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A hydrothermally synthesized mixed-ligand molecular solid has

been formulated. The X-ray diffraction analysis of a single

crystal revealed a novel 3D architecture generated by unusual

2D bilayer motifs linked up by pillars. Three types of channels

in one direction are established inside the structure.

Molecular self-assembly has emerged as an attractive ap-
proach to the fabrication of new materials.1 Among these,
novel types of structural motifs and three-dimensional (3D)
metal-containing coordination polymers with well-defined
pores are particularly attractive.2 As new motifs, several types
of bilayer architectures have been fabricated by the assembly of
T-shaped3, non-T-shaped4 or rectangular building blocks.5

However, special bilayer structural motifs such as T-shaped
layers linked up by metal centers are rare. Furthermore,
controlling the assembly of the bilayer motif, and then utilizing
linear bidentate ligands, such as pyrazine, as connectors in an
attempt to assemble the sheets into a 3D network is still a
challenge for today’s chemists.6

In the construction of new supramolecular frameworks,
polycarboxylate coordination polymeric solids are of special
interest.2a Aromatic or closed-ring aliphatic polycarboxylates
(for example, benzene dicarboxylate, benzene tricarboxylate
and adamantane tetracarboxylate) have been widely investi-
gated for the design and synthesis of open framework com-
plexes.7 In this context, the 3,30,4,40-benzophenone
tetracarboxylate (BPTC) ligand, which has an irregular orien-
tation when coordinated to metals, is a multidentate asym-
metric bridging ligand potentially able to produce open lattice
species with various structural topologies and large pores,
owing to its tetradentate carboxylic arms and its steric bulk.
Still, to the best of our knowledge, BPTC transition metal
complexes have not been studied so far.8

Herein, we report a new type of a mixed-ligand 3D
framework, namely [Co2(BPTC)(pyz)(H2O)4] �H2O (1, pyz =
pyrazine), which presents a new remarkable 3D architec-
ture generated by unusual pillared 2D bilayer motifs. Three
types of channels in one direction are established inside the
framework.

Red crystals of compound 1 were hydrothermally synthe-
sized in very high yield (92%) by reacting Co(NO3)2 � 6H2O
with 3,30,4,40-benzophenone tetracarboxylic dianhydride and
pyrazine in the presence of Na2CO3 at 160 1C. X-Ray powder

diffraction analysis of bulk crystals confirmed that they pre-
sented a crystallographically pure phase [see curve b in Fig. 4
below]. Single crystal X-ray diffraction analysis reveals that 1
features a bilayer architecture in which two T-shaped layers are
integrated by Co(II) centers into a 2D bilayer network; the
bilayers are further pillared by pyz ligands into a 3D structure.
As shown in Fig. 1, each BPTC ligand binds to five Co(II)

centers through the O donors from the four carboxylate
groups. The two phenyl rings in the same BPTC unit are
twisted from each other by 58.961. There are two crystallo-
graphically different Co(II) centers in the structure. Each of
them has a slightly distorted [CoNO5] octahedral coordination
geometry and exhibits different linking patterns. Co2 atoms are
interconnected via T-shaped BPTC ligands, forming a 2D sheet
(Fig. 2). The Co2 atoms distributed in the 2D sheet are
coplanar. Three carboxylate groups from one BPTC ligand
are coordinated to three Co2 atoms, respectively, the fourth

Fig. 1 Crystal structure of 1 showing the atom labelling scheme with
30% probability ellipsoids. Hydrogen atoms and solvent water mole-
cules were omitted for clarify. Selected bond distances (Å) and angles
(1): Co(1)–O(20b) 2.021(5), Co(1)–O(3) 2.034(5), Co(1)–O(2) 2.045(5),
Co(1)–N(1) 2.081(8), Co(1)–O(2W) 2.100(7), Co(1)–O(1W) 2.211(9),
Co(2)–O(4e) 2.055(4), Co(2)–O(40f) 2.058(4), Co(2)–O(1) 2.098(4),
Co(2)–N(2) 2.127(5), Co(2)–O(3W) 2.139(5), Co(2)–O(4W) 2.143(4),
O(3)–Co(1)–O(2) 90.1(2), O(3)–Co(1)–N(1) 93.0(2), O(2)–Co(1)–
O(2W) 173.8(4), O(3)–Co(1)–O(1W) 81.3(3), O(2)–Co(1)–O(1W)
89.6(3), N(1)–Co(1)–O(1W) 174.2(3), O(1)–Co(2)–N(2) 86.79(18),
O(1)–Co(2)–O(3W) 174.11(18), N(2)–Co(2)–O(3W) 88.0(2), O(1)–
Co(2)–O(4W) 99.11(17), N(2)–Co(2)–O(4W) 173.95(19). [Symmetry code:
(a) 1� x, 1� y, �z; (b) �x, 1� y, �z; (c) 1+ x, y, z; (d) x� 1, 1+ y, z;
(e) x� 1, y, z; (f) x+1, y� 1, z; (g) �x, �y, 1� z].

w Electronic supplementary information (ESI) available: TGA diagram
of 1; stick and space-filling representations of the 3D framework. See
http://www.rsc.org/suppdata/nj/b4/b415953e/
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being almost perpendicular to the 2D sheet, leading to the
generation of a distinct 2D T-shaped layer. Two T-shaped
layers are further linked through the O donors of the remaining
carboxylate groups and other carboxylate groups on the other
side coordinated to Co1 atoms in a face-to-face manner. This
results in bilayer galleries, in which planar sheets separately
define two types of 1D channels, A and B in Fig. 3. Such a type
of molecular bilayer motif is, to the best of our knowledge,
unprecedented. Interestingly, Co1 atoms integrated into two
adjacent layers are not coplanar. In the parallelogram channel
A (crystallographic dimensions 4.64 Å � 7.31 Å, considering
the van der Waals radii), the pyz ligands connect symmetrically
opposed Co1 atoms, so that they act not only as m2 bridges to
support the framework, but also as guest molecules to effec-
tively fill the channel. Carboxylate groups link Co1 and Co2
atoms to form the rectangular channel B with dimensions 2.81
Å � 4.38 Å (considering the Van der Waals radii), which is
filled by coordinated water molecules. The Co1� � �Co2 dis-
tances separated by the carboxylate groups are 4.763(2) and
5.035(2) Å. Another remarkable feature of 1 is that the pyz
ligands also link bilayers together, thus completing the final 3D
architecture (Fig. 3). Such a novel 3D open framework can be
regarded as a unique molecular ‘‘double-floor’’ directly linked
by pillars through covalent bonds. Due to the participation of
the pyz ligands, another irregular channel C emerges between
the double layers. So far, examples with three types of channels
coexisting in one direction are rare.9

TGA of 1 shows a first weight loss (found: 13.74%) from 70
to 230 1C, which is attributed to the loss of five guest or bonded
water molecules (calcd: 14.01%); the framework [Co2(BPTC)
(pyz)]n is stable up to 300 1C at which point decomposition
starts. Heating-cooling and dehydration-hydration experi-

ments were carried out according to the TGA results and
monitored by X-ray powder diffraction technique (XRPD,
Fig. 4). Compared to the original crystals, the dehydrated solid
obtained by heating crystals of 1 up to 250 1C shows an almost
identical XRPD pattern as far as line positions are concerned,
but the intensity is weakened (cf.curves b and c in Fig. 4).
When 1 was heated at 300 1C, some of the characteristic peaks
disappeared, but the intensity of the lines could be partially
recuperated after this dehydrated solid was immersed in water
(cf. curves e and f in Fig. 4). This suggests that the dehydration
of 1 is reversible. This result illustrates that the main frame-
work of 1, [Co2(BPTC)(pyz)]n, which does not lose weight
upon heating to 300 1C as shown by the TGA, is retained upon
removal of guest and bonded water molecules. The loss of
water molecules causes 1 to change color from red to purple.
Exposure of a dehydrated sample to air for a few minutes
restores the original color, implying that the sample rehydrates
very quickly.
In summary, using an asymmetric bulky bridging ligand and

pillaring spacer, we have successfully constructed a 3D Co
coordination polymer with an unusual pillared bilayered struc-
tural motif. The structure of this complex provides a unique 3D
framework and the results described herein suggest that it
might be possible to manipulate and control network morphol-
ogy by a careful selection of mixed ligands. Further studies,
such as magnetic properties of the polymer and self-assembly
of the mixed ligands with other metal ions, will be reported
elsewhere.

Experimental

Synthesis

A mixture of Co(NO3)2 � 6H2O (0.30 g, 1.0 mmol), Na2CO3

(0.10 g, 1.0 mmol), 3,304,40-benzophenone tetracarboxylic dia-
nhydride (0.16 g, 0.5 mmol) and pyrazine (0.08 g, 1.0 mmol) in
a 2 : 2 : 1 : 2 molar ratio in 10 ml H2O was introduced into a
Parr Teflon-lined stainless steel vessel (25 cm3), after which the
vessel was sealed and heated to 160 1C. The temperature was
held for 3 days and then the mixture was cooled at a rate of 0.5 1C
min�1 to form red crystals of 1 (yield: 92% based on Co). Anal.
calcd for C21H20Co2N2O14: C, 39.27; H, 3.14; N, 4.36%; found:
C, 39.38; H, 3.27, N, 4.33%. IR ( KBr pellets, l/cm�1): 3400 (vs),

Fig. 2 View of the 2D T-shaped layer in 1. Two crystallographically
independent Co(II) centers exhibit different linking patterns.

Fig. 3 Space-filling diagram of the 3D framework of 1. Water
molecules included in the channels are omitted for clarity. Co1 atoms
link T-shaped layers to form unusual bilayer galleries, which are
further pillared up by pyz ligands. Three types of channels in one
direction are represented as A, B and C.

Fig. 4 XRPD patterns for 1: (a) calculated on the basis of the
structure determined by single-crystal X-ray diffraction; (b) taken at
room temperature; (c) after heating at 150 1C for 30 min; (d) after
heating at 250 1C for 30 min; (e) after heating at 300 1C for 30 min; (f)
after rehydration of sample (e) for 24 h.
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3180 (vs), 1656 (m) 1614 (vs), 1553 (vs), 1490 (m), 1424 (s), 1401
(vs), 1303 (m), 1242 (w), 1165 (w), 1083 (w), 850 (w), 823 (w).

X-Ray crystallography

X-Ray intensities from a single crystal of complex 1 were
collected with a Siemens Smart CCD diffractometer equipped
with graphite-monochromated MoKa radiation (l = 0.710 73
Å) at 293(2) K. Empirical absorption corrections were applied
to the data using the SADABS program.10 The structures were
solved by direct methods and refined by full-matrix least-
squares on F2 using the SHELXTL-97 program.11 All of the
nonhydrogen atoms were refined anisotropically. Selected
crystal data for 1z: C21H20Co2N2O14, FW = 642.25; triclinic;
P�1; a = 7.3627(14), b = 12.330(3), c = 13.929(2) Å, a =
83.439(8)1, b = 81.485(7)1, g = 72.674(9)1; U = 1190.6(4) Å3,
Z = 2, Dcalcd = 1.792 g cm�3, m ¼ 1.473 mm�1, F(000) = 652,
crystal size = 0.20 � 0.10 � 0.07 mm3. 7636 reflections
measured, 4179 unique (Rint ¼ 0.0481). Final R = 0.0739,
wR2 = 0.1381 and S = 1.085 for 3098 observed reflections
with I 4 2s(I).
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