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A highly stable face-extended cluster-organic framework
incorporating infinite inorganic guests is hydrothermally
made, in which the tetrahedral O-centred CusO cluster is
firstly found as the face-extended structure building unit to
further make diamondoid cluster-organic framework with
high thermal and structural stability.

The metal-organic frameworks (MOFs) have a history of nearly
two decades from their origins to the present day." As the term
suggests, MOFs are porous crystalline solids assembled by
inorganic structural building units (nodes) with organic ligands
(linkers). Their architectures can be tailored with rational design
methodology, not only allowing the customization of materials to
yield desired physical and chemical properties,”” but also form-
ing cationic, neutral and anionic MOFs. Generally, the guests are
isolated inorganic anions in cationic MOFs,*® while the infinite
anionic chain guests in cationic MOFs is rare and unprecedented.
Despite the organic linkers can be amenably controlled in the
synthesis of new MOFs, the formation of the inorganic nodes still
seems "wild" to us. Till now, the most frequently used highly
symmetrical inorganic nodes include the paddle-wheel,” the tri-
angle cornerstone shape cluster,® the tetrahedron,” and the octa-
hedron,'? etc.

To a tetrahedron, there are four vertices, six edges and four
faces. Theoretically, the tetrahedron can be extended via three
ways: vertices, edges and faces. Of which the edge-extended
linkage has firstly been observed in MOF-5 in 1999° and well
demonstrated in IRMOF-1-16.% Six carboxylates ride on six
edges of tetrahedral Zn,O cluster to form an octahedral six-
connected Zn,O(CO;)¢ node (Scheme 1) in MOF-5. Apart from
six edges, if tetrahedral cluster units are extended by vertices and
faces, 4-connected zeolite-like frameworks will be constructed.
Recently, a vertex-extended linkage of Cuyl, cluster leads to the
formation of a MTN-type zeolitic cluster-organic framework
(COZ-1)."" However, it still remains a great challenge to make
cluster-organic frameworks via the face-extended linkages.

Our efforts focus on the design and synthesis of cluster-organic
frameworks.'?""* Here, we report a highly stable cluster—organic
framework based on tetrahedral O-centred CuyO clusters,
[CuH4(p4—O)L4][CuI(,Br8] (1, HL = 4-pyridin-4-yl-benzoic acid),
in which the face-extended tetrahedral Cu,O cluster is success-
fully realized and further connects each other to form a 4-con-
nected dimondiond 3-D cluster-organic framework. In the tetra-
hedral Cu,O cluster, three Cu atoms located on each triangle face

are fixed by one pyridyl nitrogen (Npy) and two carboxylate

so oxygen (Ocoo) atoms from two L ligands with reverse orienta-
tions (Scheme 1, right). Interestingly, the 1-D rhombic channels
of the host framework are filled by the shape-matching inorganic
chain guests.
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ss Scheme 1 Scheme representation of the edge (left), vertex (middle) and

face (right) expansion strategies of the tetrahedron building units in MOF-
5, COZ-1 and this work, respectively.

Single-crystal structure determinations reveal 1 crystallizes in
orthorhombic space group Fddd. The asymmetric unit of 1
0 consists of a cationic inorganic-organic hybrid host motif and an
inorganic guest (Fig. S1). All Cu atoms are four-coordinated. The
coordination environment of Cu atom in host motif is completed
by one y4-O, two Ocgo and one Npy, and Cu atoms in guest motif
are tetrahedrally bridged by four Br atoms. The bond lengths of
6 Cu-O [1.943(5)-1.968(1) A], Cu-N [1.972(6) A], Cu-Br [2.478(2)
-3.161(1) A] are comparable to the related Cu complexes.”"

In the host motif, four equivalent Cu atoms define a tetrahedral
Cu,O cluster, in which a u4-O atom locates in the center (Fig. S2).
Such O-centred cluster is reminiscent of familiar Zn O tetrahe-

70 dron in MOF-5,” in which six edges of the Zn,O cluster are occu-
pied by six carboxylates of 1,4-benzenedicarboxylate, resulting in
a cubic net. While the Cu O clusters herein are linked by L
ligands in u3-tridentate mode, producing a 4-connected dia cluster
—organic framework. Although the isolated Cu,O clusters have
75 been well investigated,'®'® the extended structures built by tetra-
hedral Cu,O clusters have never been documented. As shown in
Fig. 1a, each pair of parallel L ligands has reverse orientations
and connects two faces of adjacent tetrahedral Cu,O clusters. And
ten such CuyO clusters are linked each other via twelve pairs of L
so ligands into a very large adamantane cage with an edge length of
14.3 A (Fig. 1b). Such face-extended linkage is unprecedented
and completely differs from that of the vertex-/edge-extended
linkages of the tetrahedral clusters.>*'' Due to the spacious nature
of a single network, the overall framework of 1 exhibits a three-
ss fold interpenetration (Fig. 1c, S3). The interpenetration vector
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runs along the g-axis with a separated distance from one net to
another of 8.0 A (Fig. S4). Despite the existence of interpenetra-
tion, the framework is still open (porosity 31.0%'%) and exists
rhombic channels (cross-section 14.3 x 14.3 A?) along the a-axis.

s Also it represents the minimum number of interpenetrating dia
net linked by L ligands till now (Table S1).*** The decrease of
interpenetration degree may be attributed to the size increase of
the inorganic nodes.

Fig. 1 The structure of 1. (a) The coordination environment of the
tetrahedral CusO cluster; (b) The large adamantane unit; (c) The overall
perspective view, in which the single network show different colors for
clarity. d) The ball-stick view of the infinite inorganic guest.

In guest motif, four Cu(2~5) atoms are all on crystallographic
C2 sites with half-occupied and bridged by Br atoms to form a
chain: of which Cu(2) and Cu(3) centers are bridged by p-Br to
form a well-known [Cu,Brg]* dimer motif,”” which are further
linked into chains by two p-Br bridges and one additional copper
atom (Cu(4) or Cu(5) atom) between each dicopper unit. How-
ever, the distance of Cu(4)...Cu(5) on their C,-symmetric lattice
sites is 2.5 A that is much too short to be real. Hence, only Cu(4)
or Cu(5) can be occupied in each asymmetric unit, probably with
a random distribution down each chain (Fig. 1d), which results in
a Cu;Bry unit. The Cu : Br ratio obtained from electron probe
microanalysis agrees with this assignment. Such Cu;Bry units
further link each other to form 1-D Cu-Br chain based [Cu,Brg]*
dimers and [CuBr,]”* tetrahedra.

The bond valence sum (BVS) shows the value of Cu(1) atom
in Cu,O motifis 1.81, and the values of Cu(2~5) atoms in Cu;Br,
motif are 0.95, 0.96, 0.94 and 0.97, indicating that the valences
for Cu(1~5) atoms are 2, 1, 1, 1, 1, respectively (Table S2).

The most striking structural feature of 1 is the shape-matching
combination of hybrid host framework and inorganic chain-like
guests (Fig. lc, S5). The rhombic channel around the guests
matches the shape of the chain-like guest, which is unique and
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different from that of known porous MOFs templated by amines.
8 In the structure, the infinite inorganic guests interact with the
hybrid host framework via C-H...Br hydrogen bonding interact-
tions (Fig. S6, Table S3).

In addition to the structural novelty, 1 also shows high thermal
and water stability. The thermogravimetric analysis carried out in
air atmosphere from 30 to 1000 °C showed one onset weight loss.
1 does not decompose until 400°C, which indicates the high
thermal stability of its 3D cluster-organic framework (Fig. S7). In
comparison with MOF-5 that is sensitive to moisture and water,*
the semiconductive (band gap = 2.32 eV, Fig. S8) crystalline
samples of 1 exhibit highly stability. Its structure can be retained

even after being exposed in air or soaked in water for months (Fig.

S9).

To reveal the flexibility between the host and guest motifs, the
thermal expansion properties of 1 were studied. From 100 to 500
K, the unit-cell parameters show approximately linear changes
and the unit-cell volume expand about 2.6% (Fig. 2, Table S4).
The thermal expansion coefficients of @ and b-axis are 49x10° K-
"and 65x10° K, respectively, which are in agreement with the
thermal expansion law. However, the length of c-axis (—49x10°
K') reduces when increasing temperatures, resulting in a
negative thermal expansion coefficient of —49x10° K™'. In order
to analyze the structural origin of the thermal expansion of 1, its
single-crystal structures measured at 100 K and 298 K were
compared (Table S5) and found that the changes were small in
coordination bond lengths (< 0.026 A) but large in the angles
(max = 1.3°) (Table S6). Consequently, the 4-connected Cu O
“rhombus grid” was distorted (Fig. S10), with two interior angles
change approximately 1.1° and 0.5°. The positive/negative
thermal expansion coefficients of 1 are not significant compared
with typical thermal expansion materials,’**' indicating that the
expansion of the host framework is restricted by the inorganic
guests.

1.02

1030

A pd 11015
" el
1_9" ,/ /
S I<./ 1010
0.99 - i
S~ 1008
.\.\
0.98.1 = _J1.000
T T T
100 200 300 400 500
TK

Fig. 2 Relative changes in the lattice parameters a, b, ¢ and volume of 1
(normalized to their values at 100 K) vs temperature.

In view of the robust architecture of 1, TEM images were
studied to visualize its pores as those reported for IRMOF-74-VII
and IRMOF-74-IX.* However, the attempts to observe the
arrangement of the channels of 1 were unsuccessful due to its
sensitivity to the electron beam. Instead, spherical and uniform
nanoparticles (NPs, < 5 nm) are found (Fig. 3a). Fast Fourier
transform (FFT) analysis was performed on the centered square
areas in the HRTEM images (Fig. 3b). Six reflection spots
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corresponding to the 110 reflections were resolved from the FFT
patterns. The interlayer distance of the selected area is calculated
to be 0.201 nm, which agrees well with the (110) lattice planes of
hexagonal phase CuBr (PDF#06-0700). Considering the compo-
sitions of the Cu;Br,-based chains in 1, it is reasonable to conclu-
de that the formation of these CuBr NPs should be attributed to
the decomposition and rearrangement of these Cu;Bry-based
chains.
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Fig. 3 (a) TEM

e

micrograph
HRTEM image of an individual particle. Inset is the FFT pattern.

In summary, a highly stable face-extended cluster organic fra-
mework incorporating infinite inorganic chains has been success-
fully made under hydrothermal conditions. The key points of the
synthetic procedures have been well established. It represents a
rare example in the face-extended linkages, which makes it
different from other cluster organic frameworks with vertex-
/edge-extended linkages. This study may open up possibilities for
20 making novel frameworks constructed from the face-extended

cluster building units. Further work is in progress.
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1 Electronic Supplementary Information (ESI) available: X-Ray structure
data in CIF files for compound 1; Materials and physical measurements;
35 IR spectra; TGA curves; PXRD patterns; Table S1-S6. CCDC 1051665.
1 Synthesis of [Cu"y(14-O)Ly][Cu'sBrg] (1): A mixture of Gd,0; (0.25
mmol, 0.091 g), CuBr (0.30 mmol, 0.043 g) and HL (0.50 mmol, 0.099 g)
was added to a mixed solution of pivalic acid (0.202 g, 2.00 mmol) and
water (Sml). After stirring for half an hour, the mixture was sealed
40 in a 20 ml vial and transferred into an preheated oven at 180°C for
13 days, and then cooled to room temperature. The orange single
crystals of 1 were washed with water and ethanol, and dried at
room temperature (Yield: 40%). Elem Anal. Calcd. for Cy4sH3,BrsCuyg
N4Oo: C 27.67, H 1.55, N 2.69. Found: C 28.45, H 1.59, N 2.66. The
45 phase purity of 1 has also been confirmed by powder X-ray diffraction
(Fig. S11).
§ Crystal data for 1: Cy4sH3,BrsCu;oN4Oo, M = 2083.46, orthorhombic, a =
7.9878(1) A, b =33.9352(6) A, ¢ = 39.1992(7) A, V'=10625.6(3) A®, T=
100(2) K, space group Fddd, Z = 8. 9896 reflections measured, 2692
s0 independent reflections (R, = 0.0227). The final R, values were 0.0606 (1
> 20(I)). The final wR(F?) values were 0.1881 (I > 2a(/)). The final R,
values were 0.0616 (all data). The final wR(F?) values was 0.1884 (all
data). The goodness of fit on F* was 1.166.
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