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Introducing a functional part into open-framework materials that tunes the pore size/shape and overall porous activity will open
new routes in framework engineering and in the fabrication of new materials. We have designed and synthesized a bimodal
microporous twofold interpenetrating network {[Ni(bpe)2(N(CN)2)](N(CN)2)(5H2O)}n (1), with two types of channel for anionic
N(CN)−

2 (dicyanamide) and neutral water molecules, respectively. The dehydrated framework provides a dual function of specific
anion exchange of free N(CN)−

2 for the smaller N−
3 anions and selective gas sorption. The N3-exchanged framework leads to a

dislocation of the mutual positions of the two interpenetrating frameworks, resulting in an increase in the effective pore size in one
of the counterparts of the channels and a higher accommodation of adsorbate than in the as-synthesized framework (1), showing the
first case of controlled sorption properties in flexible porous frameworks.

The design and synthesis of microporous coordination networks
with a novel structural topology using the molecular self-assembly
approach and constructed using multidentate ligands and a metal
centre have been the focus of intense activity1–5. Ordered porous
frameworks with a large surface area, permanent porosity and
high thermal stability have been the central feature during this
decade, because of their potential application in the storage
of gases6–9, as catalysts10–13, in separation13,14, and in exchange15

reactions. In addition to such targeted approaches, an approach
to create other properties, that is, the characteristics of porous
coordination polymers, has been explored, and the most interesting
is the dynamic micropore approach, which responds to a chemical
stimulus16–23. This property can arise in a ‘soft’ framework showing
bistability, whose two states oscillate, and where the system can exist
in one of two states for the same external parameter values.

However, rational synthesis of such networks is often
thwarted by interpenetration and architectural frailty, which
arise from the presence of large linkers, which extend into the
distances between the nodes. Therefore, the regulation of this
interpenetration to remove any obstacles to porous functionalities
is an important challenge in crystal engineering. Recently, an
intriguing report claimed that even an interpenetrating framework
tends to have a certain porous functionality16–18,24–26. Stiff
interpenetrating frameworks maintain their structural integrity
on guest molecule storage, whereas structural flexibility, such
as a mutual framework slide, enables a new type of porous
functionality to occur, the so-called controllable gate-opening
property17,18. Furthermore, ordered porous frameworks, which
show specific guest-molecule accommodation or sorption27–32

or selective exchange33,34, extend to materials used in practical
applications, such as separation, sensing and actuators. The
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Scheme 1 Robust α-polonium-type three-dimensional interpenetrating porous
framework with multiple functionality.

reported data on sorption selectivity are corroborated by the larger
kinetic diameter of the adsorbate compared with the dimensions
of channel aperture. The particularly versatile applicability of
these materials is connected to the interrelated and interdependent
coexistence of multiple properties within the same framework35,36,
such as the dual function of specific anion exchange and
selective sorption and their control in the same framework, which
is unprecedented.
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Figure 1 X-ray crystal structure of {[Ni(bpe)2 (N(CN)2)](N(CN)2)(5H2O)}n (1). a, View of the building unit of 1 with atom numbering scheme. b, Two-dimensional square
grid of [Ni(bpe)2]n lying in the crystallographic ab plane. c, Three-dimensional network of 1 showing two kinds of channel along the crystallographic c axis. The rectangular
channel accommodates free N(CN)−2 anions (yellow) and the hexagonal channel is occupied by water molecules (red). d, Views of the pore: space-filling diagram of 1
showing twofold interpenetration of a three-dimensional α-polonium-type network with a one-dimensional hexagonal and rectangular channel along the crystallographic
c axis. The non-coordinated N(CN)−2 anions and guest water molecules have been omitted for clarity.

Here, we present a robust metal–organic framework with
a twofold interpenetrating α-polonium-type network topology,
{[Ni(bpe)2(N(CN)2)](N(CN)2)(5H2O)}n (1) (bpe = 1,2-bis(4-
pyridyl)ethane; N(CN)−

2 = dicyanamide), which shows a
permanent porosity, a high thermal stability and a highly selective
sorption, as well as highly selective anion exchange properties (see
Scheme 1). The sorption selectivity arises from the interaction
between the adsorbates and the pore surface of the adsorbent,
whereas exchange selectivity depends on the size, shape and
symmetry of the anions. Interestingly, the exchange of the smaller
N−

3 anions with N(CN)−
2 anions affects the slippage of the two

three-dimensional nets, and results in a considerable increase in
the channel dimensions, which is corroborated by the sorption
properties. This represents a bimodal functional material in that an
anion guest molecule in one channel controls the guest sorption in
another channel, the novel porous properties being realized by the
flexible interpenetrating framework.

Violet crystals of 1 were obtained on reacting Ni(NO3)2 ·6H2O,
bpe and N(CN)−

2 in a mixture of water and ethanol. The crystal
structure was determined using X-ray crystallography, and the
building unit with the atom-labelling scheme is shown in Fig. 1a.
In 1, each octahedral Ni(II) centre sits in a special position
attached to four nitrogen atoms (N1,N1∗,N2 and N2∗) via the
four bpe ligands, and two nitrogen atoms (N3 and N3∗) via the
two N(CN)−

2 anions with a NiN6 chromophore. The four bpe
ligands ligated to each Ni(II) centre form a [Ni(bpe)2]2−

n two-
dimensional sheet in the ab plane (Fig. 1b), which is pillared by
N(CN)−

2 groups forming a three-dimensional framework (Fig. 1c).
A cuboidal box containing eight Ni(II) ions at the corners,
connected by four short N(CN)−

2 and eight long bpe linkers, forms
the smallest unit of the three-dimensional framework (Fig. 1a).
All the bpe ligands are in the trans conformation. The Ni–N
bond distances are in the range 2.074(5)–2.137(5) Å. The degree
of distortion from the ideal octahedral geometry is reflected
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in the cisoid angles, 85.74(13)–93.70(15)◦, and the transoid
angles 172.70(17)–175.86(14)◦. The Ni. . . Ni separation along the
N(CN)−

2 and bpe ligands is 8.63 and 13.53 Å, respectively.
It is worth noting that two independent three-dimensional

networks are mutually twofold interpenetrating, forming
α-polonium-type network topology (Fig. 1c)37,38. The most
interesting aspect of the structure is that on interpenetration the
framework provides two types of channel: one is a rectangular
channel, which accommodates free N(CN)−

2 anions, and the other
is a hexagonal channel, which is occupied by water molecules
oriented along the crystallographic c axis (Fig. 1c,d). The hexagonal
channel dimensions are 6.50×4.74 Å2 and the rectangular channel
dimensions are 2.81 × 0.61 Å2 (the channel size is measured by
considering van der Waals radii for constituting atoms), both
of which provide a void space composed of 19.2% of the total
crystal volume (Fig. 1d). The C–H. . . π and π–π interactions,
the templating N(CN)−

2 anions and the twofold interpenetration
are responsible for stabilizing the overall three-dimensional
architecture and topology of the framework.

Thermogravimetric analysis in a nitrogen atmosphere of 1 atm
pressure and X-ray powder diffraction (XRPD) measurements
were carried out to examine the thermal stability of this
porous framework. The stepwise thermogravimetric curve (see
Supplementary Information, Fig S1) of 1 indicates that the release
of the guest water molecules occurred at ∼75 ◦C to give the
dehydrated form, {[Ni(bpe)2(N(CN)2)](N(CN)2)}n (1a), which
is stable up to ∼150 ◦C. Therefore, the dehydration can be
accomplished by heating at the temperature range between 75
and 150 ◦C. On further heating, one bpe molecule is lost at
a temperature of ∼190 ◦C, forming a sky-blue compound. On
further heating, another bpe molecule is released (∼350 ◦C), and
then the compound decomposes to form unidentified products.
No chemical decomposition was observed between the dehydration
and ligand release temperatures. Figure 2 shows XRPD patterns
simulated from the X-ray single-crystal data of as-synthesized
1, dehydrated 1a and rehydrated 2. The XRPD pattern of 1a
is similar to that of 1, indicating that the framework is robust,
and is maintained even without any guest water molecules
being present.

It is interesting to note that 1 retains its single crystallinity,
even after the removal of the guest water molecules by heating
the crystal at 100 ◦C under an Ar atmosphere for a period of 2 h.
This is accompanied by a sharp change in colour from violet to
deep blue (Fig. 3). The X-ray structure of the dehydrated crystal
(1a) indicates that there is no significant change in the unit-cell
parameters, and the porous structure with a three-dimensional
interpenetrating framework is retained. It is worth mentioning that
on dehydration the two closely packed interpenetrating networks
undergo stress relaxation, which is attributed to the expansion
of the channel size (hexagonal channel = 6.78 × 4.78 Å2 and
rectangular channel = 2.87 × 0.69 Å2) to provide a void space
composing 21.7% of the total crystal volume (see Supplementary
Information, Fig S2). The distinct colour change is attributable to
a slight change in the Ni–N bond length, and also to a change in
the N–Ni–N bond angle (see Supplementary Information, Tables
S1,S2). When a dehydrated single crystal of 1a was exposed to the
ambient atmosphere for a period of more than 1 day, the blue
colour of the crystal returned to the original violet colour (Fig. 3).
The same phenomenon was also observed in the case of a powdered
sample when it was exposed to water vapour. The crystal structure
of the rehydrated state (2) showed the same structure as 1 (see
Supplementary Information, Fig S2).

Sorption experiments with different adsorbates were carried
out to confirm the permanent porosity of framework 1. It was
observed that a significant amount of carbon dioxide sorption
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Figure 2 XRPD patterns in different states. Curve 1, Simulated (1). Curve 2, As
synthesized (1). Curve 3, Drying in vacuo at 85 ◦C for 4 h (1a). Curve 4, 1a exposed
to water vapour for 24 h (2).

(surface area = 17.9 Å2, kinetic diameter = 3.3 Å, molecular area
is calculated from the liquid density, assuming spherical symmetry
and hexagonal close packing)39,40 occurred at 195 K (Fig. 4a).
The most interesting phenomenon was observed with methanol
(18.0 Å2), which showed a stepwise sorption with a large hysteresis
(Fig. 4b). The profile shows that after an initial adsorption of
about one molecule of methanol at point 1 (relative methanol
vapour pressure, P/P0 = 0.44) per unit pore, another abrupt
molecule adsorption occurred at point 2 (P/P0 = 0.9). The
desorption curve did not trace the adsorption curve any longer,
and suddenly dropped from point 3 (P/P0 = 0.15) onwards.
This kind of hysteretic sorption results in an observation of
a dynamic structural transformation from dehydrated to guest-
occupied structure. The XRPD patterns of dehydrated 1 at
different relative methanol vapour pressures of 0.2, 0.5 and
1.0 did not show distinctive differences among them (see
Supplementary Information, Fig. S3). The small changes in
the crystal accompanying successive guest accommodations are
characteristic of the stiffness of the three-dimensional grid motif,
whereas the other cases have a combination of the stiff and flexible
motifs, giving rise to a remarkable breathing phenomenon41. The
first step is associated with the presence of the predominant
adsorption site in the framework. The as-synthesized structure
reveals that three types of guest water molecule exist, and one of
them (O3) strongly interacts with the pillar N(CN)−

2 anion of the
pore wall (O3. . . N5, 2.25 Å) with hydrogen bonding in comparison
with the O1 and O2. Analogously, methanol is first adsorbed in this
site and the following molecule of methanol is adsorbed in the rest
of the binding sites, resulting in a stepwise and hysteretic adsorption
profile. This type of adsorption behaviour has been reported for
the carbon dioxide sorption profile in MIL-53 with two different
adsorption sites23. The micropore filling of vapours is described by
the Dubinin–Radushkevich equation, which was used to analyse
the resulting isotherm, and to characterize the porous properties.
The micropore volume from carbon dioxide adsorption from
the Dubinin–Radushkevich data was about 185.7 m2 g−1, which is
accessible for 0.8 molecules of carbon dioxide per formula unit.
Similarly, at 298 K, water (10.5 Å2), ethanol (23.1 Å2) and acetone
(26.8 Å2) can diffuse into the micropores of 1a (Fig. 5), and all
the profiles show hysteretic sorption behaviour (see Supplementary
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Figure 3 Morphology of the crystal of {[Ni(bpe)2 (N(CN)2)](N(CN)2)(5H2O)}n in different states. a, As-synthesized crystal (violet, 1). b, Dehydrated crystal (deep blue,
1a). c, Rehydrated crystal (violet, 2).
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Figure 4 Adsorption isotherm for vapour adsorption in {[Ni(bpe)2 (N(CN)2)](N(CN)2)}n (1a). a, Carbon dioxide (195 K). b, Methanol (298 K). P/P0 is the relative pressure,
where P0 is the saturated vapour pressure of the adsorbate at the respective temperature. Points 1–3 are discussed in the text.

Information, Fig. S4) correlating with the diversity of the binding
sites. The amount of adsorption was calculated using the Dubinin–
Radushkevich equation, which shows that for every Ni(II) atom
2.5 water molecules, 2 methanol molecules, 0.72 ethanol molecules
and 0.75 acetone molecules can be adsorbed into a micropore.
On the other hand, the adsorption of water began in the higher-
P/P0 region, gradually increased and ended without saturation
being reached, correlating with the lower value of water adsorption
compared with the number of water molecules accommodated
in the as-synthesized framework 1. This result indicates that
the adsorbate–adsorbate interaction is higher relative to the
apohost–adsorbate interaction in the case of water, compared
with methanol.

Despite the stable framework and an adequate effective pore
size, to our surprise no nitrogen (16.3 Å2, 3.64 Å) or oxygen
(14.1 Å2, 3.46 Å) diffusion into the micropores was observed at 77 K
(Fig. 5, curves 4 and 5). Interestingly, a significant carbon dioxide
uptake was observed at 195 K, despite its similar size to oxygen
(Fig. 4a). It is noteworthy that we also measured the adsorption of
xenon (surface area = 17.1 Å2, 3.96 Å) at 195 K to study the effect

of temperature. However, only surface adsorption occurred (Fig. 5,
curve 6). This type of selectivity is unprecedented and unique,
as the channel aperture of 1a is large enough to accommodate
nitrogen, oxygen and xenon, and the reported sorption selectivity
in the literature correlates with this size effect28–32. It is probable
that the oxygen and nitrogen adsorbates at 77 K interact very
strongly with the pore windows, which block other molecules from
passing into the pore, as the framework has no other additional
open channel along the a and b axes. In the case of carbon
dioxide sorption (at 195 K), such interactions are overcome by the
thermal energy and the framework host, which contains Ni(II),
polar groups and π-electron clouds from the bpe ligands inside
the pores. This gives rise to an electric field, which is effective in
carbon dioxide sorption. Such dipole–induced-dipole interactions,
where the quadrupole moment of carbon dioxide interacts with the
electric field gradient, make a further contribution to the potential
energy of adsorption for carbon dioxide31.

As described above, the as-synthesized framework 1 contains
one free N(CN)−

2 anion per Ni(II) unit in the rectangular channel,
and because 1 is not soluble in common solvents this framework
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Figure 5 Adsorption isotherm for vapour adsorption in
{[Ni(bpe)2 (N(CN)2)](N(CN)2)}n (1a). Curve 1, Water (298 K). Curve 2, Ethanol
(298 K). Curve 3, Acetone (298 K). Curve 4, Nitrogen (77 K). Curve 5, Oxygen (77 K).
Curve 6, Xenon (195 K). P/P0 is the relative pressure, where P0 is the saturated
vapour pressure of the adsorbate at the respective temperature.

was expected to undergo anion exchange. As the dimensions of
the channel are small, and N(CN)−

2 is almost a linear ligand,
we chose smaller anions, such as N−

3 , NCO−, NO−
3 and BF−

4 ,
compared with the larger anions, such as ClO−

4 and PF−
6 , for

the exchange experiment. The insoluble violet crystals of 1 were
immersed in excesses of aqueous NaN3, NaNCO, NaBF4 and
NaNO3 solutions separately, and after a period of 1 day we
observed the violet crystals change to a light green colour (see
Supplementary Information, Fig. S5) in the case of NaN3 solution,
whereas no colour change occurred in the cases of NaNCO,
NaNO3 and NaBF4 solutions. Each product was separated and
characterized using elemental analysis, infrared spectroscopy and
XRPD measurements. The green crystals from the N3 solution
showed that an additional intense broad band occurred at
2,061 cm−1, corresponding to the asymmetric stretching frequency
of the N−

3 anion, νas(N3), compared with the as-synthesized
compound (see Supplementary Information, Fig. S6). The XRPD
patterns were similar to the as-synthesized compound, except
the splitting of the (111) peak, which is in the plane that
contains the free N(CN)−

2 anions in the as-synthesized compound,
suggesting an exchange with N−

3 anions had occurred (see
Supplementary Information, Fig. S7). The elemental analysis data
confirm the formulation of {[Ni(bpe)2(N(CN)2)](N3)(5H2O)}n,
corroborating the quantitative exchange of the free N(CN)−

2

anions with the N−
3 anions. However, X-ray diffraction images

of anion-exchanged crystals did not show clear spots owing
to the loss of their single crystallinity (see Supplementary
Information, Fig. S8). It is noteworthy that the N3-exchange
process is irreversible. The compound formed in the NCO−,
NO−

3 and BF−
4 solutions did not show any change in colour,

and the elemental analysis, infrared spectroscopy and XRPD
data (see Supplementary Information, Figs S6,S7) suggest that
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Figure 6 Nanospace engineering by anion exchange. a, Schematic diagram of
the pore size controlled by the anion exchange. b, Comparison of carbon dioxide
adsorption isotherm in as-synthesized (yellow) {[Ni(bpe)2 (N(CN)2 )](N(CN)2 )}n (1a)
and N3-exchanged (green) {[Ni(bpe)2 (N(CN)2 )](N3 )}n frameworks.

NCO−, NO−
3 and BF−

4 cannot exchange with N(CN)−
2 anions.

This may be due to the symmetries, shapes and sizes of the
NCO−, NO−

3 and BF−
4 ions, which are different from those of the

N(CN)−
2 anion, and shows that the framework can undergo only

size-, shape- and symmetry-selective anion exchange (Fig. 6a)33,34.
It is interesting to note that carbon dioxide sorption was carried
out by the N3-exchanged framework, which shows that about
10 ml g−1 more carbon dioxide (from the Dubinin–Radushkevich
equation) is adsorbed compared with the as-synthesized N(CN)−

2

anion compound, corroborating the increase in the effective
pore size or the framework’s permanent porosity (Fig. 6b). The
micropore-volume carbon dioxide adsorption from the Dubinin–
Radushkevich graph was about 243.15 m2 g−1, which means that
the micropore is accessible for one carbon dioxide molecule per
formula unit. This is possible because the N−

3 anion is smaller than
the N(CN)−

2 anion, which causes a bias in the mutual position
of the two three-dimensional nets due to sliding, and this results
in an increase in channel size, or more space to accommodate a
larger number of carbon dioxide molecules compared with 1a. This
anion exchange can control the framework structure, as well as
the porosity; it is corroborated by sorption studies and shows the
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‘nanospace engineering by anion exchange’ phenomenon, which is
unique (Fig. 6).

In conclusion, we have synthesized a novel α-polonium-type
metal–organic hybrid framework containing Ni(II), which has a
permanent porosity and a high thermal stability. It is constructed
from two interpenetrating three-dimensional networks. The
retention of single crystallinity on dehydration and rehydration42–44

is accompanied by a change in colour (thermochromism), which
is unique in porous coordination polymers. These materials
have potential applications in thermal sensing. The robust
dehydrated framework shows a highly selective sorption behaviour
towards different adsorbates that is not dependent on the pore
size, which shows that the adsorbate–adsorbent interaction is
very important in the selective sorption phenomenon. The as-
synthesized compound selectively exchanges the free N(CN)−

2

anions with N−
3 anions, concomitant with an increase in permanent

porosity and a colour change from violet to green. In the case of
NCO−, NO−

3 and BF−
4 anions, the framework does not respond to

any change. This anion exchange controls the overall framework
functionality, and thus new porous materials made of two simple
building blocks may find useful applications in gas separation,
sensor and anion exchange applications, that is, bifunctionality in
one compound, paving the way for the fabrication of new materials.

METHODS

SYNTHESIS OF {[Ni(bpe)2 (N(CN)2 )](N(CN)2 )(5H2O)}n (1)
An aqueous solution (25 ml) of Na(N(CN)2) (1 mmol, 0.089 g) was mixed with
an ethanolic solution (25 ml) of bpe (1 mmol, 0.184 g) and stirred for 20 min to
mix well. Ni(NO3)2 ·6H2O (0.5 mmol, 0.145 g) was dissolved in 50 ml water
and 2 ml of this Ni(II) solution was slowly and carefully layered on the above
mixed ligand solution. The dark-violet block-shaped crystals were obtained
after one week. The crystals were separated and washed with ethanol–water
(1:1) mixture and dried. The bulk amount of the material was obtained on
mixing the ethanolic solution of bpe into the aqueous solution of
Ni(NO3)2 ·6H2O and NaN(CN)2. Yield 80%. (Elemental analysis calculated
for C28H34N10NiO5 (1) C, 51.79; H, 5.24; N, 21.58; found C, 52.24; H, 4.72;
N, 21.37.)

STRUCTURAL STUDIES
X-ray structure determination for 1,1a and 2 was carried out as follows.
Measurements were recorded on a Rigaku mercury CCD (charge-coupled
device) diffractometer with graphite-monochromated Mo Kα radiation
(l = 0.71069 Å) and a CCD two-dimensional detector. All the structures were
solved by direct methods by using the SIR97 program and expanded by using
Fourier techniques. For all three complexes (1, 1a and 2), hydrogen atoms were
placed in the ideal positions and refined isotropically.

The oxygen atoms O1, O2 and O3 of water molecules in the cases of 1 and
2 and C3 and C4 atoms of 1a were refined isotropically. The nitrogen and
carbon atoms of the non-coordinated dicyanamide ligand were also refined
isotropically in all three cases. CCDC-615994 (1), CCDC-615995 (1a) and
CCDC-615996 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax
(+44)1223-336-033; or deposit@ccdc.cam.ac.uk).

GAS ADSORPTION MEASUREMENT
The sorption isotherm measurements for nitrogen, oxygen (at 77 K), xenon and
carbon dioxide (at 195 K) gases and water, methanol, ethanol and acetone
solvents (at 298 K) were carried out by using an automatic volumetric
adsorption apparatus (Belsorp 18; BEL). A known weight (150–200 mg) of the
as-synthesized sample was placed in the quartz tube, then, before
measurements, the sample was dried under high vacuum at 358 K for 5 h to
remove the solvated water molecules. The adsorbate was placed into the sample
tube, then the change of the pressure was monitored and the degree of
adsorption was determined by the decrease of the pressure at the
equilibrium state.

Received 14 September 2006; accepted 4 December 2006; published 28 January 2007.
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adsorption selectivity for CO2 over CH4 in the flexible chromium terephthalate MIL-53. Angew.
Chem. Int. Edn 45, 7751–7754 (2006).

42. Rather, B. & Zaworotko, M. J. A 3D metal–organic network, [Cu2(glutarate)2(4,4′-bipyridine)], that
exhibits single-crystal to single-crystal dehydration and rehydration. Chem. Commun.
830–831 (2003).

43. Takaoka, K., Kawano, M., Tominaga, M. & Fujita, M. In-situ observation of a reversible
single-crystal-to-single-crystal apical-ligand-exchange reaction in hydrogen-bonded 2D coordination
network. Angew. Chem. Int. Edn 44, 2151–2154 (2005).

44. Lee, E. Y. & Suh, M. P. A robust porous material constructed of linear coordination polymer chains:
Reversible single-crystal-to-single-crystal transformation upon dehydration and rehydration. Angew.
Chem. Int. Edn 43, 2798–2801 (2004).

Acknowledgements
This work was supported by Grants-in-Aid for Scientific Research in a Priority Area ‘Chemistry of
coordination space’ (434) and a CREST/JST programme from the Ministry of Education, Culture,
Sports, Science and Technology, Government of Japan.
Correspondence and requests for materials should be addressed to S.K.
Supplementary Information accompanies this paper on www.nature.com/naturematerials.

Competing financial interests
The authors declare that they have no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/reprintsandpermissions/

148 nature materials VOL 6 FEBRUARY 2007 www.nature.com/naturematerials

Untitled-1   7 12/1/07, 4:44:18 pm


