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A huge diamondoid metal-organic framework featuring a (a)
tenfold interpenetrating neo-mode, with an extra-framework
volume of up to 48.7%, despite its very high degree of
inpenetration, is reported. The hydrogen bonding of the

10 internetwork directs the relative position of frameworks and
exhibits a self-catenated net with a Schlifli symbol of
{(6°.8%)(6*.8.10),}.

{ X
Many astonished advances in the field of metal—organic )\;(é;
framework (MOF) materials have been made owing to their =
s intriguing crystal structures and framework topologies,' > and "%ﬁ"‘

potential applications.> Among a variety of 3D frameworks, the
most common and important type of topology is related to
diamondoid 4-connected networks (denoted as dia), for their
potential as porous materials with remarkable structural
 characteristics and properties.*” Despite the use of the
deliberate organic linkers with suitable tectons in preparing such
MOFs, their topological features are unpredicted and will evoke
considerable interest in crystal engineering.® The construction of
dia MOFs with variable cavities and different degrees of
25 interpenetration would be achieved using tetrahedral metal ions,
such as the M(COO), unit, and bulky aromatic bridging
linkers.”® Due to the increased degree of interpenetration, pore
size should decrease and the interpenetrated MOFs -easily
become nonporous, but with high stability. Avoiding and/or
s tuning the interpenetration is a bigger challenge.”'® In particular,
the preparation of 3D diamondoid MOFs with high degree
interpenetration and many cavities is currently unusual.”
As part of our ongoing efforts to design and synthesize
functional framework materials,'' herein we report on a huge ©
35 diamondoid MOF of [{[Cd(cip),]-2NH,Me,-6DMF-12H,0},]
(1), which was assembled from a bulky and elongated ligand,
Hycip  (4,4'-(2,8-di-tert-butyl-4,10-dihydropyreno[4,5-d:9,10-
d'ldiimi-dazole-5,11-diyl)dibenzoic acid). Importantly,
compound 1 features: (1) an unprecendented huge and nearly
40 undistorted adamantane cage with a Cd---Cd edge separation of
up to 25.9451(2) A (Fig. 1a); (2) the tenfold interpenetrated
diamondoid MOF with a mode of Class Ia net (Fig. 1b—d); (3)
an extra-framework volume of up to 48.7%, in spite of its very
high degree of inpenetration; (4) the hydrogen bonding of Fig. 1 Structures of 1: (a) a huge adamantane cage and its simplification,
ss internetwork directs the relative position of frameworks and (b) perspective view of the ten individually entangled adamantane cages

. . . oy along the ¢ axis (only the main aromatic skeleton is shown for clarity),
exhibits a self-catenated net with a Schldfli symbol of (©) side stereoview of part (b). (d) the simplified pattern of part (b).
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Scheme 1. Self-assembly of 1 from the bulky H,cip ligand.

{(6*.8%(6".8.10),}. Interpenetration is an important and
essentially ubiqutious phenomenon in the crystal engineering of
huge frameworks.” This innovative finding can be used to
successfully prepare increasingly large diamondoid frameworks,

s likely with infinite degrees of interpenetration. To the best of
our knowledge, such an entangled dia MOF with a 10-fold
interpenetraition mode is currently rare.”

Compound 1 was synthesized by reacting Cd(ClO,), H,0O and
H,cip under solvothermal conditions at 160 °C for 48 h through

0a single-step, self-organization process (Scheme 1). The
multifunctional H,cip ligand was deliberately designed so as to
not only contain long heteroaromatic-rigid dicarboxylate
scaffold and to be thin at the ends, but also has unusual
characteristics in that it poessesses a sterically bulky cross-

1s shaped skeleton around the middle. The use of bulky and
elongated organic scaffolds represents a promising strategy for
the preparation of new MOF materials. Unlike the flexible
aliphatic linear ligands, it could be a source of useful
coordinating and specific imidazole hydrogen-bonding sites,

20 since the tendency would be to form giant and porous MOFs,
rather than densely packed structures. '

A single-crystal X-ray diffraction analysis revealed that
compound 1 crystallizes in the tetragonal space group P4,/n and
is comprised of an extraordinarily large, anionic diamondoid

»s framework. The asymmetric unit consists of one Cd" center,
half of the cip® ligand, and one hydrogen-bonded water
molecule; other disordered cations and guest molecules were not
crystallographically well-defined. An analysis of the local
symmetry of the metal cations showed that the Cd" center

s resides in a special position containing a fourfold axis of
rotation. Each Cd" center is bound to eight carboxylate oxygen
atoms from four individual cip? ligands in a distorted
antiprismatic manner. The Cd" atom can be regarded as a four-
connecting tetrahedral node. The cip® ligand functions as an

35 extended linker, bridging two Cd" centers. As shown in Fig. la,
the presence of a huge adamantane cage is apparent. All of the
Cd---Cd edge separations equal 25.9451(2) A (Table S3, in the
SEIt) and the Cd---Cd---Cd angles range from 102.34 to
113.15°, exhibiting maximal dimensions (corresponding to long

4 intracage Cd---Cd distances) of \/204 *~/20b X 2c (i.e., 57.17 x
57.17 x 65.07 A%), in which could accommodate an imaginary
sphere with a diameter of up to 33 A (Fig. 1a). The ratio of
2¢/+/20a = 1.1382 indicates that this huge adamantane cage
only has a slight tetragonal elongation.

ss A topology analysis using the TOPOS software package'
revealed that compound 1 consists of a 6%dia tenfold
interpenetrated framework belonging to the Class Ia net that
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Fig. 2 (a) A systematic diagram of the tenfold interpenetration mode in
dia nets, viewed along the ¢ axis (simplification is the same as that in
Fig. 1). (b) The (1> + 1)-fold interpenetration mode. (c) Ermer’s (2° +
1)-fold interpenetration mode (as shown with the colourful Olympic
rings). (d) The tenfold interpenetration mode in compound 1. (e) Space-
filling model of the ten translationally equivalent adamantane cages,
generated by the interpenetration vector [1,0,0], showing its available
openings along the b axis (note the colour sequence is the same as that
used in part (d).

exclusively involves translationally equivalent dia nets.'* It is
noteworthy that the bulky cip® ligand provides net-to-net
NH--N hydrogen-bonding interactions (NH--N = 2.90 A, Fig.
S8t) to connect all tenfolds into a single binodal four-connected
net where the ligand is also four-connected (to two Cd atoms
and two other cip®” ligands). As a result, the resulting 3D self-
catenated net arising from the formation of the hydrogen bond
bridges,"® and which topology can also be classified as a net
with a Schlifli symbol of {(6%.8*)(6*.8.10),}. In spite of the very
high degree of interpenetration, compound 1 still contains
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Fig. 3 (a) Perspective stereoview of the five pairs of catenated
adamantane cages in compound 1. (b) Top view of part (a).

numerous small pore openings with dimensions of 4.5 x 3 A?
and 2 x 1.5 A? along the @ and b axes (Fig. 2¢). Analysis using
the PLATON'® software tool indicated that the extra-framework
volume per unit cell is up to 48.7% (in the absence of all guests),
which corresponds to a low calculated density of 0.91 g cm™.
The results of hydrogen adsorption isotherm of 1 indicated a
moderate hydrogen uptake (0.35 wt%) at 77 K and 1 atm (Fig.
S147). In addition, there is no significant nitrogen adsorption
that can be attributed to the interpenetrated structure of 1, which
still contains numerous small pore openings with dimensions of
4.5 x3 A% and 2 x 1.5 A? along the a or b axes (Fig. S107), but
lack appropriate intermolecular interactions at low
temperature.'” Each adamantane cage of 1 was simplified as a
square and the ten squares are then arranged in a special manner
(Fig. 1). In addition, as shown in Fig. 2a, the translational
vectors in the tetragonal system are denoted by a, b, ¢ and with
lengths a, b, c. The side lengths of the square "ousviw;" are
equal and its diagonal length is /204 . Of great interest is the fact
that the adamantane cage of \/204 % /206 * 2¢ in compound 1
is very imilar to that of Ermer’s fivefold dia structure of /104 X
J10b % ¢."® Ermer’s diamond-like net and the compound 1 net,
the diagonal of their related squares are similarly defined by the
vectors a + 3b and 2a + 4b; their diagonal lengths equal /104
and /204, respectively. Their symmetry patterns are completely
consistent with the predicted values.

The color drawings shown in Fig. 2b—d provide a vivid and
pictorial impression of how the dia nets are mutually catenated.
Apparently, only specific degrees of interpenetration can be
consistent with these geometric limitations in Fig. 2a. The
30 diagonal vectors of these increasing-sized squares ovy, ov,, 0Vs,
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ovy, OVs are 2b, a + 3b, 2a + 4b, 3a + 5b, 4a + 6b, respectively,
which correspond to 2-, 5-, 10-, 17-fold interpenetration patterns.
Thus, a characteristic (n* + 1)-fold interpenetration rule could be
proposed and may be also applied to similar dia frameworks.
Conceptually, it is currently difficult to predict and fully realize
the degree and topology of interpenetration in MOF materials,
possibly because the known networks are not sufficiently large.’

As shown in Fig. 3, there are five paired sets of twofold
mutually interpenetrated dia nets, which are related by the
partial interpenetration vector [0,0,1] and the crystallographic
translation ¢ (32.53 A). Each five individual nets can be merged
into each other by shifting them by half of the ¢ translation.
Therefore, the topology is a unique 10-fold, [2 +2 +2 + 2 + 2]
mode.” As noted above, compound 1 contains an
interpenetrated dia network with a Class Ia mode and multi-
dimensional displacement translations."’

In conclusion, we report on a rational synthetic strategy for
successfully preparing a diamondoid network with a tenfold
interpenetration neo-mode. This huge framework, which is
comprised of bulky heterocyclic organic scaffolds, has the
potential to be very useful in the field of materials science and
many mysteries associated with them are currently unexplored.
Our innovative findings not only highlight an important research
topic, but also open interesting perspectives in the study of these
supramolecular entangled networks.
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A huge diamondoid metal-organic framework with a neo-mode of tenfold interpenetration

Tien-Wen Tseng, Tzuoo-Tsair Luo, Chen-Chuan Tsai, Kai-Hsiang Lu

A huge diamondoid framework with the edge distances of the adamantane cages up to 25.95 A is reported. This MOF displays a neo-mode
of tenfold interpenetration, which is constructed from a bulky and elongated aromatic-rigid dicarboxylate scaffolds. Interestingly, the

hydrogen bonding of internetworks directs the relative position of frameworks and exhibits a self-catenated net with a Schléfli symbol of
{(62.84)(64.8. 10),}. In spite of the tenfold interpenetration, it still has an extra-framework volume of up to 48.7%.
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