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ABSTRACT: Porous coordination polymers (PCPs) are an intriguing class of molecular-based materials because of the
designability of framework scaffolds, pore sizes and pore surface functionalities. Besides the structural designability at the
molecular scale, the structuring of PCPs into mesoscopic/macroscopic morphologies has attracted much attention due to the
significance for the practical applications. The structuring of PCPs at the mesoscopic/macroscopic scale has been so far
demonstrated by the spatial localization of coordination reactions on the surface of templates or at the phase boundaries.
However, these methodologies have never been applied to the fabrication of solid-solution or multivariate metal−organic
frameworks (MOFs), in which multiple components are homogeneously mixed. Herein, we demonstrate the structuring of a box-
type superstructure comprising of a solid-solution PCP by integrating a bidirectional diffusion of multiple organic ligands into
molecular assembly. The parent crystals of [Zn2(ndc)2(bpy)]n were placed in the DMF solution of additional organic component
of H2bdc, and the temperature was rapidly elevated up to 80 °C (ndc = 1,4-naphthalenedicarboxylate, bpy = 4,4′-bipyridyl, bdc =
1,4-benzenedicarboxylate). The dissolution of the parent crystals induced the outward diffusion of components; contrariwise, the
accumulation of the other organic ligand of H2bdc induced the inward diffusion toward the surface of the parent crystals. This
bidirectional diffusion of multiple components spatially localized the recrystallization at the surface of cuboid parent crystals;
therefore, the nanocrystals of a solid-solution PCP ([Zn2(bdc)1.5(ndc)0.5(bpy)]n) were organized into a mesoscopic box
superstructure. Furthermore, we demonstrated that the box superstructures enhanced the mass transfer kinetics for the
separation of hydrocarbons.

■ INTRODUCTION

Molecular assembly provides a facile means to organize a vast
number of molecular components into a complex structure.1−3

This spontaneous organization is accomplished by the weak
forces between the components, including hydrogen bond,4

coordination bond,5 electrostatic interactions and van der Waals
forces.6 Because these forces act between the adjacent molecules
only within a few angstroms, the structural complexity over the
scale of individual components cannot be controlled by
conventional molecular assembly. Therefore, an intriguing
challenge in molecular assembly is how to generate the structural
complexity beyond the molecular scale.
One way to create the structural complexities beyond the

molecular scale is to carry out the chemical reaction under the
controlled diffusion.7 The diffusion of the reactants localizes the

spatial location of chemical reaction, thus leading to the
fabrication of the macroscopic morphologies. As diffusion is
simply driven by concentration gradients, the concept of
diffusion-coupled reaction is applicable to molecular assembly.
The structural complexities in the molecular scale can be
precisely controlled by molecular assembly so that the diffusion-
coupled molecular assembly will be a new strategy to control the
structural complexities from molecular to mesoscopic/macro-
scopic scales.
The assembly of organic ligands with metal ions via

coordination bonds gives porous extended frameworks, so-called
porous coordination polymers (PCPs) or metal−organic
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frameworks (MOFs).8,9 A judicious choice of metal ions and
organic ligands allows the design of framework scaffolds, pore
shapes and pore surface functionalities.10 The designability of
PCPs enables one to control the interaction between the pores
and guest species, thus presenting PCPs/MOFs as a new class of
porous materials for gas storage,11 gas separation12 and
heterogeneous catalysis.13 A strategy for further improving the
porous properties is to introduce complexity in a framework by
increasing the number of components. Multiple organic ligands
with distinct chemical functionality can be intermingled within a
single framework, i.e., solid-solution PCP ormultivariateMOF,14

which significantly enhances the selectivity of gas adsorption. As
stated above, the structural complexities of PCPs in the
molecular scale are rationally controlled by the conventional
molecular assembly.
On the other hand, considerable effort has been devoted to

structuring of PCPs in the mesoscopic/macroscopic scale,15 e.g.,
thin films,16 patterns,17 hollow spheres,18 and core−shell
particles,19 due to the significance of the morphologies for the
practical applications. A key for structuring of PCPs is to localize
coordination reactions at a desired position. The localization of
coordination reaction has been traditionally achieved on the
substrate by the induction of heterogeneous nucleation.20 Most
recently, the reactions at the phase boundaries (liquid/solid17b,21

and liquid/liquid18a,22 interfaces) have attracted much attention
because of the high capability of spatial localization of
coordination reactions. To date, however, these methodologies
have been limited to the single phase PCPs that can be
synthesized under a wide range of reaction conditions. In other
words, the general method for structuring the solid-solution PCP
has not been established yet.
Our strategy to build structural complexities in PCPs from

molecular to mesoscopic/macroscopic scales is to carry out the
molecular assembly under a bidirectional diffusion of two organic
ligands with a same coordinating group. Herein, we demonstrate
the fabrication of a box superstructure of solid-solution PCP. The
cuboid parent crystals of [Zn2(ndc)2(bpy)]n are heated in the
solution of H2bdc (ndc = 1,4-naphthalenedicarboxylate, bpy =
4,4′-bipyridyl, bdc = 1,4-benzenedicarboxylate). The dissolution
of the parent crystal induces the outward diffusion of Zn2+, ndc
and bpy; contrariwise, the recrystallization induces inward
diffusion of bdc toward the surface of the parent crystals.
Consequently, all components (Zn2+, ndc, bpy and bdc) are
recrystallized at the surface of parent crystals, leading to the
formation of a hollow box superstructure of the solid-solution
PCP of [Zn2(bdc)1.5(ndc)0.5(bpy)]n (Figure 1). The resulting
solid-solution PCP is doubly interpenetrated, which improves
the sorption amount by stabilizing the evacuated phase. By taking

an advantage of the resulting hollow-structured materials, in
which the internal void improves the mass transfer kinetics of
molecules, we demonstrate that the box superstructure shorten
the separation time of hydrocarbons.

■ RESULTS AND DISCUSSION
Emergence of Structural Complexities across Multiple

Length Scales. We chose a series of three-dimensional
frameworks, [M2L2P]n (M: divalent metal ion, L: dicarboxylate
layer ligand, P: dipyridyl pillar ligand),23 in which the
dicaroboxylate layer ligands link to the dimetal paddlewheel
clusters to form two-dimensional square lattices connected by
dipyridyl pillar ligands at the lattice points. This series of
frameworks is an excellent candidate to demonstrate the
structuring of a solid-solution PCP, because the multiple organic
ligands can be intermingled within a framework.24 The reaction
of PCP crystals of [M2L2P]n with another dicalboxylate was
carried out for generating the bidirectional flow (one direction:
dissolution of parent crystals; counter direction: accumulation of
the other organic ligand toward the surface of parent crystals).
The microcrystals of [Zn2(ndc)2(bpy)]n (1) were synthesized

by microwave reaction (Figure 3a). The dozens of microcrystals
of 1 were placed in DMF solution of H2bdc, and the temperature
was rapidly elevated and kept at 80 °C for 30 min by a microwave
reactor (DMF = N,N-dimethylformamide). After cooling and
drying, the cuboid particles, whose sizes were nearly same as the
original cuboid crystals of 1 (5 × 5 × 10 μm3), were observed by
scanning electron microscope (SEM) (Figure 3b). The SEM
image with a higher magnification showed that the nanocrystals
(∼200 nm) were assembled to form a cuboid superstructure
(Figure 3c). To elucidate the three-dimensional macroscopic
structure, the dried cuboid superstructure embedded into a
thermoset epoxy resin was solidified and sliced by an
ultramicrotome. The ultrathin section of cuboid superstructure
was observed by transmission electron microscope (TEM). As

Figure 1. Molecular assembly under the bidirectional diffusion:
fabrication of a box superstructure of a solid-solution PCP.

Figure 2. Crystal structure of as-synthesized 1: (a) the view from b axis,
and (b) the view from c axis. The crystal structure of as-synthesized 2:
(c) the view from dicarboxylate direction, and (d) the view from bpy
direction.
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shown in Figure 3d, the internal void was seen in the cross-
section of the cuboid superstructure. To further analyze the
three-dimensional macroscopic structure, the cuboid super-
structure was partially broken by ultrasonication. The interior
void of the cuboid superstructure was clearly observed after
breaking the edge of the box superstructure (Figure 3e,f). These
results suggested that the cuboid crystals of 1 were converted to
the box superstructures.
Powder X-ray diffraction (PXRD) measurements were carried

out to determine the framework structure of the box super-
structure. As shown in Figure S1 (Supporting Information), the
XRDpattern of the box superstructure nearly corresponds to that
of 1, suggesting that the box superstructure possesses the
framework structure analogous to [M2L2P]n. Furthermore, in
order to elucidate the chemical compositions of the box
superstructure, the 1H NMR experiments were carried out for
the solution prepared by the digestion of box superstructure with
hydrochloric acid. The ratio of dicarboxylates (bdc and ndc) to
bpy was estimated to be 2:1, corresponding to the chemical
composition of [M2L2P]n. The ratio of bdc and ndc in the box
superstructure was estimated to be 3:1, which means that pure
phase of 1 was converted to a solid-solution PCP,
[Zn2(bdc)1.5(ndc)0.5(bpy)]n (2) (Figure S2). These results
indicated that the dissolution of parent crystal of 1 and the
simultaneous recrystallization of 2 led to the formation of the box
superstructure.
In order to clarify the crystal structure of solid-solution PCP of

[Zn2(bdc)1.5(ndc)0.5(bpy)]n (2), we synthesized the single
crystal of 2 by the following procedure. The methanol solution
of bpy, the buffer solution of DMF/methanol mixture, and the
DMF solution of Zn(NO3)2·6H2O, H2bdc and H2ndc were

layered sequentially from bottom to top in a narrow glass tube.
The glass tube was kept at 90 °C for 2 days and the single crystals
of 2 with the size of 10 μm were harvested. The crystal structure
of as-synthesized 2was successfully determined by a single crystal
X-ray diffraction analysis (Figure 2c,d). As in the case of the
crystal structure of 1, the dicarboxylates bridge the zinc
paddlewheel clusters to form two-dimensional square grids
linked by bpy at the lattice points. Because the dicarboxylates
along a axis is close to the upper pyridyl ring of bpy, nonbulky
bdc is selectively located therein. In contrast, bdc and ndc were
disordered in the position of dicalboxylates along b axis at the
ratio of 1:1. Therefore, the total ratio of bdc and ndc is calculated
to be 3:1, corresponding to the chemical formula of
[Zn2(bdc)1.5(ndc)0.5(bpy)]n determined by 1H NMR. The
partial replacement from ndc to nonbulky bdc generates a
space in the framework to accommodate another framework
therein; thus the two frameworks are doubly interpenetrated in 2.
The simulated XRD pattern of 2 corresponds to the PXRD
pattern of the box superstructure, indicating that the box
superstructure consists of solid-solution type PCP of 2 (Figure
S1c,d).

Mechanism of Diffusion-CoupledMolecular Assembly.
In order to investigate the formation mechanism of box
morphology of the solid-solution PCP (2) under the bidirec-
tional diffusion, we carried out a series of synthetic experiments,
in which the reaction time was systematically varied (10 s to 30
min) and the resulting structure was analyzed by PXRD
measurements. As shown in Figure S3, the PXRD patterns
were identical throughout the reaction, suggesting that the
framework structure of [M2L2P]n was maintained. After the
digestion of the resulting compounds by hydrochloric acid, the
chemical compositions were analyzed by the 1H NMR
experiments. (Figures 4a and S4−S17). As shown in Figure 4a,
the ratio of bdc to (bdc and ndc) reached 0.75 (bdc:ndc = 3:1)
within 4 min, corresponding to the chemical formula of
[Zn2(bdc)1.5(ndc)0.5(bpy)]n (2). This ratio of bdc to (bdc and
ndc) did not change even after the extension of the reaction time
to 30 min.
In addition to the analyses of the resulting framework, the

residual reaction solution was analyzed by the 1H NMR
experiments (Figures 4b and S18−S23, and Table S1). To
evaluate the molar amounts of bdc and ndc, 0.1 mmol of
methanol was added in the NMR sample solution as an external
reference. The molar amounts of bdc and ndc were estimated by
comparing the integration areas of bdc and ndc with that of
methanol. The migration amounts of bdc and ndc were
calculated by the subtraction of molar amount at a certain
reaction time from the original molar amount. Figure 4b showed
the migration amounts of inward bdc and outward ndc versus
time, which suggests that the larger amount of ndc was eluted
(parent crystal of 1 → solution) than the amount of bdc for the
crystallization (solution → crystal of 2). As a consequence, less
amount of dicarboxylates (bdc and ndc) was consumed in the
recrystallization of 2 than the elution of dicarboxylates into the
solution. The amount of dicarboxylates in solid decreased by 33
mol % at 4 min (Table S1), resulting in the reduction of the total
amount of crystals. In addition to the difference in migration
amounts of ndc and bdc, the framework interpenetration in 2
also decreased the crystal volume by 20% (the density of 1: 1.148
gcm−3, the density of 2: 1.434 gcm−3). The decreases of the
volume and the amount of crystals leads to the formation of the
void inside the cuboid structure, thus giving rise to the box
superstructure.

Figure 3. (a) SEM image of the parent crystals of 1, (b) SEM image of
the box superstructures, (c) SEM image of the side wall of the box
superstructure at a high magnification. The nanocrystals are aggregated
to form the wall of box superstructure. (d) TEM image of the ultrathin
section of the box superstructure. The void is observed in the square-
shaped assemblage of nanocrystals. (e,f) SEM image of the box
superstructure after ultrasonication. The internal void is observed from
the broken edge of the box superstructure.
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The formation of a box superstructure was similarly observed
in the single crystal of 1 in the millimeter scale. Prior to carrying
out diffusion-coupled molecular assembly, a single crystal of 1 (2
× 2 × 1 mm3) was synthesized by hydrothermal reaction (Figure
5a). The single crystal of 1 was placed in a DMF solution of
Zn2(NO3)2·6H2O, H2bdc, bpy, and the solution was kept at 120
°C for 2 days by an oil-bath heater. After the reaction, a cuboid

particle, whose size was same as the original single crystal of 1,
was observed by optical microscope (Figure 5b). To see the
internal void, the upper surface of cuboid particle was manually
sliced with a knife. The internal void was clearly seen by an
optical microscope as shown in Figure 5c, indicating that the
cuboid crystal was converted to a box superstructure of 2. To
unveil the conversion process from the cuboid crystal to the box
superstructure, the reaction was stopped at 1 day and the upper
surface of the obtained cuboid particle was sliced. A portion of
the original crystal of 1was still remained in the internal void, i.e.,
yolk−shell structure, as shown in Figure 5d. These results
indicate that the box superstructure was formed via the yolk−
shell structure.
When a millimeter-sized crystal of 1 was heated in the solution

of only H2bdc by an oil-bath heater, the parent crystal of 1 was
converted into the microcrystalline powders without keeping the
cuboid morphology (Figure S25). The difference between the
reactions of microcrystals and millimeter-sized crystal can be
explained as follows. The rapid heating by microwave reactor
induces faster recrystallization of 2 than the oil-bath heating,17b

and enables to localize the recrystallization nearby the surface of
parent crystal and to maintain the cuboid morphology. While the
microwave reaction gave the box superstructures for the
microcrystals as shown above, it was not applicable to the
millimeter-sized crystal of 1 due to its fragility; the large crystal
was mechanically cracked under the abrupt increase of
temperature induced by microwave reaction. Therefore, it is
required to find the reaction condition accelerating the
crystallization under oil-bath heating for the conversion of the
millimeter-sized crystal. By optimizing the synthetic conditions,
we found that the presence of Zn2+, ndc and bpy together with
H2bdc in the initial solution enables to accelerate the
crystallization of 2 and slow down the dissolution of 1, leading
to the proper dissolution/recrystallization kinetics for the
replication.
Interestingly, the crystals of 2were grown on the parent crystal

of 1 with maintaining the original orientation of 1 along the
surface normal direction (Figure S26). Although the in-plane X-
ray diffraction was difficult to be carried out because of the rough
surface of the box superstructure, the crystals were apparently not
oriented in the in-plane direction, as seen in Figure 5b,c. This is
most likely because of the lattice mismatch between 1 and 2;
whereas 1 possesses the perfect tetragonal framework (α = β = γ
= 90°), 2 consists of two distorted frameworks of [M2L2P] (inner
angle between three zinc lattice points: 79.82° on ab plane and
86.91° on ac plane). Because of such a distortion from tetragonal
symmetry, the crystal of 2 was grown only with the orientation
along the surface normal direction,25 as seen in the growth on
substrates functionalized with self-assembled monolayers.26

On the basis of these experiments, we propose the reaction
process as follows. (1) The cuboid crystals of 1 are dissolved and
the components (Zn2+, ndc and bpy) are eluted to the solution.
(2) The solid-solution PCP of 2 is rapidly crystallized on the
surface of 1 by consuming Zn2+, ndc and bpy from the parent
crystal of 1 and bdc from the starting solution (as shown in Table
S2, the elution of Zn2+ was evidenced by inductively coupled
plasma measurement). The coordination geometry and the
orientation along the surface normal direction are maintained
throughout the crystallization process. (3) The larger amount of
ndc was transported from the parent crystal to solution and the
smaller amount of bdc was accumulated into the crystal of 2. The
difference of the migration amount of outward ndc and inward
bdc reduces the total amount of crystals. In addition, the

Figure 4. Chronological change of (a) the ratio of bdc and ndc in the
solid-state compounds, (b) transported amount of bdc (blue) and ndc
(green).

Figure 5.Optical microscopic images of (a) the millimeter-sized parent
crystal, (b) the box superstructure, (c) the box superstructure whose
upper surface was removed by a knife, (d) the intermediate of the box
superstructure whose upper surface was removed by a knife (the
reaction stops at 1 day). The portion of the parent crystal is still
remained in the box.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja507971r | J. Am. Chem. Soc. 2014, 136, 14966−1497314969



interpenetration of frameworks in 2 decreased the volume of
crystals. The decreases of amount and volume of crystals
generates an internal void in the cuboid structure. Consequently,
the box superstructure of solid-solution PCP of 2 is obtained
(Figure 6). This reaction mechanism resembles Kirkendall

effect,7a,27 in which the internal void is formed because of the
unbalanced bidirectional migrations of components; however,
the interpenetration of the frameworks also contributes to the
formation of interior void in our reaction system. As seen in the
hollow structure synthesized by Kirkendall effect,28 the initial
condition, e.g., concentration of H2bdc, is crucial for the
fabrication of the box superstructure (Figure S27).
Since the diffusion is driven by concentration gradients, the

diffusion-coupled molecular assembly will be applicable to a
various kinds of PCPs or MOFs. Indeed, the formation of a box
superstructure was similarly observed in IRMOF analogous
structures.29 The microcrystals of MOF-5 ([Zn4(O)(bdc)3]n)
were synthesized at room temperature.29b The microcrystals of
MOF-5 were placed in a DMF/ethanol solution of H2abdc, and
the solution was kept at 60 °C for 2 h (abdc = 2-aminobenzene-
1,4-dicarboxylate). After the reaction, the box superstructure of
solid-solution type MOF [Zn4(O)(bdc)1.8(abdc)1.2]n was
obtained (Figures S28−S30).
Separation of Hydrocarbons by the Box Super-

structure of 2. The adsorption measurements of the box
superstructure of 2 (denoted as 2-box) with the size of 5−10 μm
were performed for carbon dioxide, nitrogen and oxygen (Figure
7a and Figures S31−S32, respectively). Prior to the adsorption
measurements, the sample was evacuated under vacuum at 150
°C. As shown in the single-crystal structure of 2, the framework
was deformed in response to the removal of guest molecules
from the pores (Figure S33). The lattice comprising of
dicarboxylates and zinc paddlewheels was significantly distorted
after the guest removal. The inner angle between three zinc
lattice points on the ab plane changed from 79.82° to 54.91°.
This is because the distortion of the square lattice reduces the
void space and stabilizes the evacuated phase. Because of the
structural transformation, 2-box showed the stepwise uptake of
carbon dioxide (120 mL/g). In contrast, the powders of 1
adsorbed only small amount of carbon dioxide in spite of the
larger void space (40 mL/g) (Figure 7a). The interpenetration of

frameworks in 2 contributes to the structural stability of
evacuated phase (Figure S1e,f); thus, the storage capacity of 2
is much larger than that of 1 with poor crystalinity.30

Because 2-box consists of nanocrystals (∼200 nm), we
investigated the effect of the crystal size on the sorption
properties by comparing 2-box with the micrometer crystals of 2
(2-micro) (5−10 μm). The adsorption kinetics for carbon
dioxide were analyzed by real-time monitoring of the pressure
after the introduction of carbon dioxide at P/P0 = 0.78 into the
sample tube. The time dependent uptake (Pt/Pe: Pt is the uptake
at time t and Pe is the equilibrium uptake) for carbon dioxide on
2-box and 2-micro is shown in Figure 7b. The result showed the
effect of the crystal size on the kinetics of carbon dioxide uptake;
the rate of carbon dioxide sorption for 2-box is much faster than
that for 2-micro. In order to analyze the sorption kinetics for
carbon dioxide depending on the crystal size, we employed the
double-exponential (DE)model31 for the analyses as shown in eq
1,

= − − + − −P P A k t A k t/ {1 exp( )} {1 exp( )}t e 1 1 2 2 (1)

where k1 and k2 are kinetic rate constants, withA1 +A2 = 1. This is
because there are two kinetic processes each with different
diffusion barriers; one is faster diffusion at the gas/crystal
interface and the other is slower diffusion in the pores.32 Since
the diffusions at the crystal surface and in the pores are generally
determined by the crystal surface and pore structures,
respectively, we applied the global fitting analysis to carbon
dioxide sorption kinetics by treating the k1 and k2 values as lateral
fitting parameters. Kinetic parameters obtained by DE model are
summarized in Table S3. The A2 contribution (pore diffusion in
crystals) of 2-micro for the sorption kinetics of carbon dioxide is
significantly larger (A2 = 0.557) than that for 2-box (A2 = 0.284).
It is reasonable to consider that the latter contribution decreases
in the case of 2-box, because the diffusion path is shorter in 2-box
comprising of nanocrystals. Although we employed the single-
exponential model that includes only one kinetic rate constant
for the analyses, the model did not give a satisfactory fit for the
experimental data (Figure S36 and Table S4). The sorption
kinetics of 2-box for hexane was also faster than that of 2-micro
for hexane (Figures S37−S38 and Table S5).
Since 2-box is an interesting material for separation medium

due to the quick adsorption,33 we investigated the effect of
macroscopic superstructure on the separation efficiency. To
clarify the effect of the box superstructure, we prepared 2-box
and 2-box completely decomposed by the ultrasonication,
denoted as nanocrystalline powders (2-NP) (Figure S39). The
narrow glass tubes packed with the two materials (2-box and 2-

Figure 6. Plausible reaction mechanism: (1) The dissolution of parent
crystal of 1 provides the components (Zn2+, ndc and bpy) in the
solution. (2) The solid-solution of 2 is recrystallized on the surface of 1
with keeping the growth orientation along the surface normal direction.
(3) The larger amount of ndc eluted than the consumed amount of bdc
for the recrystallization of 2 and the formation of interpenetration of 2
decrease the volume of crystals, which leads to the generation of an
internal void in the cuboid structure via yolk−shell structure.

Figure 7. (a) Adsorption isotherm of 1 (black) and 2 (red) for carbon
dioxide, (b) Adsorption kinetics profiles for carbon dioxide (P/P0 =
0.78, 195 K). The sampling rate = 1 s; green: 2-micro and red: 2-box,
respectively. Corresponding fits for the DE model are also shown as the
black line.
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NP, respectively) were used for the breakthrough experiments.
The procedures to pack the materials into the glass tube (the
weight and the process) were identical for each sample.
Therefore, the difference in the separation efficiency between
2-box and 2-NP in the following section is exclusively explained
by their distinct superstructures. The breakthrough experiments
were performed for the separation of an equimolar binary
mixture of structural isomers, hexane/2,2-dimethylbutane
(Figure 8, Figures S40−S42). The PCP of 2 demonstrated a

significant hexane/2,2-dimethylbutane separation with a separa-
tion selectivity of 2.41 for 2-box and 2.54 for 2-NP. We observed
a reduction in the breakthrough time and the lower pressures at
the inlet of the column with 2-box, compared with 2-NP (the
inlet pressure = 19.2 and 50.3 kPa; hexane breakthrough time =
6.8 and 9.9 min; 2,2-dimethylbutane breakthrough time = 1.9
and 3.3 min for the 2-box and 2-NP, respectively). As seen in
TEM image of 2-box sliced by a microtome (Figure 2d), the
epoxy resin penetrated into the inside of 2-box in spite of its
bulkiness, suggesting that the molecules can easily pass through
the grain boundaries of nanocrystals into the internal voids of 2-
box. The interior voids of 2-box provides the paths for the
hydrocarbons to diffuse faster in the column, leading to the
shorter separation time and lower inlet pressure. These results
show that the box superstructure enables the quick separation
while keeping separation efficiency.

■ CONCLUSION

We have integrated the bidirectional diffusion of multiple
components into molecular assembly, which gives the box
superstructure of a solid-solution PCP. The reaction of crystals of
[Zn2(ndc)2(bpy)]n with H2bdc was carried out. The dissolution
of the parent crystals generates the outward diffusion of
components (Zn2+ ndc and bpy), and contrariwise, the other
dicarboxylate of bdc is accumulated on the surface of the parent
crystals. This bidirectional diffusion of components spatially
localized the recrystallization of solid-solution PCP at the surface
of the parent cuboid crystals; therefore, the nanocrystals of solid-
solution PCP, [Zn2(bdc)1.5(ndc)0.5(bpy)]n, were organized into
the box superstructure. The box superstructure enhanced the
mass transfer kinetics for the molecular separation. We believe
that this work provides a new strategy to fabricate the smart
porous materials in which properties of PCP itself and
macroscopic morphology are synergistically integrated.

■ EXPERIMENTAL SECTION
Synthesis of the Single Crystals, 1. Zn(NO3)2·6H2O (72.3 mg,

2.5 × 10−1 mmol), 1,4-naphthalenedicarboxylic acid (54.0 mg, 2.5 ×
10−1 mmol) and 4,4′-bipyridyl (21.0 mg, 1.25 × 10−1 mmol) were
dissolved in 5 mL ofN,N-dimethylformamide (DMF). The temperature
was kept at 80 °C for 2 days. After cooling, single crystals were harvested.

Synthesis of the Powder Crystals, 1. Zn(NO3)2·6H2O (148.5
mg, 5.0 × 10−1 mmol), 1,4-naphthalenedicarboxylic acid (108.0 mg, 5.0
× 10−1 mmol) and 4,4′-bipyridyl (42.0 mg, 2.5 × 10−1 mmol) were
dissolved in 10 mL of DMF. The temperature was kept at 120 °C for 3 h
by microwave instrument (Biotage, Initiator).

Synthesis of 2-box. 1,4-Benzenedicarboxylic acid (16.6 mg, 1.0 ×
10−1 mmol) was dissolved in 2 mL of DMF. The powder crystals of 1
(8.0 mg, 2.0 × 10−2 mmol) were placed in the solution, and the
temperature was kept at 80 °C by a microwave reactor (Biotage,
Initiator).

Synthesis of 2-box in Millimeter Scale. Zn(NO3)2·6H2O (5.94
mg, 2.0 × 10−2 mmol), 1,4-benzenedicarboxylic acid (3.32 mg, 2.0 ×
10−2 mmol) and 4,4′-bipyridyl (1.68 mg, 1.0 × 10−2 mmol) were
dissolved in 1 mL of DMF. A single crystal of 1 with the millimeter scale
was placed in the stocked solution, and the temperature was kept at 120
°C for 2 days. After cooling, the 2-box with the millimeter scale was
obtained.

Synthesis of 2-micro. Zn(NO3)2·6H2O (11.9 mg, 4.0 × 10−2

mmol), H2bdc (5.3 mg, 3.2 × 10−2 mmol), and H2ndc (1.7 mg, 0.8 ×
10−2 mmol) were dissolved in 2 mL of DMF. 4,4′-bipyridyl (1.6 mg, 1.0
× 10−2 mmol) was dissolved in 1 mL of methanol. 2 mL of DMF
solution, 0.5 mL of the buffer mixture of DMF/methanol (1:1) and 1
mL of methanol solution was sequentially layered from bottom to top in
a narrow glass tube. The stocked solution was kept at 90 °C for 2 days. A
largest crystal (10 μm) was picked up for the single-crystal X-ray
structure analysis.

Decomposition of 2-box. The ultrasonication of dozens of 2-box
in DMF was carried out for 10 min. The box superstructures were
completely decomposed.

1H NMR on Digested 2-box. The dozens of crystals are
decomposed in dimethyl sulfoxide-d6 with hydrochloric acid. The
obtained solution was analyzed by 500 MHz 1H NMR (JNM-A500).

1H NMR on Residual Solution. The mixture of 0.3 mL of the
residual solution, 0.3 mL of dimethyl sulfoxide-d6 and 40.6 μL of
methanol was analyzed by 500 MHz 1H NMR (JNM-A500). The peaks
of H2bdc, H2ndc and methanol were fitted by Lorentz function to
calculate the integration areas of peaks.

Field-Emission Scanning Electron Microscopy (FE-SEM). SEM
observations were performed with a JEOL Model JSM-7001F4 SEM
system operating at 15.0 kV. The samples were deposited on carbon tape
and coated with osmium prior to the measurement.

Ultrathin Section Transmission Electron Microscopy (TEM).
Dozens of dried 2-boxes were immersed in thermoset epoxy resin
(EPON 812/TAAB Laboratories Equipment Ltd., UK) and heated at 65
°C for few days. The solidified sample was sliced by ultramicrotome
(Leica FC6, AU). The ultrathin sections (∼60 nm) were mounted on
EM grids and then observed by TEM (JEOL JEM1400, Japan).

X-ray Diffraction (XRD) and Surface X-ray Diffraction (SXRD)
Measurements. The samples were deposited on glass substrates. XRD
and SXRD patterns were recorded by RINT-2000 (Rigaku) and Smart
Lab (Rigaku), respectively.

Synthesis of Box Superstructure of IR-MOF. 2-Aminobenzene-
1,4-dicarboxylic acid (18.1 mg, 0.1 mmol) was dissolved in the mixture
of DMF and ethanol (2 mL, DMF: ethanol = 1:1). The microcrystals
crystals of MOF-5 (5.0 mg), synthesized according to literature
procedures,29b were placed into the solution, and the temperature was
kept at 60 °C for 2 h by microwave reactor.

Sorption Experiments. The sorption isotherms of 1 and the 2-box
for nitrogen, oxygen and carbon dioxide were recorded on a BELSORP-
mini adsorption instrument fromBEL Japan, Inc. Prior to the adsorption
measurements, the samples were evacuated under vacuum at 323 K for 6
h.

Figure 8. Binary breakthrough separation profiles for the equimolar
separation of mixture of hexane (open circle)/2,2-dimethylbutane
(closed circle) at 25 °C obtained with 2-box (red) and 2-NP (blue).
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Sorption Kinetics. The sorption kinetics of 2-micro and 2-box for
carbon dioxide and n-hexane were recorded on a BELSORP-18
adsorption instrument from BEL Japan, Inc. The pressure value of the
sample tube was recorded every 1 second. Prior to the adsorption
measurements, the samples were degassed under vacuum at 323 K for 6
h.
Breakthrough Measurements in Vapor Phase. Breakthrough

experiments in vapor phase for the equimolar hexane/2,2-dimethylbu-
tane gas mixture were performed using the experimental setup described
in Figure S36. Briefly, 0.09 g of the 2-box and the 2-NP were packed in a
glass tube (L = 5 cm; diameter = 3 mm) by helium gas pressure (1.69 Pa
m3/s). The adsorption column was then placed in an oven at 40 °C and
operated by introducing continuously a hexane/2,2-dimethylbutane
vapor mixture generated by BELFlow-3 from BEL JAPAN. The
composition history of the mixtures collected at the outlet of the column
was evaluated by a gas chromatographer GC-2014 from SHIMADZU. A
flame ionization detector was connected to the GC column outlet.
Structure Determination. X-ray data collection (5° < 2θ < 55°)

was conducted at 223 K on Rigaku AFC10 diffractometer Mo Kα
radiation (λ = 0.7105 Å) with Rigaku Mercury CCD system. The
structures were solved by a direct method (SIR2002) and expanded
using Fourier techniques. All calculations were performed using the
CrystalStructure crystallographic software package 4.0 of Rigaku. The
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Crystal Data for 1 ⊃ Solvent. C34H20N2O8Zn2, tetragonal, space

group P4/mmm, (no. 123), a = 10.9396(6) Å, c = 14.0640(11) Å, V =
1683.11(19) Å3, Z = 1, T = 223 K. ρcalcd = 1.148 gcm−3, μ(Mo Kα) =
0.776 cm−1, 1185 reflections measured, 985 observed (I > 2.00σ(I)) 63
parameters; R1 = 0.0692, wR2 = 0.2315, GOF = 1.158. Elemental analysis
calcd. for C43H45N5O8Zn2 {[Zn2(ndc)2(bpy)]·(DMF)4(H2O)3}n: C,
52.04; H, 5.13; N, 7.92. Found: C, 49.82; H, 4.90; N, 7.99. The
hydrogens and solvent molecules are severely disordered. The atom of
C5 has high ADP max/min ratio because of the rotation of the pyridyl
ring. (CCDC: 1017400)
Crystal Data for 2 ⊃ Solvent. C31H21N3O9Zn2, triclinic, space group

P1 ̅, (no. 2), a = 10.887(3) Å, b = 10.923(3) Å, c = 14.068(4) Å, α =
89.214(8), β = 87.590(7), γ = 79.816(8), V = 1645.1(7) Å3, Z = 2,T = 93
K. ρcalcd = 1.434 gcm−3, μ(Mo Kα) = 1.513 cm−1, 13134 reflections
measured, 7178 observed (I > 2.00σ(I)) 446 parameters; R1 = 0.0512,
wR2 = 0.1835, GOF = 1.098. Elemental analysis calcd. for
C34H35N4O12Zn2 {[Zn2(ndc)1.5(ndc)0.5(bpy)]·(DMF)2(H2O)2}n: C,
49.65; H, 4.29; N, 6.81. Found: C, 49.37; H, 3.46; N, 5.56. The
hydrogens are severely disordered. The atoms of C12 and C18 cannot
be refined anisotropically, because C12 and C18 are located very close to
C11 and C17, respectively (bdc and ndc are located in the same site in
50% each). The atoms of C15, C29, C30 and C31 has high ADP max/
min ratio because of the rotation of the pyridyl ring and benzene ring.
(CCDC: 1017401)
Crystal Data for 2. C56H34N4O16Zn4, orthorhombic, space group

Cmme, (no. 67), a = 9.923(16) Å, b = 19.10(3) Å, c = 14.33(3) Å, V =
2715(8) Å3, Z = 2, T = 93 K. ρcalcd = 1.600 gcm−3, μ(Mo Kα) = 1.859
cm−1, 20578 reflections measured, 1669 observed (I > 2.00σ(I)) 162
parameters; R1 = 0.1428, wR2 = 0.13874, GOF = 1.333. Elemental
analysis calcd. for C28H17N2O8Zn2 {[Zn2(ndc)1.5(ndc)0.5(bpy)]}n: C,
52.53; H, 2.68; N, 4.38. Found: C, 51.37; H, 2.59; N, 4.16. The
hydrogens are severely disordered. (CCDC: 1017402).
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Chem. Soc. 2007, 129, 15118−15119. (c) Biemmi, E.; Scherb, C.; Bein,
T. J. Am. Chem. Soc. 2007, 129, 8054−8055. (d) Tsotsalas, M.;
Umemura, A.; Kim, F.; Sakata, Y.; Reboul, J.; Kitagawa, S.; Furukawa, S.
J. Mater. Chem. 2012, 22, 10159−10165. (e) Makiura, R.; Motoyama, S.;
Umemura, Y.; Yamanaka, H.; Sakata, O.; Kitagawa, H.Nat. Mater. 2010,
9, 565−571. (f) Lia, M.; Dinca,̆ M. Chem. Sci. 2014, 5, 107−111.
(g) Bradshaw, D.; Garai, A.; Huo, J. Chem. Soc. Rev. 2012, 41, 2344−
2381.
(17) (a) Falcaro, P.; Hill, A. J.; Nairn, K. M.; Jasieniak, J.; Mardel, J. I.;
Bastow, T. J.; Mayo, S. C.; Gimona, M.; Gomez, D.; Whitfield, H. J.;
Ricco, R.; Patelli, A.; Marmiroli, B.; Amenitsch, H.; Colson, T.;
Villanova, L.; Buso, D. Nat. Commun. 2011, 2, 237. (b) Reboul, J.;
Furukawa, S.; Horike, N.; Tsotsalas, M.; Hirai, K.; Uehara, H.; Kondo,
M.; Louvain, N.; Sakata, O.; Kitagawa, S.Nat. Mater. 2012, 11, 717−723.
(c) Doherty, C. M.; Grenci, G.; Ricco,̀ R.; Mardel, J. I.; Reboul, J.;
Furukawa, S.; Kitagawa, S.; Hill, A. J.; Falcaro, P. Adv. Mater. 2013, 25,
4701−4705.
(18) (a) Ameloot, R.; Vermoortele, F.; Vanhove, W.; Roeffaers, M. B.
J.; Sels, B. F.; De Vos, D. E. Nat. Chem. 2011, 3, 382−387. (b) Carne-
Sanchez, A.; Imaz, I.; Cano-Sarabia, M.; Maspoch, D. Nat. Chem. Biol.
2013, 5, 203−211. (c) Kuo, C. H.; Tang, Y.; Chou, L. Y.; Sneed, B. T.;
Brodsky, C. N.; Zhao, Z. P.; Tsung, C. K. J. Am. Chem. Soc. 2012, 134,
14345−14348. (d) Li, A. L.; Ke, F.; Qiu, L. G.; Jiang, X.; Wang, Y. M.;
Tian, X. Y. CrystEngComm 2013, 15, 3554−3559.
(19) (a) Furukawa, S.; Hirai, K.; Nakagawa, K.; Takashima, Y.;
Matsuda, R.; Tsuruoka, T.; Kondo, M.; Haruki, R.; Tanaka, D.;
Sakamoto, H.; Shimomura, S.; Sakata, O.; Kitagawa, S.Angew. Chem., Int.
Ed. 2009, 48, 1766−1779. (b) Koh, K.; Wong-Foy, A. G.; Matzger, A. J.
Chem. Commun. 2009, 6162−6164. (c) Hirai, K.; Furukawa, S.; Kondo,
M.; Uehara, H.; Sakata, O.; Kitagawa, S. Angew. Chem., Int. Ed. 2011, 50,
8057−8061. (d) Li, T.; Sullivan, J. E.; Rosi, N. L. J. Am. Chem. Soc. 2013,
135, 9984−9987.
(20) (a) Wu, Y.; Li, F.; Zhu, W.; Cui, J.; Tao, C.; Lin, C.; Hannam, P.
M.; Li, G. Angew. Chem., Int. Ed. 2011, 50, 12518−12522. (b) Schoedel,
A.; Scherb, C.; Bein, T. Angew. Chem., Int. Ed. 2010, 49, 7225−7228.
(21) (a) Khaletskaya, K.; Reboul, J.; Meilikhov, M.; Nakahama, M.;
Diring, S.; Tsujimoto, M.; Isoda, S.; Kim, F.; Kamei, K.; Fischer, R. A.;
Kitagawa, S.; Furukawa, S. J. Am. Chem. Soc. 2013, 135, 10998−11005.
(b) Zhan, W.; Kuang, Q.; Zhou, J.; Kong, X.; Xie, Z.; Zhen, L. J. Am.
Chem. Soc. 2013, 135, 1926−1933.
(22) Kambe, T.; Sakamoto, R.; Hoshiko, K.; Takada, K.; Miyachi, M.;
Ryu, J.; Sasaki, S.; Kim, J.; Nakazato, K.; Takata, M.; Nishihara, H. J. Am.
Chem. Soc. 2013, 135, 2462−2465.
(23) (a) Seki, K.; Mori, W. J. Phys. Chem. B 2002, 106, 1380−1385.
(b) Dybtsev, D. N.; Chun, H.; Kim, K. Angew, Chem. Int. Ed. 2004, 43,
5033−5036. (c)Ma, B. Q.;Mulfort, K. L.; Hupp, J. T. Inorg. Chem. 2005,
44, 4912−4914. (d) Chen, B.; Liang, C. D.; Yang, J.; Contreras, D. S.;
Clancy, Y. L.; Lobkovsky, E. B.; Yaghi, O. M.; Dai, S. Angew. Chem., Int.
Ed. 2006, 45, 1390−1393.
(24) (a) Henke, S.; Schneemann, A.; Wütscher, A.; Fischer, R. A. J. Am.
Chem. Soc. 2012, 134, 9464−9474. (b) Kozachuk, O.; Khaletskaya, K.;
Halbherr, M.; Bet́ard, A.; Meilikhov, M.; W. Seidel, R.; Jee, B.; Pöppl, A.;
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