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Metal-organic open frameworks assembled from designed
molecular building blocks may be applied to adsorption and
separation processes,1-3 ion-exchange,4,5 catalysis,6,7 and sensor
technology.8,9 Compared with the formation of inorganic porous
materials such as zeolites, modular construction of these frameworks
allows control of size, shape, and chemical environment of the
voids.10-12 Retaining single-crystallinity even after chemical reac-
tions is also important for certain devices.

Here we report the synthesis of a bilayer open framework, which
retains its framework and the single-crystallinity upon removal and
exchange of the guest molecules. The crystal even shows spongelike
dynamic behavior, reducing the interlayer spacing dramatically in
response to guest removal. This type of crystal dynamic is
unprecedented although some metal-organic frameworks retained
crystallinity upon guest loss.1,12-14 Our synthetic strategy was based
on the construction of 3D channels in a bilayer framework
consisting of robust 2D nickel(II) layers and flexible pillars.

The bilayer open framework (BOF-1), where metal-organic 2D
layers are held together by the covalent bonds, was assembled from
dinickel(II) bismacrocyclic complex [Ni2(C26H52N10)(Cl)4]‚H2O (A)
(Figure 1) and sodium 1,3,5-benzenetricarboxylate (Na3BTC) in
water in the presence of DMSO and pyridine. Nickel(II) macrocyclic
complexes in square-planar geometry are useful in design and
synthesis of multidimensional networks since they have two fixed
vacant coordination sites (trans).15,16 A was prepared from form-
aldehyde,N,N′-bis(2-aminoethyl)-1,3-propanediamine, andp-xy-
lylenediamine, by modifying one-pot metal-template condensation
reactions.17,18

The X-ray crystal structure ofBOF-1 as prepared, [Ni2-
(C26H52N10)]3[BTC]4‚6C5H5N‚36H2O (1) (0.4 × 0.4 × 0.1 mm3),
was determined at 100 K in a sealed glass capillary filled with
mother liquor since the crystal loses guest molecules upon exposure
to the atmosphere.19 In 1, each nickel(II) macrocyclic unit ofA is
coordinated by two BTC3- ions at the trans position, and each
BTC3- ion binds three nickel(II) ions belonging to three different
bismacrocyclic units, which results in two 2D layers with the brick-
wall motif of size 22.6× 14.3 Å2 (Figure 2a). Thep-xylyl groups
of the bismacrocycle act as pillars to hold two layers together
(Figure 2b). The assembly did not show architectural isomerism
that might yield a 3D network locatingA alternately in 2D layers.20

The thickness of the bilayer is 11.91(1) Å. The open-framework
creates 3D channels, as seen in Figure 2, which are filled with water
and pyridine guest molecules. The channel walls created on the
side of the bilayer are made ofp-xylyl pillars. The rings ofp-xylyl
groups are positioned regularly almost parallel and perpendicular
to the direction of the side channels (with the dihedral angles of
1.40°, 87.9°, and 88.4° between them). The channel width seen on
the side of the bilayer is 14.52(1) Å (the effective channel width

corrected for van der Waals surface is 11.12(1) Å). The void volume
of the channels is estimated to be 61% of the total volume.
Thermogravimetric analysis of1 indicates that all guest molecules
can be removed at 133°C and that the solid is stable up to 275°C.

When a single crystal1 was allowed to stand in air for 2 h, all
pyridine and some water guest molecules were removed to yield
[Ni2(C26H52N10)]3[BTC]4‚30H2O (1′). The X-ray structure of1′
(Supporting Information) indicates that the cell volume and thick-
ness of bilayer are reduced compared with those of1 (Table 1).

When crystal1 (0.2 × 0.2 × 0.1 mm3) was taken from the
capillary after the cell parameters were measured and then dried at
75 °C for 1.5 h in a furnace, the transparency was slightly lost,
and [Ni2(C26H52N10)]3[BTC]4‚4H2O (2) resulted.21 The crystal2 was
immediately protected from the moisture of the air with epoxy resin,
and the X-ray structure was determined (Figure 2c,d). The cell
parameters including the cell volume changed significantly during
the transformation from1 to 2 (Table 1), but the single-crystallinity
was still retained. In2, no practical change was observed in the
2D layers (the cavities of size 22.2× 14.4 Å2), but the thickness
of the bilayer was greatly reduced to 6.82(2) Å, due to significant
tilting of the pillars. In contrast to intuitive view, a spongelike crystal* To whom correspondence should be addressed. E-mail: mpsuh@snu.ac.kr.

Figure 1. X-ray structure of dinickel(II) bismacrocyclic complex in [Ni2-
(C26H52N10)](PF6)4‚2H2O (A-PF6).

Figure 2. X-ray structures ofBOF-1. (a) Top view of1, showing 2D layers
of brick-wall motif. (b) Side view of1, showing pillared-bilayer structure
(thickness of bilayer, 11.91(1) Å). (c) Top view of desolvated crystal2. (d)
Side view of2 showing tilted pillars (thickness of bilayer, 6.82(2) Å). Ni,
pink; O, red; N, blue; C of macrocycle, gray; C of BTC3-, yellow; C of
pillars, green. Guest water and pyridine molecules are omitted for clarity.
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dynamic took place in response to the loss of guest molecules
without breaking the single-crystallinity. The void volume of2 is
27% of the total volume.22 When the single crystal2 was exposed
to water-pyridine vapor for 12 h or immersed in water-pyridine
mixture for 5 min, it restored structure1 as evidenced by X-ray
powder diffraction patterns (see Supporting Information) although
the crystal was split into pieces that are too small to determine the
X-ray structure again.

The dried compound2, which was ground into powder, dif-
ferentiates various alcohols in toluene, showing Langmuir isotherm
curves (see Supporting Information). The binding constants (Kf)
and the maximum number of binding sites for the guest molecules
per gram of host solid ([BS]o/ω) are summarized in Table 2.

We also examined the guest-exchange processes for the crystal
1 with pyridine and benzene, in which1 was completely insoluble.23

When single-crystal1, whose cell parameters were measured, was
immersed in pyridine within a glass capillary (0.5 mm i.d.) for 24
h, the X-ray structure determined at 100 K indicated that some
water guest molecules in1 were exchanged with pyridine to result
in [Ni2(C26H52N10)]3[BTC]4‚20C5H5N‚6H2O (3).24,25Similarly, when
single-crystal1 was immersed in benzene within a capillary for 24
h, the structure determined at room temperature indicated that some
of the guest molecules in1 were exchanged with benzene to result
in [Ni2(C26H52N10)]3[BTC]4‚14C6H6‚19H2O (4).24,25 During the
guest-exchange processes, crystal-to-crystal conversion also took
place, retaining the transparency of the crystal. The cell parameters
in 3 and 4 are almost the same as in1 (Table 1). The crystal
structures of3 and4 are shown in Figure 3. It should be noted that
theR1 values are extraordinarily high, 0.1279 for3 and 0.1299 for
4. In 3, pyridine molecules are included in the channels of the
framework via face-to-edgeπ-π interactions with the phenyl rings
of BTC3- of the 2D layers and with the aromatic ring planes of
the pillars. They are also intercalated between the bilayer units via
hydrogen-bonding interactions with the host. In4, benzene mol-
ecules are included only in the channels by theπ-π interactions
with the host. The size of the brick-wall motif in 2D and the
thickness of the bilayer in3 and4 were unaltered relative to those
of 1.

In conclusion,BOF-1, a pillared-bilayer framework with 3D
channels, shows dynamic behavior in response to amount of guest.
It exhibits crystal-to-crystal transformation upon the guest removal
and the exchange processes. The design may be applied to prepare
a new class of versatile multifunctional crystalline materials.
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Table 1. Crystallographic Parameters for 1-4a

compound 1 1′ 2 3 4

space group P1h P1h P1 P1h P1h
a, Å 16.505 16.420 12.382 16.467 16.460
b, Å 19.945 19.817 16.375 20.134 19.849
c, Å 20.664 20.439 19.952 20.720 20.419
R, deg 73.00 70.32 74.51 72.53 70.50
â, deg 68.24 68.55 89.26 67.94 71.08
γ, deg 76.07 76.19 84.18 75.04 76.30
V, Å3 5974.3 5777.9 3877.9 5990.4 5887.0
thickness
of bilayer, Å

11.91(1) 11.27(2) 6.82(2) 11.71(1) 11.75(2)

a R1 (unweighted, based onF2) values are 0.0899 for1, 0.1839 for1′,
0.1491 for2, 0.1279 for3, 0.1299 for4.

Table 2. Guest Binding Data for Dried BOF-1a,b

Kf,
M-1

[BS]o/ω,
mmol g-1

guest inclusion capacityc,
mol

MeOH 4.61( 1.82 10.5( 1.34 29.1
EtOH 4.55( 1.31 5.35( 0.50 14.8
iso-PrOH 6.49( 3.88 2.11( 0.58 5.84
BzOH 18.8( 8.54 1.31( 0.19 3.62

a Measurements were performed according to the method in ref 16.b Kf
and [BS]o/ω indicate the binding constant and the binding capacity of host
solid with guest molecules, respectively.c Per formula unit of host2.

Figure 3. X-ray structures of3 and4. (a) Side view of3. (b) Side view of
4. The colors are the same as in Figure 2. Organic guest inclusions are
indicated as off-white, and water guest molecules are omitted for clarity.
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