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Containing 2D Bilayer Motifs with a Cuboidal Framework
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The new complex [Zn(H2bptc)(bpy)]·0.5bpdo (1) [H4bptc =
3,3�,4,4�-biphenyltetracarboxylic acid, bpy = 4,4�-bipyridine,
and bpdo = 4,4�-bipyridine N,N�-dioxide] has been synthe-
sized and characterized. It exhibits a novel (2D�3D) inter-
digitated architecture that is obtained for the first time from
the self-assembly of sidearm-containing bilayer motifs with

Introduction

The interest in entangled systems is rapidly increasing
not only for their potential applications as functional mate-
rials[1] but also their aesthetic and often complicated archi-
tectures and topologies.[2] Interpenetrating networks are the
most popular among the entangled polymeric systems, and
many appealing interpenetrated frameworks have been con-
structed, aided by the rapid growth of network-based crys-
tal engineering, and have been well discussed in two com-
prehensive reviews by Robson and Batten.[3] More recently,
a complete analysis of all 3D interpenetrated metal-organic
framework structures contained in the CSD database has
been proposed with a rationalization and classification of
the topology of interpenetration.[4] A characteristic feature
of interpenetration is that it is necessary to break internal
connections in order to separate the individual nets. In con-
trast, other types of polymeric supramolecular architectures
can, in principle, be disentangled without the need for
breaking links (hereafter referred to as “extricable entangle-
ment”), and their resulting overall architectures are more
flexible than the usual networks entirely based on coordina-
tion bonds − a functional property that has potential appli-
cations ranging from drug-delivery vehicles to sensor de-
vices.[5] Unfortunately, these species are much less known,
as evidenced by a recent review by Ciani and co-workers.[6]

At present, limited examples include infinite multiple heli-
ces,[7] cloth-like warp-and-weft sheet structures,[8] interdigi-
tation,[9] and polypseudo-rotaxane structures.[10] Up to
now, of the previously reported interdigitated examples, al-
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a cuboidal framework, in which each cuboidal box of one
bilayer is interdigitated by two arms that belong to two adja-
cent bilayers. The luminescent properties of 1 are discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

most all are related to highly undulating single layers con-
taining small and cramped windows,[9a,9b] including two ex-
ceptional cases in which interdigitation occurs between two
different structural motifs (a 1D chain and a 2D puckered
layer).[9c,9d] A molecular bilayer as a new structural motif
was not reported until recently,[11] although since then se-
veral types of bilayer architectures have been fabricated by
the assembly of T-shaped,[12] non-T-shaped,[13] or rectangu-
lar segments.[14] To the best of our knowledge, the only
known interdigitated species containing double layer motifs
is [Ag(bpe)(L)0.5]·H2O [bpe = 1,2-bis(4-pyridyl)ethane]; L =
4,4�-biphenyldicarboxylate,[9e] which is comprised of two
sets of polycatenated T-shaped bilayers and where, quite
surprisingly, the closest bilayers belonging to the different
sets are interdigitated in pairs in a tongue-and-groove fash-
ion.[15] An interesting question that arises from this is
whether interdigitated structures can also be generated by
the aggregation of other types of bilayers, and, if so, what
would they be like.

Fortunately, by trial and error we have isolated such a
complex, namely [Zn(H2bptc)(bpy)]·0.5bpdo (1) [H4bptc =
3,3�,4,4�-biphenyltetracarboxylic acid, bpy = 4,4�-bipyri-
dine, and bpdo = 4,4�-bipyridine N,N�-dioxide], which, for
the first time, defines a 3D interdigitated architecture as-
sembled by sidearm-containing bilayer motifs with a cu-
boidal framework.

Results and Discussion

Single-crystal X-ray diffraction reveals that 1 (see Exp.
Sect. for synthesis) is an extended 3D interdigitated net-
work involving 2D bilayers with dangling arms. Each ZnII

atom is coordinated by three carboxylate oxygen atoms
from three different bptc ligands and two nitrogen atoms
from two bpy ligands to give a distorted trigonal-bipyrami-
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dal geometry (Figure 1). Two crystallographically equiva-
lent zinc atoms are bridged by a pair of bptc carboxylate
ends into a dinuclear zinc unit with a Zn···Zn distance of
3.82(7) Å. The dizinc carboxylate moieties are linked by
four exo-tridentate bptc ligands (two of the four carboxyl-
ate groups do not take part in coordination but are pen-
dent) to two adjacent dinuclear zinc units, thus generating
a 1D [Zn2(Hbptc)2]n double chain (Figure S1). The zinc
ions have an affinity for a five-coordinate environment, as
discussed above, three of which have been used in the con-
struction of the double chain, therefore the remaining two
provide additional binding sites, i. e. two bpy ligands coor-
dinate trans to each metal center in an axial position,
thereby further connecting adjacent double chains into a
unique 2D bilayer containing cuboidal boxes of approxi-
mate dimensions 11.4×13.0×3.8 Å, as illustrated in Fig-
ure 2. The 2D bilayer framework can also be considered as
being constructed by two (4,4) grid sheets of composition
[Zn(H2bptc)(bpy)] linked by µ2-carboxylato groups of bptc.

Figure 1. ORTEP view of the ZnII coordination environments. Se-
lected bond lengths [Å]: Zn(1)–O(1) 1.9935(15), Zn(1)–O(7A)
2.0007(14), Zn(1)–O(8B) 2.0189(14), Zn(1)–N(1) 2.1642(16),
Zn(1)–N(2C) 2.1665(17). Symmetry codes: A: x, y, z + 1; B: –x +
1, –y + 1, –z + 1; C: x, y – 1, z.

It should be noted that, different from the previously re-
ported bilayers assembled from rectangular building blocks,
the unusual bilayer structure reported here has lateral arms
pointing out from both sides of the bilayer (Figure 2, bot-
tom). This remarkable feature is a necessary condition for
the formation of interdigitation. To sum up, three factors
can be envisaged to play roles in the generation of mutual
interdigitation in 1: (i) the presence within the 2D bilayer
motifs of very large cuboidal boxes (with dimensions
11.4×13.0×3.8 Å) built up by four pairs of dizinc units,
four bptc, and four bipy ligands, (ii) the existence of dan-
gling bptc groups that are disposed in a mutual anti orienta-
tion with respect to the bilayer plane, and (iii) the fact that
all the bilayers are stacked parallel at a distance of about
5.72 Å, while the effective length of each dangling arm is
around 8.64 Å (from the baricenter of the dizinc unit to the
uncoordinated carboxyl oxygen atom end), thus providing,
obviously, the possibility for the ultimate realization of mut-
ual interdigitation. Under these premises, the lateral arms
of each bilayer point into the cuboidal voids of the adjacent
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Figure 2. View of the 2D bilayer (top) and a schematic representa-
tion of the sidearm-containing 2D bilayer with large cuboidal boxes
(bottom).

bilayers, in a mutual relationship. Each cuboidal box is
therefore interdigitated by two arms that belong to two dif-
ferent bilayers, one entering from one side and the other
from the opposite one, as shown in Figure 3. Finally, this
unique fashion originated by the entanglement of three ad-
jacent polymeric motifs at a time gives the novel (2D�3D)
interdigitated array of compound 1 (see Figure 4). The aro-
matic rings of bptc pointing into the cuboidal box are par-
allel to those of edges bridged by bptc ligands, thus generat-
ing the π–π stacking interactions with a face-to-face separa-
tion of 3.61 Å that stabilize the whole entanglement. The
schematic representation of the “mutual interdigitation” in
this species shows that two adjacent bilayers are displaced
by about one third of the polymer period along the direc-
tion of extension. The sequence of the bilayers in the 3D
network is therefore of the ABCABC type (Figure 4).

A potential driving force for interdigitation is the need
to fill the void space of a single network. However, in spite
of this feature, the resulting 3D network still contains one-
dimensional channels running along the a-axis and the ef-
fective free volume is 20.2%, as calculated by PLATON
(Figure S2). Guest bpdo molecules reside in the channels
and are hydrogen-bonded to the uncoordinated carbonyl
oxygen atom of the bptc [O(6)···O(9) 2.577(3) Å]. Moreover,
they form significant π–π stacking interactions with the arm
moieties [interplanar distance of 3.55(6) Å], thereby stabiliz-
ing the whole 3D host-guest network.
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Figure 3. A space-filling model of a cuboidal box of the bilayer
showing the two interdigitated arms (top), and a schematic illustra-
tion of the mutual interdigitation of three cuboidal boxes from
three polymeric bilayers (bottom).

Figure 4. Schematic view of the (2D�3D) interdigitated array
showing the relative displacement of the adjacent bilayers.

Compound 1 shows a strong photoluminescence in the
solid state at room temperature, with a maximum emission
band at 456 nm upon excitation at 338 nm (Figure 5). As
there are no obvious emissions observed for the organic
components under the same experimental conditions, the
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intense luminescence in compound 1 may be attributable to
ligand-to-metal charge transfer.[16]

Figure 5. Photoluminescent spectra of 1 in the solid state at room
temperature. Ex = excitation, Em = emission.

Conclusions

In summary, this work has, for the first time, demon-
strated that an interdigitated structure can be produced by
the assembly of bilayer motifs with a cuboidal framework.
Compound 1, besides adding a new member to the class of
extricable entanglement, provides a remarkable new struc-
tural motif for the entangled system. Based on this new
motif, one can envisage using it to construct another un-
known entangled type − polythreading of bilayers − when
the lateral arms are long enough to ensure complete thread-
ing through the cuboidal box. Further development and
study of this interesting molecular module are in progress
in our laboratories.

Experimental Section
Synthesis of 1: A mixture of Zn(NO3)2·6H2O (149 mg, 0.5 mmol),
H4bptc (165 mg, 0.5 mmol), bpy (78 mg, 0.5 mmol), bpdo (47 mg,
0.25 mmol), triethylamine (0.05 mL, 0.35 mmol), and water
(10 mL) in a 23-mL Teflon-lined reactor were heated at 160 °C un-
der autogenous pressure for 5 d and then cooled to room tempera-
ture at a rate of 10 °Ch–1 to give colorless crystals of 1 (yield:
135 mg, 42% based on Zn). C31H20N3O9Zn (643.87): calcd. C
58.72, H 3.13, N 6.53; found C 58.35, H 3.47, N, 6.46. FT-IR
(KBr): ν̃ = 1715 (s), 1604 (vs), 1519 (s), 1491 (s), 1410 (s), 1380
(vs), 1210 (m), 1170 (m), 1150 (m), 805 (m), 782 (m) cm–1.

X-ray Crystallographic Study: The data were collected with a Ri-
gaku R-AXIS RAPID IP diffractometer with Mo-Kα monochro-
mated radiation (λ = 0.71073 Å) at 173(2) K. An empirical absorp-
tion correction was applied. The structures were solved by direct
methods and refined by the full-matrix least-squares method on F2

using the SHELXTL crystallographic software package.[17] Aniso-
tropic thermal parameters were used to refine all non-hydrogen
atoms. The hydrogen atoms were included at idealized positions.
Crystal data for 1: C31H20N3O9Zn, M = 643.87, triclinic, space
group P1̄, a = 9.6477(19), b = 11.410(2), c = 12.980(3) Å, α =
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98.34(3)°, β = 96.44(3)°, γ = 111.36(3)°, V = 1295.4(4) Å3, Z = 2,
µ = 1.016 mm–1, 12679 reflections measured, 5776 unique (Rint =
0.0202), final R [I � 2σ(I)] R1 = 0.0311, wR2 = 0.0892. CCDC-
271719 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information Available (see footnote on the first page of
this article): Additional figures (Figures S1 and S2) for 1.
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