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P
orous coordination polymers (CPs)
or metal�organic frameworks (MOFs)
have been the subject of intense re-

search due to their many fascinating prop-
erties and applications, such as gas storage,
gas separation, catalysts, and recognition.1�7

Currently, various ongoing research has
been devoted to the fabrication of nano-
and microscaled coordination polymer par-
ticles (CPPs)8�16 and CP thin films17�21 as
part of a logical attempt to extend the
applicability and to enhance the properties
of CPs. Indeed, the smart utilization of nano-
scale CPPs as magnetic resonance imaging
(MRI) contrast agents and drug delivery
vessels in biological systems has recently
been demonstrated.12�14

On the other hand, the fabrication of
hybrid CP crystals is an important theme in
the development of new functional materi-
als because manipulation of the composi-
tion and structure of CPs is vital for fine-
tuning their properties.22�25 As numerous
hybrid nanomaterials with more than two
components have been suggested as can-
didates for multifunctional materials with

customized or advanced properties,26�29

CPPs with precise heterocompositions will
provide a great opportunity to extend the
applicability of CPPs and CPs. However, no
attempts have been made to study the
precise nanoscale growth of CPs for the
preparation of hybrid nanoscale CPPs.
In this work, we report on the precise and

controlled preparation of heterostructured
CPPs through the selective isotropic and
anisotropic nanoscale growth of CPs. The
research described herein will allow for a
greater understanding of multicomposi-
tional nanoscale CPPs that could facilitate
their eventual use in practical applications.

RESULTS AND DISCUSSION

An examination of the heterometalation
of CPPs based on the nanoscale growth of
CPs was performed using Fe-MIL-88B30 and
two of its analogues, Ga-MIL-88B and In-
MIL-88B (Scheme 1). Fe-MIL-88B nanorods
(CPP-15, Figure 1a,b), which have a hexa-
gonal 3D structure consisting of trimers of
FeO6 octahedra connected to BDC building
blocks, were first prepared via a previously
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ABSTRACT The ability to fabricate multicompositional hybrid materials in a

precise and controlled manner is one of the primary goals of modern materials science

research. In addition, an understanding of the phenomena associated with the

systematic growth of one material on another can facilitate the evolution of

multifunctional hybrid materials. Here, we demonstrate precise manipulation of the

isotropic and/or anisotropic nanoscale growth of various coordination polymers (CPs)

to obtain heterocompositional hybrid coordination polymer particles. Chemical

composition analyses conducted at every growth step reveal the formation of

accurately assembled hybrid nanoscale CPs, and microscopy images are used to

examine the morphology of the particles and visualize the hybrid structures. The dissimilar growth behavior, that is, growth in an isotropic or anisotropic

fashion, is found to be dependent on the size of the metal ions involved within the CPs.
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reported solvothermal method using H2BDC and Fe-
(NO3)3 precursors.31 The resulting CPP-15 was then
used as a seed for the growth of secondary CPs.
Consecutive solvothermal reactions of the secondary
CP precursors (H2BDC and M(NO3)3, M = Ga3þ or In3þ)
in the presence of the initially prepared Fe-MIL-88B
nanorods resulted in the formation of heterocomposi-
tional CPPs through hybridization between the initial
Fe-MIL-88B and the subsequently formed M-MIL-88B
(M = Ga or In) (Scheme 1). Field-emission scanning
electron microscopy (FE-SEM) and scanning transmis-
sion electron microscopy (STEM) images (Figure 1c,d)
revealed the formation of CPPs with a rod-shaped
morphology similar to that of the initial Fe-MIL-88B
seed. In addition, an increase in the size of the particles
after the growth of the secondary CPs was clearly
observed in the microscopy images. The increase in
the length and width (ca. 600 and 30 nm, respectively)
of the nanorod after the formation of Hybrid CPP I,
which was caused by the growth of Ga-MIL-88B on
Fe-MIL-88B seed, can be calculated by comparing
the length and width of the Hybrid CPP I nanorod
(Figure 1d) to the initial CPP-15 nanorod (Figure 1b).
This increase in the length and width indicated the
formation of core�shell-type hybrid CPPs, Fe-MIL-
88B@Ga-MIL-88B, which can be formed as a result of
the isotropic growth of secondary CP on the entire
surface of the initial CPP-15. The contrast light and
shade STEM images ofHybrid CPP I (Figure 1d) visually
showed the formation of core�shell hybrid CPPs.
In contrast, an increase in length but not width was
observed in the FE-SEM and STEM images of Hybrid
CPP II, which was obtained by the growth of In-MIL-88B
on Fe-MIL-88B seed (Figure 1e,f). The clear contrast
light and shade STEM images of Hybrid CPP II

(Figure 1f) noticeably revealed the formation of layer-
type hybrid nanorods. This layer-type hybrid CPP can
be produced as a result of anisotropic growth of In-MIL-
88B on the initial CPP-15, that is, the growth of In-MIL-
88B only in the c-direction at both tips of the CPP-15
nanorods. When the reaction time is increased, no
significant size increase of the particles is detected.
The size change is comparable to that which occurs
during the regular reaction time, because there is no
significant amount of precursors remaining after a
regular reaction time (20 min). However, the relatively
long Hybrid CPP II was detected, when the large
amount of the secondary CP precursors (H2BDC and
In(NO3)3) was used during the growth of In-MIL-88B
(Supporting Information Figure S1).
The chemical composition analyses of Hybrid CPP I

and II supported the formation of heterocompositional
A@B core�shell and C/A/C layer-type hybrid CPP crys-
tals (A = Fe-MIL-88B, B = Ga-MIL-88B, C = In-MIL-88B),
respectively. Energy dispersive X-ray (EDX) spectra
(Supporting Information Figure S2a�c) were acquired
at different spots on Hybrid CPP I. First, the EDX spec-
trum obtained for one whole particle (Supporting
Information Figure S2a) indicated the production of a
newmaterial consisting of gallium atoms in addition to
the initial Fe-MIL-88B, as evidenced from the observa-
tion of gallium atoms in addition to carbon, oxygen,
and iron atoms. Second, the detection of only carbon,
oxygen, and gallium atoms, but not iron atoms, in the
EDX spectrum measured at the tip of Hybrid CPP I
(Supporting Information Figure S2b) indicated that the
gallium-based material (Ga-MIL-88B) is the only ma-
terial present in this area. Third, the EDX spectrum for
the middle region of Hybrid CPP I suggests the pre-
sence of both Fe-MIL-88B and Ga-MIL-88B, as evidenced

Figure 1. SEM and STEM images of (a,b) initial CPP-15 nanorods, (c,d) core�shell-type heterocompositional Hybrid CPP
I (A@B), and (e,f) layer-type heterocompositional Hybrid CPP II (C/A/C). Here, A = Fe-MIL-88B, B = Ga-MIL-88B, and C =
In-MIL-88B.
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by the detection of both iron and gallium atoms
(Supporting Information Figure S2c). The obtained
EDX data corroborate the expected chemical composi-
tions for the suggested core�shell structure of Hybrid
CPP I (Fe-MIL-88B@Ga-MIL-88B). The C/A/C layer-type
structure of Hybrid CPP II was also confirmed from
a series of EDX spectra (Supporting Information
Figure S2d�f). The trends observed in the composi-
tions detected for a whole particle and the tip of the
Hybrid CPP II (Supporting Information Figure S2d,e)
were similar to those obtained from Hybrid CPP I,
indicating the creation of a new material containing
indium atoms (In-MIL-88B) at the tip of the particles.
However, there was a significant difference between
the spectra measured at the center of Hybrid CPP I
and II (Supporting Information Figure S2c,f). Composi-
tions corresponding to only Fe-MIL-88B and not to the
new indium-based material were detected at the
center of Hybrid CPP II, which correlates well with
the expected C/A/C layer-type hybrid crystal. If Hybrid
CPP II is a core�shell structure, indium atoms must be
detected at the center of the sample, as shown for
Hybrid CPP I.
Additional evidence for the production of core�

shell and layer-type hybrid CPPs was obtained via EDX
spectrum profile scanning and elemental mapping
data. The EDX spectrum profile scanning data for
Hybrid CPP I (Figure 2a,b) revealed a typical tendency
for a core�shell structure (Fe-MIL-88B@Ga-MIL-88B), as
evidenced by the dominance of iron atoms at the center
of a particle as a core component (Fe-MIL-88B) and the
abundance of gallium atoms at the edge of a particle as a
shell constituent (Ga-MIL-88B). Finally, as clearly shown in
the elemental mapping data (Figure 2c), iron atomswere
only detected at the central part of the particle, while
gallium atoms were found in high concentrations at the
external regions of the particle. Note that carbon and
oxygen atoms were also distributed over the entire
particle. The compositional data clearly confirmed the
formation of a well-defined core�shell nanostructure in

which the initial rod-shaped Fe-MIL-88B nanoparticles
are surrounded by newly grown gallium-based CP (Ga-
MIL-88B). This leads us to conclude that the initial Fe-MIL-
88B nanoparticles act as a seed for the growth of
secondary CP (Ga-MIL-88B). The EDX spectrum profile
scanning data obtained for Hybrid CPP II (Figure 2d,e)
clearly indicated the formation of a layer structure (C/A/
C), as evidenced by the detection of iron atoms only at
the middle of a particle and the detection of indium
atoms only at both tips of a particle. There was no
significant concentration of indium atoms detected at
the particle center of Hybrid CPP II (Figure 2d,e). This
result can be compared to the finding of a sufficient
concentration of gallium atoms at the center of the
core�shell product ofHybrid CPP I (Figure 2a,b). Finally,
the elemental mapping data (Figure 2f) confirmed again
the formation of a C/A/C layer-type nanostructure. The
obtained compositional data illustrated that the aniso-
tropic growthof secondary CP (In-MIL-88B) at both tips of
the initial Fe-MIL-88B nanoparticles results in the forma-
tion of layer-type heterometalated nanoparticles. The N2

adsorption isotherms of pure Fe-MIL-88B particle,Hybrid
CPP I, and Hybrid CPP II exhibited the behavior for
multilayer adsorption. In addition, there was no signifi-
cant difference in the N2 adsorption properties of the
resulting hybrid CPPs compared to pure Fe-MIL-88B CPP.
It is well-known that the MIL-88B family with the extra-
ordinary high flexibility does not show any substantial
surface area fromN2 adsorption.

32 Therefore, a significant
change in theN2 adsorptionproperties as a consequence
of the alternation of metal ions within MIL-88B structure
cannot be expected.
The fact that the newly grown gallium- and indium-

based CPs have the hexagonal 3D structure of Ga-MIL-
88B and In-MIL-88B consisting of trimers of MO6

octahedra (M = Ga or In) connected to BDC building
blocks (as is the case for the Fe-MIL-88B seed) was
verified by powder X-ray diffraction (PXRD) data. The
PXRD patterns acquired for Hybrid CPP I (Figure 3b)
and II (Figure 3c) were essentially identical to that of
pure Fe-MIL-88B (Figure 3a). On the other hand, the
dissimilar growth behavior on the surface of the Fe-
MIL-88B seeds, such as the isotropic growth seen with
Ga-MIL-88B and the anisotropic growth seen with In-
MIL-88B, can be explained by the size variation of the
metal ions. The ionic size of Ga(III) is 76.0 pm, which is
quite similar to that of Fe(III) at 78.5 pm.33 However, the
ionic size of In(III) is 94.0 pm, which is significantly
larger than that of Fe(III).33 The size difference between
the metal ions participating within the MIL-88B struc-
tures will give rise to variation in the cell parameters of
the MIL-88B structures. First, Ga-MIL-88B may have cell
parameters that are quite similar to those of Fe-MIL-
88B due to the size similarity between Ga(III) and Fe(III).
In fact, the similarity in the cell parameters of Fe-MIL-
88B and Ga-MIL-88B was verified by PXRD (Figure 3)
and selected area electron diffraction (SAED, Figure 4)

Scheme 1. Schematic representation of the preparation of
two types of heterocompositional CPPs, Hybrid CPP I (A@B)
and Hybrid CPP II (C/A/C), through the isotropic and aniso-
tropic nanoscale growth of secondary CPs on CPP-15. Here,
A = Fe-MIL-88B, B = Ga-MIL-88B, and C = In-MIL-88B
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data. The good similarity between the cell parameters
of the twoMIL-88B structuresmakes it possible to grow
Ga-MIL-88B in an isotropic manner on all surfaces of
the Fe-MIL-88B seeds. However, In-MIL-88B will have
cell parameters that are notably different from those of
Fe-MIL-88B, as would be expected considering the size
difference between the two metal ions. Such a mis-
match will prevent the isotropic growth of In-MIL-88B
on Fe-MIL-88B. Indeed, the dissimilar cell parameters
of In-MIL-88B were identified by PXRD (Figure 3) and
SAED (Figure 4) data.
As shown in Figure 3a,b, the diffraction peaks of

Hybrid CPP I, which contains both Fe-MIL-88B and
Ga-MIL-88B within a single particle, are nearly identical
to those of pure Fe-MIL-88B. Such a result indicates that
Ga-MIL-88B and Fe-MIL-88B have similar a and c cell
parameters (a = b due to the hexagonal structure). The
peaks at 2θ = 9.22� and 9.47� (see red box in Figure 3a)
in the PXRD pattern of the Fe-MIL-88B nanorods were
assigned to the (002) and (100) planes, respectively.
Analysis of these peaks yielded c and a cell parameter
values of 19.16 and 10.77 Å, respectively. The corre-
sponding peaks at 2θ = 9.31� and 9.57� (see red box in
Figure 3b) in the PXRDpattern ofHybrid CPP I (Fe-MIL-
88B@Ga-MIL-88B) were assigned to the (002) and (100)
planes for both Fe-MIL-88B and Ga-MIL-88B. However,
two diffraction peaks at 2θ = 8.95� and 9.23� (see red
box in Figure 3c) forHybrid CPP II originated from two

(002) planes of In-MIL-88B and Fe-MIL-88B, respec-
tively. The significantly different c cell parameters
obtained from these peaks are 19.74 Å for In-MIL-88B
and 19.14 Å for Fe-MIL-88B. Just to compare, there is
only one peak assigned to the (100) planes at 2θ =
9.53� for both Fe-MIL-88B and In-MIL-88B in the PXRD
pattern ofHybrid CPP II. These results indicate that the
In-MIL-88B within Hybrid CPP II has a similar a cell
parameter, but a significantly larger c cell parameter
when compared to the Fe-MIL-88B seed. In addition,
the only peak corresponding to the (004) planes of
Ga-MIL-88B and Fe-MIL-88B in the PXRD pattern of
Hybrid CPP I was observed at 2θ = 18.58� (see blue
box in Figure 3b). However, two clear peaks corre-
sponding to the (004) planes of In-MIL-88B and Fe-MIL-
88Bwere observed in the PXRDpatterns ofHybrid CPP
II at 2θ = 17.82� and 18.52� (see blue box in Figure 3c),
respectively.
The cell parameters of M-MIL-88B (M = Fe, Ga, In)

were also identified by SAED patterns (Figure 4). As
revealed in the SAED patterns of CPP-15 (Figure 4a)
and Hybrid CPP I (Figure 4b), both Fe-MIL-88B
(0.96 nm) and Ga-MIL-88B (0.96 nm) have quite similar
d002 values, which is consistent with the PXRD data.
However, the two SAEDpatterns obtained at the center
and tip of Hybrid CPP II revealed that the center
region (Fe-MIL-88B part, Figure 4c) and the tip region
(In-MIL-88B part, Figure 4d) have different d-spacings.

Figure 2. (a,b) EDX spectrum profile scanning and (c) elemental mapping data for core�shell-type Hybrid CPP I. (d,e) EDX
spectrum profile scanning and (f) elemental mapping data for layer-type Hybrid CPP II.
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In-MIL-88B showed a d002
00

value of 1.02 nm, which was
larger than the d002 value of Fe-MIL-88B. This result is
in good agreement with the PXRD data, as a larger
d002
00

value indicates a larger c cell parameter value.
As a result of the larger size of In(III) compared to

Fe(III), the dimension of a trimer of the InO6 octahedra
within In-MIL-88Bwill be larger than that in Fe-MIL-88B,

as illustrated in Figure 5a. Consequently, the large size
of the InO6 octahedra can lead to an increase in the a

and c cell parameters of In-MIL-88B. Finally, the sizable
mismatch in the cell parameters between the original
crystal (Fe-MIL-88B) and the secondary crystal (In-MIL-
88B) may prevent systematic growth. However, once
the initial seed crystal guides the growth of new crystal,

Figure 3. PXRD patterns of (a) CPP-15 (pure Fe-MIL-88B), (b) Hybrid CPP I (hybrid of Fe-MIL-88B and Ga-MIL-88B), and (c)
Hybrid CPP II (hybrid of Fe-MIL-88B and In-MIL-88B). Magnified patterns for the selected areas are shown in the insets.
Symbols: (0) Ga-MIL-88B, (00) In-MIL-88B.

Figure 4. SAED patterns of (a) Fe-MIL-88B obtained from CPP-15 (d002 = 0.96 nm), (b) Ga-MIL-88B obtained from a tip of
Hybrid CPP I (d002

0
= 0.96 nm), (c) Fe-MIL-88B obtained from a center of Hybrid CPP II (d002 = 0.95 nm), and (d) In-MIL-88B

obtained from a tip of Hybrid CPP II (d002
00

= 1.02 nm). Symbols: (0) Ga-MIL-88B, (00) In-MIL-88B.
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this mismatch can be rearranged as follow: if only the c
cell parameter significantly changes while the a and b

cell parameters are somewhat maintained (this was
indeed verifiedbyPXRDandSAED, as shown in Figure 3
and 4), which can be induced by the guidance of the
initial Fe-MIL-88B crystal structure, then the anisotropic
growth of In-MIL-88B will only occur in the c-direction

(Figure 5c,d). In fact, a control experiment revealed that
In-MIL-88B was not formed in the absence of Fe-MIL-
88B nanorods, which act as seeds and direct the growth
of In-MIL-88B. Otherwise, only CPP-3,34 which has a
Kagomé net structure consisting of InO4(OH)2 octahedra
known as In-MIL-68,35 was produced. Note that a slight
amount of CPP-3was formed as a byproduct during the

Figure 5. (a) Ball-and-stick and/or schematic representations of trimers of FeO6 (gray) and InO6 (orange) octahedras, BDC
building block, and lattice of structures. (b) Ball-and-stick (left) and the corresponding simplified schematic representation
(right) of the Fe-MIL-88B hexagonal structure. (c) Schematic comparison of the In-MIL-88B structure, which has an enlarged c
cell parameterwhilemaintaining the a cell parameter, and the Fe-MIL-88B structure (d002

00
> d002 andd100

00
=d100). (d) Schematic

representation of the growthof In-MIL-88B on Fe-MIL-88B in the c-direction. Note that twoMIL-88B structures havedifferent c
cell parameters, but the same a cell parameter.
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preparation of Hybrid CPP II. From this result, we can
infer that Fe-MIL-88B induced the formation of In-MIL-
88B rather than In-MIL-68. The anisotropic growth of sec-
ondary CP in only the c-direction at both tips of the seed
resulted in the layer-type heterostructure of Hybrid CPP
II. This seed-directed nanoscale growth approach for the
production of hybrid CPPs may be applicable to many
coordinationpolymer systems through theunderstanding
on their cell parameters and structural flexibility. The
isotropic nanoscale growth of the secondary CP onto
the entire surface of the seed particles can be possible
when the cell parameters of the seed CP and the
secondary CP are quite similar. On the other hand, a
significant difference between the cell parameters of
the seed CP and the secondary CPwill basically prevent
the isotropic growth of the secondary CP on the seed
CP; however, the flexibility of the CP structure can allow

the adjustment of some cell parameters of the secondary
CP through the guidance of the seed CP structure. This
can finally induce the anisotropic growth of the sec-
ondary CP onto the seed particles only in the particular
direction.
Not only were A@B and C/A/C-type heterocomposi-

tional CPPs synthesized via a one-time nanoscale
growth process, but more sophisticated heterostruc-
tures were also fabricated through a series of systematic
growth processes. A second procedure for the isotropic
growth of Fe-MIL-88B on the surface of Hybrid CPP I
was performed to induce the formation of multi core�
shell typeHybrid CPP III (Fe-MIL-88B@Ga-MIL-88B@Fe-
MIL-88B, A@B@A, Figure 6a and see Supporting Infor-
mation Figure S3). This was achieved by conducting an
additional solvothermal reaction in thepresence of both
HybridCPP I and newprecursors (H2BDC and Fe(NO3)3)

Figure 6. (a) Schematic representation of the preparation of two complicated heterocompositional CPPs, Hybrid CPP III
(A@B@A) and Hybrid CPP IV (C/A@B@A/C), through the continuous isotropic and/or anisotropic nanoscale growth of CPs. (b)
EDX spectrum profile scanning and (c) elemental mapping data for multi core�shell-type Hybrid CPP III. (d) EDX spectrum
profile scanning and (e) elemental mapping data for multicompositional Hybrid CPP IV.
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for CP growth. The EDX spectrum profile scanning data
(Figure 6b) clearly revealed the formation of a multi
core�shell structure (A@B@A type), as shown by the
dominance of iron atoms at both the center and edge
of a particle and the abundance of gallium atoms in the
middle of a particle. Furthermore, the elemental map-
ping data of Hybrid CPP III visibly confirmed the
formation of an A@B@A type heterostructure (Figure 6c),
inwhich the initial rod-shaped Fe-MIL-88B is located at the
center of the particle and is surrounded by the first grown
Ga-MIL-88B existing at the exact area between the iron-
dominated center and edge. The second grown Fe-MIL-
88B is positioned at the very outside of the particle. These
compositional data lead us to conclude thatHybrid CPP I
acts as a seed for the isotopic growth of Fe-MIL-88B.
Further anisotropic growth of In-MIL-88B on the surface
of Hybrid CPP III resulted in a complicated hetero-
structure (Hybrid CPP IV) containing Fe-MIL-88B, Ga-
MIL-88B, and In-MIL-88B in the form of C/A@B@A/C
(Figure 6a and see Supporting Information Figure S4).
One can easily see that the In-MIL-88B was newly
grown only at both tips and not on the lateral facets

of Hybrid CPP III, as evidenced by the EDX spectrum
profile scanning (Figure 6d) and elemental mapping
data (Figure 6e).

CONCLUSIONS

The successful fabrication of sophisticated hetero-
compositional hybrid CPPs was demonstrated through
the precise and controlled isotropic and/or anisotropic
nanoscale growth of CPs (M-MIL-88B series, M = Fe, Ga,
In). Fe-MIL-88B seedsdirected the formationof analogous
MIL-88B structures of Ga and In, which could not be easily
formed in the absence of Fe-MIL-88B seed. The dissimilar
growth behavior, that is, growth in an isotropic or
anisotropic fashion, was found to be caused by the
size variation among the metal ions within the initial
and new CPs. In addition to simple hybrid CPPs, very
complicated hybrid CPPs were synthesized via the
continuous systematic growth of various CPs. The
fabrication of well-defined heterostructures is very
important for multifunctional materials research and
for the fine-tuning of material properties. The results
shown herewill allowmulticompositional nanomaterials
to be constructed through the integration of various CPs.

METHODS
Solvents and all other chemicals were obtained from com-

mercial sources and used as-received unless otherwise noted.
All scanning electron microscopy (SEM) images were obtained
with a JEOL JSM-6701F field-emission SEM. All scanning trans-
mission electron microscopy (STEM) images were acquired on
an FEI Tecnai G2 F30 ST using dark-field imaging in STEMmode
at 300 kV. Energy dispersive X-ray (EDX) spectra, EDX spectrum
profile scanning data, and elemental mapping images were
obtained using an STEM attachment (Korea Basic Science Institute
in Seoul). All transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns were acquired
with a JEOL JEM-2100Fat 200 kV (Center forMicrocrystal Assembly,
Sogang University). X-ray diffraction patterns were obtained using
a Rigaku Ultima IV equipped with a graphite-monochromated Cu
KR radiation source (40 kV, 40 mA). All PXRD and SAED data for all
samples were measured after the same pretreatment (a dynamic
vacuum at room temperature for 40 min).

Preparation of CPP-15 (A, Fe-MIL-88B). Aprecursor solution of 1,4-
benzenedicarboxylic acid (3.0 mg, 0.018 mmol) and Fe(NO3)3 3
9H2O (6.4 mg, 0.016 mmol) in 0.4 mL of N,N-dimethylformamide
(DMF) was added to 0.4 mL of CH3CN. The resulting mixture was
placed in an oil bath (120 �C) for 40 min. The resulting CPP-15 (A)
was isolated and subsequently washed with DMF and methanol
via centrifugation�redispersion cycles. Each successive superna-
tant was decanted and replaced with fresh methanol.

Preparation of Hybrid CPP I (A@B, Fe-MIL-88B@Ga-MIL-88B). A pre-
cursor solution was prepared by mixing 1,4-benzenedicar-
boxylic acid (3.0 mg, 0.018 mmol) and Ga(NO3)3 3 xH2O (5.1 mg,
0.020 mmol) in 2.0 mL of DMF. The synthesized CPP-15 (A)
(2.0 mg) was then introduced to the precursor solution. The
resulting mixture was placed in an oil bath (100 �C) for 20 min.
Hybrid CPP I (A@B) generated at this time was isolated and
subsequently washed with DMF and methanol via centrifuga-
tion�redispersion cycles. During the last step, the desired Hybrid
CPP I was easily separated from the small amount of byproduct.

Preparation of Hybrid CPP II (C/A/C, In-MIL-88B/Fe-MIL-88B/In-MIL-
88B). A precursor solution was prepared by mixing 1,4-benze-
nedicarboxylic acid (3.0 mg, 0.018 mmol) and In(NO3)3 3 xH2O
(7.8 mg, 0.020 mmol) in 2.0 mL of DMF. The synthesized CPP-15
(A) (2.0 mg) was then introduced to the precursor solution. The

resulting mixture was placed in an oil bath (100 �C) for 20 min.
Hybrid CPP II (C/A/C) generated at this time was isolated and
subsequently washed with DMF and methanol via centrifuga-
tion�redispersion cycles. During the last step, the desired Hybrid
CPP II was easily separated from the byproduct of In-MIL-88B.

Preparation of Hybrid CPP III (A@B@A, Fe-MIL-88B@Ga-MIL-88B@Fe-
MIL-88B). A precursor solution was prepared by mixing 1,4-
benzenedicarboxylic acid (3.0 mg, 0.018 mmol) and Fe(NO3)3 3
9H2O (6.4mg, 0.016mmol) in 0.4mL of DMF, and added to 0.4mL
of CH3CN. The synthesized Hybrid CPP I (A@B) (2.0 mg) was then
introduced to the precursor solution. The resulting mixture was
placed in an oil bath (120 �C) for 40 min. Hybrid CPP III (A@B@A)
generated at this timewas isolated and subsequentlywashedwith
DMF and methanol via centrifugation�redispersion cycles.

Preparation of Hybrid CPP IV (C/A@B@A/C, In-MIL-88B/Fe-MIL-88B@Ga-
MIL-88B@Fe-MIL-88B/In-MIL-88B). A precursor solution was prepared
by mixing 1,4-benzenedicarboxylic acid (3.0 mg, 0.018 mmol)
and In(NO3)3 3 xH2O (7.8 mg, 0.020 mmol) in 2.0 mL of DMF. The
synthesized Hybrid CPP III (A@B@A) (2.0 mg) was then intro-
duced to theprecursor solution. The resultingmixturewas placed
in an oil bath (100 �C) for 20 min. Hybrid CPP IV (C/A@B@A/C)
generated at this time was isolated and subsequently washed
with DMF and methanol via centrifugation�redispersion cycles.
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