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Using catechol-group-terminated Zn(II)-porphyrin (ZnP) to functionalize the single-crystalline TiO2

nanoleaves and coordinate ZnP with trans-2,2′-ethylene 4, 4′-bipyridyl (1), we demonstrate the self-
assembly of TiO2 nanoleaves based on a supramolecular interaction. Compound 1 cross-links the adjacent
TiO2 nanoleaves along the [101] face, results in a facet-selective, self-assembled, 2D stacking structure.
This observation suggests that supramolecular interactions offer a promising route to control anisotropic
nanomaterials into designed geometry.

Introduction

This article describes the self-assembly of single crystalline
TiO2 nanoleaves into an anisotropic 2D ordered nanostructure
via dative coordination bonds. The use of coordination bonds
has led to the construction of sophisticated supramolecular
architecture or materials in a range of dimensions.1-9 Glotzer
and Solomon gave a lot of examples of the anisotropic
building blocks of the nanosized particles and colliods.10

Recently, Fujita et al. further expanded the scope of
supramolecular architectures (e.g., macrocycles, ribbons, and
cages11,12) based on metal coordination bonds. Using the
classical metal-carbon bonds, Stang et al. investigated the
self-assembly property of discrete cyclic nanostructures
mediated by transition metals.1,13,14 Zn(II) porphyrin-ligand
supramolecular interaction has been used in several works
in recent years, which showed excellent self-assembly
efficiency and may result in potential applications because
porphyrins have exhibited potentials to serve as components

of nanoscale photonic devices and materials.9,15-22 For
instance, several groups have reported studies on porphyrin-
functionalized carbon nanotubes,23,24 gold electrode,25-27 gold
clusters, nanoparticles,26,27 and heterodimers of nanopar-
ticles.28 These representative works clearly demonstrated the
power of metal-ligand interactions and the versatility of
porphyrin scaffold for generating supramolecular assemblies
and useful nanodevices.

Similarly, the development of nanomaterials also suggests
that it is essential for nanomaterials to organize into certain
superstructures for useful applications.29-34 The exploration
of the self-assembly of nanomaterials, however, still remains
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at its early stage and mainly utilizes isotropic or highly
symmetric nanoscale building blocks. For example, nano-
spheres can self-assemble into hexagonal and cubic arrays,
and nanorods into lamellar and nematic arrays.35-37 Mann’s
group assembled the 3D aggregates of gold nanorods using
the complimentary DNA linker.38 Rajh et al. reported a self-
assembled end-to-end structure of oligomeric TiO2 nanorods
through biotin-avidin cross-linking.39 Grzybowski et al. also
reported elegant assembly of nanocrystals via the control of
surface chemistry.40 There is also an example using van der
Waals force to anisotropically control the assembly of gold
nanoparticles.41 Despite these representative examples, there
is no report on the self-assembly of anisotropic nanomaterials
that possess low symmetry (e.g., nanoleaves or nanoprisms).
Among common anisotropic nanomaterials, TiO2, an impor-
tant inorganic semiconductor, exhibited various shapes (i.e.,
rods, leaves, and fibers) on nanoscale.39,42-44 Some of the
inorganic materials such as metal or metal oxide have been
fabricated into TiO2 nanostructures using sol-gel method
or dopping method.34,45-48 For example, Au, Pt, Ru-RuOx,
and Ir, etc., showed a high affinity to rutile phase TiO2. The
reduced TiO2 surfaces show stronger binding efficiency than
the stoichiometric ones, partially because of the oxygen
vacancies.49 Because different facets of the TiO2 nanocrystals
have different capabilities for functionalization, self-as-

sembled anisotropic nanostructures would be easier to
achieve by using supramolecular interactions that are revers-
ible and reject defects. Despite such a relatively simple
principle, there are only few cases that utilize supramolecular
chemistry to generate self-assembled structures of TiO2

nanocrystals.39

Herein, we studied TiO2 nanoleaves as the building blocks
to form self-assembled nanostructures via metal ligand
interaction. As shown in Scheme 1, we synthesized and
modified the TiO2 nanoleaves with Zn(II) porphyrin deriva-
tive (ZnP)49-51 via a general ligand exchange method and
used trans-2,2′-ethylene-4,4′-bipyridyl (1) to interconnect the
zinc metal centers of the porphyrin moiety on the [101] face
of the TiO2 nanoleaves.52,53 This process afforded a self-
assembled nanostructure in a “side-by-side” fashion.49,54 The
procedure described here generates anisotropic arrays of TiO2

nanoleaves with controlled distance between crystals and a
geometrical arrangement resulting from coordination linkage.
This work suggests that metal ligand bonding can act as an
element of supramolecular interactions for assisting the self-
assembly of the nanomaterials along selected crystal facets
to form ordered anisotropic nanostructures, which ultimately
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Scheme 1. Illustration of Coordination-Bond-Assisted Self-Assembly of TiO2 Nanoleaves
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may offer an effective approach to build micro- or mesoscale
hierarchical structures from molecular and nanosized building
blocks.40,55

Experimental Section

Instrumentation. The absorption spectra of the solution were
taken on a Milton Roy 3000 array scan UV-vis spectrophotometer,
the excitation spectra of the solution on a Perkin-Elmer S 55 system,
and the optical images of the nanocomposites on an Olympus BX41
microscope. The morphologies and sizes of the samples were
examined on a JEOL 2010 transmission electron microscope (TEM)
with the acceleration voltage of 200 kV, the species and crystallinity
of the TiO2 nanoleaves on a powder X-ray diffractometer_pana-
lytical (XRD), Model X’pert Pro. with CuKa′ radiation generated
at 40 kV and 100 mA, in the range of 20° to 60° at a scan speed
of 4°/min. The surface energy of the nanocomposites on a Physical
Electronics PHI 5600 X-ray photoelectron spectroscopy (XPS), the
characterization of the surface composition of the nanocomposites
on a Physical Electronics time-of-flight secondary ion mass
spectroscopy PHI7200 (ToF-SIMS). The chemical spectra were
acquired in the negative mode using a Ga+ liquid metal ion source
operating at 25 keV. The total ion dose was lower than 4 × 1012

ions/cm2 under a high vacuum of 1.5 × 10-9 Torr. A digital
instruments scanning probe microscope-nanoscope atomic force
microscope (AFM) was used to characterize the surface morphology
of TiO2 nanoleaves.

Synthesis of the Porphyrin Derivatives. The synthetic route
of the catechol terminated porphyrin follows an earlier work
reported by Gu et al.28 ZnP derivative was prepared by adding 50
mg of zinc acetate into the CH3OH/CHCl3 (1:1) solution of the
catechol terminated porphyrin (100 mg in 50 mL) and stirring
overnight. The excess amount of zinc acetate was filtered on a silica
gel column (yield ) 61%) (see the Supporting Information).

Synthesis of the TiO2 Nanoleaves. As in a typical procedure, 1
mL (3.5 mmol) of titanium(IV) isopropoxide and 3 mL (29 mmol)
of triethyl amine (NEt3) were mixed in 76 mL of water by
ultrasound to obtain a translucent solution. The solution was sealed
in a Teflon-lined stainless steel vessel and cured at 140 °C for 48 h.
After centrifuging the aggregated impurities, the white milky
product was washed using 10 M HNO3 and deionized water with
ultracentrifuge until the pH value was neutralized. Then the product
was collected and dried at 60 °C in vacuum (yield ) 78%) to give
white powder.

Anchoring Porphyrin on the TiO2 Surface. 100 mg TiO2

nanoleaves were dispersed into 5 mL CH3OH/CHCl3 (1:1) solution.
ZnP (0.1 mg, in 100 µL of CH3OH/CHCl3 ) 1:1) was injected
into the TiO2 suspension, which was subsequently sonicated for 3
min. The mixture was stirred at room temperature for 24 h.
Afterward, the TiO2 suspension was purified by centrifugation to
remove the excess amount of porphyrin and finally redispersed into
10 mL of the same solvent. A drop of this TiO2 solution was
dropcasted on a carbon-coated TEM copper grid and dried in a
vacuum for 8 h.

Cross-Linking of the TiO2 Nanoleaves. TiO2 nanoleaves-ZnP
was cross-linked and transformed into TiO2 nanoleaves-ZnP-1
according to the following method: Typically 1 (0.05 mg, in 50
µL of CH3OH/CHCl3 ) 1:1) was injected into the TiO2 nanoleaves-
ZnP solution (0.2 g, in 20 mL of CH3OH/CHCl3 ) 1:1) (according
to the concentration of TiO2 nanoleaves in the solution and the
density of TiO2, there are about 100 molecules of 1 per TiO2

nanoleaf). The nanocomposite was collected and redispersed in 20

mL of CH3OH/CHCl3 ) 1:1 and diluted into different concentra-
tions (0.5, 1.5, and 3 mg/mL). Each of the samples was dropcasted
on a piece of carbon-coated copper grid and dried in a vacuum for
at least 8 h before TEM analysis.

TiO2 nanoleaves-ZnP-2 and TiO2 nanoleaves-ZnP-3 were
prepared according to the following method: 50 µL (1 mg/mL) of
4, 4′-bipyridine (2) or pyridine (3) is injected into 20 mL (10 mg/
mL) of TiO2 nanoleaves-ZnP solution (about 100 molecules of 2
or 3 per TiO2 nanoleaf according to the concentration of TiO2

nanoleaves in the solution). The nanocomposite was collected and
redispersed in 20 mL CH3OH/CHCl3 (1:1) solution and diluted into
different concentrations (0.5, 1.5, and 3 mg/mL). A drop of each
of the solutions was then dropcasted on carbon-coated copper grid
and dried in a vacuum for at least 8 h before TEM analysis.

Results and Discussion

Morphological Characterization of the TiO2 Nanolea-
ves. The pristine TiO2 nanoleaves were examined on TEM,
AFM, and XRD. The TEM observations revealed that the
TiO2 products consisted of regular, straight, and smooth
crystalline nanoleaves that were randomly scattered on the
carbon film. A careful measurement of the TiO2 nanoleaves
in a TEM picture showed that the average length and width
of the TiO2 nanoleaves were ∼201 ( 36 nm and ∼25 ( 5
nm, respectively, which afforded a typical aspect ratio of
about 8. Through AFM analysis, we further observed the
topology of the nanoleaves. From the AFM image, the
thickness-to-width ratio in the middle part of the nanoleaf
was ∼3.7, showing a flat leaf-like structure. The selected
area electron diffraction (SAED) patterns confirmed the high
crystallinity of the nanoleaves, whose diffraction patterns
matched the crystal planes of anatase TiO2. The high-
resolution TEM further confirmed the good crystallinity of
those anatase TiO2 nanoleaves.

UV/FL Spectra & Optical/FL Images. The solid state
UV-vis spectra of the TiO2-porphyrin samples are shown
in Figure 1a as strong Soret bands and weak Q bands. Upon
the adsorption of the porphyrin molecules on nanocrystalline
TiO2 surface, not only the Q bands are red-shifted and
broaden but a weak absorption feature appears on the red
side of the solution-like Soret bands at 418 nm, which reflects
a large proportion of monomeric porphyrin adsorbed on TiO2

nanoleave surfaces. This reveals a weak interaction between
porphyrin and TiO2 nanoleaves. The appearance of the red-
shift (Figure 1a, A f B) is attributed to the aggregation of
porphyrin assemblies on the surfaces of the TiO2 caused by
the J-aggregation of porphyrins on the TiO2 surfaces.
Fluorescence emission at 596 nm (Figure 1b, A f B) is
quenched by J-type aggregation. The H-aggregation of the
ZnP on the TiO2 surfaces generates a blue-shift of the ab-
sorbance in Figure 1b, B f C.56 When 1 is added, the
absorption exhibits a red shift from 402 to 418 nm in Figure
1a, C f D. This demonstrates the electron transfer (ET)
process through the conjugated linker 1 between the couple
of the Zn-porphyrin center. However, in the fluorescence
spectra (C and D in Figure 1b), the electron transfer process
was not exhibited because the process happens in nanosecond

(55) Whitesides, G. M.; Grzybowski, B. Science 2002, 295, 2418.
(56) Maiti, N. C.; Mazumdar, S.; Periasamy, N. J. Phys. Chem. B 1998,

102, 1528.
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time.56 We took both phase image and fluorescent image of
TiO2-porphyrin under optical microscope. The bright-red
fluorescent image of TiO2-porphyrin further demonstrated
the existence of porphyrin on the surface of TiO2 nanoleaves
(Figure 2). ToF-SIMS analysis on TiO2-porphyrin showed
the characteristic peak of m/z 169.0, which indicated the
existence of the bonding between the catechol group on the
porphyrin moiety and Ti (see the Supporting Information).53

XPS was used to distinguish the binding energy of TiO2 upon
anchoring. Compared to the bare TiO2 nanoleaves, the peak
that was attributed to TiO2 shifted to higher binding energies
by 0.5 eV upon the adsorption of ZnP (sees the Supporting
Information). These data suggest a substantial interaction
between ZnP and the surface of TiO2 nanoleaves.53

Morphological Analysis. We analyzed TiO2-ZnP-1 at
different concentrations (0.5, 1.5, and 3 mg/mL) using TEM.
The concentration of the nanocomposite in the solution for
TEM analysis is significant for the observation of the self-
assembly structure. These concentrations were selected
because most of the nanocomposites can form a monolayer
at the carbon film after a natural evaporation of the solvent
at room temperature. Higher concentration (e.g., 10 mg/mL)
can result in the uncontrolled stacking of the nanocompo-
sitions on the carbon film due to the van der Waals force.
The morphology of the assemblies of the TiO2 nanoleaves
is illustrated in Figure 3. TiO2-ZnP-1 solutions with
different concentrations were dropped onto copper grid. After
the samples were dried at room temperature, all of the
samples with three concentrations were analyzed. It is known

that the [101] face is the highest under-coordinated (5-fold
coordination) surface of the anatase phase TiO2 (5.16 × 1014

sites/cm2).57 This face has strong affinity to the enediol
ligands, which restores the Ti atoms to the octahedral
coordination and can form irreversible ligand-to-nanoleaf
complexes.54 The distance of the adjacent TiO2 nanoleaves
in Figure 3a was measured with Gatan DigitalMicrograph.
The adjacent nanoleaves had a regular distance of about 3
nm on the opposing [101] facet. This observation suggests
that the [101] facet of the adjacent TiO2 nanoleaves are
interconnected by the porphyrin pairs. Close analysis of the
HRTEM image of two pieces of adjacent TiO2 leaves showed
that the closest distance is about 3 nm (Figure 4). The
anisotropic arrangement of the nanoleaves suggests that the
[101] facet has a preferential bonding potential to the por-
phyrin derivative compared with the other crystal facets on
the TiO2 nanoleaves. From Figure 3, we can observe that at
each concentration of the composite, there was no signi-
ficant difference in the arrangement of the nanoarrays.

To analyze the effect of 1 and evaluate different pyridyl
ligands, we used 4,4′-bipyridine (2) (Figure 5) and pyridine
(3) (Figure 6) as the ligands to coordinate with TiO2-ZnP
for comparison. Because one pyridine (3) molecule can only
bond with one Zn(II)-porphyrin moiety, it has no cross-
linking function for the Zn(II)-porphyrin. 4,4′-bipyridine (2)
is a rigid linear molecule shorter in length than trans-2,2′-

(57) Diebold, U.; Ruzycki, N.; Herman, G. S.; Selloni, A. Catal. Today
2003, 85, 93.

Figure 1. (a) UV-vis absorption spectra of (A) 0.02 mM porphyrin in THF; (B) solid sample of TiO2 nanoleaves surface grafted with porphyrin; (C) solid
sample of TiO2 nanoleaves surface grafted with ZnP (TiO2-ZnP); (D) solid sample of TiO2 nanoleaves with surface cross-linked by ZnP-1. (All the solid
samples were measured using reflective mode UV-vis spectroscopy) (b) Fluorescent emissions of (A) porphyrin; (B) TiO2 nanoleaves surface grafted with
porphyrin; (C) TiO2 nanoleaves surface grafted with ZnP (TiO2-ZnP); (D) TiO2 nanoleaves with surface cross-linked by ZnP-1. (Excitation wavelength is
400 nm.)

Figure 2. Optical microscopic images of the TiO2-porphyrin sample: (a) phase image, (b) fluorescence image. The TiO2 nanoleaves and TiO2-porphyrin
were washed with chloroform 5 times and then observed using an Olympus BX41 microscope. The fluorescence excitation wavelength ranges from 545 to
580 nm, and the emission wavelength ranges from 610 nm to infrared.
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ethylene 4,4′-bipyridyl (1). Both 1 and 2 have a rigid
structure with two pyridine moieties in two ends, which can
coordinate with Zn(II)-porphyrin. We characterized TiO2

nanaoleaves modified with the corresponding Zn(II)-porphy-
rin ligands (TiO2-ZnP-2 and TiO2-ZnP-3). As shown in
Figure 5 and 6, from the TEM observations, TiO2-ZnP-2
showed a randomly scattered morphology on copper grids
in all the three concentrations for analysis. No organized
assembly was found under careful examination. TiO2-
ZnP-3 was also characterized under TEM, but there was
no evidence that this molecule assisted the facet-selected
assembly either. In order to compare the binding efficiency
of the above ligands, we carried out the UV-vis titration
test.53 Table 1 summarizes the binding constants of each
ligand. It shows that 2 has weaker binding efficiency to the
two metal centers than 1. This weaker binding may result
from the steric effect owning to the shorter length of the
molecule of 2. Ligand 3 (pyridine molecule) does not show
a cross-linking function, though the binding constant is higher
than 1 and 2. These control studies suggest that both the
length and functionality of the ligand play a key role in the
facet-selected assembly of the TiO2 nanoleaves.

Plausible Explanation and Modeling. By cross-linking
the Zn(II)--porphyrin center using 1 at the edge of the TiO2

nanoleaves, a large proportion of these TiO2 nanoleaves were
self-assembled into anisotropic 2D stacks in nonaqueous
media, which could be easily identified under TEM analy-
sis.53 From the TEM observation, the average shortest
distance between each adjacent TiO2 [101] facet is about 3
nm, indicating the axial interconnected double-layer structure
of the porphyrin moieties distributed at the surface. Scheme

Figure 3. TiO2 nanoleaves cross-linked by ZnP-1 at different concentrations: (a, b) 1.5, (c) 0.5, and (d) 3 mg/mL. The lower insets show the distance
measurements in (a).

Figure 4. HRTEM image and profile image of two pieces of adjacent TiO2

nanoleaves and the gap between them (cross-linked by ZnP-1).
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2 illustrates the arrangement of the interconnected porphyrin
moieties between two opposite TiO2 [101] facet. According
to the computational simulations, we observed that at the
lowest energy level, the two [101] facet can have a distance
about 2.92 nm; the longest distance between the two ends
of the ZnP-1 dimer can not be longer than 5.2 nm (see the
Supporting Information). This result matches to the direct
TEM observations. Noteworthy, no long-range nanoleaf
arrays or large micrometer-sized nanoleaf bundles can be
observed. We also noticed that in the TiO2-ZnP-1 solution,
some reddish powder precipitated out after 2-5 h. This
means that the TiO2-ZnP nanocomposites were associated
by the ligand and forms larger clusters in the solution. The
morphology of the assembly is greatly influenced by the
binding efficiency of the ligands. An efficient binding

between the facet-selected anchored ZnP and the ligand is
crucial for building up this assembly. Otherwise, the as-
sociation of the nanoleaves can not exhibit facet selection
behaviors. Considering the other microscopic forces such as
van der Waals force and electrostatic force, as the TiO2

crystalline facet [020] has the largest area, it generates the
largest effect in these two kinds of forces than the other
facets. Therefore, if any of these two kinds of forces take
the predominant responsibility, the “face-to-face” stacking

Figure 5. TiO2 nanoleaves cross-linked by ZnP-2 at different concentra-
tions: (a) 0.5, (b) 1.5, and (c) 3 mg/mL.

Figure 6. TiO2 nanoleaves cross-linked by ZnP-3 at different concentra-
tions: (a) 0.5, (b) 1.5, and (c) 3 mg/mL.

Table 1. Binding Constant Test Result of ZnP with Different
Pyridine Ligands

ligand

1 2 3

binding constant 1.55 × 104 M-1 7.74 × 103 M-1 1.74 × 105 M-1
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will be the primary phenomenon, just like TiO2-ZnP-2 or
TiO2-ZnP-3 exhibited. According to the UV-vis titration
test of the pyridine ligands, we observed that the binding
constant of the pyridine moiety on 1 is about two times
higher than that on 2 toward ZnP (see the Supporting
Information). This makes the 1 cross-linked nanocomposites
form the “side-by-side” linkages, rather than the face-to-face
stacking on the [101] surface. This phenomenon is obviously
different from that of the unmodified nanoleaves (Figure 1a)
and the control sample of TiO2-ZnP-2, which did not have
the ability to cross-link porphyrins (Figure 5).

The length of the ligand cross-linker is also an important
factor to determine the style of the arrangement, as observed
in the TEM images in the control experiment. Linker 2 could
not induce the well-ordered assemblies of TiO2 nanoleaves.
Under this condition, the TiO2 nanoleaves only formed
randomly aggregated bundles, which suggested that a single
molecule of 2 can not bond to the ZnP molecules on two
different TiO2 nanoleaves at the same time.

Conclusions

In summary, we demonstrated that by cross-linking the
porphyrin modified TiO2 nanoleaves via coordination bonds,
the TiO2 nanoleaves can self-assemble into oligomeric
anisotropic nanostructure along the [101] facet. These TiO2

nanoleaves have a 2D stacking morphology and each piece
of the TiO2 nanoleaf is a single crystal. Compared to the
previous reports,58,59 they showed smaller and more homo-
geneous morphology. We also further demonstrated that the
length of the ligands is an important factor for the assembly
efficiency of the TiO2 nanoleaves. This work suggests an
approach to manipulate the TiO2 self-assembly using
Zn(II)-porphyrin and the bidentate bispyridine. Because of

the well-established and diverse chemistry of metal ligand
bonds, this work might be useful in designing new types of
solar cell with unique current collection or charge transfer
properties.22,60-72 The photophysical properties of these self-
assembled TiO2 nanoleaves will be the subject of further
investigation.
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Scheme 2. Molecular Modeling of ZnP and 1 on the Surface of TiO2 Nanoleaves
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