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ABSTRACT: The [Zn4O]
6+ cluster is well-known to

form the archetypal MOF-5 topology with dicarboxylate
ligands. Here we report two new materials (CPM-300 and
-301) that show dramatic alteration of topological and
chemical behaviors of [Zn4O]

6+ clusters. In CPM-300,
[Zn4O]

6+ untypically forms the MIL-88/MOF-235 type
framework with a small pentane-ring-based chiral
dicarboxylate. In contrast, in CPM-301, when mediated
by [Zn9(btz)12]

6+ clusters (btz = benzotriazolate), the
MOF-5 topology is regenerated with the same chiral
l igand, albeit with alternating [Zn4O]6+ and
[Zn9(btz)12]

6+ clusters. Importantly, both CPM-300 and
CPM-301 are homochiral, hydrothermally stable in
boiling water and alcohol, and thermally stable to 440
°C or higher. It is concluded that small methyl groups on
the chiral ligand is sufficiently powerful to shield [Zn4O]

6+

clusters from degradation by water, even at high
temperatures. These results reveal a promising platform
for the development of a new class of cluster-based
homochiral and hydrothermally stable porous materials.

Over the past two decades, great progress has been made
in the development of metal−organic framework

(MOF) materials.1−7 However, a common issue facing most
types of MOF materials is their stability, especially toward
water which can be present in many applications.8 For
example, the Zn4O cluster is well liked in MOF chemistry
for its outstanding ability to form highly porous frameworks
but it is also known for its vulnerability to water damage.9−11 It
is therefore desirble to develop new strategies or mechanisms
to address this stability issue.
Constructing MOFs with water-resistant bond types is a

straightforward strategy to achieve water tolerability. Examples
include zeolitic imidazolate frameworks with Zn−N bonds, as
well as MOFs with clusters formed from high-valent metal ions
such as Zr4+.12,13 However, because a large number of MOFs
are formed from divalent metal ions (e.g., Cu2+, Zn2+) with
carboxylate ligands, a significant impact can be achieved by
better controlling factors that affect the stability of these
MOFs. Some successful efforts have been made toward this
goal, including presynthetic functionalization of ligands with
hydrophobic substituents or postsynthetic modifications to
introduce hydrophobic moieties.14,15 Still, few examples are

known that can integrate both homochirality and hydrothermal
stability.
In this work, we demonstrate a new and versatile platform

based on a small chiral ligand, (1R,3R)-1,2,2-trimethyl-1,3-
cyclopentanedicarboxylic acid (also called 1R,3R-camphoric
acid, abbreviated as RR-H2cam), for constructing cluster-based
homochiral and hydrothermally stable MOFs.16 Two new
structures (CPM-300 and CPM-301) containing Zn4O clusters
are reported here. Compared to common dicarboxylate ligands
in MOF-5, RR-camphorate offers an enormous stability
enhancement in both CPM-300 and CPM-301.
The structures of CPM-300 and CPM-301 were determined

by single-crystal X-ray crystallography in chiral P63 and R3
space groups, respectively. CPM-300 comprises uniform Zn4O
clusters with the framework formula of (Zn4O)(RR-cam)3.
Interestingly, the addition of 1H-benzotriazole leads to the
coexistence of two competing types of clusters that are cross-
linked into CPM-301 with the formula of [(Zn4O)(RR-
cam)3][Zn9(btz)12(RR-cam)3]. The successful coassembly
between Zn4 and Zn9 clusters suggests that the formation of
the mixed-cluster MOF-5 type framework is highly tolerant of
the size difference between [(Zn4O)

6+] and [Zn9(btz)12]
6+

clusters, and is mainly driven by the identical and matching
charge (+6, +6) and connectivity (6, 6).
CPM-300 is a rare example of the MIL-88/MOF-235 type

structures (the acs net) based on the Zn4O cluster. As shown
by MOF-5, the normal behavior of Zn4O is a 6-connected
node with octahedral connectivity, which results in the pcu-
type structure (Figure 1a). In comparison, the acs net is
generally formed from trigonal-prismatic building blocks, most
commonly M3O-type trimers as in MIL-88.17 Thus, it can be
said that in CPM-300, Zn4O tetramer displays a topological
behavior much like a M3O trimer, which is likely caused by the
geometry of the chiral ligand. The structure analysis shows that
the Zn4O(COO)6 core still adopts the octahedral geometry as
in MOF-5; however, the symmetry reduction from octahedral
to trigonal-prismatic occurs when the chiral RR-cam is
included (Figure 1b).
Notably, because of the inclusion of enantiopure RR-cam,

the entire framework becomes homochiral. CPM-300 features
a homochiral hexagonal channel along the c axis (Figure 1c). In
addition, it is worth noting that the regular trimer-based acs
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net usually has a soft framework. In comparison, the geometry
of the acs net in CPM-300 is locked by the special geometry of
RR-cam and thus CPM-300 has a more rigid framework.
While Zn4O acts as the only node in CPM-300, it is also

possible to connect Zn4O with other types of SBUs to form 3D
frameworks. CPM-301 represents such an example, where in
addition to the Zn4O cluster, a nonameric[Zn9(btz)12]

6+

cluster is formed and also serves as a 6-connected node.18

The two types of 6-connected nodes are bridged by RR-cam to
form a pcu-type structure (Figure 1d-f). Thus, compared to
CPM-300, the incorporation of [Zn9(btz)12]

6+ cluster allows
the reversal of the framework topology from the chiral-ligand-
induced acs type back to the pcu type.
An important finding of this work is the discovery of

extraordinary hydrothermal stability of CPM-300 Zn4O(RR-
cam)3. Typically, MOFs composed of zinc and carboxylate
(e.g., MOF-5) have limited water stability. Surprisingly, in this
study, CPM-300, sharing the same Zn4O unit with MOF-5,
was found to exhibit superior water stability. To test the water
stability, the crystalline powder sample of CPM-300 was
immersed in water at room temperature. The first recheck of
its crystallinity was performed after 1 day. To our surprise, the
sample maintained high crystallinity. It is noteworthy that
common zinc carboxylate MOFs usually lose crystallinity
entirely at this point. The sample was further immersed in
water for two months and no obvious change in the PXRD
pattern was observed (Figure 2a). To further test the stability
limit, the CPM-300 sample was refluxed in boiling water, a
much harsher condition. It was found that the sample still
maintained good crystallinity after refluxing for 2 days. We
further found that CPM-300 was also stable in boiling ethanol.
The unusual water stability of CPM-300 prompted us to find

the reason behind it. One factor may be the surface property of
the sample such as wettability. The wettability test was
conducted with packed crystalline powder sample. Figure 3a
shows that a stable water droplet can be built up on the surface
and will not wet the sample. The contact angle was measured
as 138.7°. For comparison, we also performed an experiment
with MOF-5 under similar conditions and found that MOF-5
gives an initial contact angle ∼17.0° and the water droplet will

wet the surface immediately upon contact (Figure 3d).
Additional wettability test using hexadecane was also
performed on CPM-300 (Figure S4). It was observed that
the oil droplet will wet the surface immediately upon contact,
which again confirm the hydrophobic nature of CPM-300.
To seek the atomic-level understanding of the high water

stability of CPM-300, we further compared the crystal

Figure 1. (a) SBU-net cross formation in CPM-300. (b) A comparison of the Zn4O(CO2)6 SBU in MOF-5 and CPM-300, showing a symmetry
reduction from antitrigonal prism (octahedron) to trigonal prism, when the geometry of ligands are taken into accounts. (c) A perspective view of
CPM-300, showing the chiral hexagonal channels along c axis. (d) In CPM-301, by introducing the Zn9(btz)12 cluster, the 6-connected Zn9 and Zn4
clusters are arranged alternatively to form the pcu net again. (e) Illustration of the Zn9 and Zn4 clusters in CPM-301. (f) Each Zn4 cluster is joined
to six Zn9 clusters and vice versa.

Figure 2. Unusual water stability of CPM-300 and -301 characterized
by powder X-ray diffraction (PXRD). The Zn4O-based CPM-300 can
survive in water at room temperature for 60 days or even in boiling
water for several days. CPM-301 has similar high stability.
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structures of MOF-5 and CPM-300. It is found that although
both structures share the same building unit (the Zn4O
cluster), the environment around the cluster is totally different
(Table S1, Figure 4a). In MOF-5, the Zn4O cluster is relatively

open to the void, which allows water molecule to freely diffuse
to the core and attack the zinc cluster. In comparison, the
Zn4O cluster in CPM-300 is surrounded by RR-cam with
hydrophobic −CH3 groups to protect it from being attacked by
water. A detailed analysis of the coordination environment in
two structures shows that within 4 Å from the center μ4-O is
the zinc tetramer cluster core, which needs to be protected
(Figure 4b). Within the 0.5 Å shell away from the core, there
are already six H atoms from two methyl groups which are
closely packed against the cluster, while there are no atoms
close to the core in MOF-5 until >5 Å. The difference in the
5−7 Å shell region is also obvious. There are 45 carbons, 72
hydrogens and 3 oxygens in CPM-300 while there are only 18
carbons and 12 hydrogens in the same region in MOF-5.
Notably, all 30 atoms in MOF-5 are located in the carboxylate
plane, which play less important role as the steric hindrance for
water molecules. In contrast, vast majority of the atoms in

CPM-300 are out of the carboxylate plane (except 6 carbons)
and wraps around the cluster densely. Figure 4c depicts the
quantitative plot showing the sum of atoms around the cluster
versus the distance to the core. It is believed that the dramatic
difference in steric environment around the zinc cluster
account for their difference in water resistance.
With the above understanding about the water stability of

CPM-300, it is predicted that RR-cam may be capable of
enhancing hydrothermal stability of other structure types. A
similar structural analysis on CPM-301 shows that there is
comparable steric environment around Zn4O cluster in CPM-
301. Indeed, CPM-301 also exhibits an unusual hydrothermal
stability. No loss in crystallinity was observed when CPM-301
was immersed in water at room temperature or refluxed in
boiling water for 1 day (Figure 2b). Based on the observation
of CPM-301 crystals in the boiling water and the subsequent
PXRD data, no loss in crystallinity is expected even if CPM-
301 is in contact with water for much longer time. We further
studied wettability of CPM-301. Stable water droplet can be
built on the surface and the contact angle is measured as
145.0°, which suggests the hydrophobic nature of CPM-301
(Figure 3b).
Thermogravimetric analysis shows that CPM-300 and CPM-

301 are stable up to 440 and 460 °C, respectively (Figures S7
and S8). Gas sorption measurements were performed on
CPM-300. The crystalline samples were treated by refluxing in
ethanol for 1 day and were then degassed at 80 °C. CPM-300
shows a BET surface area of 310.5 m2/g and Langmuir surface
area of 429.9 m2/g, calculated from N2 sorption at 77K (Figure
S9a). It exhibits a uniform and narrow pore size distribution
around ∼8 Å (Figure S9b), similar to that of zeolite molecular
sieve 13X. In addition, it can take up a moderate amount of H2
(88.4 cm3/g) at 77 K and ambient pressure (Figure S9d).
In conclusion, a significant progress in the development of

crystalline porous materials that combine homochirality with
high hydrothermal stability has been made. The synthetic
platform is based on a simple, low-cost enantiopure ligand,
(1R,3R)-camphoric acid. We have demonstrated that RR-cam
exhibits unique structural features that can generate
unexpected framework structures, even from common
inorganic building blocks such as Zn4O clusters. Importantly,
RR-cam possesses a molecular structure that seems well suited
to protect vulnerable inorganic clusters from water attack, as
shown by RR-cam’s stabilization effects on both CPM-300
with pure [Zn4O]6+ clusters and CPM-301 with mixed
[Zn4O]

6+ and [Zn9(btz)12]
6+ clusters. We anticipate that RR-

cam may serve as a versatile platform for further development
of functional materials that combine homochirality, high
hydrothermal stability, and uniform porosity.
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Figure 3. H2O contact angle measurement on compressed pellet of
CPM-300, CPM-301, RR-cam and MOF-5. While stable droplets can
be built on the surface of CPM-300 and CPM-301, water droplet will
wet the MOF-5 sample immediately upon contact, and complete
wetting can be seen in less than 10 s. For RR-cam, with an initial
hydrophobic contact angle, the water droplet will gradually wet the
sample within 1 min.

Figure 4. (a) A schematic illustration showing the steric environment
around Zn4O(CO2)6 clusters in MOF-5 vs in CPM-300. The zinc
cluster is accessible by water molecules in MOF-5 while it is protected
by hydrophobic groups from RR-cam in CPM-300. (b) A comparison
of (001) projection of CPM-300 versus (111) projection of MOF-5
showing the progressive formation of water-resistance shell around
the Zn4O(CO2)6 core. (c) Incremental count of C and H atoms
around the core as a function of distance from the cluster center.
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Chem., Int. Ed. 2004, 43, 6285.
(18) (a) Li, Y.-W.; He, K.-H.; Bu, X.-H. J. Mater. Chem. A 2013, 1,
4186. (b) Biswas, S.; Tonigold, M.; Speldrich, M.; Kögerler, P.;
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