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Abstract

Recent years have seen the development of a new class of porous coordination polymers known collectively as metal organic
framework materials (MOFs). This review outlines recent progress in understanding how adsorption characteristics of these systems
differ from rigid classical sorbents such as activated carbon and zeolites. Gas/vapor adsorption studies for characterization of the
porous structures of MOF materials are reviewed and differences in adsorption characteristics based on detailed measurement of
equilibrium and dynamical sorption behavior, compared with previous generations of sorbents, are highlighted. The role of
framework flexibility and specific structural features, such as windows and pore cavities, within the MOF porous structures are

discussed in relation to adsorption mechanisms.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recent years have seen the evolution of a new class of
coordination polymers known collectively as metal

Abbreviations: azpy, trans-4, 4'-azopyridine; bdc, benzenedicarbox-
ylate; bpdc, 4, 4'-biphenyldicarboxylate; bipy, bipyridine; bpp, 1, 3-
bis(4-pyridyl)propane; bpydc, 2, 2'-bipyridyl-5, 5'-dicarboxylate; BTB,
4, 4, 4"-benzen-1, 3, 5-triyl-tribenzoate; btc, benzene-1, 3, 5-tricar-
boxylic acid; cyclam, 1, 4, 8, 11-tetrazocyclotetradecane; DAB,
diaminobutane; DABCO, 1, 4-diazabicyclo[2.2.2]octane; DBM, di-
benzoylmethanate; dhbc, dihydroxybenzoic acid; DMF, dimethylfor-
mamide; dpyg, 1, 2-di(4-pyridyl)glycol; edtpn,
ethylendiaminetetrapropionitrile; hpde, pyrazoledicarboxylic; in, iso-
nicotinate; ndc, 2, 6-naphthalenedicarboxylate; Nttpy, 4’-(p-nicotina-
mide-N-methylphenyl)-2, 2":6', 2”-terpyridine; pd, 1, 2-propandiol;
pda, 1, 4-phenylendiacetate; 4-peia, N-(2-pyridin-4-yl-ethyl)-isonicoti-
namide; pia, N-pyridylisonicotinamide; 3-pic, 3-picoline; pyz, pyrazine;
pzdc, pyrazine-2, 3-dicarboxylate; tmbdc, 2, 3, 5, 6-tetramethylben-
zene-1, 4-dicarboxylate; tpt, 2, 4, 6-tri(4-pyridyl)-1, 3, 5-triazine
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organic framework materials (MOFs) [1-4]. These
materials are formed by coordinate bonds from multi-
dentate ligands to mono- or polynuclear metal centers
and may have extensive open-framework structures
resulting in the inclusion of guest species (usually
solvent) during synthesis. These species can be removed
via desolvation and the resulting empty framework may
maintain structural integrity giving a porous MOF
material, which has a large apparent surface arca. The
original solvent or other guest molecules can then be
adsorbed into this porous structure. The MOF con-
nectivities and topologies are controlled by the coordi-
nation preferences of metal and ligand, with the
templating role of pore species being less pronounced
in structure direction than it is in zeolitic aluminosilicate
and metallophosphate systems governed by template-
directed assembly of purely tetrahedral building units.
Porous media have potential applications in many
fields including separation, heterogeneous catalysis, and
gas storage. Porous networks are also of interest because
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of adsorption properties, where confined species may
alter the physical properties of the host material. MOF
materials have nanometer-sized channels with tailorable
chemical functionality and are thus in principle attrac-
tive for the manipulation and transformation of a wide
range of molecules.

Applications of MOFs that have been demonstrated,
in proof of principle, include chemical sensing [5-8],
chemical catalysis [9], light to electrical energy conver-
sion [10] and size selective membrane transport [11]. An
isoreticulated MOF, which is a variant of IRMOF-1, has
been reported that shows selective adsorption between
para- and ortho-xylene (by a factor of 2.5 times) [12].
Research into the use of MOFs for separation processes
found that Cu;(1,3,5-btc)2(H20)s, which has pores of
7-8 A diameter, showed selectivity for ethylene over
ethane, carbon dioxide over methane, for use in syn-gas
applications, and carbon dioxide and nitrous oxide over
nitrogen and oxygen, for purification of air [13]. This
material also displays heterogeneous catalytic activity
for cyanosilylation of benzaldehyde [14]. Further appli-
cations will emerge as new materials are developed.

Gas adsorption studies, in particular nitrogen adsorp-
tion at 77 K, are routinely used for the characterization
of porous structures. In the case of MOFs with pore
dimensions of <~0.5nm, activated diffusion [15,16]
may occur at 77K preventing the observation of
nitrogen uptake. In these circumstances, adsorption of
carbon dioxide at 273K may be used as a routine
measurement for estimation of micropore volume.
These routine measurements will not be discussed in
detail unless they show unusual characteristics, which
demonstrate the unique features of MOF systems. In
order to understand the capabilities and limitations of
MOF systems in this regard, fundamental information
on their response to guests is invaluable.

2. Development of metal organic framework porous
structures

Kitagawa proposed [2] that it is impossible to
synthesize compounds containing vacant spaces, as
nature abhors a vacuum. Hence, the pores will always
initially be filled with some sort of guest or templating
molecules. The guest species are important both through
their role in determining the nature of the porous
structure which assembles around them and because
they need to be sufficiently volatile or exchangeable to
permit either the generation of a truly porous material
or other molecules to occupy the pore structure. The
MOF systems allow access to open-framework struc-
tures with network topologies and connectivities that are
not usually observed in classical porous materials, and
one attraction is the possibility of generating unusually
large diameter channels and cavities. However, using

large linkers to create micropores is not always
successful as it may lead to network interpenetration,
thus actually reducing the effective pore volume created.
An alternative strategy is to design a framework, in
which the spaces occur topologically, e.g. the diamond
and graphene nets or the B net in CaBg [17-20]—are
frequently used in construction of highly porous
coordination polymers. This designed ‘“‘node and
spacer’” approach has been extensively documented by
Yaghi, O’Keeffe and co-workers, and demonstrated to
be a powerful approach for the synthesis of a variety of
topologies, permitting the development of families of
materials with the same connectivity but tunable pore
dimensions. It has recently been conceptually extended
to the actual assembly of pre-synthesized molecular
building units into identifiable frameworks by Férey and
co-workers in the MIL-10n series of materials [21,22].
The permanent porosity present in classical rigid
adsorbents is considered to be associated with the
structural rigidity of the constituent bonds, e.g. Si—O
in zeolites or C—C bonds in carbon adsorbents. The
higher thermal and chemical stability of -classical
adsorbents, in comparison with the new generation of
coordination framework materials means that these new
porous structures must provide new mechanisms for
adsorption/desorption or transformation behavior to
compete for use in associated applications. This is
possible due to the extra internal degrees of freedom
(rotation, torsion, vibration) evident in MOFs, which
allows flexibility to be conferred on the materials [23,24].

2.1. Porous structure and dimensionality

This article focuses on specific examples of MOF
materials with unusual sorption function related to
flexibility. Due to the diversity of organic linkers and
mono- and polynuclear inorganic components, a wide-
ranging survey of structure types is beyond the scope of
the current paper. A comprehensive analysis of structure
classified by pore dimensionality has been given recently
by Kitagawa et al. [2] and is summarized below.

2.1.1. Isolated cavities (“‘zero dimensions”)

Such systems are generated when windows are not
present or are small compared with guest molecule
dimensions preventing communication between them
via transport of guest molecules. This is quite a rare
situation but is realized in [Zn(CN)(NO;)(tpt)ys-
2C,H,Cly - 3CH;0H], [25] where the cavity is formed
by six octahedrally arranged Zn4(CN), squares with
cations at the corners and edges bridged by cyanide—
these squares are linked by three connecting 2.,4,6-tri(4-
pyridyl)-1,3,5-triazine (tpt) molecules and the cages are
linked by sharing squares. Interpenetration of two of
these nets produces a structure with large (containing 20
solvent molecules) cavities that are completely isolated
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from each other. Such systems are of course non-
porous. It is more usual for adjacent cavities to be
accessible, giving rise to the pore connectivities outlined
below.

2.1.2. One-dimensional channels

This is a common motif [2,26-33]. An interesting
recent example [34] (Fig. 1) involves triangular channels
formed by an overlapping triangular array of linear
coordination polymer chains formed by aromatic
dicarboxylates binding to macrocyclic Ni(cyclam)® "
complexes linked weakly by C-H...n interactions
between the macrocycle and the aromatic m system—
the ability of such a weak interaction to stabilize
permanent porosity is a recurring feature in MOF
materials and is often important in conferring flexibility
on their porosity.

2.1.3. Two-dimensional space

There are many examples of structures that incorpo-
rate layers with guests occupying the two-dimensional
(2D) space between layers which provide a barrier in the
third dimension due to dense packing without voids [2].
However, permanent porosity in such materials is rare,
presumably due to turbostratic disorder induced by
layer sliding upon guest loss. These systems do however
have a very rich guest exchange chemistry [35].

2.1.4. Three-dimensional porosity

Zeolites such as sodalite and faujasite contain
channels that intersect in three dimensions. This is more
difficult to engineer in MOF systems although highly
symmetrical cubic systems based on designed secondary
building units such as the IRMOF [1] and MIL [21]
series as well as the chiral (10,3)-a network phases of
framework composition M;btc, [36] do display three-

Fig. 1. A 1D pore system. X-ray structure of [Ni(cyclam)
(bpydc)]- 5H,O (a) Structure of the linear coordination polymer.
(b) View on the ab plane showing the linear coordination polymer
chains extending in three directions; water guest molecules occupying
the channels are depicted in CPK style (red). (¢c) View showing the
stacking of the linear chains, which generates 1D channels [34].

dimensional (3D) permanent porosity. The latter feature
non-linear helical porosity, which also follows the
(10,3)-a structure (Fig. 2(c)). There are a large number
of systems where layers are pillared into three dimen-
sions by a second group producing pseudo-three-
dimensional porosity in which one of the channel
dimensions is considerably greater than the other two
(Figs. 3 and 4).

It is useful to consider how these structures can be
formed by breaking down the roles played by metal
centers, framework-forming multidentate ligands and
auxiliary non-framework forming ligands bound to the
metal center.

Mononuclear metal, charged framework-forming Ii-
gand, neutral framework: 3D permanent porosity is
rarely achieved by a single metal center coordinated to a
single framework-forming ligand without any coordina-
tion of auxiliary ligands at the metal center. The
Nisbtc,(3-picoline)g(1,2-propandiol); system is perma-
nently porous with chiral 3D porosity but the auxiliary
alcohol and aromatic amine ligands at the metal center
are instrumental in stabilizing the guest-free structure
via C-H...7 hydrogen bonding [36].

Mononuclear metal, neutral framework-forming ligand.
Charged mononuclear metal porous frameworks result
when the framework-forming ligand is neutral, thereby
requiring an auxiliary anion to generate neutrality—in
the case of bipyridyl-based systems porosity is favored
when the ligand binds to the metal, as nitrate does,
rather than occupying the channels. An example of this
is the two Ni,(4,4'-bipy)3(NO3)4 polymorphs both based
on T-shaped coordination of three bipyridyl ligands to
the metal which are porous due to this motif (Fig. 2)
[37]. The porosity of these materials is notable for its
complex structure in which relatively large cavities are
interconnected via narrower windows, a feature we will
return to in discussing the detailed sorption properties of
these materials.

The distinction between charged and neutral frame-
works is not a trivial one—the charged defects in alumino-
silicate zeolite frameworks are associated with their
catalytic activity, while neutral zeotype frameworks are
generally more demanding to instill catalytic activity in.

Mononuclear metal, multiple  framework-forming
ligands: The charge-compensating anion in the examples
above can also play the role of framework-former in
connecting 1D or 2D metal-organic moieties into 3D
networks. Cu(4,4'-bipy)SiFg features a 2D square motif
formed by coordination of four linear bipyridyl linkers
to a metal center—Ilarge 1D channels passing through
the square grid centers are produced by connection of
these layers by the bidentate inorganic SiFz  unit
binding to copper sites in adjacent layers [19]. The
porosity is actually three-dimensional as considerably
smaller channels exist parallel to the layer, limited by the
inorganic anion.
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P4
Window centre

Fig. 2. Crystal structures of porous MOF materials with charged (M, E) and neutral (C) frameworks. The frameworks are represented by blue and
red solid lines connecting metal and bridging ligand centers. The extra-framework void volume is represented as green spheres of radius 1.2 A (a) and
(b) are polymorphs of the same composition Niy(4,4'-bipy);(NO)4. (a) E This material has windows of dimension 2.32 x 2.75A giving access to
cavities 5.4 x52x4.1A (the cavities in the loaded material contain ethanol guests of dimensions 4.2 x 4.3 x 6.3 A) and a pore volume of
0.149cm*g~'. (b) M windows 2.5 x 4. 9A, cavities 43x53x83A and a pore volume of 0.181cm*g~". (c) C has composmon Nizbtey(3-
picoline)q(1,2-propandiol); and is chiral, adopting the (10,3)—a network structure. It has windows 8.5 x 8. SA cavities 13.7 x 10.7A and a pore
volume of 0.63cm®g~'. (d) The closest framework contacts to the cavity center (large green sphere) and window aperture (small green sphere) in
phase E. Bipyridyl groups from the framework structure are represented in blue, and metal-bound nitrate anions are highlighted in red. The channels
run parallel to the crystallographic a-axis; the large cavities and much smaller windows alternate along this direction such that each cavity is
separated by a small aperture. The contact distances for the pore cavities are 5.4 and 4.25 A to trans-nitrate anions and bipyridyl ligands, respectively;
the shortest contact to the framework at the window aperture is 2.52 A, giving the window dimension as 2.2 A. All distances quoted take into account
the van der Waals radii [37].

Polynuclear metal centers—secondary building units and
“superclusters’”: The ‘“‘jungle gym” structures of My(1,
4-benzenedicarboxylate),(1,4-diazabicyclo[2.2.2]octane)
involve neutral square inorganic layers linked by the
neutral organic linker DABCO to give a 3D framework,
but now feature a dinuclear metal cluster bridged by
carboxylate groups as the building unit (Figs. 3 and 4)
[38]. These metal cluster units form the basis of a
“secondary building unit” approach to neutral frame-
work structures exemplified by the cubic Cus(1,3,5-
btc)>(H,0); material [39]. The Zn,O(O,CRCO»)q cluster
acts as an octahedral node in generating the cubic net
of the highly stable MOF-5 [17] which is the parent
of a family of isoreticular frameworks [1] with the

same structure but varying pore dimensions. Such metal
clusters can themselves be arranged in ‘‘supercluster”
units as in the case of MIL-100 where triconnecting
btc anions link four Cr3O units into a supertetrahedron,
which themselves share corners to generate a material
with cages up to 29A in diameter (Fig. 5). In this
case the Cr;O(O,CRCO»)¢ units give the framework
a positive charge, which is balanced by fluoride
anions [22].

2.2. Characterization of porosity in MOFs

A porous material must retain its structural integrity
during adsorption and desorption of guest species. It is
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Fig. 3. 3D porosity produced by linking a 2D layer. The extension of
the 2D square-grid of [Zn,(1,4-bdc),], formed by bridging of zinc
carboxylate dimer species, into a 3D structure by using DABCO,
which occupies the axial positions [38].

possible to use thermo-gravimetry to determine the
temperature at which guest species are lost and the
temperature at which the evacuated structure becomes
unstable and ultimately decomposes. It must be stressed
that for many materials the temperature at which both
of these processes occur is the same and a stable
evacuated material may never be obtained. The presence
of permanent porosity can be characterized by gas
adsorption/desorption isotherms [17,39-55], (outlined in
Section 3). Surface area is the parameter widely used for
the characterization of porous structures but it is not an
unequivocal quantity since it depends on experimental
parameters such as temperature, adsorbate, etc. Porous
structure characteristics such as total pore and micro-
pore volumes are also useful parameters. MOFs have
been produced with a wide variety in surface area,
ranging from 500 to 4500 m” g~' [19,28.,39.46,51,56-58],
which is much greater than the theoretical maximum
value obtained for carbon adsorbents (~2630m?g"
based on the coverage of the two sides of a graphene
sheet). This is due to pore filling effects and does not
necessarily represent a true surface area.

The production of a stable evacuated material has
been supported by X-ray powder diffraction (XRPD)
measurements, which demonstrate the close structural
relationship between the solvated and desolvated
materials. These results have been strengthened by
recent studies involving single crystal X-ray diffrac-
tion [26,59], allowing the detection of evacuated
channels and suggesting that the relative thermal
instability of MOFs, often <473K, stems from the
relatively weaker coordination bonds present in the
structure.

3. Flexibility and structural changes

Adsorption of guest molecules onto solid surfaces (i.c.
an adsorbent) is essential in determining the properties
of porous compounds, and is a function of both the
guest molecule-surface interactions, and pore size and
topology. Pores present in such materials are classified
according to the IUPAC scheme [60], and may be made
of exclusively one pore size or a distribution of pore
widths. Macropores (d = 50+ nm) are similar in
adsorption behavior to open surfaces, adsorption in
mesopores (d = 2—50nm) is characterized by capillary
condensation, resulting in an associated hysteretic loop
typically in the mid-relative-pressure region. Micropores
(<2nm) exhibit enhanced adsorption due to the
increased energetics of the void space associated with
overlapping of the potential field of the pore walls.

There are six recognized isotherm types, as classified
by Brunauer, Deming, Deming and Teller (BDDT
system) as shown as in Fig. 6 [61]. The shape obtained
provides information about the characteristics of the
adsorbent used. Microporous materials generally pro-
duce Type-I isotherms [61,62], where the mass increases
steeply at low relative pressure before reaching a plateau
once the available porous structure is occupied [63-72].
Types-11, -I1T and -VI isotherms are mainly indicative of
non- or meso/macroporous materials, while types IV
and V suggest the presence of mesoporosity. Types-II
and -IV isotherms are obtained for similar systems,
which exhibit differences in the strength of adsorba-
te—adsorbent and adsorbate—adsorbate interactions.
A similar relationship exists for Types -III and
-V isotherms.

There has been a significant amount of literature
published concerning adsorption systems and their
relative characteristics, including adsorption on zeolites,
activated carbons and MOFs [63—73]. In contrast to the
spherical or slit-shaped pores, usually observed in
zeolites or active carbons, MOFs incorporate pores
with crystallographically well-defined shapes including
square [19,74], rectangular [74-78] and triangular [74],
sometimes connected by windows [37,54,79,80], which
may exhibit different adsorption properties (Fig. 7) [74].
The pores in MOFs have a very uniform distribution
unlike in heterogeneous carbon materials where a broad
pore size distribution may be observed.

Gurvitsch’s rule states that the adsorption uptake at
relative pressure, p/p’~1, when expressed as a volume
of liquid (using the normal liquid density) should be the
same for all adsorptives on a given adsorbent [81]. The
rule is generally valid; within a few percent and minor
discrepancies usually arise from small differences in the
adsorption interactions. The general conformity of
Gurvitsch’s rule suggests that the adsorbate condenses
within the porous structure having a density close to the
bulk liquid density of the adsorbate [62]. Deviations are
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Fig. 4. (a) The view along fourfold axis of the metal-organic framework structure in [Zn(1,4-bdc),](DABCO) - 4DMF‘%HZO. One [Zn,(1,4-bdc),]
2D layer is colored orange to emphasize the alternation of stacking layer. Hydrogen atoms and guest molecules are omitted. The resulting porosity is
three-dimensional; (b) space-filling representation of evacuated framework 1, which emphasizes the open square channels; view along fourfold axis.
(c) Side view of evacuated framework 1, showing the windows interconnecting the channels. (d) Space-filling representation of the metal-organic
framework structure in [Zn,(1,4-bdc),](DABCO) - 2C¢Hg, showing rhombic-grid motif of [Zn,(1,4-bdc),] layers. The guest molecules and DABCO
hydrogens are not shown. Legend: Zn green; N blue; O red; C gray; H white [38].

often due to size effects, such as molecular sieving,
where larger molecules are excluded from part of the
porous structure [82]. Interestingly, it has been observed
that the M polymorph of Ni,(4,4'-bipy);(NO), does not
obey the rule for ethanol adsorption, even though it has
uniform porosity [80]. In this case, it is the available
cavity volume that limits the adsorption capacity, which

is saturated below the level predicted from adsorption of
the template.

Structural flexibility has been observed in inorganic
frameworks [83-88], for example, the structure of
ASU-16, GC14029F4[H2DAB]3[DAB]0_5 . 16H20, shows
flexibility by contracting significantly (~6%), without
any loss of structural integrity, on solvent loss [83].
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MIL100

Fig. 5. (a) MIL-100 is formed by designed assembly of isolable SBUs
with independent existence in solution. The original building block
with a trimer of metal octahedra chelated by three carboxylic
functions. (b) The supertetrahedra (ST) formed by using trimesic acid,
which occupies the faces of ST. (c) Ball-and-stick view of a unit cell of
MIL-100; one supertetrahedron is represented by using octahedra for a
better understanding. Free water molecules have been omitted for
clarity [22].

However, the changes are not as severe as those of
MOFs due to weaker interactions, including coordina-
tion bonds, H-bonds, n-electron stacking and van der
Waals interactions.

Structural transformations by guest molecule inclu-
sion are not common in zeolites but several examples of
reversible structural transformations have been ob-
served for MOFs. These include systems using both
hydrophilic and hydrophobic adsorbates (guest mole-
cules), including water, alcohols, ketones, ethers, aro-
matic and aliphatic molecules, where exposure is via
either the liquid or vapor phase [8,35,41,49,50,53,
54,89—-113]. It is noteworthy that supercritical gases
(nitrogen, oxygen, methane) may also cause structural
transformation [114,115]. Structural transformations
can include stretching, rotational, ‘breathing’ and
scissoring mechanisms, which all induce different effects
in the structure.

Stretching motions around the connector and/or
linker, resulting from bond formation/cleavage, cause
a structural change and usually involve weak interac-
tions, such as hydrogen bonds, semi-coordination [116],
or Jahn—Teller distortions. Hysteresis has been observed
for {[Cus(pzdc),(dpyg)] - 8H,O},,, where the 3D pillared-
layer structure undergoes a structural transformation
during the adsorption process, attributed to cleavage/
formation of the Cu''-carboxylate bond. X-ray studies
show that the channels in the material contract and
expand, varying between 9.6 and 13.2A during adsorp-
tion with a 27.9% reduction in cell volume on
contraction. The structure adsorbs methanol and water
but not methane at 298 K (Fig. 8), due to structural
transformation for two former adsorbates [94]. How-
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Fig. 6. Diagrammatic representation of isotherm classification: Type
I—typical of predominantly microporous adsorbents with majority of
uptake below p/p® = 0.1. Type II—typifies physical adsorption of gases
by non-porous or mixed meso/macroporous solids, with multilayering
at high relative pressures. Type III—characteristic of weak adsorba-
te—adsorbent interactions and most commonly associated with both
non- and microporous adsorbents. Type IV—hysteretic adsorption,
commonly associated with mesoporosity, where capillary condensation
gives rise to a hysteresis loop. Type V—characteristic of weak
adsorbate—adsorbent interactions and indicative of microporous or
mesoporous solids. Type VI—introduced primarily as a hypothetical
isotherm, the shape is due to the complete formation of monomole-
cular layers before progression to a subsequent layer.

ever, the framework does not adsorb nitrogen [2] and
these differences may be partly due to activated
diffusion effects [15,16].

The structural flexibility of the E polymorph
(Fig. 2(a)) of [Ni»(4,4'-bipy)3(NOs3)s] demonstrates a
scissoring motion for adsorption of the template ethanol
and methanol, which induces a cell volume change of
several percent. Both these guests are too large to pass
through the windows, if the structure was rigid, and
flexibility is required to allow this to take place. The
relative dimensions of the cavities, occupied by the
ethanol template molecules in the as-grown material,
and the windows interconnecting them indicate that this
type of relaxation will be required to permit the free
passage of guest molecules during adsorption and
desorption processes. The structure also undergoes
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pore with a 3.0 aspect ratio and a 10¢ short side (thin line), and a right
triangular pore with a 22¢ short side (thick dotted line) [74].
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Fig. 8. Methanol adsorption (filled circles) and desorption (open
circles) isotherms on {[Cu,(pzdc),(dpyg)]-8H,O}, at 298K.
A = absolute absorption. The isotherm shows a sudden rise at point
A (relative pressure, p/p°, is 0.23) and attains a saturated level (ca.
6.2mmolg~") at point B (p/p° =0.5). On the other hand, the
desorption isotherm does not trace the adsorption one any more,
instead, showing an abrupt drop at point C (p/p° = 0.1) [94].

structural changes during adsorption of methanol to
allow adsorption on different surface sites after the
complete occupation of the nitrate sites [54,97]. The
methanol-derived polymorph of the same composition,
which features one-dimensional coordination polymer
ladders linked by C—H...O hydrogen bonds between the
bipyridyl framework-forming ligands and the auxiliary
anion bound to the metal, admits toluene molecules into
the cavities despite this guest having twice the cross-

sectional area of the windows it needs to pass through to
access its eventual location [97]. Adsorption studies on
MOFs have shown that the structures contain windows
and pore cavities, which control diffusion into the
porous structure.

Time-resolved, in situ single-crystal X-ray diffraction
studies have been used to study flexibility during
sorption on Co(4,4'-bipy); 5(NOs), - (guest). The frame-
work undergoes a ‘“‘garden-trellis”-like action of the
bilayers, which allows accommodation of guests of
varying size/shape. Adsorption of dicholoromethane
induces a framework—framework transition with an
associated change in symmetry. Guest sorption influ-
ences some disordered components and the torsion
angles of the bipy ligands, however, no underlying trend
was observed. These observations support previously
published results, obtained by X-ray powder diffraction,
on the distortion of the Ni-bipy analogues (M and E)
during sorption of methanol and ethanol [54,80,97].
This provides new evidence that host—guest interactions
may drive framework flexibility [117].

Modeling the adsorption kinetics of methanol on
the M and E polymorphs of Niy(4,4’-bipyridine);(NO3),
has allowed the subsequent resolution of two barriers
in the adsorption processes related to diffusion through
(a) windows and (b) pore cavities. Diffusion through
the windows has a higher activation energy associated
with it than diffusion along the pores [80]. Similar
rationale has recently been used to determine the rate
constants for two concurrent processes involved in
the adsorption of water on evacuated ionic crystals
of macrocation-Dawson-type polyoxometallates, where
the authors have ascribed the two components to
(a) molecular diffusion of water within the voids
and (b) the large increase in c-axis length on water
sorption [118].

Rotation around a single bond provides structure
flexibility [55,93,104,119], for example, within the 3D
coordination framework, {[Cu(in)]-2H,0},, which has
an expandable structure that responds to methanol,
ethanol and propan-1-ol. The expansion occurs in a
spring-like fashion along the channel on guest inclusion
and is probably due to rotation of the Cu—O or Cu—N
bonds in the ligand [104].

Structural ‘breathing’ has been observed in interpene-
trated and inter-digitated 3D frameworks, and arises
from the slipping motion of the interpenetrated layers.
The (Znl,)s(tpt), framework undergoes considerable
relative motion of the two interpenetrating (10,3-b)
networks during nitrobenzene guest removal and
reintroduction with retention of single crystal structure
[93]. A reversible sponge-like structural change was
observed for {[Cus(bpp)s(SO4)4(EtOH)(H,0)s]-SOy-
EtOH - 25.5H,0},,, which is probably due to variable
ligand conformations and to the flexibility of the
catenated architecture [103].
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4. Guest-induced responses

Adsorption in the porous structure of classical rigid
adsorbents usually involves surface, Knudsen or gas
phase diffusion with the importance of the mechanism
depending on the size of the porosity. There is an
increased attraction in the micropores caused by the
overlap of the potential energy surfaces of pore walls.
Some materials such as activated carbons may have
both hydrophilic functional groups and hydrophobic
graphene layer adsorption sites. The porous structures
usually range from slit to spherical shapes. In the case of
MOFs, pore geometries are more extensive and there
may be an increased affinity for adsorption on
alternative sites, for example, an increased potential
exists at a corner point compared to a flat wall for
geometric pores (Fig. 9) [120,121]. This was postulated
as the mode of coordination for carbon dioxide
adsorption on the Niy(4-4'bipy)(NO3),4 structure [54],
and this is supported by theoretical calculations on
[Cu(bpdc)(DABCO)y 5], where adsorption is predicted
to occur, in two steps, on the two different ‘corner’
sites[120]. The variation in pore structure may subse-
quently produce a difference in the adsorption behavior
of the adsorbent.
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Fig. 9. Contours of constant local density for several values of the
pore loading for a cross-section equal to 4 x 12 Ar atoms. These local
densities have been averaged along the direction of the pore axis and
thus show where adsorption is occurring in a cross-sectional view
down the axis. It is evident that N, =47 (where N, is number of
atoms) corresponds to a pore where all atoms are adsorbed in the
corners of the pore; N, = 195 corresponds to full corners plus partial
wall coverage; and N, = 504 corresponds to full corners and walls plus
partial filling in the pore center [120].

The TUPAC classification system is based on iso-
therms that have been obtained for previously studied
rigid adsorbent systems. However, the flexibility ex-
hibited by MOFs contradicts this primary assumption of
‘rigid” adsorbent studies and a change in adsorption
behavior may be observed. There are many examples of
variations in framework topology and porous structure,
which can be a result of the individual components
chosen or the specific interactions that occur between
these species or those that arise from their combination.
However, it still remains for an understanding of the
ability to tailor framework function with molecular
assembly. Frameworks that demonstrate flexible struc-
tural transformations have been referred to as third-
generation materials by Kitagawa [122].

There are two main categories of guest-induced
structural distortion; crystal-to-amorphous transforma-
tion occurs when the framework collapses upon guest
removal but regeneration is possible by guest resorption,
or a crystal-to-crystal transformation where guest
removal or exchange causes structural change without
loss of crystallinity, i.e. unit cell expansion/contraction
or scissoring.

Transformations for single crystals have been mea-
sured directly by X-ray diffraction [98,119,123]. The
systems studied include a 2D net, where smaller
channels are extended when adjacent layers ‘slide’
over each other and align, allowing accommodation
of larger guest species [98]. Carbon dioxide forms
ordered—1D chains within the void space of evacuated
[Rh(IT),(O,CPh)4(pyz)], crystals upon cooling in a CO,
atmosphere, driving a transition from monoclinic to
triclinic symmetry [123].

Crystal transformation by guest exchange has been
achieved by anion-exchange and the first reversible
process was reported in 1996 [124]. An aqueous
suspension of crystalline [Ag(NO5)(4,4'-bipy)], is known
to undergo a structural transformation in an excess of
NaPFg, which is reversible upon addition of KNOs;.
Another silver complex, [Ag(edtpn)(NO5)],, changes
from a 1D structure to 2D layer and box-like networks,
upon anion-dependent rearrangement with re-coordina-
tion of the Ag(I) center (Fig. 10) [125]. Several other
examples have been reported in the literature
[107,126-129]. However, the mechanism of anion
exchange is not yet fully understood, with a range of
dissolution-based processes implied in some cases by
detailed AFM studies [130], but the ability to inter-
convert assemblies widens the scope of structures
available for potential applications.

An anticipated property of third-generation materials
is the ability to crystallographically transform in
response to physical stimuli, including light, magnetic
and electric fields as well as for heat (as is commonly
observed for other categories of coordination polymers).
However, limited transformations for porous materials
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Fig. 10. When the NOj3 anion in [Ag(C;4H,0Ng)(NO3)] is exchanged
with CF;SO3, the linear chains of [Ag(C4H,oNg)(NO3)] are linked
together by using one of the three free cyano groups of an EDTPN that
coordinates a Ag(I) ion of the neighboring chain, which gives rise to a
2D layer of [Ag(Ci4HNg)]CF3;SO3. When the CF3;SO3 anion is
exchanged with NO3, the cyano groups linking the 1D chains are
dissociated. When the CF3SO3 anion of [Ag(C 4H0Ng)]CF3SOs3 is
exchanged with ClO4, two free cyano groups of an EDTPN in
[Ag(C14H59Ng)]CF3S0; bind two neighboring Ag(I) ions, one in its
own chain and the other in the adjacent chain, which leads to the box-
like 2D structure of [Ag(C4H,0Ng)]ClO4. When the NO3 anion in
[Ag(C14H,Ng)(NO3)] is exchanged with the ClO; anion, three free
cyano groups of [Ag(C;4H0Ng)(NO3)] bind three Ag(l) ions, one
Ag(l) ion in its own chain and two Ag(l) ions in two different
neighboring chains, which gives rise to the structure of
[Ag(C14H2Ng)]CIO,4. According to this scheme, the structural
transformations among [Ag(C 4H0Ng)(NO3)], [Ag(C4H,0Ng)]CF;
SO; and [Ag(C4H,0Ng)]ClO,4 are possible in the crystalline state, just
by the coordination or uncoordination of polynitrile arms of the ligand
without significant changes of the location of Ag(I) ions and edtpn
ligands [125].

have been reported in the literature. [Pt(Nttpy)CI](PFg),
is brightly luminescent in the solid state at room
temperature and 77 K. Exposure to certain volatile
organic solvents produces a reversible crystallographic
change, for example, methanol invokes a vapochromic
change where the color changes from red to orange
(Fig. 11). The X-ray diffraction of the same single
crystal of the two forms showed equivalence molecularly
(distorted square planar) with a small change in
packing. The main difference is the presence of solvent
molecules in lattice voids for only the orange form [131].
Diffraction patterns of {[Cu,(pzdc),(4,4’-bipy)]|G},
(CPL-2 G) where G = H,O or benzene, or G = void
for the apohost, were measured using in situ synchro-
tron X-ray powder diffraction. Benzene adsorption
induced a crystallographic contraction, with ~4.9%
reduction in volume, even though the channels were
occupied by benzene. The transformation produces a

— Before Exposure
~— After Exposure

Normalized Intensity

(a) nm

+ MeOH (g)
- MeOH (g)
(b)
1.2
= 1
G
g
= 08
1=
2
7
= 0.6
]
-
g
| 04
E
z
0.2
0
560 610 660 710 760
(c) nm

Fig. 11. (a) Normalized room-temperature solid-state emission spec-
trum of [Pt(Nttpy)CIl](PF¢), before and after exposure to MeOH
vapors. *Denotes instrumental artifact. (b) Luminescence of
[Pt(Nttpy)CI](PFs), as observed by eye in the presence and absence
of MeOH vapors. The complex is immobilized on filter paper
and irradiated under long-wave UV-light at room temperature.
(c) Emission results obtained from cycling through repeated exposure
to and removal of MeOH vapor in air [131].

new pore structure that is well suited for benzene, which
the authors call a ‘shape-responsive fitting transforma-
tion’ [132]. Examples also exist for inorganic mesopor-
ous silica MCM-41 [133,134], and it is envisaged that
third-generation materials that respond to physical
stimuli will be discovered allowing a greater diversity
in the materials available for study.

Reversible adsorption characteristics and electronic
switching, sensitive to guest species, have been observed
for Fe,(azpy)4(INCS),4 - (guest). The switching property is
due to iron(II) spin crossover centers, where ‘half-spin’
crossovers are produced in the sorbed phase and no
switching upon desorption. The local environment of
the iron(II) centers changes with adsorption, due to the
structural flexibility of the framework, which shows
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dramatic changes in geometry with sorption. The
theoretical basis proposed may have important implica-
tions in molecular sensing [§].

NMR has been used to study the polymeric complex,
[Ni(4,4'-bipy)(DBM),], which adsorbs large volumes of
gases/VOCs, as suitable single crystals could not be
grown for X-ray analysis. Adsorption of xenon pro-
duces a Type-I isotherm, with a plateau value of 1:2
(host-to-xenon). Adsorption of organic vapors produces
structural changes, ranging from minor adjustments to
total reorganization of the crystal structure. NMR
studies with benzene-d6 showed that the organic
molecule is included in the crystalline lattice of the
parent material [135].

4.1. Step changes

An example is the adsorption of methanol on the E
polymorph of Ni,(4-4'-bipy)(NOs)s. Readsorption of
the templating molecule (EtOH) produces a Type-I
isotherm, indicative of the microporous structure pre-
sent. However, substitution by methanol causes a
change in structure as the flexible adsorbent expands
in order to accommodate three methanol molecules into
the void originally occupied by two ethanol molecules
(see Fig. 12). The structural rearrangement, which
results in the net cell expansion, produces a step in the
isotherm at volume filling equal to a formula stoichio-
metry of two methanol molecules, with a scissoring
motion involving an increase in two axes and a
reduction in the third allowing a third methanol
molecule to be sorbed. This change is accompanied by
a slowing down of the sorption kinetics. The structural
change is forced by the precise optimization of the E
structure around the ethanol template, which occupies
the cavity shown in Fig. 2(d): there are two ethanol
guests per formula unit in the as-grown material, and
thus E is optimized for hydrogen bonding two hydroxyl
groups. When the third methanol guest per formula unit
is sorbed, the structure is forced to readjust to
accommodate it, producing both the isotherm step and
the slow kinetics at this point [54].

4.2. ‘Gating’ processes

This may occur when the porous structure of a
material changes during the adsorption process, going
from non-porous to porous at a specific pressure and
generating an isotherm that could be the combinatorial
result of two or more types. The adsorption isotherm
obtained for a {{Co(NCS),(4-peia),] - 4Me>CO}, shows
an apparent change in structural character from non- to
microporous at a set pressure as shown in Fig. 13 [136].
The isotherm is similar to Type II at low pressure, and
the low uptake is consistent with a lack of porosity,
however, at p/p°~0.75 there is a sharp increase in

uptake with Type-I character, indicative of a micro-
porous structure. Once the plateau is reached the
structural change is complete and the porous structure
is filled with guest molecules. Other systems may
produce isotherms where a progressive opening of the
porosity, which may be composed of different pore
widths, will produce stepped isotherms.

Adsorption studies of nitrogen, argon and carbon
dioxide on [Cu(4,4-bipy)(BF4)(H>0), - (4,4'-bipy)],,
produced an adsorption profile that again showed a
sharp increase in mass at a given pressure, referred to by
the authors as the ‘gate pressure’. Almost no adsorption
was observed below this pressure and the change was
attributed to pore blocking below the ‘gate pressure’ by
hydrogen bonds, which regulate the microporous nature
of the adsorbent [102].

Flexibility of coordination polymer frameworks has
been exploited to activate access to the porosity using
the guest pressure. This exploits either freedom to
displace one interpenctrated network relative to another
or uses the guest pressure to overcome the weakest
framework-forming interaction in a low-dimensional
system [114]. [Cu(4,4'-bipy)(dhbc),]- H,O is stable to
guest loss but the interlayer separation decreases to
prevent nitrogen adsorption at 77K. However, the
nitrogen sorption isotherm, at 300K, demonstrates an
abrupt increase in uptake beyond ~50 bar, referred to as
the ‘gate-opening’ pressure, which corresponds to a
structural transition from the ‘closed’ to the ‘open’ form
driven by interaction between the framework and the
guest (Fig. 14). The lanthanide-based carboxylate
framework Erp(pda); behaves as though it has micro-
porosity for carbon dioxide adsorption at 273 K but not
argon or nitrogen adsorption at 77K. The authors
suggest that chemical rather than size factors control
guest uptake into the porosity [137]. However, activated
diffusion effects are also possible for adsorption in
microporous structures at 77 K [138,139].

4.3. Gas storage

Storage of selected gases or vapors is a desirable
characteristic of porous materials. Particularly important
is the storage of hydrogen and methane at ambient
temperatures and relatively low pressures for use in
transportation applications. Materials with such ability
need to include an extended porous structure and pore
volume. In the case of porous MOFs, they must retain a
stable accessible void for gas adsorption after evacuation.

Methane: Classic rigid adsorption systems, such as
activated carbon, have reasonable methane storage
capacity but limited commercial feasibility, due to
distance limitations for refueling; to date up to ~150
v/v (~270cm®g™") uptakes have been achieved, at
35bar and 298 K, which actually meet the targets set
by the US DoE. The volume of methane adsorbed per
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Fig. 12. (a) Adsorption isotherms for nitrogen and argon on Ni,(4,4'-bipyridine);(NO3), at 273 K. (b) Adsorption/desorption isotherms for nitrous
oxide Ni,(4,4-bipy);(NO3), at 273 K. (c) Adsorption isotherms for carbon dioxide on Ni,(4,4-bipy);(NO3), in the temperature range 268—303 K and
pressure range p/p°, 0-0.04 (p/p°, 0-0.0025, inset). (d) Adsorption isotherms for methanol on Niy(4,4"-bipy)s;(NO3), in the temperature range
273-293 K. (e) Adsorption isotherms for ethanol on Niy(4.4’-bipyridine);(NOs3)4 in the temperature range 293-323 K [54].

volume of adsorbent is the most important factor in the pores are too wide for pore filling under the
determining commercial viability. One of the problems adsorption conditions. However, the advantage of
is that the presence of meso- and macropores does not materials with a pore size distribution like activated

contribute greatly to methane adsorption capacity, as carbons is that it improves gas adsorption/desorption



A.J. Fletcher et al. | Journal of Solid State Chemistry 178 (2005) 2491-2510 2503

80
T 80— ] I
= 5T
o = o
= o
[ = ©
e w
E 40 + =~ -g
-~ E
-
< p. |
20 m_é
I "‘.‘.r'
e L T " T
00 02 04 06 08 10 00 02 04 08 08 10
(a) PIPo (b) PIPg
02 - -
0.0 f,
0.2 | L
= i
T 064
8’ 0.8
T
1,2 ~
1.4 H
1] T T
08 10 11 12 13 14
(©) log P

Fig. 13. (a) Isotherm for N, adsorption (filled circles) at 77K of
{[Co(NCS),(4-peia),] - 4Me,CO},, over the pressure range from 0.003
to 0.919. Py is the saturated vapor pressure of N, at 77 K. (b) Isotherm
for acetone vapor adsorption (crosses) and desorption (open squares)
at 298 K of [Co(NCS),(4-peia),] over the relative pressure range 0.017
to 0.907. (¢) Hill plot for the adsorption curve of (b), where Y
(0<Y<1) and P are the extent of complexation and pressure (kPa),
respectively [136].

transport characteristics. This is a scenario where
tailored pores, with pore widths close to the adsorbate
dimensions, are a possible more-expensive alternative
and an area where MOFs may potentially provide
molecules with improved capacity, due to the uniform
porosity with large pore volume.

The first report of using MOFs for methane adsorp-
tion was made in 1997 [51] for the polymeric material
{[C0,(4,4'-bipy)3(NO3)4] - 4H,0},. The adsorbent sorbs

~52cm’g™' at ambient temperature and ~30bar
pressure (Fig. 15). Further investigations on
{[Cuy(pzdc)2L]-nH,0},, (L=pyz (CPL-1, n=1),

4,4'-bipy (CPL-2, n =4), and pia (CPL-6, n = 5)) [28]
have shown uptakes of 18, 56 and 65cm?®g~" of methane
under similar conditions. A variety of porous frame-
works have been synthesized since this initial report,
which display similar adsorption characteristics
[17,19,39,46,48,49,53,55,56,58,89,101,102,140-143].
Interpenetrated frameworks have also exhibited sorp-
tion of methane, the first example being 40cm’ g™ at
298 K and 35bar for {[Cdy(NOs)s(azpy)s]-2Me,>CO},,,
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Fig. 14. (a) Nitrogen adsorption (filled circles) and desorption
isotherms (open circles) for [Cu(4,4’-bipy)(dhbc),] - H,O at 298 K. Blue
and red dashed lines were determined by fitting the linear parts of the
Langmuir plots in the higher (from 82 to 121 bar) and lower (from 8 to
33 bar) pressure ranges, respectively. (b) Adsorption (filled circles) and
desorption (open circles) isotherms of N,, CHy, CO; and O, at 298 K
[114].

which has a microporous structure despite being a triply
interpenetrated framework [140]. Later structures have
produced increased capacities: {{Cu(AF)(4,4'-bipy)-]-
8H,0},, (when 4 = Si, V4 = 134cm’g™'; and 4 = Ge,
Vags = 146cm? g™ "), again at 298 K and 35 bar [19,89],
suggesting that improved design of MOFs may provide
viable storage materials in future.

The isoreticular metal-organic frameworks
(IRMOFs) related to MOF-5 exhibit an increased
capacity towards methane. One particular material, an
isoreticular Zn,O(O,CR)¢ framework with cyclobutyl-
benzene linkers; IRMOF-6, with a large surface arca
(2630m? g~ ") [46] shows an uptake of 240cm’g™' at
35bar and 298 K. This equates to ~70% of the volume
that is currently stored in gas tanks, which use greater
pressure (> 200 bar).

Other porous polymers, composed of 2D carboxylate-
bridged polymers bridged by organic linkers to produce
a 3D network [142], show large methane uptakes
(~212em’*g™" at 298K and 34bar), which may be
supported by their relatively large surface areas (in the
region of 3200m”g~') or channel cross-sectional
size. These authors suggest that an upper limit of
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~12x 12A2 probably exists for square pores in methane
storage applications, where maximum potential interac-
tion between the adsorbate and adsorbent would occur,
implying that simply further increases in pore dimen-
sions will not improve performance.

Hydrogen: The environmental implications of repla-
cing petrol- and diesel-powered transportation by
versions that run on fuel cells and hydrogen have gained
much media interest in recent years. The main benefits
of using this ‘clean fuel’ are massive reductions in air
pollution and greenhouse gas emissions, and this has led
to a great surge in research into efficient storage of the
gas. Current methods of hydrogen storage are them-
selves energy intensive, requiring cryogenic tempera-
tures, whilst hydrogen-powered transportation will
require great advances in storage methods for use with
fuel cells necessary to convert the fuel to power. Hence,
there is a need to develop adequate storage materials in
conjunction with vehicular technology that are able to
store large amounts of hydrogen at near-ambient
temperatures and ‘safe’ pressures. Such materials would
also need to satisfy the requirements of reasonable
volume, weight and realistic kinetics for charging and
discharging the gas.

Firstly, it is important to point out that there have
been a number of erroneously high hydrogen adsorption
uptakes reported for both carbons and MOFs. Accurate
hydrogen adsorption measurements are difficult and
many of the problems are associated with the adsorption
of impurities in the hydrogen used. Few papers contain
sufficient information to cross check the reasonableness
of the adsorption uptakes against standard pore
structure characteristics, as obtained from nitrogen
(77K) and carbon dioxide (273 K) adsorption studies,
e.g. confirmation that the pore volumes for hydrogen
uptake are not greater than possible from the total pore
volume determined by nitrogen sorption.

The United States Department of Energy has current
targets of 6.0 wt% for hydrogen storage by the year 2010
[144]. This means that given the energy density of
hydrogen compared to petrol and the projected in-
creased efficiency of fuel cells over the combustion
engine, an average vehicle would require 5-10kg of
hydrogen to be stored for equivalent transportation
[145]. Nijkamp et al. [146] proposed that a correlation
exists between hydrogen volume adsorbed and micro-
pore volume by deconvoluting the amounts adsorbed in
the micropores and the surface of the micropores for
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carbons. This allowed the authors to conclude that
greater gas capacities could be achieved with adsorbents
containing a large volume of micropores with suitable
diameter [146]. Recent work involving the investigation
of the effect of carbon surface functionality on hydrogen
adsorption showed a clear correlation between the
maximum volume of hydrogen adsorbed and micropore
volume, determined from extrapolation of the Dubi-
nin—Radushkevich equation for carbon dioxide adsorp-
tion at 273K, and suggest that only the micropore
volume is filled with hydrogen at 77K [147]. The
micropore volume can be converted to a surface area
and, hence, shows consistency with the correlation
between hydrogen adsorption and surface area observed
previously [148]. The work by Zhao et al. also suggests
that the effect of functional groups is detrimental to
hydrogen adsorption on activated carbons. Isobars for
hydrogen adsorption show a decrease in amount of
hydrogen adsorbed with increasing temperature from
77K with the amount adsorbed becoming negligible at
195K [147]. Initial studies [149-151] of hydrogen
adsorption on graphitic fibers, carbon nanotubes and
porous carbons showed high uptakes but recent work
has questioned carlier observations [146,152—156]. The
temperature dependence of hydrogen adsorption is a
major consideration for the use of adsorbents. Current
carbon adsorbents only take up small amounts of
hydrogen adsorption even at high pressures (up to
100 bar) [154-158], which has also been suggested by
theoretical calculations [159—161]. Even considering the
most efficient carbon adsorbent as a pure graphitic sheet
with complete adsorption on both sides, adsorption
capacities are limited.

Previous work has focused largely on metal hydrides
[145,162,163], which involves chemisorption where the
issues of low storage capacity or high-release tempera-
ture may need addressing, while the important process
for zeolites [164], and carbon-based (including nano-
tubes) [149,150,165-172] materials is physisorption.
There is also the development of chemical hydrides with
catalyst doping, e.g. Ti-doped NaAlH,4, which have been
shown to reversibly cycle hydrogen [173,174]. The major
disadvantage of using hydrides for hydrogen storage is
the large enthalpy generated during adsorption, which
presents a problem when refueling a vehicle at the rate
proposed by the US DoE.

Recent work involves the use of MOF-177;
Zn,O(BTB), [40] IRMOFs-1, -8, -11 [46], and -18
[175]; these are ZnsO(O,CR)s IRMOFs having bdc,
ndc, hpdc and tmbdc linkers, respectively. The micro-
porous coordination polymers show adsorption of
hydrogen up to 1.6wt% at 77K and ~1 bar pressure
for IRMOF-11 [171]. IRMOF-1 has also been shown to
adsorb ~1.65wt% at room temperature and 48 bar
[176]. Panella et al. [177] have recently reported that
hydrogen adsorption studies on MOF-5 (also known as

IRMOF-1) at room temperature and at 77K for
pressures between 1 and 67 bar show good agreement
with the newer values reported by Roswell et al. [175] in
2004 for the IRMOF series. These authors also reported
that the material exhibits a very small uptake at room
temperature, even up to 67 bar, at 0.2wt%. Zhao et al.
[37] have presented isobar data, which show that
negligible amounts of hydrogen were adsorbed on
activated carbon and MOFs at 195K and 1bar
hydrogen. Given the well-defined porous structure of
many MOF and inorganic porous systems, information
on which sites within the structure specifically favor
hydrogen adsorption will be useful in developing new
classes of material. Temperature-programmed deso-
rption and inelastic neutron scattering measurements
suggest that the nickel(Il) phosphate VSB-5 has
coordinatively unsaturated Ni'' sites accessible to
hydrogen molecules in the pores [178], which may
enhance adsorption. Interpenetrating materials may
need to be an aspect to consider in the design of MOFs
to produce a suitable porous structure of hydrogen
adsorption [175].

Ferey et al. [179] describe hydrogen adsorption on
M(OH)(0,C-C¢H4—CO,), where M =Cr*" or AIP".
Fig. 16 shows that significant adsorption was observed.
The chromium material shows an uptake of 3.1 wt% (at
1.6 MPa) [179,180], whereas that containing aluminum
shows 3.8 wt% [179,181] at the same pressure. Hyster-
esis was observed for adsorption of hydrogen on the two
compounds. Comparison with other rigid systems shows
a greater capacity for hydrogen gas at 77K but no
significant hydrogen uptake is observed at room
temperature [179] Selective adsorption of hydrogen
(0.9 wt%) over nitrogen, at 78 K, has been demonstrated
for a MOF with short linkers [182]. However, the low
temperatures used suggest activated diffusion effects

LAY ' ]
—a—ads
—v—des

A~

H content (wt.%)

T=77K

" " " 1 " " n n
0.0 0.5 1.0 1.5 2.0
P (MPa)

Fig. 16. PCI curves (A: adsorption; ¥: desorption) measured at 77 K
up to 1.6 MPa of hydrogen pressure for M(OH)(O,C-CsH4—CO,)
samples with M = Cr®*(open symbol) and M = A" (full symbol)
[179].
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should be considered. Other authors have reported
uptakes of a few percent for adsorption at ~1 bar and
77K; [Ni (cyclam)(bpydc)] showed 1.1 wt% [34], while
the zinc-based framework [Zn,(bdc),(DABCO)] [38] had
an uptake of 2.0 wt% both of which would be expected
to be very much lower at room temperature.

The adsorption of large volumes of hydrogen is
inherently difficult due to the small molecular dimen-
sions of the molecule and the limited interactions
between the adsorbent, either classical rigid materials
or MOFs, and poorly polarizable hydrogen molecules.
This leads to a marked temperature dependence for
hydrogen physisorption with little or no hydrogen being
adsorbed at 195K and 1 bar. It is not sufficient to make
increasingly large pore volumes with large pores, as a
surface potential well overlap is critical for hydrogen
adsorption. Hence, the production of materials that
incorporate small pores, preferably specifically designed
to maximize hydrogen sorption via the nature and
spatial distribution of functional groups, or large pores
with windows that can retain the adsorbate are the most
reasonable approaches available.

4.4. ‘Kinetic trapping’

Physical adsorption of species on many porous
materials produces adsorption isotherms that are
virtually completely reversible. A recent report [37] has
shown that adsorption will produce an effect in the
system whereby some or all of the hydrogen is retained
on pressure reduction and this is described by the term
‘kinetic trapping’.

Studies have shown that adsorption and desorption of
hydrogen from nanoporous materials, such as activated
carbon, is usually fully reversible [146,183—187] as would
be expected for the weak van der Waals-type interac-
tions involved in physisorption processes of this type.
However, adsorption of hydrogen on nanoporous
MOFs, two structures with Niy(4-4'-bipy)(NO3), stoi-
chiometry (Fig. 2) reveals irreversibility in hydrogen
uptake at 77 K. The existence of flexible linkers, weak as
well as strong framework-forming interactions and
windows, which are considerably smaller than the
cavities they connect, may all be important in the
process of kinetic trapping of hydrogen gas by windows
[37]. The pore openings, as characterized in the static
structures, appear to be too small to allow hydrogen
(kinetic diameter 2.89 A) to pass, but there are subtle
changes within the structure that allow the gas to access
the internal porous structure. Hysteresis in the adsorp-
tion and desorption isotherms is observed (Fig. 17),
above the supercritical temperature of hydrogen, which
reflects the dynamical opening of the windows between
pores. The effect of this is to be able to store in the
material at reduced pressures concentrations of hydro-
gen, which are loaded at considerably higher pressures.
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Fig. 17. Adsorption—desorption isotherms for H, adsorption (filled
symbols) and desorption (open symbols) isotherms on adsorbents at
—196°C: (a) AC—activated carbon G209 (H, 1), C—Nis(btc),(3-
pic)s(pd); (A, A); (b) M polymorph of Niy(4,4'-bipy);(NO), (@, O), E
polymorph of Niy(4,4'-bipy);(NO), (V,V) [37].
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Fig. 18. Isobars for hydrogen desorption from adsorbents; AC—
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(©), M polymorph of Niy(4,4'-bipy);(NO), (A) and C—Nisz(btc),(3-
pic)s(pd); (O) at 1 bar hydrogen pressure [37].

The hydrogen gas can be stored at 77 K and its release
starts at 110K, which is complete when the tempera-
ture reaches 195K, as shown by measured isotherms
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(Fig. 18). The isobars contrast with the ‘“reversible”
systems (activated carbons, rigid adsorbents and MOFs
without windows) in that there is virtually no loss of
mass on heating between 77 and 110 K, demonstrating
that the systems are not at equilibrium. This behavior is
quite different from rigid adsorbents such as activated
carbons. The unique behavior demonstrated by these
materials would allow hydrogen to be adsorbed at high
pressures but stored at lower pressures. The challenge is
to increase the temperature at which release of hydrogen
starts. Given that this is determined kinetically by an
activation barrier, it may well be possible to raise this
barrier by modification of the structure or interactions
within it controlling the window opening and closing.

5. Conclusions and future perspectives

Studies of gas/vapor adsorption characteristics of
adsorbents provide information that allows tailoring of
properties for potential applications. This is of parti-
cular interest in the field of porous coordination
materials, where the pore cavity size and shape, and
window structure available may be controlled by
rational design for a specific application.

Specific differences between MOFs and classical rigid
adsorbents are related to the flexibility of the former.
Structural changes, for example, a scissoring motion,
may occur during the adsorption process. Rigid
adsorbents may frequently follow Gurvitsch’s rule,
whereas MOFs often do not. This is related to the
presence of pore cavities, which may control adsorption
in MOFs. Flexibility is also needed to allow opening/
closing of windows in the structure to provide access to
the pore structure. ‘Gating’ and ‘kinetic trapping’
processes are unique to flexible MOFs. Disadvantages
of these systems compared to classical adsorbents, such
as activated carbons and zeolites, including lower
thermal and chemical stability of MOFs, must be
balanced against the rational design process for tailoring
structures to specific properties.
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