers demonstrated, for the first time, chiral separation in a well-defined
microporous cavity utilizing the pores of POST-1 (4) (synthesis in Sect. 2.1.2.1)
[41]. In POST-1, the carboxylate group of L, binds to zinc ions to form an oxo-
bridged trinuclear zinc cluster (SBU), which is in turn interconnected via the pyridyl
group of L to generate 2D infinite layers consisting of large edge-sharing chair-
shaped hexagons with the trinuclear SBU unit at each corner. The chiral 1D channels
along the ¢ axis have an equilateral triangle-shaped cross section with a side length
of ~13.4A (Fig. 10). Interestingly, half of six pyridyl groups present in each trinuclear

Fig. 10 The Connolly surface of POST-1 showing large chiral channels along the ¢ axis. Zn ions
(green), oxo moieties (red) and the pyridyl groups (orange) exposed in the channels
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unit ([Zn,(1*-O)(L,~H)]*) are coordinated to the zinc ions of three neighboring
trinuclear units and the remaining half extrude into the channel without any interac-
tions with the framework, two of which remain protonated.

The presence of large accessible chiral channels in POST-1 (~47%) creates unique
opportunity for enantioselective inclusion of chiral molecules. In particular, the large
chiral channels of POST-1 were exploited in the separation of racemic [Ru(bpy),]CL,
When L-POST-1 was suspended in a methanolic solution of racemic [Ru(bpy),]Cl,, 80%
of the exchangeable protons from the dangling pyridine groups were enantioselectively
exchanged by [Ru(bpy),]** with 66% enantiomeric excess in favor of the A-form, which
is supported by NMR, UV and CD spectroscopy.

Subsequently, several research groups including Lin, Rosseinsky, Xiong, Fedin
and others have designed and synthesized several homochiral porous metal-organic
materials capable of enantioselective sorption of chiral organic molecules, which
are listed in Table 1.

Xiong and coworkers used an off-the-shelf antimalarial alkaloid, quinine derived
enantiopure building block, HQA (6-methoxyl-(8S,9R)-cinchonan-9-ol-3-carboxylic
acid, L,), to synthesize a homochiral MOPM, [Cd(QA),] (7, Scheme 1) with an open
channel 3D structure, which crystallizes in a distorted octahedral geometry with two

Table 1 List of CMOPMs used for chiral separation

Type of Substrate Max. ee (%)

Entry CMOPMs (racemic) achieved Ref. no.
1 POST-1(4) [Ru(bpy),IC], 66 [41]
2 [CA(QA),] (T) Small alcohols 98.2 [74]
3 [Cu,CI(VB-N-CIN),] (8) 2-Butanol 25 [75]
4 [Cu(PPh,)(N,N ~(2-pyridyl-(4-pyridyl 2-Butanol 100 [76]
methyl)-amine)), ,][CIO,] (9)
5 [Ni,(btc),(3-pic),(1,2-pd),] (10") Binaphthol 8.3 [77]
6 [Ni (r-asp),(bipy)]-CH,OH-H,0 (11) Different diols 53.77 [57]
7 [Zn(bdc)(L-lac)(dmi)] (6) Various sulfoxides 60 [56]
8 [Sm(L, -H,)(L,,-H) (H,0),]-12H,0 trans-1,2-diamino-  13.6 [82]
(17e) cyclohexane

Ligands: HQA =6-methoxyl-(8S,9R)-cinchonan-9-ol-3-carboxylic acid; VB-N-CIN=4-Vinylbenzyl-
cinchonidinium chloride; L,-H,= 2,2'-diethoxy-1,1'-binaphthalene-6,6’-bisphosphonic acid

O
N
OH )
OH)
Cd(OH), N7~H

—_—
hydrothermal 0. OMe
reaction Cdyly’ IO

7 2

Scheme 1 Synthesis of quitenine (HQA) and the cadmium complex 7
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Fig. 11 The diamond-like 3D network of 7; selective sorption in favor of S-alcohol

distinct QA- ligands bridging the Cd** ion in different binding modes [74]. From a
topological point of view, each Cd** ion connects with others in a diamond-like
fashion, with slight distortion, to form the 3D network (Fig. 11). TGA analysis indi-
cates the robustness of the framework. The adamantane-type cavity within the struc-
ture can enantioselectively absorb small organic molecules, such as 2-butanol or
2-methyl-1-butanol. When racemic 2-butanol was mixed with a powdered sample of
[Cd(QA),] (7) under solvothermal conditions, a crystalline sample of (S)-2-butanol-
[Cd(QA),] (7a) was obtained. Optical rotation of the desorbed 2-butanol from 7a
matched the standard value of pure (§)-2-butanol; the ee value was estimated to be
approximately 98.2%. TGA of 7a shows 8.3% weight loss at 160-204°C corresponding
to complete removal of (S)-2-butanol, which supports the ability of 7 to include a
molecular guest reversibly without changing the framework structure. Relatively
larger organic guest, racemic 2-methyl-1-butanol, also gets absorbed in [Cd(QA),]
(7b), but only with 8.4% selectivity in favor of S-isomer. Although the homochiral
MOPM with a widely used chiral selector in the cavity showed the ability of revers-
ible inclusion of small organic guest molecules, the enantioselectivity drastically
decreased with increasing size of the guests. The same group synthesized another 2D
homochiral Cu-olefin MOPM (8) from a quinine derived ligand, L, but its enanti-
oselective sorption ability was rather poor (Table 1) [75].

Xiong et al. also demonstrated that the chiral 2D framework [Cu(PPh,)(V,N'-
(2-pyridyl-(4-pyridyl methyl)-amine)), ]-CIO, (9), with triangular cavities,
synthesized from achiral components, [Cu(MeCN),(PPh,),][C1O,] and N,N'-(2-
pyridyl-(4-pyridyl methyl)-amine) can enantioselectively include 2-butanol [76].
Spontaneous resolution produced crystalline inclusion compound 9-1.5(2-butanol),
which was structurally characterized. They manually separated the enantiomorphic
forms of 9-1.5(2-butanol) according to their CD spectra in solid state and evacuated
at 100°C to collect enantiopure 2-butanol. Although this work provides an eco-
nomical route to enantioselective separation of racemic small diols, the separation
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process is rather time consuming. The route is also not general, as the framework
does not guarantee inclusion of other kind of molecules.

The (10,3)-a net based chiral frameworks developed by Rossenesky et al.,
showed enantioselective sorption properties [77]. The doubly interpenetrating, dis-
torted (10,3)-a framework, 1, showed a tendency to collapse upon removal of the
guests from its cavity and the resulting nonporous amorphous phase (1”) adopted a
new 6,3-layered structure upon reexposure to pyridine. Interestingly, the desolvated
amorphous phase 1’ can regenerate its original 2 X (10,3)-a network structure upon
exposure to 3-picoline, which is found to be stable even after the loss of guest mol-
ecules. They separately synthesized the 3-picoline ligated framework, 10, having a
molecular formula [Ni,(btc),(3-pic)(1,2-pd),]-9(1,2-pd),-11(H,0) from enantiop-
ure 1,2-pd. In contrast to 1, after guest removal at 150°C, 10 retains crystallinity
with identical space group symmetry and slightly modified unit cell parameters.
Despite the same framework structure, their striking difference in stability is due to
unconventional H-bonding between the methyl C—H of the picoline moiety and the
noncoordinating oxygen of the btc carboxylate (Fig. 12a).

The estimated 47% void for the desolvated phase 10’ is in good agreement with
the Dubinin-Radushkevich micropore volume (0.63(1) mL g™'). In 10’, two large
pores with different diameters (12A and 13.6A) are available for guest sorption
(Fig. 12b). However, the apparent advantage of a larger window goes against enan-
tioselective sorption of small chiral molecules. Although relatively large binaphthol
(9%9A) is enantioselectively sorbed by (5)-10" (but with only 8.3% ee), smaller
guests such as ethyl 3-hydroxybutyrate and fenchone show ready sorption but no
enantioselectivity. Thus, a close match of the dimensions of chiral channels and the
size of the chiral guests is required for the microporous substances like 10’ to dis-
criminate between the enantiomers. This work requires further investigation of the
binding behavior of guest molecules with the chiral pockets of hosts to rationally
design and synthesize materials with high enantioselective sorption ability.

Fig. 12 (a) C-H---O interaction (yellow dotted line) between the methyl group of the 3-picoline
and the nonbonding carboxylate oxygen atom (red) of the btc framework forming node in 10; Ni
centers (light blue). (b) the cavities and interconnecting channels (purple) that constitute the chiral
porosity of the material. In panels (¢) and (d), the structure is viewed along the 111 direction
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Fig. 13 (a) 2D layers of framework 11; the disordered methanol and water guests that occupy the
channels are represented with space filling spheres. (b) Location of 1,2-propanediol within the
channels of 11; methyl group is omitted for clarity. Hydrogen bonds are represented by dashed
blue lines. Ni cyan, C gray, H white, N blue, O red

Natural amino acids have also been utilized as building blocks to prepare homo-
chiral MOPMs with enantioselective sorption ability [57]. Solvothermal reaction of
Ni(L-asp)-3H,0 and 4,4'-bipyridine (bipy) in a water/methanol mixture at 150°C
affords the homochiral open-framework material [Ni,(L-asp),(bipy)]-CH,OH-H,0
(11). In the crystal structure, an aspartate molecule binds to one nickel center in a
tridentate fac mode and two other Ni centers in a monodentate mode to form chiral
neutral Ni(L-asp) layers (Fig. 13a). These Ni(L-asp) layers are bridged by bipy
ligands to form a pillared structure with 1D channels with a small cross section of
3.8x4.7 A. The framework is robust and permanently porous as revealed by PXRD
and CO, measurements, and the estimated guest-accessible volume of the frame-
work is 23.1%. The enantioselective sorption property of 11 examined with differ-
ent positional isomers of diols starting from propanediol to hexanediol shows ee
values up to 53.7%. The host derived from D-aspartate also shows the same degree
of enantioenrichment but for the opposite enantiomer in all cases. Several diols of
a fixed chain length reveal a large difference in enantioselection. For example, the
four carbon chain diols, 1,2-butanediol and 2,3-butanediol show considerably
reduced enantioselection (5.0 and 1.5% ee, respectively) with respect to 1,3-butane-
diol (17.9% ee). The 1,3-disposition of diols seems to be favorable and the highest
value of ee was observed for 2-methyl-2,4-pentanediol (53.7%). Although the
crystals of the host—guest complexes of 11 could not be grown, the interactions of
the diol guests with the internal surface of the porous material can be visualized
from their model compound [Ni,(L,D-asp),(bipy)]-CH,(OH)CH(OH)CH, (12). The
crystal structure of 12 showed that the guest located in the pocket while bridging
two Ni(asp) layers through hydrogen bonding (Fig. 13b). The docking procedure
also proved that the interaction of 13 with the two guest molecules of same alkyl-
chain lengths, 1,2-pentanediol and 2-methyl-2,4-pentanediol, sit in exactly identi-
cal sorption sites in the pocket (defined by two aspartate and two bipy molecules
on opposite sides of the channel), but interact differently with the framework. Both
alcoholic groups of (S)-2-methyl-2,4-pentanediol participate in hydrogen bonding
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with the framework 11 and consequently account for its high ee value. While the
tertiary alcohol group forms hydrogen bond with the (-carboxylate group of an
aspartate residue (OH---O 2.390 A), the secondary alcohol group forms an H-bond
with the amine group of another aspartate residue (O--HN 2.663 A). In contrast,
only the secondary alcohol group of (5)-1,2-pentanediol interacts with the frame-
work of 11 by hydrogen bonding with the 3-carboxylate group of an aspartate resi-
due (OH--O 2.667A) and the amine group of another aspartate residue (O--HN
2.507 A). These different modes of interaction account for the observed differences
in enantioselection. This descriptive study demonstrates that the surface chemistry
of channels is an important factor in addition to their size for an improved enantio-
sorption of guests by chiral MOPMs.

Permanently porous, homochiral framework, [Zn,(bdc)(L-lac)(dmf)]-(DMF)
(6-DMF), was utilized in enantioselective sorption of pharmaceutically important
sulfoxides [56]. The material 6 forms medium-sized pores (~5 A) by the attachment
of bdc with 1D chain like chiral SBU containing L-lactates and zinc ions (Fig. 14),
which has been exploited in enantiosorption of sulfoxides as well as the enantiose-
lective oxidation of thioethers (see below). The DMF molecules in the pores can be
removed by heating at 110-200°C; however, prolonged heating causes partial

Fig. 14 The Connolly surface of framework 6 showing medium-sized pores (~5A) and 1D channels
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Scheme 2 Oxidation of sulfides catalyzed by 6

collapse of the framework. The partially evacuated material 6-(DMF) , showed
significant sorption ability for the aromatic sulfoxides with small substituents such
as 14a and 14b: 0.68 and 0.18 molecules, respectively, per formula unit of 6 with
moderate ee values (20% for 14a and 27% for 14b) in favor of S-isomer. However,
pores of 6 were unable to incorporate larger sulfoxides such as 14¢ and 14d. More
interestingly, after extraction of the absorbed molecule, the material 6 can be reused
in the next cycle with no appreciable change in its sorption ability.

The material 6 showed a remarkable catalytic activity in the oxidation of
thioethers 13 to sulfoxides 14 by urea hydroperoxide (UHP) or H,O, (Scheme 2).
Although the conversion and selectivity (for 14 over 15, >90%) was reasonable
with UHP for the substrates with smaller substituents, 13a and 13b, the ones with
bulkier substrates 13¢ and 13d failed to produce any measurable conversion. The
conversion increases to 100% by changing UHP with H,O,. The catalytic activity
of 6 for selective sulfoxidation remains similar even after 30 cycles. Despite the fact
that no asymmetric induction was found in the catalytic sulfoxidations, enantioen-
riched sulfoxides were obtained by enantioselective sorption of the resulting
racemic mixture by the chiral pores of 6, which occured simultaneously with the
catalytic process. Thus, after catalytic oxidation of 13a, (S)-14a was preferentially
absorbed by the pore of 6 leaving exactly equal amount of the excess R-enantiomer
in the solution phase (~20% ee). The combination of high catalytic activity and
enantioselective sorption property of 6 provides a unique opportunity to device a
one-step process to produce enantioenriched products.

Fedin and Bryliakov extended this work to demonstrate the use of 6:DMF as a CSP
for the separation of a racemic mixture of 14a [78]. The wide difference in the sorption
ability between the S- and R-enantiomers instigates the plan to use 6 as a CSP for liquid
column chromatography. Interestingly, both electronic and steric effects of the sub-
stituents in the aromatic ring play an important role in determining sorption constant
and ee of sorption values. An electron withdrawing substituent at the aromatic ring
reduces both sorption constant and ee of sorption by reducing coordination ability
of the sorbate (Table 2, entry 1 and 4). Although an electron donating substituent
increases the sorption constant value, additional substituent in the aromatic ring results
in slower internal diffusion leading to poorer enantioselection (Table 2, entry 3). However,
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Table 2 The apparent sorption constants of enantiomerically pure sulfoxides

on 6

Entry  Sulfoxide KM KM ab ee %-° (sorption)
1 p-BrPhSOMe 11 10 1.1 7 (0.15)

2 PhSOMe 68 15 45 60 (0.30)

3 p-MePhSOMe 326 129 2.5 38 (0.53)

4 p-NO,PhSOMe  n.m. n.m. - ~0(0.13)

5 PhSOi-Pr 54 12 4.5 55 (0.20)

* K =sorption constant for S-isomer, K, =sorption constant for R-isomer
®Stereoselectivity factor, a =K/K,

¢The highest measured ee of the sorbate, and the respective sorption values, in
the molecules per formula unit [Zn,(bdc)(L-lac)(dmf)]
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Fig. 15 Catalytic oxidation of PhSMe/enantiomeric separation of PhSOMe over a column with
6-DMF, using 5-fold (a) and 1.5-fold (b) excess of the oxidant. Elution rate: 2 cm*h™!; eluent
CH,CI/CH,CN:: 85:15

steric crowding at the sulfur atom does not alter the selectivity factor (entry 5), whereas,
methyl phenyl sulfoxide (entry 2) with an unsubstituted aromatic ring fits best in the
pores of 6, thus giving best separation of enantiomers.

By taking advantage of both catalytic activity and enantioselective sorption
ability of 6 discussed above, a one-step reaction-purification system was developed
to synthesize optically pure sulfoxides. In an illustrative example, PhSMe was
chosen as a substrate. A mixture of the sulfide and H,O, in 0.01 M of DMF in
CH,CL/CH,CN was loaded on top of the column packed with 6 and eluted with the
same solvent mixture. The R-isomer of the corresponding sulfoxide was eluted first
as it has low affinity with 6, followed by S-isomer (Fig. 15). Excess amount of H,O,
(5-fold) forms about 5% of sulfone (the over-oxidation product), but a little excess
(1.5-fold) of the oxidant, even though left out some disulfide in the mixture (con-
version=91%), affords pure enantiomers ca. 35% each based on the starting PhSMe
to offer a overall isolated yield of 70% (Fig. 15b). This was the first demonstration
of an application of CMOPMs in chiral chromatography. Furthermore, the tandem
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procedure to produce optically pure product is attractive in terms of production cost
and time consumption, and tempts further studies in this direction.

There are a couple of reports from Pal and coworkers on chiral MOFs capable
of enantiospecific inclusion of chiral rotamers [79,80]. Although this type of work
is worthwhile from a theoretical point of view, in practical sense the desorbed
rotamer will racemize immediately through rotation around the C—C bond, making
isolation of optically pure rotamers impossible.

Certainly, a couple of important points can be made from the entire collection of
work on chiral separation by CMOPMs: (a) the size of the pore should fit the sub-
strate for proper enantiodifferenciating interactions; (b) different mode of interactions
of similar kind of substrates with the surface of the pores/channels alters enantioselec-
tion ability. So far, the chiral separation ability of chiral metal-organic assemblies has
been studied mostly with small molecules. However, the main goal of designing these
materials is to utilize them for the separation of the enantiomers of relatively large
molecules (e.g., drugs) and further studies are required in this direction.

3.3 Homochiral MOPMs as Heterogeneous Catalysts

Proper incorporation of suitable catalytic units into CMOPMs with accessible pores
for organic substrates can generate potentially useful solid matrices for asymmetric
transformations. Fujita et al. first explored the utility of a hybrid organic—inorganic
solid as a heterogeneous Lewis acid catalyst [40]. Later, Aoyama and coworkers
also demonstrated the catalytic properties of MOPMs for Diels—Alder reactions
[81]. In both the cases, however, achiral metal-organic assemblies were used.
Despite the huge potential, the use of homochiral metal-organic assemblies for the
applications in asymmetric catalysis was not reported until 2000 when Kim and
coworkers reported the first asymmetric induction catalyzed by a homochiral
MOPM [41]. After this, a number of chiral MOPMs have been synthesized and
their heterogeneous, enantioselective catalytic activities studied (Table 3).

The key structural feature of POST-1 - the presence of dangling pyridine groups
in the channels - affords a unique opportunity to perform asymmetric heterogene-
ous catalysis. Thus, potentially, any base catalyzed reactions (e.g., esterification or
hydrolysis) can be performed with POST-1. Moreover, chiral pores should induce
a degree of enantioselectivity in the final product mixture. The catalytic activity of
POST-1 in the transesterification reaction was examined. Although the reaction of
16 and ethanol in the presence of POST-1 in carbon tetrachloride produced ethyl
acetate in 77% yield, little or no transesterification occured without POST-1 or with
the N-methylated POST-1 (Sect. 2.2). The post chemical modification of the pyri-
dine groups in POST-1 proves the role of free pyridine moiety in transesterification
reaction. Transesterification of ester 16 with bulkier alcohols such as isobutanol,
neopentanol, and 3,3,3-triphenyl-1-propanol occurs at a much slower rate under
otherwise identical reaction conditions. Such size selectivity suggests that catalysis
mainly occurs in the channels.
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HSCOCOONOQ +©/\( POST-1 m O
OH cql,, 27°C

racemic (8% ee)

Scheme 3 Catalytic activity of POST-1 in transesterification

Most interestingly, POST-1 showed enantioselective catalytic activity for
transesterification of 16. The reaction of 16 with a large excess of rac-1-phenyl-2-
propanol in the presence of D-POST-1 or the enantiomorphic L-POST-1 produces
corresponding esters with ~8% enantiomeric excess in favor of S- or R-enantiomer,
respectively (Scheme 3). The low enantioselectivity may be the consequence of the
fact that the catalytically active units (dangling pyridyl groups) are a bit too far
away from the chiral wall of the pores. Even though the ee value is modest, this is
the first observation of an asymmetric induction in the catalytic reactions mediated
by modular porous materials. This seminal work triggered interest among oth-
ers to rationally design chiral ligands and synthesize corresponding homochiral
metal-organic systems for various heterogeneous catalysis reactions. Later, Gao et al.
further explored the utility of POST-1 in supramolecular photochirogenesis [82].

Lin and coworkers adopted a systematic approach toward designing homochiral
MOPMs using BINAP units as a building block for chiral separation and asym-
metric heterogeneous catalysis [§3—88]. They first prepared a series of homochiral
porous lamellar lanthanide bisphosphonates of general formula [Ln(L,-H,)
(L,,-H,)(H,0),]-xH,0 (L,,~H,=2,2"-diethoxy-1,1"-binaphth-alene-6,6'-
bisphosphonic acid, Ln=La, Ce, Pr, Nd, Sm, Gd, Tb, x=9-14, 17a—g) (Scheme 4)
and explored their applications in heterogeneous catalysis and chiral separations
[83]. The CMOPMSs adopt 2D layered structures with square antiprismatic Ln
center that have four H,O molecules and four oxygen atoms of the phosphonate
groups of four different binaphthylbisphosphonates in the coordination sphere
(Fig. 16). The space filling model suggested that 17a—g contain large chiral chan-
nels with largest dimension of 12A. PXRD pattern of desolvated 17a-g which

0o \\/

Q
\\/ R
O o O™ el IT ™
L NO EtO
n(NO,), EtO MeOH n EtO o
(CIO4)3 EtO OO Thol | | E© OO R OO JoH
OH / R
e
/P\ O//\OH

L

(H,0), [(H,0),

7H, - LiH, LirHs -

Ln = La, Ce, Pr,Nd, Sm, Gd, Tb, x = 9-14, 17a-g

Scheme 4 Preparation of [Ln(L ,~H,)(L,,~H,)(H,0),]-12H,0 compounds
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Fig. 16 (a) A view of 2D framework of 17f down the b axis; the coordination environments of P
atoms and Gd atoms are represented with blue and orange polyhedra, respectively. (b) The
Connolly surface of framework 17f showing 1D channel between 2D layers

suggests that the local coordination environment is retained during desolvation.
They exhibit reversible dehydration and framework stability. Compound 17e was
utilized as a chiral Lewis acid catalyst for several organic transformations, includ-
ing cyanosilylation of aldehydes, ring opening of mesocarboxylic anhydride, and
Diels—Alder reactions with high yields but disappointingly low ee (<5%). Such a
lack of enantioselectivity was a direct consequence of the highly symmetrical coor-
dination environment around the catalytically active Sm centers and points out the
limitations of such simple M-L-M systems.

To improve the enantioselectivity, Lin et al. designed chiral bridging ligands with
duel functional groups. While primary functional groups form an extended network
structure, chiral secondary functionalities can be used to decorate the porous metal-
organic structure and subsequently generate asymmetric catalytic sites, which are
accessible to the organic substrates via the open channels or cavities. This strat-
egy was utilized to synthesize porous zirconium phosphonates with pendant chiral
chelating bisphosphanes groups [84]. Two new chiral porous Zr-phosphonates with
approximate formulae Zr[Ru(L  )(dmf),Cl,]-2MeOH (Zr-Ru-L ,, 18) and Zr[Ru(L,,)
(dmf),CL ] 2MeOH (Zr—Ru-L,,, 19) were synthesized by a sequence of reactions
starting from BINAP derivatives 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl-6,6'-
bis(phosphonic acid) (L,,H) and 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl-
4,4'-bis(phosphonic acid) (L,,—H,), respectively (Scheme 5). N, adsorption
measurements indicated that Zr-Ru-L . and Zr—-Ru-L , possess high degree of
porosity, while powder XRD indicated that both solids are amorphous. Both solids
have proved very effective as heterogeneous catalysts for asymmetric hydrogena-
tion of keto esters. Zr—-Ru-L,, showed better catalytic activity than the other
compound for the hydrogenation of a wide range of B-alkyl-substituted B-keto esters
with complete conversions and ee values ranging from 91.7 to 95.0% (Table 4).
The enantioenrichment of Zr-Ru-L , is the same as the parent homogeneous
BINAP-Ru catalyst. The system shows less than 0.01% leaching during the catalytic
reactions. The same catalytic activity of Zr—Ru-L . can be retained up to five cycles
of hydrogenation with no significant deterioration of enantioselectivity.
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Primary functional group
_. for framework building O

"

i P
AeS o O e o g@ .
PPh, [Ru(benzene)ClJ, HO Pl 'DMF Zr(Ot-Bu), lPh | oME

“meon” & S~DMF
F'Ph o o PhC|DMF MeOH o F',\Ph\C|
HO ‘ HO ol Ph
II I E
°© Secondary functional group ©
for catalyst acitvity Ru(Lg-H,)(OMP),CI,

Scheme 5 Synthesis of Zr—Ru-L , and Zr-Ru-L g

Table 4 Heterogeneous asymmetric hydrogenation of -keto esters with 18 and 19

Zr-Ru-(R)-Lyg

6 o or Zr-Ru-(R)-L OH O
R? H 419 R2
R1Jl\/u\o/ T MeOH, rt, 20h R' /K)J\O/
Catalyst H, Zr-Ru-L,g Zr-Ru-Lyg
Substrate loading T (° Pressure  ee e
[%0] e [psi] (% yield) (% yield)
o o 1 60 700 94.0 (100)
1 RT 1400 95.0 (100
)I\/u\o/ (100) 73.1 (90)
0.1 60 700 93.3 (100)
o o
)‘><‘(O/ 1 RT 1400 93.3 (100) 78.8 (70)
o o

O)\/Ko/\ 1 RT 1400 69.6 (100) 15.7 (50)

Incorporation of DPEN (1,2-diphenylethylenediamine) in the same skeleton of
Zr-phosphonates improves both catalytic activity and enantioselectivity to almost
quantitative value [85]. The syntheses involved the same sequence of reactions
as in the previous work and TGA and microanalysis suggested their formulae as
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Table 5 Heterogeneous asymmetric hydrogenation of aromatic ketones with 20 and 21

A j\ . H, ooz /OKH
r R KOtBu, IPA Ar” TR
Substrate Catalyst loading [%0] KO'Bu 20 ee 21 ee
Ar: Ph, R: Me 0.1 1 963 79.0
Ar: 47-1-Bu-Ph, R: Me 01 1 99.2 91.5
Ar: 1-naphthyl, R: Me 0.1 1 99.2 95.8
0.02 0.4 98.9
0.005 0.02 98.82
0.005 0.02 98.6P

470% conversion;

bANh reactian time

Zr[Ru(L,,~H,)(DPEN)CL]-4H,0 (20) and Zr[Ru(L ~H,)(DPEN)CL]-4H,0 (21),
respectively. N, adsorption measurements indicated that both 20 and 21 are highly
porous with rather wide pore size distributions. The enantioselective catalytic activ-
ity of 20 and 21 for the hydrogenation of aromatic ketones was studied (Table 5).
Only 0.1 mol% loading of catalyst 20 in isopropanol was sufficient to hydrogenate
acetophenone with complete conversion and 96.3% ee, which is significantly
higher than that observed for the parent Ru—-BINAP-DPEN homogeneous catalyst
(~80% ee) under similar conditions [89,90].

Although 21 also showed catalytic activity for the same reaction, enantioselec-
tivity is rather modest. A series of substrates was tested with 20, which showed
complete conversion with high ee as illustrated in Table 5. Lowering the amount of
catalyst (20) to 0.02 mol% does not affect the ee, while a catalyst concentration of
0.005% requires a longer time (40 h) for completion but with the same ee conver-
sion. The TOF is calculated to be 500 h™' at complete conversion and 700 h™! at 70%
conversion. Compound 20 can be readily recycled and reused up to eight cycles
without any loss of enantioselectivity. High activity and enantioselectivity of these
solids thus hold the promise for developing better and practically useful heteroge-
neous asymmetric catalysts with a similar designing approach.

Lin et al. also used BINOL linkers with phosphonate groups at a proper position
to form the main framework with zirconium and explored the presence of the free
hydroxyl functional groups as a catalyst holding unit to develop Ti-based catalysts
for diethyl zinc addition to aromatic aldehydes [86]. Amorphous chiral porous
zirconium phosphonates Zr-L,, to Zr-L,, (22-24) when treated with excess
Ti(Oi-Pr),, generate active catalysts, which convert several aromatic aldehydes to
corresponding chiral secondary alcohols with high conversion but slightly lowered
ee values (up to 72%) (Scheme 6). However, the variable linkers between the
BINOL moiety and the phosphonate groups do not show much effect on catalytic
activity or enantioselection.



144 K. Kim et al.

A
ZrOn-Bu)s+ (Lpopg-Hs))  —————>  (Zr-Ly24) XH0)  (x = 4 or 5)
n-BuOH

22-24

)

—— =none, L
Ar—-ly + ZnEt, 2

OH )
AI’—(:, Et — =vinyl, Ly,
H

ee.upto72% T = 4-styryl, Ly,

Scheme 6 Synthesis of BINOL derived Ti-based catalysts 22-24

By incorporating a rigid linking arm at the 4 and 4’ positions of BINOL unit, Lin
et al. finally succeeded in synthesizing a crystalline homochiral MOPM (25) [87].
The BINOL derivative, (R)-6,6'-dichloro-2,2'-dihydroxy-1,1’-binaphthyl-4,4'-
bipyridine (L,;) when reacted with CdCl,, afforded the CMOPM with molecular
formula [Cd,Cl(L,,),]-4DMF-6MeOH-3H,0, 25, which crystallizes in the triclinic
P, space group. The Cd(II) centers in 25 are doubly bridged by the chlorides to
form 1D zigzag [Cd(u*-Cl),], chains, which are further connected through the pyri-
dyl groups of L,, to form a noninterpenetrating 3D network with large chiral chan-
nel with the cross section of 1.6 x 1.8 nm (Fig. 17a). PLATON calculations indicated
that 25 contains 54.4% solvent accessible void space. X-ray powder diffraction and
CO, adsorption measurements of 25 indicated that the porous framework was
maintained even after evacuation.

Although two of the three L, ligands in a unit cell are shielded from the open
channels, 25 was utilized in asymmetric catalysis by taking advantage of the readily
accessible chiral dihydroxy groups of the third ligand (Fig. 17b). Treatment of 25
with excess Ti(Oi-Pr), formed an active catalyst (designated as 25-Ti) for the
diethylzinc addition reactions to a range of aromatic aldehydes with complete con-
version and high enantioselectivity (up to 93% ee) (Table 6). The level of enanti-
oselectivity is similar to that of the homogeneous analog under similar conditions
(94% ee). Control experiments with a series of larger aldehydes of varying sizes
(from 0.8 to 2.0 nm) confirmed that the catalytic activity was dependent on the
aldehyde size, and no catalytic activity was observed when the size of the aldehyde
became larger than the open channel size. This set of experiments clearly demon-
strates that 25-Ti is a true heterogeneous asymmetric catalyst as both ZnEt, and
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Fig. 17 (a) The Connolly surface of 25 clearly showing the large 1D chiral channels; (b)
Schematic representation of the active (BINOL)Ti(Oi-Pr), catalytic sites (marked by red circle) in
the open channels of 25

Table 6 Ti(IV)-catalyzed ZnEt, additions to aromatic aldehydes with (R)-25

(R)-25 (13 mol%)

] or BINOL (20 mol%) OH
A+ znEy, — > kEt
Ar” H Ti(Oi-Pr), A

BINOL (R)-25'Ti
Ar Conv (%) ee (%) Conv (%) ee (%)
1-Naph >99 94 >99 93
Ph >99 88 >99 83
4-Cl-Ph >99 86 >99 80

All the reactions were conducted at room temperature in presence of excess Ti(Oi-Pr)

aromatic aldehyde accessing the catalytic sites via the open channels generate chiral
secondary alcohols.

Very recently, Lin et al. examined the relationship between the framework structure
and the catalytic activity of homochiral MOPMs [88]. The same ligand L, was
utilized to synthesize two more crystalline chiral MOPMs [Cd,(L,,) (NO,)]-7MeOH:
5H,0, 26, and [CdL,(H,0),][CIO,],-DMF-4MeOH- 3H,0, 27. Compound 26 crys-
tallizes in the tetragonal P4 22 space group with 1.5 Cd(II) centers in the asymmet-
ric unit. Two independent L,, are linked to two different Cd(I) atoms to form 2D
square grids and 1D zigzag polymeric chains, respectively. These are further joined
to each other by the bridging nitrate groups to form a twofold, interpenetrated, 3D
framework with large interconnected channels of 4.9x 13.1 A parallel to the a and
b axes and 13.5x13.5A parallel to ¢ axis (Fig. 18a); whereas, compound 27
crystallizes in P4,2 2 space group, and forms an interlocked 2D rhombic grid and
possesses 1D channels ~1.2x 1.5 nm in dimension (Fig. 18b). PXRD spectrum of
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Fig. 18 (a) Schematic representation of the twofold interpenetration of 26; (b) schematic
representation of the interpenetration of mutually perpendicular 2D rhombic grids in 27; (c)
schematic representation of the steric congestion around the chiral dihydroxy groups of L,
ligands (orange spheres) arising from the interpenetration of 2D rhombic grids through n---m
stacking interactions

26 indicated that the crystalline nature was retained after solvent removal.
Moreover, CO, adsorption measurements showed that both evacuated samples of
26 and 27 possess permanent porosity. While 26 can effectively generate an active
catalyst with Ti(Oi—Pr), with the addition of diethylzinc to aromatic aldehydes with
complete conversion and up to 90% ee, a mixture of 27 and Ti(Oi-Pr), was not
active in catalyzing the same reaction under identical conditions. The radical
difference in catalytic activities of 26 and 27 was rationalized based on their different
framework structures. Examination of the structure of 27 shows that the pyridyl and
naphthyl rings, from mutually perpendicular interpenetrating 2D rhombic grids,
form strong -7 interactions with a nearest C---C separation of 3.273 A. As a result,
all the chiral dihydroxy groups of the L, ligands are tightly held in close proximity
to the {Cd(py),(H,0),} hinges (Fig. 18¢c). Due to this steric congestion, Ti(Oi-Pr),
cannot approach the binolate hydroxyl groups to form the active catalyst [91]. This
observation implies that the role of the framework structure is important in deter-
mining the catalytic performance of chiral MOPMs, even if they are built from
exactly the same building blocks.

A few other interesting reports on enantioselective catalysis of CMOPMs are
available. Hupp and Nguyen reported an interesting CMOPM containing chiral
Mn(salen) struts (salen=[(R,R)-(—)-1,2-cyclohexanediamino-N, N'-bis(3-tert-butyl-
5-(4-pyridyl)-salicylidene)]), which was used as an asymmetric catalyst for olefin
epoxidation [54]. The chiral strut, Mn"(salen)Cl with (L,,), forms a robust pillared
paddlewheel structure, Zn (bpdc),L,,-10DMF-8H,0, 28, which crystallizes in the
triclinic P, space group with a 2-fold interpenetrating network (Fig. 19). The cata-
lytic efficiency of the crystalline, porous material 28 towards the epoxidation of
olefins was studied. In the presence of 28 as a catalyst and 2-(fert-butylsulfonyl)
iodosylbenzene as an oxidant, 2,2-dimethyl-2H chromene formed the corresponding
epoxide in high yield and enantioselectivity (82% ee). Slightly lower enantioselectiv-
ity than its homogeneous counterparts (88% ee) was observed, in good agreement
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Fig. 19 (a) The crystal structure of the framework 28 showing interpenetrated network and
framework openings; (b) The Connolly surface of the framework showing 2D channel structure

with the electronic effect arising from the bonded pyridyl groups to zinc cations.
The compound 28 can be reused, up to third cycle (TON~1,400) with no loss of
enantioselectivity and only a small loss of catalytic activity. Competitive size selec-
tivity studies were carried out and they determined that catalysis occurs mainly in
the interior and not at the surface of the catalyst. This work demonstrates that well-
known salen-based Mn complexes, when confined in a CMOPM, can perform
industrially important epoxidation reactions with equal efficiency as their homoge-
neous counterparts.

Very recently, Tanaka and coworkers have applied a copper—-BINAP porous
framework in the asymmetric ring opening reaction of epoxides with amines
under solvent-free conditions [92]. Slow diffusion of N,N-dimethylaniline into
a methanolic solution of (R)-5,5'-H2BDA (2,2'-dihydroxy-1,1'-binaphthalene-5,5'-
dicarboxylicacid, (R)-L,,) (or($)-L,))and Cu(NO,), afforded [Cu,(5,5'-BDA),(H,0),]-
MeOH-2H,0, (R)-29, (or (5)-29) which crystallized in a P2, space group and pos-
sessed a 2D binuclear square grid coordination network (Fig. 20). TGA of (R)-29
showed 19.5% of mass loss at 25-120°C, while PXRD patterns showed reversible
solvent absorption. The porous form of (R)-29 is amorphous and shows catalytic
activity toward asymmetric ring opening reactions of epoxides with aromatic
amines. While (5)-BINOL was totally ineffective in catalytic ring opening reaction
of epoxides, (R)-29 catalyzed the reaction to afford corresponding amino alcohols
in low to moderate yield with moderate enantioselectivity (40-50% ee). Although
this work demonstrates for the first time, the use of Cu-based CMOPMs in epoxide
ring opening reactions, the enantioselectivity is rather disappointing. There is a
recent report on postsynthetic modification of a homochiral MOPM leading to a
Brgnsted acidic material. This material can catalyze epoxide ring opening reaction
but without any asymmetric induction [93].
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(R)-29

Fig. 20 (a) Synthesis of (R)-29; (b) The crystal structure of (R)-29; 2D layers are stacked in
A-B-A type (viewed along the ¢ axis)

Although some results described in this section are not highly exciting in terms
of catalytic activity and enantioselectivity, they certainly highlight the fact that fine
tunability of such a modular approach can lead to other practically useful heteroge-
neous asymmetric catalysts in the future.

4 Other Applications

A number of chiral coordination polymers show nonlinear optical activity and
ferroelectric behavior [94-98]. The essential criterion for a compound to show either
nonlinear optical activity or ferroelectric activity is that the material needs to crys-
tallize in a noncentrosymmetric space group belonging to the polar point groups.
As a chiral network itself is noncentrosymmetric, chiral coordination polymers are
potentially useful as second order NLO-active materials as well as ferroelectric
materials. The SHG responses of most reported chiral coordination polymers are
same or less than that of urea [94-98]. However, there are a handful of examples,
which show stronger SHGresponse. Forexample, [H,N(CH,),][Zn,(TATB) (HCOO)]
(30) (TATB =4,4',4”-s-triazine-2,4,6-triyltribenzoate) has three times greater SHG
response than urea [98]. A ferroelectric material is one that can be switched rapidly
between different states by means of an external electric field. Although most of the
reported ferroelectric materials are inorganic materials (e.g., KH,PO,, BaTiO,, and
LiNbO,) [99], some chiral coordination polymers have also shown promising fer-
roelectric activity [95]. The chiral copper complex, [Cu,(R-hmp),(dca),] (hmp = (R)-
methyl-2-pyridinemethanol, dca=dicyanamide), 31, is one such recent example
[95]. However, magnetism [100—104] and photoluminescence [105,106] are two
other important physical properties, which are often found in chiral coordination
polymers but do not intrinsically depend on chirality of the material. It is interesting
to note that often more than one of the above mentioned properties coexists in many
chiral coordination polymers [94-98,105]. The reader is directed to the [107].
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5 Summary and Perspectives

Since the beginning of this century, significant progress has been made in the syn-
thesis of CMOPMs and their applications in chiral separation and catalysis. In this
review article, we have discussed the strategies for the synthesis of chiral MOPMs,
retaining a focus on their applications. A large number of chiral MOPMs with
diverse functionalities and different topologies have been prepared mainly by two
distinct approaches. The fine tunability of such approaches allows proper engineer-
ing of chiral functionalities within chiral MOPMs. With judicious choice of ligands
and metal ions we can construct robust, homochiral open frameworks useful for
chiral separation or heterogeneous asymmetric catalysis or both. Although still in a
budding stage, CMOPMs have already shown high catalytic activity and enantiose-
lectivity in several organic transformations such as hydrogenation of ketones and
B-ketoesters, diethylzinc addition, or epoxidation. It has been established that a
chiral catalyst confined inside well-organized pores can produce enantioselectivity
comparable to that of its parent homogeneous catalyst. In addition, a study has
revealed that the role of the framework structure is important in determining the
catalytic performance of chiral MOPMs even if they are built from exactly the same
building blocks. In addition, it should be pointed out that the local chirality is essen-
tial to achieve high enantioselectivity. Strategically, the synthesis of this new class
of metal-organic assemblies is more controllable than the traditional immobilized
catalysts and thus, this type of well-ordered, microporous materials with a high
density of active catalyst centers on the surface promises to provide a new dimen-
sion in heterogeneous asymmetric catalysis. Catalyst loading, recovery, and reusability
are among the important factors that determine the efficiency of a heterogeneous
catalyst. So far, the preliminary results on these factors are satisfactory, but it is
probably too early to raise questions regarding which of these processes have good
chances of commercialization. Their ability for enantioselective sorption has been
studied mostly with small chiral molecules, but several results cited in this review
are still far from satisfactory. In one case, a CMOPM has been efficiently utilized
as a CSP in liquid chromatography for the separation of racemates. This could
well be the beginning of their potential applications in chirotechnology from a
practical point of view. As a whole, the chiral MOPMs show high promise for
attracting more financial and intellectual investments for potential breakthroughs in
the rapidly increasing field of chirotechnology in the near future.

Note Added in Proof

Since this chapter was prepared, several important papers on the subject have been
published. Wang et al. used a modified amino acid as a chiral ligand to synthesize
a chiral MOPM with 1D channels (5.12 x 2.87 A2) [108]. The chiral MOPM cata-
lyzes the addition reaction of Grignard reagent to o.,B-unsaturated ketones with
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excellent conversion and enantioselection. As the size of the pore is too small to
accommodate the substrates, however, the catalytic reaction took place mainly on
the surface of the material. Lin and coworker illustrated the synthesis of highly
porous chiral MOPMs by controlling catenation through both chirality of the bridg-
ing ligands and the size of solvent molecules [109]. Bu and coworkers used a small
amount of natural alkaloids, (-)-cinchonidine or (+)-cinchonine, to induce the
homochiral crystallization of a chiral framework constructed from achiral compo-
nents [110]. Unlike typical chiral templates, these alkaloids catalytically induced
the bulk homochirality without incorporating themselves into the framework. Kim
and coworkers have successfully employed the post-modification approach to syn-
thesize catalytically active chiral MOPMs using a pre-assembled robust 3D frame-
work, MIL-101, and chiral catalytic organic units [111]. L-Proline-based chiral
organic ligands were incorporated at the unsaturated Cr(III) centers of MIL-101
keeping the parent framework intact. The new chiral MOPMs showed remarkable
catalytic activities in asymmetric aldol reactions (yield up to 90% and ee up to
80%), including much higher enantioselectivity than the corresponding chiral cata-
Iytic organic units as homogeneous catalysts.
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Controlled Polymerization by Incarceration
of Monomers in Nanochannels

Takashi Uemura and Susumu Kitagawa

Abstract Porous Coordination Polymers (PCPs) composed of transition metal
ions and bridging organic ligands have been extensively studied. The character-
istic features of PCPs are highly regular channel structures, controllable channel
sizes approximating molecular dimensions, designable surface potentials and
functionality, and flexible frameworks responsive to guest molecules. Owing to
these advantages, successful applications of PCPs range from molecular storage
and separation to heterogeneous catalysts. In particular, use of their regulated and
tunable nanochannels in the field of polymerization has allowed multi-level control
of polymerization via control of stereoregularlity, molecular weight, etc. In this
chapter, we focus on recent progress in polymerization utilizing the nanochannels
of PCPs, and demonstrate why this polymerization system is attractive and promising
from the viewpoint of precision control of polymeric structures.

Keywords Nanochannel ¢« PCP ¢ Polymer structure ¢ Polymerization
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Abbreviations

adc 9,10-Anthracenedicarboxylate
bdc 1,4-Benzenedicarboxylate

bpd Biphenyl-4,4'-dicarboxylate

bpy 4,4'-Bipyridine

DVB Divinylbenzene

GPC Gel permeation chromatography
M, Number-average molecular weight
M, Weight-average molecular weight
MMA  Methyl methacrylate

ndc 1,4-Naphthalenedicarboxylate
PCP Porous coordination polymer
PMMA  Poly(methyl methacrylate)

PSt Polystyrene

PVAc Poly(vinyl acetate)

pzdc Pyrazine-2,3-dicarboxylate

St Styrene

ted Triethylenediamine

VAc Vinyl acetate

1 Introduction

All naturally occurring polymers are produced by enzymatic catalysis, where stere-
oselective, regioselective, and chemoselective polymerizations proceed effectively
within regulated and well-organized molecular-scale spaces. Inspired by the elegant
operations in these biological events, many synthetic chemists have focused their
research interests on polymer synthesis in confined and designed nanospaces to
attain precise structural controls of artificial polymers [1-8]. In particular, micro-
porous materials such as porous organic crystals and zeolites of pore size <2 nm
with regular channel structures have imposed specific size and shape effects of the
nanochannels on reaction kinetics and selectivity in solid-state inclusion polymeri-
zation processes. For example, extensive studies on polymerization in organic hosts
have been reported from the 1960s—1980s, focusing on radical polymerization of
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conjugated diene and triene monomers irradiated with y-rays [9-18]. Highly ster-
eoregular and sometimes optically active chiral polymers were obtained in the
inclusion polymerizations utilizing the organic hosts. On the other hand, impregna-
tion of transition metal ions such as Cu(II), Fe(III), Ni(II), and Co(II) into the nano-
channels of microporous zeolites is effective for oxidative polymerizations to
produce many conjugated (semi)conducting polymers [6, 19-22]. Mesoporous
materials with pore size >2 nm are also attractive from the viewpoints of polymeri-
zation as well as fabrications of nanocomposite materials [23-28].

Since the early 1990s, the quest for Porous coordination polymer (PCPs)
composed of transition metal ions and bridging organic ligands has been the subject
of intense research because of their potential applications in many areas including
molecular storage, separation, and exchange [29-36]. Much research effort has
been devoted to developing characteristic features of PCPs that differ from those
of conventional microporous materials, such as organic hosts, zeolites, and
activated carbons: (1) highly regular channel structures; (2) controllable channel
size approximating molecular dimensions; (3) designable surface potentials and
functionality; and, (4) flexible frameworks responsive to guest molecules. These
features are of key importance for the creation of unique nanosize reaction fields
based on the PCP materials. Thus control of molecular reactions and transforma-
tions within confined environments, utilizing the functional channels of PCPs is
currently an important topic in this area, prompting vigorous efforts in the develop-
ment of PCPs for applications in heterogeneous catalysis, asymmetric reaction, and
ship-in-bottle synthesis [37—46]. In particular, employing the PCP nanochannels as
a field of polymerization is an attractive idea, which would allow multi-level
controls of polymerization (controls of stereo- and regioregularity, molecular
weight, polymer topology, etc.) by efficient through-space inductions and specific
host-monomer interactions [47]. Because of the highly designable features of
PCPs, these functional nanochannels can be applied to a tailor-made polymerization
system to obtain preferred polymer structures; such a system is nano-information
transcription polymerization.

In this chapter, we will describe how the host frameworks based on PCPs can be
designed for the fields of polymerizations in Sect. 2. Later in the following section,
details of inclusion polymerization in PCPs such as radical and catalytic polymeri-
zation processes are considered. Finally, in Sect. 4, the significant effects of host
framework structures on polymer primary structure are discussed.

2 Design of Host Frameworks

2.1 Regularity

Regular nanosize pores are suitable for confining guest molecules even when the
intermolecular interaction between guest and host molecules is governed only by
the dispersion force, the so-called van der Waals force. Self-assembly processes
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from building blocks of metal ions and organic ligands afford microporous struc-
tures of PCPs with their particle dimensions of approximately 1 pm?. Considering
that the cross sections of channels of PCPs are mostly ranged from 0.4 to 2.0 nm,
one can obtain several millions of regular channels in a particle of size 1 um? [48].
Such regular channels, with their sharp distribution of pore size due to their high
crystallinity, provide advantages for controlled polymerization. Densely adsorbed
monomers inside the channels are favorable for highly reactive regulated polymeri-
zation because all of the channels can be utilized as a reaction field. If we prepare
an assembled guest structure with one-directional orientation or hetero-guests
accommodation (e.g., AAABBB, ABABAB...) by employing specific regular
micropores, we can potentially achieve block or alternating copolymerization and
sequence-controlled polymerization. By tuning the regularity of the potential field
of the channels, we can create well-ordered monomer assemblies inside the PCP
channels towards the target polymerization.

2.2 Pore Size and Shape

The reactivity of guest molecules in confined nanospaces is strongly dependent on
the molecular states and behaviors. Generally, the pore sizes of PCPs range from
0.4 to 2.0 nm [48]. In addition, a variety of the pore shapes of PCPs, such as trian-
gles, rectangles, and hexagons has been prepared by the possible combinations of
directional organic ligands and geometric metal ions. From the viewpoint of chan-
nel dimension, not only one-dimensional but also layered or three-dimensional
intersecting channel structures can be synthesized in the PCP materials [48-50]. By
tuning the pore size and shape of PCPs, we can create a nanospace with strong
confinement capability for a wide range of monomers from gas molecules (e.g.,
acetylene, ethylene) to larger molecules (e.g., Methyl methacrylate (MMA),
Styrene (St)) even at room temperature. With the aid of this confinement, we can
control the mobility, alignment, and density of adsorbed molecules in the pore,
which is often advantageous for controlled polymerizations.

2.3 Pore Surface Functionality

If one can prepare PCP nanochannels with surface functional Lewis acidic or basic
moiety [51], they can be applied to catalytic pores for a variety of polymerization
reactions. In this regard, most PCPs have pore surfaces with coordinatively satu-
rated functional groups. The introduction of Lewis-acidic sites into the pore how-
ever, requires coordinatively unsaturated metal cation(s) (open metal site(s)) in the
pore surface [35, 36, 52-54]. Taking into account that the coordinative saturation
of metal ions in PCPs tends to occur in usual frameworks, a clue to create open
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metal sites is to use volatile solvent molecules bound to metal ions, such as a water
molecule, functionalizing the surface towards guest molecules. The removal of the
volatile molecules by heating under vacuum results in Lewis-acidic pore surfaces.

Basic functional sites contribute to superior characteristics of metal-organic
frameworks. In spite of their great importance, reports on PCPs with basic porous
surfaces have been rare because basic groups are preferentially bound by metal ions
as connectors during the assembly [46, 55, 56]. The most quoted examples of
robust PCPs are constructed using transition metal cations with either an anionic
multi-carboxylate or a neutral bipyridyl linker, whose coordination sites are used
to form available pore structures. On the other hand, the creation of free base-
functionalized channels is a difficult target as the coordination strength of these
ligands increases.

Introduction of relatively weak functional groups, such as carbonyl, hydroxyl,
nitro, amide, etc., in the nanochannels of PCPs would affect the monomer align-
ment, which may lead to precision control of stereoselectivity and regioselectivity
of the resulting polymers. In particular, PCPs with either helical or chiral structures
on the pore surface are of intense interest in chemistry and such porous solids are
potentially useful to find applications in enantioselective sorption/separation and
catalysis [34, 38-40, 42, 45]. Of considerable interest is the use of the chiral chan-
nels to affect asymmetric polymerizations such as asymmetric selective polymeri-
zation of racemic monomers as well as asymmetric polymerization of prochiral
monomers, which may give helical polymer conformations.

2.4 Host Flexibility

Dynamic structural transformation based on flexible frameworks is one of the most
interesting and presumably characteristic phenomena of PCPs, which cannot be
attained by conventional microporous materials such as zeolites and activated car-
bons [57-61]. Creation of flexible host frameworks that interact with exchangeable
guest species in a switchable fashion has implications for the generation of previ-
ously undeveloped advanced materials with applications in areas such as molecular
sensing. From the viewpoint of inclusion polymerization, utilization of such flexible
frameworks based on PCPs would be key principles for highly selective recognition,
alignment, and reaction of the accommodated monomers, which is similar to the
induced fit theory illustrated by enzymes in biological systems.

The key to creating a flexible framework is to utilize weak molecular interactions
in addition to the strong covalent and coordination bonds. Actually, coordination
bonds in PCPs are frequently supported by hydrogen bonds, n—n stacking, van der
Waals forces and other weak interactions. Intermolecular links with these weaker
interactions produce flexible parts in a framework, so that the system can exist in two
or more solid phases. Depending on the external perturbations and guest molecules,
the system will be in one of the multiple solid phases.
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3 Inclusion Polymerizations

3.1 Radical Polymerization

Radical polymerization is the most widely employed process for obtaining organic
polymeric materials, not only in industry, but also in the laboratory, because of its
versatility in polymerizing a variety of monomers [62, 63]. The industrial signifi-
cance of radical polymerization is evident in the fact that it accounts for about 50%
of all commercial polymers. Recently, radical polymerization of various common
vinyl monomers, such as St, MMA, and Vinyl acetate (VAc), has been performed
in the PCP nanochannels of [M,(L),ted] (M=Cu* or Zn2+) the channel size of
which can be systematically controlled from 4.3 to 10.8 A by changing the bridging
dicarboxylate ligands L (Fig. 1 and 2) [64, 65]. In the polymerization of St and
MMA, a strong correlation between the pore size of the PCPs and polymer yield is
clearly observed with the conversions for polymerizations decreasing as the size of
the nanochannels narrows (Tables 1 and 2). No polymeric product was obtained for
the narrowest channels of [Cu,(adc),ted] and [Zn (adc),ted] (pore size =4.8x4.3 A?).
Solid-state NMR measurements have been used to explain this pore-size-dependent
polymerizability of the encapsulated monomers (Fig. 3). The line shapes of the *H
NMR spectra for St-d, adsorbed into the larger nanochannels of [Cu ,(bpd),ted],

(pore size = 10.8x 10. 8A2) and [Cu,(bdc),ted] (pore size = 7.5x7. 5A2) revealed
that the guest St has high mobility Wlth fast rotation in the nanochannels. In con-
trast, the spectrum for St-d in [Cu,(adc),ted] showed completely solid-like behavior,
even at polymerization temperatures, indicating that the mobility of St in this
narrow channel is highly restricted. This restricted arrangement of St in the nano-
channel led to poor reactivity. Compared with the polymerizations of St and MMA,
the polymer yields in the VAc system were relatively low (Table 3); in particular,
no trace of polymeric product was observed in the polymerizations utilizing even
the nanochannels of [M,(ndc),ted] (pore size =5.7x5.7 A2). This inhibited conver-
sion of VAc in the nanochannels was ascribed to its low reactivity towards carbon
radicals derived from an initiator due to the lack of a conjugated substituent in the
VAc monomer unlike St and MMA.

It has been reported that the framework flexibility of PCPs is also of key impor-
tance to polymerizability of included monomers [66]. The polymerization of
1,4-disubstituited Divinylbenzene (DVB) (p-DVB; molecular dimension =
8.5x4.4 A) was carried out in the nanochannels of [Zn(bdc),ted] and an isostruc-
tural copper complex [Cu,(bdc),ted] under the same conditions. In this experiment,
polymeric product was obtained in the nanochannels of the Zn compound; in con-
trast, no trace of polymer was observed by using the Cu complex. In addition, the
thermogravimetric analysis showed that the amount of adsorbed monomer in
[Zn (bdc),ted] was much larger than that in [Cu,(bdc),ted] . XRPD measurements
gave an important clue to the different adsorption/polymerization properties of
[M,(bdc),ted] (Fig. 4). In the series of XRPD patterns, small changes of peak
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Fig. 1 Schematic illustration of [M,(L),ted] (M=Cu* or Zn*)

Fig. 2 Nanochannel structures of (a) [Zn,(bdc),ted] , (b) [Zn,(ndc),ted] , and (¢) [Zn,(adc),ted]
displayed by stick model. Hydrogen atoms and disordering atoms in the phenylene planes are
omitted for clarity

positions were observed after the introduction of p-DVB in [Zn,(bdc),ted] .
However, the framework of [Cu,(bdc),ted] did not show such structural changes.
The detailed framework changes in [Zn,(bdc),ted] was examined using synchro-
tron XRPD, which confirmed that introduction of p-DVB in the channel induces
certain lattice expansion compared with the original host. From these data, aver-
aged distances between p-DVB in the chgnnels of [Zn (bdc),ted] and [Cu,(bdc),ted]
could be estimated to be 4.5 and 10.6 A, respectively, suggesting a polymerizable
closed packing structure of p-DVB in the channel of [Zn (bdc),ted] .
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Table 1 Polymerization of St in Nanochannels of [M,(L),(ted)], at 70°C for 48 h

Adsorbed monomer

Host (Pore amount (number/ Conversion Tacticity® mm:mr;rr

size [A2)) unit cell) (%)* M (M M ) (m)

[Cu,(bpd),(ted)], 3.1 81 14,000 (3.3) 19:40:41 (39)
(10.8x10.8)

[Cu,(bdc),(ted)], 2.5 71 54,600 (1.6) 19:42:39 (40)
(7.5%7.5)

[Cu,(ndc),(ted)], 2.2 58 10,100 (1.6) 19:40:41 (39)
(5.7%x5.7)

[Cu,(adc),(ted)], 1.6 0 - -
(4.8x4.3)

[Zn,(bdc),(ted)], 2.5 71 56,200 (1.7) 16:43:41 (38)
(7.5%7.5)

[Zn (ndc),(ted)], 2.1 56 11,100 (1.5) 17:42:41 (38)
(5.7%5.7)

[Zn,(adc),(ted)], 1.6 0 - -
(4.8%x4.3)

Bulk polymerization® — - 37,600 (4.7) 16:42:42 (37)

*Determined by TGA

"Obtained by GPC calibrated by PSt standards
*Determined by *C NMR measurement in 1,l,2,2,—tetrachloroethane—al2 at 100°C
4Bulk polymerization was carried out under a comparable condition to those employed in PCPs

Table 2 Polymerization of MMA in Nanochannels of [M,(L),(ted)], at 70°C for 7 h

Host (Pore size [A2])

Adsorbed monomer
amount (number/
unit cell)?

Conversion
(%)

M, (M, /M)

Tacticity® mm:mr:rr

(m)

[Cu,(bpd),(ted)],
(10.8x10.8)
[Cu,(bdc),(ted)],
(7.5%7.5)
[Cu,(ndc),(ted)],
(5.7x5.7)
[Cu,(adc),(ted)],
(4.8x4.3)
[Zn(bdc),(ted)],
(7.5x%7.5)
[Zn (ndc),(ted)],
(5.7x5.7)
[Zn(adc),(ted)],
(4.8x4.3)
Bulk polymerization®

32

2.6

23

1.8

2.7

23

1.8

76

74

58

0

76

60

93,000 (4.8)
73,100 (2.0)

30,600 (2.4)

69,100 (2.4)

29,500 (2.4)

56,100 (6.4)

6:38:56 (25)
8:40:52 (28)

10:43:47 (31)

8:40:52 (28)

9:41:50 (30)

5:35:60 (22)

*Determined by TGA

"Obtained by GPC calibrated by PMMA standards
¢Determined by '"H NMR measurement in nitrobenzene-d, at 110°C
4Bulk polymerization was carried out under comparable condition to those employed in PCPs
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Fig. 3 Solid-state ’H NMR spectra of St-d, adsorbed in the nanochannels of (a) [Cu,(bpd),ted] ,
(b) [Cu,(bdc),ted] , (¢) [Cu,(ndc),ted] , and (d) [Cu,(adc),ted], at 70°C

Table 3 Polymerization of VAc in Nanochannels of [M,(L),(ted)] at 60°C for 48 h

Adsorbed monomer

Host (Pore amount (number/ Conversion Tacticity® mm:mr:rr
size [A2]) unit cell)* (%) M (M/M)  (m)
[Cu,(bpd),(ted)], 53 49 48,000 (2.4) 22:49:29 (47)
(10.8x10.8)
[Cu,(bdc),(ted)], 33 47 41,500 (1.7) 29:50:21 (54)
(7.5%7.5)
[Cu,(ndc),(ted)], 2.7 0 - -
(5.7x5.7)
[Cu,(adc),(ted)], 1.9 0 - -
(4.8x4.3)
[Zn,(bdc),(ted)], 34 66 36,000 (2.0) 30:49:21 (55)
(7.5%7.5)
[Zn (ndc),(ted)], 2.6 0 - -
(5.7x5.7)
[Zn,(adc),(ted)], 1.8 0 - -
(4.8x4.3)
Bulk polymerization® — - n.d.c 22:50:28 (47)

2Determined by TGA

®Obtained by GPC calibrated by PMMA standards

¢Determined by "C NMR measurement in DMSO-d, at 100°C after conversion to poly(vinyl
alcohol) by saponification

4Bulk polymerization was carried out under comparable condition to those employed in PCPs
¢The obtained polymer had high molecular weight portions over exclusion limit (M >5,000,000)
of GPC column with extremely wide polydispersity (M /M >20)
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Fig. 4 XRPD patterns of (a) [Zn,(bdc),ted], and (b) [Cu,(bdc),ted], during the polymerization of
p-DVB monomer in the nanochannels
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Fig.5 (a) Nanochannel structure of [Cu, (pzdc),bpy], . (b) Schematic illustration for nanochannel-
promoted polymerization of acidic acetylenes in [Cu,(pzdc),bpy],

Thus, the pore size, shape, and flexibility of PCPs strongly affect the dynamics
and arrangement of the included monomers, and the behavior of the monomers is a
key factor in promoting polymerization in the porous frameworks.

3.2 Catalytic Polymerization

It has been demonstrated that surface basic sites of PCPs successfully catalyze polym-
erization in the nanochannels. Thus, the pillared-layer complex [Cu,(pzdc),bpy],
acted as a host for spontaneous polymerization of substituted acetylenes in a
specific manner (Fig. 5) [67]. In the case of acidic monosubstituted acetylenes,
the basic oxygen atoms from carboxylate ligands in [Cu,(pzdc),bpy] produced
reactive acetylide species that subsequently initiated anionic polymerization in the
nanochannel. Compared with a control experiment using a discrete model catalyst
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(sodium benzoate), this polymerization system exhibited drastic acceleration of
polymerization. For example, the reaction of methyl propiolate with the model
catalyst at room temperature for 1 month gave only a trace amount of product.
Increase in the reaction temperature to 70°C was also ineffective for polymerization.
However, reaction of the acetylene monomer with [Cu,(pzdc),bpy], for 12 h at room
temperature successfully provided the polymeric product. This unique catalytic
polymerization mechanism in [Cu,(pzdc),bpy], was supported by IR measurement
and computer simulation using a universal force field. The experiments with
various combinations of acetylene monomers and host PCPs showed that an appro-
priate channel size, as well as the basic carboxylate moiety, is important for this
spontaneous polymerization.

4 Control of Polymer Structures

4.1 Stereoregularity

One of the most important subjects in the field of polymer synthesis is stereocontrolled
polymerizations. In particular, structural control of vinyl polymers to fabricate the
desired stereoregularity (tacticity) is highly important, since tacticity strongly affects
the properties of the polymer. Therefore, several research groups have intensively
studied the control of the tacticity of vinyl polymers during solution radical polym-
erizations [68—73]. In these systems, the addition of fluoroalcohols or Lewis acids
to the reaction media can lead to hydrogen bonding or coordinative interaction of
the solvents or the additives with the polar groups in the monomers and/or the
growing species, which causes stereospecific chain growth. However, this method
can only be applied to monomers containing carbonyl group(s), and it is still uncer-
tain whether steric or electronic interactions work on the stereostructures. Recently,
stereocontrolled radical polymerization of vinyl monomers (St, MMA, and VAc)
has been attained in nanochannels of [M,(L),ted] (M=Cu*" or Zn*"), which led to
an increase in isotacticity in the resulting polymers [65]. For example, the tacticity
of Poly(methyl methacrylate) (PMMA) strongly depends on the pore size of the
PCPs with an increase of 9% in isotacticity achieved by using [Cu,(ndc),ted], com-
pared with that obtained from the bulk polymerization system (Table 2 and Fig. 6).
When the VAc monomer was polymerized in the nanochannels of [Zn, (bdc),ted] ,
the ratio of isotactic units in the Poly(vinyl acetate) (PVAc) structure clearly
increased (8%) (Table 3). Because there is no specific interaction between the
adsorbed monomers and the pore walls, effective through-space interactions by the
nanochannels of the PCPs successfully induced the polymerizations with less
stereo-bulky isotactic units. Thus, in this polymerization system, the nanochannel
size effect on the tacticity of the vinyl polymers could be systematically studied,
showing that controlled increase of isotacticity became possible in the polymeriza-
tions utilizing the size-tunable pores of PCPs.
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Fig. 6 (a) '"H NMR spectra of Poly(methyl methacrylate) (PMMA) obtained from the nanochan-
nels of [Cu,(L),(ted)], and the bulk condition in nitrobenzene-d; at 110°C. (b) Plot of nanochannel
size effect on tacticity of PMMA

Much effort has also been devoted to stereocontrolled polymerization of the
substituted acetylene monomers, because stereoregularity (cis and frans chain
sequence) of resultant polyacetylenes affects their characteristic properties, such as
conjugation length, conductivity, suprastructures, and processability [74—77].
A remarkably high stereoselectivity was achieved by the polymerization of substi-
tuted acetylenes in the nanochannels of [Cu,(pzdc),bpy], (Fig. 7) as determined by
IR and UV-vis spectroscopies [67]. The narrow nanochannel structure can success-
fully direct the polymerization with frans-geometric addition, which strikingly
contrasts with the result obtained by using a model catalyst (sodium benzoate)
where only unfavorable cyclic byproducts (trisubstituted benzenes) and a cis-geo-
metric polymer were obtained in very low yields.

4.2 Suppression of Cross-linking

The advent of efficient methods for controlling or suppressing cross-linking struc-
tures in polymerization reaction is required for the further development of func-
tional polymer materials. For example, linear polymers bearing pendant vinyl
groups in the backbones are attractive from the viewpoints of potential reactivity of
the olefinic double bonds and application as polymer precursors [78, 79]. Usually,
radical polymerization of DVBs in bulk or solutions results in the formation of
hyper-branched network polymers, because the reactivity of the two vinyl moieties
in DVBs is equivalent. However, a radical polymerization of DVBs in one-dimen-
sional channels of [M,(bdc),ted] gave a linear polymer remaining pendant vinyl
groups in all benzene rings, which was confirmed by solubility check and by IR,
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Fig. 7 (a) IR spectrum of poly(methyl propiolate) prepared in [Cu,(pzdc),bpy], . The presence of
a band at 970 cm™' suggests that the frans-geometry is dominant in this polymer structure. (b)
UV-vis absorption spectra of poly(methyl propiolate) prepared in [Cu,(pzdc),bpy], (solid line) and
monomeric methyl propiolate (dot line) in chloroform. The appearance of a band at a longer
wavelength (>480 nm) in the absorption spectrum of the polymer supports the highly conjugated
trans form of poly(methyl propiolate)

UV-vis, and "H NMR spectroscopy [66]. For example, poly(p-DVB) obtained from
[Zn,(bdc),ted] was soluble in various organic solvents such as THF, CHCl,, DMF,
DMSO, etc., which contrasts with the insoluble product formed from the usual radical
polymerization of DVBs in solution and bulk. In the "H NMR spectrum of the poly-
mer, peaks assignable to the B-carbon of vinyl groups were observed at 5.1 and
5.7 ppm. Comparison of the peak integrations between the aromatic and vinyl regions
clearly shows that only one vinyl group of p-DVB was selectively polymerized to
form the linear polymer, and unfavorable kink structures (branching and/or bonding
through both 1,4-vinyl group) hardly formed during the reaction (Fig. 8). Thus, it is
of considerable interest that the functional PCPs successfully directed the linearly
extended polymerization of multivinyl monomers because of effective entrapment of
the reactive propagating radical mediators in the one-dimensional nanochannels.
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Fig. 8 'H NMR spectrum of poly(p-DVB) obtained from the nanochannel of [Zn (bdc),ted] in
DMSO-d,. The ratio of the peak intensities of a to those of b, ¢, and d is found to be 2:5

To elucidate the importance and effect of channel size on this linear polymerization,
polymerization of p-DVB in theo framework of [Cu,(bpd),(ted)] with large open
channels (pore size = 10.8x 10.8 A?) was studied. In this case, the polymerization of
p-DVB proceeded in high conversion (63%); however, the polymeric product iso-
lated from the channels was insoluble in any solvents showing that semibranching
cross-linked structures were formed in this large channel. This suggests that the
design and control of channel size suitable for single molecular accommodation of
p-DVB is also a key factor for successful selective linear polymerization.

Owing to the nonconjugated nature of its propagating radical, unfavorable chain
transfer and termination reactions are observed particularly in the radical polymeri-
zation process of VAc. Thus, the resultant PVAc usually incorporates many
branched structures. It is noteworthy that branch formations of PVAc were effec-
tively suppressed during the polymerization in the nanochannels of PCPs [65]. The
absolute value of the (M| ) weight-average molecular weight of PVAc prepared in
[Cu,(bdc),ted] , determined by multi-angle laser light scattering coupled with Gel
permeation chromatography (GPC), was consistent with that obtained from a con-
ventional GPC measurement using the same column. This fact clearly supports the
less-branching linear structure of the obtained PVAc due to the constrained chain
growth in the narrow one-dimensional nanochannel of [Cu,(bdc),ted] .

4.3 Molecular Weight

To enhance and improve the properties of the polymeric materials, precision
polymerization to control molecular weight and its polydispersity is particularly
important. However, in the radical polymerization process, the control of molecular
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weight is challenging because of the fact that the high reactivity of growing radical
species usually causes unfavorable termination and chain transfer reactions.
Recently, living radical polymerization of vinyl monomers in solution has emerged
as an effective method for precision vinyl polymer synthesis, since this polymeriza-
tion is free from the side reactions resulting from the introduction of dormant spe-
cies and can thus give control of molecular weights [80-82].

It has been recently reported in the system of radical polymerizations of St and
MMA utilizing the nanochannels of PCPs, that the molecular weight distributions
of the resultant polymers became narrower with decrease in the host channel size,
and eventually a value of 1.5 for M /M was attained in the polymerization of St
using [Zn,(ndc),ted] (Table 1 and 2) [64, 65]. ESR spectroscopic measurements on
propagating radicals in the nonmagnetic host [Zn,(bdc),ted] , examined during the
course of these polymerizations showed intense signals assigned to the propagating
radical of both Polystyrene (PSt) and PMMA (Fig. 9), with the maximum radical
concentrations of PStand PMMA in [Zn (bdc),ted] reaching 2.6 and 0.48 mmol kg™',
respectively. These values are much higher than those detected in conventional
solution radical polymerizations (10~*~10-"mmol kg™'). It was also observed that
after the polymerization of St in [Zn,(bdc),ted] , the ESR signal for the propagating
radical remains for 3 weeks even at 70°C. Thus, in this polymerization system,
PCPs with small pore sizes could significantly stabilize the propagating radicals by
efficient suppression of termination reactions in the nanochannels, realizing living
radical polymerizations with narrow polydispersity of molecular weight.

Unlike St and MMA, the propagating radical of PVAc shows intractably high
reactivity and less stability because of the lack of a conjugated substituent in the
VAc monomer. Thus, achievement of a narrow molecular weight distribution of
PVAc has still been limited, except for a few controlled living radical polymeriza-
tion systems [83—88]. However, PVAc obtained from the nanochannels of PCPs
showed small M /M values (e.g., M /M_of PVAc prepared in [Cu,(bdc),ted] was
1.7) by GPC measurements, while PVAc prepared under similar bulk conditions

Fig. 9 ESR spectrum for propagating radical of Poly(methyl methacrylate) (PMMA) in the
nanochannel of [Zn (bdc),(ted)],
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Fig. 10 Gel permeation chromatography (GPC) profiles of Poly(vinyl acetate) (PVAc) prepared
in [Cu,(bdc),(ted)], and in the bulk condition

showed an extremely large polydispersity (M /M >20) of molecular weight caused
by its hyper-branched structure derived from various side reactions (chain transfer
and termination reactions) (Table 3 and Fig. 10) [65]. This illustrates the effect of
narrow nanochannels in PCPs on the stabilization of growing PVAc radicals.

5 Concluding Remarks

The study on the polymerization of monomers encapsulated in channels of functional
PCPs has provided significant opportunities for controlled polymerizations in terms
of control of stereoregularity, topology, and molecular weight. The capability for
designable nanochannels (regular channel structures, controllable channel size and
surface functionality, and flexible frameworks) is one of the most powerful advan-
tages of PCPs, which has led to systematic studies of inclusion polymerizations in
microporous channels in these hosts. We believe that this polymerization system
can provide a new aspect of controlled polymerizations, and is fundamentally
important for the understanding of the role of pore size, geometry, and flexibility in
attaining tailor-made polymerizations to obtain preferred polymer structures. From
the viewpoint of applications, further research will be directed to the quest of poly-
mer physics and properties in the nanochannels of PCPs, as well as construction of
polymer-PCPs nanohybrids, in order to enhance the knowledge of applications to
nanosize molecular-based devices.
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Designing Metal-Organic Frameworks for
Catalytic Applications

Liqing Ma and Wenbin Lin

Abstract Metal-organic frameworks (MOFs) are constructed by linking organic
bridging ligands with metal-connecting points to form infinite network structures.
Fine tuning the porosities of and functionalities within MOFs through judicious
choices of bridging ligands and metal centers has allowed their use as efficient
heterogeneous catalysts. This chapter reviews recent developments in designing
porous MOFs for a variety of catalytic reactions. Following a brief introduction to
MOFs and a comparison between porous MOFs and zeolites, we categorize cata-
Iytically active achiral MOFs based on the types of catalytic sites and organic
transformations. The unsaturated metal-connecting points in MOFs can act as
catalytic sites, so can the functional groups that are built into the framework of a
porous MOF. Noble metal nanoparticles can also be entrapped inside porous MOFs
for catalytic reactions. Furthermore, the channels of porous MOFs have been used
as reaction hosts for photochemical and polymerization reactions. We also summa-
rize the latest results of heterogeneous asymmetric catalysis using homochiral
MOFs. Three distinct strategies have been utilized to develop homochiral MOFs
for catalyzing enantioselective reactions, namely the synthesis of homochiral
MOFs from achiral building blocks by seeding or by statistically manipulating
the crystal growth, directing achiral ligands to form homochiral MOFs in chiral
environments, and incorporating chiral linker ligands with functionalized groups.
The applications of homochiral MOFs in several heterogeneous asymmetric cata-
Iytic reactions are also discussed. The ability to synthesize value-added chiral
molecules using homochiral MOF catalysts differentiates them from traditional
zeolite catalysis, and we believe that in the future many more homochiral MOFs
will be designed for catalyzing numerous asymmetric organic transformations.
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Abbreviations

BDC 1,4-Benzenedicarboxylate acid
BET Brunauer-Emmett-Teller
BINOL 1,1’-binaphthalene-2,2'-diol
BPDC  Biphenyl-4,4’-dicarboxylic acid
BTC Benzene-1,3,5-tricarboxylate
MOFs  Metal-organic frameworks
SBU Secondary building unit

TOF Turn over frequency

1 Introduction

Metal-organic frameworks (MOFs), a new generation of hybrid materials built from
organic bridging ligands and metal-connecting points, have received increasing
attention over the past decade [1]. Much of the interest in MOFs arises from the
tunability of such materials which allows their use in a number of applications
[2-7]. One of the most extraordinary features of MOFs is their extremely high
porosity. The resulting channels and cavities have sizes ranging from a few
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Angstroms to several nanometers depending on the size of the ligands and the
connectivity of the networks. The high porosity of MOFs has allowed their use in
gas storage [8—11], most notably having shown promise in hydrogen storage which
is one of the key hurdles for the future hydrogen economy.

The ability to incorporate catalytically active metal-connecting points or other
functional groups into highly porous MOFs has allowed their applications in hetero-
geneous catalysis. Porous MOFs can be understood in analogy to the well-established
microporous zeolites which have played a key role in catalytic processing of many
important commodity chemicals. Zeolites are crystalline aluminosilicates con-
structed from interconnected SiO4 and AlO, tetrahedra with charge-balancing
organic and inorganic cations or protons. The resulting 3D frameworks are micro-
porous with channels/cavities of up to 1.0 nm. These well-defined pore environ-
ments provide size- and shape-selectivity during the catalytic processes, and as
such, zeolites have been widely used as selective catalysts in the petrochemical
industry (such as fluid catalytic cracking and hydro-cracking). Such heterogeneous
catalytic reactions improve gasoline quality, and significantly reduce the pollution
from combustion engines.

Templating with different structure-directing agents (SDAs) has led to the
synthesis of numerous zeolites with varied Si/Al molar ratios (and therefore varied
acidity) and pore sizes and structures (Fig. 1). Such structural diversity is key to the
processing of many organic molecules. However, the number of zeotypes is limited
by the fixed tetrahedral coordination of the Si/Al connecting points and the oxide
linker. It is also difficult to obtain zeolites with pore sizes larger than 1 nm, which
limits the catalytic applications of zeolites to relatively small organic molecules
(typically no larger than xylenes). Lastly, in spite of decades of research efforts, chiral

b

Fig. 1 Structures of zeolites ZSM-5 (a), mordenite (b), Beta (c), MCM-22 (d), zeolite Y (e), and
zeolite L (f) (modified from [51])
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zeolites still cannot be obtained in enantiopure form, which prevents applications of
zeolites in catalytic asymmetric synthesis of value-added chiral molecules for the
pharmaceutical, agrochemical, and fragrance industries.

Unlike zeolites that are built from interconnected tetrahedral aluminosilicates,
MOFs can be constructed by linking a large variety of organic bridging ligands with
many metal centers of diverse oxidation states and coordination geometries. Effec-
tively, MOFs can be synthesized from an infinite number of metal/ligand combina-
tions and thus have far greater diversity in structures, functional groups, and pore
sizes and shapes. Greater tunability of porous MOFs should then allow for their use
in catalytic reactions that cannot be realized with zeolites. Figure 2 exemplifies the
structural tunability of MOFs. Para-aryl dicarboxylic acids of different lengths —
1,4-benzenedicarboxylate acid (BDC1,4-Benzenedicarboxylic acid), biphenyl-4,4’-
dicarboxylic acid (BPDC) and p-terphenyl-4,4’-dicarboxylic acid — reacted with
zinc(II) ions to lead to a series of isoreticular 3D porous MOFs. They are built from
the same Zny(py-O)(carboxylate)s secondary building units (SBUs) which are
further linked by dicarboxylate linkers to form cubic 3D networks. The pore and
channel sizes of this family of isoreticular 3D MOFs can thus be readily tuned by
simply adjusting the ligand length. The combination of a large inventory of organic
bridging ligands and metal connectors has already led to numerous stable porous
MOFs with a broad range of pore sizes and shapes.

Active catalytic sites in MOFs can be generated in several ways. First, the metal
or metal cluster connecting points can be used to catalyze organic transformations.
As shown in Scheme 1, a metal connecting point with a free coordinating site can be
used as a Lewis acid catalyst after removal of coordinating solvent molecules from
the axial positions of the metal center [12]. Metal cluster connecting points have
also been used as active catalytic sites [13]. Second, active catalytic sites can be
generated from the functional groups within a MOF scaffold (Scheme 2) [14, 15].
However, unlike traditional immobilized catalysts, the active catalytic sites gener-
ated in this fashion are arranged in a predictable and tunable manner due to the
periodically ordered nature of the porous MOFs. Third, the catalytic activity of

Fig. 2 MOFs constructed from linear dicarboxylate linkers showing different pore sizes as a result
of different lengths of bridging ligands
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Reagents

| Products

e Coordinating molecules Exposed metal centers
(e.g. H,0) as catalytic sites

Scheme 1 Schematic illustrating the generation of unsaturated metal connecting points as active
catalytic sites

Catalytic sites

Metal Tons Functionalized linkers

Scheme 2 Schematic showing the use of functional groups in the bridging ligands as active
catalysts

MOFs can result from entrapped active catalysts, such as palladium or ruthenium
nanoparticles (Scheme 3) [16, 17]. Finally, the pores and channels of MOFs can act
as hosts with exquisite size selectivity for photochemical and polymerization
reactions.

Among the many types of catalytic reactions, asymmetric catalysis is of great
importance in industrial production of enantiomerically pure products. During the
past few decades, much research effort has been devoted to the development of
chiral zeolites and some other chiral porous materials having asymmetric catalytic
sites. However, the traditional preparation procedures of zeolites require the
removal of surfactant templates at the high temperatures of 400-550°C. Under
such harsh conditions, the chirality of the preintroduced chiral surfactants, which
are used to integrate silicate-surfactant assemblies into chiral conformations, is
irreversibly destroyed. Therefore, an enantiomerically pure form of zeolite is not
available to date. Compared to the syntheses of zeolites, homochiral MOFs can be
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Metal lons Linkers PCAS CAS @ MOF

Scheme 3 Schematic representation of trapping catalytic active species (CAS) inside MOFs.
(PCAS: precursor to CAS)

readily obtained under mild conditions and are expected to play an important role in
heterogeneous asymmetric catalysis.

Although a very large number of MOFs have been reported in the past two
decades, only a small number of them have been explored for catalytic applications.
In this chapter we highlight recent developments in catalytically active MOFs. We
first categorize achiral MOF catalysts based on the types of catalytic sites and
organic transformations, followed by discussions on heterogeneous asymmetric
catalysts based on homochiral MOFs.

2 Metal-Organic Frameworks as Achiral Catalysts

2.1 Metal Connecting Points in MOF's as Catalytic Sites

2.1.1 Cyanosilylation and Other Lewis Acid-Catalyzed Reactions

The metal-connecting points in MOFs often coordinate to labile solvent molecules
or counter ions which can be replaced by organic substrates. The Lewis acidic
nature of such metal centers can activate the coordinated organic substrates for
subsequent organic transformations. Fujita and coworkers reported the first example
of catalytically active MOFs based on this strategy in 1994 [18, 19]. When the
linear bridging ligand 4,4’-bipyridine was treated with Cd(NO3),, a colorless crystal
with the composition of [Cd(4,4’-byp),(H,0),](NOs), 4H,O (1) was obtained. The
Cd(I) centers in 1 adopt a distorted octahedral geometry by coordinating to four
pyridines at the equatorial positions, and two water molecules in the axial positions
to form a 2D infinite network (Fig. 3). The stacking pattern of such 2D layers is
illustrated in Fig. 3b. The substrates can be hosted by the cavity of the first layer
(space-filled), and further interact with the Lewis acid Cd(II) catalytic center in the
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Fig. 3 Two dimensional a
networks of 1 (a), and the

stacking pattern of two

adjacent layers of 1 (b) and

those layers were separated

by each other by a distance of

48 A (c). Packing diagram of

1 along ¢ axis shows only

very small open channels (d)

H CN
=. _Ph Ph
N/ 1(0.2eq) H/
+ Mg SiCN ———
CH,Cl,, 0°C
FC 14h FsC
98 %

Scheme 4 Cyanosilylation of imines catalyzed by 1

second layer (green ball). These layers are separated by an interlayer distance of
4.8 A (Fig. 3c).

The activity of the Cd(II) centers in 1 as Lewis acid catalysts was illustrated by
cyanosilylation of aldehydes and imines. For the cyanosilylation of imines, most of
the reactions were complete within 1 h to afford aminonitriles in quantitative yield.
When the crystals were immersed in a CH,Cl, solution with imines, there was no
detectable amount of entrapped imines in the solid, indicating that the open
channels of the frameworks were too small to accommodate imines used in the
reactions. It was thus suggested that the catalytic reactions might have exclusively
taken place on the surfaces of the crystals.

The authors took advantage of the much slower cyanosilylation rate of CF3-
substituted imine to monitor the reaction process (Scheme 4). In order to prove that
the cyanosilylation was catalyzed by solid 1 heterogeneously, the solid catalyst was
filtered after 0.25 and 1 h of reaction, respectively. After the removal of the solid
catalyst, the reaction was not promoted any further, and the conversion remained at
21 and 59%, respectively (Fig. 4). The catalytic reactivity of 1 was further
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Fig. 4 Conversion of CF;-
substituted imine catalyzed
by 1. Dash and dot lines
indicate the conversion after
filtration of solid 1 at 0.25 and
lh

conversion (%)

LU
ORI

Substrate

———

vacuum

-H20

Fig. 5 Polymeric frameworks of 2 as viewed down the ¢ axis (a) showing nanometer scale
channels, and the projection on [101] plane (b); generation of the reagent accessible sites after
dehydration of 2 (c)

compared with Cd(Py,)(NO3), that bears the partial structure of 1. Cd(Py4)(NO3),
promoted the reaction much less effectively, suggesting reaction rate enhancement
in 1 as a result of stronger binding of the imine substrate to the hydrophobic grid
cavities of 1.

Kaskel and coworkers carried out similar cyanosilylation reactions with coor-
dinatively unsaturated metal connecting points in 3D MOFs as heterogeneous
catalysts [20]. The 3D framework [Cu;(BTC),(H,0)5] (2) (BTC: benzene-1,3,5-
tricarboxylate) used in this study was first reported by Williams et al. [21]. The
open framework of 2 is built from dimeric cupric tetra-carboxylate units (paddle-
wheels) with aqua molecules coordinating to the axial positions and BTC bridging
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ligands. The resulting frameworks possess channels of ~1 nm in size running
through the [110] direction (Fig. 5a), and its porosity was confirmed by N,
adsorption experiments which gave a Langmuir surface area of 918 m* g~ ', and
a pore volume of 0.33 cm’ g~ .

As-synthesized 2 was first activated by heating at 373 K under vacuum to
remove the H,O molecules on the axial positions of the copper paddle wheels.
The resulting coordinatively unsaturated Lewis acidic Cu(I) centers can coordinate
to the aldehyde substrates to promote the cyanosilylation reaction (Fig. 5¢). Acti-
vated 2 catalyzes the trimethylcyanosilylation of benzaldehydes with a very low
conversion (<5% in 24 h) at 293 K. As the reaction temperature was raised to
313 K, a good conversion of 57% with a selectivity of 89% was obtained after 72 h.
In comparison, less than 10% conversion was observed for the background reaction
(without 2) under the same conditions. The heterogeneous nature of this catalyst
system was demonstrated by removing the solid from the reaction mixture after 8 h
of initial reaction (8% conversion at this point). The conversion of the colorless
filtrate did not increase any further after the removal of the solid catalyst.

The limitation of MOFs as heterogeneous catalysts was revealed in this study.
First, the decomposition of the framework of 2 became apparent as the reaction
temperature was raised above 333 K due to the reduction of Cu(Il) to Cu(I) by
aldehydes. Second, strong solvent inhibition effect was also observed. Electron-
donating solvents such as THF competed with aldehydes for coordination to the Cu
(ID) sites, and no cyanosilylation product was observed in these solvents. Finally,
the framework of 2 was not stable in some organic solvents, as demonstrated by the
decomposition of 2 in CH,Cl, even at room temperature. As a result, 2 gave the best
activity for cyanosilylation of aldehydes in nonpolar solvents such as pentane in a
limited temperature range.

Several other groups have also reported the use of metal-connecting points in
MOFs as catalysts. For example, Lin and coworkers reported a series of lanthanide
phosphonates possessing both Lewis and Bronsted acid sites that were capable of
catalyzing cyanosilylation of aldehydes and ring opening of meso-carboxylic anhy-
drides [12]. These materials exhibit lamellar structures that can swell to facilitate
the access of substrates with a wide range of dimensions. Long and coworkers
reported a rigid 3D MOF with exposed Mn(II) centers residing in the open channels
[22]. These Lewis acidic sites effectively catalyzed the cyanosilylation with a high
level of size-selectivity due to the rigid 3D framework structure. The previously
mentioned [Cu,(BTC),] was also reported as a Lewis acid catalyst for the isomeri-
zation of terpene derivatives [23].

2.1.2 Ocxidation of Alcohols, Thiols, and Thio Ethers

The electron-deficient nature of some metal-connecting points and clusters makes
the resulting MOFs efficient oxidation catalysts. It is well established that binuc-
lear copper complexes can be used as oxidation catalysts with oxygen or H,O,
as the oxidant [24]. Mori and coworkers reported MOFs with [Cu,(OOCR),]
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OH o

Catalyst
)\ +  H,0, —— )'\ f H,O
CH;CN

R! R? R! R2

Scheme 5 Catalytic oxidation of alcohols by hydrogen peroxide

ks
Lol

Fig. 6 (a) 2D structure of 3, viewed along c axis. (b) Structure of frameworks 4, viewed along the
b axis, showing linking of 2D networks by the peroxo groups. (modified from [25])

paddle wheel units as heterogeneous catalysts for the oxidation of alcohols
(Scheme 5) [25].

The 2D framework [Cu,(O,CC¢H;(CO,),], 3, was synthesized by reacting 1,
4-cyclohexanedicarboxylic acid with a copper(Il) salt. The 2D framework structure
in 3 is built form linking the [Cuy(OOCR)4] paddle wheel units with frans-1,
4-cyclohexanedicarboxylate bridging ligands. Addition of H,O, to the suspension
of frameworks 3 led to green copper peroxo framework 4. Upon forming the peroxo
complex 4, 2D layers of [Cu,(0,CCgH;(CO,),] grids were linked by the 1,2-trans-
Cu-O-0O-Cu species to form a 3D framework structure (Fig. 6).

The porosity of the complexes 3 and 4 was characterized by N, adsorption
experiments. The adsorption isotherms showed typical Langmuir type isotherms,
indicating the presence of micropores in both 3 and 4. Analyses of the adsorption
isotherms revealed the same effective pore diameter of 4.9 A in both frameworks,
and a BET surface area of 393.9 m? g~ ' and 328.4 m? g~ for 3 and 4, respectively.

The catalytic activity of complex 3 was investigated by carrying out alcohol
oxidation with H,0, as the oxidant (Table 1). Complex 3 catalyzed the oxidation of
primary alcohol, secondary alcohol and benzyl alcohols with high selectivity. The
oxidation of 2-propanol showed faster reaction rate and higher conversion than
that of cyclohexanol. Such a difference might be attributed to the smaller size of
2-propanol which made it easier to enter the cavities of the microporous framework.
In terms of reaction mechanism, complex 4 could be considered as an active
intermediate during the reaction process catalyzed by 3. This assumption was
confirmed by the detection of ketone when treating alcohols with 4 in the absence
of H202.
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Table 1 Oxidation of alcohol with H,O, catalyzed by 3*

Entry Substrate Selectivity (%) TOF (s™ Y Conversion (%) (h)
1? 2-Propanol Acetone (>99%) 1.6 x 1072 17.1 (1)
2b 2-Propanol Acetone (>99%) 58 x 1073 55.6 (3)
3¢ Cyclohexanol Cyclohexanone (>99%) 1.1 x 107 14.3 (168)
4° Cyclohexanol Cyclohexanone (>99%) 1.6 x 107* 19.8 (168)
5% Benzylalcohol Benzaldehyde (>99%) 7.0 x 1074 16.7 (144)
6° Benzylalcohol Benzaldehyde (>99%) 1.5 x 1073 25.8 (144)
7* 1-Octanol Octylaldehyde (>99%) 1.1 x 107 10.8 (168)
g® 1-Octanol Octylaldehyde (>99%) 1.6 x 107* 13.2 (168)
*Excess of H,O, was used

#23-fold

°113-fold

“46-fold

Fig. 7 2D sheets of Tb(IIl) centers interconnected by bpdo linkers leading to 3D networks 5 as
viewed down the a axis (a); b axis (b) and c axis (c¢). (d) Tb coordination environment in 5. (e)
Simplified schemes of the networks (onefold shown) of 5. (f) Schematic representation of the
twofold interpenetrating networks of 5§

Hill et al. have demonstrated the sulfoxidation of thioethers using an MOF
based on vanadium-oxo cluster V¢O;3 building units [13]. The 3D MOF Tb
[V6O13{(OCH,);C-(NHCH,CgH,-4-CO, }o{bpdo},], (5, bpdo = 4,4'-bis(pyri-
dine-N-oxide)) was prepared by slow diffusion between Tb(NO3); and bpdo/
[V6013{(OCH,);C-(NHCH,CH,-4-CO,) },1* (V-1). Compound § is built from
linking 2D grids comprising Tb(III) centers and bpdo units by V-1 into the 3D
framework. Two independent 3D networks in 5 interpenetrate to lead to



186 L. Ma and W. Lin

cat. (5)

RSH + 0O —— R-SS-R + H,0

Scheme 6 Oxidation of thiols catalyzed by 5

microporous channels with the dimensions of 8.0 x 5.2 A along the crystallo-
graphic a-axis (Fig. 7).

The vanadium oxide clusters in 5 showed catalytic activity in the sulfoxidation
of thioethers or thiols (Scheme 6). When tert-butylhydroperoxide (TBHP) was used
as an oxidant, tetrahydrothiophene (THT) was oxidized much faster with 5 than in
the control experiment without 5. More importantly, such sulfoxidation could be
performed with § as catalyst using ambient air as oxidant. However, formation of
the desired product dipropylsulfane (PrSSPr) was very slow, and a 41% yield was
obtained after 30 days at 45°C.

Several other MOFs have also been used as oxidation catalysts. Kim and
coworkers used [Zn,(BDC)(L-Lac)(DMF)]-(DMF) as a heterogeneous catalyst for
the oxidation of thioethers to sulfoxides by urea hydroperoxide (UHP) or hydrogen
peroxide (H,O5) [26]. Its size selectivity was illustrated by the higher conversion of
smaller sulfides over larger ones. Snejko and coworkers reported the use of
In,(OH)3(BDC); 5 [27] and [Sco(BDC)5] [28] as active catalysts for the oxidation
of alkylphenylsulfides.

2.2 MOFs Containing Functional Linkers as Catalytic Sites

2.2.1 Amide-Catalyzed Knoevenagel Condensation Reactions

In many MOFs, all of the coordination sites around the metal centers are occupied
by linker ligands, and it is difficult to use the metal connecting points as catalytic
sites in these materials. An alternative strategy in this case is to exploit the
functional groups on the linker ligands for potential catalytic activities. In order
to construct such catalytically active MOFs, the functional groups in the linker
ligands must be able to sustain the conditions used for synthesizing the frameworks
or can be regenerated in the postmodification of the frameworks. The functional
groups within the resulting frameworks must be accessible to the reagents through
the open channels. Kitagawa and coworkers reported a 3D MOF {[Cd(4-
btapa),(NOs3),]-6H,O-2DMF} (6, 4-btapa = 1,3,5-benzene tricarboxylic acid tris
[N-(4-pyridyl)amid]) constructed by tridentate amide linkers and cadmium salt
[14]. The pyridine groups on the ligand 4-btapa act as ligands binding to the
octahedral cadmium centers, while the amide groups can provide the functionality
for interaction with the incoming substrates (Scheme 7). Specifically, the — NH
moiety of the amide group can act as electron acceptor whereas the -C=0 group
can act as electron donor to activate organic substrates for subsequent reactions.
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Coordination sites

<

CANOy by 3,0
— . S
MeCN/DMF ~-

Fig. 8 Twofold interpenetrating structure of 6 showing 3D channels of dimensions of 4.7 x 7.3 A
(a), and its simplified scheme (b). (¢) View of ordered amide groups facing the open channels of 6,
with H,O molecules binding to -NH group through hydrogen bonding

Compound 6 adopts a twofold interpenetrating framework structure with free amide
groups pointing towards to the open channels (Fig. 8). The resulting zigzag chan-
nels with dimensions of 4.7 x 7.3 A are occupied by nitrate anions, water and
DMF molecules.

The amide groups in 6 were used as weak bases to catalyze Knoevenagel
condensation reactions of benzaldehyde with cyano compounds. Three cyano
compounds with different sizes, malononitrile, ethyl cyanoacetate, and cyano-
acetic acid tert-butyl ester, showed very different results. The smallest substrate,
malononitrile, gave 98% conversion of the addition product, while the largest one,
cyano-acetic acid tert-butyl ester, gave no conversion at all (Table 2). Such a guest-
selective reaction indicated that the reaction was catalyzed inside the crystal
channel instead of the surface. Much slower reaction and lower conversion were
observed both for the desolvated sample of 6 and for the free ligand 4-btapa. In the
desolvated sample of 6, there is no porosity for the substrates to interact with the
amide groups residing inside the solid, whereas the amide groups in the free ligand
4-btapa form intermolecular hydrogen bonds with each other and are thus not
available to activate the cyano compounds for Knoevenagel condensation reactions.
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Table 2 gnoevenagel condensation reaction catalyzed by 6

R CN
H / 6
+ H,C —_— CH
N\ 4 mol%
CN R

Run Substrate Molecule size Conversion (%)
1 N N 45 x 69 A 98
0.
2 NC/\"/ ~ 45 % 103 A 7
© O\lBu o
3 NC 58 x 103 A 0
o

All of these experimental observations are consistent with the heterogeneous nature
of 6 as a weak base catalyst for Knoevenagel condensation reactions.

2.2.2 Grafting of Catalytically Active Functional Groups to the Unsaturated
Metal Sites

Catalytically relevant functional groups can also be introduced by grafting onto
unsaturated metal sites within MOFs. Ferey et al. reported a robust and highly
porous MOF [Cr;(113-O)F(H,0),(BDC)5] (7) constructed from BDC and chromium
(ITI) nitrate (also called MIL-101) [16, 29]. In situ IR spectroscopic studies via CO
adsorption indicated that 7 has a number density of unsaturated Cr(IIl) sites of
1.0 mmol g~ ". Instead of directly using the unsaturated Cr(IIl) centers as catalytic
sites, the authors grafted ethylenediamine (ED) onto the Cr(III) sites (Fig. 9c). 7 has

Fig. 9 (a) Perspective view
of mesoporous cage of 7
showing hexagonal windows.
(b) Two types of super cages,
red and green/blue,
representing the highly
porous zeolite-type MOF 7.
(¢) Evolution of unsaturated
chromium centers by removal . g
of the bounding water
molecules, and its
accessibility to
ethylenediamine (ED)
molecules

423 K
=-H20
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an extremely high Langmuir surface area of 5900 m” g~ ' owing to its zeolite-type
structure having extraordinary large cages with diameters of 2.9 and 3.4 nm
(Fig. 9a, b). Although ED takes up some of the space within the frameworks, the
nitrogen uptake experiments still showed a large Langmuir surface area of
3555 m? g~ ! for the ED-grafted 7. As the uncoordinated ends of ED can act as
base catalytic sites, ED-grafted 7 was tested for Knoevenagel condensation reac-
tions. A significant increase in conversion was observed for ED-grafted 7 as
compared to untreated framework 7 (98% vs 36%).

2.3 Entrapment of Catalytically Active Noble Metal Nanoparticles

Since the porosity and crystallinity of 7 were well maintained after ED grafting, the
uncoordinated end of ED provides a site for further modification via encapsulation
of noble metals. After being treated with aqueous HCI solution, the positively
charged ammonium groups (from protonated ED) interacted with noble metal
salts, such as [PdCl4]2_, which was later reduced into noble metal by NaBHy,.
The resulting Pd nanoparticles entrapped into the framework for example showed
similar catalytic activity as Pd/C in Heck coupling reactions.

With a similar approach, Fischer and coworkers entrapped Ru nanoparticles
inside porous [Zn,O(BDC);3] (MOF-5) by hydrogenolysis of the adsorbed volatile
ruthenium species [Ru(COD)(COT)] (COD = 1,5-cyclooctadiene, COT = 1,3,5-
cyclooctatriene) [17]. The included Ru nanoparticles had a size range of 1.5—
1.7 nm, and the intact framework of MOF-5 was confirmed by different spectroscopic
methods. The resulting solid Ru@MOF-5 was tested for oxidation of benzyl
alcohol; however, only a modest conversion of 25% to benzyl aldehyde was
obtained, and the XRD revealed the breakdown of the structure of MOF-5 as well
as the loss of framework porosity. In contrast, the crystallinity of Ru@MOF-5
remained when it was used to catalyze the hydrogenation of benzene to cyclohex-
ane with 25% conversion under 3 bar H, at 75°C (Scheme 8).

2.4 MOFs as Reaction Hosts with Size Selectivity

2.4.1 Reaction Host for Photochemical Synthesis

Due to the highly ordered structures of MOFs, pores of specific sizes and shapes can
be purposely constructed and used as nano-reactors for size-selective reactions.
Li and coworkers synthesized a 3D MOF [Cos(bpdc);(bpy)]-4DMF-H,0 (8, bpdc:
biphenyldicarboxylate, bpy: 4,4'-bipyridine) by a solvothermal reaction of 1-D
polymer [Co(bpdc)(H,0),]-H,O and 4,4'-bipyridine [30]. The resulting twofold
interpenetrating 3D porous framework (Fig. 10) showed great thermal stability. The
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© 25%

Scheme 8 Schematic for the formation of Ru@MOF-5 and its applications on alcohol oxidation
and benzene hydrogenation

Fig. 10 (a) Coordination environment of Co, showing the building unit of [Coz(bpdc);(bpy)] (8).
(b) Packing diagram of one of the two nets of 8 viewed down the b axis. (¢) Twofold interpene-
trating 3D networks viewed down the a axis. (d) Space-filled model of 8 viewed perpendicular to
the (001) plane

framework structure remained essentially unchanged even after evacuating the
pristine sample at 300°C.
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Fig. 11 Schematic illustration of styrene polymerization in the 1-D channels within the MOFs
(courtesy of Professor Kitagawa)

Further analysis of the channels of 8 shown in Fig. 10d revealed the existence of
supercages with the size of 11 x 11 x 5 A, which are interconnected through
narrower windows with a maximum dimension of 8 A. The supercages and chan-
nels in 8 were tested as hosts for size-selective reactions. The photochemistry of
o-methyl dibenzyl ketone (0-MeDBK) was examined utilizing 8 as the reaction host
(Scheme 9). This type of photochemical reactions was extensively studied using
FAU and MFI zeolites as hosts [31]. During the photoreaction, the o-MeDBK in the
singlet state can undergo intramolecular hydrogen abstraction followed by cycliza-
tion to produce cyclopentanol, CP. On the other hand, o cleavage followed by
decarbonylation forms a geminate pair of hydrocarbon radicals, which randomly
recombine to afford products AA, AB, and BB. The photolysis of 0-MeDBK in the
presence of 8 produced CP in 40% yield along with the single radical recombination
product AB in 60% yield. The exclusive production of AB was rationalized by a
“cage effect” of 100% efficiency (for comparison, the same photolysis in NaX has a
cage effect of 70%). Only 50% of the overall product could be extracted from the
solid. The remaining product had to be recovered by breaking down the framework
8 via soaking in water. 1-D compound [Co(bpdc)(H,0),]-H,O could be recycled
after breaking down 8.
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Fig. 12 Combination of different metal (Cu2+ or Zn2+) with different size of linker ligands L (a—d)
to result in 3D MOF with open channels along the ¢ axis

Table 3 Polymerization of styrene in nanochannels of 9 and 10 at 70°C for 48 h

Host Adsorbed monomer Conversion (%) M, (M, /M.,)
(pore size [/"X]2 (number/unit cell)

9a (10.8 x 10.8) 3.1 81 14,000 (3.3)
9b (7.5 x 1.5) 2.5 71 54,600 (1.6)
9¢ (5.7 x 5.7) 2.2 58 10,100 (1.6)
9d (4.8 x 4.3) 1.6 0

10b (7.5 x 7.5) 2.5 71 56,200 (1.7)
10c (5.7 x 5.7) 2.1 56 11,100 (1.5)
10d (4.8 x 4.3) 1.6 0

Bulk polymerization 37,600 (4.7)

2.4.2 Reaction Host for Polymerization

Certain types of reactions, such as polymerization, in the confined nanoscale
channels/space may have different pathways compared with those in open space.
Kitagawa and coworkers have utilized size-tunable MOFs as reactions hosts for
radical polymerization of activated monomers, such as styrene, divinylbenzene,
substituted acetylenes, methyl methacrylate, and vinyl acetate (Fig. 11) [32-35].
Para-dicarboxylate linkers of different sizes, a—d, were used to link Cu?* and Zn**
centers to form 2D sheets which were further linked by triethylenediamine to form
3D frameworks 9a—d (for Cu2+) and 10b—d (for Zn2+) that possess 1-D channels
(Fig. 12).

Owing to the different size of linker ligands a—d, the resulting frameworks
possessed open channels of varied sizes from 4.3 x 4.8 A% t0 10.8 x 10.8 A2,
Polymerization of styrene was performed using 9a—d and 10b—d as hosts at 70°C.
Since styrene has a slightly larger dimension than the channels in 9d and 10d, as
expected, no conversion was observed when these two frameworks were used
(Table 3). Most importantly, the molecular weight distribution (i.e., polydispersity
index M,/M,) of polystyrenes produced within the nanochannels was narrower than
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those prepared by bulk synthesis. This unique capability of molecular weight
control was further examined by ESR measurement. Intense signals assigned to
the propagating radicals of polystyrene were observed, reaching 2.6 mmol kg~ ' in
10b, which is significantly higher than those detected in conventional solution
radical polymerizations (10~*~107> mmol kg~ '). The nanochannels could thus
better stabilize the propagating radicals and suppress the termination reactions,

leading to smaller and more desirable M,,/M,, values.

3 Homochiral MOFs as Asymmetric Catalysts

3.1 General Strategies for Homochiral MOF Synthesis

As illustrated in cyanosilylation and other lewis acid-catalyzed reactions, appli-
cations of MOFs in achiral catalysis suffer from several limitations when com-
pared with traditional inorganic oxide catalysts, including limited thermal and
hydrolytic stabilities. It will thus be difficult for MOFs to compete against zeolites
for the reactions that require high temperatures and aggressive solvents. On the
other hand, no known zeolites can be used to catalyze enantioselective reactions.
Given that most asymmetric catalytic reactions are carried out in nonaggressive
solvents under mild conditions, MOFs appear to be ideally suited for such
applications owing to the ability to prepare chiral MOFs with large open channels
in a modular fashion.

Compared to relatively few examples of MOF-based achiral catalysts, there are
even fewer examples of homochiral MOFs used in asymmetric catalytic reactions.
Several distinct strategies can be used to construct homochiral MOFs. Ideally,
crystallization of homochiral MOFs via self-resolution from achiral linker ligands
is the most economical way to accomplish such a goal. However, the resulting bulk
samples, in almost all of the cases, contain both enantiomorphs and are thus
racemic. Aoyama and coworkers successfully obtained homochiral MOFs in the
bulk from achiral ligands by carefully controlling nucleation in the crystal growth
process [36]. Zheng and coworkers recently reported the synthesis of homochiral
MOFs from achiral ligands by chemically manipulating the statistical fluctuation of
the formation of enantiomeric pairs of crystals [37]. Growing MOF crystals under
chiral influences is another approach to obtain homochiral MOFs using achiral
linker ligands. Rosseinsky and coworkers have introduced a chiral coligand to
direct the formation of homochiral MOFs by controlling the handedness of the
helices during the crystal growth [38, 39]. Morris and coworkers utilized ionic
liquid with chiral cations as reaction media for synthesizing MOFs, and success-
fully obtained homochiral MOFs even though they do not contain cationic part of
the ionic liquid [40]. The most reliable strategy for synthesizing homochiral MOFs
is, however, to use the readily available chiral linker ligands for their construction.
A number of homochiral MOFs with open framework structures were synthesized
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by this method in recent years [41-46]. All of the homochiral MOFs examined for
asymmetric catalytic reactions so far have been made using this strategy.

3.2 Homochiral MOF's with Interesting Functionalities and
Reagent-Accessible Channels

Although a number of chiral building blocks can be used to construct homochiral
MOFs, Lin and coworkers focused on enantiopure 1,1’-binaphthyl-derived linker
ligands because the related 1,1’-bi-2,2'-naphthol (BINOL) and 2,2'-bis(diphenyl-
phosphino)-1,1’-binaphthyl (BINAP) are among the most widely used chiral
ligands for homogeneous asymmetric catalysis [47, 48]. They have successfully
constructed homochiral MOFs using 1,1’-binaphthyl-derived chiral bridging
ligands containing orthogonal functional groups that can be used to coordinate to
catalytically active metal centers to enhance enantioselectivity. One of the advan-
tages of using the 1,1’-binaphthyl moiety as the chiral backbone is the ability to

Haly L Li

Scheme 10 Homochiral bridging ligands derived from BINOL

Fig. 13 Chiral crown ether pillars on lamellar lanthanide bisphosphonate 11
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selectively functionalize at specific positions. As shown in Scheme 10, a variety of
linking groups such as pyridine, phosphonic acid, and carboxylic acid can be
selectively introduced to the 3,3, 4,4’, and the 6,6’ positions of the 1,1’-binaphthyl
moiety. Moreover, the length of the linker groups can be readily adjusted in order to
tune the framework structure and porosity of the resulting materials.

The Lin group has prepared a number of homochiral MOFs based on 1,1’-
binaphthyl-derived bridging ligands that contain additional functional groups for
potential enantionselective recognition and separation processes. For example, homo-
chiral lanthanide bisphosphonate MOF [Ln,(H,L),(CH30H)]-H4L-3HCI-6H,O (11)
was built from chiral bridging ligand L; containing crown ether groups (Fig. 13)
[42], which are potentially useful in bulk chiral separation of racemic ammonium
salts (such as protonated amino acid derivatives). Although these lamellar solids
maintained their framework structures after the removal of guest molecules, the
limited porosity has precluded their application in enantioselective separations.

desolvated-12

Fig. 14 Schematic representation of the reversible single-crystal to single-crystal and single-
crystal to amorphous to single-crystal transformation processes of 12
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An effective MOF-based heterogeneous asymmetric catalyst needs to satisfy
two requirements: the ability to maintain the framework structure under catalytic
conditions and the facile transport of the reagents and products through the open
channels in order for the substrates to access the active catalytic sites. Increasing the
length of the bridging ligands may be a feasible way to create more solvent/reagent
accessible channels built with the frameworks. However, longer bridging ligands
may lead to framework catenation which will reduce the pore size [9]. Another
undesired effect caused by the longer bridging ligands is the framework distortion
after the removal of guest molecules. In order to probe the feasibility of designing
homochiral MOFs that satisfy both of these requirements, Lin et al. synthesized a
highly porous homochiral MOF [Cd(L,),(ClO4),]-11EtOH-6H,0 (12) based on
1-D coordination polymers that were built from linking Cd(ClO,4), with the
elongated di-pyridyl ligand L, [43]. Compound 12 can readily exchange solvent
molecules upon exposing the pristine crystals to a vapor of other solvents, and
interestingly, the solid underwent single-crystal-to-single-crystal transformation dur-
ing the solvent exchange processes. The pristine solid lost crystallinity upon removal
of the solvent molecules in air, but the crystallinity was regained upon exposure the
amorphous solid to solvent molecules (Fig. 14). These results suggest that the
framework structures of homochiral MOFs can be maintained during potential
heterogeneous asymmetric catalytic reactions and true heterogeneous asymmetric
catalysts can be built from homochiral MOFs.

Fig. 15 (a) [Zn3(pn-O)(Ly4)e] SBUs in (13). (b) Coordination environment or metal centers 9f 13.
(¢) Large 1-D equilateral triangular shape channel along the ¢ axis, with a size of 13.4 A. (d)
Stacking patterns of 2D layers (depicted in different colors) as viewed along the a axis
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Scheme 12 Transesterfication of esters catalyzed by 13

3.3 Nonchiral Active Sites Within the Homochiral Framework
Structures

Kim and coworkers reported the first example of asymmetric catalysis using a
homochiral MOF, albeit with a very modest enantioselectivity (ee) [41]. Chiral
porous [Zn3z(p3-O)(L4-H)e]-2H30-12H,0 (D-POST-1, or 13) was synthesized from
a solvothermal reaction of Zn(NOs), and enantiopure chiral ligand L4 which is from
readily derived from p-tartaric acid (Scheme 11). The oxo-bridged zinc trinuclear
unit in 13 is coordinated by six carboxylate groups to form a SBU, which is further
interconnected through zinc ions and pyridyl groups to result in large chiral 1D
channels of ~13.4 A along the c axis (Fig. 15).

Each trinuclear zinc unit contains six pyridyl groups, three of which are coordi-
nated to the zinc ions, and two of the remaining three protonated. These exposed
pyridine groups showed catalytic activity in the transesterification of ester E
(Scheme 12). When racemic 1-phenyl-2-propanol was used, the ester product
exhibited a modest ~8% ee in favor of the S-enantiomer.
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Fig. 16 (a) Schematic representation of the 3D framework of 14 showing the zigzag chains of [Cd
(u-Cl),], along a axis. (b) Space-filling model of 14 as viewed down the a axis, showing large 1D
chiral channel (1.6 x 1.8 nm). (¢) Schematic representation of the active (BINOLate)Ti(O'Pr),
catalytic sites in the open channels of 14

Table 4 Ti(IV)-catalyzed ZnEt, additions to aromatic aldehydes®

fe) OH
)K ZnEt M» A
+ Zn N &
Ar 2 Tioen, 1 \E
H H
Ar BINOL/Ti(O'Pr), 14eTi
conv.% ee% conv.% ee%
1-Naph >99 94 >99 93
Ph >99 88 >99 83
4-Cl-Ph >99 86 >99 80
3-Br-Ph >99 84 >99 80
4'-GyOPh >99 80 >99 88
4-G,/OPh >99 75 73 77
4'-G,0OPh >99 78 63 81
4'-G,'OPh 95° 67° 0 -
O _H
o— O
R: —CH;
WL
\O 0/ Dendron: G, Gy G, G,
Dendritic aldehydes ~ Est.size: 0.8 nm .45 nm 1.55 nm 2.0 nm

#All the reactions were conducted with 13 mol% of 14 or 20 mol% BINOL and excess amounts of
Ti(OiPr)4 at room temperature for 12 h. Conversions were determined by GC or NMR, while ee%
values were determined on chiral GC or HPLC for all the secondary alcohols except for 4'-G,'OPh
whose ee% was determined by NMR spectrum of its Mosher’s ester

"With 40 mol% BINOL
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3.4 Postmodification of Homochiral MOF's Bearing Bridging
Ligands with Orthogonal Functionalities

3.4.1 High Enantioselective Diethylzinc Addition Reactions

The Lin group used a postsynthetic modification strategy to generate a highly active
and enantioselective heterogeneous catalyst from homochiral MOFs bearing bridg-
ing ligands with orthogonal functionalities. Slow vapor diffusion of diethyl ether
into the mixture of (R)-6,6'-dichloro-2,2’-dihydroxyl-1,1’-binaphthyl-bipyridine
(L3) and CdCl, in DMF/MeOH 1led to 3D homochiral MOF [Cd;(L3);Clgl-
4DMF-6MeOH-3H,0 (14) [15]. The 3D framework structure of 14 resulted from
linking 1D zigzag [Cd(p-Cl),], SBUs by the L3 ligands via pyridine coordination
and had the largest channel opening of 1.6 x 1.8 nm running along the @ axis
(Fig. 16). More importantly, one third of the chiral dihydroxy groups in 14 are
facing the open channels, which makes them accessible to secondary metal centers.

The porous solid 14 was pretreated by Ti(O'Pr), to generate the grafted Ti-
BINOLate species. The resulting active “14-Ti” species efficiently catalyzed the
diethylzinc addiction reactions in a level of ee (up to 93%) that is comparable to the
homogeneous analogue (94% ee) (Table 4). The heterogeneous nature of this solid
catalyst was confirmed by the nonreactive supernatant from a mixture of 14 and Ti
(O'Pr),. Moreover, a set of control experiments were performed using aldehydes

Fig. 17 (a) The 2D square grid in 15. (b) Schematic representation of the 3D framework of 15. (c)
Space-filling model of 15 as viewed down the ¢ axis, the twofold interpenetrating networks are
shown with blue and violet colors. (d) Schematic representation of the interpenetration of mutually
perpendicular 2D grids in 16. (e) Space-filling model of 16 as viewed down the ¢ axis. (f)
Schematic representation of steric congestion around the chiral dihydroxyl group of L3 (orange
sphere) arising from the interpenetration of mutually perpendicular 2D grids in 16
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with different size from 0.8 to 2.0 nm to show that the aldehydes are accessing the
Ti active sites in the interior of crystals of 14. Decreased conversion was found
when larger aldehyde was used, and no conversion of aldehyde G, with size of
2.0 nm was used, which is larger than the size of the open channels of the
framework. Such a size-dependant conversion further illustrated the heterogeneous
nature of the 14-Ti catalysts and that the catalytic reactions occur inside the open
channels of the solid (instead of external surfaces of the solid).

3.4.2 Catalytic Activities Determined by Framework Structures

The chloride anions coordinate to the Cd centers to give [Cd(it-Cl),],, SBUs in 14.
It is well-established that the MOF structures critically depend on the anions used
during the crystal growth. While using the same ligand L3, Lin et al. obtained two
different homochiral MOFs [Cd;(L3)4(NO3)s]-7MeOH-5H,0 (15) and [Cd
(L3)5(ClO4),]-DMF- 4MeOH-3H,0 (16) when Cd(NOj), and Cd(ClO,4), were
used as the metal sources [44]. Compound 15 shows twofold interpenetrated
structure of two sets of 3D frameworks, which are constructed by 2D grids and
1D zigzag polymeric chains. Large channels with dimension of 13.5 x 13.5 A
exist along the ¢ axis (Fig. 17¢). Compound 16 adopts 3D network from highly
interpenetrated 2D grids, resulting 1D channels with size of 1.2 x 1.5 nm
(Fig. 17e).

Compound 15 was activated by Ti(O'Pr)4 to lead to an active heterogeneous
asymmetric catalyst for the diethylzinc addition to aromatic aldehydes with up to
90% ee. However, under the same conditions, a mixture of 16 and Ti(O'Pr), was
inactive in catalyzing the diethylzinc addition to aromatic aldehydes. Careful
investigation of the structure of 16 revealed the close proximity of the Cd
(py)2(H,0), moiety in one 2D grid with the dihydroxyl groups of the other 2D
grid, which made the dihydroxyl groups inaccessible to Ti(O'Pr),. When treated
with Ti(OiPr)4, compounds 15 and 16 had entirely different activities due to the

Q (\%“{H’i :
{ ) ¢ D
Zn(NO3),
Ls —

DMF, 80 °C

Habpde

Scheme 13 Synthesis and framework structure of 17
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Scheme 14 Asymmetric epoxidation catalyzed by 17
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Scheme 15 Schematic representation of the synthesis of 18 and the connectivity of L¢ and copper
paddle wheels

subtle structure differences. The finding of such a drastic difference in catalytic
activity is remarkable since 15 and 16 were built from exactly the same building
blocks, and this finding highlights the important role of the framework structure in
determining the catalytic performance.

3.5 Homochiral MOF's with Precatalysts as Building Blocks

An alternative approach to catalytically active homochiral MOFs is to incorporate
directly chiral metal complexes which are either active catalysts or precatalysts into
the framework structures. For example, Hupp and coworkers have combined L5 and
Hobpde with Zn(NO3), and obtained twofold interpenetrating 3D networks
[Zn,(bpdc),Ls]-10DMF-8H,0 (17) (Scheme 12) [46]. While the channels along
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Fig. 18 Space-filled model of 18 as viewed down the b axis (left) and the stacking patterns of 2D
grids as viewed along the ¢ axis

Table 5 Asymmetric ring-opening reaction of epoxide with amine

NH, on
18
o + S
NHPh

Catalyst Solvent Time/h Yield (%) ee (%)
18 Toluene 48 54 45

18 None 24 51 51
(S)-BINOL None 24 3 2

the b axis are blocked as the result of interpenetration, channels in the a and ¢
directions still remain with size of 6.2 x 6.2 A and 6.2 x 15.7 A, respectively
(Scheme 13).

The orientation of Ls in the frameworks makes all Mn(III) sites accessible
through the channels. The resulting open frameworks with built-in (salen)Mn com-
plexes showed catalytic activity towards asymmetric olefin epoxidation reactions.
In the asymmetric epoxidation of 2,2-dimethyl-2H-chromene catalyzed by 17
(Scheme 14), 71% yield and 82% ee were obtained. No significant decrease of
catalyst activity was observed during the reaction and the catalyst could be recycled
and reused several times. Notably, the heterogeneous catalyst 17 has shown higher
activity than the homogeneous counterpart, albeit with slightly lower ee.

Using a similar approach to the Lin group, Tanaka and coworkers synthesized
homochiral MOFs [Cu,(L¢),(H,0),]MeOH.H,O (18) from 2,2'-dihydroxyl-1,'1-
binaphthyl-5,5’-dicaroxylatic acid (L¢) and Cu(NOs), [45]. The copper paddle-
wheel SBUs in 18 were linked by BINOL scaffolds through 5,5’ positions
(Scheme 15). The resulting 2D square grid networks are stacked along the b axis
with a interlayer Cu—Cu distance of 15.6 A (Fig. 18).
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Scheme 16 Schematic representation of formation of zirconium phosphonate-based chiral porous
hybrid materials

The homochiral framework 18 is capable of catalyzing the asymmetric ring-
opening of epoxides with amines. Compound 18 shows moderate catalytic activity
with up to 54% yield and 51% ee (Table 5). The control experiments were carried
by using S-BINOL as catalyst, and only negligible yield and ee were obtained. The
mechanism for this reaction however remained unclear.

Lin and coworkers have reported zirconium phosphonate-derived Ru-BINAP
systems (Scheme 16) [49]. Zirconium phosphonate-based chiral porous hybrid
materials containing the Ru(BINAP)(diamine)Cl, precatalysts showed excellent
enantioselectivity (up to 99.2% ee) in the asymmetric hydrogenation of aromatic
ketones. These catalysts were also readily recovered by centrifugation and reused
for up to 10 times without significant loss of catalyst activity and enantioselectivity.
Related zirconium phosphonates containing Ru(BINAP)(DMF),Cl, precatalysts
were successfully used for asymmetric hydrogenation of B-keto esters with up to
95% ee [50].
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4 Conclusions and Perspectives

This chapter has summarized recent developments in the rational design of catalyt-
ically active MOFs. Their applications in both achiral and asymmetric catalysis
were surveyed. Three distinct approaches have been developed to construct cata-
Iytically MOFs, including the use of unsaturated metal-connecting points as cata-
lytic centers, the use of functional groups in the bridging ligands as active sites, and
the entrapment of catalytically active species inside the channels and pores of
MOFs. The use of channels and pores in MOFs as hosts for size- and shape-
selective reactions was also discussed. Limited thermal and hydrolytic stabilities
of MOFs however present major hurdles for their practical applications in achiral
catalysis, particularly for the reactions that can be effectively catalyzed by
microporous inorganic oxides such as zeolites. Homochiral MOFs on the other
hand can be used as heterogeneous catalysts for stereoselective reactions which
cannot be catalyzed by zeolites. Compared to the MOFs available for achiral
catalysis, only a very small number of homochiral MOFs have so far been
developed for heterogeneous asymmetric catalysis due to the challenge in design-
ing homochiral MOFs with large enough open channels to allow the access of
typically large prochiral reagents. Research on asymmetric catalysis using homo-
chiral MOFs has barely scratched the surface. Many more catalytically active
systems will be developed and used for stereoselective organic transformations in
the coming years.
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Magnetic and Porous Molecule-Based Materials

Nans Roques, Veronica Mugnaini, and Jaume Veciana

Abstract In this chapter, we give an overview of the recent state-of-the-art research
of porous and magnetic molecule-based materials. The subject is introduced by
a section devoted to the fundamentals of magnetism in molecular magnets, with
special attention to the design strategies to prepare molecular magnetic materials.
We will then focus on the two main families of materials combining porosity and
magnetism: the purely organic and the metal-organic porous magnetic materials.
For both families, a selection of the most representative examples has been made.
A complete section is devoted to magnetic and porous materials with flexible
frameworks, an area of emerging importance in this field, because of their wide
range of applications. Finally, we conclude with a brief overview on the most recent
approaches for the future development of these materials.

Keywords Magnetism ¢ Metal-organic frameworks ¢ Open-shell organic
molecules ¢ Porosity ¢ Purely-organic frameworks
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1 Introduction

Since Flanigen and co-workers reported the synthesis of the first zeolite analogues
— the microporous aluminophosphonate solids [1] — the number of synthetic porous
solids has increased significantly. Over the past 30 years, in addition to the large
number of porous phosphates described in the literature, new oxygen-containing
porous materials have been obtained, combining phosphites, oxofluorides and oxo-
chlorides, fluorides, nitrides, sulphates, sulphides, selenites, halides, germinates,
arsenates, and cyanides with a large list of metal ions [2—4]. Together with the rapid
development of these inorganic porous materials, a new class of porous solids
emerged around 15 years ago, when organic molecules were introduced as direct
constituents of porous structures. These porous solids result from the reaction
between inorganic and organic species (the latter mainly containing O and/or N
donor atoms) to build open-frameworks whose skeletons contain both organic and
inorganic moieties mainly linked by strong bonds [5], at variance to supramolecular
chemistry. According to the dimensionality of the inorganic framework, Férey
classified these new porous materials into four different categories [6] (an alterna-
tive classification has been proposed by Cheetham and co-workers [7]) (Fig. 1).
Thus, the introduction of organic connectors can induce pillaring between infinite
inorganic 2-D layers or allow connecting infinite inorganic 1-D chains. These 2-D
and 1-D systems are usually referred to as organic-inorganic hybrid materials, in
contrast to the pure inorganic 3-D zeolites. Eventually, organic linkers could also
be arranged around single ions or discrete polymetallic species, as in coordination
chemistry, to afford 0-D structures, as far as the inorganic part is concerned. These
0-D inorganic structures will be referred from now on as coordination polymers or
with the more general acronym MOFs (metal-organic frameworks).

Since the beginning of the 2000s, thousands of publications describing open-
framework coordination polymers have been reported [8—15]. The reason why
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Fig. 1 Classification of porous structures depending on the dimensionality of the inorganic sub-
network. (a) 3-D pure “inorganic”-based framework; (b) Pillared 2-D “inorganic” layers through
multitopic organic linkers; (¢) 1-D “inorganic” chains linked through multitopic organic linkers;
(d) Coordination polymers resulting from the connection of 0-D “inorganic” species (metal-
organic assemblies or isolated metal ions) thanks to multitopic organic linkers. The design of this
figure has been inspired from ref 6

these materials have attracted so much attention is twofold. First, and compared to
“classical” porous solids, it consists in the potentiality offered by organic chemistry
to design organic multitopic ligands combined with the huge number of metal ions
and polynuclear species, previously isolated in coordination chemistry, providing
an almost endless number of possibilities for creating new MOFs. Therefore,
numerous examples of nanoporous coordination polymers have been reported in
the last few years, showing diverse topologies, rigid or dynamic frameworks,
increasingly higher pore sizes and specific surfaces, and various pore shapes and chemi-
cal nature [16]. The second reason is related to the important applications expected
for these coordination polymers. As organic-inorganic zeolite analogues, these
systems have shown relevant properties in the areas of ion exchange [17-22], separation
processes, [23] and catalysis [24-26]. Particularly, their potential use in gas storage



210 N. Roques et al.

applications [27-29] has greatly contributed to the expansion of this research line.
For instance, Férey, Kitagawa, Yaghi, and co-workers have shown the ability of
some MOFs in the sorption of carbon dioxide [30], methane [31-35], and hydrogen
[27], domains of paramount importance concerning pollution and energy problems.
Such results, together with the efficiency recently shown by some of these porous
solids for industrial applications [36-39], make us think that MOFs-based gas stor-
age devices will be developed in the near future. However, as far as properties are
concerned, the major revolution comes from the large diversity of elements — metal
ions or polynuclear species and organic molecules — involved in the direct composi-
tion of the open-framework. This situation opens new perspectives in the design of
a second generation of multifunctional porous materials [40-42], which combine
classical applications of zeolites associated to their inherent porosity character with
the development of novel chemical and physical properties, such as, among others,
magnetic, conductive, and/or optical properties (for a complete review on multi-
functional open-framework materials see [43]).

Since magnetic open-framework materials are probably the most abundant among
multifunctional porous materials reported to date, we aim to give, in this chapter,
a short overview on the different types of magnetic and porous coordination polymers,
although, due to the large number of examples so far described in the literature,
we have decided to focus on representative cases. Therefore, in order to proceed
in a pedagogic fashion, the second section will describe the main approaches used
so far to construct molecule-based magnetic materials. Using the given information
as a starting point, we will hence demonstrate, in the third and fourth sections, that
the same tools and rules can be used to design magnetic and porous frameworks.
Particularly, the third section will focus on purely organic open-frameworks, an
emerging new class of porous solids composed of only organic molecules
bonded by weak interactions, whose design takes advantage of supramolecular
chemistry. The fourth section will be devoted to metal-organic coordination
polymers and to some representative cases of MOFs. In the fifth section, we will
show some cases reporting the most remarkable properties of coordination
polymers: their dynamic structural transformations due to their flexible structures,
which could be used to modulate the magnetic properties. Finally, the last section
will be dedicated to the state-of-the-art research in this field, giving some repre-
sentative examples on recent investigations focused on magnetic nanoporous
materials.

2 Molecular Magnetic Materials: General Concepts

Magnetism has long attracted the imagination and attention of the scientific com-
munity, and magnets have been essential for the transformation of our society into
the high-technology one of today [44]. Particularly, the remnance and hysteresis
phenomena associated with magnetic materials are fascinating: hysteretic materials
retain part of their magnetization and hence, can store information below their critical
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temperature [45]. This characteristic explains the wide spreading study of molecule-
based magnets for their application in modern technology as well as in the field of
nanotechnology [46].

A magnetic material always consists of a spin-bearing moiety responsible for the
magnetic behaviour. According to the nature of the spin site — also named magnetic
unit — magnetic materials can be classified into traditional magnets, composed only
of inorganic magnetic units, and molecule-based magnets, incorporating molecules
in their structures. These latter ones will be the subject of this section [47].

A single spin-bearing moiety cannot be responsible for the magnetic character
of a magnet, since magnetism is a bulk phenomenon, i.e., it is never associated with
the presence of a single spin or many isolated spins, but rather with the presence of
many interacting spins in bulk materials. Therefore, a magnet does not only consist
in a magnetic unit, but also in a connector or spacer (either an organic or an inor-
ganic species) able to propagate the magnetic interactions among the magnetic
units. These connecting species can be either magnetically non-active or magneti-
cally active. While magnetically non-active ligands are only responsible for the
transmission of the exchange interactions by properly placing the spin-bearing sites
in space, magnetically active spacers might play, in addition, an active role in the
determination of the final magnetic properties of the material. A particular case is
represented by pure organic magnets, where the magnetic unit is an organic open-
shell molecule and the interaction between the spins is mediated by non-covalent
bonds, such as hydrogen bonds, and therefore, no spacers, neither organic nor inor-
ganic, are needed [48, 49], as will be described in Section 3. The main factors that
contribute to the overall magnetic behaviour in molecule-based magnets are: (1) the
topology of the molecules and (2) the molecular packing. The shape of the mole-
cules and their electronic structure play a crucial role in determining the crystallo-
graphic structure, while the magnetic interaction or coupling between the spins
through covalent and/or non-covalent bonds depends on the molecule packing that
ultimately governs the cooperative behaviour. Hence, the molecular topology and
the packing are of utmost importance for the interaction of the spins and the mag-
netic ordering at a characteristic temperature, named the critical temperature. Such
a temperature will be determined by the strength of the magnetic interactions
between the spins as well as by the dimensionality of such interactions. One of the
goals of the research on molecular magnetism is to achieve a molecular material
with a residual permanent magnetization at zero-field for an as-high-as-possible
critical temperature, below which all spins of the magnetic units are ordered. The
ordering of the spins may lead to three different types of cooperative magnetic
behaviours: ferromagnetism, ferrimagnetism, and antiferromagnetism. In the case
of ferromagnetism, the structure allows for a parallel alignment — ferromagnetic
coupling — of all the spins in the ordered phase [50]. In both ferrimagnets and anti-
ferromagnets there is an antiparallel alignment or antiferromagnetic coupling of the
spins of neighbouring spin carriers. When the individual magnetic moments are
different, the result is a non-zero total magnetic moment of the bulk material and
the material is ferrimagnetic. Instead, when there is an antiparallel coupling of spins
of identical magnetic moments, the magnetizations of the two sublattices cancel and
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the material shows antiferromagnetism, with a total null magnetic moment. Since
states of low-spin (LS) multiplicity are often more stable than states of high-spin (HS)
multiplicity, and the structural and electronic requirements for achieving ferromag-
netic couplings are much stricter than for antiferromagnetic ones, antiferro- and
ferrimagnetism are much more common than ferromagnetism in nature.

2.1 Molecule-Based Magnetic Materials: Why?

Nowadays, research on molecule-based magnetic materials is focused on the study
of molecular compounds, combining magnetic properties normally associated with
inorganic materials with the chemical flexibility of their molecular tectons. While
traditional inorganic materials, during their synthesis, are subjected to high tem-
peratures, which ensure thermodynamic stability but limit chemical flexibility, one
of the advantages provided by molecules is the possibility to alter and modulate the
interactions between the building blocks, changing the structure of the molecule by
means of organic chemical methods [51]. Moreover, if a multifunctional organic
molecule is used as a synthon of the magnetic material, the result could be a mul-
tifunctional molecule-based magnetic material.

The increasing interest in molecular magnetism is explained not only by the
larger malleability of molecular tectons but also by the large variety of possible appli-
cations of molecular magnetic materials into the emerging field of nanotechnology.
Thus, molecular materials have emerged in many application areas such as data
storage and quantum computation and the design of new conductors and supercon-
ductors, or novel non-lineal optical materials [44]. The presence of magnetism in
such materials makes molecular magnetism even more interesting. Nevertheless, it
remains a challenge to prepare a magnetic molecular material showing bistability
at room temperature or above because of the difficulties in predicting not only the
spatial arrangement of the molecules but also the strength of their magnetic interaction
and hence, their bulk magnetic properties, which depend on both the architecture of
the material and the cooperative intermolecular magnetic interactions.

2.2 Magnetic Interactions in Molecular Materials

The most interesting magnetic properties of a material are represented by ferromag-
netism and ferrimagnetism, since they give rise to spontaneous magnetization
below the critical temperature. Generally, the different behaviour of magnetic mate-
rials is explained on the basis of the magnetic exchange coupling, J, which
describes the interaction between two spins and is defined by the effective spin
Hamiltonian, H= —2JS,S,, where 2J is the energy separation between the singlet and
the triplet states. A positive J indicates ferromagnetic coupling, while a negative J
indicates antiferromagnetic coupling. Generally, a parallel coupling between the
spins occurs when the interacting magnetic orbitals are strictly orthogonal to each

other, while if they have non-zero overlap, an antiparallel alignment will be favoured.
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To have a bulk ferromagnet it is necessary that parallel couplings dominate along
the three directions of the lattice, but the orthogonality conditions are difficult to
impose on all the neighbours of a given spin at the same time, hence, making
ferromagnetic behaviour a rarity. By contrast, antiferromagnetism is more common,
since magnetic orbitals tend to overlap each other along the three directions of the
lattice, favouring the antiparallel alignment of spins.

In the case of molecular materials, the first evidence of a purely organic compound
with ferromagnetic interactions was given in the late 1960s when such interactions
were identified in the case of galvinoxyl radicals [52] (Fig. 2 ).
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Fig. 2 Molecular formula (left) and magnetic susceptibility (right) of galvinoxyl radical.
Reprinted from ref 52 [Blundell SJ, Pratt FL, “Organic and Molecular Magnets”, (2004) J Phys
Condens Matter 16:R771] with permission of IOP publishing Ltd

In the specific case of galvinoxyls, the small intermolecular SOMO-SOMO overlap,
together with the excited charge transfer configurations, involving intermolecular inter-
actions between the singly occupied molecular orbital (SOMO) on one molecule and
the fully occupied molecular orbital on the other is responsible for the parallel align-
ment of the spins of neighbouring molecules. Thus, the small intermolecular SOMO-
SOMO overlap can be considered as a requirement for ferromagnetic interactions in an
organic compound, but only if the SOMOs are close enough for the electrostatic repul-
sion of neighbouring electrons to become effective [52]. Therefore, unpaired electrons
interact ferromagnetically when the overlap integral is null or close to zero, a situation
occurring for orthogonal orbitals, and when, at the same time, the exchange integral is
significant [53]. Moreover, the propagation of the magnetic interactions along the three
directions of the space depends strongly on the geometry of the molecule and its nature
as well as on the type of packing forming the network of the solid.

2.3 Design Strategies for Molecular Magnetic Materials

Two different synthetic approaches to obtain molecule-based magnetic materials
can be envisioned: (1) the organic approach and (2) the metal-organic approach.
The first approach uses only organic molecules as magnetic units, i.e., organic free
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radicals or radical-ions and no metallic ions, while in the second approach metal
ions are always used as magnetic units.

2.3.1 Organic Approach

Organic radicals interacting through appropriate non-covalent bonds that allow the
propagation of the magnetic interactions have been largely used as magnetic syn-
thons following a methodology, herein called organic approach, which results in
completely organic magnets. Functional groups attached to the skeleton of mag-
netic synthons may form supramolecular interactions that influence the solid-state
structure and provide new pathways for intermolecular magnetic exchange interac-
tions. According to the description given by Kahn in the late 1990s, magnetism is
a “supramolecular function,” related to the supramolecular interactions between
spin-bearing molecules [54]. However, the interactions mediated by non-covalent
bonds are generally very weak and extremely difficult to control. This limitation
generally found for purely organic magnets is the reason why they are very rare.
Moreover, their bulk magnetic order generally occurs only at very low tempera-
tures. In purely organic magnets, the organic spin-bearing sites are open-shell
molecules such as free radicals or radical ions. Most representative examples of
radicals that show bulk magnetism are o-nitronyl nitroxide, verdazyl, and triphe-
nylmethyl radicals (Fig. 3).

All these molecules share stability and persistency and take part neither in
dimerization reactions nor in any other kind of addition reactions that could disrupt
the presence of the unpaired electron. Moreover, the radical building blocks show
enough persistency to assemble into crystalline structures where they remain iso-
lated from one another and maintain their open-shell character.

According to the model described by McConnell, ferromagnetic interactions
occur when the molecules closer in space have spin densities contacts of opposite
sign [52, 55]. In contrast, antiferromagnetic interactions take place when a direct

Nt N | |
N
- ~N
ﬁ_% WOy R R
o-Nitronyl Nitroxide R,

Polychlorotriphenylmethyl
Verdazyl Radical Radical

Fig. 3 Molecular formulas of the three families of stable radicals used as synthons to prepare
molecular magnetic materials
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overlap of the SOMOs of neighbouring molecules occurs. Because of that, the
introduction of appropriate substituents into specific positions of the radical skele-
ton will change its packing motif, thus modifying the intermolecular magnetic
exchange pathways and generating either ferromagnetic or antiferromagnetic inter-
actions. One of the most efficient methods to modify intermolecular magnetic
interactions is based on the use of hydrogen bonds, which provide a directional
pathway for the transmission of magnetic interactions in several pre-established
spatial directions [55, 56]. Consequently, they are the interaction of choice to
design the final architecture of a material and hence, the nature and dimensionality
of the magnetic interactions.

In the case of nitroxides and substituted nitroxides, the degree of delocalization
of unpaired electron density is the key factor in controlling the resulting magnetic
behaviour. Small changes can lead to significant modifications of the crystal struc-
ture, thereby altering the orbital overlaps and the magnetic interactions between
unpaired spins on neighbouring molecules and hence, the bulk magnetic behaviour.
To build organic magnets based on nitroxides, a-nitronyl nitroxides have been
largely used as magnetic synthons. While in nitroxides such as TEMPO, the nitrox-
ide group is isolated from the rest of the molecule, in a-nitronyl nitroxides there are
two equivalent nitroxide groups whose unpaired electron is in a m* orbital. These
are roughly equally localized onto the nitrogen and oxygen atoms, while the carbon
atom located in-between the two nitroxide functions is a node in the SOMO
(Fig. 4). Most of the spin density is located onto the ONCNO part of the five-
membered ring, being positive in the NO groups and negative in the central C(sp?)
atom [53, 55, 57]. The a-nitronyl nitroxide radicals generally form 1-D or 2-D
networks built by hydrogen bonds. The relative orientation of radicals depends on
the position of the substituents on the nitroxide skeleton that rules the crystal pack-
ing and hence, the magnetic behaviour of the material.

Long-range ferromagnetism was reported for the first time by Kinoshita et al. [58,
59], the B-phase of p-nitrophenyl o-nitronyl nitroxide being the first example of a
purely organic ferromagnet (Fig. 5) [60]. This compound was a seminal starting
molecule to build organic ferromagnets that inspired the work of many researchers.

Fig. 4 General chemical structure of the family of o-nitronyl nitroxides and a representation of
their singly occupied molecular orbitals (SOMO). Reprinted from ref. 55 [Amabilino DB,
Cirujeda J, Veciana J, “Crystal architectures of organic molecular-based magnets”, (1999) Phil
Trans R Soc Lond A 357:2873] by permission of The Royal Society, Copyright 1999
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Fig. 5 Molecular formula of the p-nitrophenyl o-nitronyl nitroxide

Much effort has been spent on the investigation of the role of substituents and
their position on the phenyl ring of a-nitronyl nitroxides [53]. The examples
reported in the literature show that it has been possible to tune the magnetic interac-
tion of a-nitronyl nitroxide-based materials by changing the type and position of
the hydrogen bonding substituents that modify the crystal packing of the material.
However, the extent of the magnetic interactions mediated through hydrogen bonds
is quite low and hence, the critical temperature of these compounds is far from
room temperature and below 4 K in most cases. Verdazyl radicals have also been
investigated as tectons for molecule-based magnetic materials [61]. Their planar
rings, together with the relative lack of bulky substituents and the presence of
hydrogen bonding acceptor sites, make these radicals good candidates for the gen-
eration of magnetic materials [62]. Polychlorotriphenylmethyl (PTM) radicals were
also successfully used for the preparation of purely organic magnetic materials, as
will be reported in Section 3 [63].

2.3.2 The Metal-Organic Approach

Generally speaking, the so-called metal-organic approach consists of combining a
magnetically active metal ion with an organic unit that acts as a polytopic ligand
and in some cases may also be a spin-bearing unit. This strategy leads to magnetic
materials with higher critical temperatures than purely organic magnets. Two main
families can be distinguished. On one side are the magnets formed by magnetically
active metal ions and organic moieties with a closed-shell electronic structure. In this
case, the magnetic behaviour originates from the metal ion and the organic ligand
has only a structural function promoting the magnetic interaction [52]. On the other
side, magnets can also be formed by an organic ligand with an open-shell character
combined with magnetically active metal ions. In the following subsections, we
will summarize the most important aspects of both families of compounds that use
the metal-organic approach.
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Use of Closed-Shell Ligands

When using closed-shell ligands in the metal-organic approach, the organic moiety
acts as polytopic ligand coordinating the metal ion, providing a good pathway for
exchange coupling. By varying the nature, size, and the topicity of the ligand it is
possible to prepare an infinite number of materials as well as tune their magnetic
properties.

Many different compounds can be used as diamagnetic ligands with the role
to space and transmit magnetic interactions. As it will be described in detail in
Section 4.3.1, pyridine and pyrimidine derivatives can readily coordinate with
metal ions and hence, give a MOF with generally weak magnetic character.
However, pyridine derivatives (such as bipyridine) have been effective in the
preparation of solids, showing both porosity and spin-crossover (SCO) phenom-
ena. To increase the magnetic coupling between metal centres bearing unpaired
electrons, shorter bridges — such as oxo, cyano, or azido — are usually needed. For
example, the oxalate dianion (as will be shown in Section 4.1.2) is widely used as
a bridging ligand to enable strong magnetic interactions between metallic centres
when adopting the bidentate coordination mode. Acting as a rigid bidentate ligand,
the oxalate dianion facilitates the formation of open-frameworks and modulates
magnetic interactions. The role of the most representative linkers for the prepara-
tion of magnetic and porous coordination polymers will be discussed with exam-
ples in Section 4.

The most frequently used magnetic metal ions are of the transition series, but
recently the world of lanthanides has also been investigated. These ions are attrac-
tive because, in some cases, they show magnetic anisotropy that renders them suit-
able to give bulk magnetism. Nevertheless, their lone electrons reside in the more
internal f orbitals, resulting in magnetic interactions of one magnitude smaller than
those involving transition metal ions. Another disadvantage of these ions is repre-
sented by the high coordination numbers, as compared to d-block transition metal
ions, which may cause difficulty in controlling the synthetic reactions and thereby,
the structures of the products [64].

Use of Organic Open-Shell Ligands

The methodology based on the use of a magnetic metal ion and an organic open-shell
molecule, named the “metal-radical approach”, was originally introduced in the
1980s by the groups of Rey, Gatteschi and co-workers [50]. The leading idea is to
combine the magnetic character of an organic radical ligand with a metal centre
through coordination chemistry. Such units form a network of alternating stable
radicals and metal ions, in which both constituents are generally antiferromagnetically
coupled and have distinct magnetic moments, leading to a ferrimagnetic material
[65]. The presence of the spin on both the metal ions and the radical represents an
improvement in the magnetic properties with respect to those of closed-shell ligands
with comparable sizes and, for this reason, is one of the most attractive strategies



218 N. Roques et al.

for the design of molecule-based magnetic materials, especially if one wants to use
large ligands generating open-framework structures. When metals and open-shell
molecules are engaged in sufficiently strong exchange interactions, this approach
leads to the preparation of networks with long-range magnetic order and high criti-
cal temperatures. The strength of magnetic interactions as well as the magnetic
dimensionality of the molecular material are generally enhanced in comparison
with that of systems made up from magnetic metal ions and closed-shell coordinat-
ing ligands [66]. The first requirement to build magnetic materials via the metal-
radical approach is the availability of stable radicals able to coordinate or chelate
the metal ions, and that can be easily modified allowing the design of multidimen-
sional structures [67].

Nitrogen-based radicals like nitroxides and verdazyl derivatives fulfill the
basic requirements, since they share high stability and persistency and can be
functionalized to coordinate metal ions. Charged radicals such as tetracyanoeth-
ylene [68, 69] and tetracyanoquinone radical anions have also been reported [70],
and a special case is represented by the o-quinone ligands that can be found in
different oxidation states in valence tautomeric compounds [71]. Recently, PTM
radicals substituted with carboxylate groups have been used to obtain metal-
radical coordination polymers, which, in some cases, exhibit porous structures
and relevant magnetic properties. Example of such porous magnets will be
reported in detail in Section 4.3.3 [72].

3 Purely Organic Porous Magnetic Materials

As introduced in the previous section, different families of open-shell tectons have
been used to prepare purely organic magnetic molecular materials following the
organic approach. a-Nitronyl nitroxide derivatives, substituted with hydrogen bond
donors to favour the packing and hence, the propagation of proper magnetic interac-
tions, have been reported [53]. In these magnets, non-covalent hydrogen bonds play
a key role in the magnetic behaviour, since they are responsible for the directional
propagation of the magnetic interactions. However, the resulting coupling between
the magnetic units is rather weak. For the second family of open-shell ligands, the
verdazyl radicals, it has been reported how its small size, together with the planarity
and m-stacking, results in strong magnetic exchange interactions, even when the
two radical sites are quite far apart [61]. In all such examples, the organic tecton
was a small molecule to transmit more effectively the magnetic interactions and
consequently, the resulting material showed structure with close frameworks.
However, as highlighted in the introductory part, the field of porous materials is of
increasing interest due to its huge range of applications. So the question is: Is it
possible to combine magnetic ordering and porosity in the same material? A positive
answer was given by the preparation of purely organic open-frameworks showing
magnetic properties using open-shell tectons with a trigonal symmetry [63].
The key point in this approach is the use of propeller-like trigonal free radicals, based
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upon PTM structure, that are stable and persistent and that can be functionalized
with a great variety of functional groups. The chemical stability of PTM radicals,
due to the presence of six bulky chlorine atoms in the ortho-positions with respect
to the central C-atom, makes them suitable organic magnetic units. The presence of
the chlorine atoms is also responsible for the high localization onto the central sp?
hybridized carbon atom of the electron spin density as well as for the twisting of
the three phenyl rings, resulting in a propeller like structure of the radical. Even
though PTM derivatives do not have a planar structure, and consequently, often
show unpredictable packing, the rigidity and bulkiness of these open-shell
molecules prevent in many cases their interpenetration, giving rise to solids with
open-frameworks being one of the few examples of porous magnets. Thus, the
introduction on the triphenyl methyl skeleton of groups capable of forming hydro-
gen bonds enables the formation of multidimensional interactions. Indeed, PTM
radicals functionalized with several carboxylic groups are able to form robust and
well-defined 2-D or 3-D frameworks that allow the propagation of weak ferromag-
netic interactions [73, 74]. So far, four carboxylic -substituted PTM derivatives are
available, named PTMMC, PTMDC, PTMTC, and PTMHC, according to the
number of carboxylic functions (1, 2, 3, and 6, respectively), introduced onto the
triphenylmethyl skeleton (Fig. 6).

The monocarboxylic PTMMC derivative does not form a rigid framework but
gives an insight into the mechanism of the formation of intermolecular hydrogen
bonds and transmission of magnetic interactions betwen bonded molecules in these
fully chlorinated radicals [75]. PTMMC was synthesized and then crystallized fol-
lowing two different procedures that resulted in two phases, the o-phase and the
[B-phase. In the a-phase, obtained by diffusion of n-hexane into a dichloromethane
solution of the radical, the PTMMC molecules associate into hydrogen-bonded
centrosymmetric [R,*(8)] dimeric synthons and show weak dominant ferromagnetic
interactions. In the B-phase, obtained by slow evaporation of a radical solution in
ethanol, the [R,*(8)] dimeric synthons observed in the o-phase are disrupted by
ethanol molecules. The ability of ethanol to form hydrogen bonds with the carboxylic
groups of the radical leads to the disruption of any direct hydrogen bond between
PTMMC radicals. In this phase, dominant antiferromagnetic interactions were
found. The two different magnetic behaviours found in the a- and B-phase reveal
that the propagation of ferromagnetic interaction mostly occurs through the

Cl ¢]
COOH HOOC

O Cl Cl O

|

cl Cl

Fig. 6 Molecular formulas of the carboxy-substituted PTM derivatives (PTMMC, PTMDC,
PTMTC, and PTMHC)
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pathways defined by direct intermolecular hydrogen bonds between the carboxylic
functions of PTM radicals.

Crystallization of PTMDC, following the same methodology used to obtain the
a-phase of PTMMC, yields a robust extended hydrogen-bonded network named
POROF-1, where POROF refers to pure organic radical open-framework. The pres-
ence of two carboxylic functions increases the dimensionality of the resulting
structure and the intermolecular hydrogen-bonded connections between PTMDC
radicals create a primary structure consisting of 2-D hydrogen-bonded sheets. Each
molecule adopts two hydrogen-bonded motifs, the expected dimeric [R,*(8)] and
the unusual hexameric [R °(24)] unit, and these represent the repetitive units in
POROF-1. The packing of the resultant 2-D layers creates an open-framework with
1-D channels, which are stable up to 275°C, even after the removal of included
solvent molecules [76]. Magnetic measurements revealed weak antiferromagnetic
interactions between the radical units at low temperature. In the case of the tri-
carboxylic PTM derivative, the presence of three carboxylic substituents allowed
the preparation of a robust porous extended hydrogen-bonded 2-D network,
POROF-2 [48, 49]. In POROF-2 , the repetitive unit is the hexameric [R66(24)]
motif, formed by six mutually hydrogen-bonded PTMTC molecules (Fig. 7a).

Each PTMTC molecule participates in the construction of three identical hexa-
meric units that propagate along a plane (Fig. 7b). These 2-D layers stack through

Fig. 7 (a) Geometrical characteristics of the hexameric [R °(24)] ring formed by intermolecular
hydrogen bonds of six PTMTC radicals. (b) Stepwise growth of the 2-D hydrogen-bonded sheets
in POROF-2. (¢) Space-filling representation showing the tubular channels. Reproduced with
permission of ref 48 [Maspoch D, Domingo N, Roques N, Wurst K, Tejada J, Rovira C,
Ruiz-Molina D, Veciana J, “Structural and Magnetic Modulation of a Purely Organic Open
Framework by Selective Guest Inclusion” (2007) Chem Eur J 13:8153]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA
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CI---Cl interactions and the resulting 3-D structure presents channels that can
accommodate a sphere of 5.2 A diameter (Fig. 7c). As for the magnetic properties,
POROF-2 presents paramagnetic behaviour from 300 to 5 K, and a bulk ferromag-
netic ordering below 2 K. It should be noted that POROF-2 is a unique example of
a porous, purely organic structure, which shows long-range ferromagnetic ordering.

A PTM derivative with six carboxylic groups in the meta positions (PTMHC)
forms 3-D hydrogen bonded open-framework. In this compound a solvent-free
crystallization was not possible and mixtures of THF or diethyl ether and n-hexane
were used. When using THF, the PTM hydrogen bonded network and thus, the trans-
mission of the magnetic interactions are disrupted to yield a paramagnetic solid.
However, when diethyl ether is used, the resulting crystal structure contains solvent
molecules that only partially disrupt the expected 3-D hydrogen bonded structure.
The resulting primary structure is formed by 2-D corrugated layers, with a [R °(48)]
repetitive unit formed by six PTMHC molecules. For each molecule, three carboxylic
groups are hydrogen bonded to solvent molecules, while the three remaining car-
boxylic groups interact with three other PTMHC molecules to give three identical
hexameric units. The magnetic behaviour of this compound is very similar to that of
POROF-2. Thus, in the range 20-300 K, this compound behaves as a paramagnet,
and below 20 K, very weak intermolecular ferromagnetic interactions are present, and
long-range magnetic ordering is expected at very low temperatures.

The availability of a family of carboxylic substituted organic open-shell
compounds and the investigation of their magnetic properties allow some general
observations on the behaviour of these radicals as synthons for magnetic materials:
(1) increase in the number of carboxylic groups is accompanied by reduction of
chlorine—chlorine contacts in the solid state; these latter contacts are usually
responsible for antiferromagnetic interactions in this type of material; (2) the
change in the position (meta versus para) of carboxylic groups does not appear to
modify the ferromagnetic nature of the intermolecular magnetic interactions in the
bulk material.

4 Metal-Organic Porous Magnetic Materials

Together with purely inorganic and molecular hybrid porous materials, coordina-
tion polymers, or 0-D zeotype systems, according to Férey’s classification [6], have
experienced a gigantic evolution along the last few years. Interest in this latter fam-
ily of material is threefold when porosity and magnetism are combined in the same
material. First, the huge versatility of molecular chemistry provides a large number
of ligands whose shape and topology can be controlled. Second, and of paramount
importance in the building of magnetic materials, these ligands have proven to
provide good superexchange pathways. Finally, such materials may benefit from
crystal engineering techniques to arrange, in a predictable fashion, transition metal
ions or already identified polymetallic assemblies with organic or preformed metal-
organic tectons.
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In this section, we aim to give representative examples of magnetic and porous
coordination polymers. We have selected examples that combine porosity and
relevant magnetic properties, ranging from strong magnetic exchange interactions
to magnetic ordering, to single-molecule magnet (SMM) behaviours. Since the
efficiency of superexchange interactions between metal ions through bridging
ligands is strongly related to the distance between the magnetic units and their rela-
tive orientation, the different examples have been divided into three subsections.

Section 4.1 will be devoted to porous and magnetic solids constructed around
carboxylate-based ligands (O—C-0), which allow the formation of 1-D, 2-D or 3-D
M-0O-C-0O-M and/or M—O-M subnetworks with magnetically active metal ions.
In these systems, organic molecules are either small or extended polytopic ligands,
but the magnetic properties are governed by the M—O-C-O-M or M-O-M
structural motifs, which lead to strong interactions compared to the magnetic path-
ways defined by bridged metal ions through multitopic ligands. Section 4.2 will
review examples of coordination polymers obtained by connecting metal-organic
polymetallic species through polytopic organic ligands. In this class of polymers,
magnetic properties are closely related to the magnetic properties of the “father”
cluster and long-range magnetic ordering will only be observed if the organic
ligands allow magnetic interactions between the polymetallic centres. Section 4.3
will deal with porous and magnetic coordination polymers where single ions are
also connected through polytopic organic ligands. In this case, observation of
magnetic properties for the bulk material will mainly depend on the distance sepa-
rating the magnetic units and on the ability of the ligands to furnish efficient
magnetic superexchange pathways between magnetically active metal ions.

4.1 Carboxylate-Based Porous Networks

A detailed review on carboxylate-based open-frameworks has been recently pub-
lished [15]. As already mentioned, in order to obtain magnetic open-frameworks,
the challenge is to control both pores size and chemical nature, together with the
strength of magnetic interactions between spin-bearing moieties. In such a context,
the use of short organic ligands, which favour the formation of 1-D, 2-D, and 3-D
M-O-C-O-M and M-O-M carboxylate-based networks, will mediate strong
magnetic interactions between magnetic units in 1-D, 2-D, and 3-D and yield, in
some cases, open-framework architectures.

For this purpose, some of the most used ligands are formate (1), oxalate (2),
malonate (4), succinate (5), fumarate (6), and glutarate (7) (Fig. 8). Oxamate-based
ligands (3), inspired by the seminal work of Kahn and co-workers, have also
attracted attention as nitrogen-containing oxalate analogues, since they tend to
bridge metal ions not only through M—O—-C—O-M but also through M-N-C-N-M
motifs, which facilitate magnetic interactions. In this subsection, we include exam-
ples of magnetic porous solids constructed around the above ligands.
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Fig. 8 Most used ligands to prepare coordination polymers with open-frameworks

4.1.1 Metal-Formate Networks

The formate ion (1) (Fig. 8) is the smallest and simplest carboxylate ligand, and has
been widely used to prepare open-framework architectures showing high thermal
stability even in the absence of guest solvent molecules [38]. The short HCOO~
bridge is particularly efficient for the magnetic coupling between magnetically
active metal ions. Moreover, the absence of any bulky substituent in 1 favours
anti—anti coordination modes. Therefore, several magnetic open-framework metal
formates showing 1-D, 2-D, and 3-D M-O-C-O-M/M-O-M subnetworks have
been reported [77-81]. A representative example of this family of porous and mag-
netic solids is given by the compound Mn,(1),-CH,OH-H,0, reported by Kobayashi,
Kurmoo, and co-workers [82]. This solid possesses a diamondoid framework with
high stability and flexibility for the inclusion of many types of guests. It exhibits 1-D
channels with dimensions of 4 x 5 A (32% of the total volume cell), where each node
comprises MnMn, tetrahedral clusters built around a central Mn(II) ion, connected
to four Mn(Il) ions located at the apices via formate ligands to generate a 3-D
M-0-C-0O-M/M-0O-M network. The network is robust up to 533 K and exhibits a
particularly rich guest-modulated magnetic behaviour, as it will be explained in
detail in Section 5.1. Both the as-synthesized and the evacuated solid show long-
range magnetic ordering, with a critical temperature close to 8 K (Fig. 9).

Several additional examples of formate-based open-framework magnetic
materials presenting long-range magnetic order have been reported. Depending on
the metal ions used, the structural topology, the nature of guest molecules, and the
use of ancillary ligands or ammonium templates, different kinds of magnetic order-
ing have been observed in the related materials, which order magnetically below
temperatures ranging from 8 to 35.6 K [77-83]. Among them is the coordination
polymer of formula Mn(1),-0.5CO,-0.25SHCOOH-0.75H,0, reported by Sessoli and
co-workers, which shows particularly interesting porosity and traps CO, molecules
in its cavities [83].
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Fig. 9 (a) Structure of evacuated [Mn,(1),] showing the 1-D channels. (Mn, purple; O, red; C,
brown). (b) Temperature dependence of the y*T product for an applied magnetic field of 100 Oe.
Reproduced from ref. 82 by permission of The Royal Society of Chemistry. http://dx.doi.
org/10.1039/b314221c¢

4.1.2 Metal-Oxalate Networks

As in the case of formate, the dicarboxylate oxalate ion (2) (Fig. 8), which acts as
a rigid ambidendate ligand, facilitates the formation of open-framework coordina-
tion polymers and mediates the magnetic interactions between magnetic metal ions
through similar “inorganic” M—O-C-O-M or M—O-M subnetworks. So far, the use
of such a ligand has led to several examples of mixed-valence polymers with 2-D
and 3-D open-framework architectures, respectively. In the first case, the 2-D coor-
dination polymers are described with the common formula (A)-[M"M"(2),], where
A can be an ammonium, an alkali-metal, or a bis-cyclopentadienyl M(III) complex
such as [Cp,M"]* [84-92]. Overall, the crystal structure shows a templated frame-
work formed by alternating M(II) and M(III) metal ions through oxalate ligands in
a 2-D honeycomb-like lattice, the positively-charged species being located in the
channels resulting from the packing of the different layers (Fig. 10a). Various for-
mulae are observed for 3-D MOFs resulting from the oxalate coordination chemis-
try: [M,"(2),], [IM'M™(2),] and [M"M"(2),] [93-95]. These compounds are based
on an oxalate-bridged (10,3)-chiral network able to host in its 1-D channels cationic
metal complexes such as [M"(2,2°-bpy),]** (2,2’-bpy =2,2’-bipyridine) (Fig. 10b).

The wide range of possible combinations of M(II) and M(III) magnetically
active metal ions afford long-range anti-, ferro- and ferrimagnetic behaviours [96—
99]. Depending on the material, magnetic ordering temperatures range from 8 K up
to 70 K. However, the main drawback of oxalate-based frameworks is related to the
presence of cationic species within their channels, since their removal or exchange
leads to the collapse of the open-framework. To date, and to the best of our knowl-
edge, the only exception is Na (N(CH,),Ph) [Cr(2),],Cl-5H,O, which maintains its
structure on cation exchange or partial thermal removal of the template [100].

The possibility to combine several physical properties in the same molecular
material has greatly contributed to the development of this family of coordination
polymers. Added to the already mentioned chiral characteristics presented by some
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Fig. 10 Projection of the two representative templated lattices constructed from using oxalate
ligands. (a) 2-D honeycomb framework of (A)*[M(IDM(II)(2),] (where A refers to ammonium
cations, alkali-metal cations, or Cp,M(III)). (b) Chiral (10,3)-network observed in [M(I),(2),],
[M(DM(I)(2),], and [MADM(I)(2),]. (M, purple; O, red; C, brown. Cationic templates are
omitted for clarity). Adapted from ref 43 [Maspoch D, Ruiz-molina D, Veciana J (2007) Chem
Soc Rev 36:770, “Old materials with new tricks: multifunctional open-framework materials”] by
permission of The Royal Society of Chemistry, http://dx.doi.org/ 10.1039/b501600m

of these solids and interest in the quest for optically active molecular materials
[101, 102], a strategy based on functional cationic templates has also been success-
fully developed. For instance, Coronado and co-workers have reported a series of
magnetic conductors using tetrathiafulvalene (TTF) radical cations as cationic
counterparts [103, 104]. A representative example of this is given by the material
[BEDT-TTF], [MnCr(2),], where BEDT-TTF stands for bis(ethylenedithio)TTF,
which alternates magnetic oxalate-based anionic layers with conductive positively-
charged BEDT-TTF. This molecular solid behaves as a magnet below 5.5 K and is
metallic down to at least 0.2 K [105].

In the race to obtain molecular materials showing robust structures and higher
magnetic ordering temperatures, two more examples have to be highlighted before
closing this subsection. Related to the structure robustness, Li and co-workers reported
a series of coordination polymers of general formula [M"(2)(4,4’-bpy)]
M = Fe, Co, Ni) [106, 107]. These solids result from the linkage of metal-
oxalate chains through 4,4’-bipyridine ancillary ligands, and show rectangular-shape
channels with dimensions of 5 x 8 A and are stable up to 563-613 K. Furthermore,
magnetic properties revealed a spontaneous antiferromagnetic ordering with transition
temperatures of 12, 13, and 26 K for the Fe-, Co-, and Ni-based materials, respectively.
These results are attributed to the combination of both the strong magnetic exchanges
within the 1-D metal-oxamate chains and the weaker ones mediated through the bipy-
ridine connectors.

Julve, Lloret, and co-workers have reported several isomorphous oxalate-based
coordination polymers presenting magnet behaviour through spin canting below 40
and 70 K [108, 109]. Among them, the 3-D and chiral coordination polymer
[Fe,(2),(OH)CL]-ENH,-2H,0 is the most interesting. This material possesses helical
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channels (ca. 12 x 6A), in which the alkyl ammonium and water molecules are
associated through hydrogen bonds. The structure is constructed around Fe(II)-
oxalate chains interconnected through hydroxo-bridges. Remarkably, this coordina-
tion polymer undergoes a non-reversible solid—solid transformation together with a
colour change when the crystals are exposed to air. In this transformation, a proton
transfer occurs between the hydroxo bridge and one of the host water molecules,
thus forming a new compound o[Fe (2),(O)CL]-EtNH,-H,0-H,O. Even though this
transformation leads to a decrease in channel symmetry, the new solid still behaves
like a magnet below 70 K [109].

4.1.3 Metal-Oxamate Networks

Like their fully oxygenated analogues, oxamate-based ligands (3) (Fig. 8) have also
gained much attention in the field of molecular magnetism, and some of the first
examples of molecule-based magnets were obtained following the rational-design
strategy developed by Kahn and co-workers. In this pioneering work, mononuclear
oxamato copper(Il) complexes [Cu(3)]*~ were used as bis(bidentate) metallo-lig-
ands toward fully solvated metal ions to form heterobimetallic 1-D coordination
polymers through M—O-C-O-M and M-N-C-N-M repeat units. Depending on
the interchain interactions, the ferrimagnetic chains [M"Cu(3)] (M=Mn, Fe, Co,
Ni) show either ferromagnetic (7,,=4.6-9 K) [110-113] or antiferromagnetic order
(TN=2.4—3 K) [113, 114]. In subsequent work, Kahn, Stumpf, and co-workers
prepared the corresponding oxamato-bridged M,"Cu, 2-D planar species (M=Mn,
Fe, Co, Ni) presenting either an open-framework structure or a perpendicular inter-
locked disposition of honeycomb hexagonal planes depending on the nature of the
counter-cation, which could be an alkaline [115] or an alkylammonium [116—-118]
cation as in the case of oxalate-based networks, or even a substituted pyridinium
derivative of nitronyl nitroxide [119-122]. Unlike their 1-D analogues, these com-
pounds have a higher ordering temperature, with T, values up to 37 K. These
examples perfectly illustrate the influence of the structural dimensionality upon the
magnetic ordering temperature. Moreover, the change in anisotropy of the incorpo-
rated metal ion plays a fundamental role. Generally, Mn,Cu, planes behave as soft
magnets (HC=10 Oe) [116, 117, 119], whereas COZCu3 ones are hard magnets
(H_ =25 Oe) [121]. This is due to the large differences in magnetic anisotropy, with
Co(II) ions being highly anisotropic and Mn(II), isotropic. Inspired by this work,
Julve, Lloret, and Journaux extended this well-known “complex as ligand”
approach by using oligonuclear complexes of late first row transition metal ion,
from mono- to trinuclear, working with related aromatic-substituted mono-, di-, and
tri-oxamate-based molecules (8-10) as ligands (Fig. 11) (for a detailed review on
this strategy, see [123]).

This strategy was particularly elegant, since the reaction between the oxamate
ligands with metal ions afforded pre-defined metallotectons. For example, coordi-
nation of Cu(Il) through the bidentate N,O-oxamate donor set of 8 was aimed to
afford the linear, ditopic metallotecton [Cu'(8)]>-, while reaction of the same



Magnetic and Porous Molecules-Based Materials 227

Fig. 11 Aromatic-substituted mono-, di-, and tri-oxamate-based molecules used as polytopic
ligands

molecule with Ni(II) or Co(Il) targeted the trigonal and tritopic building blocks
[Ni(8)]* and [Co'(8)]*-, respectively. Mono-, di-, tri-, hexa-, octa-, and nonanuclear
complexes were prepared via blocking the outer cis carbonyl-oxygen atoms of the
oxamate groups with well-known nitrogen-based metallamacrocycles stoppers.
Careful magneto-structural correlations on metallotectons involving ligands 9 or
10 confirmed that the weak intramolecular interactions mediated through the meta-
substituted phenyl rings are ferromagnetic and could be masked by the intermo-
lecular antiferromagnetic interactions and/or magnetic anisotropy effects. On this
basis, the already identified H-shaped metallo-ligand [Cu'(9)]* an its methylated
analogue [Cu"(Me,-9)]*~ were reacted with Co(II) to afford the neutral heterobime-
tallic 2-D coordination polymers [Co,"Cu,"(9),(H,0),]-6H,0 and [Co,"Cu,"(Me,-
9),(H,0),]-6H,0 (Fig. 12). The crystal structure of [Co,"Cu,"(9),(H,0).]-6H,0
shows a brick-wall 2-D architecture of (6,3) net topology [124]. In these isostructural
solids, each Co,"Cu," rectangular corrugated layer is made up of oxamato-bridged
Co''Cu" linear chains running parallel to the a-axis, which is further connected
through two m-phenylenediamidate bridges between the Cu(Il) ions to give binu-
clear metallacyclic cores of the cyclophane-type, which define the short edge of the
rectangle. The adjacent planes stack above each other to give an infinite array of
interdigitated layers along the b-axis. This packing is mediated through weak
hydrogen bonds and the neighbouring layers are displaced in a parallel manner
along the a-axis: As a consequence, small square pores that are occupied by hydrogen
bonded crystallization water molecules are formed.

In this series of metallacyclophane-based Co,"Cu," layered compounds, the double
meta-substituted phenylene linkers ensure a ferromagnetic interaction between the
oxamato-bridged ferrimagnetic chains. Hence, thecomplex [Co,"Cu,"(9),(H,0),]-6H,0
behaves as a metamagnet, with a long-range 3-D antiferromagnetic ordering (7,,=8.5 K)
and a ferromagnetic-like transition at a critical field of 1.2 kOe, which is sufficient to
overcome the weak interlayer antiferromagnetic interactions. In contrast, the complex
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Fig. 12 “Metal-oxamate” approach for coordination polymers Co(ID),Cu(Il),(9),(H,0)6H,0
(A-C) and Li[LiM(I),9, (H,0)]*31H,0 (M = Ni and Co) (d-f). (a) H shape metallo l1gand
Cu(ID)(9)*+. (b) Corrugated 1ayer resultmg from the reaction of the H-shape metallo-ligand with
Co(II) ions. (¢) Packing of the corrugated layers showing square-like channels running along the
b-direction. Side (d) and top (e) view of the hexatopic metallo-ligand [M(II),9,]*- (M = Ni or Co).
(e) Reaction of hexatopic metallo-ligands with Li* or Mn** metal ions afford a 3-D honeycomb
architecture of (6,4) net topology with large channels running along the ¢ direction. (From (a) to
(¢): Cu, purple; Co, blue. From (d) to (e): Co or Ni, blue; Li or Mn, purple. In all cases: O, red,
C, brown, N, light blue. Cationic templates and water molecules are omitted for clarity) (the figure
design has been inspired from refs 124 and 125)

[Co,"Cu,"(Me,-9),(H,0),]-6H,0 shows a long-range (most likely 2-D) ferromagnetic
order at T,=24.0 K because of the minimization of the interlayer magnetic inter-
actions that would lead to well-isolated planes of Ising-type magnetic anisotropy.
The differences observed between the two coordination polymers in the magnetic
ordering are attributed to the presence of the methyl substituents on the ligands,
which, in the second case, tend to separate the planes from each other, thus weakening
the interlayer interactions.

Very recently, a series of isostructural 3-D open-framework architectures have
been obtained following a comparable approach. In this case, the dinickel(II) and
dicobalt(IT) complexes [M,"(9),]* act as hexatopic ligands toward fully solvated Li*
or Mn?* ions to give anionic heterobimetallic 3-D compounds of general formula
[Li,M,"(9),(H,0)] > and [Mn,M.,"(9),(H,0),] **~, respectively [125]. The crystal
structures of the lithium salts LiS[Li3M2"(9)3(HZO)6]'31H2O (M=Ni, Co) show a
3-D honeycomb architecture of (6,4) net topology. The crystal lattice of these
two isostructural compounds consists of an infinite parallel array of anionic
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oxamate-bridged Li,M," hexagonal layers growing in the ab plane; the adjacent
layers are interconnected through three m-phenylenediamidate bridges between the
M(I) ions to give binuclear metallacryptand cores of the meso-helicate-type, which
act as pillars of the hexagonal prismatic structure. Overall, this leads to an open-
framework structure showing hexagonal pores of ca. 22.5 A in diameter (along the
c-direction), where hydrogen bonded water crystallization molecules and solvated
Li* species [Li(H,0),]* are located. The magnetic properties of this family of met-
allacryptand-based M,'M," open-framework compounds depend mainly on the
diamagnetic or paramagnetic nature of M(I) and on the magnetic anisotropy of
M(I). Hence, the compounds Li,[Li,M,"(9),(H,0)]-31H,0 (M=Ni, Co) behave as
isolated M," complexes with weak ferromagnetic interactions between the M(II)
ions (M =Ni, Co) across the three meta-substituted phenylenediamidate bridges within
the metallacryptand core [J=+3.2 (M=Ni) and +1.0 cm™ (M=Co)]. Similarly, the three
meta-substituted phenylene linkers ensure a ferromagnetic interaction between the
oxamato-bridged ferrimagnetic planes in the compounds Li,[Mn,M,"(9),(H,0),]-
22H,0 (M=Ni, Co), which lead to a long-range 3-D ferromagnetic order at 7.=6.5 K
for both of them.

4.1.4 Fumarate-, Glutarate-, Malonate-, and Succinate-Based Networks

Numerous examples of metal channel-like magnetic complexes synthesized using
malonate (4), succinate (5), fumarate (6), and glutarate (7) ligands (Fig. 8) have been
reported. For most of these porous solids, a 3-D framework is obtained by connecting
2-D carboxylate-based layers with bifunctional ligands, the same ligands also
acting as pillars [126—132]. This topology usually defines 1-D channels running
parallel to the layers. However, from a magnetic point of view, these solids rarely
show long-range magnetic ordering. An exception to this topology was found in the
malonate complex [Cu(4)(DMF)], which shows a 3-D chiral diamond-like open-
framework resulting from the connection of Cu(Il) ions through malonate linkers
and behaves as a ferromagnet below 2.6 K [133].

Especially attractive from a magnetic point of view are the open-frameworks
involving infinite M—O-M type linkages. For example, Forster and Cheetham have
described a nickel succinate [Ni (5),(OH),(H,0),]-2H,0 with infinite Ni-O-Ni
connectivity, and exhibiting 1-D hydrophobic channels composed of large cavities
of dimensions of 8 A and narrower apertures of 4A [134]. This material exhibits a
high thermal stability up to 673 K and may be magnetically frustrated. Similarly,
the nickel glutarate [Ni,(7),,(H,0),]-40H,O reported by Guillou et al. presents an
infinite Ni-O—Ni connectivity with very large intersecting 20-membered ring chan-
nels and a pure ferromagnetic ordering at 4 K [135]. The porosity characteristics of
this material are particularly interesting, since it can be dehydrated at 423 K and
slowly rehydrated under air at room temperature, and when the sample is activated
at 473 K shows a surface area of 346 m*g~!. Also, an open-framework showing
ferrimagnetic behaviour below 20 K has been prepared by the same authors using
succinate (5) ligands. The porous solid [Ni(5),(OH)(H,0),]-40H,0 shows 1-D
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connected Ni—-O-Ni chains and presents a reversible dehydration/hydration process,
with a specific surface of 135 m?-g~! for its activated form [136].

4.2 Networks Based on Metal-Organic Polynuclear Species
and Polytopic Organic Ligands

So far, most part of the porous and magnetic coordination polymers we have described
are constructed around 1-D, 2-D, or 3-D “inorganic” subnetworks. However, dis-
crete di-, tri-, tetranuclear, and higher nuclearity metal-organic assemblies, such
as the carboxylate-based paddle-wheel copper acetate and trimeric zinc or iron
acetates are suitable building blocks — commonly called secondary building block
units (SBUs) - for polymerization reactions involving polytopic ligands [10].
Such clusters are spaced in defined geometries depending on their own geometry
and the geometry of the polytopic ligands. As a result, extended coordination
polymers with high porosity and predictable structures are typically obtained.
Using a cluster with an inherent property, one can then imagine distributing these
SBUs in a desired way along the 3-D of space to create porous solids with novel
functionalities. For example, catalytic clusters may be included in the skeleton of
a porous structure, increasing the accessibility for these units and, therefore,
enhancing their catalytic properties. From the magnetic point of view, the assem-
bly of clusters also provides an excellent route to magnetic porous solids. The
advantages of this strategy are obvious, since on one hand larger pores can be
obtained from large cluster units and, on the other, the functional framework
inherits the interesting physical properties derived from the clusters. However,
since magnetic properties in the bulk are resulting from cooperative effects, the
ligands used have to allow the establishment of magnetic interactions between the
magnetically active SBUs, while the magnetic interactions between the metal
ions within the SBU will also greatly influence the overall magnetic behaviour.
This subsection gives a few representative examples of porous and coordination
polymers constructed around metal-organic SBUs, starting with high nuclearity
species, and then, examples of magnetic MOFs constructed around more common
low nuclearity metal-organic clusters.

4.2.1 High Nuclearity Metal-Organic SBUs

Despite the numerous examples of high nuclearity metal-organic clusters presenting
SMM behaviour reported in the literature since the beginning of the nineties, only
a few examples of multidimensional coordination polymers using such clusters as
SBUs behaving as SMMs have been described [137-140]. These systems are based
upon the assembly of SMM acting as SBUs, thanks to coordination bonds [137],
diamagnetic metal ions [138], and/or hydrogen bonds [139]. Among them, the
isostructural coordination polymers of formula {[Mn, Na(u,-O),(1,-O)(p,-OH),(O,
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CMe),(pd),(H,0),]IOH]}, and {[Mn,,Na(p,-0),(11,-O)(11,-OH),(O,CMe),(mpd),
(H,0),]1[OH]}, (pd = propanediolate, mpd = 2-methyl-propanediolate) reported
by Christou and co-workers [140] are the only ones that show an open-framework
architecture. In these coordination polymers, the structure is constructed around
the Mn,; SBUs containing seven Mn(II) and 12 Mn(IIl) ions. The manganese—
oxygen core of each SBU consists of three equilateral triangles stacked one above
the other. The basal triangle contains ten manganese ions, nine at its edges and the
tenth near its centre, whereas the middle and apex triangles contain six and three
manganese ions, respectively, all of which lie on their edges. The manganese ions
of the core are held together by nine p,-O*, one p,-O* , and three p,-OH" ions,
resulting in an overall triangular-pyramidal frustum topology. The peripheral
ligation is completed by nine bridging propanediolate ligands, nine bridging
O,CMe" ligands, and three terminal H,O molecules. Each Mn, aggregate is
connected through three p,-O,CMe™ ligands to a Na* ion, while these SBUs are
also directly interconnected through p,-O,CMe" ligands. Examination of the two
structures reveals highly ordered 3-D structures that contain large rectangular
channels with dimensions of approximately 12 x 16 A (Fig. 13a). These channels
are nearly empty, containing only a very small proportion of H,O molecules and
OH™ counterions, and originate a void space of approximately 44%. The SMM
behaviour of these extended systems was confirmed, thanks to magnetisation
versus dc field measurements. Below 1.1 K, they show magnetic hysteresis loops
and their coercivity increases with decreasing temperature (Fig. 13b).

Besides these two examples, a series of open-framework architectures showing
rather weak antiferromagnetic interactions have also been constructed around Ln,
[141] and Mn, [142, 143] SBUs. In the latter SBU, the 3-D coordination polymer
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Fig. 13 (a) Space filling representation (along the c¢ axis) for the polymeric structure of
{{Mn ¢Na(u,-0),(1,-O)(1,-OH),(O,CMe),(pd),(H,0),][OH] }, showing the large channels (Na,
pink; Mn, blue; O, red; C, grey; OH™ anions and water molecules are omitted for clarity). (b) Field
dependence of the magnetization (hysteresis loop) for single crystals of the same solid at the indi-
cated temperatures; the magnetization (M) is normalized to its saturation value. Reproduced with
permission of ref 140 [Moushi EE, Stamatatos TC, Wernsdorfer W, Nastopoulos V, Christou G,
Tasiopoulos AJ “A Family of 3D Coordination Polymers Composed of Mn19 Magnetic Units”
(2006) Angew Chem Int Ed 45:7722]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA
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reported by Ovcharenko et al. in 2004 perfectly illustrates the difficulty in obtaining
relevant magnetic properties in the final solid [143]. Substitution of preformed
[Mn(O,)Piv, | (piv = pivaloate) afforded magnetic clusters linked through magneti-
cally active o-nitronyl nitroxide ditopic ligands. This coordination polymer has a 3-D
open-framework diamond-like structure and shows the onset of weak antiferromag-
netic interactions at low temperatures.

4.2.2 Tetra- and Trinuclear Metal-Organic SBUs

Tetra- and trinuclear SBUs have also been reported as constituents of porous
and magnetic coordination polymers. Coordination polymers constructed
around Co, [144] and cubane-like Ln, [145] assemblies have been reported, and
these systems present contrasting porosity and robustness, but show only weak
and predominant antiferromagnetic interactions at low temperature. Very recently,
Yang and co-workers described a series of 3-D lanthanide-transition MOFs
constructed around two distinct tetranuclear units of Ln, cubanes and chair-like
Cu, clusters [146].

More interesting from a magnetic point of view is the porous coordination poly-
mer reported by Wu and co-workers [147]. This solid is built from tetranuclear
Co(II) citrate clusters as octahedral linkers and Co(II) ions as trigonal nodes. This
connectivity shows an anatase topology with channels of 9.5 x 4.3 A along two
directions, leading to an apparent Langmuir surface area of 939 m>-g~' and a pore
volume of 0.31 cm?-g~!. This material behaves as a 3-D canted antiferromagnet with
a magnetic hysteresis loop observed at 2 K.

Trinuclear metal-organic building blocks, such as Cr, or Fe, containing assemblies,
have been used by Férey and co-workers to build highly porous and robust coordination
polymers [30]. An example of an MOF-based trimeric structural unit was described by
Barthelet et al. [148]: the coordination polymer [V"(H,0)],0(C,O,H,),(Cl-9H,0)
exhibits a 3-D framework built from octahedral vanadium trimers, joined via isophtha-
late anionic linkers to delimit cages where water molecules and chlorine ions are
occluded. Although the trimeric clusters are connected along three directions, the 120°
triangular topology of V(III) ions in each cluster induces a spin-frustration of
their magnetic moments and therefore, a lowering of the temperature for magnetic
ordering.

4.2.3 Binuclear Metal-Organic SBUs

One of the most frequently used SBUs is the binuclear paddle-wheel copper (II)
dimer. In this motif, the two copper ions are strongly interacting in an antiferromag-
netic fashion. This dimeric building-block supplies a square planar building block
with four grafting sites, therefore, its connection provides coordination polymers
combining relevant magnetic properties with contrasted porosity by an appropriate
choice of ligands.
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In 1999, Williams and co-workers were the first to report the magnetic properties
of a porous structure based on the connectivity of paddle-wheel Cu(Il) dimers
through 1,3,5-benzenetricarboxylate ligands (BTC), with a 3-D structure with
formula [Cu,(BTC),(H,0),], referred to as HKUST-1[149, 150]. The connectivity
between square planar copper-based SBUs and trigonal organic ligands afford a
3-D network showing channels with fourfold symmetry and a diameter of 9A. In
addition, the structure remains crystalline up to 513 K. Water molecules that fill the
channels can be readily removed at 373 K without a loss of structural integrity.
Resulting voids give a surface area of 917.6 m*g~!, a calculated density of 1.22 g-m?,
and an accessible porosity of nearly 41% of the total volume cell. Interestingly,
additional experiments of the activated HKUST-1 showed that pore functionaliza-
tion is possible without losing the overall structural information. Added to these
particularly interesting structural characteristics, HKUST-1 presents relevant
magnetic properties [150]. As shown in Fig. 14, this porous coordination polymer
shows a minimum in its y versus T plot at around 70 K and an increase at lower
temperatures. Fitting high-temperature data to the Curie—Weiss law gives a positive
Weiss constant of 4.7 K. This magnetic behaviour can be explained by the presence
of the expected strong antiferromagnetic interactions within Cu(II) dimer and
weaker ferromagnetic interactions between Cu(Il) dimers, which are mediated
through the meta-substituted phenyl rings of the ligands.

Other magnetic porous solids have been prepared using the paddle-wheel Cu(II)
dimer as SBUs [151-156]. For instance, Zaworotko and co-workers proposed to
combine such molecular square building blocks with the 1,3-benzenedicarboxylate
ligand (m-BDC), i.e., a V-shape spacer, to generate two porous frameworks, according
to the self-assembly of two different SBUs: a triangular SBU, formed by three
connected paddle-wheel Cu(II) dimers, or a square SBU, formed by four connected
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Fig. 14 (a) Paddle-wheel copper (II) tetracarboxylate building block for [Cu,(C,O.H,),(H,0),]
and view of the open-framework showing nanochannels with fourfold symmetry. The empty space
is represented as yellow spheres. (Cu, orange; O, red; C, brown; H, white). (b) Zero-tield cooled (0)
and field-cooled (¢) temperature dependent magnetic susceptibility. Reprinted with permission
from ref 150. Copyright 2000, American Institute of Physics.
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paddle-wheel Cu(Il) dimers. The first of such structures, [(Cu,(py),(m-BDC),).] ,
was generated from the self-assembly of the triangular SBU to yield a Kagomé
lattice with hexagonal channels presenting dimensions of 9.1 A [151, 152]. The
second structure, [(Cu,(py),(m-BDC),),] , was generated from the self-assembly of
Cu(Il) dimers with a square topology to lead a 2-D network with channels formed
by narrowed windows (1.5x1.5A) and large cavities with maximum dimensions
close to 9.0x9.0x6.5A [153]. As for HKUST-1, the Kagomé lattice shows high
rigidity in the absence of solvent guest molecules and pyridine ligands, which can
be removed at a temperature of 473 K without losing crystallinity. Its most interesting
feature is the report of remnant magnetization even at room temperature, due to the
magnetic spin frustration associated with its triangular lattice [154], although this
result seems to be controversial based upon the molecular character of this material.
In contrast, the 2-D framework with a square-like arrangement of the dimeric units
does not present any remnant magnetization due to lack of any geometrical frustra-
tion. In this context, its magnetic behaviour is comparable to that already observed
for HKUST-1, with Cu---Cu intradimer antiferromagnetic interactions of —238
cm™', but with antiferromagnetic interdimer interactions of —85 cm'. Examples
based on ligands such as 1,3,5,7-adamantane tetracarboxylate and 1,2,4,5-benzene-
tetracarboxylate have also been reported. In the first case, the porous coordination
polymers formed present a typical inorganic platinum sulphide-based topology, a
high porosity and a surface area of 560 m?-g™! for their activated form [155]. For
the second ligand, a 2-D coordination structure with rectangular pores of 6.0 x
7.0A is obtained [156]. In both solids, strong antiferromagnetic Cu---Cu intradimer
antiferromagnetic interactions are observed.

Finally, channel-like magnetic frameworks built from the spacing of dimers
other than the paddle-wheel dimer can also be found. To date, coordination polymers
composed of nitrogen-bridge [157], oxo-bridge [156, 158], carboxylato-bridge
[156, 159], and mixed oxo/carboxylato-bridge [160] dimers have been reported.
For example, Liu et al. reported a family of coordination polymers formed around
dicobalt(Il) building blocks linked through nicotinate ligands that show robust
open-framework structures up to 570 K, with antiferromagnetic coupling within the
cobalt dimers [160].

4.3 Networks Based on Isolated Metal Ions and Polytopic
Organic Ligands

A large variety of open-framework solids prepared using carboxylate ligands
composed of a six-member ring (phenyl or a cyclohexane) backbone substituted
with two or more carboxylate functional groups are known. However, even
though the magnetic properties of many of them are not described, the magnetic
exchange interactions between metal ions are expected to be weaker in comparison
with the coordination polymers described so far in this section. For example, two
complexes formed by Ni(II) macrocycles linked by BTC ligands show structures
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with large channels (ca. 11 A), but they only behave as paramagnets with very weak
antiferromagnetic interactions at low temperatures [161]. Similarly, other coordina-
tion polymers prepared using benzene carboxylates with the general formula
CH,_(COO"), exhibit comparable weak interactions [162-164]. Besides these
examples, different kinds of ligands such as N-containing or mixed N- and COOH-
containing polytopic ligands have also been successfully used in the construction
of porous and magnetic MOFs. This subsection provides some examples of coordi-
nation polymers obtained by this approach, or using both polytopic COOH and
N-based ligands. In the last part, a strategy inspired from the “metal-radical”
approach [50], which is based on the use of paramagnetic-organic polytopic open-
shell ligands, is highlighted.

4.3.1 Nitrogen-Based Polytopic Ligands

Open-frameworks constructed around ditopic N-based ligands such as bipyridine
have been recently reviewed. These systems show contrasting porosities, but lig-
ands such as bipyridine usually afford solids only presenting antiferromagnetic
interactions at low temperatures [5]. Examples based on tetratopic ligands such
bispyrazolate, bistriazolate, or extended versions of bipyridine, among others, have
also been described [165]. If these ligands do not allow an efficient transmission of
magnetic interactions between isolated metal centres, porous solids showing SCO
properties can be accessed [166, 167]. For example, Kepert and co-workers have
reported a series of nanoporous SCO coordination polymers based on extended
4,4’ -bipyridine derivatives as ditopic ligands (Fig. 15).

The complexes [Fe,(ligand),(NCS),]-x guest (guest = ethanol, acetone) consist
of almost orthogonal doubly-interpenetrated 2-D (4,4) rhombic grid layers built
from the linkage of Fe(Il) by different ditopic ligands. In the coordination polymer
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Fig. 15 Extended 4,4’-bipyridine used as ditopic ligands
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of [Fe,(azpy),(NCS),]-EtOH, this interpenetration leads to the fonglation of two
kinds of 1-D channels with dimensions of 10.6 x 4.8 and 7.0 x 2.1 A, respectively
[166]. These channels run in the same direction and are filled with ethanol molecules.
Loss of guest ethanol occurs at 373 K and is accompanied by several reversible
structural changes. The as-synthesized sample exhibits a constant effective
magnetic moment of 5.3 uB between 300 and 150 K. Below this temperature,
the magnetic moment decreases, reaching a constant value of 3.65 puB due to the
SCO interconversion from a fraction of the Fe(II) ions in the material. In contrast,
the evacuated sample does not show SCO behaviour, but exhibits a constant magnetic
moment around 5.1 uB corresponding to two crystallographic HS Fe(II) ions.

Smaller and simpler molecules such as imidazole or pyrimidinol derivatives
have also been used with success to construct porous and magnetic solids. Compared
to their extended analogues, they offer shorter magnetic exchange pathways
that help generate stronger magnetic interactions between isolated magnetically
active metal ions. For instance, Gao, You, and co-workers have reported a family
of Co(Il) imidazolates (im) complexes showing a variety of open-framework struc-
tures with different magnetic behaviours [168]. In this case, the rational use of
solvents and counter-ligands plays a key role to obtain a collection of polymorphic
3-D porous Co(Il) structures: [Co(im),]-0.5py, [Co(im),]-0.5Ch, [Co(im),],,
[Co(im),], , and [Co,(im) 0.4 Mb], (py = pyridine, Ch = cyclohexanol, Mb =
3-methyl-1-butanol). Complexes [Co(im),]-0.5py and [Co(im),]-0.5Ch are isostruc-
tural, formed by Co(II) centres linked into boat- and chair-like six-membered rings
connected in an infinite diamond-like net. This conformation affords 1-D channels
of dimensions 5.3 x 10.4A and 6.6 x 8.4 A (Fig. 16a). The crystal structure of
[Co(im),], shows four-membered ring Co(Il) units, which are doubly-connected to
wavelike or double crankshaft-like chains. These chains intersect with those running
along the perpendicular axis by means of the common four-rings at the wave peaks.
Three such frameworks are interwoven and linked by the imidazolates at the Co(II)
ions, and the resultant 3-D framework presents 1-D helical channels of dimensions
3.5%3.5A (Fig. 16b). Similarly, the MOF [Co(im),], shows identical units con-
nected into chain units. These chains are linked by imidazolate ligands along the
other two directions to give a 3-D framework with a pore openings of 4.0 x 4.0 A
(Fig. 16¢). Of special structural interest is the complex [Co (im), -0.4 Mb],, which
shows an open structure of zeolitic topology (Fig. 16d). In all polymorphous
frameworks, the imidazolates ensure antiferromagnetic coupling between Co(II)
ions. However, the uncompensated antiferromagnetic couplings arising from
particular stoichiometries and topologies lead to spin-canting phenomena that are
particularly sensitive to the structural characteristics. Thus, compound [Co(im),]-0.5py
is an antiferromagnet with 7 =13.1 K, while [Co(im),]-0.5Ch shows weak fer-
romagnetism below 15 K (Fig. 16e). Relatively strong ferromagnetism is observed
below 11.5 K for [Co(im)z] » with a coercive field of 1,800 Oe at 1.8 K, while the
strongest ferromagnetism of the series is observed in [Co(im),], , which has a T, of
15.5 K and a coercive field of 7,300 Oe at 1.8 K (Fig. 16f). The compound
[Co(im),-0.4 Mb], behaves as a hidden-canted antiferromagnet with a magnetic
ordering temperature of 10.6 K.
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Fig. 16 Views and magnetic properties of the open-framework coordination polymers based
on cobalt imidazolates. (a) Evacuated [Co(im),]-0-5Ch. (b) [Co(im),],. (¢) [Co(im),],. (d)
[Co (im),0.4Mb],. (e) Plots of temperature dependence of ac susceptibility obtained at 0.1 Oe
field for [Co(im),] 0.5Ch. A peak appears at 15 K, which is indicative of the ferromagnetic
character of this compound. (f) Plot of the thermal evolution of the y,, for [Co(im),], at 10 kOe
field. The inset shows the hysteresis loop at 1.8 K (L) and 5.0 K (0). (Co, blue; O, red; C, brown;
N, violet; H, white. Solvent guest molecules in (d) are represented as spheres) Reprinted from ref
168 [Tian YQ, Cai C-X, Ren X-M, Duan C-Y, Xu Y, Gao S, You X-Z, “The Silica-Like Extended
Polymorphism of Cobalt(Il) Imidazolate Three-Dimensional Frameworks: X-ray Single-Crystal

Structures and Magnetic Properties” (2003) Chem Eur J 9:5673]. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission
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Ligands such as pyrimidin-2-ol [169] and pyrimidin-4-ol [170] have also been
extensively used in this material chemistry. In 2006, Galli, Navarro, and co-workers
reported a series of microporous and isomorphous coordination polymers based on
5-X-pyrimidin-2-olate ligands (referred to as 5-X-2-pymo; X=H, Cl, Br, I) [171].
All the complexes are isomorphous, with a formula [Co(5-X-2-pymo)] , and show
a diamondoid 3-D topology. Depending on the substituent X, important changes are
observed for the magnetic properties at low temperatures. While the pyrimidinolate
ligands transmit antiferromagnetic coupling between Co(Il) ions, the uncompen-
sated antiferromagnetic coupling arising from the diamondoid topology leads to
magnetic ordering through spin-canting phenomena below 7} , ranging from 20 to
23 K. The spin-canting phenomena are sensitive to the ligand structure and a
significant enhancement of the magnetic hardness takes place in the halo-substituted
derivatives compared to the hydrogenated analogues. Thus, the coercive fields
decrease in the following sequences: 2,500, 1,000, 775, and 500 Oe for X=Br, Cl,
I and H, respectively, while the remnant magnetisation follows the trend 0.0501 puB
for X=Br, 0.0457 uB for X=Cl, and 0.0358 uB for X =H. Interestingly, the authors
also reported the preparation of molecular alloys (X=0.5 Br+0.5 Cl or 0.5 Br+0.5 I),
which are intermediate properties compared to the above examples.

4.3.2 Nitrogen and Carboxylic-Based Polytopic Ligands

Polymeric architectures generated by the linkage of magnetically active metal ions
through mixed carboxylic and N-based ligands, or through ligands combining both
functionalities, have also been reported [172—-178].

A perfect illustration of this approach is given by the coordination polymer
{[Co,(IDC),(4,4’-bpy)3]-6H,0-DMF}, reported by Cao and co-workers [175]. In
this porous solid, reaction between imidazoledicarboxylic acid (IDCH,) and Co(II)
ionsyieldstriangular SBUs. These SBUs exchange corners to afford a2-D-honeycomb-
like network with 24-membered metallacycles composed of six IDC3~ anions and six
Co(II) cations. The different graphene-like layers are pillared, thanks to 4,4’-bipyridine,
the nitrogen atoms completing the coordination sphere of Co(Il) ions belonging to
neighbouring layers.

As a result of this connectivity, hexagonal channels running parallel to the
4,4’-bipyridine are obtained (Fig. 17). These channels, which present a 12 A diam-
eter, are filled with water and DMF molecules. Guest solvent molecules departure
is completed at a temperature of 450 K without losing the structural integrity, and
both the as-synthesized and evacuated samples show weak Co---Co antiferromag-
netic interactions at low temperature.

One of the most successful families is represented by a series of polymers built
from the linkage of metallic carboxylate chains through 4,4’-bipyridine spacers
[176]. Asanexample, the coordination polymer [Cu(C,H,0,)(4,4’-bpy)(H,0),]-2H,0
is formed by the connection of chains of Cu(Il) metal ions bridged by succinate
ligands through 4,4’-bipyridine molecules. This 3-D framework shows weak fer-
romagnetic interactions and channels, in which the water molecules are located.
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Fig. 17 Open—fr.’i}mework architecture of {[Co,(IDC),(4,4'-bpy)3]-6H,0-DMF} . (a) Top view
showing the 12 A in diameter hexagonal channels. (b) Side view showing the graphene-like
layers pillared through bipyridine ligands (Co, light blue; O, red; N, dark blue; C, grey; H, white)
Reprinted with permission from ref 175. Copyright 2005, American Chemical Society

Almost similar connectivity and magnetic properties are observed in the porous
solid [Fe(C,0,)(4,4’-bpy)(H,0),]-3H,0 [177]. Chains of Fe(Il) metal ions bridged
by squarate ligands are connected through 4,4’-bipyridines to form a framework
with 1-D channels filled with water molecules. Interestingly, the dehydration/rehy-
dration process in this coordination polymer, as well as in other isostructural
polymers with other metal ions, is fully reversible and accompanied with a continuous
change of the colour [178].

4.3.3 Organic Open-Shell Polytopic Ligands

In all the examples described so far, it can be noted that when the distance between
metal ions increases, the magnetic coupling decreases. As already introduced in
Section 2, magnetic coupling between metal ions generally takes place through a
superexchange mechanism involving the ligands, a mechanism that is dependent on
their relative orientations, and especially on the distance between magnetically
active metals. Since the synthesis of larger pore sizes in coordination polymers is
usually achieved by using longer organic spacers, the preparation of porous materi-
als with increasing pore size dimensions and simultaneous long-range magnetic
properties is a challenge.

The use of organic radicals as polytopic ligands is particularly attractive since
these molecules are expected to act as magnetic relays between metal ions, thus
allowing larger magnetic couplings and dimensionalities compared to those built
from diamagnetic polytopic ligands [179]. However, the number of examples showing
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high dimensionality architectures is limited due to synthetic considerations linked
to ligand preparation and the coordination polymer formation [180]. In order to
prepare porous and magnetic coordination polymers following this approach, the
organic open-shell ligands must fulfill a series of conditions. They must have the
correct geometry to induce the formation of open-framework structures, exhibit
high chemical and thermal stability, and be able to interact magnetically with tran-
sition metal ions. To fulfill all three conditions, a strategy based on the use of
polychlorinated triphenylmethyl tricarboxylic acid radical (PTMTC) as ligands has
been developed. The conjugated base of the PTMTC radical can be considered an
expanded version of the BTC ligand, where the benzene-1,3,5-trityl unit has been
replaced by an sp* hybridized carbon atom decorated with three 4-substituted
2,3,5,6-tetrachlorophenyl rings. Therefore, PTMTC would be expected to yield
open-frameworks structures similar to BTC. In addition, polychlorinated triphenyl-
methyl radicals have their central carbon atom, where most of the spin density is
localized, sterically shielded by the encapsulation, with six bulky chlorine atoms
that greatly increase their lifetime and thermal and chemical stability [181]. A fam-
ily of monomeric complexes using a similar PTM radical with only one carboxylic
group (PTMMC) has confirmed the feasibility of this type of carboxylic-based radi-
cals to interact magnetically with metal ions [72, 182, 183].

Using these types of open-shell polytopic ligands, a series of metal-organic
radical open-framework (MOROF-n), Fig. 18 have been prepared. Interestingly,
the crystal structure of [Cu,(PTMTC),(py),(EtOH),(H,0)] (MOROF-1) reveals a
2-D honeycomb (6,3) network with very large 1-D hexagonal nanopores measur-
ing 3.1 and 2.8 nm between opposite vertices and composed of a ring of six metal
units and six PTMTC radicals. The long through-space distances between the
magnetic Cu(Il) ions in MOROF-1 do not prevent long-range magnetic ordering.
Each open-shell PTMTC ligand is able to magnetically bridge three Cu(Il) ions
and, therefore, extend the magnetic interactions across the infinite layers, giving a

Fig. 18 Open-framework architectures for (a) MOROF-1 and (b) MOROF-4. (a) has been
adapted from ref 63, by permission from Macmillan Publishers Ltd: Nature Materials. Copyright
(2003). http://dx.doi.org/10.1038/nmat834. (b) has been adapted from ref 186 by permission of
The Royal Society of Chemistry. http://dx.doi.org/10.1039/b802196a
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ferrimagnetic layer. The solid thus shows an overall magnetic ordering at low
temperatures, around 2 K [63], which is probably produced by the magnetic dipo-
lar interactions between the large magnetic moments developed in each layer at
this temperature.

Reaction of the PTMTC ligand with Co(Il) ions yielded two other supramolecu-
lar Co(I)-based MOROF, namely [Co(PTMTC)(4,4’-bpy)(H,0),]-6EtOH-2H,0
(MOROF-2) and [Co,(PTMTC),(py),,(H,0),(EtOH)] (MOROF-3). MOROF-2
presents an unprecedented (6°)-(6%-8') topology and exhibits helical nanochannels
of dimensions 13.2 x 9.4A, along with antiferromagnetic interactions [184].
MOROF-3 exhibits a (6,3)-helical network with large 17.5 x 6.8 A 1-D channels
and a bulk magnetic ordering below 1.8 K [185]. More recently, the same ligand
has also been reacted with magnetic Ln(II) ions to afford a series of highly porous
and magnetic coordination polymers. As an example, the coordination polymer
[Tb(PTMTC)(DMF),] (MOROF-4) shows a diamond-like architecture resulting
from the corner sharing of tetrahedron SBUs made by 4 PTMTC ligands and 8
Tb(III) ions. Similar to some zeolite structures such as sodalite, the connectivity of
the large SBUs in MOROF-4 creates large pore sizes of dimension 22.2x 11.3 A
and generates 2-D channels running along the a and b axes. These cavities are large
enough to endow this material with a total potential void volume of 61.7% of the
cell volume. In this solid, PTMTC-Tb(III) ferromagnetic interactions are observed
at a low temperature [186].

5 Magnetic and Porous Materials with Flexible Frameworks

One of the most remarkable characteristics of many molecule-based porous materials
is their structural flexibility [187]. This feature not only concerns 0-D coordination
polymers, but all the dimensionalities of the inorganic subnetworks, as well as
pure organic porous materials. Thus, dynamic structural transformations such as
the selective removal and resorption of solvent molecules followed by reversible
crystal transformations have become one of the most intriguing properties
observed for these porous materials ([188] and references cited therein). So far,
two main types of dynamic structural transformations have been described. The
first class deals with a reversible crystal-to-amorphous transformation that occurs
when the framework collapses upon removal of guest solvent molecules and
regenerates under initial or similar conditions. The second type corresponds to
frameworks showing a phase transition; a crystal-to-crystal transformation. In the
latter case, although removal or exchange of guest molecules results in reversible
structural changes within the network, the crystalline character is maintained
throughout. The structural flexibility of the coordination polymer originates from
the changes in the degree of freedom (rotations, stretching, scissoring, breathing,
etc.) of bonds (coordination bonds, hydrogen bonds, n—n stacking, van der Waals
interactions) linking the units in the polymeric material. Thus, when a structural
variation is induced by an external perturbation, for example on uptake/release of
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guest molecules, a cooperative transformation of the macroscopic structure occurs,
but causes no wide-range degradation of the crystal phase. An excellent account
of main factors involved in such dynamic structural transformations has been
published by Kitagawa et al. [40].

Recently, several authors have pointed out the possibility of using these reversible
structural transformations to design a novel generation of multifunctional
porous solids suitable as potential sensors. Since most of the functionalities known
in porous solids are closely dependant on their crystal structure, reversible transfor-
mations upon sorption/removal of guest molecules can conveniently induce reversible
modifications of the associated functionalities. This, together with the high selec-
tivity usually shown for dynamic solids, provides the ideal scenario for researchers
to create selective sensing open-frameworks for molecular recognition. Some
recent examples of dynamic porous solids exhibiting tuneable magnetic properties
will be presented, and a rare example of a MOF showing fascinating gas induced
modulation of magnetic properties will be highlighted.

5.1 Solvent-Induced Modulation of Magnetic Properties

Kahn’s group can be considered pioneer in the discovery of coordination polymers
that combine both porosity and magnetism, coupled with the modulation of
magnetic properties arising from guest-induced phenomena [189, 190]. In their
seminal paper, published in 1999 [191], they first introduced the concept of a
“molecular magnetic sponge” for a coordination polymer. As an example of these
sponge-like polymers, the compound [CoCu(obbz)(H,0),]-2H,0, (obbz = N,N’-
bis(2-carboxyphenyl)oxamido) shows a two-step reversible hydration/dehydration
process followed by a dramatic change in the magnetic properties [192]. As a
consequence of the first dehydration at 373 K, the discrete units link together to form
a 1-D structure that behaves as a ferrimagnet with no ordering down to 2 K. A second
dehydration process takes place on heating the sample up to 473 K. The resulting
presumed 2-D structure still behaves as a ferrimagnet, but with a critical temperature
of 30 K. All these processes are completely reversible, and the material can be
rehydrated after cooling with the recovering of the initial magnetic properties.

Several examples of porous and magnetic coordination polymers showing
solvatomagnetic effects have been reported. In 2003, the open-framework coordina-
tion polymer [Cu,(PTMTC),(py),(EtOH),(H,0)] (MOROF-1; see also Section 4.3.3),
which combines very large pores (3.1 x 2.8 nm, and a 65% void volume) with
magnetic ordering around 2 K, was reported [63]. Added to these properties,
another particularly interesting feature was observed for this material: the reversi-
ble “shrinking-breathing” process observed on solvent uptake and release, which,
in turn, induces changes in magnetic properties (Fig. 19a).

On removal from solution and exposed to air, crystalline MOROF-1 loses guest
solvent molecules very rapidly, becoming an amorphous magnet with a lower critical
temperature (Fig. 19b). The critical temperature is determined not only by the
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Fig. 19 (a) Schematic representation of the reversible crystal-to-amorphous transformations in
MOROF-1. Reprinted from ref 193, by permission from Macmillan Publishers Ltd: Nature
Materials. Copyright 2003. http:/dx.doi.org/10.1038/nmat837. (b) Plot of , T versus temperature
for as-synthesized (¢) and evacuated (o) MOROF-1. The graph has been adapted from ref 63

strength of the magnetic interactions between the spins but also by the dimensionality
of such interactions and hence, the crystal packing of the network. However, the
evacuated sample of MOROF-1 experiences a transformation, recovering its origi-
nal crystallinity and magnetic properties after exposure to ethanol solvent.
Unexpectedly, this behaviour is only observed when MOROF-1 is exposed to
small alcohols like methanol and ethanol, showing a large selectivity for these two
molecules among 16 larger alcohols assayed [63]. Contrasted solvatomagnetic
effects have been described in several molecular porous materials reported by
Kurmoo and co-workers. For example, reversible dehydration/rehydration processes
intheporousand magneticsolids[Co,(OH),(2),]-3H,0and[Ni,(OH) (C,OH, ),(H,0),]-
2H,0 induces reversible transformations from ferromagnetic to antiferromagnetic
ordering and from ferromagnetic to ferrimagnetic ordering, respectively (Fig. 20b)
[194, 195].

In contrast to the large structural transformations experienced by MOROF-1,
where volume variations close to 30% are observed between the as-synthesized and
the amorphous guest-free solid, these latter interconversions are accompanied by
subtle changes in crystal structure. For example, the dehydration process in
[Co,(OH),(2),]-3H,0 only involves minimum changes in its structure, with almost
no change in the coordination environment of the metal ions (Fig. 20a). This fact
clearly suggests that the ferromagnetic ground state in the hydrated phase may be
caused by the presence of significant magnetic exchange coupling through the
hydrogen bonded water molecules located within the channels.

The influence of sorbed guest molecules on magnetic properties was also nicely
evidenced in the diamondoid coordination polymer [Mn,(1),]-CH,OH-H,O, in
which the magnetic ordering temperature depends on the guest molecules in the
framework (very recently, guest influence on magnetic properties in a series of
isomorphous compounds of formula [Fe,(1),]-x guest (with x = iodine, THF, furan,
benzene, acetonitrile, and acetone) has also been explored in detail [196]). Indeed,
magnetic measurements of the as-synthesized or evacuated sample show a long-
range magnetic ordering with a critical temperature close to 8 K. However, this
critical temperature can be modulated from 5 to 10 K by the sorption of several
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Fig. 20 Structure and magnetic properties in [Co,(OH),(2),]:3H,0 (a) Almost similar as synthe-
sized and evacuated solids (water molecules are represented as spheres). (b) Strong modulation of
the magnetic properties between as-synthesized (0) and evacuated (¢) materials. Reproduced from
ref 43 by permission of The Royal Society of Chemistry. http://dx.doi.org/10.1039/b501600m

types of guest molecules. This transformation can be explained by the small
changes of the Mn—-O-Mn bond angles — the larger the angle, the smaller the 7. -
which are modulated on absorption of guest molecules. Very recently, the same
authors have also shown this framework to become optically active when enantio-
merically pure 2-chloropropan-1-ol molecules are inserted in its channels [197].
The apohost framework is achiral but incorporates channels of opposite handedness
(+) P and (-) M. Upon insertion of either R or S chiral solvent molecules the two
corresponding chiral solids — R and S, respectively, are obtained. These results are
explained by the fact that in the obtained chiral R framework the R molecules better
match the M channels and are disordered in the P channels, while in the S frame-
work the S molecules are ordered in the P channels and disordered in the M chan-
nels. In contrast, with the addition of a racemic solvent mixture, the meso compound
can be obtained. In this case, random disorder of the two guests in both kinds of
channels is observed. All the solids resulting from these loading experiments show
a ferrimagnetic ground state. Nevertheless, compared to the host framework, the
Curie temperature decreases to 7.6 K for both R and S solids, while it slightly
increases to 8.3 K in the meso form. In the chiral solids, additional interactions
between the framework and ordered guest solvent molecules through hydrogen
bonds or other electrostatic forces are responsible for the decrease in magnetic
ordering temperature.

Porous solids such as Prussian Blue analogues [198, 199], in which CN~ spacers
connect magnetic metal ions in the three directions, deserve to be commented upon
since they could exhibit important changes in their magnetic properties and colors
upon dehydratation/rehydration processes [200-202]. For example, Ohkoshi,
Hashimoto, and co-workers have recently reported Co[Cr(CN),],,.zH,0, a pink
ferromagnetically-coupled magnet with a 7. of 28 K that reversibly transforms into
a blue antiferromagnetically-coupled magnet with a 7. of 22 K on dehydration
[203]. Such solvatomagnetism and solvatochromism are ascribed to the adsorption
and desorption of ligand water molecules at the Co(Il) centres. Such processes
change the coordination geometry at Co(II) from six-coordinate pseudo-octahedral
to four-coordinate pseudo-tetrahedral coordination, thus modulating the magnetic
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interactions from ferromagnetic coupling in the hydrated solid to antiferromagnetic
ones in the apohost.

Very recently, Sutter and co-workers reported a series of nanoporous and chiral
magnets showing switchable ordering temperatures driven through similar H,O
sorption/desorption phenomena [204]. These coordination polymers [{Mn(HL)
(H,0)},Mn-{Mo(CN)_},-2H,0 are formed from the reaction of {Mo(CN) }*
with Mn(Il) ions and enantiomerically pure R, S or racemic mixture of N,N-
dimethylaminol (L), which acts as an ancillary ligand and confers to those materials
chiral characteristics. Overall, the different structures show a 3-D cyano bridged
Mn-Mo network, which has small channels running along the c-direction (Fig. 21a).
These channels are filled with water molecules and they are defined by “Mn,-Mo,”
rings with each {Mo(CN)_}* unit connecting two different Mn(II) ions. One
Mn(II) ion shows a distorted tetrahedral environment consisting of four NC-Mo
linkages, while the other has a distorted octahedral coordination sphere with four
NC-Mo linkages and two O-atoms, one coming from the L molecule, and the
other from an ancillary water molecule. Lattice and coordinated water molecules
are readily removed upon heating to afford an apohost crystalline material via a
phase transition.

Interestingly, the starting hydrated compound is fully recovered after the expo-
sure of the desolvated phase to air over 50 min. As observed in the previous exam-
ples, loss of coordinated water leads to a strong modification of the coordination
sphere of one of the Mn(II) ions, which changes from a distorted octahedral envi-
ronment to five coordinate. This reduced coordination number leads to the shorten-
ing of the Mn-NC bonds and gives stronger Mn-Mo interactions within the
framework. The hydrated material shows magnetic ordering below 7,,=85 K
(Fig. 21b), and the ordering temperature is shifted to 7,=106 K in the apohost
(Fig. 21c). Since the crystal-to-crystal transformations are fully reversible, magnetic
features are recovered when the framework is rehydrated.
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Fig. 21 (a) Open-framework architecture of S-[{Mn(HL)(H,0)} ,Mn-{Mo(CN)_},2H,O (water
molecules are represented as red spheres). Field cooled magnetization (o, H = 100 Oe), zero field
cooled (o), and remnant magnetization (¢) as a function of temperature for the hydrated (b) and
dehydrated (c) solids. Reprinted with permission from ref 204. Copyright 2007, American
Chemical Society
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5.2 Solvent-Induced Modulation of Spin-States

The influence of guest solvent molecules on SCO phenomena has been observed in
flexible coordination polymers, and this functionality has been incorporated in
dynamic porous solids. SCO is a cooperative phenomenon, where a given metal ion
can change its spin state, from HS to LS upon exposure to an external perturbation
such as change in temperature, pressure, or light. Structural modifications and both
intra-framework and host—guest hydrogen bonding interactions will greatly influ-
ence the SCO interconversion in such types of solids.

Kepert and co-workers have reported a series of porous coordination polymers by
the reaction of Fe(II) salts with N-based ditopic ligands [166, 205, 206]. Overall,
these coordination polymers present comparable 3-D structures resulting from the
interpenetration of (4,4)-rhombic grids obtained through the connection of the Fe
(IT) ions with the ditopic ligands (Fig. 22a). To explain the change occurring in the
SCO phenomena in dynamic structures, the coordination polymer [Fe(bpbd),
(NCS),]-{Acetone} can be regarded as a reference. In this solid, grid interpenetration
is realized at an angle of 90° and generates 1-D channels of dimensions 14.5 x
14.5A, which are run along the c-axis. This 3-D framework is further stabilized by
strong hydrogen bonds involving the diol groups of the bpbd ligand and the sulphur-
donor of thiocyanate groups complete the coordination sphere of each Fe(Il) ions.
Noteworthy is the fact that the acetone molecules filling the channels do not partici-
pate in any short hydrogen bonding with the ligands. Consequently, guest departure
is completed at 102°C and structural analysis of the apohost reveals minimal changes
in the framework atoms structuring the solvated and the desolvated forms (Fig. 22b).
Thus, SCO behaviour is only slightly affected by loss of solvent: while the solvated
form shows a relatively abrupt one-step full spin transition with 7',=162 K upon
cooling, a slightly shifted similar transition (7',,,=156 K) is observed in the evacu-
ated solid. As expected, both forms show comparable structure contraction, ca. 4%
of the unit cell, upon cooling, which is consistent with a full spin transition [205].

Completely different behaviours are observed in the coordination polymers
constructed from azpy and bped ligands (Fig. 23), in which guest ethanol molecules

Fig. 22 (a) Topological representation of the orthogonal interpenetration of (4,4)-rhombic grids
in the series of coordination polymers showing SCO properties. (b and ¢) Structure represen-
tations for [Fe(bpbd),(NCS),]-{acetone} and [Fe(bpbd),(NCS),]. Reproduced with permission of
ref 205 [Neville SM, Moubaraki B, Murray KS, Kepert CJ “A Thermal Spin Transition in a
Nanoporous Iron(Il) Coordination Framework Material” (2007) Angew Chem Int Ed 46:2059].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA
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interact with the host framework through hydrogen bonds. The coordination polymer
[Fe (azpy),(NCS),]-EtOH presents two kinds of 1-D channels with dimensions of
10.6 x 4.8 and 7.0 x 2.1 A, respectively. These channels are filled with ethanol
molecules, which interact through hydrogen bonds with the sulphur centres of the
thiocyanate ligands bound to Fe(Il) ions. As a consequence, guest loss upon heating
leads to important structural changes in the apohost. The most significant change is
an elongation and constriction of the 1-D channels to new dimensions of 11.7 x
2.0A. This structural modification induces enormous changes in the electronic
behaviour of this compound. While the as-synthesized sample exhibits a broad half
SCO transition at 150 K, the evacuated one shows a constant magnetic moment of
5.1 uB, lacking any SCO transition. Surprisingly, the original SCO properties are
recovered after resorption of the guest solvent molecules, this phenomena being
also observed with small alcohols such as methanol or propanol (Fig 23a) [166].

Grid interpenetration at an angle of 85.2° is observed in the coordination poly-
mera[Fe(bped)z(NCS)z]-SEtOH, which incorporates channels of dimerzsions 8.4 x
4.7 A separated by narrower polar windows of dimensions 6.4 x 6.3 A. Channels
and windows are filled with ethanol molecules that interact through hydrogen
bonds with OH-groups of the bped ligands, which are also involved in intra-frame-
work interactions through strong hydrogen bonds with the sulphur centres of thio-
cyanate ligands. The most important structural change upon guest removal is an
increase in the interpenetration angle from 85.2° to 90°. Consequently, the acces-
sible void volume changes from 31.0 to 34.9%, and is associated with a dilatation
of the cavities and a contraction of the polar windows. Loss of guest molecules
leads to new intra-framework interactions, which tend to stabilize the apohost. As
in the previous case, these structural modifications are of paramount importance to
the SCO interconversion. While the starting material shows a broad and uncom-
pleted SCO interconversion at T,= 137 K, the T, decreases to ca. 125 K in the
aphohost with a transition over a wider temperature range (225-270 K) (Fig 23b).
Additionally, the fraction of residual HS Fe(I) is as well higher: ca. 53% in the
solvated material compared to 37% in the solvated solid [206].
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Fig. 23 (a) Temperature-dependent magnetic moment of [Fe,(azpy) (NCS), ]-x(guest), (1-x(guest)
in the scheme). The inset shows the effect of partial and complete removal of Methanol from
1-methanol. Reprinted from ref. 166 with permission from AAAS. (b) Plot of x, T versus tem-
perature for [Fe(bped),(NCS),]-3EtOH (¢) and the corresponding apohost (o) Reprinted with
permission from ref 206. Copyright 2008, American Chemical Society
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Very recently, a molecule-based nanoporous coordination polymer showing
tuneable SCO behaviour near room temperature has also been reported by
Aromi, Gamez, and co-workers [207]. In this case, reaction of the [Fez(dpya-
triz) (CH,CN),(H,0),]*" ditopic SBUs with Fe(II) affords a purple 1-D coordi-
nation polymer {[Fe (dpya-triz),(CH,CH,CN),(BF,),I(BF,),-4(CH,CH,CN)},
(dpya-triz = 2,4,6-tris-(di(pyridin-2-yl)amino)-1,3,5-triazine. Overall, packing
of 1-D chains results in the formation of channel-like cavities with a cross sec-
tion of ca. 6 x 4.&, in which reside lattice solvent molecules and non-coordi-
nated tetrafluoroborate anions. Interestingly, this coordination polymer shows a
HS to LS SCO process at ca. 300 K involving 2/3 of the Fe(II) centres. Upon
guest removal, a crystal-to-crystal transformation occurs with all the guest and
coordinated propionitrile molecules being exchanged with water molecules.
The solid turns to yellow and the SCO transition is lost. Interestingly, this phe-
nomenon is fully reversible and both the starting structure and properties are
recovered upon immersion in propionitrile or acetonitrile. With the latter sol-
vent, the SCO transition is shifted to lower temperatures (T,,=275 K).

Similar reversible properties have been found in another compound reported by
Real, Bousseksou, and co-workers [208, 209]. [Fe(pmd)(H,0){Au(CN),},]-H,0
(pmd = pyrimidine) shows a triply interpenetrated structure and a sharp half SCO
transition at 165 K with a hysteresis of approximately 8 K. The dehydration process
induces large changes in the crystal structure with the pyrimidine ligands, previ-
ously bound only through one nitrogen atom, now bridging two Fe(II) ions. This
results in the linkage of the three independent interpenetrated frameworks into a
unique 3-D network. This conversion results in the suppression of the SCO behaviour,
which can be recovered on rehydration. Interestingly, the isostructural [Fe(pmd)
(H,0) {Ag(CN), },]-H,O shows a similar reversible behaviour, but with a shift of the
SCO transition to lower temperatures for the dehydrated phase.

5.3 Gas-Induced Magnetic Properties Modulation

Although the number of examples of solvent-induced magnetic properties or spin-
state modulation is increasing, cases of coordination polymers in which magnetic
properties are modulated upon gas adsorption are rare. While several organometal-
lic compounds containing CO, are known [210, 211], the first example of magnetic
framework trapping CO, during its synthesis was reported by Cornia and co-workers
in 1999 [83]. Nevertheless, magnetic properties of the activated framework and
eventual reversible trapping were not reported.

The ultramicroporous 3-D MOF [Cu(F-pymo),(H,0),,.1, (F-pymo = 5-fluoro-
pyrimidin-2-olate) reported by Navarro, Parra, Sironi, and co-workers [212] dis-
plays a zeolitic gismondine-like topology with helical channels of ca. 2.9A
diameter. These channels result from the interconnection of two different cyclic
motifs, namely metallacalix[8]arenes and metallacalix[4]arenes exhibiting either
1,3-alternate or a pinched cone conformation (Fig. 24a). These are filled with water



Magnetic and Porous Molecules-Based Materials 249

[£]

T (cm*K mot")
e
L

° 10 » » «
T

Fig. 24 Structure and magnetic properties for [Cu(F-pymo),(H,0), ,.], (a) Metallacalix[8]arenes
(a) and metallacalix[4]arenes (b) cyclic motifs. (b) Gismondine-like framework (guest water
molecules are represented as red spheres). (¢) ), T versus temperature for as-synthesized (blue),
activated (red) and CO,-loaded (black) materials. Reprinted with permission from ref 212. Copyright
2008, American Chemical Society

molecules, which are associated with the framework through strong hydrogen
bonds (Fig. 24b). The framework remains crystalline up to 513 K after guest water
removal and has a relatively small volume (ca. 13%) available for guest inclusion.
At 77 K, the activated solid behaves as a molecular sieve, selectively adsorbing H,
over N, possibly due to size exclusion. The case of CO, is even more interesting
since these larger molecules are readily incorporated at temperatures as high as
433 K through a transient phase and channels expansion.

Interestingly, the authors have investigated the influence of guest molecules on the
magnetic properties in this material (Fig. 24c). The as-synthesized solid shows antif-
erromagnetic interactions and a weak ferromagnetic ordering below 7, =24 K, which
arises from a spin-canting phenomenon related to the non-centrosymetric nature of
the framework. While the magnetic ordering temperature is only slightly decreased
in the activated material (7, =22 K), loading with CO, has a profound effect on the
magnetic properties, since the ordering temperature is increased to 29 K. To explain
this result, the authors presume that the structural perturbation exerted by the CO,
guests may lead to a less distorted environment for the Cu(Il) ions with a concomitant
increase in overlap between the ligand orbitals and the metal ion magnetic orbitals,
thus permitting more efficient magnetic exchange within the framework.

6 Conclusions and Perspectives

As highlighted in the previous sections, many magnetic and porous molecule-based
materials with well-defined geometries have been prepared using metal ions and
closed-shell and open-shell polytopic organic ligands. Due to the wide availability
of organic ligands that can be combined with metal ions, a huge variety of struc-
tures is available, the properties of which can be studied for different applications
similar to those developed with non-magnetic MOFs in area of catalysis [24-26],
gas storage [27-35], and others [36—39]. Nevertheless, new fields of application can
be envisioned by exploring the anchoring of these materials onto solid surfaces, or
their processability for applications in nanotechnology and in biomedicine.
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6.1 Porous and Magnetic Coordination Polymers on Surfaces

In the previous sections, we have reported examples of magnetic and porous coor-
dination polymers. Nevertheless, it is of the utmost importance to harness the
properties of such materials in solid-state applications or devices. Therefore, much
effort must be devoted to the development of new methods for preparing thin films
containing these multifunctional coordination polymers with the aim of directing
and controlling the growth of MOFs on surfaces, and to integrate them as novel
functional units for bottom-up nanotechnology [213]. The robustness of some
porous coordination polymers can be exploited for loading with organometallic
precursors of solids that can be subsequently converted into nanosized metal clus-
ters or wires inside the pores [214].

Surface anchoring is a key step, crucial for applications such as the manu-
facturing of sensor devices. It has been recently shown that the sequential addition
of molecular-sized layers to form complex structures is a way of building coor-
dination polymers as well as other heterogeneous nanostructures on surfaces
[215, 216]. This approach, named layer-by-layer, allows the building of supramo-
lecular structures from surfaces through the self-assembly of successive mon-
olayers of organic molecules and metal ions interacting via coordination bonds
[217]. Therefore, the well-known coordination chemistry of a metal ion in solu-
tion might be used to form and control thin film structure and properties at the
molecular level.

An example of this approach is represented by the growth of 3-D coordina-
tion polymers with SCO properties via stepwise adsorption reactions for multilayer
films based entirely on intra- and interlayer coordination bonds Fe(pyrazine)
[Pt(CN),] [218, 219]. Indeed, after functionalization of the surface with the
appropriate anchoring layer the coordination polymer is built in a stepwise
fashion, alternating the metal ion (Fe*), the platinum salt ([Pt(CN),]*"), and
pyrazine. The polymer shows many interesting properties, with the SCO transition
accompanied by a variation in the dielectric constant of the material accompanied
by a room temperature hysteresis of the dielectric constants. This dielectric
hysteretic property may be useful in building molecular memory devices that can
store information by high- and low-capacitance states. What must be remarked
here is that these appealing properties cannot be exploited in bulk materials, but
only in thin films.

The approach of anchoring metal-PTM based frameworks onto solid surfaces
has also been undertaken in order to graft porous and magnetic frameworks onto
solid supports. So far, the feasibility of the layer-by-layer methodology has been
exemplified by the monocarboxylic PTM derivative (PTMMC), the Cu(Il) com-
plex of which was successfully grafted onto a carboxylate-functionalized gold
surface with its magnetic character remaining intact. Further studies on di- and
tri-carboxy substituted PTM radicals coordinated to metal ions are in progress,
towards the grafting of a porous multidimensional magnetic structure onto a
metal surface [220].
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6.2 Porous and Magnetic Coordination Cages

Use of metal-directed self-assembly has afforded many different 0-D discrete
structures with internal void space, with the geometry of the organic linker dictating
the observed geometry of the material [221, 222]. A variety of structures that include
molecular nanosized squares and rectangles [221-223], trigonal [224, 225] and
square prismatic capsules [226], as well as tetrahedral [227], octahedral, and higher
order suprastructures [228, 229] have been reported. These supramolecular organi-
zations have potential applications as chemical sensors and reaction nanovessels
[223, 230-233]. It is only very recently that the first two examples dealing with the
preparation of magnetic and porous cages based on open-shell radical ligands and
metal subunits have been reported [234, 235]. These studies demonstrated the
possibility of incorporating multidimensional metal-organic cages bearing specific
functionality with predesigned physico-chemical properties. They also opened the
way towards exciting potential applications; since these spin cages are soluble in
water their use as new spin probes and as magnetic resonance imaging (MRI)
contrast agents could be envisioned.

6.3 Porous and Magnetic Coordination Polymers as Sensors

One of the aims of recent research on coordination polymers is the design of materials
combining a set of properties for specific applications. As an example, Corma,
Rocha, and co-workers recently reported the rational design and preparation of
lanthanide-based porous MOFs showing sensing properties [236]. Their aim was
the preparation of rare-earth based MOFs showing hydrophobicity, high adsorp-
tion capacity, high thermal resistance, anisotropic photoluminescence, and
magnetic properties. The authors succeeded in the preparation of such a MOF by
combining an organic aromatic and hydrophobic spacer with lanthanide ions.
The change in the fluorescence signal intensity is the result of the interaction of the
host with ethanol in the presence of water under ambient conditions. Hence,
this lanthanide-based MOF is an example of a rationally-designed sensor based
on coordination chemistry.

6.4 Processability of Magnetic Coordination Polymers

Hybrid materials based on gadolinium ions have been investigated as MRI contrasting
agents. However, many of these agents show toxicity that prevents their use. One
of the approaches to reduce the toxicity of contrast agent is based upon the use of
viral capsides as nanocontainers for gadolinium ions bound to the interior of the
capside via coordination bonds; i.e., in the form of MOFs [237]. A second approach
consists of the reduction of the dose of the drug given to the patient by increasing
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the availability of the administrated contrasting agent. So far, good results have
been reported by processing MOF-contrasting agent as soluble nanoparticles [238].
Nanoparticles might not only be of use in biomedicine, but also in nanotechnology.
Their applications may range among data storage, catalysis, photonics, electronics,
microlenses, and biosensors. The principal challenge is in the preparation of
nanoparticles showing specific properties, i.e., nanoscale metal-organic particles.
Recently, the successful preparation of nanoparticles of Prussian Blue analogues [239],
or systems showing magnetic behaviours such as superparamagnetism [240], valence
tautomerism [241], SMM behaviour [242] or SCO phenomena [243, 244] has been
reported. It is reasonable to think that examples of porous and functional nanopar-
ticles will follow soon [245].
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