
Published: September 15, 2011

r 2011 American Chemical Society 3788 dx.doi.org/10.1021/am200974t |ACS Appl. Mater. Interfaces 2011, 3, 3788–3791

LETTER

www.acsami.org

Controlled Self-Assembly of Metal�Organic Frameworks on Metal
Nanoparticles for Efficient Synthesis of Hybrid Nanostructures
Takaaki Tsuruoka,* Hiroko Kawasaki, Hidemi Nawafune, and Kensuke Akamatsu*

Department of Nanobiochemistry, Frontiers of Innovative Research in Science and Technology (FIRST), Konan University,
7-1-20 Minatojimaminamimachi, Chuo-ku, Kobe 650-0047, Japan

bS Supporting Information

Metal�organic frameworks (MOFs) have been intensively
investigated for various applications including gas storage,

separation, and catalysis because they have unique nanoscale
coordination spaces.1�4 To realize more advanced application
using MOFs, the construction of multifunctional MOF com-
posites including metal and metal oxide nanocrystals has
received increasing interest because their unique gas storage,
catalytic, and optical properties can be tuned by controlling the
doped amount and size of nanomaterials,5�11 and they have
potential applications in heterogeneous catalysis with advan-
tages of their molecular sieving effect,9�11 carrier for drug
delivery,12�14 and surface-enhanced Raman spectroscopy.16

The conventional method for MOF/nanocrystal composites
synthesis involves the fabrication of MOF microcrystals by a
solvothermal reaction and the in situ formation of nanocrystals
from metal ions and/or organometallic compounds doped in
as-prepared MOFs.5�11,14�18 One of the major issues in syn-
thesis of composites, however, is the need for a relatively high
temperature annealing treatment to obtain nanocrystals. As
nanocrystals grow inside MOFs, these in situ methods may
distort or disintegrate the host framework structure. In addi-
tion, control of the size, shape, and spatial distribution of nano-
crystals in MOF, which is important to obtain the inorganic
nanocrystals/MOF hybrids with desired properties, is difficult.
Therefore, it is critical to develp an alternative approach that
enables the composite microstructure to be systematically con-
trolled, with full potential functionality of nanocrystals and
MOFs.

In this communication, we develop a newmethod that is based
on preferential self-assembly of framework compontents on metal
nanopaticles and use it to synthesizeAunanoparticles/[Cu3(btc)2]n

heterostructured nanocomposites. The understanding of self-as-
sembly mechanism of MOFs is of great significance for controlled
synthesis of MOFs with tunable functionalities, sizes, and com-
positions.19,20 Recently, the special attention has been paid on the
controlled synthesis of MOFs by self-assembly on solid substrates
such asMOF (MOF onMOF)21�23 and self-assembledmonolayer
(SAM) functionalized substrates.23�28 Both substrates can serve
as scaffolds for the directed self-assembly of MOFs, allowing
the bottom-up fabrication of core/shell and thin film MOFs. In
addition, there are a few reports for self-assembly of MOF on nano-
materials, for example, carbonnanotubes,29 ironoxidenanocrystals,14,15

and Au nanorods.16 Although the properties of nanomaterials/
MOF composites can be readily controlled by a preferential self-
assembly of MOF on as-prepared nanomaterials with desired
size, shape, and composition, the growth mechanism of MOFs
on nanomaterials is still a key issue in creating nanomaterials/
MOF composites with desired microstructures such as nanoma-
terial distribution in MOF, composite size, and amount of
nanomaterial loading. In the present study, we demonstrate that
nanocomposites can be fabricated by growing [Cu3(btc)2]n on
the nanoparticle surfaces, enabling simultaneous incorporation of
Au nanoparticles into [Cu3(btc)2]n, where the Au nanoparticles
function as templates in the growth of [Cu3(btc)2]n frameworks.

The initial Au nanoparticles were prepared by the Brust method
in the presence of 11-mercaptoundecanoic acid (MUA), which
functions as a protective molecule.30�32 After purifying the nano-
particles, we added an ethanol solution of copper nitrate to a
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ABSTRACT: We report a novel approach for synthesizing
inorganic nanoparticle/metal�organic frameworks (MOFs)
heterostructured nanocomposites by self-assembly of MOFs
on nanoparticles. This approach involves the synthesis of Au
nanoparticles and preferential growth of [Cu3(btc)2]n frame-
works consisting of Cu2+ ions and benzene-1,3,5-tricarboxylate
(btc) on nanoparticles. Aggregates consisting of 11-mercap-
toundecanoic acid (MUA)-stabilized Au nanoparticles linked by Cu2+ ions were necessary for preferential self-assembly of
[Cu3(btc)2]n frameworks on the aggregates, resulting in the formation of Au nanoparticles/[Cu3(btc)2]n nanocomposites.
The present approach was confirmed to be applicable for other hybrids consisting of Au nanoparticles and tetragonal
[Cu2(ndc)2(dabco)]n frameworks.
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suspension of MUA-stabilized Au nanoparticles in ethanol. The
Au nanoparticle/[Cu3(btc)2]n heterostructured composites were
synthesized by adding a solution of H3btc in ethanol to the mixture
of nanoparticles and copper nitrate in ethanol at 70 �C (final
concentrations: Au, 1.6 � 106 mol L�1; copper nitrate and H3btc,
4.0 � 103 mol L�1) (see the Supporting Information for detailed
description and size histograms).

Figure 1A shows a transmission electron microscopy (TEM)
image that reveals the formation of [Cu3(btc)2]n nanocrystals
with an average diameter of 210( 36 nm and the incorporation
of Au nanoparticles into [Cu3(btc)2]n nanocrystals (see Figure
S1 in the Supporting Information).33 X-ray diffraction (XRD)
and thermogravimetric analysis of the resulting samples clearly
demonstrates the formation of Au nanoparticle/[Cu3(btc)2]n

composites (Figure 1C, Figures S2 and S3 in the Supporting
Information): all peaks of the resulting samples are completely
assigned to the peaks of [Cu3(btc)2]n (simulation) and Au
nanoparticles. A magnified TEM and SEM images of nano-
crystals reveal that the nanocrystals with an octadedral structure
form (inset in Figure 1A,B and Figure S4 in the Supporting
Information).34 We conducted optical and gas-adsorption mea-
surement of the obtained nanocomposites to investigate proper-
ties of the Au naoparticles andMOFs, respectively (Figure 2). As
a result, optical absorption measurement shows clear indication
of surface plasmon resonance absorption originated from Au
nanoparticles, and BET measurement indicates that the nano-
composites exhibit gas adsorption�desorption properties similar
to those of pure [Cu3(btc)2]n framework.35 Combining these
results with those characterized by TEM and XRD, the obtained
nanocomposites are heterostructured nanomaterials with func-
tions of both Au nanoparticles and MOFs. To our best knowl-
edge, this is the first successful synthesis of MOFs nanocrystals
with metal nanoparticles in solution phase, of which properties of
constituent materials are preserved. It is noteworthy that the Au
nanoparticles are localized around the center of the nanocrystals,
which were confirmed by HRTEM observation and X-ray
photoelectron spectroscopy (XPS) for Au (4f) in the purified
composites (Figure 3), implying that [Cu3(btc)2]n grows pre-
ferential on the Au nanoparticle surface.36

Figure 4 shows TEM images depicting the time course of the
reaction. Before the addition of H3btc molecules, aggregated Au
nanoparticles were formed immediately on the addition of
copper nitrate to the nanoparticle suspension (Figure 4A,B).
This is because the Cu2+ ions bridge the carboxylate anions of the
MUA molecules (which were generated via an ion exchange
reaction), leading to clustering of Au nanoparticles. In the initial
stages of the reaction (within 3 min), rounded aggregates were
observed, and the original Au nanoparticles are clearly visible in
the aggregates (Figure 4C,D), which implies that self-assembly of
[Cu3(btc)2]n hasmainly occurred on Au nanoparticle aggregates.
XRD measurements of samples obtained during the initial stages
of the reaction demonstrate the formation of [Cu3(btc)2]n
frameworks with low crystallinities. The nanocomposite size,
which is a function of the reaction time, typically reaches about
90 nm after 5 min and becomes about 180 nm after 20 min.
Significantly, truncated octahedral crystals started to become
visible after 5 min of the reaction (Figure 4E and F). The number

Figure 2. (A) Optical UV�vis absorption spectrum and (B) sorption isotherm for nitrogen (at 77 K) of Au nanoparticles/[Cu3(btc)2]n
heterostructured composites.

Figure 1. (A) TEM images, (B) schematic illustration, and (C) powder
X-ray diffraction pattern of Au nanoparticles/[Cu3(btc)2]n heterostruc-
tured composites. Scale bar in the inset is 50 nm.
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of these nanocrystals increased with increasing reaction time and
well-structured octahedrons were observed after 20 min (Figure 4G
and H). During this reaction, the XRD peaks became sharper,
indicating that the growth of nanocomposites during heat treatment
at 70 �C induced rearrangement of organic linkers.19

Importantly, we found that no Au nanoparticles in the reaction
solution result in the formation of large, submicrometer-sized
[Cu3(btc)2]n crystals. Additionally, using Au nanoparticles sta-
bilized with 11-mercapto-1-undecanol (which includes a hydro-
xyl group that is a weaker trap site of Cu2+ ions than MUA)
resulted in the Au nanoparticles being distributed only on the
surfaces of relatively large [Cu3(btc)2]n crystals (see Figure S5 in
the Supporting Information). This clearly demonstrates the
importance of the electrostatic interaction between Cu ions
and carboxylic acid in forming the initial precursor cores of Au
nanoparticles for controlled growth of the nanocomposites.

When the same reaction was conducted using a different
concentration of framework components (i.e., copper nitrate
and H3btc), while keeping the other conditions the same, the
result was drastically different (see Figure S6 in the Supporting
Information). Halving the concentration of the framework
components relative to the Au nanoparticle concentration gen-
erated a small amount of Au nanoparticles/[Cu3(btc)2]n compo-
sites accompanied with a large amount of free Au nanoparticles.
This is because a part of the Au nanoparticles could form

aggregates due to concentration of Cu2+ ions. In contrast,
doubling the concentration produced [Cu3(btc)2]n crystals with-
out Au nanoparticles, due to the formation of Au nanoparticles
bind to large amount of Cu ions which surround whole surface of
Au nanoparticles (thus no aggregates form), in addition to free
Cu/btc complexes. The concentration at which the Au nano-
particles aggregate lies between these two concentrations and it is
a critical concentration for producing octahedral composite
crystals with a high yield. As Figure 5 shows, Au nanoparticles
are initially formed by Cu2+ ions attaching to the carboxylate
anions of MUA molecules through a delicate balance of the con-
centration of each component. Because the trap site of Cu2+ ions
for btc is densely localized at the aggregate surface, these aggre-
gates can function as nuclei for further preferential, self-as-
sembled growth of [Cu3(btc)2]n frameworks. Thus, the size,
shape, and structure of composites could be kinetically con-
trolled via the initial concentration of each constituent, providing
a simple and general methodology for fabricating metal nano-
particle/MOF nanocomposites. This approach can be easily
extended to other types of porous coordination polymers. Self-
assembly of [Cu2(ndc)2(dabco)]n (ndc: 1,4-naphtalene dicar-
boxylate; dabco: 1,4-diazabicyclo[2.2.2]octane), which has a
tetragonal crystal system,19,21 results in the fabrication of Au
nanoparticles/[Cu2(ndc)2(dabco)]n composite tetragons (see
Figure S7 in the Supporting Information).

In summary, we demonstrated that preferential self-assembly
of metal�organic complexes on molecular-functionalized

Figure 3. (A) High-resolution TEM image Au nanoparticles/[Cu3(btc)2]n composites. (B) XPS data for Au 4f of Au nanoparticles/[Cu3(btc)2]n
composites dispersed on indium substrate before (black) and after Ar+ etching at 0.3 kV for 10s (red) and 30 s (blue). Increase in photoelectron intensity
with Ar+ etching indicates that the Au nanoparticles are surrounded by [Cu3(btc)2]n shells.

Figure 4. TEM image of Au nanoparticles/[Cu3(btc)2]n heterostruc-
tured composites obtained (A, B) before and (C�H) after reaction
times of (C, D) 3, (E, F) 5, and (G, H) 20 min. Scale bars are 50 nm
(except for those in insets, which are 10 nm).

Figure 5. Schematic representation of preferential self-assembly of
frameworks on aggregates of Au nanoparticles.
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nanoparticles can be used to fabricate Au nanoparticles/MOF
composite nanomaterials. The key to forming such nanocompo-
sites is controlling the surface functionality of the nanoparticles
and the precursor concentrations. This method can also be
used to fabricate various types of nanoparticles/MOF composites
that exhibit the optoelectronic properties of the nanoparticles
and the molecular sieving effect of the MOFs; this is of particular
importance to applications such as molecular detection using
surface-enhanced Raman scattering, catalysis, and drug delivery
systems.
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