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The formation of interfaces between two solid phases is of
great significance in the development of new materials,
because mechanical and electronic properties of materials
are strongly influenced by distorted interfacial structures,
leading to properties that differ from those of the individual
phases. Moreover, properties of porous materials, such as gas
sorption and guest-molecule accommodation, should also
correlate with the interfacial structure of such materials,
because guest molecules (adsorbates) first encounter the
surface of the porous materials. Hence, the affinity of porous
materials for guest molecules can be tuned by modifying the
surface structure.[1]

Porous coordination polymers (PCPs), or metal–organic
frameworks (MOFs), are an interesting class of crystalline
porous materials, as it is possible to design their framework
topologies and pore sizes and the functionality of the pore
surfaces.[2] Recent progress of the “post-synthetic approach”
allows for the pore-surface functionalities (on the inner
surfaces of materials) to be altered after the lattice is
constructed.[3] On the other hand, functionalization of PCP
outer surfaces is a great challenge, but it is a promising
methodology not only for modification of the porous proper-
ties but also for the addition of a new function to the PCP

without changing the characteristic features of the PCP
crystal itself,[4] resulting in the fabrication of multifunctional
PCPs. One way to decorate the crystal surfaces of a PCP is to
hybridize the core PCP crystal with a different shell crystal by
epitaxial growth at the single-crystal level, thus creating core–
shell PCP heteroepitaxial crystals. Such a lattice match
promises pore connections at the interface between crystals,
where the modified crystal structure should influence the
mobility and diffusion of adsorbates. Such fabrication of
hybridized PCP single crystals in the nanometer or micro-
meter regime also allows for utilization of these materials in
biological systems and as sensors in electronic devices.[4,5]

Although a few pioneering synthetic studies on the hybrid-
ization of extended coordination structures have been
reported,[6] structural determination at the interfaces is not
yet known, most likely because of the lack of a methodology,
despite its significance for the design of new materials.
Herein, we demonstrate the first synthesis of core–shell PCP
single crystals by epitaxial growth; the structural relationship
between the shell and the core was determined using surface
X-ray diffraction analysis.

The key to success is to choose excellent candidates for
epitaxial growth, such as the [{M2(dicarboxylate)2-
(N ligand)}n] series of PCP frameworks, wherein three
components, namely the metal ions, dicarboxylate layer
ligands, and bidentate nitrogen pillar ligands, can be varied
without changing the original tetragonal topology
(Figure 1).[7] A variety of isoreticular tetragonal frameworks
with similar unit cell parameters are available. The hetero-
metallic system chosen for hybridization consists of different
metal ions with the same organic ligands: [{Zn2(ndc)2-
(dabco)}n]

[7d] (1) as the core crystal and [{Cu2(ndc)2-
(dabco)}n]

[7h] (2) as the shell crystal (ndc = 1,4-naphthalene
dicarboxylate, dabco = diazabicyclo[2.2.2]octane). Note that
1 can be grown as a single crystal with cubic morphology at a
scale of hundreds of micrometers, but 2 gives only micro-
crystalline powder. Therefore, synthesis of the reverse
composition is essentially impossible.

To elucidate the growth process of the core crystal 1, face-
index analysis was carried out using single-crystal X-ray
diffraction. The tetragonal framework appears as a right
rectangular prism crystal with (100), (�100), (010), (0�10),
(001), and (00�1) faces. The four (h00) and (0k0) surfaces can
be end-capped by the layer carboxylic acid groups, whereas
the two remaining (00l) surfaces are terminated by the
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nitrogen pillar ligands. These ligands can be used as coordi-
nation sites to grow the shell crystal.

The hybridization of two frameworks into one single
crystal has been successfully achieved by a simple solvother-
mal synthesis; pieces of single crystals of 1 were put into a
solution of CuSO4·5 H2O, 1,4-naphthalene dicarboxilic acid,
and dabco in toluene/methanol (1:1), and the solution was
heated to 393 K. The core–shell crystals (1/2) were obtained
as light greenish cubic crystals in 93% yield.[8]

Figure 2a shows an optical microscopy image of the sliced
single crystal of 1/2. The colorless core crystal is surrounded
by the greenish shell crystal. Each part of the core–shell

crystal was analyzed by microscopic attenuated total reflec-
tance (ATR) IR spectroscopy. The characteristic carboxylate
asymmetric stretching frequencies of 1/2 (core: 1633 cm�1,
shell: 1621 cm�1) resemble those of 1 (1629 cm�1) and 2
(1621 cm�1), respectively. The lower absorption energy of
zinc-coordinated carboxylate relative to copper-coordinated
carboxylate can be explained by the strength of carboxylate
coordination; copper is coordinated more strongly than
zinc.[9] Note that the multiple absorption bands around
800 cm�1, which can be assigned to the out-of-plane C�H
bending vibration modes and the ring bending mode of the
naphthalene moieties of ndc,[10] exhibit a trend similar to the
carboxylate stretching (Figure 2b–d): quadruple bands for the
core and 1; triplet bands for the shell and 2.

Both the core crystal (1) and the shell crystal (2) have the
same tetragonal space group (P4/mmm) and similar unit cell
parameters (a = 10.921(1), c = 9.611(1) � for 1, and a =

10.8190(3), c = 9.6348(6) � for 2),[11] which differ enough,
especially along the a axis, to distinguish the shell crystal from
the core crystal and to allow investigation of the structural
correlation between them. Synchrotron X-ray measurements
for film structural analysis were, therefore, performed using a
four-circle diffractometer at beamline BL13XU for surface
and interface structures, SPring-8.

A hybridized core–shell crystal of 1/2 with a size greater
than 200 mm and a shell crystal thickness greater than 20 mm
was fixed on a glass surface with the a axis normal to the glass
surface, and diffractions were recorded using an X-ray beam
with a size of 15 � 30 mm2. The q–2q scan of 1/2 from the initial
position (c = 908) provided two sharp peaks assigned to h00
Bragg peaks, and a scan of the rotation angle around the [100]

Figure 1. a) Schematic illustration of the series of frameworks
[{M2(dicarboxylate)2(N ligand)}n] . b,c) The crystal structure of 1 viewed
along the b axis (b) and the c axis (c). The naphthalene moieties are
disordered owing to the symmetry. The insets show the chemical
structures of the (100) surface (b) and the (001) surface (c).

Figure 2. a) Optical microscopic image of the sliced core–shell crystal
1/2. b–e) IR spectra by microscopic attenuated total reflection (ATR)
measurement of the colorless part of 1/2 (b), the greenish part of
1/2 (c), the powder sample of 1 (d), and the powder sample of 2 (e).
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direction (the f scan) at the 110 Bragg position gave two
sharp peaks assigned to the 110 and 1�10 Bragg peaks
(Figure 3a–c). These diffraction peaks indicate that the shell

crystal of 1/2 is a single crystal.[12] This finding indicates,
surprisingly, that growth of the copper shell crystal (2) as a
single crystal on the surface of the zinc core crystal (1) was
supported despite the fact that the copper shell crystal had
only been obtained previously as a powder.

The structural relationship between the core crystal and
the shell crystal at the interface is more evident at the (001)
surface, because the diffractions from the two crystals are
observed simultaneously. Note that the (001) surface of the
tetragonal space group can be recognized as the quadratic
lattice shown in Figure 1 c, because the a and b lattice
constants are the same. The hybridized crystal (1/2) was
mounted with the c axis normal to the glass surface. While the
q–2q scan gave the 00l Bragg peaks, characteristic triplet
peaks were observed periodically every 908 in the scan of
rotation angle around [001] (the f scan) at the 101 position
(Figure 3d–f). Corresponding to the model in the reciprocal
lattice space (Figure 4a), the k scan at the 101 position and
the h scan at the 011 position also gave triplet peaks
(Figure 4b–c). Each central peak of the triplet can be assigned
to the 101 and 011 Bragg peaks of the core crystal (1), whereas

the two side peaks are assigned to diffraction from the shell
crystal (2). This situation arises because the refined 2q angles
of the side peaks (2qside = 8.1864–8.1997) are significantly
larger than those of the central peaks (2qcentral = 8.1136–
8.1170), which coincides with the fact that the lattice constant
a of 2 is smaller than that of 1.[13]

The difference in f angle of the side peak and the central
peak (Df) is interpreted as rotation of the shell crystal lattice
by Df with respect to the [100] direction of the core crystal
lattice (Figure 4d). The result that two side peaks emerge
with the central peaks, separated by similar values of Df in
the k and h scans (Df= 11.5� 0.1 at the 101 position and
Df= 11.7� 0.6 at the 011 position), implies that two Miller
domains of the shell crystal (2) are grown epitaxially on the
(001) surface of the core crystal (1) while maintaining the in-
plane rotational angle Df.[14] Interestingly, the average of the
rotational angles (Dfav = 11.7) reflects the angle between the

Figure 3. The reciprocal lattice space corresponding to the rotational
scan a) around the [100] direction and d) around the [001] direction.
The q–2q scan of the core–shell crystal (1/2) immobilized on the glass
substrate at the initial position (c = 908) b) along the a axis and
e) along the c axis. The scan of the rotation angle c) around the [100]
direction (the f scan) and f) around the [001] direction.

Figure 4. a) The projectional view from the [001] direction of the
reciprocal lattice space. The k scan at the 101 position and the h scan
at the 011 position are indicated as red lines. b) The k scan at the 101
position. c) The h scan at the 011 position. d) Schematic model of the
structural relationship between the core lattice and the shell lattice on
the (001) surface. The red lines indicate the commensurate lattice
between the core lattice and the shell lattice; the (5 � 5) structure of
the core crystal or the (
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) structure of the shell. Two Miller
domains of the shell crystal are grown on the (001) surface of the core
crystal while maintaining the rotational angle (Dfav = 11.6518), which
corresponds to the
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p

direction of the (001) surface. The inset
shows the chemical structure of the (001) surface.
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[100] direction and the
ffiffiffiffiffi
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direction of the quadratic lattice
(Df= 11.3). Because the lattice constant of the shell crystal is
significantly smaller than that of the core crystal, the (
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�
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p

) structure of the shell (001) surface matches the (5 � 5)
structure of the core crystal. Hence, in-plane rotational
epitaxial growth can compensate for the difference in the
lattice constants. Such rotational crystal growth evidently
does not occur at the (100) surface, because the lattice
constant for the [001] direction of the shell crystal is not very
different from that of the core crystal, which is also evident
from the lack of peak separation observed in the crystal
oriented along the a axis. Thus, the lattice of the shell crystal
matches that of the core crystal along the [100] direction by
near-matched epitaxy.

These results open the way for the fabrication of
hybridized PCP crystals by epitaxial growth in solution and,
moreover, for the determination of the structural relationship
between the shell crystal and the core crystal by surface X-ray
diffraction. The surfaces of the core PCP crystal support the
growth of a single-shell crystal, which was otherwise obtained
only as a microcrystalline powder in the bulk. Two other layer
and pillar ligands are exchangeable in this hybridization
system, and functional organic ligands can be introduced.
Careful choice of components should allow us to control and
design the in-plane rotational angles. The next stage of
progress is to correlate the interfacial structure and the
function, especially the adsorption properties, which can be
strongly influenced by the interfacial structure. Such rota-
tional domain growth of a PCP crystal on the surface of the
PCP core crystal apparently can work as a filter or a sieve for
separation of guest molecules. Moreover, these properties
originate from the formation of the interface between two
PCP crystals so that the PCP framework itself can be still
modified to fabricate multifunctional PCPs.

Experimental Section
Compounds 1[6d] and 2[6h] were prepared according to literature
procedures.

Synthesis of the hybridized crystal 1/2 : A stock reaction solution
of 2 was prepared from CuSO4·5H2O (21.0 mg, 8.41 � 10�2 mmol), ndc
(as 1,4-naphthalene dicarboxylic acid; 18.2 mg, 8.42 � 10�2 mmol),
and dabco (4.67 mg, 4.16 � 10�2 mmol) in toluene/methanol (5 mL,
1:1). Dozens of the core crystals 1 (sizes about 200 � 200 � 100 mm3)
were put into the stock reaction solution (4 mL), and the reaction
mixture was heated to 393 K for 48 h. After cooling, the greenish
hybridized crystals (1/2) were harvested.

Microscopic IR spectroscopy: The spectra were measured both
by a Nicolet 6700 instrument (Thermo Fisher Scientific Inc.) with an
infrared microscope (Nicolet Continumm) and by an FTIR 6200
instrument (JASCO) with a infrared microscope (IRT-3000). An
attenuated total reflection (ATR) attachment was used for the
measurement. Whereas the powder samples of 1 and 2 were measured
to obtain their individual spectra, the sliced single crystal sample of 1/
2 was investigated for hybridization. The prism of the ATR attach-
ment was separately put on the core and the shell of the hybrid crystal,
and then each spectrum was observed.

Synchrotron X-ray measurements for film-structural analysis:
Measurements were performed with a four-circle diffractometer
having f, c, q, and 2q circles at beamline BL13XU for surface and
interface structures, SPring-8. The desired crystal in DMF was
selected just before measurement and fixed on the glass substrate

with double-faced adhesive. Measurement was carried out under
helium gas. In such conditions, guest DMF molecules most likely
occupied the pores of the PCP crystal.

Details of physical measurements such as microscopic IR
spectroscopy, powder X-ray diffraction measurement, and X-ray
diffraction measurement for film-structural analysis are described in
the Supporting Information.
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