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ABSTRACT: Nanopillars composed of a photoresponsive
phthalocyanine derivative have been conveniently fabricated
using a continuous silane coupling reaction on a substrate. The
chemical potentials of phthalocyanine nanopillars (PNs) are
precisely controlled by changing the number of phthalocyanine
derivatives on the substrate. In addition, photocurrent
generation efficiencies have been strongly influenced by the
number of phthalocyanine derivatives. High photocurrent
conversion cells in a solid state have been obtained by the
combination of PNs and a fullerene derivative.
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■ INTRODUCTION

The design of an electrode surface with nanoarchitectures
composed of functional molecules via a convenient fabrication
method has been a key research topic regarding the
development of chemical devices.1 Specifically, electrodes
modified with photoresponsive and/or redox-active materials
show unique photophysical properties; therefore, these devices
have been used as high-performance photocurrent conversion
cells, organic light-emitting diodes, catalytic devices, fuel cells,
and so on.2,3 In order to construct uniform films or
nanoarchitectures of functional molecules on substrates, a
layer-by-layer molecular fabrication method in a solution, a
spin-coating method, and electropolymerization have been
widely used to date.4−6 By using these methods, not only
homogeneous but also heterogeneous films can be easily
constructed. As a result, the direction of electron and/or hole
transfer can be precisely controlled in the potential controlled
bilayer films. Abruna and Murray have developed the
construction of redox-active bilayer films, and the diode effect
of these films has been clarified.7−9 Many researchers have
constructed three-dimensional nanoarchitectures by the combi-
nation of metal ions and a bridging ligand.10−15 We have also
reported on the construction of highly oriented nano-

architectures [from one- to three-dimensional (3D) architec-
tures] using step-by-step molecular fabrication methods.5,16

However, the construction of oriented nanoarchitectures is
sometimes time-consuming work, and, furthermore, the
chemical potential of these nanoarchitectures does not change
from that of the starting materials in previous cases.
Recently, we developed the construction of an uneven film

(nano-bamboo-shoot structures) composed of porphyrin
derivatives via a one-pot spontaneous silane coupling
reaction.17,18 A silane coupling reaction has been widely used
for the construction of 3D materials and devices.19−25 By using
this immersion method, functional molecules are easily
assembled on an electrode, and uneven surfaces can be formed
in a few hours. This convenient molecular fabrication technique
is also appropriate for functional bulky (huge) molecules [for
example, a tris(bipyridine)ruthenium(II) complex-combined
porphyrin molecule]. The electronic states of porphyrin
assemblies are often similar to those of a porphyrin
monomer.26−28
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We have considered that control of not only the shape of the
assembled molecules but also their chemical potentials is
important for the creation of intriguing chemical devices. In
order to obtain an effective photoinduced electron-transfer
system, the precise tuning of the energy levels of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital of a donor and acceptor is quite
important.29,30 From these viewpoints, we have employed a
π-extended molecule31 such as phthalocyanine in this study.
Phthalocyanine, having a reactive group, makes a stacked
structure in a solid state, and the electronic state of the stacked
structure is different from that of a monomer.32,33 This
indicates that the electronic state of the assembled architecture
can be controlled by tuning the number of stacked molecules,
and we have attempted to construct the assembled architecture
on an electrode. Figure 1 shows our new concept for the

construction of a potential tunable nanoarchitecture using a
phthalocyanine derivative on a substrate. Herein, we report on
the one-pot spontaneous polymerization of a phthalocyanine
derivative using a silane coupling reaction that forms nano-
pillars on an electrode. It should be noted that the chemical
potential of the nanopillars can be precisely controlled. As a
result, the photocurrent generation efficiency of the phthalo-
cyanine nanopillars (PNs) can also be controlled.

■ EXPERIMENTAL SECTION
Materials. Reagents of silicon 2,9,16,23-tetra-tert-butyl-29H,31H-

phthalocyanine dihydroxide (1) and [6,6]-phenyl C61 butyric acid
methyl ester (PCBM) were purchased from Sigma-Aldrich; SiCl4 was
purchased from TCI. Na2SO4 was purchased from Kanto Chemicals.
These reagents were used without further purification. A glass (20 mm
× 20 mm) and indium−tin oxide (ITO; 10 Ω/cm2, Furuuchi Kagaku)
were washed with 2-propanol, methanol, and then pure water before
use. Organic solvents were purchased from Kanto Chemicals.
Aluminum wire (⌀ = 2.0 mm) was purchased from Nilaco.
Methods. Atomic force microscopy (AFM) images were observed

using a Shimadzu SPM-9600 atomic force microscope. UV−vis
absorption spectra were monitored using a Shimadzu UV-3150
spectrometer. Cyclic voltammetry (CV) of 1 and PNs on ITO was
measured in a 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF4) solution in CH2Cl2 using an ALS model 660A electro-
chemical analyzer. Photoelectrochemical measurement was carried out
in a 0.1 M Na2SO4 aqueous solution under various potentials. PCBM
was fixed by using a spin coater (KYOWARIKEN K-359S1). For the
construction of a solid cell, aluminum was deposited on films using a
ULVAC KIKO Inc. VPC-260F instrument, and the thickness of
aluminum was 80 nm.
Epitaxial Formation of PNs on Substrates. A small excess

amount of SiCl4 was added to a 0.1 mM chloroform solution
containing 1 at room temperature in the atmosphere. A glass or ITO
substrate was immersed in the solution mixture for various periods of
time. The plate was thoroughly washed by ultrasonic cleaning for 1

min in order to remove the physically attached molecules, and then it
was dried by a stream of nitrogen gas.

Preparation of Films Composed of ITO/PNs/PCBM. A 1.0 mM
PCBM solution of chloroform (0.25 mL) was spin-coated (1000 rpm
for 5 s and then 1500 rpm for 10 s) on a plate with PNs and then
heated at 100 °C for 1 h.

■ RESULTS AND DISCUSSION
Epitaxial Formation of PNs on Substrates. UV−vis

absorption spectra of glass plates after immersion in a mixed
solution of 1 and SiCl4 for 10, 30, and 60 min are shown in
Figure 2 (these films are defined as 10, 30, and 60 min PNs,

respectively). The inset in Figure 2 shows the electronic
spectrum of 1 in a chloroform solution, and two intense peaks
were observed at 357 and 681 nm. These absorptions are based
on the Soret and Q bands of a typical phthalocyanine,
respectively. These peaks were red-shifted with longer
immersion time. For example, the Q bands were observed at
694 nm in the 10 min PNs and at 699 nm in the 60 min PNs.
The expanded electronic spectra are shown in Figure S1a. This
behavior was not observed when porphyrin derivatives were
used.17,18 We consider this red shift to be based on the
electronic interaction among intra- and interwires.34,35 This
result indicates that electron- and/or hole-transfer networks are
formed in a polymer; PN structure probably shows high
electron- and/or hole-transport ability. Saeki has reported the
high hole-transfer mobility of wired (polymerized) phthalocya-
nine derivatives.32,36 The number of phthalocyanines in ITO/
120 min PNs was roughly calculated (because of the red shift of
Q bands) using absorbance of the films and a molar extinction
coefficient in solution of 1.5 × 10−9 mol/cm2. Elemental
analysis (X-ray photoelectron spectroscopy) of the surface also
supports the fixation of a phthalocyanine derivative (shown in
Figure S2). Electronic spectra of ITO, ITO/PCBM, and ITO/
120 min PNs/PCBM are also shown in Figure S3. The
prepared PN structure is stable because nanopillars are
obtained by AFM after the PNs/PCBM are washed with
chloroform.

Electrochemical Behavior of 1 and PNs. Cyclic
voltammograms of 1 in solution and 120 min PNs on ITO
are shown in Figure 3. Reversible two-step, one-electron
reduction (E°′ = −0.96 and −1.39 V vs Ag/Ag+) and reversible
(E°′ = 0.60 V) and multistep irreversible oxidation (Epa = 0.87
and 1.38 V) waves were observed in compound 1 in solution
(see Figure 3a). After the formation of a PN on ITO, a broad
oxidation wave was observed at 0.67 V vs Ag/AgCl (see Figure

Figure 1. Concept for the construction of potential tunable
nanoarchitectures. Creation of an effective photoinduced electron-
transfer system on a substrate.

Figure 2. UV−vis absorption spectra of (a) 10, (b) 30, and (c) 60 min
PNs on glass substrates. Inset: UV−vis absorption spectrum of 1 in
chloroform at room temperature.
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3b). The expanded voltammograms are shown in Figure S1b.
The anodic area was increased with an increase of the
immersion time, indicating polymer formation on the electrode.
Furthermore, the broadening of the wave indicates that the
ohmic component of phthalocyanine is also included. It should
be noted that the potential of HOMO (oxidation wave) is
gradually shifted upon polymerization. The cyclic voltammo-
gram of PCBM in a solution is shown in Figure S4. These redox
potentials obtained by CV and the literature37−40 were used for
the description of energy diagrams.
Morphology of PNs on Substrates. The epitaxial growth

of PNs was monitored by AFM. Figure 4 shows AFM images of
10, 30, and 60 min PNs on a glass plate. The number of white
dots increased with an increase in the immersion time. The

average height of the dots was estimated to be 25 nm on glass
and 20 nm on ITO, which is higher than that of the porphyrin
system (ca. 7 nm). This indicates that the speed of epitaxial
growth in a solution depends on the size of molecule
(solubility) and/or the manner of π−π interaction among
molecules. After depositition of PCBM on PNs, an image of the
flat surface was observed (shown in Figure S3).

Photocurrent Generation of PNs in a Solution.
Photocurrent measurements of PNs of various immersion
times were carried out in a 0.1 M Na2SO4 aqueous solution
with or without oxygen molecules (an image of the cell is
shown in Figure 5a). In order to determine the stability of the

PNs on ITO, on−off responses of the film of 120 min PNs/
PCBM were measured. The number of PCBM was calculated
using absorbance of the films and a molar extinction coefficient
in solution of 5.1 × 10−9 mol/cm2. As shown in Figure 5b,
stable cathodic photocurrents were observed upon light
irradiation (λex = 686 nm). In order to clarify the mechanism
of the photocurrent, the effect of oxygen molecules on the
photocurrent generation was examined. The photocurrent
responses of 120 min PNs/PCBM before and after nitrogen
bubbling are shown in Figure 5c. The photocurrent was
reduced via nitrogen bubbling; therefore, the oxygen molecules
in the solution acted as an electron acceptor. No photocurrent
was observed in the ITO/PNs system, indicating fast back-
electron transfer from O2

− to PNs. The red line in Figure 6a
shows a plot of the photocurrent generation quantum yield
versus wavelength in 5 min PNs/PCBM. The action spectra are
nicely fitted to the absorption spectra of PNs/PCBM,
indicating that triggers of photocurrent generation are both
PCBM and PNs. On the basis of these results, the electron-
transfer mechanism upon light irradiation is described in Figure
7. In the region of 400−600 nm, PCBM acted as a trigger of
photocurrent generation, and PNs acted as an electron donor
for PCBM (PCBM to oxygen, PNs to PCBM, and ITO to
PNs). On the other hand, in the region of 600−800 nm, PNs
acted as a trigger of photocurrent generation, and PCBM acted
as an electron acceptor for PNs (PNs to PCBM, ITO to PNs,
and PCBM to oxygen). This penetrating PNs/PCBM device
showed much higher photocurrent generation than the spin-

Figure 3. Cyclic voltammograms of (a) 1 in 0.1 M TBAPF4/CH2Cl2 at
a scan rate of 0.1 V/s and (b) 5 min PNs (blue), 15 min PNs (red),
and 60 min PNs (green) on ITO electrodes in 0.1 M TBAPF4/CH2Cl2
at a scan rate of 0.1 V/s.

Figure 4. AFM images of 10 min PNs [top view (a) and 3D view (d)],
30 min PNs [top view (b) and 3D view (e)], and 60 min PNs [top
view (c) and 3D view (f)].

Figure 5. (a) Image of a cell of photocurrent generation. (b) On−off
responses of photocurrent upon light irradiation of 120 min PNs/
PCBM at 686 nm in a 0.1 M Na2SO4 aqueous solution at −0.5 V vs
Ag/AgCl. (c) Photocurrent generation after nitrogen bubbling for 3,
10, and 20 min.
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coating device (ITO/1/PCBM; see the blue dotted line in
Figure S5).
One of the important subjects for photocurrent generation is

tuning the energy level of molecular architectures. Our
convenient molecular epitaxial growth method in solution
makes the potential tuning possible. As we described in the
sessions of electronic spectra and CVs, the energy level of PNs
depends on the immersion time (the number of molecules). In
order to clarify the effect of the number of phthalocyanines,
photocurrent generation efficiencies of 5, 10, and 15 min PNs/
PCBM are shown in Figure 6a. The efficiency increased with an
increase in the immersion time. We consider that the electron
injection efficiency from PNs bearing a wide valence band
(based on HOMO of 1) to PCBM was increased (see Figure
S1c). Furthermore, quantum yields at 500−550 nm also
increased with longer immersion time. This is probably because
of the formation of charge-transfer complexes among PNs and
PCBM. Plots of the peak efficiency versus immersion time are
shown in Figure 6b. It should be noted that the plots were bent
over with longer immersion time. These results indicate that
the tuning of the energy levels is important for the construction
of a photocurrent generation system, and our concept for a
potential tunable nanoarchitecture has the potential for the
creation of smart chemical devices.

Photocurrent Generation of Solid Cells. In the next
step, we constructed solvent-free photocurrent conversion cells
(an image is shown in Figure S6) using uneven structures.41−45

Aluminum was deposited on the PNs/PCBM, and a gold wire
was fixed on the aluminum using gold paste. The spectrum of
the external quantum efficiency of the 120 min PNs/PCBM/Al
cell was measured; a photocurrent action spectrum (Figure 8)

was nicely fitted to the absorption spectra (Figure S3),
indicating that the triggers of photocurrent generation are
both PCBM and PNs, similar to the solution system. A
current−voltage curve in the 120 min PNs/PCBM/Al cell is
shown in Figure S6. These results indicate that solvent-free
photocurrent conversion cells can be constructed.

■ CONCLUSION
We have conveniently constructed PNs via wet-process
epitaxial growth on a substrate. The number of phthalocyanines
on a substrate can be easily controlled by the period of
immersion time. The mixed structure of PNs and PCBM shows
a stable cathodic photocurrent, and the efficiency of photo-
current generation was controlled via a change in the number of
phthalocyanine derivatives. These new concepts for tuning the
energy levels on nanoarchitectures will open new fields of
chemical devices such as high-performance organic solar cells.
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