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Figure 1.13 Linking Co3+ ions and BTC results in the formation of a layered 2D structure of
formula Co(BTC)(Py)2. The layers are constructed from square planar Co3+ and trigonal planar
BTC linkers and are stacked along the crystallographic c-axis. The individual layers are
separated by pyridine ligands coordinated to give Co3+ centers to given an overall octahedral
coordination geometry. The pyridine guest molecules can be removed thermally and
reinserted, regenerating the original structure of MOF-1 of the original structure of MOF-1.
Color code: Co, blue; C, gray; N, green; O, red.

1.7 Introduction of Secondary Building Units
and Permanent Porosity

To further increase the stability of metal-organic extended structures, polynu-
clear clusters, commonly referred to as secondary building units (SBUs), were
sought as nodes to replace the single metal-ion nodes in coordination networks.
The SBUs offered several advantages toward realizing more robust structures:
the chelation of metal ions to make polynuclear clusters provided for rigidity
and directionality while the charge on the linker led to increased bond strength
and the formation of neutral frameworks. In combination, these factors were
expected to contribute greatly to the overall stability of the resulting material.
This concept was realized in 1998 when the synthesis and gas sorption proper-
ties of the first metal-organic framework, MOF-2 Zn(BDC)(H2O) were reported
(Figure 1.14). MOF-2 has a neutral framework structure and is synthesized by
slow vapor diffusion of a mixture of trimethylamine/toluene into a DMF/toluene
solution of Zn(NO3)2⋅6H2O and benzenedicarboxylic acid (H2BDC) [33]. The
layered structure of MOF-2 is built from dimeric Zn2(—COO)4 paddle wheel
SBUs (rather than single metal nodes) that are linked by BDC struts to form a
square grid (sql).

The increased stability imparted by the paddle wheel SBUs made it possible
to remove all solvent molecules from the pores without collapsing the structure
of MOF-2, leading to permanent microporosity as evidenced by reversible
nitrogen gas adsorption at 77 K. The proof of permanent porosity in this MOF
signaled a turning point in the chemistry of extended metal-organic solids and
led to the use of the term MOF to emphasize their distinct stability and porosity.
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Figure 1.14 Crystal structure of MOF-2 viewed along the crystallographic a-axis, emphasizing
the trapezoidal channels. Dinuclear Cu2+ paddle wheel SBUs are connected by ditopic BDC
linkers to form layers of sql topology. The architecturally stable combination of paddle wheel
SBUs and charged chelating linkers endow MOF-2 with permanent porosity. All hydrogen
atoms and guest molecules are omitted for clarity. Color code: Cu, blue; C, gray; N, green; O,
red.

Furthermore, this development led to extensive work on combining metals with
carboxylates and other charged chelating linkers to give crystalline frameworks
with SBUs as nodes. The term MOF has been overwhelmingly applied to
distinguish such structures and henceforth we will adopt this terminology. The
discovery of permanent porosity in MOF-2 generated interest in the further
development of MOFs as it indicated that it is possible to make a wide range of
2D and 3D MOFs by combining different inorganic SBUs and organic linkers.

1.8 Extending MOF Chemistry to 3D Structures

The inorganic SBUs are polynuclear clusters in which the positions of the metal
ions are locked in place by the binding groups of the linkers (in this book mainly
carboxylates) as exemplified by the di-nuclear M2(CH3COO)4 (M2+ = Cu, Zn)
paddle wheel complex [34]. Their geometry and connectivity can be varied in
order to allow for the formation of a variety of different MOF structures. These
features, along with rigidity, and definitive directionality and connectivity facil-
itate the possibility for reticular synthesis and for the design of new, rigid, and
permanently porous frameworks adopting a targeted structure. The synthetic and
structural chemistry of polynuclear metal carboxylate clusters was well devel-
oped early on and many of their structures were solved soon after the discovery
of X-ray diffraction by crystals [35]. As a matter of fact, the structure of the acetate
capped paddle wheel clusters, as is found in the structure of MOF-2, was deter-
mined as early as 1953 [35g]. Based on the presumption that the replacement of
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the capping acetate ligands with multifunctional organic molecules promotes the
formation of open extended framework structures, the idea of employing other
carboxylate clusters as SBUs in the formation of MOFs emerged. First attempts to
extend the chemistry of MOFs into 3D involved the use of the basic zinc acetate,
a tetra-nuclear carboxylate cluster coordinated by six acetates in an octahedral
fashion, as an SBU [35f].

1.8.1 Targeted Synthesis of MOF-5

It was known by that time that basic zinc acetate Zn4O(CH3COO)6 can be pre-
pared by adding small amounts of hydrogen peroxide to a solution of a zinc salt
in acetic acid [36]. This facilitates the formation of O2−, which lies at the center of
the resulting polynuclear cluster [37]. The knowledge of both, the synthesis route
affording the molecular Zn4O(CH3COO)6 cluster as well as that employed in the
preparation of MOF-2, allowed for the deduction of a synthetic procedure tar-
geting a 3D MOF based on octahedral Zn4O(—COO)6 SBUs and ditopic linear
linkers.

One of the lessons learned from the synthesis of MOF-2 was that precise syn-
thetic control is required in order to avoid the rapid precipitation of ill-defined
amorphous powders as a result of the low reversibility of the formation of strong
metal–carboxylate bonds. This is in stark contrast to structures held together
by relatively weak metal–N–donor bonds (e.g. bipyridines and dinitriles) whose
crystallization is relatively straightforward owing to the high reversibility and
facile error correction during crystallization. In the case of MOF-2, the formation
of a crystalline material was achieved by slow diffusion of a base (trimethylamine)
into a solution of a mixture of the metal salt (Zn(NO3)3⋅6H2O) and the organic
linker H2BDC (benzenedicarboxylic acid). Slow deprotonation of the carboxylic
acid groups of the linker slowed down the formation of MOF-2 and allowed for
error correction and consequently the crystallization of MOF-2. This strategy
was largely retained in the synthesis of MOF-5 and only modified by adding a
small amount of hydrogen peroxide to a mixture of Zn(NO3)2⋅4H2O and H2BDC
in analogy to the synthesis of the molecular Zn4O(CH3COO)6 cluster, to favor
the formation Zn4O(—COO)6 SBUs over the previously obtained Zn2 (—COO)4
paddle wheel units.

Despite the rational approach to the synthesis of MOF-5, the bulk material that
collected on the bottom of the vial turned out to be MOF-2.6 One of the authors
recalls that following this procedure, his student observed a small amount of
cube-shaped crystals, having a morphology different from the main phase col-
lecting at the bottom of the reaction vessel. These cubic crystals were floating at
the meniscus of the mother liquor and adhered to the sides of the flask in the

6 Solvothermal methods to prepare MOF-5 in high yield were established in the following years
where the slow diffusion of base into the reaction mixture was replaced by using DMF
(dimethylformamide) or DEF (diethylformamide), which slowly decompose upon heating to release
small amounts of dimethyl- or diethylamine base. It was also shown that the use of hydrogen
peroxide is not needed since O2− ions can be formed from trace amounts of water in the reaction
mixture. Typical reaction temperatures of 80–100 ∘C as well as the applicability of this route to
different metal salts were reported [38].
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same vicinity. The comparison of the powder X-ray diffraction pattern of MOF-2
and that of these cubic crystals confirmed the presence of two structurally distinct
compounds. However, when attempting to mount these cubic crystals on a single
crystal X-ray diffractometer, the formation of cracks and the loss of transparency
were observed, indicating the loss of mono-crystallinity and thus initially pre-
cluding their structural characterization. It proved difficult to handle this material
because the crystals degraded upon loss of solvent by evaporation after they were
removed from the mother liquor. Eventually, the structure of MOF-5 was deter-
mined by keeping the crystals in the mother liquor and sealing them in a capillary
prior to examination by single crystal X-ray diffraction.

1.8.2 Structure of MOF-5

The synthesis, characterization, and structure of MOF-5, [Zn4O(BDC)3](DMF)x
was reported in 1999 by Yaghi and coworkers.7 It was shown that the struc-
ture of MOF-5 is indeed composed of octahedral Zn4O(—COO)6 SBUs, consist-
ing of four tetrahedral ZnO4 units sharing a common vertex, joined by ditopic
BDC linkers to give a 3D framework structure of pcu topology (Figure 1.15). The
large size (8.9 Å) and high connectivity of the SBUs in combination with the long
BDC linker (6.9 Å) provide for an open porous structure with alternating inter-
connected pores of 15.1 and 11.0 Å in diameter, and a pore aperture of 8.0 Å.

Figure 1.15 Crystal structure of MOF-5, constructed from octahedral Zn4O(—COO)6 SBUs and
linear ditopic BDC linkers. The resulting primitive cubic net (pcu) has alternating large (15.1 Å
diameter) and small (11.0 Å diameter) pores whose different size is a result of the orientation of
the phenyl units of the BDC linkers with respect to the center of the pore. Only the large pore
is shown for clarity. The yellow sphere indicates the largest sphere that can be placed inside
the pore without coming within the van der Waals radius of any framework atom. All hydrogen
atoms are omitted for clarity. Color code: Zn, blue; C, gray; O, red.

7 The name MOF-5 was chosen in analogy to the well-known zeolite ZMS-5.
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These large cavities make up 61% of the unit cell volume and are filled with solvent
molecules (DMF) in the as-synthesized material. One of the most striking fea-
tures of the MOF-5 structure is that the pores have no walls. This provides for
an unprecedented openness of the structure that allows guest molecules to move
with great facility without clogging the pores. In contrast, the pores in more tra-
ditional porous solids such as zeolites have walls and diffusion can be subject
to complications related to blocked pores. The structure of MOF-5 is shown in
Figure 1.15 and the open space within this structure is illustrated by a yellow
sphere that represents the largest sphere that can occupy the pore without pene-
trating the van der Waals radius of any framework atom. We will use these spheres
to highlight the accessible open space within the structures of all porous frame-
works discussed throughout this book.

Among the very first questions to be addressed about MOF-5 was whether the
guests filling the pores could be removed without collapsing the overall structure
and whether, like MOF-2, MOF-5 is stable enough to support permanent poros-
ity. Before addressing this issue, we digress slightly to enumerate the different
types of stability relevant to this and other MOFs that follow.

1.8.3 Stability of Framework Structures

Chemical stability is the ability of a given material to withstand chemical
treatment without any significant change in its structure. This can be evaluated
by subjecting a material to different liquid or gaseous chemicals, followed by
X-ray diffraction analysis to verify that the structure of the material has not been
altered or degraded.

Thermal stability is the ability of a given material to withstand thermal treat-
ment without any significant change in its structure. This can often be assessed
by thermogravimetric analysis or differential-scanning-calorimetry where, upon
heating the sample, an apparent mass loss or a thermal effect (exothermic or
endothermic) is recorded, indicating decomposition and changes in the struc-
ture. Additionally, X-ray diffraction studies performed on the material after or
during thermal treatment can provide information on whether the structure has
been retained.

Mechanical stability is the ability of a given material to withstand external
forces. Methods to determine the mechanical stability of MOFs are similar
to those used in materials science such as pressurization (compressibility),
nano-indentation (Young’s modulus) or determination of the tensile strength to
name a few.

Architectural stability is the ability of a framework material to retain its struc-
tural integrity in the absence of guest molecules. It can be proven by evacuating
the solvent from the pores of a MOF and subsequent confirmation of its crystal
structure and porosity.

1.8.4 Activation of MOF-5

To realize the full potential of MOF-5, the challenge of removing guest molecules
to yield an open framework was addressed. Initial attempts to evaporate the sol-
vent guest molecules from the crystal caused cracking and a concomitant partial
loss of porosity that were ascribed to the strong mechanical forces acting on the
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framework upon solvent removal. These forces are proportional to the surface
tension of the solvent in the pores and the extent of the “adhesive forces” between
the guest molecules and the inner surface of the MOF. To facilitate the evacua-
tion of the material, the highly mobile guest molecules present in the pores of the
as-synthesized material were fully exchanged with chloroform (CHCl3), which
upon removal “puts less stress on the framework.” The complete removal of all
guest molecules from the pores of MOF-5 was eventually achieved by evacua-
tion of the solvent exchanged material at 5× 10−5 Torr and room temperature
for three hours with full retention of the crystallinity of the architecturally stable
framework [37]. The process of removing volatile guest molecules from the pores
of MOFs is commonly referred to as “activation.”

Since no change in morphology or transparency was observed upon activation
of MOF-5, single crystal X-ray diffraction studies of the activated material were
carried out. This is usually difficult because porous solid-state materials often
lose their monocrystallinity upon removal of guest molecules. However, in
this case the unit cell parameters and atomic positions determined from these
measurements were shown to be almost identical to those of the as-synthesized
material. In fact, the remaining electron density within the pores was signifi-
cantly lower than for the as-synthesized material, providing further proof that
all guest molecules had been removed and that MOF-5 is indeed permanently
porous8 [37].

1.8.5 Permanent Porosity of MOF-5

The next step in proving the permanent porosity of MOF-5 was the determination
of its internal surface area. For this purpose, nitrogen adsorption experiments
at 77 K (as recommended by IUPAC) were performed (Figure 1.16). These
measurements allow for the determination of both pore size and surface area.
The pore volume calculated from these measurements (0.54–0.61 cm3 cm−3)
was higher than those reported for the best performing zeolites at that time
(up to 0.47 cm3 cm−3) [37]. With a value of 2900 m2 g−1, the Langmuir surface
area reported in this contribution surpassed by far that of all zeolites, activated
carbons, and other porous materials.9 In later contributions, even higher surface
areas up to 3800 m2 g−1 were reported as better methods for the activation of
MOFs were developed [38a].

The combination of a 6-connected Zn4O(—COO)6 cluster and charged bridg-
ing carboxylate linkers suggest that the resulting framework should exhibit high
thermal stability, and indeed, neither the morphology nor the crystallinity of the
fully activated MOF-5 was affected by heating the material in dry air at 300 ∘C for
24 hours. This was further evidenced by subsequent single crystal X-ray diffrac-
tion studies carried out on MOF-5 samples that underwent this procedure [37].
Furthermore, MOF-5 was shown to be stable at temperatures up to 400 ∘C under
vacuum. The structural degradation of MOF-5 under atmospheric conditions can

8 A material is defined as permanently porous if it is proven to be stable upon removal of the
guests from the pores without collapsing. This is measured by nitrogen gas adsorption experiments
(at 77 K relative pressures between 0 and 1), the gold standard for evaluation of porosity.
9 Ulrich Müller, a research director at BASF SE, recalls his reaction when he came across this study
on MOF-5 and stated: “That number was so unbelievably high, I thought it had to be a misprint.”
Only after having repeated the measurement himself was he convinced [39].
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Figure 1.16 Nitrogen adsorption isotherm measured at 77 K. A pore volume of
0.54–0.61 cm3 cm−3 and a Langmuir surface area of 2900 m2 g−1 have been calculated from
this measurement. The fact that the desorption branch perfectly traces the adsorption branch
highlights the outstanding architectural and mechanical stability of MOF-5 and gives further
evidence of its permanent porosity.

therefore be ascribed to humidity in the air rather than to oxygen. This is further
supported by the fact that treating MOF-5 with dry solvents or dry air has no
effect on its crystallinity and surface area, whereas treatment with humid air or
moist solvents results in the slow decomposition of MOF-5 and the formation of
a nonporous product [38a].

1.8.6 Architectural Stability of MOF-5

It is worthy of note, that when MOF-5 was first reported, there were many
doubters as no one expected such an open structure, composed of largely open
space, to be architecturally and thermally stable. Many expected the framework
to collapse onto itself once the solvent guests are removed. To gain a deeper
understanding of the key factors rendering MOF-5 architecturally stable, it
is helpful to take a closer look at its structure. The cubic structure of MOF-5
(Figure 1.17a) can be deconstructed into the basic pcu net, that is, a framework
built from single atom vertices connected by edges (Figure 1.17b). When a shear
force is applied to this basic pcu net little resistance is expected. This however
does not hold true for the actual crystal structure of MOF-5. In its crystal struc-
ture, the vertices of the basic pcu net are cationic zinc-oxide clusters that have an
envelope10 of truncated tetrahedral shape. These vertices are joined together by
the rigid planar BDC linkers, which can be represented by a planar flat envelope
(Figure 1.17c). Each set of linkers located on opposing sides of the truncated

10 The envelope representation of individual building units in carboxylate MOFs are geometrical
shapes identical to those obtained when wrapping the respective building units in paper (thus
envelope) while making sure, that all oxygen atoms of the carboxylate groups are touching the paper.
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Figure 1.17 (a) Crystal structure of MOF-5, the two differently sized pores are highlighted by
yellow (large pore, 15.1 Å diameter) and orange spheres (small pore, 11.0 Å), respectively. (b)
Simplified representation of the basic pcu net of MOF-5. SBUs are replaced by single atom
vertices and the BDC linkers are replaced by edges. (c) Envelope representation of the
octahedral Zn4O(—COO)6 SBUs and the BDC linker as truncated tetrahedra and rectangles,
respectively. (d) Envelope representation of the extended framework structure of MOF-5,
highlighting its architectural stability that originates from the mutually perpendicular
arrangement of BDC linkers around the SBUs. Color code: Zn, blue tetrahedra; C, gray; O, red. In
the topology and envelope representation, nodes are shown in red, linkers in blue.

tetrahedron has a dihedral angle of 90∘; i.e. they are rotated by 90∘ with respect
to each other. Linking these two building units into an extended 3D framework
results in an inherently rigid structure, held together by mutually perpendicular
hinges (Figure 1.17d). This arrangement provides for the high architectural sta-
bility needed to allow for the activation and support of permanent porosity. The
high thermal stability of MOF-5 on the other hand is attributed to the fact that
the backbone of MOF-5 is composed entirely of strong bonds (Zn—O, C—O, and
C—C), all of which are significantly stronger and therefore thermodynamically
more stable than those in coordination networks (M–N–donor) [40].

1.9 Summary

In this chapter we have outlined the history of the development of MOFs. We
showed the transition from 0D amine and nitrile-based coordination compounds
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into 2D and 3D coordination networks and highlighted the key points in making
robust, chemically, mechanically, and architecturally stable compounds that sup-
port permanent porosity: (i) The use of charged chelating linker and (ii) the SBU
approach. In this way, the need for counter ions that reside in the pores of the
framework can be avoided, and the rigidity of the building units – organic linker
and SBU – renders the framework architecturally stable. We showed that differ-
ent SBUs can be targeted in a rational manner, thus presenting the prospect of the
designed synthesis of a vast variety of possible framework structures. In the fol-
lowing chapters we will consider the porosity of such frameworks in more detail.
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