


Discovery and introduction of a (3,18)-connected
net as an ideal blueprint for the design of
metal–organic frameworks
Vincent Guillerm1, Łukasz J. Weseliński1, Youssef Belmabkhout1, Amy J. Cairns1, Valerio D’Elia2,
Łukasz Wojtas3, Karim Adil1 and Mohamed Eddaoudi1*

Metal–organic frameworks (MOFs) are a promising class of porous materials because it is possible to mutually control their
porous structure, composition and functionality. However, it is still a challenge to predict the network topology of such
framework materials prior to their synthesis. Here we use a new rare earth (RE) nonanuclear carboxylate-based cluster as
an 18-connected molecular building block to form a gea-MOF (gea-MOF-1) based on a (3,18)-connected net. We then
utilized this gea net as a blueprint to design and assemble another MOF (gea-MOF-2). In gea-MOF-2, the 18-connected RE
clusters are replaced by metal–organic polyhedra, peripherally functionalized so as to have the same connectivity as the RE
clusters. These metal–organic polyhedra act as supermolecular building blocks when they form gea-MOF-2. The discovery
of a (3,18)-connected MOF followed by deliberate transposition of its topology to a predesigned second MOF with a
different chemical system validates the prospective rational design of MOFs.

The ability to design and construct made-to-order solid-state
materials to address ongoing challenges in global energy and
environmental sustainability remains elusive. The building-

block approach, whereby at the design stage the desired properties
and functionality can be introduced in preselected molecular build-
ing blocks (MBBs) prior to the assembly process, has emerged as a
prominent pathway for the rational construction of functional solid-
state materials. The more directional and structural information that
can be incorporated into the building block, the higher the degree of
predictability and the potential for design1–4.

Metal–organic frameworks (MOFs)2,5,6, an emerging class of
modular solid-state materials, have attributes (crystallinity, synthesis
under mild reaction conditions and an organic/inorganic hybrid
composition) that make them amenable to construction using the
MBB approach1. Nevertheless, several key prerequisites have to be
fulfilled for the design and directed assembly of MOFs with specific,
pre-selected network topologies. Generally, the blueprint net should
be a minimal-edge transitive net7 (a net with only one or two kinds
of edge) that is exclusive for the assembly of its corresponding basic
building units8,9. Additionally, the points of extension of the requi-
site building blocks (the points at which the building blocks are
joined together to form a net) should match the vertices of the
corresponding vertex figure in the targeted net. Typically, for a
given net, an n-connected node is replaced by a related polygon
or polyhedron with n vertices (vertex figure); such a process is
referred to as a net augmentation and results in an augmented net
(net-a). A resultant vertex figure dictates the requisite n connectivity
(n points of extension), structural and geometrical information to be
targeted and expressed in a chemical building block entity prior to the
directed assembly process into a net. Practically, highly connected
nets with at least one n-connected node, where n ≥ 12, are suitable
targets in crystal chemistry, as they limit the number of outcome

nets for the assembly of their associated highly connected building
blocks10. Potentially, such building blocks can be accessed chemically
through either MBBs or supermolecular building blocks (SBBs).
Highly connected metal clusters can be used as MBBs8,9,11–17, and
more-elaborate metal–organic polyhedra (MOPs), based on the
assembly of relatively simple and readily accessible three- or four-
connected MBBs, can be employed as SBBs. Our group is actively
pursuing both of the aforementioned pathways, namely (1) exploring
variousmetal and functional ligand coordination chemistries with the
aim of discovering new modular highly connected polynuclear metal
clusters14 and (2) investigating particular nets that are amenable to the
synthesis and design of MOFs through the SBB approach9,18,19.

In this report, we describe the isolation of highly connected poly-
nuclear clusters and their use as MBBs in MOF synthesis. We also
demonstrate the power of the SBB approach in facilitating the
design and deliberate construction of MOF structures. We present
the discovery and formation, in situ, of a novel rare earth (RE)
nonanuclear carboxylate cluster [RE9(μ3-OH)8(μ2-OH)3(O2C–)18],
(RE = Y, Tb, Er, Eu). This serves as an 18-connected MBB for the
assembly of a (3,18)-connected MOF with an unusual gea topology,
gea-MOF-1. Using the SBB approach, we then demonstrate that
replacing the relatively simple and dense 18-connected inorganic
MBBs by more complex and more open Cu-based MOPs, acting as
18-connected SBBs, is a viable route to MOF design. Using the
newly discovered (3,18)-connected net as a blueprint and combining
it with the 18-connected SBBs, we also report the deliberate construc-
tion of a related gea-MOF, gea-MOF-2.

Results and discussion
Discovery of an 18-connected RE nonanuclear cluster and a
(3,18)-connected net. MOFs constructed from RE metal ions
and/or clusters are of prime interest for building multifunctional
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materials as a result of their intrinsic properties (for example, catalysis
and luminescence). However, their deliberate construction remains an
ongoing challenge because the RE hard-sphere behaviour limits the
ability to control the directionality of coordinated ligands, and
therefore it is difficult to control the resulting MOF structural
outcomes20–26.

Recently, our discovery of a RE-based face-centred cubic (fcu)
MOF platform allowed fine-tuning of the appropriate reaction con-
ditions for the consistent in situ formation of the hexanuclear RE
cluster [RE6(μ3-OH)8(O2C–)12–x(N4C–)x , x = 0, 8], a 12-connected
inorganic MBB ideal for MOF crystal chemistry14. These reaction
conditions, in the presence of 2-fluorobenzoic acid (2-FBA), were
employed in the absence of bridging or terminal ligands to form the
corresponding discrete hexanuclear cluster. We were able to grow
and isolate single crystals via prolonged slow evaporation of the reac-
tion mixture. They were formulated by single-crystal diffraction (SCD)

data as [RE6(μ3-OH)8(O2C–C6H4F)11(DMF)(NO3
−)(H2O)6] (RE = Tb,

DMF = dimethylformamide). It is proposed that the presence
of 2-FBA could play a major role in repelling water molecules
and might explain the formation of discrete multinuclear
clusters rather than the infinite RE chains commonly observed in
RE-MOFs (Fig. 1a)20,21,24–26.

Our analysis of the Reticular Chemistry Structure Resource (RCSR)
database10 showed that such a 12-connected MBB (cuboctahedron
(cuo) building units) can potentially be linked via four-connected
MBBs (square building units) or directly bridged (with two-connected
linear ligands) to afford MOFs with ftw16 or fcu11,13–15 topologies,
respectively (Fig. 1b). However, to the best of our knowledge, there is
no reported topology possible for the assembly of the present 12-con-
nectedMBB (points of extension matching the vertices of the cuo) with
triangles. In the predicted (3,12)-connected ttt net, the corresponding
compatible 12-connected building block (truncated tetrahedron is the
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Figure 1 | Topological exploration that led to the discovery of gea-MOF-1. a, A combination of RE metal ions and 2 fluorobenzoic acid enables the assembly
of a hexanuclear RE cluster. The carbon atoms of the carboxylate ligands (that is, the points of extension) coincide with the 12 vertices of a cuo, which
enables the hexanuclear cluster to act as a 12-connected molecular building block for MOF formation. b, Linking of 12-connected MBBs with either linear
(two-connected) or square (four-connected) MBBs results in the formation of a fcu net or a ftw net, respectively. c, The 12-connected MBBs do not form
structures when combined with triangular (3-connected) MBBs; however, the insertion of three extra RE ions into the hexanuclear cluster affords the
evolution of a nonanuclear cluster coordinated by 18 carboxylate ligands. In this cluster, the points of extension coincide with the 18 vertices of an eto
polyhedron. It therefore acts as an 18-connected MBB and, in combination with a triangular MBB, affords the assembly of a (3,18)-connected net, the gea
net. In the skeletal molecular structures in a and c, RE, C, O and F are represented by purple, grey, red and light green, respectively, and H atoms are omitted
for clarity. For clarity, fcu, ftw and gea topologies are represented as augmented nets.
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vertex figure of the 12-connected node) has a very different shape to
that of a cuo. Such a mismatch offers great opportunity to discover
plausible highly connected RE polynuclear clusters and their respective
assembly into MOFs with potentially novel topologies.

The combination of 1,3,5-benzene(tris)benzoate (BTB) and RE
without 2-FBA gives MOFs with extended building units (chains)
and modest porosity (Supplementary Fig. 10)21,24–26, but the ability
to form consistently the 12-connected RE hexanuclear cluster com-
bined with its apparent non-compatibility with triangular ligands
has propelled us to use BTB as a potential vehicle to derive a new
highly connected RE cluster for the construction of MOFs (Fig. 1c).

Reactions between H3BTB and Y(NO3)3·6H2O in the presence of 2-
FBA in an N,N′-DMF/water solution yielded hexagonal rod-shaped
crystals (Supplementary Fig. 9), formulated by SCD and elemental
analysis as (DMA+)2[Y9(μ3-OH)8(μ2-OH)3((O2C–C6H4)3C6H3)6]n·(solv)x
(DMA+ = dimethylammonium cations, solv = solvent). Structural
and topological analysis of the resulting crystal structure reveals
the formation of a (3,18)-connected MOF based on a poly-
nuclear RE cluster [Y9(μ3-OH)8(μ2-OH)3(O2C–)18], a distinctive
18-connected MBB linked to the triangular BTB to form a MOF
with a (3,18)-connected net and gea topology (Fig. 1c). The
discovery of the gea topology led us to explore the possible
occurrence of other related (3,18)-connected nets, and we were
able to uncover a second (3,18)-connected net of gez topology,

where the 18-connected node has a vertex figure that matches the
elongated triangular gyrobicupola (etg) (Johnson solid (J36); see
the Supplementary Information).

Analysis of the [Y9(μ3-OH)8(μ2-OH)3(O2C–)18] cluster revealed its
close relation to the [Y6(μ3-OH)8(O2C–)12] cluster, but with three
additional metal ions incorporated (Fig. 2a and Supplementary Fig. 18).
Also isolated from 2-FBA-assisted reactions of BTB with nitrate-
based salts of RE, this RE-MBB, [RE9(μ3-OH)8(μ2-OH)3(O2C–)18]
(RE = Y, Tb, Er, Eu (Supplementary Fig. 12)), is built from nine
metal ions arranged in a tricapped trigonal prism (tct (J51)). Six of
the yttrium ions are coordinated to eight oxygen atoms (that is,
four from the carboxylates, three μ3-OHs and one μ2-OH) with the
coordination mode of the remaining three sites reduced to six (that
is, four O from the carboxylates and two μ2-OHs). The overall
cluster is anionic [Y9(μ3-OH)8(μ2-OH)3(O2C–)18]

2−, and the
resultant framework overall charge is probably balanced by DMA+

generated in situ from the decomposition of DMF solvent
molecules. The yttrium cluster is capped by 18 carboxylates from
18 different BTB ligands (Fig. 1c) to give an 18-connected MBB,
elongated triangular orthobicupola (eto) building unit with
18 vertices (J35, Fig. 1c). Inspection of gea-MOF-1 also reveals
hexagonal close packing of the nonanuclear cluster MBBs and thus
can be simplified as pillared hexagonal (hxl) layers (Fig. 2b and
Supplementary Figs 20–22).
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Figure 2 | Cluster rearrangement and packing in gea-MOF-1. a, A proposed path that shows the evolution from the hexanuclear to the nonanuclear cluster.
The upper part shows the hexanuclear cluster on its evolution into a nonanuclear cluster. The green triangles directly underneath represent the spatial
arrangement of the RE atoms in the cluster and show the 30° rotation and the addition of three RE metal ions. The lower part demonstrates the effect of
cluster evolution on the MBB points of extension, which increase from 12 (cuo) to 18 (eto). RE atoms from the hexanuclear cluster are in light green, and the
additional RE atoms needed to form the nonanuclear cluster are in purple; C atoms from the carboxylates are in black for the top and bottom of the cluster
(3-membered rings), and blue for the middle (6-membered rings). b, Views of the hexagonal close packing of the MBBs of gea-MOF-1. A and B layers from
the hexagonal packing are represented in purple and yellow, respectively.
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Alternatively, the topology of the gea-MOF-1 (3,18)-connected
net, minimal transitivity [2244] (Supplementary Fig. 19), can be
viewed as a more-open variant of the ubiquitous (3,24)-connected
rht net pioneered by Eddaoudi and co-workers9. The rhombicub-
octahedron (24 vertices) from rht is substituted by the eto in gea-
MOF-1 with only 18 vertices. The reduced number of points of
extension leads to the occurrence of channels within the structure,
not present in rht-MOFs (Supplementary Figs 20–24).

Rational design of MOFs using the (3,18)-connected net and the
SBB approach. Highly connected MBBs, such as the nonanuclear
RE cluster described above, have potential for the design of MOFs
as their possible assembly into extended structures offers a limited
number of outcome nets. One idea to aid the rational design of
new MOFs would be the transposition of the gea topology into a
second MOF, using the SBB approach8,9,18,27. The SBB approach
employs a given MOP (in this case, in place of the RE cluster) as
a highly connected building block. Indeed, the newly disclosed
highly connected binodal gea net (Fig. 3a–c), which encompasses
only two kinds of edge and is not self-dual, is an ideal blueprint
for MOF crystal chemistry. The 18-connected dense RE cluster
from gea-MOF-1 can be substituted elegantly with a relatively
open MOP, itself assembled from square MBBs (Fig. 3d). The
primary requirement to translate the augmented gea (gea-a)
blueprint net into practice for MOF chemistry is to construct a
MOP that acts as an 18-connected SBB in which its points of
extension coincide with the geometrical building unit that
corresponds to the augmentation of the 18-connected vertex (that
is, vertex figure) of the given gea net. Accordingly, our survey of

the Cambridge Structural Database and open literature revealed
the existence of such an eto MOP based on nine copper
paddlewheels [Cu2(O2CR)4] bridged by 12 4,4′-(pyridine-2,6-diyl)
dibenzoic acids with a 120° angle and six carbazole-3,6-
dicarboxylic acids with a 90° angle28. In this MOP, the bent
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position of each of these 18 ligands lies perfectly on the vertices of
the desired eto SBB (Fig. 3d). Further geometrical analysis of the
gea-a net revealed that transposition of such an SBB into the
anticipated gea-MOF platform required the employment of a
trefoil-like ligand encompassing two branches that contain 120°
angle dicarboxylic acid extremities and a third branch with a 90°
angle dicarboxylic acid extremity (Fig. 3e,f ).

Consequently, we designed such a trefoil-like hexacarboxylate
ligand for both the formation of the targeted MOP and their sub-
sequent linking in a triangular fashion, as dictated by the connec-
tivity in the central core of the ligand (Fig. 3f ). We thus
embarked on the multistep ligand synthesis of 5′,5⁗-((5-((4-(3,
6-dicarboxy-9H-carbazol-9-yl)phenyl)ethynyl)-1,3-phenylene)bis
(ethyne-2,1-diyl))bis((1,1′:3′,1″-terphenyl]-4,4″-dicarboxylic acid),
referred to as H6L (Supplementary Figs 1–8).

As envisioned, reaction of H6L with copper cations yielded a gea-
MOF of very low density (calculated density≈ 0.29 g cm−3, free
volume≈ 85% for the solvent-free structure), gea-MOF-2, which
exhibited the anticipated (3,18)-connected topology (considering the
18-connected MOP as a node for the topological analysis,
Supplementary Fig. 28). This demonstrates that edge transitive nets
are not the only ideal suitable targets in crystal chemistry, but that
highly connected binodal nets with two kinds of edge (and minimal

transitivity, that is minimum numbers of kinds of vertices and
edges) are also appropriate targets when sufficient coded directional
and geometrical information can be included directly in the SBB.

This gea-MOF-2, formulated [(Cu3(L)(H2O)3]n·(solv)x by SCD,
crystallizes in a hexagonal system, the same as gea-MOF-1 but
with a larger cell volume (88,962(5) Å3 versus 14,165.6(12) Å3),
theoretical pore volume (2.76 cm3 g−1 versus 0.71 cm3 g−1), free
volume (85.6% versus 61.7%) and much lower calculated density
(0.29 g cm−3 versus 0.84 g cm−3). gea-MOF-1 exhibits three distinct
cages (van der Waals (vdW) distances: cavity I, 22.4 Å × 22.4 Å;
cavity II, 24.8 Å × 14.6 Å; cavity III, 11.2 Å × 5.6 Å), cavity I being
seen as a channel (aperture, vdW distances 12.8 Å × 9.4 Å)
(Fig. 4a and Supplementary Figs 25–27), and gea-MOF-2 exhibits
a related pore system (vdW distances: cavity I, 41.7 Å × 34.2 Å;
cavity II, 44.5 Å × 33.6 Å; cavity III, 21.2 Å × 6.5 Å) (Fig. 4b,c and
Supplementary Fig. 29), but also contains an additional fourth
cavity (cavity IV, eto [38.412], vdW distances 26.6 Å × 15.6 Å)
because of the substitution of the relatively dense inorganic cluster
by an open MOP. Further geometrical studies showed that the
structure is expandable through five independent parameters
(Supplementary Fig. 31), which allows a higher degree of tunability
than that in rht-MOFs, for which only two independent expansion
parameters have been reported thus far.
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Figure 4 | Relationship between gea-MOF-1 and gea-MOF-2. a, Open spaces and general view of gea-MOF-1 reveal three types of cavity. b, Open spaces
and general view of gea-MOF-2 showing that gea-MOF-1 and gea-MOF-2 are structurally related, but that gea-MOF-2 has an extra cavity relative to gea-
MOF-1. c, The packing of the cavities in gea-MOF-1 and gea-MOF-2 are similar, but the nonanuclear RE clusters in gea-MOF-1 are replaced by cavity IV in
gea-MOF-2. RE, Cu, C, N and O are represented in purple, green, grey, blue and red, respectively. For clarity, H atoms are omitted and the relative scales of
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NATURE CHEMISTRY DOI: 10.1038/NCHEM.1982 ARTICLES

NATURE CHEMISTRY | VOL 6 | AUGUST 2014 | www.nature.com/naturechemistry 677

© 2014 Macmillan Publishers Limited. All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nchem.1982
http://www.nature.com/naturechemistry


From a purely topological point of view, this structure should
certainly be described as the unprecedented and complex gwe top-
ology: (3,3,3,4,4)-connected net, transitivity [5575], and it can also
be regarded in other distinct ways (see Supplementary Figs 29 and
30). Nevertheless, such a pentanodal net is far too convoluted and
illustrates the difficulty in using the gwe net basic building units,
namely squares and triangles, as a rational means to target MOFs
based on this topology. It also shows the effectiveness of the SBB
approach based on more elaborate building units (SBB, a MOP con-
structed from nine square copper paddlewheels [Cu2(O2CR)4]
bridged by 18 ligands) in embedding hierarchical information and
thus coding for the rational design of a gea-related MOF, gea-
MOF-2. Evidently, the SBB approach offers potential for systemati-
cally substituting dense clusters by relatively open MOPs (Fig. 3d,f )
to access additional functionalized spaces within more simple and
already known nets (fcu, pcu, etc.) by careful choice of SBBs.

In fact, as the complex pentanodal (five distinct vertices) gwe net
is a descendent net of the gea net, it would have been in fine possible
to design MOFs with gwe topology using the SBB approach, by first
recognizing its relationship to the gea net and then employing gea-
coded building units (namely the 18-connected eto polyhedron and
a triangle) if the gea and gwe nets were enumerated beforehand.
Broadly, we anticipate that certain complex polynodal nets can be
partially deconstructed into their embedded polyhedra or layers;
that is, keeping some of their basic building units grouped into ela-
borated building units coding for the net (net-coded building units).
In this way, this report opens the door to a new way of thinking
about designing solid-state materials by looking into extended
solids from an alternative perspective.

Sorption and catalytic properties. In light of the interesting chemical
and structural properties ofgea-MOF-1,we explored its use in anumber
of applications such as gas storage, CO2 capture, hydrocarbon
separation (Supplementary Figs 37–43) and CO2 conversion29,30.

Investigation of Ar adsorption at 87 K showed that gea-MOF-1
exhibits a fully reversible Type-I isotherm (Supplementary Fig. 36),
representative of porous materials with permanent microporosity.
The apparent Brunauer–Emmett–Teller (BET) and Langmuir surface
areas and the pore volume were estimated to be 1,490m2 g−1, 1,600
m2 g−1 and 0.58 cm3 g−1, respectively, which are in good agreement
with the derived theoretical values31, and significantly higher than
those reported for other RE-BTB MOFs (280 < SBET < 930m

2 g−1)
21,25. Interestingly, the gea-MOF-1 maintains its optimal porosity on
heating up to 360 °C under vacuum (Supplementary Fig. 35), which
so far has rarely been reported for MOFs24,32. This valuable finding is
also in agreement with the data from the variable-temperature
powder X-ray diffraction studies (VT-PXRD, Supplementary Fig. 13)
and thermogravimetric analysis (TGA, Supplementary Fig. 14).

Examination of excess and absolute CH4 gravimetric (mmol g−1)
and volumetric (cm3 (STP) cm−3) uptakes at intermediate and
high pressures showed that gea-MOF-1 adsorbs 40, 140 and
162 cm3 (STP) cm−3 of CH4 at 5, 35 and 50 bar, respectively
(Supplementary Fig. 40). The resulting CH4 working storage
capacities, assuming 35 bar (following the US Department of
Energy standard) and 50 bar as the highest adsorption pressure and
5 bar as the lowest desorption pressure (following the requirement
of the engine methane injection pressure)33 (Supplementary Tables
4 and 5), are about 100 and 122 cm3 (STP) cm−3, respectively. For
the highest pressure limit of 35 bar, this volumetric working capacity,
calculated assuming the density of gea-MOF-1 is constant and equiv-
alent to the theoretical density, is similar to the corresponding
working capacity reported for UiO-67(Zr)34, largely higher than
UTSA-20 (about 80 cm3 (STP) cm−3)35, but still lower than the
working CH4 storage capacity calculated for HKUST-136 and
NU-12533 (about 150 and 120 cm3 (STP) cm−3). Assuming the
highest pressure limit at 50 bar, the volumetric working capacities

for NU-125 and HKUST-1 were found to be the highest (about
170 and 175 cm3 STP cm−3, respectively) (Supplementary Table 5).

To investigate the adsorption of larger and highly polarizable
probe molecules, we studied the adsorptions on gea-MOF-1 of
C2H6, C3H8 and n-C4H10 (CnH2n+2) up to 4 bar and compared
these to CO2 and CH4 adsorption capabilities, to assess
gea-MOF-1’s potential use in natural gas upgrading (Fig. 5a). It is
significant that, despite the importance of hydrocarbon
separation (for example, the purification of CH4 from condensable
hydrocarbons such as C2H6, C3H8 and n-C4H10), only a few
studies have focused on the selective adsorption of condensable
hydrocarbons26,37–40.

Interestingly, the CnH2n+2 adsorption isotherms were much
steeper at low pressure than those for CH4 and CO2, indicative of
the high affinity of gea-MOF-1 to CnH2n+2. Examination of single
adsorption data using ideal adsorption solution theory (IAST) con-
firmed the high selectivity of CnH2n+2/CH4, particularly for gas pair
systems such as C3H8/CH4 and n-C4H10/CH4 (Fig. 5b). Therefore,
gea-MOF-1 can be employed as a C3H8/CH4 and n-C4H10/CH4
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Figure 5 | gea-MOF-1 shows great potential for hydrocarbon separation.
a, CH4, CO2, C2H6, C3H8 and n-C4H10 single gas adsorption isotherms at
298 K. Based on the gradient of the isotherms at low pressure, the affinity of
these molecules for gea-MOF-1 follows the sequence n-C4H10 > C3H8≫
C2H6 > CO2 > CH4. b, Predicted selectivities in the adsorption of gas mixtures
with molar ratios of C2H6/CH4 (5:95), C3H8/CH4 (5:95) and n-C4H10/CH4

(5:95) using IAST calculations. Selectivity is defined by the ratio of CnH2n+2

to CH4 in the phase adsorbed to gea-MOF-1, versus the initial gas-phase
composition (5:95). These predict very high selectivity for n-C4H10 and C3H8

over CH4 and high selectivity for C2H6 over CH4 for gea-MOF-1. The
different selectivity behaviour of gea-MOF-1 towards CnH2n+2 is mainly
governed by the difference in the polarizabilities of the alkane species.
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separation agent for natural gas upgrading because of its high affi-
nity for C3H8 and n-C4H10 versus CH4 and CO2.

In view of the high accessibility of the extended network of exposed
metal centres and of its remarkable thermal stability, we then explored
the relevance of gea-MOF-1 for heterogeneous catalysis in the cyclo-
addition of CO2 and epoxides. CO2 is regarded as an inexpensive C-1
source for the preparation of bulk chemicals41,42 and cyclic organic car-
bonates, a feedstock for a wide range of applications in industry43–45.
Recently, thermally stable porous materials have proved to be efficient
heterogeneous catalysts for the coupling of CO2 and epoxides46. As
no yttrium-based catalysts have been reported for this reaction so far,
we initially tested simple YCl3 as a homogeneous catalyst for the cyclo-
additionofCO2 andpropylene oxide. Interestingly,YCl3/TBAB(TBAB
= tetrabutylammonium bromide) formed a powerful catalytic system
for the conversion of CO2; high catalytic activity was observed under
mild temperature and pressure (100 °C, 10 bar), and under ambient
conditions the catalytic performance was comparable to that of the
recently reported NbCl5/TBAB pair (Table 1, entries 1 and 2)46.

This result underlines the high potential of yttrium-based catalytic
systems towards CO2 conversion. Therefore, we tested gea-MOF-1 (as
a heterogeneous catalyst) under similar pressure and temperature con-
ditions to those used for the YCl3 test (homogeneous catalyst). As seen
from Table 1, the tests on gea-MOF-1 proved that it can serve as an
excellent recoverable catalyst for the solvent-free synthesis of carbon-
ates 2a–2d under mild conditions in the presence of co-catalytic
amounts of TBAB (Table 1, entries 6–12, Supplementary Table 6
and Supplementary Fig. 44). The material could be reused without
showing any significant drop in catalytic performance (Table 1,
entries 6–9). Readily available Y2O3 was also tested as a heterogeneous
catalyst for this reaction under similar conditions and, as expected, the
catalytic results were significantly lower. The superior catalytic activity
observed for gea-MOF-1 can be attributed to the higher accessibility of
the Lewis acid yttrium sites, which is deemed necessary for epoxide
activation as a first reaction step.

Conclusions
We report here our latest progress in investigating highly coordinated
polynuclear inorganic clusters and highly connected nets as targets in
crystal chemistry. We synthesized and characterized a RE-MOF,
formed from a nonanuclear RE cluster acting as an 18-connected

inorganic MBB. This previously unknown cluster, seemingly accessi-
ble only through our modulated approach using fluorinated benzoic
acid, has led to the discovery of a non-self-dual (3,18)-connected
gea net. It is hoped that this approach will permit, in the near
future, re-exploration of other previously studied RE-based systems.
Encouragingly, the isolated gea-MOF-1 exhibits potential for
CH4-storage applications as well as for butane/methane and
propane/methane separations. Interestingly, yttrium-based gea-MOF-1
also shows catalytic activity in the coupling of CO2 and epoxides.

This work on gea-MOFs is, to the best of our knowledge, the only
example in which a previously unknown topology has been
discovered in a specific system (that is REIII–tricarboxylate) and
successfully transposed into a drastically different chemical system
(CuII–hexacarboxylate) by replacing dense inorganic clusters with
relatively open MOPs. We clearly demonstrate and corroborate the
power of the SBB approach for the deliberate construction of gea-
MOFs as an exemplary platform for ready-made functional materials.

Moreover, the partial deconstruction of complex nets into their
embedded polyhedra opens the door to new ways of thinking
about designing solid-state materials, and suggests that material
designers should explore the myriad of design options offered by
the SBB approach.

Methods
Preparation of [Tb6(μ3-OH)8(O2C–C6H4F)11(DMF)(NO3

–)(H2O)6], a Tb
hexanuclear cluster. A solution of Tb(NO3)3·5H2O (21.8 mg, 0.05 mmol), 2-FBA
(56.4 mg, 0.4 mmol), DMF (2 ml) and H2O (0.5 ml) was prepared in a 20 ml
scintillation vial and subsequently heated to 105 °C for 36 hours in a preheated oven.
The solution was then left to evaporate slowly at room temperature under air in a
ventilated fume hood. After approximately two months, a few octahedral crystals
were harvested (Supplementary Fig. 32 and Supplementary Table 1).

Preparation of (DMA+)2[Y9(μ3-OH)8(μ2-OH)3((O2C–C6H4)3C6H3)6]n·(solv)x,
gea-MOF-1. A solution of Y(NO3)3·6H2O (8.6 mg, 0.0225 mmol), H3BTB (6.6 mg,
0.015 mmol), 2-FBA (95.2 mg, 0.675 mmol), DMF (2 ml) and H2O (0.5 ml) was
prepared in a 20 ml scintillation vial and subsequently heated to 105 °C for 36 hours
in a preheated oven. The as-synthesized sample was purified through repeated
washing with DMF to yield small colourless rod-shaped crystals (Supplementary
Fig. 9), which were stable and insoluble in common organic solvents
(Supplementary Fig. 11). The crystals were harvested, soaked in DMF overnight and
exchanged in MeOH for one week. MeOH was refreshed at least every 24 hours
(Supplementary Figs 14, 16 and 33, and Supplementary Table 2).

Preparation of [Cu3(L)·(H2O)3]n·(solv)x, gea-MOF-2. A solution of Cu
(BF4)2·2.5H2O (1.8 mg, 0.0078 mmol), H6L (1.6 mg, 0.0014 mmol), HNO3 (3.5M,

Table 1 | Catalytic activity of gea-MOF-1: synthesis of cyclic carbonates from CO2 and epoxides catalysed by gea-MOF-1.

O

R

OO

O

R

CO2+
gea-MOF-1, TBAB

120 °C, 20 bar, 6 h

1a–1d

2a–2dR = Me (a), Et (b), Ph (c), CH2Cl (d)

Entry R Catalyst Conversion (%)* TON† TOF (h−1)‡

1§ Me YCl3, TBAB 80 800 1,067
2|| Me YCl3, TBAB 75 75 19
3 Me TBAB 16 – –
4¶ Me Y2O3, TBAB 29 97 16
5 Me gea-MOF-1 6 40 7
6 Me gea-MOF-1, TBAB 88 587 98
7# Me gea-MOF-1, TBAB 86 573 96
8# Me gea-MOF-1, TBAB 80 533 89
9# Me gea-MOF-1, TBAB 77 513 86
10 Et gea-MOF-1, TBAB 94 627 105
11 Ph gea-MOF-1, TBAB 85 567 94
12 CH2Cl gea-MOF-1, TBAB 89 593 99

Unless otherwise noted all reactions were carried out by using epoxides 1a–1d (100mmol), gea-MOF-1 (60mg, corresponding to 0.15mmol yttrium), TBAB (0.15mmol) at 120 °C, 20 bar for six hours.
*Conversion evaluated from the 1H NMR spectra by integration of epoxide versus cyclic carbonate peaks. †Turnover number (product (mmol)/yttrium (mmol)). ‡Turnover frequency. §1a (100mmol), YCl3 (0.1
mmol), TBAB (0.1 mmol) at 100 °C, 10 bar for 45 minutes. ||1a (100mmol), YCl3 (1mmol), TBAB (2mmol) at 25 °C, 1 bar CO2 for four hours.

¶1a (100mmol), Y2O3 (0.15mmol), TBAB (0.15mmol). #With
recycled gea-MOF-1 from the previous entry.
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0.1 ml), DMF (1.5 ml) and EtOH (0.5 ml) was prepared in a 20 ml scintillation
vial and subsequently heated to 65 °C for seven days in a preheated oven. The
as-synthesized sample was purified through repeated washing with DMF to yield
small blue hexagonal-shaped crystals, which were insoluble in common organic
solvents. The crystals were harvested, soaked in DMF overnight and then exchanged
in EtOH for one week. EtOH was refreshed at least every 24 hours (Supplementary
Figs 15, 17 and 34, and Supplementary Table 3).

Received 7 October 2013; accepted 16 May 2014;
published online 29 June 2014
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