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General Introduction

1. Harnessing Solar Energy

Exhaustion of fossil fuels and the global warming caused by massive energy consumption
have become one of the most serious problems facing mankind."! In this regard, research
activities to gain energy from the sun, as a clean and renewable energy source, are being

extensively developed.!'*?

In particular, solar cells have drawn growing attention toward
realization of the efficient conversion of solar energy into electric power."*! However, the cost
of electricity from standard silicon-based solar cells is much higher than those generated by
hydraulic power and nuclear and fossil fuels, thereby seriously hampering the widespread use

of solar energy.”’

Therefore, it is highly desirable to develop low-cost solar cells exhibiting
high cell performance. In this context, the prospect of utilizing inexpensive materials and the
potential compatibility with mass-production processes make organic solar cells fascinating for

581" Furthermore, they possess other unique advantages of light

alternative energy sources.
weight, flexibility and colorfulness over silicon-based solar cells. Although the cell
performances of organic solar cells are still lower than those of inorganic-based ones at present,
these advantages encourage us to study organic solar cells as a next-generation energy source.
The production of electrical power from sunlight in organic solar cells involves the
following processes: (i) sunlight photons are absorbed within a photoactive layer, leading to
formation of the locally confined excited states, i.e., excitons, (ii) the excitons migrate to the
interface of donor—acceptor heterojunction and subsequently dissociate to form free charges
consisting of electrons and holes, and (iii) the charges are transported toward respective
electrodes to eventually generate current in an external circuit. To improve the cell
performances of organic solar cells, it is essential to elucidate the controlling factors in the
processes and optimize each process based on the fundamental information. Thus, extensive
efforts have been made in recent years to select suitable donor and acceptor components and

organize them on the electrode surface at nanometer scale, aiming for the cell optimization.”*!

2. Nanocarbon Materials for Solar Energy Conversion

It has been well established that fullerenes and their derivatives have small reorganization
energies of electron transfer (ET), which leads to remarkable acceleration of photoinduced
charge separation (CS) and of charge shift as well as deceleration of charge recombination
(CR).”!  The excellent ET properties of fullerenes as an acceptor have prompted many

[9-11]

researchers to construct fullerene-based solar energy conversion systems. For instance,

fullerenes and their derivatives have been ubiquitously employed for bulk heterojunction solar
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cells, together with small donor molecules or p-type conjugated polymers.
progress in molecular design and device structures has raised the power conversion efficiency
(1) of over 7%, which is close to that (~ 10%) of the amorphous silicon solar cells.'¥ On
the other hand, Imahori and co-workers have successfully combined fullerenes with porphyrins,
which are electron donors with excellent light-harvesting properties, to construct a novel
photoelectrochemical devices possessing both characters of the dye-sensitized and the bulk

-1 1n either

heterojuection solar cells (i.e., dye-sensitized bulk heterojunction solar cell).!
case, the construction of nanohighways for efficient electron and hole transport within the
donor—acceptor multilayer is crucial to attain efficient photocurrent generation.

Recently, the integration of a new class of carbon allotropes (i.e., single-walled carbon
nanotubes (SWNTs)) into organic solar cells has attracted much attention in structural analogy

with fullerenes.?!

Compared with spherical shape of fullerenes, however, SWNTs are
characterized by unique one-dimensional (1-D), nanowire-like structures (Figure 1). The 1-D
structures of SWNTs closely associate with an ideal electron- or hole-transporting highway on
an electrode, as in the case of 1-D semiconducting materials.”'! Therefore, SWNTs are
expected to afford the efficient percolation pathways for photogenerated charge carriers within
the active layer of bulk heterojunction solar cells. In this regard, SWNTs exhibit high
conductivity, which exceeds those of any conducting polymers by several orders of
magnitude.*”) Carrier mobility as high as 100000 cm” V' s, which is 2 orders higher than
that of silicon, is also estimated for SWNTs."”*! Extremely high surface area, ~ 1600 m* g,
reported for purified SWNTs is an another advantage, providing a tremendous opportunity for
exciton dissociation with combined donor or acceptor.**!

Thus, SWNTs are highly promising materials to replace or combine with fullerenes and

20,25]

their derivatives in bulk heterojunction solar cells.! In the following section, basic

Fullerenes Single-Walled Carbon Nanotubes

v Small reorganization energy v" Extremely high conductivity
v~ Good electron acceptor v" High surface area

Figure 1. Schematic representations of fullerenes (left: Cqp, right: C;9) and single-walled carbon
nanotubes (SWNTs) as a bundle of three tubes.



properties of SWNTs will be briefly summarized to shed light on the detailed functionality of

SWNTs in solar energy conversion systems.

3. Basic Structural and Electronic Properties of SWNTs
SWNTs can be regarded as
a rolled up graphene sheet,

which typically has diameters of EM.,

«—
ca. 1 nm and lengths on the ES
order of micrometers.  The «—

role-up vector, which is usually 5 1 0 1 2 5

denoted by the pairs of integers Energy / eV Energy / eV
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“chirality,” relating to the
electronic nature of SWNTs, i.e.,
semiconducting or metallic.*®’

The electronic structures of both
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semiconducting and metallic
SWNTs (s-SWNTs and
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characterized by several pairs of

van Hove singularities in the  Figure 2. (a) Electronic density of states of metallic and
electronic density of states semiconducting SWNTs. (b) Typical absorption spectrum

(DOS), as illustrated in Figure of SWNTs dispersed in D,O with SDBS.

2a,%%*" and these features bring out the unique optical and electrical properties of SWNTs.!**!
For instance, the absorption spectra of SWNTs (e.g., HiPco™!; Carbon Nanotechnologies, Inc.)
dispersed by sodium dodecylbenzenesulfonate (SDBS) in D,O show absorption peaks arising
from transitions of the first and second singularity pairs of s-SWNTs and transition of the first
singularity pair of m-SWNTs (Figure 2b). There exist several peaks in the spectra, revealing
that the commercially available products consist mixtures of SWNTs bearing various chiralities.
It should be noted here that synthesis or isolation of a pure SWNT with a specific (n,m)

BT Nevertheless, the broad absorption of

chirality is still a challenge at the present stage.
SWNTs as an ensemble, extending from visible to near infrared (NIR) range, seems to be
highly favorable for harvesting the sunlight. Moreover, the divergent nature of van Hove
singularities would make it possible to accelerate photoinduced charge separation between

suitable donor and s-SWNTs or acceptor and s-SWNTs.!!



4. Solubility Limitations of SWNTs
SWNTs have extremely high molecular weight, typically up to 10° ~ 10°, and tend to
interact each other by strong van der Waals binding energy as high as 500 eV per 1 um of

tube—tube contact.*?

As a result, individual SWNTs stack to form aggregated structures,
so-called bundles, resulting in extremely poor solubility in any aqueous or organic solvents."”!
This is in striking contrast to fullerenes, which are moderately soluble in typical organic
solvents including benzene and toluene. Thus, fullerenes have been successfully incorporated
into solar cells and photoelectrochemical devices by using various solution-based deposition

121381 T angmuir-Blodgett (LB) films,** layer-by-layer

15-18,36]

processes including spin-coating,'
deposition,”™ and electrophoretic deposition.! In contrast, the lack of sufficient
solubility has precluded the incorporation of SWNTs into the active layer of such devices.
Additionally, the poor solubility of SWNT bundles leads to considerable difficulty in forming
interpenetrating networks with donors or acceptors in a composite film, which is critical for
efficient exciton dissociation and subsequent charge transport to respective electrodes.!’~”!

The bundle formation of SWNTs gives rise to another drawback. As mentioned above,
pristine SWNTs are mixtures of various SWNTs with different (n,m) chiralities, and roughly
speaking, the statistical ratio of s-SWNTs and m-SWNTs is 2:1.%) For example, a bundle
consisting of more than three SWNTs statistically contains one or more metallic tubes, which
promote the energy-wasting quenching of photogenerated excitons via inter tube energy
transfer and nonradiative relaxation through continuous states near the Fermi level in DOS
(Figure 2a).*”7 Thus, upon application of SWNTs to solar cells and photoelectrochemical

devices, it is of utmost importance to exfoliate the bundle of SWNTs as much as possible.

5. Aim of This Thesis

The needs for environmentally clean energy sources have motivated us to develop highly
efficient solar energy conversion systems. In particular, the effective use of organic materials
will be a key to achieve the goal, compromising the trade-off between the cell performance and
the production costs (Section 1). In such a situation, exploring novel organic materials and
related methodology to disclose their functionality is an essential challenge imposed on
chemists. As mentioned in Section 2 and 3, nanocarbon materials have notable photophysical
and electrical properties, which would be beneficial for the applications to solar energy
conversion. Therefore, the general objective of this thesis is to construct novel light
energy conversion systems based on nanocarbon materials, i.e., fullerenes and SWNTs,
from which one can draw out valuable information on the design and optimization of
organic solar cells. Given that elucidation of the relationship between the morphology

and the photovoltaic properties of the active layer is crucial for improving the

4



performance of organic solar cells,””’

special attention is devoted to understand the
correlation among structures, film morphology, and photocurrent generation properties
of fullerenes, SWNTs, and their composites. Versatile and rational strategies based on
organic and supramolecular chemistry are utilized for preparation of the nanocarbon
composites. Specifically, the author fully takes advantage of covalent or noncovalent chemical

functionalization of tips, sidewalls, and inside of SW N Ts. 28]

By using such a powerful
technique, SWNTs, which are originally insoluble in any solvents due to the bundle formation
(Section 4), can be provided with sufficient solubility and processability as well as new
functionality. Thus, the former part of this thesis (Chapter 1 — 3) focuses on the structural and
electronic properties of the chemically functionalized SWNTs from the perspective of
photocurrent generation. In the latter part (Chapter 4 — 8), the cluster formation of the
chemically functionalized SWNTs, fullerenes, and their composites in good—poor solvent
mixtures is adopted as a viable approach to integrate them into high performance solar energy
conversion systems. To access their photocurrent generation properties in the film state,
standard three-electrode photoelectrochemical conditions are employed, which are especially
suitable to reveal the fundamental photocurrent generation mechanism underlying for the

photovoltaic operation of organic solar cells.!”> !

6. Brief Overview

During the last decade, covalent functionalization of SWNTs has become a well
established methodology to exfoliate SWNT bundles.”™  Specifically, the sidewall
functionalization is regarded as the most efficient approach to weaken the intertube interaction
between SWNTs. It must be noted, however, that the covalent functionalization of the
sidewalls tends to alter the electronic properties of SWNTs by disturbing the sp” hybridization

network of the carbon atoms.*"’

Therefore, developing the sidewall reactions that do not
deteriorate the electronic states of pristine SWNTs is anticipated for the photoelectrochemical
application. In this context, the author investigates in Chapter 1 the impact on the electronic

I Microwave

properties of SWNTs by sidewall functionalization with Bingel reaction.'*!
irradiation is utilized to control the degree of the sidewall functionalization. Various
spectroscopic techniques are employed to reveal the electronic properties of SWNTs.

As described above, the bundle formation of SWNTs makes it difficult to incorporate
SWNTs into photoelectrochemical devices due to the limited solubility as well as impairs
device performance by promoting the unfavorable exciton deactivation. In this regard,
systematic investigation on the bundle size effect of the photoelectrochemical properties of
SWNTs is highly needed for understanding the fundamental aspects of SWNT-based

photoelectrochemical devices. With these in mind, in Chapter 2, the author prepares soluble,



covalently functionalized SWNTs with bulky porphyrin moieties on their tips and sidewalls to
construct photoelectrochemical devices. By using SWNTs with different degree of covalent
functionalization, the relationship between the bundle sizes and the photocurrent generation
efficiencies is addressed. In addition, excited state interactions between SWNTs and the
attached porphyrin molecules are discussed.

In Chapter 3, the noncovalent functionalization of the inner space of SWNTs is adopted
for modulating the electronic structures. Namely, SWNTs offer an unique opportunity for
nanoscale engineering of the novel 1-D systems, accomplished by self-assembly of suitably-

]

sized molecules inside the hollow space of SWNT."*! In particular, fullerene-encapsulated

SWNTs, known as fullerene peapods, are highly attractive due to tunable electronic states and

doping levels.[***

Thus, the author develops the novel nanocarbon hybrids consisting of
peapods and conjugated donor polymer, ie., poly(3-hexylthiophene) (P3HT) for
photoelectrochemical devices. Secondary noncovalent functionalization of the outer space of
peapods with P3HT via m-r interaction would result in successful dissolution of the hybrids

into organic solvent.””’

Ultrafast spectroscopies are conducted to disclose the excited state
interactions among P3HT, SWNTs, and the encapsulated fullerenes. Photoelectrochemical
properties of the peapod—P3HT hybrids in film state are also compared with the excited state
behavior.

In Chapter 4, the author focuses on the shape effects of C;y clusters on the electron-
transporting and photoelectrochemical properties. Morphological control of the self-assembled
clusters was successfully achieved by rapidly injecting a poor solvent (i.e., acetonitrile) into a
solution of C; dissolved in various good solvents. Photoelectrochemical properties of
semiconducting SnO, electrodes modified electrophoretically with Cy clusters, which exhibit
different morphology, are systematically compared. Relationship between the photocurrent
generation efficiency, the electron mobility of the deposited films, and the film morphology are
discussed with an emphasis of the comparison with the state-of-the-art bulk heterojunction
solar cells.””]

Combining SWNTs with fullerenes is a fascinating methodology to achieve novel
nanocarbon hybrids with both excellent electron-accepting and electron-transporting abilities.
Nevertheless, examples of such hybrids are rather limited so far because of the poor

' Moreover, the correlation between the

solubilizing nature of fullerenes toward SWNTs.!
surface morphology and the photoelectrochemical properties of the fullerene—-SWNT hybrids
has yet to be elucidated. In such a situation, the author takes advantage of supramolecular
approach using the covalently functionalized SWNTs to integrate them with fullerenes.
Namely, rapid injection of a poor solvent into the mixed solution of fullerenes and the soluble

SWNTs with sterically hindered substituents on their tips affords the composite clusters of



SWNTs and Ce (Chapter 5 and 7), Cy (Chapter 6 and 7), or Cgs4 (Chapter 7). The m-m
interaction between fullerenes and the modified SWNTs, as well as the lyophobic interaction
between nanocarbons with the poor solvent, would be vital to control the formation of desirable
nanocarbon composites. Extensive microscopic and photoelectrochemical inspection on the
deposited films of the composites are conducted to reveal the role of SWNTs as 1-D
nanoscaffold as well as an electron-transporting pathway. Systematic comparison on the
cluster morphology of the fullerene-SWNT hybrids is also performed to correlate the
molecular structures of the fullerenes on the hybridizing behavior with the resulting
photocurrent generation properties.

In Chapter 8, the author develops a self-assembly method to build up the ordered
donor—acceptor networks comprised of the porphyrin—-Cgy dyad molecules for the promoted
transport of charge carriers. Semiflexible methylene linkage between the porphyrin and Cq is
used to assist the formation of donor—acceptor nanoclusters in a good—poor solvent mixture,
where the segregated donor—acceptor networks is expected to occur. More importantly, highly
soluble covalent-functionalized SWNTs are introduced to bridge between the donor—acceptor
nanoclusters for efficient electrical communication. Photocurrent generation properties of the

composites are discussed in terms of inter- and intra-cluster charge transport.
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Chapter 1

Retention of Intrinsic Electronic Properties of Soluble
Single-Walled Carbon Nanotubes after a Significant Degree of
Sidewall Functionalization by the Bingel Reaction

Abstract: Sidewalls of acid-treated, shortened single-walled carbon nanotubes (SWNTs) with
long alkyl chains at the open ends and defect sites have been functionalized by Bingel reaction
to examine the structures and spectroscopic properties in details. Microwave-assisted Bingel
reaction has been successfully applied to the sidewall functionalization of which the reaction
rate is ca. 50 times faster than that under the conventional conditions. The degree of the
sidewall functionalization (one diester unit per 75 — 300 carbon atoms of SWNT) was found to
be controllable by changing the output power of microwave under the same temperature.
Atomic force microscopy and transmission electron microscopy showed the progressive
exfoliation of the SWNT bundles by the double chemical modification. Resonant Raman and
UV-vis—near IR absorption spectroscopies revealed that the electronic properties of SWNTs
are largely retained after a significant degree of the sidewall modification by Bingel reaction
without apparent selective reactivity for metallic and semiconducting SWNTs. This is in
remarkable contrast with conventional sidewall functionalization of SWNTs leading to the loss
of their electronic properties (one functional group per 10 — 100 carbon atoms on the sidewall).
Thus, the covalent functionalization methodology presented here can provide SWNT materials
with both excellent solubility and inherent electronic properties which are highly desirable in

solution-phase processing for the fabrication of SWNT-based molecular devices.
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Introduction
The unique one-dimension structure and extraordinary optical, electrical, thermal, and
mechanical properties of single-walled carbon nanotubes (SWNTs) have resulted in an outburst

(1]

of scientific investigation aiming the applications in various molecular devices."' In-situ

growth or mechanical manipulation of SWNTs has been applied to integrate SWNTs into

molecular devices.”!

Directed assembly of SWNTs from solution is an alternative approach
for SWNT-based device. However, solution-phase processing has been hindered by the poor
dispersibility of SWNTs in organic and aqueous solvents. Recently, several approaches to the

]

functionalization of SWNTs, including noncovalent interactions” * and covalent bond

10-19

formation,""®'*! have been developed to overcome the solubility limitations. During the last

several years, the noncovalent interactions between SWNTs and surfactants or polymers have
been widely employed to prepare individually dispersed SWNTs in aqueous solvents.” !
Although the structures and electronic properties of SWNTs are preserved after the
solubilization, large excess of surfactants or polymers is required to achieve the
functionalization as a result of the weak intermolecular interaction between the adsorbed
molecules and SWNTs. Covalent attachment of functional groups to SWNTs leads to the
improvement of both solubility and stability of the functionalized SWNTs. For instance,
carboxy groups at the open ends and defect sites of shortened SWNTs by oxidation have
frequently reacted with amines and alcohols to yield amide and ester linkages, respectively.!'
The sidewalls of SWNTs are also target sites for covalent functionalization. Various direct
addition of reactive intermediates, such as 1,3-dipolar cycloaddition of azomethine ylides''”
and arylation with diazonium compounds,* to the sidewalls has been reported. It must be
noted, however, that the covalent functionalization most significantly alters the structural and
electronic properties of pristine SWNTs. Therefore, it is of utmost importance to exploit
covalent modification that allows one to achieve the sufficient solubility and retention of the
intrinsic electronic properties of SWNTs after a significant degree of functionalization.

The author reports herein the SWNTs doubly functionalized at tips and defect sites with
multiple alkyl substituents and on sidewalls with phenyl substituents to give sufficient

solubility on the nanotube derivative in organic solvents.'

Regarding the sidewall
functionalization, the author applied Bingel reaction”’ which is one of the most frequently
employed methodologies for the functionalization of fullerenes due to the high reactivity under
mild reaction conditions. In spite of the favorable situation, only a few reports have appeared

for the functionalization of SWNTs by Bingel reaction.!"*!

As such, the structures and
spectroscopic properties of the functionalized SWNTs have not been fully elucidated. Due to
the delocalized m-electron and bundled structure, the sidewall functionalization of SWNTs may

require severe reaction conditions (i.e., high temperature and long reaction time).'® "
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Microwave heating, which is known to be faster and more efficient for some organic reactions
than conventional heating,*'! is a promising method to avoid the severe conditions. Actually,
microwave irradiation has been proved to promote the covalent functionalization of
fullerenes®”! and SWNTs!"****! more smoothly than conventional heating. Thus, the author
also applied the microwave heating to Bingel reaction to obtain SWNTs with a controlled
amount of addends on the sidewalls. The effects of the degree of the functionalization on the
solubility and the electronic structure of SWNTs after the sidewall modification have been

examined in details for the first time.

Results and Discussion

Synthetic Procedure:  Synthetic

SCHEME 1°

strategy employed for functionalizing

: . . p-SWNT
SWNTs is shown in Scheme 1. A pristine "
SWNTs (HiPco, denoted as p-SWNT) is

treated with HCI and HNO; aqueous

{2 ...
l i), ii), iii)

HOOC COOH

solutions to remove catalyst metal

particles and various non-nanotube carbon

"1 The acid-treatment also cuts

materials.!
SWNTs to yield shortened SWNTs which
has carboxylic groups at the open ends
and defect sites (denoted as s-SWNT).
s-SWNT is reacted first with thionyl
chloride,

linked to the open ends and the defect

and then octadecylamine is

sites via formation of the amide
functionality (denoted as a-SWNT). This

chemical modification at the tips and the

defect sites improves the dispersibility in

common organic solvents such as
chloroform, o-dichlorobenzene (ODCB),
and THF, which
reactivity for sidewall of a-SWNT than

that of s-SWNT (vide infra).

results in higher

“Reagents and conditions: i) in air, 200 °C, 24 h;
ii) conc. HCI, sonication, 15 min; iii)) 2.5 M
HNO;, reflux, 24 h; iv) SOCl,, 70 °C, 2 days; v)
CH}(CH2)17NH2, 120 OC, 5 days; Vl) benzyl 2-
ethylhexyl malonate, I, DBU, 120 °C (oil bath or
microwave).

Initially, Bingel reaction has been applied to fullerenes>” and recently to SWNTs.!"® The

author’s attempt to apply Bingel reaction to p-SWNT and s-SWNT in ODCB was unsuccessful
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in contrast to the literature,'® probably due to a-SWNT b-SWNT

their low dispersibility in organic solvents (0.1 = B% T

n | =5 L

and 0.05 mg mL™"' in ODCB, respectively). On
the other hand, the sidewalls of a-SWNT, which
has the improved solubility in ODCB (0.4 mg
mL "), showed marked reactivity toward Bingel
reaction. The reaction procedure was conducted
as follows. Sonication of a-SWNT in ODCB for
30 minutes allowed the black solid of a-SWNT to
disperse partially into ODCB. Then, benzyl

2-ethylhexyl malonate, iodine, and 1,8-diaza- Figure 1. Photographic images of CHCI,
bicyclo[5.4.0Jundec-7-ene (DBU) were added to  go[utions of a-SWNT and b-SWNT (0.1
the dispersion, and stirred for 24 h at room mg mL™"). The samples were sonicated

temperature. ~ The obtained black material  In a bath sonicator (HONDA W-211,
100W) for 1 h and left for 3 min before

(b-SWNT) was purified by reprecipitation and
the images were taken.

filtration repeatedly. As expected, the solubility

of b-SWNT in organic solvents is remarkably improved; for example, the maximum
concentration of b-SWNT in CHCl; (0.15 mg mL ") is much higher than that of a-SWNT (<
0.02 mg mL™"). Figure 1 displays the photographic images of CHCl; solutions of a-SWNT and
b-SWNT (0.1 mg mL ") after sonication for 1 h and left for 3 min. b-SWNT forms a clear,
dark-brown solution that exhibits no discernable particulate materials and remains stable for a

period of at least 1 week.

IR and NMR Spectroscopies: Fourier transfer (FT)-infrared (IR) spectra of p-SWNT,
s-SWNT, a-SWNT, and b-SWNT measured in the solid state are presented in Figure 2. Intense
absorption bands at 2845 cm ' and 2917 cm™, characteristic of the C-H stretching vibrations,*¥
are observed for a-SWNT (Figure 2¢) and b-SWNT (Figure 2d), because of introduction of the
alkyl substituents into SWNT. The IR spectrum of s-SWNT shows C=0 stretching vibration
of carboxylic acid at 1746 cm™' together with asymmetrical and symmetrical stretching bands
of carboxylate anion at 1602 cm™' and 1402 cm™',** respectively (Figure 2b). In contrast, the
IR spectrum of a-SWNT reveals a broad peak centered at 1583 cm ' which is attributable to the
superposition of C=0 stretch (amide I band), N-H deformation vibration (amide II), and C=C
stretch of the SWNTs, and a weak peak at 1464 cm™' which is assigned to alkyl chain (C-H
bend),***! demonstrating the presence of the alkyl amide group (Figure 2¢). The absorption
band at 1747 cm ' may stem from the unreacted carboxylic acid. The IR spectrum of b-SWNT

(Figure 2d) exhibits C=0 and C-O stretching vibrations of the ester group at 1758 cm ' and
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1101 cm™,** respectively, which supports ' ' ' ' '
the sidewall functionalization. The results W
on the FT-IR spectra are consistent with the
expected structures of the functionalized (a)
SWNTs (vide infra).

'"H NMR spectra of a-SWNT and
b-SWNT in CDCl; exhibit significantly

broad peaks for all the protons including

aromatic ones due to the restricted mobility

Transmittance

caused by the large molecular size and the

amide |, I, A
-C=C- \__#  CHx

inherent inhomogeneity of SWNTs, which (c)
are typical of 'H NMR spectra for the '

covalent substituents on SWNTs (Figure

3).H"P1 A small amount of the residual

ferromagnetic metal particles may also (d) egter

| | | | |
contribute to the obscurity of the peaks. The 3500 3000 2500 2000 1500 1000
'H NMR signals for alkyl chains of the Wavenumber / cm’™

octadecyl amide group at the tips and defects ~ Figure 2. FT-IR spectra of (a) p-SWNT, (b)
s-SWNT, (c) a-SWNT, and (d) b-SWNT
measured in KBr pellet.

and the 2-ethylhexyl and benzyl groups on
the sidewalls that are closer to the surface of
SWNTs should be more broadened than those that are toward the middle and terminus of the
alkyl chains.”™ Thus, the signals for NHCH, of the alkyl amide group and OCH, of the
2-ethylhexyl and benzyl groups are likely to become considerably broadened. The aromatic
protons of the benzyl groups should also be fairly broadened and may be overlapped with the
signal of chloroform (7.24 ppm). The small peak around 2.1 ppm, which appears only in the
spectrum of b-SWNT, is attributable to OCH,CH of the 2-ethylhexyl group. The methylene
(1.0 — 1.4 ppm) and methyl (0.8 — 1.0 ppm) protons of the 2-ethylhexyl group and the octadecyl
group are also overlapped each other, and it is difficult to assign the broad peaks to each
component due to the low resolution, resulting in the difficulty to estimate the quantitative
content ratio of octadecyl and 2-ethylhexyl groups. However, it can be claimed at least that the
ratio of protons of terminal CH3 groups to those of CH, groups that are in the middle of the
alkyl chains or close to the terminus of the alkyl chains is higher in the 2-ethylhexyl group with
two methyl moieties than in the octadecyl group with one methyl moiety. Thus, the increase of
the integral ratio of methyl (0.8 — 1.0 ppm) to methylene (1.0 — 1.4 ppm) protons in b-SWNT
(0.3) compared to a-SWNT (0.2) supports the existence of the 2-ethylhexyl group in b-SWNT,

which is consistent with the results on the characterization of b-SWNT.
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Figure 3. 'H NMR spectra of (a) a-SWNT and (b) b-SWNT in CDCl.

Microscopic Characterization: Atomic force microscopy (AFM) measurements were
performed for all the SWNT samples spin-coated on freshly cleaved mica from the suspension
of the SWNTs in CHCl; (Figure 4). All images exhibit fibrous structures attributed to
individual SWNTs and their bundles, and they reveal the progressive exfoliation of SWNT
bundles on the mica surfaces in the order of p-SWNT, s-SWNT, a-SWNT, and b-SWNT.
Namely, the AFM micrographs of p-SWNT (Figure 4a) and s-SWNT (Figure 4b) exhibit large
and thick bundles due to the insolubility in CHCl;. The entanglement of s-SWNT is much
reduced compared to that of p-SWNT owing to the short length of the SWNT in s-SWNT. In
contrast, the average thickness of the bundles for a-SWNT (Figure 4c) is much smaller than
those for p-SWNT and s-SWNT. The AFM image of b-SWNT (Figure 4d) discloses the short,
thin rod-like structures with a dramatic decrease in the bundle size, implying that the sidewall
functionalization is sufficient for the exfoliation of the bundles. The average length of isolated
b-SWNT is determined as 320 nm. Most of b-SWNT on the mica surface still form their
bundles which may be present in the cast solution or result from the evaporating process during
the spin-coating. The exfoliation of the SWNT bundles after the sidewall modification is also
confirmed by the comparison of the transmission electron microscopy (TEM) images of
a-SWNT and b-SWNT (Figure 5).

Thermogravimetric Analysis (TGA): Thermogravimetric analysis (TGA) has been

10°1927] Figure 6A depicts

widely used to investigate the covalent functionalization of SWNTs.!
the thermograms of p-SWNT and the functionalized SWNTs measured in air. The TGA curves
of s-SWNT (trace b), a-SWNT (trace c¢), and b-SWNT (trace d) show almost no end-residue (<
1 wt%) at 700 °C, whereas ca. 15% of the initial weight is left at 700 °C for p-SWNT (trace a).
Thus, most of the metal oxide catalysts are removed by the acid-treatments. In the case of
s-SWNT there is a continuous mass loss over a wide range of temperature upon heating. In

contrast, two steps of mass loss are observed for the thermograms of a-SWNT and b-SWNT.
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Figure 4. Tapping mode atomic force micrographs of (a) p-SWNT, (b) s-SWNT, (c) a-SWNT, and
(d) b-SWNT on mica (Z range: (a) 800 nm, (b) 200 nm, (c), (d) 30 nm) with cross-section profiles.
The colour scale represents the height topography, with bright and dark representing the highest
and lowest features, respectively.

(a)

Figure 5. TEM images of (a) a-SWNT and (b) b-SWNT.
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Figure 6. (A) TGA curves of (a) p-SWNT, (b) s-SWNT, (c) a-SWNT, and (d) b-SWNT. The
analyses were performed under air with heating rate of 10 °C min™'. (B) TGA curve of a-SWNT
with differential thermal analysis (DTA).

This reflects the detachment of the covalently linked groups from the tube terminals and the
sidewalls before the combustion of SWNTs. The turning point of the two weight loss
processes is determined as 400 °C by differentiating the thermogravimetric analysis curve of
a-SWNT (Figure 6B). The weight loses in the temperature ranges of 200 — 400 °C and 400 —
750 °C are assigned to the detachment of the covalently-linked substituents and the combustion
of SWNTs, respectively. Weight loss of b-SWNT at 400 °C is larger than that of a-SWNT due
to the sidewall functionalization of a-SWNT by the diester unit. Comparison of the relative
weight loss of a-SWNT and b-SWNT at 400 °C reveals that b-SWNT contains 26 and 6 wt% of
the amide and diester groups, respectively. In other words, one amide group at the terminals
and the defect sites and one diester moiety on the sidewalls appear at each ca. 65 and 270

carbon atoms of the SWNT, respectively.

Microwave-Assisted Bingel Reaction: As described above and according to the

literatures,'® the Bingel reaction of SWNT at room temperature takes 1 day, while that for
g p y

291" The author carried out Bingel reaction with

fullerene is completed within a few hours.
a-SWNT at elevated temperature (120 °C) to increase the degree of sidewall functionalization
with a short reaction time, but the further addition reaction did not proceed. Then, the author
focused on microwave heating which has become an important tool for efficient execution of
organic reactions; excellent yields are often obtained within reaction times considerably shorter

21]

than those with conventional heating.”'! The microwave irradiation was applied to the Bingel

reaction of a-SWNT. To avoid the undesired side reaction at high temperature, simultaneous

]

cooling was performed by compressed air.*®! The temperature of the reaction mixture was

maintained at 120 °C under microwave irradiation. The reaction with an irradiated microwave
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power of 40 W proceeded much faster than that at room temperature without the microwave
irradiation, and yielded the expected soluble product (denoted as b-SWNT-MW(40W)) within
only 30 min. The solubility and the degree of sidewall functionalization of b-SWNT-
MW(40W) is the same as that of b-SWNT obtained by stirring at room temperature for 24 h.
The TGA curve for b-SWNT-MW(40W) (Figure 7A(a)) reveals that one diester moieties is
attached on each 300 carbon atoms of the SWNT sidewall. The degree of sidewall
functionalization of a-SWNT under microwave irradiation increased with increasing the
irradation power (i.e., 50 W and 60 W) to give b-SWNTs with one diester unit per 140 carbon
atoms of SWNT (denoted as b-SWNT-MW(50W)) and with one diester unit per 75 carbon
atoms of SWNT (denoted as b-SWNT-MW(60W)), respectively, which are also calculated
from the TGA analyses (Figure 7A(b) and (c)). Note that the temperature of the reaction
mixture was kept at 120 °C by cooling with compressed air flowing. Further increase in the
degree of sidewall functionalization of a-SWNT could not be obtained under strong microwave
irradiation (> 60 W) for a long reaction time (> 30 min). The integral ratio of methyl to
methylene protons in b-SWNT-MW(60W) (0.4) is higher than that of b-SWNT prepared
without microwave irradiation (0.3), supporting the higher functionalization ratio in
b-SWNT-MW(60W) (Figure 7B). In addition, the solubility of b-SWNT-MW(60W) in CHCl;
(0.25 mg mL™") is improved compared to that of b-SWNT (0.15 mg mL™"). These results
unambiguously demonstrate that the microwave heating is a powerful technique for shortening
the reaction time and controlling the degree of sidewall functionalization of SWNTs by
changing the irradiation power. Although there have been a few reports on the microwave-

assisted functionalization of SWNT sidewalls such as Diels-Alder reaction''* and 1,3-dipolar
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Figure 7. (A) TGA curves of b-SWNTs obtained by microwave irradiation with a power of (a) 40
W (b-SWNT-MW(40W), (b) 50 W (b-SWNT-MW(50W)), and (c) 60 W (b-SWNT-MW(60W)).
The analyses were performed under air with heating rate of 10 °C min'. (B) '"H NMR spectrum of
b-SWNT-MW(60W) measured in CDCl;.
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TABLE 1: Reaction Conditions and Functionalization Ratios

microwave reaction r§action functionalization ratio®
power /W  temperature / °C time / h
b-SWNT — 25 24 1/270
b-SWNT-MW(40W) 40 120 0.5 1/300
b-SWNT-MW(50W) 50 120 0.5 1/140
b-SWNT-MW(60W) 60 120 0.5 1/75

“Ratio of a diester group to carbon atoms of SWNT moiety determined by TGA analyses.

241 to the best of the author’s knowledge, this is the first

cycloaddition of azomethine ylide,!
example of SWNT functionalization by microwave-assisted reaction in which the relationship
between the output power of microwave and the functionalization ratio has been examined
under the same temperature utilizing compressed-air cooling. The reaction conditions used for

microwave syntheses and the resulting functionalization ratios are summerized in Table 1.

Resonant Raman Spectroscopies: Resonant Raman spectroscopy is a valuable tool to

291 1 ow-wavenumber

characterize SWNTs, since it provides a detailed structural information.
phonon modes, radial breathing modes (RBMs), are very susceptible to the nanotube diameter
and electronic states. Taking into account Kataura plot”” with diameters of HiPco (0.8 — 1.3
nm),"*! one can monitor semiconducting and metallic SWNTSs with diameter of 0.8 — 1.0 and
1.0 — 1.3 nm, respectively, by an excitation energy of 1.96 eV (Ax = 633 nm), whereas with an
excitation energy of 2.54 eV (A = 488 nm) one can probe both metallic and semiconducting
SWNTs with diameter of 0.8 — 1.1 and 1.1 — 1.3 nm, respectively, as discussed later. Figure 8
shows the resonant Raman spectra of p-SWNT, s-SWNT, a-SWNT, and b-SWNT prepared
under various conditions. The relative peak intensities of tangential mode (G-band) around
1600 cm™' and of disorder mode (D-band) around 1350 cm ™' (G/D ratio) reflect the relative
amounts of sp’ carbon, and are used to determine the degree of functionalization.'""' The
spectra exhibit progressive decrease of G/D ratio by the chemical functionalizations of SWNTs
except for ssSWNT. The G/D ratios of a-SWNT (15 and 7.2 for 2.54 and 1.96 eV excitation,
respectively) are smaller than those of p-SWNT (19 and 17), which is reasonable considering
that the acid treatment increases the terminal and defect sites. The unusual decrease in the G/D
ratio of s-SWNT (2.0 and 1.7) may be caused by the residual amorphous carbon, which would
be removed during the purification procedures of a-SWNT. The G/D ratios further decrease in
the spectra of b-SWNT (10 and 6.7), implying the conversion of sp> carbons to sp’ ones on the

sidewalls as a result of the sidewall functionalization by the Bingel reaction. Importantly, the
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Figure 8. Resonant confocal micro Raman spectra with (A) 2.54 eV and (B) 1.96 eV excitation of
(a) p-SWNT, (b) s-SWNT, (c¢) a-SWNT, (d) b-SWNT, (e) b-SWNT-MW(40W), (f) b-SWNT-
MW(50W), and (g) b-SWNT-MW(60W).

spectra of b-SWNT prepared under microwave irradiation show a lower value of G/D ratio as
the functionalization ratio determined by TGA becomes higher, which also supports that the

sidewall was functionalized more efficiently by using microwave with high output power.

Optical Absorption Spectroscopies: UV-vis—near IR (NIR) spectra of p-SWNT,
s-SWNT, a-SWNT, b-SWNT, b-SWNT-MW(40W), b-SWNT-MW(50W), and b-SWNT-

] arc

MW(60W) dissolved in THF using a tip sonicator in the presence of octylamine®
compared to evaluate the effect of the degree of sidewall functionalization by Bingel reaction
on their electronic properties (Figure 9). All spectra were measured using the supernatant part
after being centrifuged at 8000 g for 30 min. The spectrum of p-SWNT (trace a) exhibits
characteristic peaks at 450 — 580 nm arising from transitions between the first pair of van Hove
singularities in the density of states (DOS) of metallic SWNTs (E™,), as well as those at 600 —
1000 nm and 1100 — 1600 nm arising from transitions of the second and first pairs of
semiconducting SWNTs (E%;, and E®)).*! The peak intensities around 1150 nm become
smaller after the acid-treatment, suggesting the loss of van Hove singularities in the electronic
structure of SWNTs with small diameters (0.8 — 1.0 nm). The overall low peak intensities in
the spectrum of s-SWNT is attributable to the lower dispersibility compared to other samples.
The comparison of the spectra of a-SWNT (trace ¢) and b-SWNT (trace d) unambiguously
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demonstrates that the peak position 16

and shape stemming from the van
Hove singularities are virtually the
same between the two spectra.
Accordingly, there is little difference
in the reactivity of the Bingel
reaction for semiconducting and
metallic SWNTs.P! In the diameter-
dependent RBMs at 150 — 280 cm™'
in the Raman spectra (Figure 8), the

Absorbance

peak position and shape are largely 0.6
similar for a-SWNT and b-SWNT for

both excitation energies of 1.96 eV 0.4

| | | | | |
and 2.54 V. These results are 400 600 800 1000 1200 1400 1600
consistent well with the small Wavelength / nm

selectivity of the Bingel reaction for Figure 9. UV-vis—NIR absorption spectra of (a)

semiconducting and metallic SWNTs.  p-SWNT, (b) s-SWNT, (c) a-SWNT, (d) b-SWNT, (e)
More importantly, the electronic ~ b-SWNT-MW(40W), (f) b-SWNT-MW(50W), and
(g) b-SWNT-MW(60W) dissolved in THF with the

properties of SWNTs are largely
aid of octylamine. The values on y-axis are for line

retained after the significant degree

(g) and the other spectra are shown in parallel for
of sidewall functionalization by

comparison.

Bingel reaction, in spite of the

remarkable improvement of the solubility.!"*) The absorption spectra of b-SWNT-MW(50W)
(trace f) and b-SWNT-MW(60W) (trace g), of which the sidewalls are functionalized more
heavily than those of b-SWNT (trace d) and b-SWNT-MW(40W) (trace e), also show similar
peaks from the van Hove singularities. These results imply that the electronic structures of the
sidewall-functionalized SWNTs using Bingel reaction can be preserved by up to one diester
unit per 75 carbon atoms of the SWNT. This is in remarkable contrast with the conventional
sidewall functionalization of SWNTSs, resulting in the loss of their electronic properties (one

1191 For instance, sidewall

functional group per 10 — 100 carbon atoms on the sidewall).!
functionalization of SWNTs by 1,3-dipolar cycloaddition of azomethine ylide leads to
structureless absorption spectra, implying the loss of their electronic properties (one functional
group per ~ 100 carbon atoms on the sidewall).!'!

Interestingly, present results agree well with the theoretical studies by DFT calculations
which indicate the electronic structures of SWNTs near the Fermi level are only perturbed

modestly by functionalization of the sidewalls with three-membered ring structure at moderate
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modification ratios (one functional group per 72 — 96 carbon atoms on the sidewall).’) Han et
al. also reported ab initio study on SWNTs with various degrees of functionalization using
dichlorocarbene (one functional group per 80 — 400 carbon atoms on the sidewall).’*) They
found that the electronic properties of SWNTs are significantly modified depending on the site
of [2+1] cycloaddition. Specifically, in the type-II geometry of the attached CCl, on the
sidewall of SWNTs, where the plane of the three-membered ring is perpendicular to the long
axis of SWNT, the electronic structures of the functionalized SWNTs are largely maintained
compared to those in which the plane of the three-membered ring is parallel to the long axis of
SWNT (type-I geometry). Namely, the highly-strained three-membered ring structure on the
sidewalls is supposed to result in the products with opened sidewalls in the type-II geometry,
leading to the preservation of the sp® hybridization network of the carbons on the nanotube

sidewall.*>*]

Accordingly, selective addition of the present substituents by Bingel reaction
with the type-II arrangement may rationalize the retention of the electronic properties of the
sidewall-functionalized SWNTs during Bingel reaction in which the sidewalls are moderately
functionalized by the substituents (one functional group per 75 — 300 carbon atoms on the

sidewall).

Conclusion

In conclusion, the Bingel reaction has been successfully applied to the sidewall
functionalization of SWNTs, yielding sufficiently soluble, functionalized SWNTs in organic
solvents. Microwave irradiation was found to reduce the reaction time of up to 30 min and
increase the amount of the covalently-linked substituents on the sidewalls with a controlled
manner by changing the output power. The structures and the electronic properties of the
functionalized SWNTSs by Bingel reaction have been examined in detail for the first time. It is
noteworthy that the electronic properties of the SWNTs are largely retained after a significant
degree of sidewall modification by Bingel reaction without apparent selective reactivity for
metallic and semiconducting SWNTs. Thus, the present covalent functionalization exhibiting
both excellent solubility and retention of the initial inherent electronic properties is a highly
promising methodology for constructing the molecular devices in which SWNTs modified with
photoactive and/or electrochemically active chromophores can be employed without losing

their intrinsic electronic properties of SWNTs.

Experimental Section
General Information: IR spectra were recorded on a PerkinElmer Spectrum One FT-IR
spectrometer using KBr pellets. 'H NMR spectra were obtained by a JEOL INM-EX400 NMR
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spectrometer. UV—vis—NIR spectra were measured with a PerkinElmer Lambda 900
UV/VIS/NIR spectrometer. Resonance Raman spectra were measured using a Horiba
JobinYvon LabRAM HR-800 equipped with 2.54 eV (488 nm) and 1.96 eV (633 nm) laser.
TEM analyses were carried out by a JEOL JEM2000FX-II. For sample preparation, a CHCl3
solution containing SWNTs was dropped on microgrids and evaporated. AFM images were
obtained with a Digital Instruments Nanoscope III in the tapping mode. A CHCI; solution
containing SWNTs was spin-coated on freshly cleaved mica at a rotation speed of 1000 rpm.
TGA measurements were conducted on a SHIMADZU TG-60 under a flowing air at a scan
rate of 10 °C min'. The microwave-assisted procedures were carried out with a CEM
Discover BenchMate microwave synthesizer. a-SWNT was prepared using HiPco (Carbon
Nanotechnologies, Inc.) as published elsewhere.''®! THF was dried and distilled from sodium.
ODCB was distilled from calcium hydride before use. All other chemicals purchased from
commercial sources were used without further purification.

Preparation of Benzyl 2-Ethylhexyl Malonate: 2,2-Dimethyl-1,3-dioxane-4,6-dione (9.0
g, 62 mmol) and benzyl alcohol (6.5 ml, 63 mmol) were heated at 120 °C for 3 h. After
cooling to room temperature, resulting acetone was removed by distillation under reduced
pressure. The remaining oily yellow residue and triethylamine (7.6 mL, 54 mmol) was
dissolved in 170 mL of dry THF. The solution was cooled in an ice bath, and 2-ethylhexyl
chloroformate (12 mL, 62 mmol) was added slowly. The mixture was stirred at 0 °C for 45
min and then at room temperature for 45 min. After filtration and concentration of the filtrate,
column chromatography on silica gel with hexane/ethyl acetate (20:1) as an eluent gave benzyl
2-ethylhexyl malonate as colorless oil (12 g, 39 mmol, 63%). 'H NMR (400 MHz, CDCl): &
7.36 (m, 5H), 5.18 (s, 2H), 4.07 (dd, 'J = 10.9 Hz, °J = 12.8 Hz, 1H), 4.04 (dd, 'J=10.9 Hz, *J
= 13.2 Hz, 1H), 3.43 (s, 2H), 1.56 (m, 1H), 1.38 to 1.26 (m, 8H), 0.86 (m, 6H). *C NMR (400
MHz, CDCL): 6 166.4, 166.2, 135.1, 128.4, 123.3, 128.1, 67.8, 67.1, 41.7, 38.6, 30.2, 28.8,
23.6, 22.9, 14.0, 10.9. FTIR (KBr): v 2960, 2932, 2873, 1737, 1459, 1329, 1271, 1148, 1012,
747 cm . HRMS (EI): m/z caled for CsHaO4" ([M])), 306.1831; found 306.1833. Ci5Hy604
(306.4) calcd, C 70.56, H 8.55, O 20.89; found C 70.78, H 8.46, O 21.12.

Preparation of b-SWNT without Microwave Irradiation: 5.0 mg of a-SWNT was
suspended in 5.0 mL of dry ODCB by ultrasonic treatment in an 100 W sonic bath for 30 min.
To this suspension, benzyl 2-ethylhexyl malonate (100 mg, 0.33 mmol) and iodine (85 mg,
0.33 mmol) were added under Ar. Then 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (0.10 mL,
0.67 mmol) was added dropwise and the mixture was stirred vigorously. After 24 h, the
reaction mixture was diluted with ethanol, then filtered using 0.22 um pore-sized
polycarbonate membrane filter. The remaining black paper was dissolved in ODCB by

sonication and reprecipitated from acetone. After repeated cycles of reprecipitation from
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ODCB/acetone and filtration, the resultant paper was dried at 50 °C under vacuum for 1 day to
afford 5.0 mg of b-SWNT.

Preparation of b-SWNT with Microwave Irradiation: A suspension of a-SWNT (5.0

mg), benzyl 2-ethylhexyl malonate (100 mg, 0.33 mmol), I, (85 mg, 0.33 mmol), and DBU
(0.10 mL, 0.67mmol) in dry ODCB (5.0 mL) was stirred in the microwave synthesizer at 120

°C with an average power of 40, 50, and 60 W, respectively, for 30 min under nitrogen flowing

condition. After the reaction, the products were purified as described above (final weight: 4.8
(40 W), 4.5 (50 W), and 4.5 mg (60 W)).
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Chapter 2

Electrophoretic Deposition of Single-Walled Carbon Nanotubes
Covalently Modified with Bulky Porphyrins on Nanostructured

SnO, Electrodes for Photoelectrochemical Devices

\\\\\%\%\

Abstract: Single-walled carbon nanotubes (SWNTs) covalently modified with large porphyrin
molecules have been prepared to construct photoelectrochemical devices with nanostructured
SnO; electrodes on which the multiporphyrin-linked SWNTs are deposited electrophoretically.
The film of the porphyrin-linked SWNTs on the nanostructured SnO; electrode exhibited an
incident photon-to-current efficiency up to 4.9% under an applied potential of 0.08 V vs. SCE.
The more uniform film formation and the moderate photocurrent generation in the
porphyrin-linked SWNT devices can be rationalized by the exfoliation abilities of the bulky
porphyrins that yield large steric hindrance around the SWNTs. Direct electron injection from
the excited states of the SWNTs to the conduction band of the SnO, electrode is responsible for
the photocurrent generation. In spite of efficient quenching of the porphyrin excited singlet
state by the SWNTs in the porphyrin-linked SWNTSs, the photocurrent action spectra revealed
that the excitation of the porphyrin moieties makes no contribution to the photocurrent
generation. The evolution of exciplex between the porphyrin excited singlet state and the
SWNTs and the subsequent rapid decay to the ground state without generating the
charge-separated state is proposed to explain the unusual photoelectrochemical behavior. The
results obtained here will provide valuable information on the design of SWNT-based

photoelectrochemical devices.
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Introduction
Nanometer scale carbon materials (i.e., fullerenes and carbon nanotubes) have enormous
potential as components of energy conversion devices due to their fascinating optical and

electrical properties as well as their robustness.!"”

In particular, it has been well established
that fullerenes have small reorganization energies of electron transfer (ET), which leads to
remarkable acceleration of photoinduced charge separation (CS) and of charge shift as well as
deceleration of charge recombination (CR).”) The excellent ET properties of fullerenes as
acceptors have prompted us to construct fullerene-based photoelectrochemical devices and

solar cells.!'?!

In this context, control of donor—acceptor nanostructures on electrodes is
prerequisite for achieving high device performance. For instance, electrophoretic deposition is
a unique method to fabricate fullerene films or fullerene-containing composite films for

photoelectrochemical devices.*]

As has been shown by Imahori and co-workers,
supramolecular fullerene—porphyrin composite films, prepared by electrophoretic deposition,
on nanostructured SnO, electrodes have exhibited efficient photocurrent generation.” ") The
systems have been regarded as a novel type of supramolecular organic solar cells (i.e.,
dye-sensitized bulk heterojunction type). Namely, initial CS takes place at the blend interface
between donor (D) and acceptor (A) in the D—A multilayers, which is similar to that in bulk
heterojunction solar cells. In contrast, the separated electrons are injected into the conduction
band (CB) of semiconducting electrodes, as seen in dye-sensitized solar cells. Thus, both
characteristics are involved in dye-sensitized bulk heterojunction solar cells of which the cell
performance would be further improved by modulating the D—A multilayer-structures on
electrodes. Specifically, the photocurrent generation efficiency can be increased remarkably by
preorganizing porphyrin units on various nanoscaffolds including dendrimers,"”! oligomers,"!
and nanoparticles,”) or by preprogramming porphyrin units with self-assembling
substituents.'”  These studies have demonstrated experimentally that the construction of
nanohighways for efficient electron and hole transport in D-A multilayers on electrodes is
highly important to attain efficient photocurrent generation.

One-dimensional, nanowire-like structures of carbon nanotubes (CNTs) provide potential
possibilities to construct such ideal nanohighways for efficient electron and hole transport on
electrodes. Thus, CNTs have been applied to photovoltaic and photoelectrochemical devices

11-15

based on the concept."' ! Most widely studied CN'T-based photovoltaic devices involve bulk

heterojunction structures, where CNTs are blended with electron-donating smt-conjugated

L2111 such cases CNTs are

polymers such as poly(p-phenylenevinylene) and polythiophene.!
expected to act as electron pathways as well as electron acceptors. In addition, individual
CNTs would provide large surface area at the polymer—CNT interface, which is favorable for

efficient dissociation of exciton. However, incorporation of debundled CNTs into photovoltaic
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systems has been hindered by their poor dispersibility in organic and aqueous solvents as a

result of their strong m-7 interaction between the individual CNTs.!""'* Hence, the bundle

structures of CNTs remain intact in the blend films of bulk heterojunction solar cells even after
a pretreatment of ultrasonication in the presence of the m-conjugated polymers. Overall, the
bundle structures preclude the formation of interpenetrating, D—A bicontinuous nanohighways
and thus enhance self-quenching of the excited state of CNTs due to the intertube interaction,

leading to poor photocurrent generation. To surmount the poor dispersibility of CNTs in

16-18

solvents, several approaches, including noncovalent interactions''®'®! and covalent bond

1924 have been developed. During the last decade, noncovalent interactions of

]

formation,!
single-walled carbon nanotubes (SWNTs) with hydrophilic polymers,"'® surfactants!"” or
ni-conjugated compounds''® have been widely used to prepare individually dispersed SWNTs
in aqueous solvents or organic solvents. Recently, Kamat et al. reported fabrication of the
uniform film of SWNTs by electrophoretic deposition from the THF suspension of SWNTs
with the aid of tetrabutylammonium bromide (TOAB) as a dispersant to exfoliate SWNT
bundles."" SWNTs dispersed with protonated porphyrins in acidified THF have also been
deposited electrophoretically onto nanostructured SnO; electrodes."” The SWNTs—porphyrin
nanohybrid electrodes exhibited incident photon-to-current efficiency (IPCE) of up to 13% at
an applied potential of 0.2 V vs. SCE. They proposed dual role of SWNTs in promoting
photoinduced CS between the protonated porphyrins and SWNTs and facilitating charge
transport to the CB of semiconducting electrode. On the other hand, there have been a few
reports on photovoltaic systems utilizing covalently functionalized SWNTs 2413
Nevertheless, no large donor molecules have been covalently linked to SWNTs to exfoliate
SWNT bundles and enhance photocurrent generation efficiency in SWNT-based photo-
electrochemical devices. As such, electrophoretic deposition of SWNTs, covalently linked
with large functional molecules, onto nanostructured semiconducting electrodes has yet to be
reported for photoelectrochemical devices.

Here the author reports the first electrophoretic deposition of SWNTs, covalently linked
with large porphyrin molecules at the terminals, defect sites, and sidewalls, onto nanostructured
SnO, electrodes for photoelectrochemical devices (Scheme 1). Bulky porphyrin units with
tert-butyl groups at the meta positions of the meso-phenyl rings are employed as a large
chromophore for the covalent functionalization, since they are highly soluble in organic
solvents and exhibit efficient light-harvesting property in the visible region. Sequential
covalent modification of SWNTs is used to disentangle large bundles of SWNTs and yield
stable suspension of SWNTs in organic solvents. Namely, acid-treated, shortened single-
walled carbon nanotubes (NT-CO,H) with carboxyl groups at the open ends and defect sites
are reacted with thionyl chlorode and then aminoporphyrins to yield multiporphyrin-linked
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SWNTs with amido linkage (NT-CONHH,P).*” Then, the sidewalls of NT-CONHH,P are
further functionalized with aminoporphyrins utilizing in situ generated diazonium intermediate
to give H,P-NT-CONHH,P.*!"! As a result, the author can expect effective suppression of the
bundle formation by covalent introduction of the bulky porphyrin moieties into the terminals,
defect sites, and sidewalls of SWNTs, resulting in the improvement of the solubility in organic
solvents. More importantly, self-quenching of the excited SWNTs as well as of the excited
porphyrins would be suppressed considerably by avoiding the association between the SWNTs
and/or the porphyrins. The structures, the film morphology on the electrodes, and the photo-
electrochemical properties of each SWNT (NT-AR, NT-CO,H, NT-ref, NT-CONHH,P, and
H,P-NT-CONHH,P) are investigated by using various spectroscopic and surface analyses and

photoelectrochemical measurements to disclose the relationship.

SCHEME 1°

NT-AR Hooe
:D%w\‘o%% 0202020202020 202020 20 Qelelelx!
i), i), iii) CONH

2
T e

H,P-NT-CONHH,P

“Reagents and conditions: i) 200 °C, air, 24 h; ii) conc. HCI, sonication, 15 min; iii) 2.6 M HNO3,
reflux, 24 h; iv) SOCL, reflux, 24 h; v) n-C;oH,1NH,, 130 °C, 3 days; vi) H,P-NH,, DMF, 80 °C, 3
days, vii) H,P-NH,, isoamy] nitrite, ODCB, microwave, 100 °C, 30 min.

Results and Discussion

Covalent Modification of SWNTs: Synthetic strategy employed for functionalizing
SWNTs is shown in Scheme 1. As-received SWNTs (HiPco, denoted as NT-AR) was treated
with HCl and HNO; aqueous solutions to remove metal catalysts and amorphous carbon.”*”
The acid-treatment also cuts SWNTs to yield shortened SWNTs which have carboxyl groups at
the open ends and defect sites (NT-CO,H).”™ The carboxyl groups at the terminals and the

defect sites of NT-CO,H were used to attach the aminoporphyrin, i.e., 5-(4-aminophenyl)-
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10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin (H,P-NH,), via amide linkage formation.”**°!

NT-CO,H treated with thionyl chloride was further reacted with excess amount of H,P-NH, in
DMF under argon atmosphere to afford NT-CONHH,P. For the sidewall functionalization of
NT-CONHH,P, the author employed in situ generated aryl diazonium intermediate from
H,P-NH, to obtain H,P-NT-CONHH,P.*'*") 1In the synthesis of H,P-NT-CONHH,P, the
author utilized microwave irradiation for heating.!”®! Microwave heating is known to facilitate
various covalent modification of CNTs such as Diels-Alder reaction, 1,3-dipolar cycloaddition,

242,29 . . .. ) )
(242291 Under microwave irradiation the reaction mixture was

and amide-linkage formation.
cooled simultaneously by compressed air®” to transmit the energy to the reaction mixture
efficiently and to maintain the reaction temperature at ca. 100 °C. The arylation reaction of
SWNTs was completed within 30 minutes. The reaction rate is ca. 100 times faster than that
under conventional heating. Thus, microwave irradiation of SWNTSs can facilitate the addition
of the aryl radical, arising from diazotization of H,P-NH, and subsequent N, releasing, to
double bonds on the sidewalls. NT-ref with long alkyl chains at the terminals and the defect
sites was also prepared by the same method as that described for NT-CONHH,P.

As expected, the solubility of SWNTs in organic solvents is improved by the attachment
of bulky porphyrin units at the terminals, defect sites, and sidewalls. H,P-NT-CONHH,P is
dissolved into DMF (0.2 g L") to yield a clear, yellowish-brown solution without discernable
particulates. The solution remains stable for a period of at least 2 weeks. The maximum
concentration of each SWNT after sonication for 30 min in DMF is in the order of NT-AR (<
0.001 g L") << NT-ref (0.1 g L") < NT-CO,H (0.15 g L") < NT-CONHH,P (0.3 g L") <
H,P-NT-CONHH,P (0.5 g L™"). The solubility of each SWNT increases with increasing the
degree of functionalization except the case of NT-CO,H. Carboxy groups at the terminals and
the defect sites may assist the solubilization of NT-CO,H in polar DMF. The trend of the
solubility corroborates that the double functionalization of SWNTs with the bulky porphyrin
units at the terminals, defect sites, and sidewalls is highly effective for the exfoliation of
SWNT bundles.

Characterization of Modified SWNTs: The functionalized SWNTs were characterized
by using atomic force microscopy (AFM), transmission electron microscopy (TEM), FT-IR
and resonant Raman spectroscopies, thermogravimetric analysis (TGA), and UV—vis—near IR
(NIR) absorption and fluorescence spectroscopies.

Figure 1 displays AFM images of NT-AR, NT-CO,H, NT-ref, NT-CONHH,P, and
H,P-NT-CONHH,P, of which the DMF suspension after sonication for 2 h is spin-coated onto
freshly cleaved mica. All images exhibit fibrous structures attributed to individual SWNTs and

their bundles. They reveal the progressive exfoliation of SWNT bundles on the mica surfaces
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Figure 1. Tapping mode AFM images of (a) NT-AR, (b) NT-CO,H, (c¢) NT-ref, (d) NT-
CONHH,;P, and (e) H,P-NT-CONHH,P on mica (Z range: (a) 100 nm, (b) — (e) 50 nm) and (f)
section profile of HoP-NT-CONHH,P. The color scale represents the height topography, with
bright and dark representing the highest and lowest features, respectively.

in the order of NT-AR, NT-ref, NT-CO,H, NT-CONHH,P, and H,P-NT-CONHH,P, which is
consistent with the trend of the solubility (vide supra). Namely, the AFM image of NT-AR
exhibits large bundles owing to the extremely low solubility in DMF (Figure 1a). NT-CO,H
(Figure 1b) forms bundles with reduced thickness (1.5 — 8 nm) relative to the values of NT-ref
(3 — 12 nm, Figure Ic) because of the higher compatibility of NT-CO,H with DMF (vide
supra). The bundle sizes of NT-CONHH,P (1 — 8 nm) and H,P-NT-CONHH,P (1 — 3 nm) are
further decreased with increasing the degree of the functionalization, as a result of attachment
of the large porphyrin molecules to the SWNTs (Figure 1d — f). The average length of isolated
H,P-NT-CONHH,P is determined as 320 nm. Most of the SWNTs on the mica surface still
form their bundles, which may be present in the cast solution or result from the evaporating
process during the spin-coating.

The FT-IR spectra of the SWNTs as well as 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)-
porphyrin (H,P-ref) measured in the solid state are presented in Figure 2. Although the peaks

at 1500 — 1750 cm™' support the existence of carbonyl groups including carboxylic acid,
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Figure 2. FT-IR spectra of (a) NT-AR, (b) NT-CO,H, (c¢) NT-ref, (d) NT-CONHH,P, (e) H,P-
NT-CONHH,P, and (f) H,P-ref measured in KBr pellet.

carboxylate anion, and amide group[m in NT-CO,H, NT-ref, NT-CONHH,P, and H,P-
NTCONHH,P (Figure 2b — e), extensive overlapping of the bands with others due to the
porphyrin moieties does not allow the author to assign each band accurately.”* Nevertheless,
the author can confirm the covalent attachment of the functional moieties (i.e., alkyl chains and
porphyrins) to SWNTs. For instance, the band at 2900 cm ™' in the spectrum of NT-ref is
attributed to C—H stretching vibration of the long alkyl chain (Figure 2c). The spectra of
NT-CONHH,P (Figure 2d) and H,P-NT-CONHH,P (Figure 2¢) as well as H,P-ref (Figure 2f)
exhibit characteristic absorption bands at 3300 cm ' and 2900 cm™' which are assigned to the
stretching vibration of N-H of the pyrrole rings and of C—H of the fert-butyl group of the
porphyrin moiety, respectively. These FT-IR data are in good agreement with the structures of
functionalized SWNTs in Scheme 1.

Resonance Raman spectroscopy is widely used for characterization of SWNTs, since it
provides detailed information on the structures of SWNTs
tangential mode (G-band) around 1600 cm ™' and disorder mode (D-band) around 1350 cm
(G/D ratio) reflects the relative amount of sp° carbon, and is used to determine the degree of
functionalization. The Raman spectra of NT-AR, NT-CO,H, NT-ref, NT-CONHH,P, and
H,P-NT-CONHH,P were measured with a laser excitation energy of 2.54 eV or 1.96 eV

The ratio of peak intensities of

(Figure 3). The Raman signals arising from the porphyrin and alkyl moieties are negligible
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Figure 3. (A) Resonant Raman spectra of (a) NT-AR, (b) NT-CO,H, (c¢) NT-ref, (d) NT-
CONHH,P, and (e) H,P-NT-CONHH,P with an excitation energy of 2.54 eV. Each spectrum is
normalized at 1590 cm™'. (B) Resonant Raman spectra in the RBM region of (a) NT-CONHH,P
and (b) H,P-NT-CONHH,P with an excitation energy of 2.54 eV and (c) NT-CONHH,P and (d)
H,P-NT-CONHH,P with an excitation energy of 1.96 eV.

compared to those of the carbon nanotubes under the experimental conditions. The G/D ratios
of NT-ref (5.8) and NT-CONHH,P (5.6) are almost identical (Figure 3A), but the values are
smaller than that of NT-AR (14). This observation is reasonable, considering that the acid
treatment increases the terminal and defect sites. The G/D ratio further decreases in the
spectrum of HyP-NT-CONHH,P (2.8), implying the conversion of sp” carbons to sp> ones on
the sidewalls as a result of the sidewall functionalization by the arylation. The unusual
decrease in the G/D ratio of NT-CO,H (2.3) may be caused by the residual amorphous carbon,
which would be generated by the acid-treatment of NT-AR and removed during the
purification procedures for NT-ref and NT-CONHH,P. Taking into account Kataura plot**
with diameters of HiPco (0.8 — 1.3 nm), in the diameter-dependent radial breathing modes
(RBMs) at 150 — 280 cm™' (Figure 3B), one can monitor both metallic and semiconducting
SWNTs with diameters of 0.8 — 1.1 nm and 1.1 — 1.3 nm with the excitation energy of 2.54 eV,
whereas 1.0 — 1.3 nm and 0.8 — 1.0 nm with the excitation energy of 1.96 eV, respectively.
The peak position and shape of the spectra are largely similar for NT-CONHH,P and
H,P-NT-CONHH,P for the excitation energies of 2.54 eV and 1.96 eV. These results suggest
little selectivity of the arylation for semiconducting and metallic SWNTs under the microwave-
assisted conditions. This is in marked contrast with exclusive reactivity of arylation using in

situ generated diazonium intermediate for metallic SWNTs over semiconducting ones under
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conventional heating.!*'?
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ca. 15% of the initial weight is left at 000 300 400 500 800 700
750 °C for NT-AR. Thus, most of Temperature / °C
the metal catalysts are removed by Figure 4. TGA curves of (a) NT-AR, (b) NT-CO,H,

the acid-treatment. The curve of  (¢) NT-ref, (d) NT-CONHH.P, (e) H,P-NT-
CONHH,P, and (f) H,P-ref measured in air with

heating rate of 10 °C min ™.

NT-ref exhibits two steps for the
mass loss, reflecting detachment of
covalently-linked long alkyl groups from the SWNTs before the combustion of SWNTs.
Accordingly, the weight loses in the temperature ranges of 200 — 380 °C and 380 — 600 °C are
assigned to the detachment of the alkyl groups and the combustion of SWNTs, respectively.
The TGA reveals that 25 wt% corresponds to the alkyl groups with the amido linkage. In other
words, one alkyl group appears at each ca. 70 carbon atoms of the SWNT. In the TGA curves
of NT-CONHH,P and H,P-NT-CONHH,P, in contrast, there are continuous mass losses over a
wide range of temperature (200 — 600 °C) upon heating. Unlike the alkyl groups, the thermally
stable porphyrin moieties do not lose their whole weight before the combustion of SWNTs so
that the TGA curves would not be reliable to estimate the degree of porphyrin functionalization
for the SWNTs. However, the rapid weight losses for NT-CONHH,P and H,P-NT-CONHH,P
relative to NT-CO,H in the temperature range of 200 — 600 °C certainly agree with the covalent
functionalization of SWNTs.

Absorption and Fluorescence Spectra of Modified SWNTs: Figure 5 shows the
UV—vis—NIR spectra of NT-CONHH,P and H,P-NT-CONHH,P in THF. The spectra exhibit
intense Soret band around 420 nm and weak Q bands around 500 — 650 nm, in addition to the
broad absorption extending into the NIR region. The spectra largely match the combination of
the spectra of NT-ref and H,P-ref. This provides unambiguous evidence for the presence of the
porphyrin units on the SWNTs. The Soret bands are also compared for H,P-ref, NT-
CONHH;P, and H,P-NT-CONHH,P (inset of Figure 5). The Soret bands in the absorption
spectra of NT-CONHH,P and H,P-NT-CONHH,P are red-shifted by 2 nm and broadened

41



compared to that of HyP-ref. The Soret
band of H,P-NT-CONHH,P is more
broadened than that of NT-CONHH,P,
reflecting that there is notable electronic
communication between the SWNTs
and the porphyrin units on the sidewalls
in the ground state, owing to the short
phenyl spacer between the two units
(vide infra). The degree of porphyrin
functionalization in NT-CONHH,P and
H,P-NT-CONHH,P is estimated by
comparing the integrated values of
absorbance of the SWNT and porphyrin
moieties for all frequencies at 20000 —
32000 cm’,

integrated values of molar absorption

assuming that the

coefficients of the porphyrin moieties
for HoP-ref, NT-CONHH,P, and H,P-
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Figure 5. Absorption spectra of (a) NT-ref (0.020 g
L"), (b) NT-CONHH,P, (c) H,P-NT-CONHH,P,
and (d) HoP-ref (9.5 x 107" M) in THF. Spectra (b)
and (c) are normalized to spectrum (a) at 1000 nm
for comparison. Inset shows (e) absorption
spectrum of H,P-ref and differential absorption

spectra of (f) NT-CONHH,P and NT-ref and (g)

H,P-NT-CONHH,P and NT-ref. The absorbances

NT-CONHH,P and those of SWNT ) o
are normalized at the peak positions of Soret band.

moieties for NT-ref, NT-CONHH,P,
and H,P-NT-CONHH,P are identical, respectively. Consequently, one porphyrin unit at the
terminals and defect sites in NT-CONHH,P is calculated to appear at 720 carbon atoms of the
SWNT. Because of the low reactivity of the aminoporphyrin with the bulky zerz-butyl groups,
the degree of porphyrin functionalization at the terminals and defect sites is lower than that of
the alkyl functionalization in NT-ref estimated by TGA (vide supra). On the other hands, one
porphyrin unit at the terminals and defect sites and on the sidewall in H,P-NT-CONHH,P is
estimated to appear at 240 carbon atoms of the SWNT. This also corresponds to the estimation
that one porphyrin unit linked to the sidewall by the short phenyl spacer appears at every 360
carbon atoms of the SWNT. This calculation leads to the conclusion that the degree of the
sidewall functionalization by the porphyrin is 2 times higher than that of the terminal and
defect functionalization. Assuming that the average diameter of SWNTs employed here is 1.0
nm, there is one porphyrin at each 3.2 nm length on average,” suggesting that each porphyrin
on the sidewall is well-separated to suppress the intramolecular interaction between the
porphyrins in the ground and excited states.

To compare the absorption due to the SWNT moiety, the absorption spectra of
NT-CONHH,P, H,P-NT-CONHH,P, and NT-ref were also measured in DMF (Figure 6).
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NT-ref exhibits characteristic peaks at 500
— 650 nm arising from transitions between
the first pair of van Hove singularities in
the density of states (DOS) of metallic
SWNTs (EM,)), and those at 800 — 1000
nm arising from transitions of the second
pair of semiconducting SWNTs (E®,,).5!
The spectra of NT-CONHH,P and H,P-
NT-CONHH;P reveal the four Q bands
which overlap with the peaks stemming
from the metallic SWNTs extensively.
The from  the
semiconducting SWNTs are virtually the
same for NT-CONHH,P and NT-ref, but
in H,P-NT-CONHH,P are
significantly broadened in comparison
with those in NT-CONHH,P and NT-ref.

This broadening can be rationalized by the

peaks  resulting

the peaks

fact that the sidewall functionalization
generally causes the peak broadening
owing to the loss of the highly symmetric
structure of DOS.!"*2*

The
between the SWNTs and the porphyrins

excited state interactions
were examined by measuring steady-state
fluorescence spectra of H,P-ref, NT-
CONHH,P, and H,P-NT-CONHH,P in
THF (Figure 7). Upon excitation of the
porphyrin moiety at the Soret band, where
the absorbances of the porphyrin were
adjusted to be identical, similar shape of
the fluorescence from the porphyrin

moiety is observed. The author could not

detect significant emission from the SWNT moiety under the present conditions.
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Figure 6. Absorption spectra of (a) NT-ref (0.020
g L), (b) NT-CONHH,P, and (c) H,P-NT-
CONHH,P in DMF.
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Figure 7. Steady-state fluorescence spectra of (a)
H,P-ref, (b) NT-CONHH,P, and (c) H,P-NT-
CONHH,P in THF. For excitation, absorbances of
the porphyrin moieties in NT-CONHH,P and
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BT 1t is

noteworthy that the fluorescence intensities of NT-CONHH,P (12%) and H,P-NT-CONHH,P
(7.0%) are reduced considerably compared to that of H,P-ref. The strong quenching of the
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porphyrin moieties by the SWNTs suggests that the porphyrin excited singlet state is quenched
by the SWNTs via energy transfer (EN), ET or charge transfer (CT), which will be discussed
later. The more efficient quenching of H,P-NT-CONHH,P relative to that of NT-CONHH,P is
in good agreement with the broadening of the Soret band in H,P-NT-CONHH,P due to the
short phenyl spacer between the porphyrin and SWNT moieties. The fluorescence lifetimes of
NT-CONHH,P, H,P-NT-CONHH,P, and H,P-ref were measured in THF—triethylamine (10:1,
v/v) by the time-correlated single photon counting technique at emission wavelength of 650 nm
with excitation at 400 nm. The decay curves of the fluorescence intensity could be fitted as a
single exponential for all cases. The fluorescence lifetimes are similar for NT-CONHH,P (9.4
ns), H,P-NT-CONHH,P (10.8 ns), and H,P-ref (10.9 ns). However, the fluorescence
intensities of NT-CONHH;P (9.4 ns) and H,P-NT-CONHH,P (10.8 ns) are much smaller than
that of H,P-ref, suggesting the occurence of ultrafast quenching of the porphyrin moieties by
the SWNT. Because such a fast process is beyond the time resolution (10 ps) of the present
system employed, the components of the fluorescence lifetimes in NT-CONHH,P and H,P-
NT-CONHH,P may be originate from the minor deactivation pathways of the porphyrin

excited singlet state.

Electrophoretic Deposition: The 250

electrophoretic deposition was carried out
to fabricate films of the SWNTs from the 20F 4 1

DMF solution (1.5 mL) in which the same Q
concentration of the SWNTs (0.10 g L™) § 1.5¢
is suspended. Upon subjecting the DMF & 10 ‘
suspension of the functionalized SWNTs 2

to a high electric direct current (dc) field
(80 V for NT-CO,H and NT-ref and 100
V for NT-CONHH,P and H,P-NT- 0 660 8(30 10100 * 1200
CONHH,P), the SWNTs are deposited Wavelength / nm

onto a fluorine-doped tin oxide (FTO)  Figure 8. Absorption spectra of (a) FTO/SnO/
electrodes with nanostructured SnO, NT-CO,H, (b) FTO/SnOy/NT-ref, (c) FTO/

modification (denoted as FTO/Sn0O,) to  SnO/NT-CONHH,P, and (d) FTO/SnO,/H,P-NT-
CONHH,P electrodes.

o
3

1 1 1

400

give the modified electrode (denoted as
FTO/SnO,/SWNTs). As the electrophoretic deposition proceeds, the author can observe
discoloration of the suspension and simultaneous coloration of the FTO/SnO, electrode that is
connected to the positive terminal of the dc supply. The absorbance of the electrodes is

increased with increasing the duration time of the electrophoretic deposition and becomes
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saturated within 120 s, implying the completion of the SWNT deposition on the SnO; electrode.
The electrophoretically deposited films are robust enough for photoelectrochemical
measurements (vide infra). It should be noted that NT-AR could not be deposited on the
electrode due to its extremely low dispersibility in DMF. For all the measurements described
later, the author used electrodes prepared by the electrophoretic deposition of the DMF
suspension of the functionalized SWNTs for the duration time of 120 s. Figure 8 depicts the
absorption spectra of the SWNT modified electrodes. FTO/SnO,/NT-CO,H and FTO/SnO,/
NT-ref reveal featureless SWNT absorption that decreases monotonically from UV to NIR
regions. In contrast, FTO/SnO,/NT-CONHH,P and FTO/SnO,/H,P-NT-CONHH,P exhibit the
characteristic absorption due to the porphyrin moieties at 400 — 650 nm, together with the
SWNT absorption. All the spectra show strong absorption over UV to NIR regions, ensuring
that they absorb incident light effectively.

Surface Characterization of Deposited SWNT Films: To shed light on the film
morphology of functionalized SWNTs on the electrodes, optical microscopic measurements
were performed (Figure 9). Although FTO/SnO,/NT-CO;H and FTO/SnO,/NT-ref exhibit
uniformly black films visibly, the microscopic images reveal the irregularly distributed black
spots, which are agglomerates of the SWNTs, on the colorless SnO, substrate. The more
uniformly distributed films of NT-CONHH,P and H,P-NT-CONHH,P on the electrodes are
slightly yellowish black, arising from the color of porphyrin moieties. The film of FTO/SnO,/
H,P-NT-CONHH,P shows the most uniform film, suggesting that the exfoliated bundle
structures in DMF result in the formation of the more regularly spread film. The author also
employed AFM equipped with the optical microscope to characterize the film structure in
nano- to micrometer scale (Figure 10). The AFM images for the light black parts of the films
disclose the fibrous rod-like structures on the SnO, layer, suggesting that SWNT bundles are
packed loosely in these regions. On the other hand, the AFM images for the dark black parts of

Figure 9. Optical microscopic images of (a) FTO/SnO,/NT-CO;H, (b) FTO/SnO,/NT-ref, (c¢)
FTO/SnO,/NT-CONHH,P, and (d) FTO/SnO,/H,P-NT-CONHH,P. Scale bar: 500 um.
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Figure 10. Tapping mode AFM images of (a) FTO/SnO,/NT-CO,H, (b) FTO/SnO,/NT-ref, (c¢)
FTO/SnO,/NT-CONHH,P, and (d) FTO/SnO,/H,P-NT-CONHH,P electrodes (Z range: (a), (b) 600
nm, (c), (d) 400 nm). The color scale represents the height topography, with bright and dark
representing the highest and lowest features, respectively.

the films show extensive overlapping of the SWNT bundles, making it difficult to evaluate the
size of each bundle. The height of the bundles on the electrodes is in the order of NT-ref (100
+ 20 nm) > NT-CO,H (60 + 20 nm) > NT-CONHH,P (30 + 10 nm) > H,P-NT-CONHH,P (23
+ 7 nm). This trend is the same as that for the height of the bundles prepared by spin-coating
the DMF solution of the modified SWNTs onto mica (vide supra). Although the size of SWNT
bundles on FTO/SnO, is much larger than that on the mica, it is evident that the large
porphyrin molecules with the bulky tert-butyl groups have large impact on the exfoliation of
the SWNT bundles, leading to the small bundle size in NT-CONHH,P and H,P-NT-CONHH,P
relative to that in NT-CO,H and NT-ref.

Photoelectrochemical Measurements:  Photoelectrochemical measurements were
performed in acetonitrile containing 0.5 M Lil and 0.01 M L, with FTO/SnO,/NT-CO,H,
FTO/SnO,/NT-ref, FTO/SnO,/NT-CONHH,P, or FTO/SnO,/H,P-NT-CONHH,P as a working
electrode, a Pt wire counter electrode, and an I'/I;™ reference electrode. The inset of Figure 11
displays the photoelectrochemical response of FTO/SnO,/H,P-NT-CONHH,P device for the
on/off light illumination cycles with an excitation wavelength of 400 nm with input power of
1.10 uW cm at an applied potential of 0.08 V vs. SCE. The photoelectrochemical response is
prompt, steady, and reproducible during repeated on/off cycles. Blank experiments of
FTO/SnO; electrode without SWNT films exhibited much smaller photocurrent responses
under the same conditions. These results confirm the role of the functionalized SWNT films
toward harvesting light energy and generating photocurrent during the operation of the
photoelectrochemical device. Figure 11 shows current-applied potential curve of FTO/
SnO,/H,P-NT-CONHH,P device under white light illumination (A > 380 nm, input power:
2.16 mW cm ). With increasing positive bias up to 0.08 V vs. SCE, the photocurrent increases
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the incident photon-to-current efficiency Figure 11. Current vs. potential curve of
(IPCE) of the SWNT films on FTO/SnO, FTO/SnO,/H,P-NT-CONHH,P  device under
electrodes (Figure 12A). The IPCE values illumination with white light (A > 380 nm, input
power: 2.16 mW cm2). Inset shows photocurrent

are calculated by normalizing the L
Y & response at an excitation wavelength of 400 nm

photocurrent densities for incident light (input power: 1.10 uW cm2, applied potential:

energy and intensity and by use of the  +0.08 V ws. SCE). Electrolyte: 0.5 M Lil and
expression: 0.01 M 1, in acetonitrile.

IPCE (%) = 100 x 1240 x i/(Win x A)

where i is the photocurrent density (A cm™2), Wi, is the incident light intensity (W cm %), and A
is the excitation wavelength (nm). The overall responses of FTO/SnO,/NT-CO,H and
FTO/SnO,/NT-ref devices parallel the broad absorption features, showing the involvement of
SWNT films in photocurrent generation. They exhibited anodic photocurrent generation with
maximum [PCE values of 2.6% and 2.3% at 400 nm, respectively. These results are in sharp
contrast with those of the similar photoelectrochemical device using a nanostructured SnO,
electrode modified with SWNTs with the aid of TOAB."*! The device generated opposite,
cathodic photocurrent with a maximum IPCE of ca. 0.15%, which is one order of magnitude
lower than the IPCE values in the present system under the similar conditions. The presence of
insulating TOAB around SWNTs may hamper the efficient electron and hole transport in the
deposited film, resulting in poorer photocurrent generation.

On the other hand, the photocurrent action spectra of FTO/SnO,/NT-CONHH,P and
FTO/SnO,/H,P-NT-CONHH,P show the photocurrent response only from the SWNT moieties.
The absorption due to the porphyrin moieties does not contribute to the photocurrent generation

(vide infra). Accordingly, the maximum IPCE values at an excitation wavelength of 400 nm
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Figure 12. (A) Photocurrent action spectra of (a) FTO/SnO,/NT-ref, (b) FTO/SnO,/NT-CO-H, (c)
FTO/SnO,/NT-CONHH,P, and (d) FTO/SnO,/H,P-NT-CONHH,P devices. (B) Photocurrent
action spectra of (a) FTO/TiO,/H,P-NT-CONHH,P and (b) FTO/TiO, devices. Applied potential:
+0.08 V vs. SCE. Electrolyte: 0.5 M Lil and 0.01 M I, in acetonitrile.

are as follows: FTO/SnO,/NT-ref (2.3%) < FTO/SnO,/NT-CO,H (2.6%) < FTO/SnO,/NT-
CONHH;P (4.0%) < FTO/SnO,/H,P-NT-CONHH,P (4.9%). This trend for the photocurrent
generation efficiency correlates well with the order of the bundle size of the SWNTs deposited
on the electrode (vide supra). The correlation suggests that the suppression of the bundle
formation decreases self-quenching of the excited SWNTs by the intertube interaction,
resulting in the efficient photocurrent generation. The more uniform structures of the deposited
films in FTO/SnO,/NT-CONHH,P and FTO/SnO,/H,P-NT-CONHH,P devices also explain
the higher photocurrent generation efficiency.

The author also prepared nanostructured TiO; film on FTO electrode (FTO/TiO,) to deposit
H,P-NT-CONHH,P electrophoretically (denoted as FTO/TiO»/H,P-NT-CONHH,P). The
photoelectrochemical measurements for FTO/TiO»/H,P-NT-CONHH,P and FTO/TiO, devices
were performed under the same experimental conditions as those for the nanostructured SnO,
devices. On the contrary to the SnO,-based devices, the maximum IPCE value (5.6% at 400
nm) of FTO/TiO,/H,P-NT-CONHH,P device is much smaller than that (12% at 400 nm) of
FTO/TiO, device (Figure 12B). According to the experimentally determined, relational
expressions for the Fermi level and the diameter of SWNTs"® and the diameter and the
bandgap energy of semiconducting SWNTs (s-SWNT),?) the CB of s-SWNTs with diameter
0f 0.9 — 1.1 nm is in the range of -0.5 — 0 V vs. NHE. Such energetics of the s-SWNTs make it
possible to inject electrons from the CB of the s-SWNTs to the CB of SnO, (Ecg (Sn0,) =0V
vs. NHE) due to the exothermic process,'¥ but do not from the CB of the s-SWNTs to the CB
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of TiO, (Ecs (TiO,) = —0.5 V vs. NHE) due to the endothermic one.” In other words, the
s-SWNTs of which the CB lie between 0 and —0.5 V vs. NHE are responsible for the
photocurrent generation in the present system. Note that the s-SWNTs with the CB level of <
—0.5 V vs. NHE can inject electrons to the CB of TiO,, whereas I cannot give electrons to the
valence band (VB) of the same s-SWNTs in which the energy levels of the VB (< 0.5 V vs.
NHE) are higher than the level (0.5 V vs. NHE) of L/ in the electrolyte solution.*~"
Although the electronic structure of H,P-NT-CONHH,P is perturbed significantly by the
sidewall functionalization, the positions of the CB and VB would not be affected, as seen in
similar peak positions (E,) in the absorption spectra of NT-ref, NT-CONHH,P, and H,P-
NT-CONHHS,P (Figure 6)."!

Photocurrent Generation Mechanism: On the basis of the photoelectrochemical
properties together with the spectroscopic studies, photocurrent generation diagram is
illustrated in Scheme 2. As a representative example, (8,6) s-SWNT, which is the highest

distribution of (n,m) species in the

A SCHEME 2
present SWNTs, is given in the E /V vs. NHE
scheme. The primary step in the A )
photocurrent generation is initiated s-SWNT
by electron injection from the CB of (8,6)
the excited states of the s-SWNTs — -1 i/A Cs
with the diameter of 0.9 — 1.1 nm .. c
CBof TiIOp T-¥.. e 01 2
(-0.5 = 0 V vs. NHE) to the SnO;, Cq
-——0 e
nanocrystallites (Ecg=0 V vs. NHE). ~ CB of SnO; . . I/ I
Electron is also transferred from I /
(/I = 05 V vs. NHE) in the -+ - Vi
electrolyte solution to the VB of the 1T V2
s-SWNTs (0.5 — 1.2 V vs. NHE).*®!
— +2 _—\/3

The electron transferred to the
semiconductor nanocrystallines is driven to the counter electrode via external circuit to
regenerate the redox couple. The bulky porphyrin moieties attached covalently to the tips,
defects, and sidewalls inhibit the SWNT bundle formation that causes self-deactivation of the
excited states by the intertube interaction.

It should be noted here that the absence of photocurrent response from the porphyrin
moiety is not consistent with the strong quenching of the porphyrin excited singlet state by the
attached SWNTs. The author can consider some possibilities for the relationship between the

strong quenching and no photocurrent response from the porphyrin moieties. First, EN from
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the porphyrin excited singlet state to the s-SWNT and the metallic SWNTs (m-SWNT) is
possible. The EN to the m-SWNT may deactivate the porphyrin and m-SWNT, resulting in no
contribution to photocurrent generation. On the other hand, the EN to the s-SWNT yields the
excited s-SWNT state, which would be expected to generate photocurrent in the present system.
Thus, the EN quenching mechanism is unlikely to occur in the present system. Second, ET
from the porphyrin excited singlet state to the s-SWNT is plausible. However, if fast CS and

15b,19€]

slow CR between the porphyrin and the SWNT moieties take place,! as seen in the

porphyrin—fullerene systems,"”

the author would expect highly efficient photocurrent
generation in the present system. Accordingly, the ET quenching mechanism may be ruled out
in the present system. Finally, CT quenching mechanism is proposed to explain the
experimental results. Tkachenko et al. have demonstrated that porphyrin—fullerene linked
dyads with a short spacer form an exciplex state from the CT interaction between the porphyrin

excited singlet state and fullerene.*”’

The exciplex state decays to the ground state or to the
charge-separated state, depending on the nature of the spacer and the surrounding environment.
Therefore, as in the cases of the porphyrin—fullerene system, CT would occur from the
porphyrin excited singlet state to the s-SWNTs to generate the exciplex state, which rapidly
decays to the ground state rather than to the charge-separated state, resulting in no contribution
to the photocurrent generation.

It is interesting to compare the photoelectrochemical properties of covalently- and

[13) T the present system where the porphyrin

noncovalently-linked porphyrin—-SWNT devices.
units are covalently linked to the terminals, defect sites, and sidewalls of the SWNTs, the
electronic structure of SWNTs may be disrupted, especially around the porphyrin units. Thus,
the photoinduced charge separation between SWNTs and porphyrins is impeded, leading to the
rather lower IPCE value (4.9%) relative to the value (13%) in the noncovalently-linked
porphyrin-SWNT device. The difference in SWNTs (HiPco vs. Nanocs Inc.)*” may also
influence the photoelectrochemical properties. Kamat ef al. used SWNTs with diameters of 2 —
10 nm (Nanocs Inc.) for the formation of the composite film with protonated porphyrins, which
caused anodic photocurrent generation. The author employed SWNTs (HiPco) with small
diameters of 0.8 — 1.3 nm. The work function of SWNTs is known to become larger in a

3% Although the absolute potentials

manner inversely proportional to the diameter of SWNTs.!
of the Fermi level of the functionalized SWNTs are not clear, the electronic interaction
between excited porphyrins and SWNTs here is different from that of the previous system.
The efficient EN in the J-aggregate like porphyrin arrays on SWNTs and similar exciplex
formation between the porphyrin excited singlet state and the SWNTs may also accommodate

the efficient photocurrent generation in the noncovalently-linked porphyrin—-SWNT device.
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Conclusion

In conclusion, the author has successfully constructed photoelectrochemical devices with
nanostructured SnO, electrodes modified with the covalently-linked porphyrin—-SWNT hybrids.
The film of porphyrin-linked SWNTs on the nanostructured SnO, electrode exhibited an
incident photon-to-current efficiency as high as 4.9% under an applied potential of 0.08 V vs.
SCE. The more uniform film and moderate photocurrent generation in the porphyrin—linked
SWNT devices can be rationalized by the exfoliation abilities of the porphyrins due to the large
steric hindrance. Direct electron injection from the excited states of the SWNTs to the
conduction band of the SnO, electrode is responsible for the photocurrent generation. It is
noteworthy that the absence of photocurrent response from the porphyrin moiety is not
consistent with the strong quenching of the porphyrin excited singlet state by the attached
SWNTs. Occurrence of charge transfer from the porphyrin excited singlet state to the
semiconducting SWNTs to generate the exciplex states, which rapidly decay to the ground
state rather than to the charge-separated state, is proposed to explain the discrepancy. The
results obtained here will provide basic and valuable information on the design of SWNT-

based photoelectrochemical devices.

Experimental Section

General Procedure: The microwave-assisted syntheses were carried out with a CEM
Discover BenchMate microwave synthesizer. FT-IR spectra were recorded on a JASCO
FT/IR-470 Plus spectrometer using KBr pellets. Resonance Raman spectra were measured
using a Horiba JobinYvon LabRAM HR-800 equipped with 2.54 eV (488 nm) and 1.96 eV
(633 nm) laser. The solid samples of the SWNTs were mounted on a slideglass. TGA curves
were obtained by a SHIMADZU TG-60 under a flowing air at a scan rate of 10 °C min .
AFM observations of the SWNT samples spin-coated on mica were performed with a Digital
Instruments Nanoscope III in the tapping mode. DMF suspension of SWNTs (0.10 g L") was
sonicated for 120 min and spin-coated on freshly cleaved mica at a rotation speed of 1000 rpm.
AFM images of the SWNT samples deposited on the electrodes were obtained using a Keyence
VN-8000 in the tapping mode. TEM analyses were conducted with a JEOL JEM2000FX-II.
For sample preparation, a THF solution containing SWNTs was dropped on microgrids and
dried under vacuum. UV-vis—NIR absorption spectra were measured by a PerkinElmer
Lambda 900 UV/VIS/NIR spectrometer. For a typical sample preparation, 0.020 g L
suspension of a SWNT sample in THF or DMF was sonicated for 1 h. Steady-state
fluorescence spectra were recorded on a Horiba SPEX Fluoromax-3 spectrofluorometer.

Fluorescence lifetimes were determined by the single-photon counting method using a second
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harmonic generation (SHG, 400 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami
3950-L2S, full width at half maximum (FWHM): 150 fs) and a streakscope (Hamamatsu
Photonics, C4334-01) equipped with a polychromator (Acton Research, SpectraPro 150) as an
excitation source and a detector, respectively. An optically transparent FTO electrode (Asahi
Glass) was washed by sonication in 2-propanol and cleaned in an Oz atmosphere in advance. A
15% SnO; colloidal solution (particle size = 15 nm; Chemat Technology, Inc.) was deposited
on the FTO electrode using doctor blade technique.”®*! The electrode was annealed at 673 K
to yield 1.3 um thick SnO, film (denoted as FTO/SnO,). NT-AR is Purified HiPco SWNTs
purchased from Carbon Nanotechnologies, Inc., and used as-received. NT-COOH and NT-ref
were prepared as described elsewhere.””! 5-(4-Aminophenyl)-10,15,20-tris(3,5-di-tert-butyl-
phenyl)porphyrin (H,P-NH,) and 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin (H,P-
ref) were prepared according to the literature.l*'! o-Dichlorobenzene (ODCB) was distilled
from calcium hydride before use. All other chemicals purchased from commercial sources
were used without further purification.

Preparation of NT-CONHH,P: A suspension of 5.0 mg of NT-COOH in 5.0 mL of
SOCI, was refluxed for 24 h under a nitrogen atmosphere. SOCl, was removed under vacuum,
and then 50 mg of H,P-NH, (0.052 mmol) in 20 mL of dehydrated DMF was added to the
residue. After stirring at 130 °C for 3 days, the reaction mixture was diluted with ethanol, then
filtered using 0.22 wm pore-sized polycarbonate membrane filter. The filtrate was blackish
purple, implying the involvement of amorphous carbon and excess HoP-NH, in the filtrate.
After being washed with THF and dichloromethane to remove the excess H,P-NH, completely,
the black solid was dried under vacuum to afford 5.2 mg of NT-CONHH,P.

Preparation of H,P-NT-CONHH,P: A mixture of 2.5 mg of NT-CONHH,P and 250
mg of H,P-NH; (0.26 mmol) in 5.0 mL of ODCB was sonicated using 100 W sonic bath for 30
min under a nitrogen atmosphere. After addition of 63 uL of isoamyl nitrite (0.47 mmol), the
reaction mixture was stirred in the microwave synthesizer at 100 °C for 30 min under nitrogen
flowing conditions. The simultaneous cooling by compressed air was conducted during the
reaction. The product was purified as described above to yield 3.0 mg of H,P-NT-CONHH,P.

Electrophoretic Deposition of SWNTs: DMF suspension of SWNTs (0.10 g L) was
sonicated for 2 h and 1.5 mL of the suspension was transferred to a 1 cm cuvette in which two
electrodes (i.e., FTO and FTO/SnO,) were kept at a distance of 6.0 mm by a Teflon spacer. A
dc voltage (80 V for NT-COOH and NT-ref, 100 V for NT-CONHH,P and H,P-NT-
CONHH,P) for 2 min was applied between these two electrodes using a power supply (ATTO,
model AE-8750). The deposition of the film could be confirmed visibly as the suspension
becomes colorless with simultaneous colorization of the FTO/SnO; electrode.

Photoelectrochemical Measurements: All electrochemical measurements were carried
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out in a standard three-electrode system using an ALS 630A electrochemical analyzer.”*! The
SWNT film as a working electrode was immersed into the electrolyte solution containing 0.5
M Lil and 0.01 M I, in acetonitrile. A Pt wire covered with a glass ruggin capillary, whose tip
was located near the working electrode, and a Pt coil were used as quasi-reference and counter
electrodes, respectively. The potential measured was converted to the saturated calomel
electrode (SCE) scale by adding +0.05 V. The stability of the reference electrode potential was
confirmed under the experimental conditions. A 500 W xenon lamp (USHIO, XB-50101AAA)
was used as a light source. Potential versus current characteristics were measured with
controlled-potential scan (1 mV s ') under 0.5 Hz chopped white light (A > 380 nm, input
power: 2.16 mW cm ). Monochromatic light through a monochrometer (Ritsu, MC-10N) was
illuminated on the modified area of the working electrode (0.20 cm®) from the backside. The

light intensity was monitored by an optical power meter (Anritsu, ML9002A).
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Chapter 3

Photophysics and Photoelectrochemical Properties of
Nanohybrids Consisting of Fullerene-Encapsulated Single-Walled
Carbon Nanotubes and Poly(3-hexylthiophene)

Abstract: Novel nanohybrids of single-walled carbon nanotubes (SWNTs) encapsulating Ce
or Cy with poly(3-hexylthiophene) (P3HT) have been prepared and their photophysics and
photoelectrochemical properties are studied in detail. Strong m-m interaction between the
SWNT sidewalls and P3HT afforded successful dissolution of the so-called fullerene peapods
into an organic solvent, as in the case of empty SWNTs (p-SWNT). Fluorescence emission of
P3HT in the SWNT—P3HT hybrids was completely quenched by the SWNTs regardless of the
fullerenes insertion. Transient absorption and fluorescence up-conversion technique revealed
the excited state dynamics of the nanohybrids, where exciplex forms from the short-lived
P3HT singlet excited state (~ 0.2 ps) with the fullerene peapods and subsequently relaxes to the
ground state within ~ 1 ps. Significant difference in the photodynamics upon encapsulation of
Ceo or Cy9 was not detected, implying little participation of the fullerenes in the excited state
event and thus the inability of the encapsulated fullerenes to generate the charge-separated state
between the fullerene peapods and P3HT. Photoelectrochemical devices based on the
peapod—P3HT nanohybrids showed almost the same incident photon-to-current efficiencies as
those for the p-SWNT-P3HT-based device, which is in good agreement with the results of the
time-resolved spectroscopies. Thus, the results obtained here will give a deep insight into the
photophysics and photoelectrochemical properties of fullerene peapod—conjugated polymer as
well as SWNT—conjugated polymer hybrids.
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Introduction

Producing highly efficient organic photovoltaics (OPVs) is a desirable goal toward
realization of the large-area, light-weight, and flexible solar cells at low cost. The state of the
art in the field of OPVs is represented by bulk heterojunction (BHJ) solar cells based on

U 1n

electron-donating conjugated polymers and electron-accepting fullerene derivatives.
particular, the BHJ solar cells consisting of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
Cei1-butyric acid methyl ester ([60]PCBM) have shown a power conversion efficiency (1) over
5%, which is among the highest values ever reported for polymer-based OPVs.)  Although
this system still has significant importance as a prototypical benchmark for comparison of the
device performance or investigation of the basic operation mechanism, recent focus has turned
to replacing the components by novel materials with excellent optical, electronic, and

morphological properties in film state.”]

Specifically, given that the poorly built percolation
network for charges in the BHJ structure and the resulting low charge mobilities are one of the
major factors limiting the performance of OPVs,"*! exploring other photoactive materials which
can yield more efficient network structure is essential for highly efficient OPVs.""
Single-walled carbon nanotubes (SWNTs) are mechanically strong, high modulus
graphitic fibers with a diameter of 1 — 2 nanometers and a length of a few micrometers.”
Particularly, their high electron mobility and the large aspect ratio provide the potential to
construct an ideal percolation pathway for electron transport in the deposited film."®! In this
context, the use of SWNTs instead of PCBM as well as the combination of SWNTs and PCBM

[7.8]

is promising for improving the device performance. Indeed, several authors have reported

that the blend of SWNTs with P3HT or other conjugated polymers exhibited an increase in the

photoresponse compared to the pristine polymer device.”’

However, the 1 values of the
SWNT—polymer devices are typically below 1%, which seldom exceed the 1 values of current
high-performance devices based on the [60]PCBM—-P3HT system as well as [6,6]-phenyl-
C71-butyric acid methyl ester ([70]PCBM)—-low bandgap conjugated polymer systems (17 =5 —
7%).%*1 One plausible reason for the poor performance of the SWNT-based devices is the
involvement of metallic SWNTs (m-SWNTs), which provide a nonradiative relaxation channel
for photogenerated excitons and act as an efficient recombination pathway for charge

B-191 Thus, the isolation of semiconducting SWNTs (s-SWNTs) from a mixture of

carriers.
s-SWNTs and m-SWNTs may offer a fundamental approach toward harnessing the potential of
SWNTs.""!  Another main reason is an insufficient electron-accepting ability of SWNTs
compared to the fullerenes. In fact, some groups have suggested a lack of electron transfer
(ET) between the photoexcited P3HT and SWNTs because of the exclusive occurrence of

12,13

energy transfer,!'>'"*) whereas other groups have concluded that photoinduced ET from the

hybridized donor polymers to SWNTs would take place on the basis of intense quenching of
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the polymer fluorescence or the faster fluorescence decay, without observing the formation of
charged species directly.'"¥ Therefore, the photophysics of the donor polymer—SWNT hybrids
is still a controversial issue.!"!

One of the most unique characteristics of SWNTs is their capability to accommodate
suitable-sized organic molecules like tetrathiafulvalene (TTF), tetracyanoquinodimethane
(TCNQ), and fullerenes inside the hollow space.'® Such an inner space doping of SWNTs
affords a practical opportunity to alter the electronic properties of SWNTs, i.e., bandgap

17,18 . .
7181 and carrier concentrations, '’

energies! retaining their intrinsic 1-dimensional (1-D)
structure without introducing defects or chemical bonds to the outer surface. This is crucial
when hybridizing SWNTs with conjugated donor polymers through non-covalent m-w
interactions between the SWNT sidewalls and the polymer backbone. With this regard,
fullerene-encapsulated SWNTs, known as fullerene peapods, are an important class of the
dopant-encapsulated SWNTs. Indeed, the encapsulation of various fullerenes into SWNTs has
produced functionalized SWNTs with controlled doping states and their electronic
characteristics have been investigated both experimentally and theoretically.** ]

Recently, Hatakeyama et al. reported the infrared photovoltaic solar cells based on the

configuration of SWNT/Si heterojunction.'”!

Importantly, Ceo encapsulation into the SWNTs
(denoted as Ceo@SWNT) resulted in enhanced device performance under infrared light
illumination (1550 nm), as compared to that obtained with empty SWNTs. According to their
claim, such an enhancement can be ascribed to ground state charge transfer (CT) interaction
between Cqp and SWNTs, which would enhance the p-type character of SWNTs, causing
higher build-in potential in the SWNT/Si junction. The higher build-in potential was directly
reflected to the higher open circuit voltage (100 mV vs. 57 mV) in the Coo@SWNT-based
device.*”

On the other hand, the enhanced p-type character due to the CT interaction implies that
the SWNT sidewalls become more electronically positive upon encapsulating Cg, Which
would promote the ET from excited donor polymers to the Coo@SWNT. Hence, the author
envisaged that encapsulating fullerenes into SWNTSs inner space would control the ET behavior
of the SWNTs. Despite the successful introduction of fullerene peapods into the photovoltaic
devices by Hatakeyama et al.,*) nanohybrids comprised of peapods and donor polymers have
not been prepared to examine the photophysics and photoelectrochemical properties of such
hybrids.

In this study, the author has prepared novel nanohybrids comprised of Coo@SWNT or Cy
encapsulated SWNTs (denoted as C7o@SWNT) with P3HT for the first time. In addition, their
photophysics and photoelectrochemical properties have been investigated and compared

systematically with the composite of P3HT and SWNTs without the encapsulation of fullerenes
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(p-SWNT). Specifically, mt-rt interaction between SWNTs and P3HT was harnessed to dissolve
the peapods in an organic solvent. Various experimental techniques including the transient
absorption and fluorescence up-conversion measurements were employed to disclose the
interaction between P3HT and the fullerene peapods in the excited state. Moreover, the direct
interaction between SWNTs and the bound P3HT was addressed by eliminating any effect
from unbound polymers, which gave an insight into the reported ET behavior of SWNT-P3HT
systems. Finally, thin films of the peapod-P3HT hybrids were fabricated on transparent
conductive electrodes to access their photoelectrochemical properties. To the best of the
author’s knowledge, this is the first study reporting the preparation, photodynamics, and
photoelectrochemical properties of the hybrid material comprised of peapods and conjugated

donor polymer.

Results and Discussion

Characterization of Cg and C;y Fullerene Peapods: Figure la shows a typical
transmission electron microscopy (TEM) image of the synthesized Cg@SWNT (see
Experimental Section). The image reveals that Cso molecules are closely packed inside the
SWNT cage. Encapsulation of Cg inside the SWNTs is further confirmed by reduction of the
(10) peak of SWNT bundles observed in X-ray diffraction (XRD) patterns, similar to the
previous reports'**! (Figure 2b). Also, appearance of the Ag(2) mode of Cgo at 1470 cm ' in the
resonance Raman spectrum is another evidence of the encapsulation®” (Figure 3b). These

results collaborate successful preparation of the Csp peapods. C;@SWNT was also fully

Figure 1. TEM images of (a) Coo@SWNT, (b) C;0@SWNT, and (c) p-SWNT.
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Figure 2. XRD patterns of (a) p-SWNT, (b) Cso@SWNT, and (¢) C70@SWNT.
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Figure 3. Resonance Raman spectra of (a) p-SWNT, (b) Ceo@SWNT, and (c) C70@SWNT
measured with an excitation of 2.33 eV (531.95 nm). Inset in panel (a) shows contracted view of
whole spectrum for p-SWNT, whereas that in (b) shows enlarged view of 1400 — 1550 cm ™' region
for Co@SWNT. Peaks marked with asterisk are assigned as signals from the encapsulated Cq (in

(b)) or Cy (in (c)).
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characterized by TEM, XRD, and Raman scattering measurements as in the case of
Ceo@SWNT (Figure 1b, 2¢, and 3c). The filling yields of the fullerenes inside SWNTs are

roughly estimated as > 80% for both cases from the TEM observations.

Characterization and Optical Properties of Peapod—P3HT Hybrids: Nanohybrids of
P3HT with Ceo@SWNT or C;o@SWNT were successfully prepared by sonicating the
respective peapods with P3HT according to the procedure reported for p-SWNT—-P3HT
hybrids!"* (see Experimental Section). The excess, unbound P3HT was removed by filtration
and washing process to eliminate the effect of the unbound P3HT. The obtained blackish
purple dispersions were quite stable and exhibited no discernible agglomeration for at least 1
month. Figure 4 depicts atomic force microscopy (AFM) images of the peapod—P3HT hybrids
as well as p-SWNT-P3HT spin-coated on mica. Fibrous structures of SWNTs are clearly
observed for the samples. Furthermore, even isolated SWNTs with a height of 1 — 2 nm are
seen, implying efficient debundling of the SWNTs by P3HT regardless of the fullerene
encapsulation. The height profiles display that the average diameters of the hybrids are
virtually the same, i.e., 4.0 nm for Coo@SWNT—P3HT, 4.2 nm for C;0@SWNT-P3HT, and 4.1
nm for p-SWNT-P3HT hybrids, respectively. Influence of the encapsulated fullerenes on the
bundle sizes is not recognized distinctly.

Figure 5A shows UV-vis—near infrared (NIR) absorption spectra of the peapod—P3HT
hybrids in chlorobenzene, together with those of p-SWNT-P3HT and pure P3HT solutions.
Most distinctive feature in the spectra is the absorption peak corresponding to the HOMO—
LUMO transition of P3HT, which is broadened and shifted from ~ 460 nm in the pure P3HT
solution (Figure 5A(d)) to ~ 590 nm (Figure 5A(a) — (c)) upon hybridization with the SWNTs.
On the other hand, absorption due to the peapods is discernible as featureless band extending to
the NIR region with small bump around 1500 nm."”! The observed broadening and red-shift of
P3HT absorption band are analogous to previous SWNT—conjugated polymer hybrids without
encapsulated fullerenes and thus can be attributed to the directly enhanced ordering of polymer
chains on the SWNT sidewalls and/or SWNT-induced polymer/polymer ordering.!">

The important finding to note here is that the similar trend is observed for the
peapod—P3HT (Figure 5A(a) and (b)) and p-SWNT—P3HT hybrids (Figure 5A(c)). This means
that the degree of interaction between the SWNTs and P3HT would not be changed
significantly by the encapsulation of Cey or C7p. On the other hand, a relative intensity of the
P3HT absorption band, hence a relative amount of the bound P3HT in the hybrids, is slightly
decreased for the Coo@SWNT-P3HT and C;0@SWNT-P3HT hybrids as compared to the
p-SWNT-P3HT hybrid. Although the origin of this difference is unclear at present, the partial

positive charge on the outer surface of the peapods due to the ground state charge transfer from
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Figure 4. AFM images of (a) Coo@SWNT-P3HT, (b) C;0@SWNT-P3HT, and (c) p-SWNT-—
P3HT hybrids spin-coated on mica from respective dispersions in chlorobenzene. Corresponding
diameter distributions for isolated bundles are shown in right panels.

SWNT to fullerenes may affect the binding energies for the complexation, leading to somewhat
lower incorporation of P3HT into the hybrids.*®! Thermogravimetric analysis (TGA) on the
p-SWNT-P3HT hybrid (Figure 5B) show that the hybrid contains P3HT of nearly 50 wt%. By
comparing the integrated absorption cross-section of the P3HT absorption (430 — 710 nm) as a
function of wavenumber, amounts of incorporated P3HT in the Co@SWNT—P3HT and
C70@SWNT-P3HT hybrids are estimated as 71% and 61% of that in the p-SWNT-P3HT.
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Figure 5. (A) UV—vis—NIR absorption spectra of (a) Coo@SWNT-P3HT, (b) C70@SWNT- P3HT,
(¢) p-SWNT-P3HT, and (d) P3HT in chlorobenzene. Inset shows an enlarged view of visible
region (400 — 700 nm) for comparison of P3HT-derived absorption of the SWNT— P3HT hybrids.
(B) TGA curves of (a) p-SWNT-P3HT hybrid, (b) p-SWNT, and (c) P3HT obtained under a
flowing air at a scan rate of 10 °C min .
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Figure 6. (A) Fluorescence emission spectra of (a) Ceo@SWNT-P3HT and (b) P3HT. (B)
Fluorescence emission spectra of (a) C;0@SWNT-P3HT and (b) P3HT. (C) Fluorescence
emission spectra of (a) p-SWNT-P3HT and (b) P3HT. Excitation wavelength (Ac) was set at the
peak position of P3HT-derived absorption, i.e., 586 nm for the SWNT-P3HT hybrids and 457 nm
for P3HT. Absorbances of the P3HT moieties of the SWNT-P3HT hybrids were adjusted to be
identical (~ 0.1) to that of P3HT at the respective peak positions. Solvent: chlorobenzene.

Figure 6 compares the fluorescence emission spectra of pure P3HT (Aex = 457 nm) and the
SWNT-P3HT hybrids (Aex = 586 nm) in chlorobenzene. Note that the fluorescence emission
from P3HT is completely quenched upon association with the peapods as well as p-SWNT.
Such quenching of P3HT emission is indicative of strong interaction between the excited states
of P3HT and SWNTs, leading to the efficient relaxation of the P3HT excited singlet state other
than radiative decay, as disclosed by the time-resolved study below. Complete quenching of
the P3HT fluorescence in the Coo@SWNT-P3HT, C;0@SWNT-P3HT, and p-SWNT-P3HT
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hybrids infers similar strength of interaction between the excited P3HT and the SWNTs

irrespective of the fullerene encapsulation.

Excited State Dynamics of Peapod—P3HT Hybrids: Information on the ultrafast
photodynamics of the p-SWNT—P3HT hybrid was provided by the pump-probe study in the
subpicosecond time domain. Figure 7a displays transient absorption component spectra and
corresponding decay kinetics at 580 and 700 nm (inset) for the p-SWNT-P3HT hybrid in
chlorobenzene obtained with a laser excitation at 600 nm, where absorption of the P3HT
moiety becomes nearly maximal. The two components (0.14 ps and 0.74 ps) are reasonably
derived from the global analysis. The reconstructed time-resolved spectrum at 0 ps is roughly
characterized by the ground state bleaching of P3HT absorption, thus confirming that the
absorption majority of the photoexcited species arises from the P3HT moiety in the hybrid.
The fast decaying component with a lifetime of 0.14 ps exhibits broad bleaching at 500 — 800
nm together with gradually increasing absorption with increasing wavelength at 900 — 1100 nm.
This NIR absorption is close to that observed for the P3HT excited singlet state.°*’** Thus,
the author assigned this component as the P3HT excited singlet state.

On the other hand, the slow decaying component with a lifetime of 0.74 ps has a negative
peak at 590 nm, a positive peak at 690 nm, and a broad shoulder at 800 — 1000 nm. According
to the previous studies on the excited state dynamics of regioregular P3HT in the film state,
these positive signals could be attributed to the one-electron oxidized radical cation of P3HT,
generated by ET from the P3HT excited singlet state to p-SWNT.?**"** However, given the
extremely fast formation and relaxation behavior, it is rather dangerous to conclude that this
component corresponds to the charge-separated state. Another insight into the slow decaying
component arose from the fluorescent up-conversion measurement (Figure 7b). The sample
solution containing the p-SWNT—P3HT hybrid was excited at 400 nm and the emission at 690
nm was monitored, on the assumption that fluorescence from the P3HT moiety in the hybrid
resembles that from a pure P3HT film, emitting around 700 nm. The obtained decay trace
disclosed an ultrafast component with a lifetime of 0.75 ps, which is in good agreement with
that of the slow decaying component (0.74 ps) obtained by the transient absorption component
spectra.””! Hence, the slow decaying component in the transient absorption component spectra
is emissive, ruling out the possibility of formation of the charge-separated state. Instead, an
emissive exciplex state is likely to be formed as the transient species. In fact, exciplex
formation in the excited donor—acceptor systems interacting in very close proximity has been

]

seen frequently.’”  For instance, Tkachenko and co-workers have demonstrated that

porphyrin—fullerene linked dyads with a short spacer generate an exciplex state between the

30b]

porphyrin and fullerene from their excited states.””® The exciplex state decays to the ground
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Figure 7. (a) Transient absorption decay component spectra of p-SWNT-P3HT in chlorobenzene
obtained with global two-component fit of the data. The sample was excited at 600 nm. The fitted
time constants are displayed in the figure. Dotted line shows recalculated time-resolved spectrum
at 0 delay. Inset displays time traces of transient signals at 580 (circle) and 700 nm (square). Solid
lines represent the results of bi-exponential fitting. (b) Fluorescence decay of p-SWNT-P3HT in
chlorobenzene. The sample was excited at 400 nm and emission at 690 nm was monitored. Solid
line shows the result of bi-exponential fit of the data, from which two time constants (0.75 ps
(54%) and > 100 ps (46%)) are reasonably derived. The slow decay component (> 100 ps)
probably originates from the emission of trace amount of unbound P3HT, which could not be
detected by UV—vis absorption spectroscopy.

state or to the charge-separated state, depending on the nature of the spacer and the surrounding
environment. Therefore, as in the cases of the porphyrin—fullerene systems, partial charge
transfer would occur from the excited P3HT to p-SWNT to generate the exciplex, which
rapidly decays to the ground state rather than to the complete charge-separated state because of
the strong interaction between the P3HT and p-SWNT.P!!

The results obtained here are in stark contrast to several reports on the SWNT-P3HT
hybrids where the occurrence of ET from the P3HT excited state to SWNTs is claimed."*"! In
this regard, the author has to point out that in almost all of those reports, excess, unbound
P3HT is not removed from the solutions or composite films, whereas in the present study
excess P3HT is removed by filtration and washing procedure (vide supra). Accordingly, to the
best of the author’s knowledge, this is the first photophysical measurement to evaluate the
interaction between SWNTs and bound conjugated polymers in the excited state. In contrast,
interaction between SWNTs and P3HT by indirect contact would influence the excited state
event, if the excess polymers were not removed. Therefore, the asserted ET behavior in the
previous reports could originate from direct ET from the unbound, but weakly coupled P3HT

to SWNTs. Another plausible explanation is that the involvement of the unbound, surrounding
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P3HT may promote the conversion of exciplex, formed at the interfaces of SWNTs and

141301 Meanwhile, D’Souza et al. have recently

attached P3HT, into charge-separated state.!
revealed that the ET dynamics of noncovalently linked SWNT—donor hybrids considerably
depends on the chirality of SWNTs.”*! Also, Nicholas ez al. have pointed out the inability of
SWNTs with a thick diameter of > 1 nm to form the staggered band alignment (type-II
heterojunction) with conjugated donor polymers including P3HT, based on their elaborated
spectroscopic studies on the SWNT—conjugated polymer hybrids dispersed in chloroform.!"*"
The SWNTs used in this work possess an average diameter of ca. 1.4 nm, indicating the
inability to form desirable type II heterojunction with bound P3HT. Absence of the type II
heterojunction means that the photogenerated excitons cannot be dissociated efficiently at the
interface between SWNTs and P3HT. Thus, these recent findings may rationalize the
aforementioned results of the time-resolved measurements.

It is noteworthy that similar behavior of the time-resolved transient absorption spectra is
noted for the Coo@SWNT-P3HT and C;0@SWNT-P3HT hybrids (Figure 8). Namely, one
can see the fast decaying component with a lifetime of ~ 0.1 — 0.3 ps, assigned as the P3HT
excited singlet state, and the slow decaying component with a lifetime of ~ 0.8 ps, assigned as
the exciplex state. Note that the characteristic absorption due to Cg and Cy radical anion
(1080 and 880 nm, respectively) is not detected.”* These results suggest little participation of
the encapsulated fullerenes in the excited state event and their inability to form the charge-

separated state, contrary to the author’s expectation. Rather, the results obtained here are
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Figure 8. Transient absorption decay component spectra of (a) Ceo@SWNT-P3HT and (b)
C70@SWNT-P3HT in chlorobenzene obtained with global two-component fit of the data. The
samples were excited at 600 nm. The fitted time constants are displayed in the respective figures.
Dotted lines show recalculated time-resolved spectra at 0 delay. Insets display time traces of
transient signals at 580 (circle) and 700 nm (square). Solid lines represent the results of
bi-exponential fitting.
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consistent with those of the electrochemical studies by Kataura ef al. on the Cq and Cyg
peapods, where no fullerene-related faradaic processes are detected and the electrochemical

process is dominated by the capacitive double-layer charging of the outer wall.**!

Thin-film Fabrication of Peapod—P3HT Hybrids: Thin films of Cqo@SWNT-P3HT,
C70@SWNT-P3HT, and p-SWNT-P3HT hybrids were prepared on the indium tin oxide (ITO)
electrodes using the filtration method (denoted as ITO/Cso@SWNT-P3HT, ITO/C7@SWNT-
P3HT, and ITO/p-SWNT-P3HT).**! Figure 9A depicts a representative AFM image of the
film surface of Coo@SWNT-P3HT hybrid, which reveals the entangled bundles of SWNTs
lying horizontally on the ITO electrode. The thickness of the film was determined as ~ 250 nm
by analyzing the AFM height profile of the edge part of the film. Films of C;@SWNT-P3HT
and p-SWNT-P3HT hybrids showed similar surface morphology and thickness.

(B) 2
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Figure 9. (A) AFM image of the ITO/Cso@SWNT-P3HT electrode. (B) UV—vis—NIR absorption
spectra of (a) ITO/Ceo@SWNT-P3HT, (b) ITO/C;0@SWNT-P3HT, (c) ITO/p-SWNT-P3HT, and
(d) ITO electrodes.

The UV—vis—NIR absorption spectra of the modified ITO electrodes are illustrated in
Figure 9B. In general, the absorption features of the thin films are largely similar to those in
the corresponding chlorobenzene solutions (Figure 5A). Slight broadening of the P3HT
absorption bands is discernible and is attributed to further interaction between P3HT and
SWNTs and between the P3HT polymers in the film states. The broad absorption of the
fabricated films in addition to the relatively high absorptivity in the visible to NIR region
makes these films suitable for harvesting the solar energy. Additionally, the deposited films

are sufficiently robust for the photoelectrochemical measurements (vide infra).
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Photoelectrochemical Measurements:  Photoelectrochemical measurements were
performed in deaerated acetonitrile containing 0.5 M Lil and 0.01 M L, with the modified ITO
electrodes as a working electrode, a platinum wire as a counter electrode, and an I/I3
reference electrode. Figure 10A displays representative photocurrent response of the ITO/
Coo@SWNT-P3HT electrode illuminated with white light (A > 380 nm) at an applied potential
of 0 V vs. SCE. The repeated on-off cycles of illumination corroborate the immediacy,
stability, and reproducibility of the photocurrent response of the electrode. A control
experiment of the unmodified ITO electrode exhibited much smaller photocurrents under the
same condition, confirming the role of the Coo@SWNT-P3HT film toward harvesting incident
light and generating electron flow from the ITO electrode to the electrolyte solution through the
Coo@SWNT-P3HT film during the operation of the photoelectrochemical devices. >
Importantly, the ITO/Ceo@SWNT-P3HT electrode did not show any degradation behavior
during the measurements, indicating sufficient photostability of peapod-P3HT hybrids toward
photoelectrochemical application. Applying a negative bias potential of —-50 mV vs. SCE
yields 1.3 times higher photocurrent (2.1 wA cm ?) than that obtained without applying the bias
potential (1.6 uA cm?), while photocurrent is decreased by a factor of 2.7 under a positive bias
potential of 50 mV vs. SCE (0.6 uA cm ?). Increased charge separation and the facilitated
transport of charge carriers under negative bias potential are responsible for the enhanced
photocurrent generation. Similar photoelectrochemical properties were obtained for the ITO/
C70@SWNT-P3HT and ITO/p-SWNT-P3HT devices.
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Figure 10. (A) Photocurrent response of (a) [ITO/Coo@SWNT-P3HT and (b) ITO electrodes under
an applied potential of 0 V vs. SCE. Illuminated with white light (A > 380 nm, input power: 32
mW cm?). (B) Photocurrent action spectra of (a) ITO/Ceo@SWNT-P3HT (solid line), (b)
ITO/C70@SWNT-P3HT (dotted line), and (c) ITO/p-SWNT-P3HT (dashed line) electrodes.
Applied potential: —0.05 V vs. SCE. Electrolyte: 0.5 M Lil and 0.01 M L in acetonitrile.
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To gain further insights into the photoelectrochemical properties of the SWNT-P3HT
hybrids, the author measured the wavelength dependent incident photon-to-current efficiency
(IPCE) spectra. The IPCE values are calculated by normalizing the photocurrent densities for

incident light energy and intensity and by use of the expression:
IPCE (%) = 100 x 1240 x i/(Win x A)

where i is the photocurrent density (A cm™?), Wi, is the incident light intensity (W cm %), and A

is the excitation wavelength (nm).

Figure 10B depicts the photocurrent 1 ]
action spectra of the ITO electrodes 0.8 g
modified with the SWNT-P3HT hybrids. Zos \
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Figure 11. Photocurrent action spectra of (a)
ITO/Cso@SWNT (solid line), (b) ITO/C7 @
SWNT (dotted line), and (c) ITO/p-SWNT
(dashed line) electrodes. Applied potential:
of the time-resolved spectroscopies, where  _0.05 V vs. SCE. Electrolyte: 0.5 M Lil and
the photoexcited P3HT rapidly relaxes to  0.01 M I, in acetonitrile. Inset shows absorption
spectrum of ITO/Cgo@SWNT electrode.

the absorption due to the P3HT moieties
does not contribute to the photocurrent

generation. This agrees well with the results

yield the emissive partial CT state, i.e.,
exciplex, and subsequently decays to the ground state (< 1 ps), without generating the
charge-separated state. Therefore, the photocurrent generation is triggered by the direct
excitation of s-SWNTs and subsequent hole transfer to the ITO electrode and electron transfer
to the I'/I3” couple in the electrolyte as proposed for analogous photoelectrochemical devices
using the SWNT-modified semiconductor electrodes.”® Note that the excitation of m-SWNTs

' In

leads to the rapid relaxation from the excited state without generating the photocurrent.”
fact, the shapes of the action spectra shown in Figure 10B parallel those of the absorption and
action spectra obtained for the ITO/Ce@SWNT, ITO/C70@SWNT, and ITO/p-SWNT
electrodes, which are fabricated from respective sodium dodecylbenzenesulfonate (SDBS)
dispersions in D,O with similar procedure (Figure 11). These results corroborate that the

photoexcitation of s-SWNTs is responsible for the photocurrent generation.
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It is interesting to mention the similarity between the present results with those obtained
for the covalently linked SWNT—porphyrin hybrids.””  Namely, when deposited on
semiconductor electrodes, the hybrids did not show photocurrent response corresponding to the
absorption of the porphyrin moieties, despite the considerable quenching of the fluorescence
emission from the porphyrin moieties. The author has concluded that the exciplex formation
between porphyrin singlet excited state and SWNTs and the subsequent decay to the ground
state is most probable reason for the absence of porphyrin-related photocurrent generation, as
in the present case. Thus, these two works concertedly offer an implication that SWNTSs do not
act as an excellent electron acceptor, supporting the claim from several groups.!'>"!

Maximum IPCE values obtained at 400 nm are 1.1%, 1.0%, and 1.1% for the ITO/
Coo@SWNT-P3HT, ITO/C70@SWNT-P3HT, and ITO/p-SWNT-P3HT devices (Figure 10B).
Rather low IPCE values (~ 1%) may be at least partially ascribed to the presence of
unseparated m-SWNTs, which promote nonradiative relaxation of the photogenerated excitons
in s-SWNTs and offer an efficient recombination site for the separated charge carriers at the
SWNT-ITO and/or SWNT—electrolyte solution interfaces.”'” On the other hand, almost the
same [PCE values for the three systems show that the encapsulation of fullerene molecules
does not improve the photocurrent generation. This matches the fact that the encapsulated Ce
and C7p do not alter the excited state dynamics of the SWNT-P3HT hybrids, where fast
exciplex formation between the SWNT shell and P3HT and subsequent rapid relaxation to the
ground state are dominant (Figure 7 and 8). Also, the encapsulated fullerenes are not likely to
exert significant impact on the electronic states of SWNTs so that they do not affect the
photoelectrochemical properties significantly. This is in remarkable contrast to the recent
Hatakeyama’s report where encapsulating Cep into SWNTs leads to the improved photovoltaic
performance of the SWNTs/Si heterojunction cells through adjusting the Fermi level of
SWNTs.”! Difference in the interaction between the encapsulated fullerene molecules and
DIPSP* SWNTs employed here or their SWNTSs prepared with arc-discharge method would
account for the contrasting results. Additionally, the difference may result from the excitation
source (400 — 750 nm vs. 1550 nm) and the device configurations (three-electrode wet cell vs.

two-electrode dry cell).

Conclusion

Novel nanocarbon hybrids of Ce- and Cyp-peapods with P3HT have been prepared and
their excited state dynamics and photoelectrochemical properties have been studied for the first
time. The AFM observation disclosed successful dissolution of the fullerene peapods into an

organic solvent by m-m interaction with P3HT, as in the case of p-SWNT. The steady state
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fluorescence emission measurements showed the complete quenching of the P3HT
fluorescence by incorporating SWNTs, regardless of the fullerene encapsulation. The transient
absorption and fluorescence up-conversion technique revealed the excited state dynamics of the
hybrids, where the short-lived P3HT singlet excited state (~ 0.2 ps) relaxes to yield the
exciplex state with the SWNTs and then rapidly decays to the ground state (< 1 ps).
Significant difference in the photodynamics upon the encapsulation of Cg or C;9 was not
detected, implying that the electronic structures of the SWNTSs are retained irrespective of the
encapsulation of Cey or Cyg inside the SWNTs. The photoelectrochemical devices consisting of
the peapod—P3HT hybrids exhibited almost the same IPCE values as those for the p-SWNT—
P3HT-based device, which is consistent with the results of the time-resolved spectroscopic
measurements. Thus, the results obtained here corroborate that the encapsulation of Cg or Cyg
has no significant impact on the photodynamics and the photoelectrochemical properties of the
intrinsic SWNTs. Such a fundamental information on the fullerene peapod-conjugated
polymer hybrids may be important to develop photoactive molecular devices in which the
encapsulated molecules can be used for other functions (i.e., charge transport) without affecting

the intrinsic properties of the carbon nanotubes.

Experimental Section

General Procedure: UV—vis—NIR absorption spectra of solutions and films were
measured with a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer.  Steady-state
fluorescence spectra were recorded on a HORIBA SPEX Fluoromax-3 spectrofluorometer.
Resonance Raman spectra were measured using a Horiba JobinYvon LabRAM HR-800
equipped with 2.33 eV (531.95 nm) laser. XRD analyses were conducted by a Rigaku A2
diffractometer using Cu K, radiation. TEM images were obtained from a JEOL JEM-2200FS.
For sample preparation, SWNT dispersions in ethanol were dropped on microgrids (Cu mesh)
and dried under vacuum. AFM analyses were carried out with an Asylum Technology
MFP-3D-SA in the AC mode. SWNT dispersions were spin-coated on freshly cleaved mica at
1400 rpm. TGA measurements were conducted on a SHIMADZU DTG-60H under a flowing
air at a scan rate of 10 °C min "

Materials: SWNT soot produced by the direct-injection-pyrolytic-synthesis (DIPS)"*!
method was supplied by NIKKISO CO., LTD. As-received soot was refluxed in 15% H,0; aq.,
stirred in conc. HCI agq., and oxidized in air at 450 °C, affording purified, open-ended SWNTs
(p-SWNT). Diameter range of p-SWNT was estimated as 1.3 — 1.6 nm from TEM observation.
Coo (99.98%) and Cyp (99.5%) were obtained from MTR Ltd. and used as-received.

Encapsulation of fullerenes into p-SWNT was conducted through gas-phase reaction.*"
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Namely, p-SWNT (3 mg) and either Cgp or C7 (15 mg) were sealed in a Pyrex tube under
vacuum at 1.5 x 10~ Torr and heated to 530 °C for 72 h. The raw materials were washed with
toluene and CS; to remove excess fullerenes, giving Coo@SWNT and C70@SWNT. P3HT was
purchased from Sigma-Aldrich with publicized regioregularity (RR) of 98%, number-average
molecular weight (M,) of 41000, and polydispersity index (PDI) of 1.5. All other solvents and
chemicals were of reagent-grade quality, purchased commercially, and used without further
purification.

Preparation of SWNT-P3HT Hybrids: SWNTs (0.3 mg) and P3HT (3 mg) in
chlorobenzene (10 mL) were sonicated using a tip-type sonicator (Astrason, XL2020; 140 W)
for 10 min with continuous cooling by water flowing. The resultant dispersions were filtered
through a 0.1 wm PTFE filter and washed with a copious amount of chlorobenzene to remove
excess, unbound P3HT. Removal of unbound P3HT was confirmed by UV—vis absorption
spectra of the final filtrate, showing negligible absorption due to P3HT. The resulting
SWNT-P3HT hybrids without excess P3HT on the filter were redispersed in 10 mL of
chlorobenzene with the aid of tip-sonication (140 W, 10 min). Finally, the prepared
dispersions were diluted with chlorobenzene to exhibit absorbance of 0.24 at 1500 nm and
stored for further analyses.

Thin Film Fabrication of SWNT-P3HT Hybrids: A thin film of the SWNT-P3HT
hybrids on an ITO electrode (GEOMATEC, R, = 7 ~ 10 W/o) was prepared by the filtration
method™ with slight modification. In short, 1 mL of the SWNT-P3HT dispersion in
chlorobenzene was filtered with 0.1 um polyvinylidene difluoride filter (¢ = 25 mm). The
remaining SWNT-P3HT film on the filter was first cut to suitable size (typically 7 x 14 mm)
together with the attached filter paper and then put and clamped for a while on the ITO
electrode, which was washed by sonication in 2-propanol and cleaned in an O3 atmosphere in
advance. Finally, the filter was removed by drying the whole assembly with hair drier, leaving
the dark purple film of SWNT—P3HT hybrids on ITO.

Thin Film Fabrication from SWNT Dispersions in D,O: SWNTs (0.3 mg) and SDBS
(10 mg) in D,O (10 mL) were sonicated using a tip-type sonicator (Astrason, XL2020; 140 W)
for 10 min with continuous cooling by water flowing. A thin film of the SWNTs on an ITO
electrode (GEOMATEC, R, = 7 ~ 10 W/a) was prepared by the filtration method.”> In short,
I mL of the SWNT dispersion in D,O was filtered with 0.05 um mixed cellulose ester (MCE)
filter (¢ = 25 mm). The remaining SWNT film was washed with a copious amount of
deionized water to remove SDBS. Then, the film on the filter was first cut to suitable size
(typically 7 x 14 mm) together with the attached filter paper and then put and clamped for a
while on the ITO electrode, which was washed by sonication in 2-propanol and cleaned in an

O; atmosphere in advance. Finally, the filter was dissolved by immersing the whole assembly
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in acetone bath for 1 day, affording the blackish, semi-transparent film of SWNTs on ITO.
AFM observation revealed a film thickness of ca. 200 nm.

Time-resolved Spectroscopy: Sub-picosecond to nanosecond time-resolved absorption
spectra were collected using a pump-probe technique as described elsewhere."* The
femtosecond pulses of the Ti:sapphire generator (CDP Corp., TiF-50) were amplified by using
a multipass amplifier (CDP Corp.) pumped by a second harmonic of the Nd: YAG Q-switched
laser (SOLAR TII, LF-114). The amplified pulses were used to generate an excitation pulse
(600 nm) through an optical parametric amplifier (CDP Corp., CDP2017) for sample excitation
(pump beam) and a white continuum for time-resolved spectrum detection (probe beam). An
average of 100 pulses at 10 Hz repetition rate was used to improve the signal-to-noise ratio.
The transient spectra were recorded by a charge-coupled device (CCD) detector (Andor
Technology, Newton) coupled with a monochromator in the visible and near-infrared ranges.
The wavelength range for a single measurement was 296 nm and typically two regions were
studied, i.e., 506 — 802 and 810 — 1106 nm. The typical response time of the instrument was
150 fs (full width at half-maximum (FWHM)). A global multi-exponential fitting procedure
was applied to process the data. The procedure takes into account the instrument time response
function and the group velocity dispersion of the white continuum, and allows one to calculate
the decay time constants and dispersion-compensated transient absorption spectra. An
up-conversion method for fluorescence was employed to detect the ultrafast dynamics of

3% The second harmonic (400 nm)

emissive intermediates with a time resolution of ca. 200 fs.!
of Ti:sapphire laser was used as excitation source and the emission at 690 nm was monitored.
The fluence of excitation beam was taken to below 1 mJ cm > for both pump-probe and up-
conversion studies. The SWNT—P3HT hybrids remained intact under the employed conditions,
which was confirmed by the negligible change in UV—vis—NIR absorption spectra before and
after the measurements. All measurements were carried out using a rotating cuvette with 1 mm
path at room temperature in air.

Photoelectrochemical Measurements: All photoelectrochemical measurements were
carried out in a standard three-electrode system using an ALS 630A electrochemical

' The fabricated film as a working electrode was immersed into an electrolyte

analyzer.”
solution containing 0.5 M Lil and 0.01 M I, in acetonitrile. A Pt wire covered with a glass
Luggin capillary, whose tip was located near the working electrode, was used as a quasi-
reference electrode. A Pt coil was employed as a counter electrode. The potential measured
was converted to the saturated calomel electrode (SCE) scale by adding +0.05 V. The cathodic
current direction with respect to the working electrode was set as positive polarity. A 500 W
xenon lamp (USHIO, XB-50101AAA) was used as a light source. White light (A > 380 nm,

input power: 32 mW cm %) or monochromatic light through a monochromator (Ritsu, MC-
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10N) was illuminated on the modified area of the working electrode (0.20 cm’) from the

backside. The light intensity was monitored by an optical power meter (Anritsu, ML9002A)

and corrected for calculation of IPCE values.
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Chapter 4

Good Solvent Effects of C,, Cluster Formations and Their
Electron-Transporting and Photoelectrochemical Properties

Jd C%) CH,CN @

QOO =
o @
Good solvent

Abstract: Good solvent effects of Cyy cluster formations and their electron-transporting and
photoelectrochemical properties have been systematically examined. Nano-to-micrometer
scale assemblies of C;y with different morphologies were prepared by rapidly injecting poor
solvent (i.e., acetonitrile) into a solution of C; dissolved in various good solvents (i.e., benzene,
toluene, chlorobenzene, efc.). The cluster morphology engineering was successfully achieved
by changing the good solvent, yielding the spherical, rod-like, or plate-like clusters in the
mixed solvents. The clusters of C;9 were electrophoretically deposited onto a nanostructured
SnO, electrode to examine the photoelectrochemical properties under the white light or
monochromatic light illumination. The maximum incident photon-to-current efficiency (IPCE)
varied from 0.8% to 10% depending on the combinations of the poor—good solvents. The
differences in the IPCE values are discussed in terms of the surface area, thickness, and
electron mobility of the deposited cluster films. The electron mobility is found to be the most
predominant factor for the IPCE, indicating the importance of the electron-transporting process
in the overall photocurrent generation. In addition, the electron mobility is closely correlated
with the underlying molecular alignment and the resultant cluster structure. Thus, these results
will provide basic clue for the design of Cy-based molecular devices including the organic

photovoltaics.
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Introduction

Self-assembled molecular architectures have attracted considerable attention due to their
promising application toward bottom-up approaches to nanotechnology.'’ In particular,
shape-defined assemblies with nano-to-micrometer dimensions can be potentially harnessed as

121 One of the key components to

building blocks of next-generation optoelectronic devices.
construct such molecular nanostructures is fullerenes and their derivatives. So far, the
preparation of fullerene-based assemblies like nanorod,”* nanofiber (or nanowhisker),>*’

) nanoparticle,"'” and others!''! have been reported, all of

nanotube,m nanosheet,[g] nanoflower,
which deserve special interests from a perspective of material research because of their unique
morphologies. On the other hand, those nanostructures of fullerenes provoke another interest
relating to the state-of-the-art bulk heterojunction (BHJ) solar cells, where the morphological
control of fullerene nanodomains in the blend film with conjugated polymers is essential to

12131 Indeed, elucidation of the photoelectrochemical properties

achieve high cell performance.
of fullerene-based nanostructures would offer fundamental information toward designing
highly efficient BHJ devices. However, there are limited number of studies focusing on the
photoelectrochemical properties of nanostructured fullerene assemblies.''™'*"*! ~ As such,
systematic comparison of the photoelectrochemical properties of fullerene-based assemblies
and/or their composite films with different nano-to-micrometer scale morphologies has yet to
be conducted.

One of the most frequently employed approaches to prepare fullerene assemblies is rapid
injection technique first demonstrated by Sun and Bunker, where a poor solvent (e.g.,
acetonitrile) is rapidly injected into a solution of fullerene dissolved in good solvent (e.g.,

151 The lyophobic interaction between the mixed

benzene, toluene, efc.) or vice versa.
solvent and fullerene molecules as well as the z-7 interaction between fullerene molecules is
responsible for formation of the metastable colloidal aggregates in the mixed solvent. Most
prominent advantage of the rapid injection method is its capability to be followed by
subsequent electrophoretic deposition, which results in film deposition on an electrode from

U] In fact, various films of the aggregated fullerene nanoclusters have

15,18

colloidal dispersions.
been fabricated using this rapid injection-electrophoretic deposition protocol.'>'®! Considering
that the integrative properties of film state is more informative than respective properties of
nanocluster itself in terms of device application including BHJ solar cells, the ability to
fabricate homogeneous thin films affords a substantial benefit. In addition, this protocol can be
completed within a few minutes under an ambient atmosphere. Obviously, the simplicity and
convenience of the rapid injection-electrophoretic deposition protocol to prepare fullerene-
based films are advantageous over other preparation methods of fullerene assemblies, e.g.,

3d,10e,111] 6,7¢,8b—d]

reprecipitation technique' and liquid-liquid interfacial precipitation (LLIP),
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which are regarded as useful methods to prepare the crystalline assemblies of fullerenes with
varying shapes. In those methods, fullerene crystals are obtained as gradually growing
precipitates. Thus, there is no chance for one-pot fabrication of thin films with sufficient
uniformity by the following electrophoretic deposition. In this context, it can be affirmed that
the rapid injection-electrophoretic deposition methodology is most suitable for systematic
investigation on the photoelectrochemical properties of thin films composed of the fullerene
assemblies.

In contrast to the reprecipitation, LLIP and other methodologies, the rapid injection
technique typically affords fullerene aggregates with spherical shapes, which are difficult to be

altered.!” " This always happens when Cg and its derivatives are used, as has been

intensively studied by several groups.'>"¢!7>-18]

On the other hand, the low symmetrical
molecular structure of C;p leads to aggregation behavior different from Cg. Nath and
coworkers have reported that Cy, clusters prepared by the rapid injection method can vary its

' In

shape depending on the preparation condition, i.e., fullerene concentration or solvents.'"
their study, spherical’® and rod-like!" structures of Cyo aggregates have been obtained by
varying the concentration of Cy in benzonitrile prior to mixing with acetonitrile, or varying the
volume ratio of benzonitrile and acetonitrile. However, photoelectrochemical investigations on
the deposited films of the different-shaped clusters have not been conducted in the study. In
addition, there still exists a possibility of further shape modulation of C; aggregates. Given
that the shape of the fullerene assemblies can be controlled by selecting the appropriate

3111t is reasonable to

solvents in the cases of reprecipitation, LLIP and other methods,!
presume that the cluster shape can be also modulated by selecting the good solvent for the
rapid injection method. Recently, the author fabricated C;o cluster films electrophoretically
deposited on the nanostructured SnO, electrodes from mixed solvents of toluene—

153l and o-dichlorobenzene—acetonitrile.””! The author found a notable difference in

acetonitrile!
the photocurrent generation efficiencies as well as in the film surface structures of the two
electrodes modified with different Cy clusters. This is in sharp contrast with similar spherical
shapes and comparable photocurrent generation efficiencies for the cases of the clusterization

15181 However, the

of Cs 1n toluene—acetonitrile and o-dichlorobenzene—acetonitrile mixtures.
underlying correlation between the photoelectrochemical properties and the cluster structures
of Cy9 as well as the resultant film morphologies has remained unclear.

Here the author reports the first systematic studies on the electrophoretically deposited
film structures, photoelectrochemical properties, and charge carrier mobilities of Cyg clusters
with different shapes (i.e., particles, rods, and plates) prepared by rapid injection method. The
successful morphology engineering of the clusters was accomplished by changing the good

solvents, in which C;y was dissolved before injection of acetonitrile (poor solvent).
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Morphologies of cluster and the resulting film were correlated with the photocurrent generation
in terms of the light-absorption, carrier generation, and carrier transport properties by using
various experimental techniques including the time-resolved microwave conductivity and
transient absorption measurements. The charge carrier mobility is found to be the most

predominant factor determining the photocurrent generation efficiency.

Results and Discussion

Spectroscopic Characterization on Clusterization of C7: The C; cluster solution
(0.14 mM) was prepared by rapidly injecting acetonitrile (denoted as AN, poor solvent) into a
solution of Cy dissolved in various good solvents (0.68 mM). For the good solvent, the author
chose benzene (denoted as BZ), toluene (TL), o-xylene (XY), chlorobenzene (CB),
o-dichlorobenzene (DCB),"*” benzonitrile (BZN), nitrobenzene (NB), and anisole (ANS), all of
which have reasonably high solubilities for C;o ranging from 1.5 mM for BZ to 43 mM for
DCB (Table 1).2)" For all the solvent combinations, volume ratio of good solvent—acetonitrile

(1:4) and Cy concentration (0.14 mM in the mixed solvents) were kept constant.*

TABLE 1: Boiling Point and C; Solubility of Solvents Employed in This Study

solvent boiling point®/ °C Cyo solubility” / mM
benzene (BZ) 80 1.5¢
toluene (TL) 110-111 1.7¢
o-xylene (XY) 143 — 145 14 =1
chlorobenzene (CB) 132 3.0+0.1
o-dichlorobenzene (DCB) 178 — 180 43¢
benzonitrile (BZN) 191 1.6 £ 0.1
nitrobenzene (NB) 210-211 1.7 0.1
anisole (ANS) 154 3.0+0.1
acetonitrile (AN) 81 -82 —

“From Aldrich's chemicals catalog, 2009. ”Estimated with pre-determined molar absorptivity and
the absorbance of saturated solution in solvent of interest. “From ref 21.

The clusterization behaviors of Cy in the solvent mixtures were first investigated by using
UV-vis—near IR (NIR) absorption spectroscopy. Figure la illustrates the UV—-vis—NIR
absorption spectra measured in BZ (dotted line) and BZ-AN mixture (solid line). In neat BZ,

the absorption feature with maximum at 470 nm and shoulders around 550 — 680 nm agrees
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Figure 1. UV—vis—NIR absorption spectra of C;y measured in neat solvent ([C79] = 0.68 mM, path
length 1 mm) (dotted lines) and solvent mixture with AN (80 vol% of AN, [C7] = 0.14 mM, path
length 3 mm) (solid lines). The good solvents are (a) BZ, (b) BZN, (c) NB, (d) TL, (e) CB, (f)

ANS, (g) DCB, and (h) XY. Insets in (g) and (h) show the spectra for respective solvent mixtures
with wider wavelength range.

well with the characteristics of the monomeric Cyo absorption.”” In BZ-AN mixture, the
intense peak around 470 nm observed in neat BZ solution is red-shifted to ~ 520 nm and
significantly broadened exhibiting an absorption tail extending to NIR region (> 800 nm).
Such a drastic change in the absorption spectrum is ascribed to the formation of clusterized
species of Cy (denoted as (Cy),,) due to the lyophobic interaction between the mixed solvent
and C;9 molecules in addition to the s-sr interaction between C;9 molecules, as reported by
16,17a,g,19]

several groups.! Likewise, absorption spectra in other neat solvents (BZN, NB, TL,

CB, and ANS) reveal monomeric features of C; and the spectral changes largely similar to
Figure la are discernible upon injection of AN (Figure 1b — f). Thus, Cy exists as its

monomeric form without AN and as cluster form with AN in these solvents. On the other hand,
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albeit the absorption spectra in DCB and XY display typical monomer characteristics, those in
DCB-ANP™ and XY-AN mixtures disclose totally different features from the behavior in
other mixed solvents (Figure 1g and h). Namely, the intense peak at 470 nm observed in neat
solvents disappears and a new broad band around 700 nm emerges with retaining absorption
over 1600 nm. Taking into account the high solubilities of C;p in DCB and XY as good
solvents relative to the other good solvents, DCB and XY molecules may interact so strongly
with C7p molecules as to be incorporated into (Cs), upon the clusterization in the mixed
solvents. The incorporated solvents would affect the local environments of (Cy),,, altering the
electronic structure of C;9 and/or the electronic coupling interaction between C;y molecules

within the cluster.

Microscopic Observations of C;y Clusters: Field emission scanning electron
microscopy (FE-SEM) measurements were conducted to evaluate the structures of the (Cro)n
(Figure 2). The samples for the FE-SEM observations were prepared by spin-coating the
cluster solutions onto silicon wafer. In parallel, dynamic light scattering (DLS) measurements
were also performed to complement the FE-SEM results (Figure 3). The FE-SEM image of
(C70)m prepared from BZ—AN mixture reveals granular aggregates with a size of ~ 250 nm
(Figure 2a). Correspondingly, DLS measurement of the cluster solution in BZ-AN shows a
monomodal size distribution with an average diameter (D,,) of 240 nm (Figure 3A(a)).
Likewise, (C7o)» formed in BZN-AN (Figure 2b) and NB—AN (Figure 2¢) are found to be
granular aggregates with sizes of ~ 170 nm and ~ 180 nm, which are consistent with the D,y
values obtained from the DLS measurements (Figure 3A(b) and (c)). In contrast, Figure 2d
displays rod-like structures of (Cr),, prepared from TL-AN mixture with length of 200 — 400
nm, accompanying small particles with a diameter of ~ 100 nm.*" The FE-SEM image of
(C70)m formed in CB—AN exhibits analogous rod-like assemblies with sizes of 200 — 500 nm in
length (Figure 2e). DLS measurements on the cluster solutions in TL-AN and CB—AN show
rather broad distributions with D,, of 230 nm and 290 nm, respectively, which agree with the
FE-SEM observations (Figure 3B(a) and (b)). On the other hand, the FE-SEM image of (Cs)
prepared from ANS—-AN mixture depicts fragile, plate-like structures with sizes over 1 um
(Figure 2f). Consistently, DLS experiment on the cluster solution exhibited bimodal broad
distribution with maxima at 340 nm and ~ 2.5 um, which may be correlated with the plate-like
structures with the large aspect ratio of the thin thickness and the large two-dimensional size
(Figure 3B(c)). To the best of the author’s knowledge, this is the first example of the plate-like
cluster of C prepared by the rapid injection method. Figure 2g illustrates cuboidal particles of
(C70)m formed in DCB—AN mixture with sizes of 260 — 360 nm, which is in good agreement
with the estimated D,, of 330 nm (Figure 3C(a)).*”! Similar cuboidal particles (Figure 2h) are
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Figure 2. FE-SEM images of (Cy)» prepared from mixed solvents of (a) BZ-AN, (b) BZN-AN,
(c) NB-AN, (d) TL-AN, (e) CB-AN, (f) ANS—AN, (g) DCB-AN, and (h) XY-AN. The samples
were spin-coated on Si wafer from corresponding cluster solutions (good solvent:AN = 1:4, v/v;
[C70] = 0.14 mM). Inset in Figure 2d shows particulate clusters observed at a different position on

the same substrate.

observed for (Cyp), prepared from XY—-AN (D, = 170 nm, Figure 3C(b)). Thus, emphasis
should be placed on the successful cluster morphology engineering of (C), by altering the
good solvents, affording particulate, rod-like, and plate-like structures with controllable size
distributions ranging from ~ 100 nm to over micrometer scale. It should be noted here that
various other factors, such as the volume ratio of good and poor solvents, concentration, and
poor solvent used, would also influence the cluster morphology prepared by the rapid injection.
In fact, it was reported by Nath and coworkers that BZN-AN could selectively afford both
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Figure 3. Particle size distribution of (Cy),, measured in the solvent mixtures with AN (good
solvent:AN = 1:4, v/v; [C79] = 0.14 mM). The good solvents are (A) (a) BZ, (b) BZN, and (¢) NB;
(B) (a) TL, (b) CBZ, and (c) ANS; (C) (a) DCB and (b) XY.

spherical particles and rod-like aggregates of C7y depending on the volume ratio of the solvents
(volume (%) of AN < 75% for sphere and > 75% for rod, respectively) at relatively low
concentration ([C7] = 0.0126 mM)."™  Although more detailed, extensive studies on the
cluster morphology engineering are necessary, the author can conclude that intermolecular
interaction between C;p molecules and good solvents at least has a large impact on the shape
and size of (C), clusters prepared by the rapid injection method.

Of another interest to note here is the correlation between the cluster shapes and the
absorption spectra. For instance, the absorption spectra of (Cjp), prepared in BZ—-AN,
BZN-AN, NB-AN, TL-AN, CB-AN, and ANS-AN reveal similar spectral features as
represented by Figure 1a, despite the remarkable variation of the cluster shapes and sizes. This
result implies resemblance in the microscopic environments surrounding C;9 molecules in the
respective clusters, although the eventual cluster shapes are not necessarily the same.
Moreover, the notably different absorption spectra of (C7)m, prepared in DCB—AN as well as
XY-AN, from those prepared in the other solvent-AN mixtures, may result from the altered
electronic states of C;o induced by the different local environments around C;y molecules in the
clusters incorporating the good solvents (vide supra), whereas the difference does not have

correlation with their shape of cuboidal clusters.

Electrophoretic Deposition: For the photoelectrochemical measurements and the other
experiments, the clusters of C;p were electrophoretically deposited from the corresponding
solvent mixtures onto the fluorine-doped tin oxide (FTO) electrodes with nanostructured SnO,
modification (denoted as FTO/SnO,/(C7),). Under an application of the high DC electric field
(200 V), the clusters, which were negatively charged in the mixed solvent, were driven toward
the positively charged electrode (i.e., FTO/SnO;). The film formation was probed by

monitoring the changes in absorbance of the electrophoretically deposited electrodes as a
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function of the deposition time. The film formation reached completion within 120 s for all
cases. Hence, the author used electrodes prepared with the deposition time of 120 s for all the

following measurements.

Absorption Spectroscopy of the Deposited Films: The UV—vis—NIR absorption spectra
of the FTO/SnO,/(Cy)n electrodes are shown in Figure 4. Apparently, all of the modified
electrodes exhibit analogous spectra with noticeable shoulder around 500 nm, which are largely
similar to those of the typical cluster solution (solid lines in Figure 1a — f). It is noteworthy that
the absorption spectra of the electrodes deposited from DCB-ANP" (Figure 4A(d)) and
XY-AN (Figure 4B(d)) are different from those of the respective cluster solutions (solid lines
in Figure 1g and h). Namely, the broad absorption around 700 nm observed in the cluster
solutions disappeared and the prominent shoulder at 450 — 700 nm became apparent. Such a
spectral change is indicative of the structural alteration of (Cy),, on the electrodes (vide infra).
Note that the position of the absorption maximum at 480 nm in the case of FTO/SnO,/(Cs)n
electrodes prepared from DCB—-AN is close to that of the characteristic peak at 470 nm arising
from the monomeric Cy (dotted lines in Figure 1). The broad absorption of these films as well

as their high absorption in the visible region makes these films suitable for harvesting solar

energy.
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Figure 4. (A) UV-vis—NIR absorption spectra of FTO/SnO,/(Cs), electrodes prepared from
cluster solutions of Cyy in (a) BZ-AN, (b) TL-AN, (c¢) CB-AN, and (d) DCB—AN mixtures. (B)
UV-vis—NIR absorption spectra of FTO/SnO,/(C),, electrodes prepared from cluster solutions of
Cy in (a) BZN-AN, (b) NB—-AN, (c) ANS—AN, and (d) XY—AN mixtures.

Surface Characterization of the Deposited Films: FE-SEM was employed to evaluate
the surface morphology of the electrophoretically deposited films (Figure 5). The FE-SEM
image of the FTO/SnO,/(Cso)n electrode prepared from BZ-AN (Figure 5a) shows densely
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Figure 5. FE-SEM images of FTO/SnO,/(C7),, electrodes prepared from mixed solvents of (a)
BZ-AN, (b) BZN-AN, (c) NB—-AN, (d) TL-AN, (e) CB-AN, (f) ANS—-AN, (g) DCB-AN, and (h)
XY-AN. All samples were coated with ca. 5 nm thick Pt layer prior to the measurements.

packed particles with sizes of 100 — 250 nm, which resemble those observed in the spin-coated
sample (Figure 2a). Thus, the author concludes that the (Cr),, formed in the mixed solvent was
successfully deposited onto the FTO/SnO, electrode without significant change in its structure.
Similarly, FTO/SnO,/(Cy). electrodes, prepared from BZN-AN (Figure 5b), NB-AN (Figure
5¢), TL-AN (Figure 5d), CB-AN (Figure 5¢), and ANS—-AN (Figure 5f), exhibit closely
packed clusters which are virtually the same as those observed in the corresponding FE-SEM
images of the spin-coated samples. In contrast, FTO/SnO,/(C7). electrode, deposited from
DCB-AN mixture, discloses blurred structureless surface morphology from which small grains
are protruded (Figure 5g).* The cuboidal clusters observed in the spin-coated sample (Figure
2g) are totally absent. Given the fact that the absorption spectral shape of the deposited film is
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close to that arising from the monomeric C;y in DCB rather than that arising from the (Cs),, in
DCB-AN mixture (vide supra), it is most likely that the aggregated state of Cy is transformed
into the monomeric C; on the electrode, yielding an amorphous-like film with granulous
remnants of aggregated C9.””) Meanwhile, the FE-SEM image of FTO/SnO»/(Cro)., electrode
prepared from XY—AN depicts unique nanostructures protruding from the bottom of the SnO,
electrode (Figure 5h). Note that the angular-shaped particles observed on Si wafer (Figure 2h)
are not seen. These micrographic observations together with the spectroscopic change upon
electrophoretic deposition (Figures 1h and Figure 4B(d)) obviously manifest the regeneration
of C;0 monomers from C;y aggregate. Such behavior of (Cs), may be explained by the
extraordinary high solubility of C;y in DCB and XY (Table 1), as well as the difference in
boiling points (bp) of good and poor solvents. That is, during drying process of the deposited
electrode by dryer, AN with low bp of 82 °C vaporizes much faster than DCB with high bp of
180 °C and XY with high bp of 143 °C. The resultant good solvent-rich environment on the
electrode would dissociate aggregated Cyy to regenerate the monomeric C;y without especial
stimulation like sonication, owing to the high solubilities of C;o in DCB and XY. Furthermore,
the vaporization of solvent molecules incorporated in the clusters may facilitate the collapse of
the cuboidal clusters. The dissolution of aggregated C7y did not occur in the cases of BZN-AN
and NB—AN systems, where good solvents possess even higher bp (BZN: 191 °C; NB: 210 °C),
but exhibit one-order lower solubilities of C7¢ in BZN and NB than in DCB and XY.

The structures of (C7),, on the FTO/SnO, electrodes are summarized in Table 2. It is
expected that the morphological difference of the fabricated films, as well as the morphological
change upon electrophoretic deposition in the cases of DCB—AN and XY—AN systems, should

affect the photoelectrochemical properties.

Photoelectrochemical Properties: Photoelectrochemical measurements were performed
in deaerated acetonitrile containing 0.5 M Lil and 0.01 M I, with the FTO/SnO./(C7p)m
electrodes as a working electrode, a platinum wire as a counter electrode, and an I/I3
reference electrode. Figure 6a displays representative photocurrent response of the electrode
prepared from BZ—AN mixture illuminated with white light (A > 380 nm) at an applied
potential of 0.05 V vs. SCE. The photocurrent response is prompt, steady, and reproducible
during the repeated on/off cycles of the visible light illumination. Blank experiment of the
FTO/SnO; electrode without deposited films exhibited negligible photocurrent responses under
the same conditions, demonstrating the role of the deposited clusters toward harvesting light
energy and generating electron flow from the electrolyte to the FTO/SnO, electrode through
the film. Figure 6b illustrates current vs. potential curve of the same device. With increasing

positive bias up to 0.05 V vs. SCE, the photocurrent is increased compared to the dark current.
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TABLE 2: Cluster Structure, IPCE value, Surface Area, Film Thickness, and Electron
Mobility of FTO/SnQ,/(C7¢)m electrodes Prepared from Various Solvent Mixtures

solvent structure of  IPCE at 400  surface area® film thickness® Su‘
v (Cro)m nm / % /m? g / nm Jem? Vs

DCB-AN  amorphism* 10 22 400 = 130 1.9¢

NB-AN particle 4.8 58 700 =210 0.38

BZ-AN particle 4.6 88 830 +310 0.21

BZN-AN particle 4.5 114 670 =240 0.15

ANS-AN plate 2.5 50 1450 = 260 0.098

TL-AN rod+ 1.7 65 680 = 230 0.048
particle

XY-AN ~ Pprotruding 1.0 69 820 530 0.037
structure

CB-AN rod 0.82 87 560 =170 0.043

“ Calculated by subtracting the contribution from the bare FTO/SnO, electrode. ” Determined by
subtracting thickness of SnO, base layer (~ 540 nm) from total thickness. “Zu: sum of mobilities
of all the transient-charge carriers calculated by maximum value of transient conductivity upon
photoexcitation at 355 nm and quantum efficiency of carrier generation determined for DCB-AN
sample (0.031) with conventional DC-current integration. ¢ Rearranged from cuboidal particle.
“From ref 20. /The ratio of rod and particle structures was estimated as ~ 1:2 from the FE-SEM
image of deposited film. ® Rearranged from angulated particle.
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Figure 6. (a) Photocurrent response and (b) current vs. potential curve of FTO/SnO,/(Cr)m
electrode prepared from cluster solution in BZ-AN mixture. Illuminated with white light (A > 380
nm, input power: 37 mW cm). Electrolyte: 0.5 M Lil and 0.01 M I, in acetonitrile. The photo-
response was measured under an applied potential of +0.05 V vs. SCE
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The increased charge separation and the facile transport of the generated charge carriers under
positive bias are responsible for the enhanced photocurrent generation. Similar photoelectro-
chemical behaviors were observed for the other FTO/SnO,/(C7y),, electrodes.

For further insights into the photoelectrochemical properties of the deposited films, the
author evaluated the wavelength dependent incident photon-to-current efficiency (IPCE)
spectra. The IPCE values are calculated by normalizing the photocurrent densities for incident

light energy and intensity and by use of the expression:
IPCE (%) = 100 x 1240 x i/(Win x A)

where i is the photocurrent density (A cm ?), Wi, is the incident light intensity (W cm %), and A

is the excitation wavelength (nm).
Figure 7 depicts the photocurrent

action spectra of the FTO/SnO,/(Cro)m

electrodes. The photocurrent action

1 2 T T T T T T

spectra largely parallel the absorption
spectra of the deposited electrodes
(Figure 4). The IPCE values are

compared at 400 nm where the values

IPCE / %

are maximal and most of the incident

light is absorbed by the films (Table 2). 2 &‘4 T

The maximum IPCE (10%)[20] of the 0 : , —

electrode prepared from DCB-AN 400 450 500 550 600 650 700 750
Wavelength / nm

mixture outperforms the corresponding . .
Figure 7. Photocurrent action spectra of

values of the electrodes prepared from FTO/Sn0O,/(Cyg) electrodes prepared from mixed

NB-AN (4.8%), BZ-AN (4.6%), solvents of, from top to bottom, DCB—-AN (black),

BZN-AN (4.5%), ANS-AN (2.5%), NB-AN (blue), BZ-AN (red), BZN-AN (green),

TL-AN (1.7%), XY-AN, (1.0%), and ANS-AN (pink), TL-AN (light blue), XY-AN

CB_AN (0.82%) mixtures. (orange), and CB-AN (purple). Apphec.i potential:
o ) ] +0.05 V vs. SCE. Electrolyte: 0.5 M Lil and 0.01

Considering the sufficiently high M L in acetonitrile.

light-harvesting property at 400 nm

(absorbance > 1), the difference in the maximum IPCE values originates from those in charge

1" The author emphasizes

separation efficiency and charge collection efficiency (vide infra).*
that the different shapes of (Cso)m, thereby different morphologies of the electrophoretically
deposited films, lead to different photocurrent generation efficiencies ranging from 0.8% to

10%. This is in stark contrast to the results for Csy clusters prepared by the same rapid
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injection method, where spherical assemblies are formed irrespective of the clusterization
conditions and maximum IPCE around 3 — 5% are obtained when the clusters are deposited

onto the SnO, electrodes.!>'*!

Photocurrent Generation Mechanism: Before focusing the correlation between the
film morphologies and the photoelectrochemical properties, the author presents the photo-
current generation mechanism of the FTO/SnO,/(C7)., electrodes on the basis of the previously

studied Cgo-based devices (Scheme 1).[">'*]

SCHEME 1. Schematic diagram of photocurrent generation in FTO/SnO,/(Co), device.
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Photocurrent generation is initiated by absorption of the incident light by Cy (step 1),
yielding the highly energetic excited states of Cyo (lowest singlet energy =~ 1.9 eV; lowest triplet
energy ~ 1.5 ¢V).”! Then, electron transfer (ET) from iodide ion (I; /I = 0.5 V vs. NHE)!'>!¥!
in the electrolyte to the excited Cy (1C7o*/C7o'_ ~ 1.7 V vs. NHE; *C7*/C7p" = 1.3 V vs.
NHE)®**") occurs as in the case of analogous photoelectrochemical devices utilizing Cso
clusters (step 2).">'™®1 Next, the reduced Cyo (C70/C70™ =~ —0.2 V vs. NHE)®*” mediates its
electron toward the SnO, layer through the Cy arrays via electron hopping (step 3). Finally,
Cro radical anion, which is closest to the SnO, surface, injects electron into the conduction
band of SnO, (Ecg = 0 V vs. NHE) (step 4).'""'"® The electrons injected into the SnO,
electrode are driven to the counter electrode via external circuit to regenerate the redox couple.
Thus, photocurrent generation mechanism is basically divided into four steps (steps 1 — 4) and
the IPCE is a product of the efficiencies of the respective steps. Of these, step 1, i.e., light
absorption, is unlikely a key factor yielding the difference in the IPCE values (vide supra).
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Therefore, the author has to consider the efficiencies of steps 2 — 4. As for step 2, the charge
separation (CS) efficiency from I" to the C;¢ excited states depends on the exciton diffusion
lengths and lifetimes of the C; excited states, the thickness and the surface area of the
deposited films, and diffusion process of I to the C7o excited states at the interface of the film
surface and the electrolyte solution. Assuming that the exciton diffusion lengths and the
lifetimes of the C;o excited states and the diffusion process of I to the C7 excited states in the
interface are similar in the present systems, the thickness and the surface area of the deposited
films are responsible for difference in the CS efficiency of step 2.2*! The CS efficiency would
increase if the film thickness becomes smaller or the surface area becomes larger, but the larger
surface area may also induce the unfavorable carrier recombination between C7" and I3. On
the other hand, the electron-transporting efficiency of step 3 would be enhanced as the film
thickness is smaller or the electron mobility within the film is larger. Finally, the electron
injection efficiency of step 4 can be discussed in terms of the reduction potential of C7. Here,
the reduction potential of Cyy can be regarded as independent on the cluster structures.!'™
Therefore, surface area, film thicknesses, and electron mobility are the subjects of further

investigation.

Surface Area and Film Thickness:

The surface areas of the FTO/SnO»/(C70)m 120 ' "o | ' '
electrodes were evaluated by BET "o a0l |
analyses with N, adsorption protocol at 77 g ¢ ¢

K. The BET surface area was calculated g ol ° . . |
by subtracting the contribution from the 8 o

bare FTO/SnO, electrode. It should be é 30l |
noted that the value determined for the @ °
film prepared from ANS-AN mixture 0 . . . . .

0 2 4 6 8 10

. . IPCE at 400 nm / %
deposited film partially exfoliates after the °
[25] Figure 8. Plot of BET surface areas vs. IPCE

values at 400 nm.

represents the lower limits since the

electrophoretic process in this case.
The BET surface areas of the FTO/
SnO,/(Cr)n electrodes are listed in Table 2 and plotted as a function of the maximum [PCE
values (Figure 8). It is evident that there is no apparent correlation between the two parameters.
Thus, the surface area of the deposited films has no significant impact on the difference in the
IPCE values.

The thickness of the deposited film was determined by analyzing the AFM height profile

of the intentionally grooved trenches on the film (Figure 9). To assess the cluster layer only,
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average thickness of the SnO; layer (540 nm) was subtracted from that of the whole film. The
thicknesses are summarized in Table 2 and plotted vs. the maximum I[PCE (Figure 10). There
is no systematic change in the IPCE values as a function of the film thickness. Therefore, the
film thickness is not a decisive parameter for the difference in the IPCE values. The alignment
of C79 molecules in the cluster may influence more significantly the photocurrent generation

efficiency (vide infra).

Figure 9. Representative AFM images (20 wm x 15 um) of (a) bare FTO/SnO, electrode and (b)
FTO/SnO,/(C7p)n electrode prepared from TL-AN mixture. Height profiles corresponding to the
light-blue lines are also shown for comparison. Steps observed in the figures represent one parts of
the walls of intentionally grooved trenches. In Figure b, the SnO, base layer and deposited (C7o)n
layer can be recognized as steps.
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Figure 10. Plot of film thicknesses vs. IPCE values at 400 nm. Error bar denotes the
corresponding standard deviation of thickness.

Transient Microwave Conductivity:  Flash-photolysis time-resolved microwave
conductivity (TRMC) measurements'™ were performed on the deposited films of (Cy) to

evaluate the charge carrier mobility (). For the sample preparation, the films were peeled off
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from the FTO substrate and fixed on quartz plates with poly(methyl methacrylate) matrices.
Upon exposure to a laser pulse with an excitation wavelength of 355 nm, all samples exhibit a
rise of the transient conductivity <¢Xu>, in which ¢ is the quantum efficiency of charge carrier
generation and Xu is the sum of the mobility of all the transient charge carriers (Figure 11A).
The Su values are calculated using the maximum values of <¢= > and the ¢ value (0.031)1*"
determined for the film prepared from DCB-AN mixture with conventional DC-current
integration technique, assuming that the ¢ value is independent of the cluster structures and the
film morphologies. This assumption is likely to be reasonable considering the similarity of the
excited state dynamics of the deposited films.*®! Additionally, it should be mentioned that the
major charge carriers stem from electrons as indicated by effective accumulation of negative
charges into the integrator under negative bias mode, whereas negligible positive charges are
observed under positive bias mode. The Zu values are listed in Table 2 and the plot of the Zu
values vs. the maximum IPCE values is illustrated in Figure 11B.

Figure 11B manifests that the IPCE value is increased with increasing the Xu value. Thus,
the electron-transporting process of step 3 turns out to have a large influence on the IPCE
values in the present systems. The largest maximum IPCE value (10%) of the FTO/
SnO,/(C7)n electrode prepared from DCB—AN mixture mainly results from the remarkably
high electron mobility (1.9 cm®* V' s™). Then, one fundamental question arises; what factor
determines the mobility?"®® This seems to be closely related to the packing pattern of Cyo

molecules in the respective clusters, as have been demonstrated in the previous studies on
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Figure 11. (A) Flash-photolysis TRMC transients for FTO/SnO,/(Cr). electrodes prepared from
mixed solvents of (a) NB-AN, (b) BZ-AN, and (¢) CB-AN. The transients were recorded at an
excitation wavelength of 355 nm with a photon density of 3.3 x 10> cm™  All samples were fixed
on quartz substrates with poly(methyl methacrylate) matrices. (B) Plot of microwave electron
mobilities vs. IPCE values at 400 nm.
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porphyrin—Cgg assembly.[2e’f’3l] Given the fact that the TRMC mobilities are higher for the
films with particulate clusters, prepared from BZ-AN, BZN—-AN, and NB—AN, than those for
the films with rod-like clusters, prepared from TL-AN and CB—AN, and plate-like clusters,
prepared from ANS—AN, there seems to be connection among the cluster structure, molecular
packing, and carrier mobility (Table 2). To shed light on the inner structures of (Cs), the
author conducted X-ray diffraction (XRD) analyses on the cluster films. However, no XRD
patterns arising from the crystalline packing of C;"* are observed for all the samples,
indicating that any existing crystallites in (Cs),, are too small to be detected or inner structures
of (Cs¢),, are rather amorphous.

The turn-over period of the microwave is about ~ 110 ps at 9.1 GHz used in the TRMC
measurement, suggesting the perturbation length of the negative charge carriers as ~ 2 nm with
the values of observed mobilities (~ 0.5 cm® V™' s7'), under the averaged strength of the
employed electric field (3 —4 x 10* V. cm™"). This implies that the TRMC measurements probe
the AC-field induced oscillating motion of the electrons within a few molecules of Cro.!
Hence, the author could postulate that the tiny stacks comprised of several C;9 molecules
affects strongly the TRMC mobility and the eventual cluster shape, without showing

1762341 For instance, the small stacks of C7 molecules

observable signals in the XRD pattern.!
with desirable structure for the efficient electron hopping may lead to the spherical shaped
clusters, while other types of stacks, which are undesirable for the efficient electron hopping,
result in the rod-like or plate-like clusters. In the case of the film deposited from DCB-AN, the
melting behavior of the deposited clusters by the drying process would be responsible for the
formation of favorable pathway for efficient electron hopping, whereas for the formation of

unfavorable pathway in the film from XY—AN.

Conclusion

The author has systematically examined the good solvent effects of C;y clusterization
behavior in the good—poor solvent mixtures as well as of their electron-transporting and photo-
electrochemical properties for the first time. The successful cluster morphology engineering of
C70 was achieved by changing the good solvent, affording the spherical, rod-like, and plate-like
clusters. The Cy clusters were electrophoretically deposited onto the nanostructured SnO,
electrodes and their photoelectrochemical properties were examined. The incident photon-
to-current efficiency (IPCE) varied dramatically from 0.8% to 10% depending on the solvent
combination for the cluster formation. The origin of the variation in the IPCE values was
discussed in terms of the surface area, film thickness, and electron mobility. The electron

mobility was found to be the most predominant factor for the difference in the IPCE values,
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implying the importance of the electron-transporting process in the Cyo films. The underlying
molecular packing and the resultant cluster structure were suggested to correlate with the
electron mobility.  Accordingly, these results will provide basic information on the
supramolecular chemistry of fullerenes as well as the design of the fullerene-based molecular

devices including the organic photovoltaics.

Experimental Section

General Procedures: UV-vis—NIR absorption spectra of solutions and films were
recorded on a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. FE-SEM observation was
carried out with a JEOL JSM-6705F. For preparation of the cluster samples, a mixture of good
solvent—acetonitrile containing C;p was spin-coated on Si wafer (polished wafer; SUMCO
TECHXIV) at a rotation speed of 1200 rpm. Prior to the observation, both spin-coated samples
and electrophoretically deposited films were coated with 5 nm thick Pt layer using a JEOL
JFC-1600 auto fine coater. DLS measurements of the cluster solutions were performed by a
Horiba LB550 particle size analyzer. AFM images were obtained with a KEYENCE VN-8000
hybrid microscope in the tapping mode. Thickness of the deposited film was estimated by
averaging the height of steps (over 80 points) at intentionally grooved trenches. XRD analyses
were conducted on a Rigaku A2 diffractometer using Cu K, radiation. X-ray photoelectron
spectroscopy (XPS) on film samples was carried out with a SHIMADZU ESCA750S electron
spectrometer. Cyo (99.5%) was purchased from MTR Ltd. and used as-received. An optically
transparent FTO electrode (Asahi Glass) was washed by sonication in 2-propanol and cleaned
in an O3 atmosphere in advance. A 15% SnO; colloidal solution (particle size = 15 nm;
Chemat Technology, Inc.) was deposited on the FTO electrode using doctor blade
technique.!>*"! The electrode was annealed at 673 K to yield 0.5 um thick SnO; film (denoted
as FTO/Sn0O,). All of the solvents employed (benzene, toluene, o-xylene, chlorobenzene,
o-dichlorobenzene, benzonitrile, nitrobenzene, and anisole as a good solvent, and acetonitrile
as a poor solvent) were of reagent-grade quality, purchased commercially, and used without
further purification.

Solubility Evaluation of C;9: Solubility of Cy in various good solvents was estimated
by using pre-determined molar absorptivity of C;y and the absorbance of the saturated solution
of Cyo in the respective solvents.*'! Saturated solution was prepared by suspending excess Cro
(~ 40 mg) in 2 mL of neat solvent by vigorous bath-sonication for 2 h then removing
undissolved sediment by Millipore Millex-FG (pore size: 0.20 um) syringe-driven filter unit.
For accurate measurement of the absorption spectrum, the saturated solution was diluted

appropriately with known amount of neat solvent.
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Preparation of Cluster Solutions and Films: The cluster solutions of C;y (0.14 mM)
were prepared in a 1 cm cuvette by quickly injecting 1.6 mL of acetonitrile into a solution of

] Then, two

C7 (0.68 mM) in 0.4 mL of good solvent (good solvent:acetonitrile = 1:4, v/v).*°
electrodes (i.e., FTO and FTO/SnO,) were inserted into the cuvette with keeping at a distance
of 0.6 cm by a Teflon spacer. A DC voltage (200 V) was applied for 120 s between these two
electrodes using a power supply (ATTO, model AE-8750). The deposition of the film could be
visibly confirmed as the suspension became colorless with simultaneous colorization of the
FTO/SnO; electrode. After the deposition, the deposited film was dried immediately with a
hair dryer.

Photoelectrochemical Measurements: All electrochemical measurements were carried
out in a standard three-electrode system using an ALS 630A electrochemical analyzer.'>**"
The deposited film as a working electrode was immersed into an electrolyte solution containing
0.5 M Lil and 0.01 M I, in acetonitrile. A Pt wire covered with a glass Luggin capillary, whose
tip was located near the working electrode, was used as a quasi-reference electrode. A Pt coil
was employed as a counter electrode. The potential measured was converted to the saturated
calomel electrode (SCE) scale by adding +0.05 V. A 500 W xenon lamp (USHIO, XB-
50101AAA) was used as a light source. Potential versus current characteristics were measured
with controlled-potential scan (1 mV s™') under 0.5 Hz chopped white light (A > 380 nm, input
power: 37 mW cm?). The light was passed through a monochromator (Ritsu, MC-10N) and
focused on the modified area of the working electrode (0.20 cm?) from the backside. The light
intensity was monitored by an optical power meter (Anritsu, ML9002A) and the corrected
values were used for calculation of incident photon-to-current efficiencies.

BET Surface Area Analyses: BET surface areas of the deposited film samples were
obtained with a BEL JAPAN BELSORP28SA according to the nitrogen adsorption protocol at
77 K. Appropriately cut FTO/SnO; electrodes with deposited cluster films were inserted in the
sample tube and dried under reduced pressure (< 10~ Torr) for 3 h before the measurements.
The contribution from the bare FTO/SnO, electrode was subtracted from the whole surface
areas and the specific surface areas of the deposited films were calculated based on the mass of
C70 used for the film formation (0.23 mg).

Time-resolved Microwave Conductivity Measurements: The instruments setup as

. . . . 20.29
descrived in the previous studies***”’

were used for the measurements. Namely, nanosecond
laser pulses at 355 nm (full width at half maximum (FWHM): 3 — 5 ns) with photon density of
3.3 x 10" cm* were used as an excitation source. A microwave frequency of 9.1 GHz and a
power of 3 — 20 mW were employed. Other experimental details are described elsewhere.””’

Time-resolved Spectral Measurements: A pump-probe method was used to measure

transient absorption spectra in sub-picosecond to nanosecond time domain. The measurements
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were carried out using the instrument described previously.”

I Briefly, the transient spectra

were recorded by a CCD detector coupled with a monochromator in the visible and near

infrared ranges and a second harmonic (410 nm) of Ti:sapphire laser was used for excitation.

A typical time resolution of the instrument was 150 fs (FWHM). The excitation energy was

adjusted to the highest value at which the degradation of the samples during measurements is

negligible. All measurements were carried out at room temperature in air.

References and Notes

[1]

[2]

[3]

[4]

[5]

a) G. M. Whitesides, J. P. Mathias, C. T. Seto, Science 1991, 254, 1312; b) S. Zhang, Nat.
Biotechnol. 2003, 21, 1171; c) K. Ariga, T. Nakanishi, J. P. Hill, Curr. Opin. Colloid
Interface Sci. 2007, 12, 106; d) K. Ariga, J. P. Hill, M. V. Lee, A. Vinu, R. Charvet, S.
Acharya, Sci. Technol. Adv. Mater. 2008, 9, 014109; e) S. Mann, Nature Mater. 2009, 8,
781.

a) T. Hasobe, H. Imahori, P. V. Kamat, S. Fukuzumi, J. Am. Chem. Soc. 2003, 125,
14962; b) J. P. Hill, W. Jin, A. Kosaka, T. Fukushima, H. Ichihara, T. Shimomura, K. Ito,
T. Hashizume, N. Ishi, T. Aida, Science 2004, 304, 1481; c) N. 1. Kovtyukhova, T. E.
Mallouk, Adv. Mater. 2005, 17, 187; d) Y. Yamamoto, T. Fukushima, Y. Suna, N. Ishii, A.
Saeki, S. Seki, S. Tagawa, M. Taniguchi, T. Kawai, T. Aida, Science 2006, 314, 1761; ¢)
H. Imabhori, J. Mater. Chem. 2007, 17, 31; f) H. Imahori, T. Umeyama, J. Phys. Chem. C
2009, 713, 9029.

a) A. M. Cassell, C. L. Asplund, J. M. Tour, Angew. Chem. Int. Ed. 1999, 38, 2403; b) P.
Brough, D. Bonifazi, M. Prato, Tetrahedron 2006, 62, 2110; c) L. Wang, B. Liu, D. Liu,
M. Yao, Y. Hou, S. Yu, T. Cui, D. Li, G. Zou, A. Iwasiewicz, B. Sundqvist, Adv. Mater.
2006, /8, 1883; d) Z. Tan, A. Masuhara, H. Kasai, H. Nakanishi, H. Oikawa, Jpn. J. Appl.
Phys. 2008, 47, 1426.

a) Y. Jin, R. J. Curry, J. Sloan, R. A. Hatton, L. C. Chong, N. Blanchard, V. Stolojan, H.
W. Kroto, S. R. P. Silva, J. Mater. Chem. 2006, 16, 3715; b) H.-X. Ji, J.-S.; Hu, Q.-X.
Tang, W.-G. Song, C.-R. Wang, W.-P. Hu, L.-J. Wan, S.-T. Lee, J. Phys. Chem. C 2007,
111, 10498; ¢) H.-X. Ji, J.-S. Hu, L.-J. Wan, Q.-X. Tang, W.-P. Hu, J. Mater. Chem. 2008,
18,328; d) L. C. Chong, J. Sloan, G. Wagner, S. R. P. Silva, R. J. Curry, J. Mater. Chem.
2008, /8, 3319.

a) H. Murakami, M. Shirakusa, T. Sagara, N. Nakashima, Chem. Lett. 1999, 815; b) Y.-G.
Guo, C.-J. Li, L.-J. Wan, D.-M. Chen, C.-R. Wang, C.-L. Bai, Y.-G. Wang, Adv. Funct.
Mater. 2003, 13, 626; ¢) C.-J. Li, Y.-G. Guo, B.-S. Li, C.-R. Wang, L.-J. Wan, C.-L. Bai,
Adv. Mater. 2005, 17, 71; d) J. Geng, W. Zhou, P. Skelton, W. Yue, 1. A. Kinloch, A. H.

101



[6]

[7]

[8]

[9]

[10]

[11]

[12]

Windle, B. F. G. Johnson, J. Am. Chem. Soc. 2008, 130, 2527.

a) K. Miyazawa, Y. Kuwasaki, A. Obayashi, M. Kuwabara, J. Mater. Res. 2002, 17, 83;
b) K. Miyazawa, J. Am. Ceram. Soc. 2002, 85, 1297; c) K. Miyazawa, K. Hamamoto, S.
Nagata, T. Suga, J. Mater. Res. 2003, 18, 1096; d) M. Sathish, K. Miyazawa, T. Sasaki,
Chem. Mater. 2007, 19, 2398.

a) V. Georgakilas, F. Pellarini, M. Prato, D. M. Guldi, M. Melle-Franco, F. Zerbetto, Proc.
Natl. Acad. Sci. U.S.A. 2002, 99, 5075; b) H. Liu, Y. Li, L. Jiang, H. Luo, S. Xiao, H.
Fang, H. Li, D. Zhu, D. Yu, J. Xu, B. Xiang, J. Am. Chem. Soc. 2002, 124, 13370; c) K.
Miyazawa, J. Minato, T. Yoshii, M. Fujino, T. Suga, J. Mater. Res. 2005, 20, 688; d) D.
M. Guldi, A. Gouloumis, P. Vazquez, T. Torres, V. Georgakilas, M. Prato, J. Am. Chem.
Soc. 2005, 127, 5811; e) S. I. Cha, K. Miyazawa, J.-D. Kim, Chem. Mater. 2008, 20,
1667.

a) L. Wang, B. Liu, D. Liu, M. Yao, S. Yu, Y. Hou, B. Zou, T. Cui, G. Zou, B. Sundqvist,
Z.Luo. H. Li, Y. Li, J. Liu, S. Chen, G. Wang, Y. Liu, Appl. Phys. Lett. 2007, 91, 103112;
b) M. Sathish, K. Miyazawa, J. Am. Chem. Soc. 2007, 129, 13816; c¢) M. Sathish, K.
Miyazawa, J. P. Hill, K. Ariga, J. Am. Chem. Soc. 2009, 131, 6372; d) T. Wakahara, M.
Sathish, K. Miyazawa, C. Hu, Y. Tateyama, Y. Nemoto, T. Sasaki, O. Ito, J. Am. Chem.
Soc. 2009, 131, 9940.

a) T. Nakanishi, K. Ariga, T. Michinobu, K. Yoshida, H. Takahashi, T. Teranishi, H.
Mohwald, D. G. Kurth, Small 2007, 3, 2019; b) T. Nakanishi, T. Michinobu, K. Yoshida,
N. Shirahata, K. Ariga, H. Méhwald, D. G. Kurth, 4dv. Mater. 2008, 20, 443.

a) A. D. Bokare, A. Patnaik, J. Phys. Chem. B 2003, 107, 6079; b) N. Fyjita, T. Yamashita,
M. Asai, S. Shinkai, Angew. Chem. Int. Ed. 2005, 44, 1257; c) S. Deguchi, S. Mukai,
Chem. Lett. 2006, 35, 396; d) T. Kawauchi, J. Kumaki, E. Yashima, J. Am. Chem. Soc.
2006, 7128, 10560, e) B. Li, X. Tao, H. Kasai, H. Oikawa, H. Nakanishi, Mater. Lett. 2007,
61,1738.

a) M. Brettreich, S. Burghardt, C. Bottcher, T. Bayerl, S. Bayerl, A. Hirsh, Angew. Chem.
Int. Ed. 2000, 39, 1845; b) S. Zhou, C. Burger, B. Chu, M. Sawamura, N. Nagahama, M.
Toganoh, U. E. Hackler, H. Isobe, E. Nakamura, Science 2001, 291, 1944; c¢) M.
Sawamura, K. Kawai, Y. Matsuo, K. Kanie, T. Kato, E. Nakamura, Nature 2002, 419,
702; d) H. Hotta, S. Kang, T. Umeyama, Y. Matano, K. Yoshida, S. Isoda, H. Imahori, J.
Phys. Chem. B 2005, 109, 5700; e) T. Nakanishi, W. Schmitt, T. Michinobu, D. G. Kurth,
K. Ariga, Chem. Commun. 2005, 5982; ) A. Masuhara, Z. Tan, H. Kasai, H. Nakanishi, H.
Oikawa, Jpn. J. Appl. Phys. 2009, 48, 050206.

a) H. Hoppe, N. S. Sariciftci, J. Mater. Chem. 2006, 16, 45; b) X. Yang, J. Loos,
Macromolecules 2007, 40, 1353; c) S. Giines, H. Neugebauer, N. S. Sariciftci, Chem. Rev.

102



[13]

[14]

[15]

[16]

[17]

[18]

2007, 107, 1324; d) B. C. Thompson, J. M. J. Fréchet, Angew. Chem., Int. Ed. 2008, 47,
58.

a) H. Hoppe, M. Niggemann, C. Winder, J. Kraut, R. Hiesgen, A. Hinsch, D. Meissner, N.
S. Sariciftei, Adv. Funct. Mater. 2004, 14, 1005; b) X. Yang, J. K. J. van Duren, R. A. J.
Janssen, M. A. J. Michels, J. Loos, Macromolecules 2004, 37, 2151; c¢) X. Yang, J. Loos,
S. C. Veenstra, W. J. H. Verhees, M. M. Wienk, J. M. Kroon, M. A. J. Michels, R. A. J.
Janssen, Nano. Lett. 2005, 5, 579; d) A. Swinnen, 1. Hacldermans, M. vande Ven, J.
D’Haen, G. Vanhoyland, S. Aresu, M. D’Olieslaeger, J. Manca, Adv. Funct. Mater. 2006,
16, 760; e) J. Peet, J. Y. Kim, N. E. Coates, W. L. Ma, D. Moses, A. J. Heeger, G. C.
Bazan, Nature Mater. 2007, 6, 497; f) J. K. Lee, W. L. Ma, C. J. Brabec, J. Yuen, J. S.
Moon, J. Y. Kim, K. Lee, G. C. Bazan, A. J. Heeger, J. Am. Chem. Soc. 2008, 130, 3619.
a) Y. J. Xing, G. Y. Jing, J. Xu, D. P. Yu, H. B. Liu, Y. L. Li, Appl. Phys. Lett. 2005, §7,
263117; b) P. R. Somani, S. P. Somani, M. Umeno, Appl. Phys. Lett. 2007, 91, 173503; c)
H. S. Shin, S. M. Yoon, Q. Tang, B. Chon, T. Joo, H. C. Choi, Angew. Chem. Int. Ed.
2008, 47, 693; d) G. Lu, L. Li, X. Yang, Small 2008, 4, 601; ¢) R. Bai, M. Ouyang, Z.-Z.
Li, L.-G. Yang, M.-M. Shi, G. Wu, M. Wang, H.-Z. Chen, J. Mater. Chem. 2008, 18,
4318; f) T. Hasobe, A. S. D. Sandanayaka, T. Wada, Y. Araki, Chem. Commun. 2008,
3372.

a) T. Hasobe, H. Imahori, P. V. Kamat, T. K. Ahn, S. K. Kim, D. Kim, A. Fujimoto, T.
Hirakawa, S. Fukuzumi, J. Am. Chem. Soc. 2005, 127, 1216; b) K. Hosomizu, H. Imahori,
U. Hahn, J.-F. Nierengarten, A. Listorti, N. Armaroli, T. Nemoto, S. Isoda, J. Phys. Chem.
C 2007, 111, 2777; c¢) T. Umeyama, N. Tezuka, M. Fujita, S. Hayashi, N. Kadota, Y.
Matano, H. Imahori, Chem.-Eur. J. 2008, 14, 4875.

a) Y.-P. Sun, C. E. Bunker, Nature 1993, 365, 398; b) Y.-P. Sun, C. E. Bunker, Chem.
Mater. 1994, 6, 578; c) Y.-P. Sun, B. Ma, C. E. Bunker, B. Liu, J. Am. Chem. Soc. 1995,
117, 12705.

a) H. N. Ghosh, A. V.; Sapre, J. P. Mittal, J. Phys. Chem. 1996, 100, 9439; b) M.
Fujitsuka, H. Kasai, A. Masuhara, S. Okada, H. Oikawa, H. Nakanishi, A. Watanabe, O.
Ito, Chem. Lett. 1997, 1211; c) K. G. Thomas, V. Biju, D. M. Guldi, P. V. Kamat, M. V.
George, J. Phys. Chem. B 1999, 103, 8864; d) S. Nath, H. Pal, A. V. Sapre, Chem. Phys.
Lett. 2000, 327, 143; e) R. G. Alargova, S. Deguchi, K. Tsujii, J. Am. Chem. Soc. 2001,
123, 10460; f) A. Saha, A. K. Mukherjee, J. Chem. Phys. 2005, 122, 184504; g) K. Datta,
A. K. Mukherjee, J. Chem. Phys. 2006, 124, 144509.

a) P. V. Kamat, S. Barazzouk, K. G. Thomas, S. Hotchandani, J. Phys. Chem. B 2000, 104,
4014; b) P. V. Kamat, S. Barazzouk, S. Hotchandani, K. G. Thomas, Chem.-Eur. J. 2000,
6, 3914; ¢) S. Barazzouk, S. Hotchandani, P. V. Kamat, Adv. Mater. 2001, 13, 1614; d) W.

103



Kutner, P. Pieta, R. Nowakowski, J. W. Sobczak, Z. Kaszkur, A. L. McCarty, F. D’Souza,
Chem. Mater. 2005, 17, 5635.

[19] a) S. Nath, H. Pal, A. V. Sapre, Chem. Phys. Lett. 2002, 360, 422; b) S. Nath, H. Pal, A. V.
Sapre, Chem. Phys. Lett. 2003, 369, 394.

[20] a) T. Umeyama, N. Tezuka, S. Seki, Y. Matano, M. Nishi, K. Hirao, H. Lehtivuori, N. V.
Tkachenko, H. Lemmetyinen, Y. Nakao, S. Sakaki, H. Imahori, Adv. Mater. 2010, 22,
1767; b) N. Tezuka, T. Umeyama, S. Seki, Y. Matano, M. Nishi, K. Hirao, H. Imahori, J.
Phys. Chem. C 2010, 114, 3235.

[21] N. Sivaraman, R. Dhamodaran, 1. Kaliappan, T. G. Srinivasan, P. R. Vasudeva Rao, C. K.
Mathews, Fullerene Sci. Technol. 1994, 2, 233.

[22] The author examined the effects of volume ratio of good solvent-acetonitrile on the
incident photon-to-current efficiency (IPCE) value. The volume ratio (1:4) was found to
be an optimized condition with respect to the I[PCE value.

[23] H. Ajie, M. M. Alvarez, S. J. Anz, R. D. Beck, F. Diederich, K. Fostiropoulos, D. R.
Huffman, W. Kritschmer, Y. Rubin, K. E. Schriver, D. Sensharma, R. L. Whetten, J. Phys.
Chem. 1990, 94, 8630.

[24] The ratio of rod-like and particulate clusters is estimated to be ~ 1:2 by counting the
numbers of the clusters in the FE-SEM image of the deposited film (Figure 5d).

[25] In case of the electrode deposited from ANS—AN mixture, absorbance at 400 nm is
relatively low (0.61) compared to the films prepared from the other solvent mixtures,
because some parts of the deposited film inevitably exfoliate when pulled up from the
cluster solution after completion of the electrophoretic process. = However, the
photocurrent generation efficiency based on the number of absorbed photons is calculated
to be 3.3%, which is smaller than the IPCE value of the electrode prepared from BZN-AN
(4.5%). Hence, given the high light-harvesting efficiency at 400 nm in the other deposited
films, the light-harvesting efficiency is not a major factor determining the photocurrent
generation in the present systems.

[26] a) J. W. Arbogast, C. S. Foote, J. Am. Chem. Soc. 1991, 113, 8886; b) M. R. Wasielewski,
M. P. O’Neil, K. R. Lykke, M. J. Pellin, D. M. Gruen, J. Am. Chem. Soc. 1991, 113, 2774.

[27] P.-M. Allemand, A. Koch, F. Wudl, Y. Rubin, F. Diederich, M. M. Alvarez, S. J. Anz, R.
L. Whetten, J. Am. Chem. Soc. 1991, 113, 1050.

[28] To shed light on the excited state dynamics, the author performed the sub-picosecond to
nanosecond time-resolved transient absorption measurements on the FTO/SnO,/(Cqp)m
electrodes prepared from BZ-AN and CB-AN. Both of them showed ground-state
bleaching around 550 nm and excited state absorption at > 650 nm. Although the

maximum I[PCE values are significantly different (4.6 and 0.8%, respectively), there

104



seemed to be no considerable difference in the excited state lifetimes of C;o. Therefore,
the excited state lifetimes of C;¢ do not affect the difference in the IPCE values.

[29] a) F. C. Grozema, L. D. A. Siebbeles, J. M. Warman, S. Seki, S. Tagawa, U. Scherf, Adv.
Mater. 2002, 14, 228; b) A. Saeki, S. Seki, Y. Koizumi, T. Sunagawa, K. Ushida, S.
Tagawa, J. Phys. Chem. B 2005, 109, 10015; ¢) T. Amaya, S. Seki, T. Moriuchi, K.
Nakamoto, T. Nakata, H. Sakane, A. Saeki, S. Tagawa, T. Hirao, J. Am. Chem. Soc. 2009,
131, 408.

[30] X-ray photoelectron spectroscopy measurements on the deposited film samples did not
reveal any peaks originating from remaining solvents (e.g., Cl, in the case of the sample
prepared from DCB—AN mixture). Therefore, the author can rule out any possible effects
of residual solvents on electron mobility.

[31] a) S. Kang, T. Umeyama, M. Ueda, Y. Matano, H. Hotta, K. Yoshida, S. Isoda, M. Shiro,
H. Imahori, Adv. Mater. 2006, 18, 2549; b) H. Imahori, M. Ueda, S. Kang, H. Hayashi, S.
Hayashi, H. Kaji, S. Seki, A. Saeki, S. Tagawa, T. Umeyama, Y. Matano, K. Yoshida, S.
Isoda, M. Shiro, N. V. Tkachenko, H. Lemmetyinen, Chem.-Eur. J. 2007, 13, 10182.

[32] G. B. M. Vaughan, P. A. Heiney, J. E. Fischer, D. E. Luzzi, D. A. Ricketts-Foot, A. R.
McGhie, Y.-W. Hui, A. L. Smith, D. E. Cox, W. J. Romanow, B. H. Allen, N. Coustel, J.
P. McCauley, Jr., A. B. Smith III, Science 1991, 254, 1350.

[33] Time-of-flight (TOF) technique is suitable to evaluate the electron mobility of the entire
film with thickness of more than several hundreds of nanometer. However, intense
surface roughness of the deposited films did not allow the author to apply TOF method to
the electrophoretically deposited (Cy),, films.

[34] a) T. P. Martin, U. Naher, H. Schaber, U. Zimmermann, Phys. Rev. Lett. 1993, 70, 3079;
b) W. Branz, N. Malinowski, H. Schaber, T. P. Martin, Chem. Phys. Lett. 2000, 328, 245;
c) W. Branz, N. Malinowski, A. Enders, T. P. Martin, Phys. Rev. B 2002, 66, 094107.

[35] N. V. Tkachenko, L. Rantala, A. Y. Tauber, J. Helaja, P. H. Hynninen, H. Lemmetyinen, J.
Am. Chem. Soc. 1999, 121, 9378.

105



106



Chapter 5

Clusterization, Electrophoretic Deposition, and Photoelectrochemical
Properties of Fullerene-Functionalized Carbon Nanotube Composites

FTO Pt

e e e- Sn0O,
Abstract: The author has successfully developed a new methodology for the self-organization
of Ceo molecules on the sidewall of carbon nanotubes for photoelectrochemical devices. Novel
nanocarbon composites of fullerene (i.e., Csp) and highly soluble, chemically functionalized
single-walled carbon nanotube (f~SWNT) have been prepared by rapid injection of poor
solvent (i.e., acetonitrile) into the mixed solution of Cg and f~-SWNT in o-dichlorobenzene.
Measurements of scanning electron microscopy for cast samples revealed that the composites
are categorized into three groups; 1) ~SWNT bundles covered with layers of Cgo molecules, ii)
round, large Cep clusters (sizes of 500 — 1000 nm) containing f~SWNT, and iii) typical, round
Ceo clusters (sizes of 150 — 250 nm). The electrophoretic deposition of the composites onto a
nanostructured SnO, electrode yielded the hierarchical film with gradient composition
depending on the difference in the mobilities of Cep and f~-SWNT during the electrophoretic
process. The composite film exhibited an incident photon-to-current efficiency as high as 18%
at 400 nm under an applied potential of 0.05 V vs. SCE. The photocurrent generation
efficiency is the highest value among carbon nanotube-based photoelectrochemical devices in
which carbon nanotubes are deposited electrophoretically, electrostatically or covalently onto
semiconducting electrodes. The highly aligned structure of Cgp molecules on f-SWNT can
rationalize the efficient photocurrent generation. The results obtained here will provide

valuable information on the design of carbon nanotube-based molecular devices.
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Introduction

Single-walled carbon nanotubes (SWNTs) have been regarded as potential materials for
highly efficient transportation of charges in optoelectronic and photovoltaic devices owing to
their one-dimensional structure and unique electronic and photophysical properties. However,
the poor solubility of SWNTs in aqueous or organic solvents due to the extremely strong -7t
interaction has resulted in a marked impediment to their applications. Covalent chemical
functionalization is one of the promising approaches to impart sufficient solubility to
SWNTs."71 Extensive sidewall functionalization is known to disrupt the conjugated
ni-systems of SWNTs.!'”71 On the other hand, shortened SWNTs by acid treatment largely
preserve the characteristic electronic structure, since the chemical functionalization (i.e.,
carboxylic group) localizes at terminals and defect sites of the nanotube structure and in turn
most of the sidewall remains intact”) Noncovalent functionalization using hydrophobic
0] 1-13]

interaction™® ") in aqueous solvents and mt-rt interaction in aqueous or organic solvents!

an alternative approach because it can provide a general method of dissolving SWNTs without
altering the electronic structure. Various t electron-donating compounds including pyrenes,!"!
porphyrins,'*! and m-conjugated polymers!’! have been employed to interact with SWNTs,
leading to formation of supramolecular complexes in aqueous or organic media under
ultrasonication. Thus, the complexation of s electron-rich compounds with SWNTs imparts
moderate solubility to SWNTs. Nevertheless, integration of such complexes into photoelectro-
chemical and photovoltaic devices has not given satisfactory results due to the insufficient
debundling of SWNTSs by the 7 electron-rich compounds.'*

Three-dimensional structural fullerenes are carbon allotropes that exhibit peculiar electron
transfer (ET) properties. There has been intensive research on photovoltaic systems utilizing

13161 because the small reorganization energies of

fullerenes and their derivatives as acceptors,!
fullerenes in ET lead to remarkable acceleration of photoinduced charge separation (CS) and of
charge shift as well as deceleration of charge recombination (CR).'! With these in mind,
arrangement of fullerene molecules along SWNTs is an attractive strategy to attain efficient
transportation of charges in photoelectrochemical and photovoltaic devices. Examples of such
arrangement, however, are almost limited to the fullerene-encapsulated SWNTs (bucky-

18191 Wwhich are insoluble in organic solvents, making it difficult to apply them to

peapods),!
molecular devices. No fullerene-SWNT composites utilizing -t interaction between fullerene
and the external sidewall of SWNTs have been isolated and investigated owing to the poor
solubility of the composites in organic solvents. Although there are several examples of the
ternary composites comprising of Cgo, SWNTs, and other m-conjugated compounds,”” the
interaction between Cgy and SWNTs has attracted rather less attention in the complicated

ternary systems.
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Recently, Mitra et al. reported the formation of Cso—SWNT supramolecular complex in
toluene—H,O or toluene—EtOH (v/v = 1/25) by microwave irradiation.”!! They spin-coated the
composite solution with poly(3-hexylthiophene) (P3HT) to an ITO electrode to fabricate bulk
heterojunction solar cells. The power conversion efficiency (0.57%) was found to be improved
compared to the reference cell comprising of P3HT and Csy without SWNTs under their

experimental conditions, but is much smaller than the typical value (3 — 5%) of P3HT—Cg bulk

]

heterojunction solar cells.””! Thus, the relationship between the structure and photovoltaic

properties of Coo—SWNT composites remains elusive.

Here the author reports on a novel strategy

for the arrangement of Cg molecules on the SCHEME 1

external surface of SWNTs (Scheme 1). First,

acid treatment cuts pristine SWNTs (denoted as

p-SWNT
p-SWNT) to yield shortened SWNTs (denoted l Step 1
as s-SWNT) with carboxylic groups at the open
ends and defect sites (Scheme 1, step 1).
Then, s-SWNT is functionalized with sterically s-SWNT
hindered amine (i.e., swallow-tailed secondary l Step 2

amine) to yield soluble, functionalized SWNTs
(denoted as f-SWNT) in organic solvents (step

2). Finally, poor solvent (i.e., acetonitrile) is
rapidly injected into a mixture of Cg and l Step 3
f-SWNT in good solvent (o-dichlorobenzene
(ODCB)), resulting in formation of the
composite clusters of Cg and f-SWNT %ﬂg SN
(denoted as (Coo+f-SWNT),).2) The author  SS5-mo
expected that lyophobic interaction between
Ceo—f-SWNT and the mixed solvent as well as

(Cgo+f-SWNT),,
the ;-7 interaction between Cgo molecules and

between Cgp and f-SWNT would lead to the desirable arrangement of Cgp molecules on the
external surface of SWNTs in the mixed solvent (step 3). The author also describes the
photoelectrochemical properties of the Ceo—f-SWNT composites electrophoretically deposited

221 A series of microscopic and photoelectrochemical

onto a nanostructured SnO, electrode.!
studies on the deposited composite films has been performed to elucidate the relationship
between the structures and the photoelectrochemical properties of the novel Co—f-SWNT

composites.

109



Results and Discussion

Preparation of Functionalized SWNTs: {-SWNT was prepared by purification and
oxidation of p-SWNT (HiPco, purified grade) and subsequent reaction of s-SWNT with thionyl
chloride and 8-aminopentadecane.”’ f~SWNT is soluble in common organic solvents including
o-dichlorobenzene, chloroform, THF, and toluene and shows the solubility of up to ~ 1.0 g L'
in ODCB after sonication for 30 min. The solution is stable during at least one month. It is
noteworthy that the solubility of f~SWNT is remarkably improved relative to that of similar
SWNTs (0.4 g L' in ODCB)®! functionalized with the long alkyl amine (i.e., octadecylamine)
instead of the swallow-tailed secondary amine. The atomic force microscopy (AFM) image of

f-SWNT (Figure 1a), which is obtained for the sample spin-coated on freshly cleaved mica
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Figure 1. AFM images and section profiles of f~-SWNT (Z range: 60 nm). The samples were
prepared by spin-coating (a) ODCB solution (0.098 g L™") and (b) ODCB-acetonitrile solution (1:3,
v/v; 0.024 g L") of f~SWNT on freshly cleaved mica. The color scale represents the height
topography, with bright and dark representing the highest and lowest features, respectively.
Corresponding Diameter distributions for the isolated bundles are shown in the right panels.

110



from the ODCB solution of f~SWNT, discloses the short, thin rod-like structures attributed to
the bundles of f-SWNT. The average diameter of isolated bundles of f-~SWNT is determined to
be 5.1 nm. These results demonstrate that the author’s strategy is useful for the solubilization
of SWNTs which allows & electron-rich compounds to interact with the sidewalls, making the

supramolecular complex in organic solvents (vide infra).

Clusterization: UV-vis—near IR (NIR) absorption spectra of Cg, ~-SWNT, and the
composite were measured in ODCB and ODCB-acetonitrile mixture (1:3, v/v). The absorption
spectrum of f-SWNT (Figure 2A(a)) in ODCB (0.024 g L") shows characteristic peaks
associated with the transitions between symmetric van Hove singularities in the density of
states for SWNTs, implying that the electronic structure of SWNTs is retained after the

chemical modification.'”

The appearance of the moderately sharp peaks discloses that
f-=-SWNT is dispersed modestly in ODCB, since the sharpness of these peaks is widely
considered to be a measure for the level of exfoliation of SWNT bundles. To examine the
clusterization behavior of f~SWNT by lyophobic interaction, acetonitrile (poor solvent) was
added rapidly to an ODCB (good solvent) solution of f-=SWNT (0.098 g L™"). The absorption
spectrum of the resulting pale black, transparent solution in the ODCB-acetonitrile mixture
(1:3, v/v) (Figure 2A(b)) is largely similar to that of -=SWNT in ODCB under the same
concentration. The similarity in the sharpness of the absorption peaks in the two spectra

suggests that the size of the bundles is largely preserved after the injection of acetonitrile.
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Figure 2. (A) UV—-vis—NIR absorption spectra of -SWNT (0.024 g L™") in (a) ODCB and (b)
ODCB-acetonitrile (1:3, v/v). Path length: 1 cm. (B) UV—vis—NIR absorption spectra of Ce in (a)
ODCB (0.56 mM) and (b) ODCB-acetonitrile (1:3, v/v; 0.070 mM). To measure the absorption
spectrum in the mixed solvent accurately, acetonitrile was injected into the ODCB solution of Cg
(0.56 mM) to give an ODCB-acetonitrile (1:3, v/v) solution of Cgy (0.14 mM). Then, the solution
was diluted to yield an ODCB-acetonitrile (1:3, v/v) solution of Csy (0.070 mM).
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However, there is a slight difference in the absorption intensity of f~SWNT in the mixed
solvent relative to that in ODCB, which may be attributed to a small increase in the bundle size
in the mixed solvent or difference in the solvent polarity or light scattering. Small vibration of
the cuvette caused the precipitation of f~SWNT, making the solution transparent, thereby
showing that the clusters of ~-SWNT (denoted as (f-SWNT),,) are unstable in the mixed solvent
(vide infra). The AFM image of f-~SWNT (Figure 1b), which is obtained for the sample
spin-coated on freshly cleaved mica from the ODCB-acetonitrile (1:3, v/v) solution of
f-SWNT, also reveals the short, thin rod-like structures, but the average diameter (5.4 nm) of
the isolated bundles is slightly larger than that from the ODCB solution. Thus, the author can
conclude that the size of the bundles of f-SWNT in the mixed solvent is slightly larger than that
in ODCB due to the lyophobic interaction with the mixed solvent.

In contrast, the clusterization behavior of Cgy is different from that of ~-SWNT. An
ODCB-acetonitrile solution of Ce (1:3, v/v) was prepared by rapid injection of acetonitrile to
an ODCB solution of Cg (0.56 mM). Compared with the absorption spectrum of Cgp in ODCB
(Figure 2B(a)), that in the mixed solvent (Figure 2B(b)) exhibits broad absorption with a
maximum at 520 nm and the molar extinction coefficient in the mixed solvent is much larger
than that in ODCB. The absorption behavior of Cg in the mixed solvent is attributed to the
formation of stable Cgo clusters (denoted as (Ceo)n) by lyophobic interaction in the mixed

]

solvent.”! Dynamic light scattering (DLS) measurement of the cluster solution revealed that

the size distribution of the (Ceo), cluster is relatively narrow with an average diameter of 200
nm. Similar clusterization behavior of Ceo is noted in toluene—acetonitrile mixture.”>’

The absorption spectrum of a mixture of Ceo (0.56 mM, 0.40 g L") and f-SWNT (0.098 g
L") in ODCB, together with the single component spectra of Cgo and -~SWNT in ODCB is
depicted in Figure 3A. The absorption spectrum of the mixture in ODCB (Figure 3A(c))
matches the sum of the absorption spectra of Cgp and f~-SWNT in ODCB (Figure 3A(d)),
implying that there is no significant interaction between Cq and f-SWNT in ODCB. The
clusterization behavior of Cg—f-SWNT composite is also different from that of Cg and
f-SWNT. The absorption spectrum of the mixture of Cep and f~-SWNT in ODCB-acetonitrile
(1:3, v/v) (Figure 3B(c))** shows structureless, broad absorption, which is different from those
of Ceo (Figure 3B(a)) and f-~SWNT (Figure 3B(b)) in the same mixed solvents. Moreover, the
absorption spectrum of the mixture of Cgp and f-=SWNT in the mixed solvent does not match
the sum of the absorption spectra of f~SWNT and Cg in the same mixed solvents (Figure
3B(d)). These results indicate that Cgy molecules interact with f-SWNT to form the composite
clusters of (Cgptf-SWNT),, in the mixed solvent.

Field emission scanning electron microscopy (FE-SEM) measurements were performed to

evaluate the shapes and morphology of Cg, -SWNT, and the composite of Cgp and f~SWNT in
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Figure 3. (A) UV-vis—NIR absorption spectra of (a) Cg (0.56 mM, 0.40 g L™), (b) =SWNT
(0.098 g L), and (c) a mixture of Cg (0.56 mM) and f~-SWNT (0.098 g L") in ODCB and (d) the
sum of the spectra (a) and (b). Path length: 1 mm. (B) UV—-vis—NIR absorption spectra of (a) Cgp
(0.070 mM, 0.050 g L"), (b) =SWNT (0.012 g L"), and (c) a mixture of Ce (0.070 mM) and
f-SWNT (0.012 g L™") in ODCB-acetonitrile mixture (1:3, v/v) and (d) the sum of spectra (a) and
(b). Path length: 1 cm.

Figure 4. FE-SEM images of clusters of (a) Cg, (b) f-SWNT, and (¢) composites of f-=SWNT and
Cso. The samples were prepared by casting ODCB-acetonitrile (1:3, v/v) solution of Cg (0.14
mM) and/or f-SWNT (0.024 g L") on a glass plate. The image (c) is classified into three regions (i,

ODCB-acetonitrile mixture. The samples for the FE-SEM measurements were prepared by
casting the ODCB—acetonitrile solution to a glass plate. The FE-SEM image of (Ceo),, clusters
discloses spherical particles with sizes of 150 — 350 nm (Figure 4a), which is consistent with
the average diameter (200 nm) of (Ceo)n clusters obtained by the DLS measurement (vide

supra). The FE-SEM image of f~-SWNT reveals spaghetti-like structure where fibrils are
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entangled (Figure 4b). Obviously, the observed fibrous structure results from the bundles of
f-SWNT, since the size of individual f-SWNT (an average diameter of ~ 1 nm) is beyond the
instrument's resolution. On the other hand, the FE-SEM image of (Cg+f-SWNT),, is classified
into three groups (Figure 4c). The first area (i) shows the entangled fibril-like structure (Figure
4d), as seen in the FE-SEM image of f~-SWNT. However, the average diameter of the fibrils is
larger by 10 — 20 nm than that of ~SWNT in Figure 4b,*” suggesting the interaction of the
bundles of f-SWNT with Ce to yield the fibrils with the larger diameter (vide infra). The
second area (ii) displays network structure in which spherical particles with diameters of 500 —
1000 nm are interconnected each other. The network structure suggests that Ce clusters are
self-assembled with the bundles of f~SWNT to form larger clusters involving f~-SWNT,
resulting in formation of the interconnected structure. In the third area (iii), there exist
spherical particles with an average diameter of 200 nm, which agrees well with the size of the
(Ce0)m clusters determined by using DLS and FE-SEM. Judging from the size and the shape,
the spherical particles are assigned to (Cep)n. The formation of the (Ceo), clusters is reasonable
considering the high weight ratio of Cg vs. f-SWNT (4.1:1) in the mixed solution. Hereafter,
the clusters observed in the areas (i), (ii), and (iii) are referred to cluster I, II, and III,

respectively.**!

221 cyp-stacked carbon

Electrophoretic Deposition: It is known that clusters of Cep,!
nanostructures,”’ and SWNTsP %! can be deposited electrophoretically onto electrodes by
applying dc voltage to the electrode. In a similar manner, the clusters of Cso, f-SWNT, and the
composites in ODCB-acetonitrile mixture ([Ceo] = 0.14 mM, [f-SWNT] = 0.024 g L") were
attached to the fluorine-doped tin oxide (FTO) electrodes with nanostructured SnO;
modification (denoted as FTO/SnO,/(Ceo)m, FTO/SnO,/(f-SWNT),,, and FTO/SnO,/(Cgo+
f=-SWNT),,), respectively. Under application of a high dc electric field (200 V for 120 s), the
clusters of Cgy, -=SWNT, and the composites, which are negatively charged in the mixed
solvent, are driven toward the positively charged electrode (i.e., FTO/SnO;). With increasing
time of deposition, the FTO/SnO; electrode turns brown for (Ceo)n and (CeoHf-SWNT),, or
black for (f~-SWNT),, in color with simultaneous discoloration of the cluster solution. All of
the electrophoretically deposited films are sufficiently robust for the photoelectrochemical
measurements. The change in absorbance of the electrophoretically deposited electrodes is
monitored at 400 nm with increasing time of deposition (Figure 5A). The time to reach a
maximum absorbance becomes long in the order of (f-SWNT),, < (Cgotf-SWNT),, ~ (Ce0)m»
showing the faster deposition of (f-SWNT),, than that of (Ce),.. As the author discusses later,
the difference in the mobilities of the clusters affects the structures of the deposited composite

film of Cgp and f-=SWNT. For the following experiments, the author used electrodes prepared
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Figure 5. (A) Change in absorbance of (a) FTO/SnO,/(C¢g)m, (b) FTO/SnO,/(f-SWNT),,, and (¢)
FTO/SnO,/(Cgotf-SWNT),, at different time intervals during electrophoretic deposition process.
The absorbance of FTO/SnO, electrode was subtracted from each spectrum. The time profiles of
(a) and (b) are normalized to that of (c) for comparison. (B) UV—vis—NIR absorption spectra of (a)
FTO/Sn02/(Cs0)m, (b) FTO/SnO,/(f-SWNT),,, (¢) FTO/SnO,/(Ceptf-SWNT),,, and (d) FTO/SnO,
electrodes. (e) Spectrum of (a) + (b) — (d) is shown for comparison. The films were prepared by
electrophoretic deposition with duration time of 120 s, using the corresponding cluster solutions.

by the electrophoretic deposition of Cep and/or f~SWNT in ODCB-acetonitrile mixture (1:3,
v/v; [Ceo] = 0.14 mM, [f-SWNT] = 0.024 g L") with the duration time of 120 s, unless
otherwise noted.

The UV—vis—NIR absorption spectra of the deposited films on nanostructured SnO,
electrodes are shown in Figure 5B. The absorption features of the deposited films are largely
similar to those in the corresponding ODCB-acetonitrile solutions (Figure 3B), showing that
the clusters in the mixed solvent are successfully deposited onto the nanostructured SnO,
electrodes without significant change in the cluster structures. In addition, the broad absorption
of these films as well as the high molar absorptivity in the visible and NIR regions makes these
films suitable for harvesting the solar energy.

Resonant Raman spectroscopy is a valuable tool to characterize SWNTs, since it provides
detailed information on the structure. Low-wavenumber phonon modes, i.e., radial breathing
modes (RBMs), are very susceptible to the nanotube diameter and electronic states. Taking
into account Kataura plotm] with diameters of HiPco SWNTs (0.8 — 1.3 nm),"™ one can
monitor semiconducting and metallic SWNTs with diameters of 0.8 — 1.0 and 1.0 — 1.3 nm,
respectively, by an excitation energy of 1.96 eV (Ax = 633 nm). The resonant Raman spectra
of FTO/SnO/(Ce0)m, FTO/SnO,/(f-SWNT),,, FTO/SnO,/(Cgp+f-SWNT),,, and f-SWNT cast on
a glass plate from the ODCB solution were measured with a laser excitation energy of 1.96 eV
(Figure 6). The Raman spectrum of FTO/SnO,/(Ceo). exhibits several peaks (200 — 300 cm™")
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stemming from the vibration of Cg
(Figure 6b).”*!  Intensity of the
Raman signals of FTO/SnO/(Ceo)m,
however, is much smaller than that of
the FTO/SnO,/(f-SWNT),, (Figure
6¢). On the other hand, it is well
known  that SWNTs show

characteristic peaks attributed to
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Figure 6. Resonant Raman spectra of (a) f~SWNT cast

3 . .
sp” carbon, and is used to determine on a glass plate from the ODCB solution, (b) FTO/
the degree of functionalization in Sn0,/(Ceo)m, (c) FTO/SnO/(f-SWNT),,, and (d) FTO/
SWNTs.PY  The G/D ratios of  SnO»/(Ce+f-SWNT),, under laser excitation with an

f.SWNT (Figure 6a), FTO/SnO,/ excitation energy of 1.96 eV (633 nm). Each spectrum
(£SWNT),, and FTO/SnO/(Ce+ is normalized with respect to its maximum and offset
f-SWNT),, (Figure 6d) are virtually

the same, implying that the electronic structure of f~SWNT is preserved after the
electrophoretic deposition of (f~SWNT),, and (Cep+f-SWNT),, onto FTO/SnO; electrodes. In

addition, the positions and shapes of the peaks in RBM region are almost the same, indicating

for comparison.

that the structure and composition of f~SWNT are also retained after the electrophoretic
deposition process.

FE-SEM was employed to evaluate the surface morphology of the films prepared by the
electrophoretic deposition with the duration time of 120 s as shown in Figure 7. The FE-SEM
image of FTO/SnO,/(Ceo)n electrode (Figure 7a) shows closely packed clusters with sizes of
100 — 200 nm, which are largely similar to that of (Ceo), in the mixed solvent.> ! The
FTO/SnO,/(f-SWNT),, electrode reveals that the bundles of f-~SWNT lie horizontally on the
electrode surface and are entangled each other (Figure 7b). The spherical particles on the
surface of the ~-SWNT bundles may be metal particles that are persisting in the sample of
f-SWNT even after the purification procedure. The average diameter of the bundles is
determined to be 12 nm. It is noteworthy that the surface morphology of FTO/SnO,/(Ceo+
f-SWNT),, (Figure 7c) is quite similar to that of FTO/SnO,/(Ce)n (Figure 7a). This
observation manifests that the top layer of the (Cgo+f-SWNT),, film consists of Cg clusters

originating from the cluster III in Figure 4c. This result agrees well with the higher mobility of
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Figure 7. FE-SEM images of (a) FTO/SnO,/(Ceo)m, (b) FTO/SnO,/(f-SWNT),,, and (c) FTO/SnO,/
(Ceotf-SWNT),, electrodes. The samples were prepared from corresponding cluster solutions by
electrophoretic deposition with duration time of 120 s.

(@) (b) ()

0 5um 0 5um 0 5 um

Figure 8. AFM images of (a) FTO/SnO,/(Cg)m, (b) FTO/SnO,/(f-SWNT),,, and (¢) FTO/SnO,/
(Ceotf-SWNT),, electrodes (Z range: (a) 800 nm, (b) 200 nm, (¢) 800 nm). The samples were same
as those used for FE-SEM observation (Figure 7).

(f-SWNT),, than that of (Ce), during the electrophoretic deposition (Figure 5A). The author
also performed AFM measurements of FTO/SnO,/(Ceo)m, FTO/SnO»/(f-SWNT),,, and FTO/
SnO,/(Cep+f-SWNT),, electrodes (Figure 8). The AFM images of FTO/SnO»/(Ceo)n (Figure
8a) and FTO/SnOy/(Ceotf-SWNT),, (Figure 8c) exhibit the closely-packed (Ceo)n clusters with
similar diameters of 100 — 200 nm, whereas that of FTO/SnO,/(f-SWNT),, (Figure 8b)
discloses the entangled, fibrous-shaped (f~-SWNT),, clusters. Thus, the AFM images match
well the corresponding FE-SEM images.

To shed light on the inner topography of the (Cso+f-SWNT),, film on the FTO/SnO;
electrode, the author examined the change of the (Cgo+f-SWNT),, films as a function of
deposition time. Figure 9 shows the FE-SEM images of FTO/SnO,/(Cg+f-SWNT),, electrodes
obtained from the ODCB-acetonitrile solution (1:3, v/v) of Cso (0.14 mM) and f-SWNT (0.024
g L_l) with the deposition time of 10, 20, 40, and 60 s. At the deposition time of 10 s, the

FE-SEM image reveals entangled fibrous structures lying horizontally on the electrode surface
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Figure 9. FE-SEM images of FTO/SnO,/(Cey+f-SWNT),, electrodes obtained with deposition time

of (a) 10 s, (b) 20 s, (¢) 40 s, and (d) 60 s.

(Figure 9a). The average diameter of the strings
are estimated as 18 nm, which is evidently larger
than that of the bundles (12 nm) for FTO/
SnO,/(f-SWNT),, without Cg (Figure 7b). This
result is in accordance with the difference in the
FE-SEM images of (f-SWNT),, and cluster I
(Figure 4b and d).”’**! In addition, the FE-SEM
image of FTO/SnO,/(f-SWNT),, electrode at the
deposition time of 10 s exhibits well-defined
bundle structures with an average diameter of 12
nm (Figure 10), as seen in the FE-SEM image at

the deposition time of 120 s. Thus, the author can

Figure 10. FE-SEM image of FTO/
SnO,/(f-SWNT),, electrode prepared
with deposition time of 10 s.

conclude that the increase in the diameter of the strings in Figure 9a compared to that in Figure
7b is attributed to Cgo molecules on the bundles of (f-~SWNT),. In other words, when

acetonitrile is injected into the ODCB solution of Csp and f~-SWNT, some of Cgy molecules

interact with the sidewall of the bundles of f~SWNT by m-rt and lyophobic interaction, leading

to the arrangement of Cg molecules on the sidewall of the bundles of -SWNT, as depicted in
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Scheme 1. Considering the difference (6 nm) in the average diameters of (f-~SWNT),, and
(Ceott-SWNT),, on the electrodes, the thickness of the Cg layer is calculated to be ca. 3 nm,
corresponding to a three layer of Cg.

At the deposition time of 20 s, the FE-SEM image of FTO/SnO./(Ceptf-SWNT),,
electrode shows the structure composed of connected round-shaped, rugged particles with
diameters of 500 — 1000 nm (Figure 9b). Taking into account the similar shape and size of the
particles and cluster II, the author assigns the particles as cluster II, where small Cgo clusters
would be further self-assembled with f-SWNT to yield the large spherical clusters comprising
of Ceo and f-SWNT. The FE-SEM images of FTO/SnO,/(Cep+f-SWNT),, electrodes at the
deposition time of 40 and 60 s (Figure 9c and d) exhibit similar closely-packed particles with
diameters of 150 — 300 nm, which are almost identical to the FE-SEM image at the deposition
time of 120 s (Figure 7¢). These results corroborate that clusters I, II, and III are sequentially
deposited onto the FTO/SnO, electrode, depending on the difference in the mobilities under the
application of dc voltage to the cluster solution, yielding the hierarchical film with the gradient

composition along the direction of the film thickness.

Photoelectrochemical Properties: Photoelectrochemical measurements were performed
in deaerated acetonitrile containing 0.5 M Lil and 0.01 M L, with FTO/SnO,/(Cgo+f-SWNT),,
as a working electrode, a platinum wire as a counter electrode, and I'/I5 reference electrode.
The FTO/SnO,/(Ceo+f-SWNT),, electrode was prepared from the cluster solution of (Cept+f-
SWNT),, ([Ceo] = 0.14 mM, [f-SWNT] =0.024 g L") in ODCB-acetonitrile (1:3, v/v). Figure
11a displays photocurrent response of the FTO/SnO,/(Ce+f-SWNT),, electrode illuminated at
an excitation wavelength of 400 nm (input power: 1.81 uW cm ) at +0.05 V vs. SCE. The
photocurrent responses are prompt, steady, and reproducible during the repeated on/off cycles
of the visible light illumination. Blank experiments of FTO/SnO, electrode without the
composite film exhibited much smaller photocurrent responses under the same conditions.
These results confirm the role of the composite film toward harvesting light energy and
generating electron flow from the electrolyte to the FTO/SnO, electrode through the film
during the operation of the photoelectrochemical device. Figure 11b shows current-applied
potential curve of the FTO/SnO,/(Cso+f-SWNT),, system under white light illumination (A >
380 nm; input power: 78.8 mW cm ). With increasing positive bias up to 0.05 V vs. SCE, the
photocurrent increases compared to the dark current. Increased charge separation and the facile
transportation of charge carriers under positive bias are responsible for the enhanced
photocurrent generation. As reported by Kamat and co-workers,'”>****'! FTO/Sn0,/(Ce0)m
and FTO/SnO,/(f-SWNT),, systems show similar photoelectrochemical behavior to that of the
FTO/SnO,/(Ceott-SWNT),, system (vide infra).
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Figure 11. (a) Photocurrent response of FTO/SnO,/(Cgso+f-SWNT),, illuminated at 400 nm (1.81
uW cm?). Applied potential: +0.05 V vs. SCE. (b) Current vs. potential curve for FTO/SnO,/
(Ceo+f-SWNT),, device under illumination with white light (A > 380 nm, input power: 78.8 mW
cm ). Electrolyte: 0.5 M Lil and 0.01 M I, in acetonitrile.

To evaluate the photoelectrochemical response of the FTO/SnO,/(Cgo+f-SWNT),, system,
the author examined the wavelength dependence of the incident photon-to-current efficiency
(IPCE) of the film on FTO/SnO,. The IPCE values are calculated by normalizing the

photocurrent densities for incident light energy and intensity and by use of the expression:
IPCE (%) = 100 x 1240 x i/(Win x A)

where i is the photocurrent density (A cm™2), Wi, is the incident light intensity (W cm %), and A
is the excitation wavelength (nm). Figure 12a illustrates the photocurrent action spectrum of
the FTO/SnO,/(Cep+t-SWNT),, system. The maximum IPCE value reaches up to 18% at 400
nm under an applied potential of 0.05 V vs. SCE. It should be noted here that the IPCE value
of the FTO/SnO,/(Cep+f-SWNT),, system monotonically decreases with increasing the
wavelength to reach almost zero at 730 nm, which does not match the absorption feature of the
FTO/SnO,/(Ceotf-SWNT),, electrode (Figure 5B(c)). Namely, the FTO/SnO,/(Ceott-
SWNT),, electrode exhibits significant absorbance at 700 — 1600 nm, which mainly results
from the absorption of f~SWNT and light scattering. These results suggest that the absorption
of visible light (400 — 700 nm) by Cey molecules is responsible for the photocurrent generation
and the contribution by the excitation of ~SWNT is minor.

The photocurrent action spectrum of the FTO/SnO,/(Ceotf-SWNT),, system is also
compared to those of the FTO/SnO,/(Cso)m, FTO/SnO,/(f-SWNT),,, and FTO/SnO, to gain
deep insight into the photocurrent generation (Figure 12). The IPCE values of the FTO/SnO,/
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(CeoHf-SWNT),, system (Figure 12a) are 20 -
3 — 5 times as large as those of the
FTO/SnO,/(Cep)n  (Figure 12b) and
FTO/SnO,/(f-SWNT),, (Figure 12¢). In
addition, the IPCE values of the FTO/
SnO,/(Cep+f-SWNT),, system are still
much larger than those of the FTO/SnO,/
(f-SWNT),./(Ceo)m (Figure 12d), where the

FTO/SnO,/(f-SWNT),, electrode is further 0400----4-'%6""5(')0 Tt 600 650 700 5o
modified with (Ceo), electrophoretically Wavelength / nm

by using the cluster solution ([Cso] = 0.14  Figure 12. Photocurrent action spectra of (a)
mM in ODCB-acetonitrile). Thus, the = FTO/SnOy/(Ceotf-SWNT),, (b) FTO/SnO>/(Ceo)m,
() FTO/SnOy/(:SWNT),, (d) FTO/SnO/(f-
SWNT)/(Ceo)m, and (e) FTO/SnO, electrodes.
The samples were prepared from corresponding

complex formation of Cg and f~-SWNT in
the mixed solvent by the lyophobic and

m-mv interaction is essential for the efficient cluster solutions by electrophoretic deposition

photocurrent generation. It should be  with duration time of 120 s. Applied potential:
emphasized here that the observed  10.05V vs. SCE. Electrolyte: 0.5 M Lil and 0.01
maximum IPCE value of 18% in the FTo/ ~ M 2 in acetonitrile.

SnO,/(Cep+f-SWNT),, system is the highest among the carbon nanotube-based photoelectro-
chemical devices (up to 9.3%) in which the carbon nanotubes are deposited onto electrodes

3031 I or covalently.?”

electrophoretically,”*>! electrostatically™®

To examine the relationship between the gradient composition of the composite films
along the direction of the film thickness and the photocurrent generation, photocurrent action
spectra of the FTO/SnO,/(Ceo+f-SWNT),, system (Figure 13A) were measured by using the
FTO/Sn0O,/(Ceotf-SWNT),, electrodes prepared with different deposition time (i.e., 10, 20, 40,
and 120 s). The UV-vis absorption spectra of the FTO/SnO,/(Ce+f-SWNT),, electrodes
(Figure 13B) are also monitored to compare the corresponding FE-SEM images (Figure 9a, b, ¢
and Figure 7c) and the photocurrent action spectra. All the electrodes exhibit similar
structureless absorption and the absorbance gradually increases with increasing the deposition
time. The overall photocurrent action spectra of the FTO/SnO,/(Cep+f-SWNT),, system
parallel the broad absorption spectral features. It is noteworthy that, with increasing the
deposition time (0 — 40 s), the IPCE values increase and level off at the deposition time of 40 —
120 s. Considering the exclusive deposition of cluster I, the bundles of f~SWNT covered with
Ceo molecules, at the deposition time of 10 s and the corresponding large IPCE value (12.5% at
400 nm), the film of cluster I without clusters II and III has a large impact on the photocurrent

generation. The aligned Cgp molecules on the bundles of f~SWNT are responsible for the
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Figure 13. (A) Photocurrent action spectra and (B) UV-vis absorption spectra of FTO/SnO,/
(Ceotf-SWNT),, electrodes prepared by electrophoretic method with deposition time of (a) 10, (b)
20, (c) 40, and (d) 120 s. Action spectra were measured under an applied potential of +0.05 V vs.
SCE. Electrolyte: 0.5 M Lil and 0.01 M I, in acetonitrile.

efficient photocurrent generation. The gradual increase in the IPCE value with the deposition
time of 20 and 40 s relative to that with the deposition time of 10 s reveals that the cluster 11
(large-sized Cqo cluster including f~SWNT) and cluster III (middle-sized Ce cluster) also make

contribution to the photocurrent generation.

Photocurrent Generation Mechanism: On the basis of the previous studies on similar
photochemical systems consisting of Cg>>) or f-SWNTP*! as well as the film structure and
the photoelectrochemical properties of the present system, the author proposes photocurrent
generation mechanism as shown in Schemes 2 and 3. As a representative example, (8,6)
SWNT, which is the highest distribution of (n,m) species in the present p-SWNT, is given in
the schemes.”'”*!  Although the direct injection from the excited states of -SWNT to the
conduction band (CB) of SnO; is possible,”" its contribution in the present system should be
minor according to the relatively low IPCE values (up to 3%) of the FTO/SnO,/(f-SWNT),,
system (Figure 12c¢).

Scheme 2 illustrates a plausible photocurrent generation pathway, where photoinduced ET
between iodide ion (I; /I = 0.5 V vs. NHE)* and the excited states of Ceo ('Ceo*/Ceo™ = 1.7 V
vs. NHE; *Cgo*/Cso~ = 1.4 V vs. NHE)"**! is the primary step in the photocurrent generation.
The reduced Ceo (Cgo/Cso™ =—0.2 V vs. NHE)"* injects an electron into the CB of SnO, (Ecg =
0 V vs. NHE) through electron hopping between Csp molecules. ET from the reduced Cg
molecules in clusters I, II, and III to the f~SWNT (c; = —-0.094 V vs. NHE) may also occur to
transport the electron to the SnO, electrode though the network of f-~SWNT. The electron
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transferred to the SnO, electrode is driven to the counter electrode via external circuit to
regenerate the redox couple. The highly aligned structure of Cgp molecules on the f-SWNT
sidewalls and the high electron transport capability of -SWNT may facilitate the electron flow,
In addition to the
mechanism in Scheme 2, direct CS between Cgo and f-SWNT in clusters I and II for the

leading to the efficient photocurrent generation in the present system.

photocurrent generation is energetically possible (Scheme 3). Namely, initial ET takes place
from v; (or v2) of f~SWNT (0.96 V vs. NHE) to the Cq excited states. Then, subsequent ET
from the reduced Cg to the CB of the SnO, electrode and from I" to v; (or v;) of f-SWNT
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occurs, resulting in the photocurrent generation. The author tried to measure the transient
absorption spectrum of (Cg+f-SWNT),, cluster in the ODCB-acetonitrile mixture, but the
attempt was unsuccessful owing to the instability of the clusters under the laser-irradiation
conditions. The preliminary transient absorption measurements using the FTO/SnO,/(Ceot
f-SWNT),, electrode did not exhibit the fingerprint of Ceo radical anion at 1000 — 1100 nm,
indicating no occurrence of the direct CS between Cgp and f-SWNT. Thus, the photocurrent

generation mechanism in Scheme 3 may be ruled out.

Conclusion

The author has successfully developed the novel strategy for the arrangement of Cg
molecules on the external surface of SWNTs. First, acid treatment cuts pristine SWNTs to
yield shortened SWNTs with carboxylic groups at the open ends and defect sites. Then, the
shortened SWNTs is functionalized with sterically bulky amine to yield highly soluble,
functionalized SWNTs (f-SWNT) in organic solvents. Finally, poor solvent (i.e., acetonitrile)
is rapidly injected into a mixture of Cep and f-=SWNT in good solvent (o-dichlorobenzene
(ODCB)), resulting in formation of the composite clusters of Cgp and -SWNT. The lyophobic
interaction between Ce—f-SWNT and the mixed solvent as well as the m-it interaction between
Ceo molecules and between Cgp and f-SWNT was found to be responsible for the desirable
arrangement of Cg molecules on the external surface of SWNTs in the mixed solvent. The
electrophoretic deposition of the composites onto a nanostructured SnO, electrode gradually
yielded the hierarchical film with gradient composition depending on the difference in the
mobilities of Cg and f-SWNT during the electrophoretic process. The composite film
exhibited an incident photon-to-current efficiency as high as 18% at 400 nm under an applied
potential of 0.05 V vs. SCE. The photocurrent generation efficiency is the highest value among
carbon nanotube-based photoelectrochemical devices in which carbon nanotubes are deposited
onto electrodes electrophoretically, electrostatically or covalently. The highly aligned structure
of Cg molecules on f~SWNT can rationalize the efficient photocurrent generation. Thus, the
results obtained here will provide valuable information on the design of carbon nanotube-based

molecular devices.

Experimental Section

General Procedure: UV-vis—NIR spectra of solutions and films were measured on a
Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. Resonance Raman spectra were
recorded with a Horiba JobinYvon LabRAM HR-800 equipped with a 1.96 eV (633 nm) laser.
FE-SEM observation was carried out with a JEOL JSM-6500FE, JSM-7500F, and Hitachi
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S-4700. For preparation of the cluster samples, a mixture of ODCB—acetonitrile containing
f-SWNT and/or Csy was cast on glass plates and the solvent was evaporated. The samples in
Figure 4, Figure 7a,c and Figure 9b—d were coated by Pt using JEOL JFC-1600 auto fine coater
before the measurements. AFM images of SWNT samples were obtained from a Digital
Instruments Nanoscope III in the tapping mode. A solution containing =SWNT was spin-
coated on freshly cleaved mica at a rotation speed of 500 rpm. DLS measurements of the
cluster solutions were performed using a Horiba LB550 particle size analyzer. s-SWNT was
prepared using HiPco SWNTs (Carbon Nanotechnologies, Inc.) as published elsewhere.”!
8-Aminopentadecane was synthesized according to the literature.””’ Cgp (99.98%) was
obtained from MTR Ltd. An optically transparent FTO electrode (Asahi Glass Inc.) was
washed by sonication in 2-propanol and cleaned in an O3 atmosphere in advance. A 15% SnO,
colloidal solution (particle size = 15 nm; Chemat Technology, Inc.) was deposited on the FTO
electrode using doctor blade technique.*#**¢! The electrode was annealed at 673 K to yield
1.3 wm thick SnO, film (denoted as FTO/Sn0,). All other chemicals were purchased from
commercial sources and used without further purification.

Synthesis of ~SWNT: s-SWNT (45 mg) was dispersed in thionyl chloride (10 mL) and
stirred vigorously at 70 °C for 1 day under Ar. The excess thionyl chloride was removed by
distillation under reduced pressure. Then, 8-aminopentadecane (5 mL) was added to the
remaining black solid in a grove box and the mixture was stirred at 100 °C for 5 days. Cooled
to room temperature, the reaction mixture was diluted by ethanol and filtered by 0.22 um
polycarbonate membrane filter. The resulting black residue was washed with ethanol, acetone,
and hexane repeatedly. Reprecipitation from ODCB/methanol and subsequent ODCB/acetone
and finally drying at 60 °C for 9 h gave ~SWNT (41 mg).

Preparation of Cluster Solutions and Films: The cluster solutions of f-SWNT (0.024 g
L") and/or Cg (0.14 mM) were prepared in a 1 cm cuvette by injecting acetonitrile (1.2 mL)
into a solution of f-SWNT (0.098 g L") and/or Ce (0.56 mM) in ODCB (0.4 mL)
(ODCB/acetonitrile = 1/3, v/v).> ! Two electrodes (i.e., FTO and FTO/SnO,) were inserted
into the cuvette with keeping at a distance of 6.0 mm by a Teflon spacer. A dc voltage (200 V)
was applied for 2 min between these two electrodes using a power supply (ATTO, model
AE-8750). The deposition of the film could be visibly confirmed as the suspension became
colorless with the simultaneous colorization of the FTO/SnO, electrode. After the deposition,
the deposited film was dried immediately with a hair dryer.

Photoelectrochemical Measurements: All electrochemical measurements were carried
out in a standard three-electrode system using an ALS 630A electrochemical analyzer,'**#*>¢ ¢!
The deposited film as a working electrode was immersed into the electrolyte solution

containing 0.5 M Lil and 0.01 M I, in acetonitrile. A Pt wire covered with a glass Luggin
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capillary, whose tip was located near the working electrode, was used as a quasi-reference
electrode, whereas a Pt coil was employed as a counter electrode. The potential measured was
converted to the saturated calomel electrode (SCE) scale by adding +0.05 V. The stability of
the reference electrode potential was confirmed under the experimental conditions. A 500 W
xenon lamp (USHIO, XB-50101AAA) was used as a light source. Potential versus current
characteristics were measured with controlled-potential scan (1 mV s ') under 0.5 Hz chopped
white light (A > 380 nm, input power: 78.8 mW cm °). The monochromatic light through a
monochromator (Ritsu, MC-10N) was illuminated on the modified area of the working
electrode (0.20 cm?®) from the backside. The light intensity was monitored by an optical power
meter (Anritsu, ML9002A) and corrected.
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Chapter 6

Selective Formation and Efficient Photocurrent Generation of
[70]Fullerene—Single-Walled Carbon Nanotube Composites

Abstract: The author has successfully constructed nanocarbon composites, where Cy
molecules are aligned on the sidewall of single-walled carbon nanotubes (SWNTs). Enhanced
interaction between the flattened-shaped C;p and SWNTs led to formation of the single
component cluster in the o-dichlorobenzene—acetonitrile mixture, which is in marked contract
to the case of Coo—SWNT composite with three different structures. Time-resolved microwave
conductivity measurements revealed superb electron mobility through the SWNT network
formed in the composite. The C;—SWNT photoelectrochemical device exhibited efficient
photocurrent generation properties resulting from selective formation of the single composite
film consisting of the SWNT network covered with C;p molecules in addition to the high
electron mobility through the C;0-SWNT network. The results obtained here will open up a

way to harness the nanocarbon composites for efficient photoelectrochemical devices.
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Introduction

Recently, organic solar cells have drawn much attention because of their potential for the
production of flexible and large-sized devices at low-costs. The state-of-the art in the field of
organic solar cells is represented by bulk heterojunction (BHJ) solar cells based on conjugated
polymers and fullerene derivatives.'"
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM) has

achieved a power conversion efficiency (1) of ~ 5%, which is among the highest values
]

In particular, the BHJ solar cell consisting of poly(3-

reported for polymer-based solar cells.”) The excellent cell performance results from thermal
annealing leading to the high crystalline structure of P3HT and, in turn, the phase segregation
of P3HT and PCBM into bicontinuous domains. In contrast, it is still difficult to control
nanometer-scale network structures of fullerenes by self-assembly of the fullerenes. Although
the introduction of self-assembling substituents into fullerenes can realize such network
structures, the photocurrent generation in BHJ solar cells and photoelectrochemical devices
remains poor owing to the reduction in fullerene density in the film and incomplete control of

(3]

the network structures.”” Nevertheless, the formation of fullerene-based network is more

desirable for higher fullerenes (i.e., C7) and their derivatives ([70]PCBM) that have recently
achieved one of the highest 7 values when combined with novel low-band gap polymers.*
Here the author reports the first selective formation of higher fullerene (i.e., Cso)—
single-walled carbon nanotubes (SWNTs) composite for photoelectrochemical devices
(Scheme 1).° SWNTs were chosen as a nanoscaffold for organizing C7o molecules on the
sidewall with a hope that hetero-interaction between C79 and SWNTs is more favorable than
homo-interactions between C;o molecules as well as SWNTs. In such a case, the author can
expect selective formation of the C;0—SWNT composite and resultant efficient electron
transportation through the one-dimensional (1-D) arrays of C;y molecules that would be
applicable to photoelectrochemical devices. The author also anticipated that electron transfer
(ET) from Cy radical anion (C7") into SWNTs would also facilitate electron transportation

through the 1-D structure of SWNT, resulting in enhanced current flow in the devices.”!

SCHEME 1

(Cro+-SWNT),,
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To form the C;0-SWNT composite and deposit it on a semiconducting electrode (i.e.,
Sn0O,) for photoelectrochemical devices, the author applied rapid injection and electrophoretic
deposition methods to C7o and the chemically functionalized SWNTs (f-SWNT).”*! Namely, a
poor solvent (i.e., acetonitrile) is rapidly injected into a mixture of C79 and f-SWNT, which are
dissolved in a good solvent (i.e., o-dichlorobenzene (ODCB)). The f~-SWNT with sterically
hindered alkyl substituents exhibits excellent solubility in ODCB, allowing the sidewall to
interact well with C;9 in ODCB-acetonitrile. Then, high voltage is applied to the cluster

solution to deposit the clusters onto a SnO, electrode for photoelectrochemical measurements.

Results and Discussion

Preparation of C;p—-SWNT Composite: To examine the composite cluster formation of
Cr70 and f-SWNT, the author first measured the UV—vis—near IR (NIR) absorption spectra in
ODCB-acetonitrile (1:4, v/v) (Figure 1A). The absorption spectrum of the mixture exhibits the
broad absorption in visible to NIR region with maximum at 547 nm (Figure 1A(c)), which is
different from the sum of the absorption spectra of C;p and f~-SWNT in (Figure 1A(d)). The
observed discordance obviously manifests the composite cluster formation of C;9 and f~-SWNT
(denoted as (C7ptf-SWNT),,) in ODCB-acetonitrile.

Consistently, the field emission scanning electron microscopy (FE-SEM) image of
spin-coated (C7o+f-SWNT),, reveals an exclusive network structure in which cuboid particles
of C7 (200 nm) are fused to SWNTs (Figure 2a). This is in marked contrast with the

unselective formation of three different clusters in the composite clusters of Cgo and f-SWNT
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Figure 1. (A) UV—vis—NIR absorption spectra of (a) Cs, (b) -SWNT, (c) a mixture of Cy and
f-SWNT measured in ODCB-acetonitrile mixture (1:4, v/v; [C70] = 0.14 mM, [f-SWNT] =0.012 g
L™'; path length 3 mm), and (d) sum of spectra (a) and (b). (B) UV—vis—NIR absorption spectra of
(a) FTO/SnO%/(C70)m, (b) FTO/SnO,/(f-SWNT),,, and (c) FTO/SnO,/(C7g+f-SWNT),,..

135



Figure 2. (a) FE-SEM image of (C7g+f-SWNT),,. The sample was prepared by spin-coating the
cluster solution ([C7] = 0.14 mM, [f-SWNT] = 0.012 g L") from the ODCB-acetonitrile mixture
(1:4, v/v) on Si wafer. (b) FE-SEM image of FTO/SnO,/(C7¢+f-SWNT),,.
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Figure 3. Molecular models of the complexes between (a) SWNT (14,0) and Cg, (b) SWNT
(14,0) and Cy with end-on structure, (c) SWNT (14,0) and C; with side-on structure, and (d)
SWNT (14,0) and C¢Hg. All models are depicted with complete geometry optimization under
AMBER force field using the Gaussian 03 program package. (¢) Schematic representation of the
mutual positions between the SWNT (plain line) and the fullerenes or CsHg (bold line) in model (a)

—(d).
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(denoted as (Ceo+f-SWNT),,), as disclosed in the previous study.”! Ellipsoidal shape and large
size of Cy relative to Cgp may contribute to the enhanced interaction with the sidewall of
f-SWNT, leading to the exclusive formation of the composite cluster. Preliminary density
functional theory calculations reveal that the binding energies between C;p and SWNT systems
are larger by ~ 3 kcal mol ™' than those between Cgo and SWNTs, when C7o molecule is stacked
on the sidewall of SWNTs with its long axis parallel to the tube axis (side-on structure, Figure
3 and Table 1). In contrast, almost the same energies as for Cq were calculated with an
alignment where the long axis of C;y is oriented perpendicular to the tube axis (end-on
structure). These results, at least partially, rationalize more favorable formation of the
composite cluster of SWNTs with Cyo than with Ce, as well as the feasible side-on structure in
the (C7otf=-SWNT),,..

Electrophoretic Deposition: Upon subjecting the resulting cluster suspension to a high
electric (dc) field (200 V, 2 min), the clusters of C;o and/or f-SWNT were deposited onto the
fluorine-doped tin oxide (FTO) electrodes with nanostructured SnO, modification (denoted as
FTO/SnO,/(C79)m, FTO/SnO»/(f-SWNT),,, and FTO/SnO,/(C7g+f-=-SWNT),,). It is noteworthy
that the absorption spectrum of the FTO/SnO,/(Cy¢+f-SWNT),, electrode (Figure 1B(c)) differs
from that of (C7¢+f-SWNT),, in ODCB-acetonitrile (Figure 1A(c)). Furthermore, the FE-SEM
image of FTO/SnO,/(C7o+-SWNT),, electrode reveals coalescent fibrous network (Figure 2b),
in which SWNTs are covered tightly by Cy layers. Note that the C; particles observed in the
spin-coated sample (Figure 2a) are not seen, whereas some granulous structures are present in
places. Such rearrangements of C;p molecules may be caused by the solvent annealing effect
during the drying process due to the much faster vaporization of acetonitrile (boiling point (bp)
= 82 °C) than ODCB (bp = 180 °C). Similar rearrangement was also seen in the FTO/SnO,/
(C70)m electrode, whereas it was not apparent for the (Ceo) and (CeoHf=-SWNT),,."”!

TABLE 1: Binding Energies (kcal mol'") between SWNTs and Fullerenes *

Ce() C70 (end—on) b C70 (side—on) ¢ C6H6
SWNT (14,0) 16.9 17.0 19.6 9.7
SWNT (8,6) 15.9 16.7 19.0 8.8

“Geometry optimizations were carried out by AMBER force field using the Gaussian 03 program
package, as illustrated in Figure 3. Binding energies were calculated by the B3LYP-D method with
the cc-pVDZ basis set using the GAMESS program package. SWNT (14,0) and SWNT (8,6) were
modeled as CysHys. ” Long axis of Cy molecule is oriented perpendicular to the tube axis of
SWNTs (see Figure 3(b)). “Long axis of C7 molecule is oriented parallel to the tube axis of
SWNTs (see Figure 3(c)).
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Charge Carrier Mobility: To evaluate the charge carrier mobility (u) of the deposited
films, the author measured the flash-photolysis time-resolved microwave conductivity
(TRMC).!" Upon exposure to a laser pulse with an excitation wavelength of 355 nm, all
samples reveal a rise of the transient conductivity <¢Zg>, in which ¢ is the quantum efficiency
of charge separation (CS) and Zu is the
sum of the mobility of all the transient-

charge carriers (Figure 4 and Table 2).

—
<Q

The major charge carriers are found to
stem from electrons for all films. The
Su value (3.2 cm® V' s7) of the
FTO/SnO,/(f-SWNT),, electrode is the
highest, demonstrating the potentially

—
e
N

¢=u/cm2 Vg

1073+
superior electron-transporting property

of f-SWNT. Notably, nearly 30%
-4
increase in the Zu value is discernible 10 0 1 > 3 4 5 6

when Csq is clusterized with f~SWNT, Time / us

. o/ .
accompanying a 13% increase in the ¢ Figure 4. Flash-photolysis TRMC transients for (a)

value relative to those of FTO/SnO2/  FTO/SnO,/(Cr)m, (b) FTO/SnO/(f-SWNT),,, and
(C70)m. The rise profile of the transient (¢) FTO/SnO,/(C7p+f-SWNT),, electrodes.  The

conductivity for the FTO/SnO/(Cro+ transient were recorded at an excitation wavelength
f-SWNT),, (Figure 4¢) is close to that of 355 nm with a photon density of 3.3 x 10" cm™.
for the FTO/SnO,/(Cr)nm (Figure 4a),
both reaching the conductivity maxima
within 0.4 us, while that for the FTO/SnO,/(f-SWNT),, (Figure 4b) reveals a slower rise
component. Similarity in the photoresponse behavior of the TRMC signals for the FTO/SnO,/
(CyoH-SWNT),, and FTO/SnO,/(Cr),, implies that the large majority of the photocarriers in

All samples are fixed on quartz substrates with
poly(methyl methacrylate) matrices.

the C7;0—f-SWNT composites is generated by excitation of C7. On the other hand, decay
kinetics of the conductivity transients for the FTO/SnO,/(C7+f-SWNT),, exhibits a pseudo-
first to second order profile (time constant = 4.2 x 10> s~ and 1.4 x 10° s for pseudo-first and
second order decay, respectively), which is different from those of the FTO/SnO,/(Cy),, and
FTO/SnO,/(f-SWNT),,. The second order decay profile was observed only for the FTO/SnO,/
(C7oH-SWNT),,. All of these features can be interpreted by the occurrence of ET from C;y™ to
f-SWNT, followed by bulk recombination of charge carriers during electron transportation
through f~SWNT, in addition to electron hopping on Cy arrays due to the alignment of C;y on
the sidewalls of f-SWNT in the FTO/SnO,/(C7g+f-SWNT),,. The small Zu value (1.2 cm” V'
s) of the FTO/SnO,/(Cgo+f-SWNT),, relative to that of the FTO/SnO./(C7o+H-SWNT),, may

138



result from the presence of the three different clusters, which would lower the electron mobility
of the Ceo—f-SWNT composite. It is experimentally revealed here that the transportation of
electron by f~SWNT contributes to the higher value of electron mobility in the C7;—f-SWNT
composites than that in Cy cluster. To the best of the author’s knowledge, this is the first
example determining the electron mobilities of SWNTs as well as fullerene-SWNT composites

by using TRMC technique.

Photoelectrochemical Properties: Figure SA depicts the photocurrent action spectra of
the FTO/SnO,/(C70)m, FTO/SnO,/(f-SWNT),,, and FTO/SnO,/(C7ptf-SWNT),, devices. The
action spectra largely resemble the absorption spectra of the deposited electrodes (Figure 1B).
The incident photon-to-current efficiency (IPCE) value (26%) of the FTO/SnO./(Crt+
f-SWNT),, device (Figure 5A(c)) at 400 nm is 2.6 times larger than that (10%) of the FTO/
SnO,/(Cro),m device!'! (Figure 5A(a)) and 10 times larger than that (2.6%) of the FTO/SnO,/
(f-SWNT),, device (Figure 5A(b)) (Table 2). The IPCE value (26%) of the FTO/SnO,/(C7+
f-SWNT),, device is the highest one ever reported for analogous SWNT-based photoelectro-

2] in which the SWNTs are deposited electrophoretically, electrostatically,

chemical devices
covalently, or physisorptionally onto semiconducting electrodes.

Photocurrent generation (Figure 5B) is initiated by photoinduced ET from iodide ion
(Is/T"=0.5V vs. NHE)[S] in the electrolyte to the Cy excited states (1C70*/C7o'_ ~ 1.7V vs.
NHE; *C7*/C7" = 1.3 V vs. NHE),">"* and C7" (C7/C7" = —0.2 V vs. NHE)!"* injects
electrons into the conduction band (CB) of f-~SWNT (¢; = 0.1 V vs. NHE)."™ The excellent
electron mobility of f-SWNT bundles, as revealed by the TRMC measurements, facilitates the

electron flow toward the SnO, electrode (Ecg = 0 V vs. NHE).[Q’ISJ Additionally, C7" injects

TABLE 2: Microwave Conductivity, Quantum Efficiency of CS, Electron Mobility, and
IPCE Value

¢2Ma,b ac / 0 ZMQ / d
/ [
/em? Vs 0 ° em? Vs IPCET/%
(C7otf-SWNT),, 0.084 3.5 2.4 26
(Cr0)m 0.061 3.1 1.9 10
(f-SWNT),, 0.0024 0.075 3.2 2.6
(Ceotf-SWNT),, 0.0056 0.50 1.2 18°

a

¢ = quantum efficiency of CS; Zu = sum of mobility of all the transient-charge carriers.
Maximum value of the transient conductivity upon photoirradiation at 355 nm (photon density:
3.3 x 10" cm™). ¢ Determined by conventional DC-current integration technique with a
photoexcitation at 355 nm. ? At 400 nm. ©Taken from ref 5.
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Figure 5. (A) Photocurrent action spectra of (a) FTO/SnO,/(C7p)., (b) FTO/SnO,/(f-SWNT),,, and
(c) FTO/SnO,/(C7p+f-SWNT),, devices. Applied potential: +0.05 V vs. SCE. Electrolyte: 0.5 M
Lil and 0.01 M L, in acetonitrile. (B) Photocurrent generation diagram for the FTO/SnO,/(Cso+
f-SWNT),, device. As a representative example, (8,6) SWNT, which is regarded as single (n,m)
chirality species with the highest distribution in f~-SWNT prepared from commercially available
HiPco SWNTs, is used in the scheme.

electrons into the CB of the SnO, by 0.09 -

electron hopping through the Cy arrays on 8.gsps

the SWNT sidewalls. It should be noted 0.06 - gopos oS

here that the time-resolved transient §

absorption measurements using the FTO/ % 0.03 4

SnO,/(C7+f-SWNT),, electrode did not g

exhibit the fingerprint of C7," at 880 and 0

1370 nm or Cy""at 930 nm (Figure 6)./'° ?’

This rules out the possibility of direct CS '0-03500 500 700 800 900 1000 1100
between C7 and f-~SWNT as an initial step Wavelength / nm

for photocurrent generation. Figure 6. Sub-picosecond to sub-nanosecond

Here, the emphasis should be placed time-resolved absorption spectra of FTO/SnO,/
(C7otf-SWNT),, electrode after laser excitation at

410 nm at 298 K.

on the fact that maximum IPCE value
(26%) of the FTO/SnOy/(Cro+f-SWNT),,
device is higher than that (18%) of the FTO/SnO,/(CeoH-SWNT),, device,”! despite of the
similar light-harvesting efficiency, reduction potentials (Ceo/Cso” = —0.2 V vs. NHE),[S’Q] and
excited state behavior of Cgo and C7o.l'”? The efficient photocurrent generation may result from
higher electron mobility (2.4 cm® V' s7') of the (C7o+H-SWNT),, in comparison with that (1.2
cm” V' s7) of the (CgoH-SWNT),,. The higher electron mobility of (Cyo+f-SWNT),, may also
originate from the single network structure on the FTO/SnO,/(Cro+{-SWNT),, electrode

compared with the unselective cluster formation of (Cgp+f-SWNT),,.
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Conclusion

In summary, the author has successfully constructed nanocarbon composites, where Cyg
molecules are aligned on the sidewall of SWNTs for the first time. The C;0—SWNT photo-
electrochemical device exhibited the highest IPCE value (26%) ever reported for analogous
SWNT-based photoelectrochemical devices. The highest IPCE value results from selective
formation of the composite film consisting of the SWNT network covered with C;o molecules,
which is in marked contrast with the unselective formation of three different clusters in the
Ceo—f-SWNT composites. Thus, these results will provide basic clue for the design of nano-

carbon composite-based molecular devices including organic photovoltaics.

Experimental Section

General Procedure: NIR spectra of solutions and films were measured on a
Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. FE-SEM observation was carried out
with a JEOL JSM-6705F. f-SWNT was prepared according to the previous report.”) Cyg
(99.5%) was obtained from MTR Ltd. An optically transparent FTO electrode (Asahi Glass
Inc.) was washed by sonication in 2-propanol and cleaned in an O3 atmosphere in advance. A
15% SnO; colloidal solution (particle size = 15 nm; Chemat Technology, Inc.) was deposited
on the FTO electrode using the doctor blade technique.”! The electrode was annealed at 673 K
to yield 1.3 um thick SnO; film (denoted as FTO/SnO,). All other chemicals were purchased
from commercial sources and used without further purification.

Preparation of Cluster Solutions and Films: The cluster solutions of -SWNT (0.012 g
L") and/or C7 (0.14 mM) were prepared in a 1 cm cuvette by injecting 1.6 mL of acetonitrile
into a solution of £SWNT (0.062 g L") and/or C (0.68 mM) in 0.4 mL of ODCB
(ODCB/acetonitrile = 1/4, v/v). Then, two electrodes (i.e., FTO and FTO/SnO,) were inserted
into the cuvette with keeping at a distance of 0.6 cm by a Teflon spacer. A dc voltage (200 V)
was applied for 120 s between these two electrodes using a power supply (ATTO, model
AE-8750). The deposition of the film could be visibly confirmed as the suspension became
colorless with simultaneous colorization of the FTO/SnO, electrode. After the deposition, the
deposited film was dried immediately with a hair dryer.

Theoretical Calculation: Computational calculations of the binding energies for
complexes of fullerenes (i.e., Cop or C;9) and SWNTs were performed using B3LYP-D
functional and cc-pVDZ basis set implemented in the GAMESS program package,'™
following the complete geometry optimization under AMBER force field using the Gaussian
03 program package.'"”! As a representative example, SWNT with a chiral index of (14,0) or

(8,6) was incorporated and modeled as Cyo4Hos.
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Photoelectrochemical Measurements: All electrochemical measurements were carried
out in a standard three-electrode system using an ALS 630A electrochemical analyzer. The
deposited film as a working electrode was immersed into an electrolyte solution containing 0.5
M Lil and 0.01 M I, in acetonitrile. A Pt wire covered with a glass Luggin capillary, whose tip
was located near the working electrode, was used as a quasi-reference electrode. A Pt coil was
employed as a counter electrode. The potential measured was converted to the saturated
calomel electrode (SCE) scale by adding +0.05 V. The stability of the reference electrode
potential was confirmed under the experimental conditions. A 500 W xenon lamp (USHIO,
XB-50101AAA) was used as a light source. Monochromatic light through a monochromator
(Ritsu, MC-10N) was illuminated on the modified area of the working electrode (0.20 cm?)
from the backside. The light intensity was monitored by an optical power meter (Anritsu,
ML9002A) and corrected.

Time-resolved Microwave Conductivity Measurements: Nanosecond laser pulses
from a Nd: YAG laser (Spectra Physics, INDY-HG; third harmonic generation (THG), 355 nm)
with full width at half maximum (FWHM) of 3 — 5 ns were used as excitation sources. The
photon density of the laser was set at 1.6 x 10" — 3.6 x 10'® photons cm™>. For TRMC
measurements, a microwave frequency of 9.1 GHz and a power of 3 mW were employed so
that the motion of charge carriers could not be disturbed by the low electric field of the
microwaves. The TRMC signal, picked up by a diode (rise time < 1 ns), was monitored by a
digital oscilloscope (Tektronix, TDS3032B; rise time ~ 1.2 ns). All the experiments were
carried out at room temperature. The transient photoconductivity (Ao) of the samples is related
to the reflected microwave power (AP,/P;) and the sum of the mobility of charge carriers via
Equation (1) and (2):

(Ao) = % A}f’
Ao =e upN ()
where A4 is the sensitivity factor, e is the elementary charge of electron, ¢ is the photo-carrier

(1

generation yield (quantum efficiency), N is the number of absorbed photons per unit volume,
and Zu is the sum of mobility for the negative and positive carriers. The number of photons
absorbed by the sample was estimated based on the power loss of incident laser pulses
averaged over 200 shots. The ¢ values were determined by the conventional DC current
integration technique. The electrophoretically deposited films were overcoated by Au
semitransparent electrodes at 20 mm®, vacuum evaporated to a thickness of 25 nm, and excited
by laser pulses at 355 nm with a pulse duration of 3 — 5 ns and a photon density of 3.0 x 10"
photons cm™>.  Current transients were monitored by a digital oscilloscope (Tektronix,

TDS430A) through 300 k€ terminate resistances, and the charges were also accumulated by an
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electrometer of Keithley Instruments 6514. Other details of the apparatus set are described
elsewhere.'”’

Transient Absorption Measurements: Sub-picosecond to nanosecond time-resolved
absorption spectra were collected using a pump-probe technique as described elsewhere.!*”!
The femtosecond pulses of the Ti:sapphire generator were amplified by using a multipass
amplifier (CDP-Avesta) pumped by a second harmonic of the Nd: YAG Q-switched laser (Solar
TII, model LF114). The amplified pulses were used to generate a second harmonic (410 nm)
for sample excitation (pump beam) and a white continuum for time-resolved spectrum
detection (probe beam). An average of 100 pulses at 10 Hz repetition rate was used to improve
the signal-to-noise ratio. The transient spectra were recorded by a charge-coupled device
(CCD) detector (Princeton Instruments, PI 1100 x 330) coupled with a monochromator in the
visible and near-infrared ranges. The wavelength range for a single measurement was 227 nm
and typically two regions were studied, 550 — 770 and 850 — 1070 nm. The typical response
time of the instrument was 150 fs (FWHM). A global multi-exponential fitting procedure was
applied to process the data. The procedure takes into account the instrument time response
function and the group velocity dispersion of the white continuum, and allows one to calculate
the decay time constants and dispersion-compensated transient absorption spectra. The
excitation energy was adjusted to the highest value at which the photodegradation of the

samples during measurements is negligible. All measurements were carried out at room

temperature in air.
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Chapter 7

Comparison of Cluster Formation, Film Structure, Microwave
Conductivity, and Photoelectrochemical Properties of Composites
Consisting of Single-Walled Carbon Nanotubes with Cg, C79, and Cg,

Abstract: The cluster formation, electrophoretically deposited film structures, microwave
conductivity, and photoelectrochemical properties of the composites consisting of single-
walled carbon nanotubes (SWNTs) with Cgo, C79, or Css have been systematically compared.
In o-dichlorobenzene (ODCB)—acetonitrile mixture, the higher fullerenes (i.e., C7o and Cgs)
were found to form single composite clusters exclusively with highly soluble SWNTs bearing
bulky swallow-tailed substituents (f-SWNT). These are in marked contrast with the
unselective formation of three different clusters in the Ce—f-SWNT composites. The
microwave conductivity measurements revealed the occurrence of electron transfer from Csg to
f-=-SWNT, followed by electron transportation through f~-SWNT, in addition to electron hopping
through C;9 molecule arrays due to the alignment of C7y on the sidewalls of f-=SWNT in the
C70—f-=SWNT film. The C;0—f-SWNT photoelectrochemical device exhibited higher incident
photon-to-current efficiency (IPCE) value (26% at 400 nm) than the Ceg—f-SWNT device
(18%). The higher IPCE value results from selective formation of the single composite film, in
which the SWNT network is covered with C;p molecules, and the high electron mobility (2.4
cm® V! s through the C7o-SWNT network. In contrast, the Cgs—f-SWNT photoelectro-
chemical device revealed poor photocurrent generation (4.8%) owing to the inefficient electron
injection from Cg4 radical anion (Cgs/Cgsa™ = 0.0 V vs. NHE) to the SnO; electrode (Ecg =0 V

vs. NHE) directly or indirectly despite of the exclusive formation of single composite clusters.
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Introduction
Carbon nanotubes are mechanically strong, high modulus graphitic fibers with a diameter

" In particular, single-walled nanotubes

of 1 — 40 nanometers and a length of micrometers.
(SWNTs) are an important class of carbon nanotubes because they exhibit unique electric
properties that are not shared by multi-walled carbon nanotubes.” SWNTs are highly
promising for miniaturizing electronics beyond the scale currently used in electronics.””!
Specifically, one-dimensional (1-D), nanowire-like structure of SWNTs provides the potential
to construct ideal nanohighways for charge carrier on electrodes. Thus, SWNTs have been
attempted for the use of electron- or hole-transporting materials in photovoltaic and
photoelectrochemical devices.”™ Most widely studied SWNT-based photovoltaic devices
involve a photoactive layer of bulk heterojunction structures, in which SWNTs are blended
with electron-donating m-conjugated polymers such as poly(p-phenylenevinylene) and

I In such cases SWNTs are expected to act as electron-transporting pathways

polythiophene.
as well as electron acceptors. In addition, individual SWNTs provide large surface area at the
polymer—SWNT interface, which would be favorable for efficient dissociation of excitons.
Kamat et al. also reported photoelectrochemical devices in which supramolecular complexes of
SWNTs and protonated porphyrin were electrophoretically deposited onto a nanostructured
SnO; electrode.” It was suggested that the excited porphyrins injected electrons into SWNTs
under illumination and the resulting electrons were further injected into a conduction band
(CB) of the SnO; electrode through 1-D SWNTs. The dual role of SWNTs, i.e., promoting
photoinduced charge separation (CS) and facilitating charge transport, resulted in an incident
photon-to-current efficiency (IPCE) up to 13%. More recently, Torres and co-workers
integrated a covalently bonded SWNT—phthalocyanine complex into photoactive electrodes.”
The indium-tin oxide (ITO) electrode functionalized with the complex exhibited a maximum
IPCE value of 17.3%. Electron transfer (ET) from the phthalocyanine excited singlet state to
SWNTs and successive electron transport through SWNTs were responsible for the enhanced
photocurrent generation. In such a situation, however, the photocurrent generation efficiency
of SWNT-based photoelectrochemical devices is still lower than that of analogous fullerene-

B]" The poor device performance may at least partially

based photoelectrochemical devices.
result from the unfavorable bundle formation of SWNTs as well as the significant ratio of
metallic SWNTs that leads to energy-wasting quenching of the excited states and the difficulty
for forming interpenetrating networks with donors owing to the poor solubility.

Fullerenes have been recognized as promising building blocks for various molecular
architectures including optoelectronic and photovoltaic devices, due to their fascinating

]

electrical and photophysical properties.'”’  Fullerenes and their derivatives have been

ubiquitously employed as the electron-accepting component in bulk heterojunction solar
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cells,!"" other photoelectrochemical devices,'”! and artificial photosynthetic models.">'* As
Imahori ef al. have demonstrated,''*! this can be rationalized by small reorganization energies
of fullerenes in ET, which allows one to achieve fast CS and electron transportation as well as
slow charge recombination (CR), as compared with conventional acceptors. Another important
aspect for efficient photocurrent generation is to create electron- and hole-transporting
pathways in the blend films of donor and fullerene. With this regards, supramolecular
complexes of porphyrins and fullerenes have been integrated into photoelectrochemical

[15-19]

devices. It has been elucidated that the photocurrent generation efficiency could be

increased remarkably by the bottom-up organization of porphyrins and fullerenes using diverse

[16 ]

nanoscaffolds including dendrimers,""” polymers,'® and nanoparticles,'"’

[18,19

or using various
intermolecular interactions.!"*'”) The suitable arrangement of donor and/or acceptor molecules
to achieve efficient hole- and electron-transportation in the blend films is essential for attaining
efficient photocurrent generation.

Under these situations, the author initiated studies on the integration of SWNTs with

fullerene (i.e., Ceo) for photoelectrochemical devices.*”

The author envisaged that 1-D
SWNTs would act as a nanoscaffold to arrange Cgp molecules on the sidewalls due to m-m
interaction between SWNTs and Cg.'*"! Furthermore, chemically shortened SWNTs modified
with sterically hindered substituents would facilitate such complexation as a result of sufficient
debundling of SWNTs in solution.”” With these in mind, the author developed a novel
methodology for the self-organization of Cg molecules on the sidewall of SWNTs, as
illustrated in Scheme 1.°"! First, acid treatment cuts pristine SWNTs (denoted as p-SWNT) to
yield shortened SWNTs (denoted as s-SWNT) with carboxylic groups at the open ends and
defect sites (Scheme 1, step 1).*) Then, s-SWNT is functionalized with sterically hindered
swallow-tailed secondary amine to yield soluble, functionalized SWNTs (denoted as f-SWNT)
in organic solvents (step 2). Finally, poor solvent (i.e., acetonitrile) is rapidly injected into a
mixture of Cgp and f~-SWNT dissolved in good solvent (o-dichlorobenzene (ODCB)), resulting
in formation of the composite clusters of Cgp and f~-SWNT (denoted as (CeoHf-SWNT),,, step 3).
The SnO; electrode modified electrophoretically with the (Ceo+f-SWNT),, exhibited an I[PCE
value as high as 18% at 400 nm under an applied potential of 0.05 V vs. SCE. The IPCE value
is comparable to the highest one ever reported for analogous SWNT-based photoelectro-
chemical devices in which SWNTs are deposited electrophoretically,”® electrostatically,!”
covalently,”® or physisorptionally” onto semiconducting electrodes. However, there is still
much room for improvement in the photocurrent generation efficiency. Drawback of the
(Ceott-SWNT),, composite is the unselective formation of three different composite clusters: 1)
f-SWNT bundles covered with layers of Cg molecules (denoted as cluster I), ii) round, large
Ceo clusters with a size of 500 — 1000 nm containing f~SWNT bundles (denoted as cluster II),
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and 1iii) typical, round Cg clusters with a size of 150 — 250 nm (denoted as cluster III). The
electrophoretic deposition of the composites onto a nanostructured SnO, electrode yielded the
hierarchical film with gradient composition of clusters I, II, and III sequentially from the
bottom to the top as a consequence of the difference in the mobilities during the electrophoretic
process. The exclusive deposition of cluster I with a short deposition time led to the large
IPCE value of 12.5%. Therefore, selective cluster formation like cluster I and subsequent
electrophoretic deposition would be a challenge for improvement of the photocurrent
generation efficiency as well as elucidation of the interaction between fullerenes and SWNTs.
Considering the different shapes and sizes of higher fullerenes (i.e., rugby ball-shaped C; and
rather spherical-shaped Cgs4) in comparison with Cep, a combination of f~-SWNT with higher
fullerenes will affect the cluster formation, deposited film structures, and electron-transporting
and photoelectrochemical properties greatly.*"
Cso-SWNT composites, "]

Although there are a number of reports on
comparison of the composite structures and the photoelectro-
chemical properties of various fullerene-SWNT composites in which the outside of SWNTs

interacts with fullerenes has yet to be examined systematically.

SCHEME 1

p-SWNT s-SWNT -SWNT

Cluster Il

Cluster |
Cluster Il

(CgoH-SWNT),,

Here the author reports the first systematic studies on the cluster formation, electro-
phoretically deposited film structures, and carrier-transporting and photoelectrochemical
properties of the composites consisting of f-=SWNT with Ceo, C70, or Cgs. The properties of the
C70—f-SWNT and Cgs—f-SWNT composites were compared with those of the Cg—f-SWNT

20241 The author also carried out the

composites, some of which have been reported previously.!
time-resolved microwave conductivity measurements on all the deposited films including the

Ceo—t-SWNT, C7;0—f-SWNT, and Css—f-SWNT composites to shed light on the photocurrent
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generation mechanism. The electron mobility within the composite was found to be a striking

factor toward efficient photocurrent generation.

Results and Discussion

Spectroscopic Characterization on the Composite Clusters: To investigate the effects
of higher fullerenes (i.e., C79, Cg4) on the cluster formation of the fullerene—f-SWNT
composites, the author first measured the UV—vis—near NIR (NIR) absorption spectra in ODCB
and ODCB-acetonitrile mixture (1:4, v/v). Figure 1A(a) displays absorption spectrum of Cyg
in ODCB. The absorption feature with maximum at 471 nm and shoulders around 550 — 680
nm agrees well with the characteristics of the monomeric Cy absorption.”® In the ODCB-
acetonitrile solution, the intense peak at 471 nm observed in ODCB disappears and a new
broad band around 695 nm emerges with an absorption tail extending to NIR (Figure 1B(a)).
This drastic change in the absorption spectra of Cy is attributed to the formation of Cy clusters
(denoted as (C70)) by lyophobic interaction in the mixed solvent in addition to m-; interaction
between C7.*”! Similar absorption behavior was noted for (Ceo),, cluster.””) The UV-vis—NIR
absorption spectrum of f~-SWNT in ODCB-acetonitrile (Figure 1B(b) and inset) is virtually
similar to that in ODCB (Figure 1A(b) and inset), exhibiting the characteristic peaks associated
with the transitions between symmetric van Hove singularities in the density of states for

SWNTs.P This implies that the formation of f-SWNT clusters (denoted as (f-SWNT),,) is
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Figure 1. (A) UV—vis—NIR absorption spectra of (a) Cs, (b) -SWNT, (c) a mixture of Cy and
f-SWNT measured in ODCB ([C70] = 0.68 mM, [f-SWNT] = 0.062 g L™'; path length 1 mm), and
(d) sum of spectra (a) and (b). Inset shows enlarged spectrum of (b). (B) UV—vis—NIR absorption
spectra of (a) Cy, (b) -SWNT, (c¢) a mixture of C;9 and f~-SWNT measured in ODCB-acetonitrile
mixture (1:4, v/v; [C7o] = 0.14 mM, [f~SWNT] = 0.012 g L™"; path length 3 mm), and (d) sum of
spectra (a) and (b). Inset shows enlarged spectrum of (b).
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suppressed owing to the large steric hindrance of the swallow-tailed substituents around
f-SWNT.?”) However, slight vibration of the solution caused precipitation of black solids,
showing the instability of (f-SWNT),, in the mixed solvent.

The absorption spectrum of the mixture of C;9 and f~SWNT in ODCB (Figure 1A(c))
matches the sum of the absorption spectra of C;p and f~SWNT (Figure 1A(d)), implying
negligible interaction between C;9 and f-SWNT in ODCB. In contrast, the absorption spectrum
of the mixture in ODCB-acetonitrile exhibits the broad absorption in visible to NIR region
with maximum at ~ 547 nm (Figure 1B(c)), which is different from the sum of the absorption
spectra of C;9 and f-~SWNT in the mixed solvent (Figure 1B(d)). The observed discordance
obviously manifests the formation of the composite clusters of C;p and f~-SWNT (denoted as
(C70+t-SWNT),,) in the ODCB-acetonitrile mixture. Similar formation of (Cgo+f-SWNT),,
clusters has been seen in ODCB—acetonitrile mixed solvent.”*”

Figure 2A(a) depicts the absorption spectrum of Cgs in ODCB. The spectrum with
virtually no significant structures is essentially the same as the previously reported one for
commercially available Cgs, which consists of several structural isomers.”'?*!  Flattened-

331 are likely the most abundant components of > 70%, as

shaped D, and spherical D, isomers
it is well known that the standard Huffman-Kréatschmer soot provides these two isomers as
major constituents of 50% for D, and 25% for D,2.**' The absorption spectrum of Cgy in
ODCB-acetonitrile mixture (Figure 2B(a)) yields structureless absorption similar to that in

ODCB. However, molar absorptivity (&) of Cgs in ODCB—-acetonitrile mixture is much higher
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Figure 2. (A) UV—vis—NIR absorption spectra of (a) Css, (b) -SWNT, (c) a mixture of Cgs and
f-SWNT measured in ODCB ([Cg] = 0.68 mM, [f-SWNT] = 0.062 g L™'; path length 1 mm), and
(d) sum of spectra (a) and (b). (B) UV—vis—NIR absorption spectra of (a) Cgs, (b) -SWNT, (c) a
mixture of Cgq and f~-SWNT measured in ODCB-acetonitrile mixture (1:4, v/v; [Cg4] = 0.14 mM,
[f-~SWNT] =0.012 g L"; path length 3 mm), and (d) sum of spectra (a) and (b).
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Figure 3. (A) UV-vis—NIR absorption spectra of C;y in (a) ODCB (0.68 mM) and (b) ODCB-
acetonitrile mixture (1:4, v/v; 0.14 mM). (B) UV—-vis—NIR absorption spectra of Cg4 in (a) ODCB
(0.68 mM) and (b) ODCB-acetonitrile mixture (1:4, v/v; 0.14 mM).

than that in ODCB (Figure 3B), as seen for (Cy),, (Figure 3A), suggesting the formation of Cgy
clusters (denoted as (Css),) in the mixed solvent (vide infra).*!

The absorption spectrum of the mixture of Cgs and f-SWNT in ODCB (Figure 2A(c))
coincides with the sum of the absorption spectra of Cgs and f-SWNT (Figure 2A(d)), as in the
cases of Cgp and C79. Thus, there is no significant interaction between Cgs and f-SWNT in
ODCB. In contrast, the absorption spectrum of the mixture of Cg4 and f~-SWNT in ODCB-
acetonitrile mixture (Figure 2B(c)) differs slightly from the sum of the absorption of (Cgs),, and
(f-=SWNT),, in the mixed solvent (Figure 2B(d)). This also indicates the formation of the
composite cluster of Cgq and f-SWNT (denoted as (Cgs+f-SWNT),,).

Microscopic Observations of the Composite Clusters: Field emission scanning
electron microscopy (FE-SEM) measurements were conducted to evaluate the structures of the
composite clusters prepared in the ODCB—-acetonitrile mixture (Figure 4). The samples for the
FE-SEM measurements were prepared by spin-coating the cluster solutions to silicon wafer.
The rotation speed was set to 1200 rpm, at which the shapes of the clusters were preserved
during the spin-coating process due to the prompt evaporation of solvents (vide infra). In
parallel, dynamic light scattering (DLS) measurements were also performed to complement the
results of the FE-SEM measurements (Figure 5). The FE-SEM image of (Cy), discloses

cuboid particles with a size of 250 — 350 nm (Figure 4a).1**"¢!

DLS measurement of (C7),
reveals a relatively narrow size distribution of (Cy),, with an average diameter (D,y) of 330 nm
(Figure 5a), which is consistent with the observed size of (Cy),, in Figure 4a. The FE-SEM

image of (Ceo),» manifested spherical particles with a size of 150 — 350 nm, whereas the DLS
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Figure 4. FE-SEM images of (a) (C70)m, (b) (f-SWNT),,, (¢) (C70tf-SWNT),,, (d) (Cs4)m, and ()
(Cgstf-SWNT),,. The samples were prepared by spin-coating the corresponding cluster solutions
([C70] = [Cs4] = 0.14 mM, [f-SWNT] = 0.012 g L") from the ODCB-acetonitrile mixture (1:4, v/v)
on Si wafer.

measurements exhibited comparable particles with an average diameter of 200 nm.*” Thus,
the shapes of (Ceo)n and (Cyp),, are different and the size of (Cep), is slightly smaller than that
of (C70)m. Figure 4b displays the spaghetti-like structures of (f-SWNT),, in which the fibrils are
entangled. Obviously, the observed fibrous structures result from the bundles of f-~SWNT, as
the size of individual isolated f-SWNT (~ 1 nm) is beyond the instrument’s resolution. Small
grains with a size less than 100 nm may be residual metal impurities that are present in the
f-SWNT sample even after the purification procedure.

The FE-SEM image of (C7+f-SWNT),, reveals a sole network structure in which cuboid
particles with a size of 150 — 200 nm are fused to be interconnected each other (Figure 4c).
This is in marked contrast with the previous result where (Cgp+f-SWNT),, consists of three
different clusters I — III (Scheme 1).[20] The network structure of (C70+f-SWNT),, shows that
the Cyy clusters are assembled with the bundles of f~-SWNT to form such single, larger
nanostructures. This is in agreement with the results of the spectroscopic measurements in
which the absorption feature of (C;o+f-SWNT),, differs from those of (Cy¢),,» and (f-SWNT),,
(vide supra). Exclusive formation of the network structure is further corroborated by the
results of the DLS measurements. Namely, The (C7o+f-SWNT),, solution (Figure 5c) exhibits
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a sole monomodal cluster, which is 30
different from those of (Cy), and
(f-SWNT),, solutions (Figure 5a and
b). Ellipsoidal shape and large size

N
o
I

of C relative to Cep may contribute
to the enhanced interaction with the
sidewall of f~-SWNT, leading to the

exclusive formation of the composite
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cluster. Importantly,  density

showed that the binding energies Figure 5. Particle size distribution of (a) (C70)m, (b)
between C;p and SWNTs are larger  (f-SWNT),,, (c) (C7tf-SWNT),,, (d) (Css)m, and (e)
by ~ 3 keal mol! than those between ~ (Csatf-SWNT),, measured in  ODCB-acetonitrile

Ceo and SWNTs when Cy molecule mixture (1:4, v/v). Concentration: [Cyo] = [Cgs] = 0.14

mM, [f-SWNT]=0.012gL".
is stacked on the sidewall of SWNTs
with its long axis parallel to the tube axis, at least partly rationalizing the tendency of Cy to
form the single composite cluster with f-SWNT.**

The FE-SEM image of (Csa),, sample depicts aggregates of rather spherical small particles
with an average size of 75 nm (Figure 4d). Considering that the DLS measurement exhibits a
monomodal cluster with D,, = 210 nm (Figure 5d), (Cs4), likely exists as aggregates of the
several small particles. Nevertheless, Figure 4e illustrates a single network structure of (Cgs+
f-SWNT),, in which particles with a size of 100 — 200 nm are merged each other. Taking into
accounts the similar network images of (C7+f-SWNT),, and (Cgs+f-SWNT),,, Cg4 clusters are
also assembled with the bundles of f-~SWNT to form the sole network structure. The DLS
measurement also reveals a single monomodal distribution for the (Css+f-SWNT),, solution
(Figure 5e), which differs from those of (Css), and (f-SWNT),, solutions (Figure 5d and b).
Although (Cg4), consists of an isomeric mixture of Cgs including flattened-shaped D, and
spherical D,; major isomers,”* the flattened D, isomer compared to that of Co may cause the
enhancement in the interaction with f~SWNT, which results in exclusive formation of the

single composite cluster as in the case of Cy.

Electrophoretic Deposition: For the photoelectrochemical and microwave conductivity
measurements, the clusters of -SWNT and/or fullerenes (Ceo, C79, Css4) Were deposited by the
electrophoretic method®” onto the fluorine-doped tin oxide (FTO) electrodes modified with
nanostructured SnO; (denoted as FTO/SnO,/(C,), (n = 60, 70, 84), FTO/SnO,/(f-SWNT),,,
FTO/SnO,/(C,+-SWNT),, (n = 60, 70, 84)). Under an application of the high dc electric field
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Figure 6. Change in absorption of (a) FTO/SnO2/(C79)m, (b) FTO/SnO,/(f-SWNT),,, (¢) FTO/
SnO,/(C7oH-SWNT),,, (d) FTO/SnO,/(Cgs)m, and (e) FTO/SnO,/(Cgs+Hf-SWNT),, electrodes at
different time intervals during electrophoretic deposition. Absorbance at 400 nm was monitored.
Absorbance of the FTO/SnO; electrode was subtracted from each spectrum.

of 200 V for 120 s, the clusters, all of which are negatively charged in the mixed solvent, are
driven toward the positively charged electrode (i.e., FTO/SnO,). The film formation was
probed by monitoring the changes in absorbance of the electrophoretically deposited electrodes
at 400 nm as a function of deposition time (Figure 6). For all of the electrodes, absorbance was
increased by increasing the deposition time to reach a plateau within 120 s, thereby the
completion of the film formation. For the following measurements, the author used electrodes

prepared with a deposition time of 120 s.

Absorption Spectroscopies of the Deposited Films: The UV-—vis—NIR absorption
spectra of the deposited films on nanostructured SnO, electrodes are shown in Figure 7. Both
of the FTO/SnO,/(C7p)» and FTO/SnO,/(C7o+f-SWNT),, electrodes exhibit a broad absorption
feature in the visible region with a maximum at 480 nm (Figure 7A(a) and (c)). It is
noteworthy that the absorption spectra of the FTO/SnO,/(C7), and FTO/SnO»/(C7+{-SWNT),,
electrodes differ from those of (Cy),, and (C7o+f-SWNT),, in the ODCB-acetonitrile mixture,
respectively (Figure 1B(a) and (c)). Namely, broad absorption maxima at 695 nm and 550 nm
observed in the cluster solutions, respectively, are shifted to 480 nm after the electrophoretic
deposition, which is close to the characteristic peak at 470 nm due to monomeric C;o in ODCB

(Figure 1A(a)). This suggests that the (Cy), and (C7o+f-SWNT),, cause structural alteration
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Figure 7. (A) UV—vis—NIR absorption spectra of (a) FTO/SnO,/(C7¢)m, (b) FTO/SnO,/(f-SWNT),,,
and (c) FTO/SnO,/(C7+f-SWNT),, electrodes. Inset shows absorption spectrum of spin-coated
film of Cy on a slide glass fabricated from ODCB solution. (B) UV—-vis—NIR absorption spectra of
(a) FTO/SnO,/(Cs4)m, (b) FTO/SnO»/(f-SWNT),,, and (c) FTO/SnO,/(Cgs+f-SWNT),, electrodes.

during the electrophoretic deposition (vide infra). Although the similarity in the shape of the
absorption spectra corresponds to analogous microscopic environments surrounding Cso
molecules on the two electrodes, more intense absorption of the FTO/SnOy/(C7g+f-SWNT),,
compared to that of the FTO/SnO,/(Cy), at 400 — 700 nm implies somewhat different
environment around C7 molecules, which probably arises from the incorporation of ~SWNT.
On the other hand, the absorption changes of the FTO/SnO,/(Ce)n and FTO/SnO,/(Ceot
f-SWNT),, electrodes in comparison with the (Cep), and (Ceotf-SWNT),, clusters in ODCB-
acetonitrile mixture were not evident.'*”’

In the cases of the FTO/SnO,/(Css),, FTO/SnO,/(f-SWNT),,, and FTO/SnO,/(Cgs+f-
SWNT),, electrodes, the absorption features of the deposited films (Figure 7B(a) — (c)) are
largely identical to those of the corresponding cluster solutions (Figure 2B), suggesting that the
deposited clusters on the electrodes retain their cluster structures in the ODCB-acetonitrile
mixture. Overall, the broad absorption of the fabricated films in addition to the high molar

absorptivity in the visible region makes these films suitable for harvesting the solar energy.

Surface Characterization of the Deposited Films: FE-SEM was employed to evaluate
the surface morphology of the electrophoretically deposited films (Figure 8). The FE-SEM
image of the FTO/SnO,/(C) electrode (Figure 8a) shows irregular surface with small grains
protruding from blurred structureless underlayer. Cuboid Cy clusters (~ 300 nm) observed in
the spin-coated sample (Figure 4a) are absent on the electrode. Given the fact that the spectral
shape of the FTO/SnO»/(Cy) is close to that of the ODCB solution of C; rather than that of

157



: ; ’ | b _ & ‘ >
Figure 8. FE-SEM images of (a) FTO/SnO,/(C7¢)m, (b) FTO/SnO,/(f-SWNT),,, (¢) FTO/SnO,/
(C7oHf=SWNT),,, (d) FTO/SnO,/(Cg4)m, and (e) FTO/SnO,/(Cgs+f-SWNT),, electrodes. Samples (a)
and (d) were coated with 5 nm-thick Pt layer prior to the measurements.

the (Cyo)m cluster in the ODCB-acetonitrile mixture as mentioned above, it is most likely that
the (Cyo)n state is transformed into monomeric C7¢ during the electrophoretic deposition to
yield an amorphous-like film with granulous remnants of (C7),..*®" Reversibility between the
two states is general in terms of fullerenes, as one can confirm it by adding an excess good
solvent to the cluster solution, which leads to regeneration of the monomeric fullerene.***<! As
seen in Figure 4a, (C7),» may retain the original cuboid structure on the electrode immediately
after the deposition. Then, the electrode is dried with a hair dryer (see experimental section).
During the dry process, acetonitrile with a low boiling point of 82 °C vaporizes much faster
than ODCB with a high boiling point of 180 °C. The resultant ODCB-rich environment on the
electrode would dissolve (Cr),, to regenerate monomeric C79. The absorption spectrum of the
C7o film on a slide glass spin-coated from the ODCB solution (inset of Figure 7A) reveals
virtually the same shape of absorption as that of the FTO/SnO,/(Cr)n electrode (Figure 7A(a)),
corroborating the hypothesis.

The FTO/SnO»/(f-SWNT),, electrode exhibits the entangled bundles of f~SWNT lying
horizontally on the electrode (Figure 8b). On the other hand, the FE-SEM image of the FTO/
SnO,/(C7+-SWNT),, electrode reveals coalescent fibrous network (Figure 8c). Note that the

interconnected Cyo particles observed on Si wafer (Figure 4c) are not seen, whereas some
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granulous structures are present. This microscopic observation together with the spectroscopic
change upon electrophoretic deposition (vide supra) obviously manifests the occurrence of
melting on the surface of C;y cluster moieties in the composite cluster during the drying
process, as in the case of the FTO/SnO,/(C7)». Such regeneration of fullerene monomers from
electrophoretically deposited clusters on electrodes was not apparent for the (Csp), and (Ceot
f-SWNT),, clusters.””®! The author emphasizes here, however, that the melting behavior of Cy
does not lead to unfavorable separation between C;y and f~SWNT in the deposited (C7o+
f=-SWNT),, cluster, which would deteriorate the electronic interaction between them.

Figures 8d and 8e illustrate interconnected surface morphology of the FTO/SnO,/(Css)m
and FTO/SnO,/(Cs4+-SWNT),, electrodes. Although the melting trend is also observed to
some extent, they largely maintain their original structures as seen in the spin-coated samples
from the cluster solutions (Figures 4d and 4e). These results are consistent with little
difference in the absorption spectra of the deposited films and the corresponding cluster
solutions (vide supra). The author notes that the solubility of Cg4 in ODCB (~ 8 mM) is much
lower than that of C7 (43 mM),””! which may suppress the melting behavior during the drying
process in the case of (Cgs),, and (Cgs+f-SWNT),, clusters. It should be stressed here that the
FTO/SnO,/(C7otf-SWNT),, and FTO/SnO,/(Cgs+f-SWNT),, electrodes disclose sole network
structures in which the fibrous SWNTs are covered with fullerenes, which is in sharp contrast
with the hierarchical film structure consisting of three different clusters for the FTO/SnO,/
(Ceotf-SWNT),, electrode.”””!

Transient Microwave Conductivity Measurements: Flash-photolysis time-resolved
microwave conductivity (TRMC) measurements™® were performed on the deposited films to
evaluate charge carrier mobility (¢). For the sample preparation, the deposited films were
peeled off from the FTO substrate and fixed on quartz plates with poly(methyl methacrylate)
matrices. Upon exposure to a laser pulse with an excitation wavelength of 355 nm, all samples
reveal a rise of the transient conductivity <¢Xu>, in which ¢ is the quantum efficiency of CS
and Zu is the sum of mobility of all the transient-charge carriers (Figure 9). It was confirmed
that the kinetics of the conductivity transients are independent on the excitation-density in the
range of 1.6 x 10" — 3.6 x 10'® cm™ for all samples. The ¢ values of CS were determined by
conventional DC-current integration using semitransparent Au electrode as a counter electrode
under an excitation at 355 nm. It should be noted that for all films the current transients are
observed in negative bias mode giving effective accumulation of the negative charges into the
integrator, whereas negligible positive charges are detected with the positive bias mode, thus
showing that the major charge carriers stem from electrons. Maximum values of <¢gXu>, ¢,

and Zu are listed in Table 1.
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The Zu value (3.2 cm” V' s7') of the FTO/SnO,/(f-SWNT),, electrode is the highest one
among the samples, demonstrating the superior electron-transporting property of f-~SWNT. For
a series of the fullerene clusters, the Su value is in the order of FTO/SnO»/(Cro)m (1.9 cm?
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Figure 9. (A) Flash-photolysis TRMC transients for (a) FTO/SnO,/(C7+{-SWNT),,, (b) FTO/
SnOL/(CeotHf-SWNT),,, (¢) FTO/SnO,/(Css+f-SWNT),,, and (d) FTO/SnO,/(f-SWNT),, electrodes.
(B) Flash-photolysis TRMC transients for (a) FTO/SnO,/(C7)m, (b) FTO/SnO,/(Cep)m, and (c)
FTO/SnO,/(Cg4). electrodes. The transients were recorded at an excitation wavelength of 355 nm

2

with a photon density of 3.3 x 10" cm™. All samples are fixed on quartz substrates with
p y

poly(methyl methacrylate) matrices.

TABLE 1: Microwave Conductivity, Quantum Efficiency of CS, Electron Mobility, and
Maximal IPCE Value of the Composite Clusters

cluster / Cri?‘l\l/alb S71 ¢a;c /% / CIl’lEll\l;jl S71 maXim]}lf)E) e d
(C70)m 0.061 3.1 1.9 10
(Co0)m 0.0088 1.7 0.52 5.1¢
(Cs4)m 0.0018 1.4 0.13 4.1
(Cro+H-SWNT),, 0.084 3.5 2.4 26
(CeoHf-SWNT),, 0.0056 0.50 1.2 18¢
(Cs4+H-SWNT),, 0.0021 0.12 1.8 4.8
(f-SWNT),, 0.0024 0.075 3.2 2.6

a

¢ = quantum efficiency of CS; Zu = sum of mobility of all the transient-charge carriers.
Maximum value of the transient conductivity upon photoirradiation at 355 nm (photon density:
3.3 x 10" cm™). ¢ Determined by conventional DC-current integration technique with an
photoexcitation at 355 nm. ¢ At 400 nm. ¢ Taken from ref 20.
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V' s > FTO/SnO»/(Ceo)m (0.52 cm® V' s7') > FTO/SnO»/(Css)m (0.13 cm® V' s7'). The
trend on the electron mobilities is not consistent with the order of the electron mobilities of Cgg
(0.08 cm® V' s71) > Cyq, Cg4 (~ 0.002 cm” V' s71), which were obtained under the operation of

field-effect transistor (FET) using the evaporated films."*”!

Taking into account the averaged
strength of electric field (~ 10° V ecm ') in the microwave cavity used in the TRMC system, the
perturbation length of the negative charge carriers is estimated as a few nm with the value of

observed mobility in (Cyo) as ~ 1.9 cm® V' 57"

This implies that the TRMC measurements
probe the AC-field induced oscillating motion of the negative charges within a few membered
clustering structures of C7p. Microscopic differences in the packing structures, thus, mainly
contribute to the oscillating motions, whereas long-range (a few tens of wm) translational
motion of charge carriers is required under the FET operations. This is the case giving the
discrepancy in the mobility values observed by TRMC and FET, and the present results
suggest the presence of the nm-scaled passes of highly mobile electrons in Cy clusters.

For a series of the composite clusters, the order of the Zu values exhibits different
tendency: FTO/SnO,/(Cro+f-SWNT),, (2.4 cm® V' s7') > FTO/SnO,/(Cg4+f-SWNT),, (1.8 cm®
Vs > FTO/SnO,/(Ceo+f-SWNT),, (1.2 cm® V! s71). Notably, nearly 30% increase in the
Zu value is discernible when Cyy is clusterized with f-~SWNT, accompanying a 13% increase in
the ¢ value. The rise profile of the transient conductivity for the FTO/SnO»/(C7+f-SWNT),,
(Figure 9A(a)) is close to that for the FTO/SnO»/(Cy)n (Figure 9B(a)), both reaching the
conductivity maxima within 0.4 us, while that for the FTO/SnO,/(f-SWNT),, (Figure 9A(d))
reveals a slower rise component. Similarity in the photoresponse behavior of the TRMC
signals for the FTO/SnO»/(Crp+f-SWNT),, and FTO/SnO,/(C7),, implies that large majority of
the photocarriers in the C;p—f-SWNT composites are generated by excitation of Cyp. On the
other hand, decay kinetics of the conductivity transients for the FTO/SnOy/(C7g+f-SWNT),,
exhibits a pseudo-first to second order profile (time constant: k=4.2 x 10° s and 1.4 x 10°s™
for pseudo-first and second order decay, respectively), which is different from those of the
FTO/SnO,/(C70)n and the FTO/SnO,/(f-SWNT),,. The second order decay profile was
observed only for the FTO/SnO,/(C7p+{-SWNT),,. All of these features can be interpreted by
the occurrence of ET from Cy radical anion to f-SWNT, followed by bulk recombination of
charge carriers during electron transportation through f-SWNT, in addition to electron hopping
on Cy arrays due to the alignment of C; on the sidewalls of f~SWNT in the FTO/SnO,/
(C7tHf-SWNT),,. The exclusive formation of network structure on the electrode in which the
f-=-SWNT network is covered with C;9 molecules contributes to the high electron mobility of the
C70—f-SWNT composites.

Transient kinetics of the FTO/SnO,/(Ceo+f-SWNT),, (Figure 9A(b)), FTO/SnO,/(Cgat
f=-SWNT),, (Figure 9A(c)), and FTO/SnO,/(f-SWNT),, (Figure 9A(d)) are similar, exhibiting a
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gradual rise of the conductivity over 3 us. This presents a striking contrast to those of the
FTO/SnO%/(Cro)m (Figure 9B(a)), FTO/SnO»/(Ceo)m (Figure 9B(b)), and FTO/SnO»/(Cgs)n
(Figure 9B(c)), giving a prompt rise within 0.5 us and a fast decay. These results imply that
the photogenerated carriers in the FTO/SnO,/(Cep+f-SWNT),, and FTO/SnO»/(Cgs+f-SWNT),,
arise from the direct excitation of ~-SWNT and are localized on f-SWNT. The small Zu value
of the FTO/SnO,/(Cso+f-SWNT),, relative to that of the FTO/SnO,/(Cgs+f-SWNT),, may result
from the mixture of the three different clusters, which would mask intrinsic electron mobility
of the Ceo—f-SWNT composite. Rather smaller Zu value of the FTO/SnOy/(Cgs+f-SWNT),,
compared to that of the FTO/SnO,/(f-SWNT),, may be attributed to the overestimation of the ¢
value owing to the contribution of the Cg4 excitation, which has no apparent impact on the

carrier mobility (vide infra).

Photoelectrochemical Measurements: Photoelectrochemical measurements were
performed in deaerated acetonitrile containing 0.5 M Lil and 0.01 M I, with the modified SnO,
electrodes as a working electrode, a platinum wire as a counter electrode, and an I/I3"
quasi-reference electrode. Figure 10a displays representative photocurrent response of the
FTO/SnO,/(C7otf-SWNT),, electrode illuminated with white light (4 > 380 nm) at an applied
potential of 0.05 V vs. SCE. The photocurrent response is prompt, steady, and reproducible
during the repeated on/off cycles of the visible light illumination. Blank experiment of the
FTO/SnO; electrode without deposited films exhibited much smaller photocurrent responses

under the same conditions. These results confirm the role of the deposited films toward
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Figure 10. (a) Photocurrent response of the FTO/SnO,/(C7+f-SWNT),, device under an applied
potential of +0.05 V vs. SCE. (b) Current vs. potential curve for the FTO/SnO,/(C7pt+f-=-SWNT),,
device. Illuminated with white light (A > 380 nm, input power: 37.4 mW c¢cm ). Electrolyte: 0.5 M
Lil and 0.01 M I, in acetonitrile.
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harvesting light energy and generating electron flow from the electrolyte to the FTO/SnO;
electrode through the film during the operation of the photoelectrochemical devices. Figure
10b shows current vs. potential curve of the FTO/SnO,/(C7p+f-SWNT),, device under the white
light illumination (A > 380 nm). With increasing positive bias up to 0.05 V vs. SCE, the
photocurrent is increased compared to the dark current. Increased CS and the facile transport
of charge carriers under positive bias are responsible for the enhanced photocurrent generation.
Analogous photoelectrochemical properties were also observed for the FTO/SnO,/(Ceot
f-SWNT),,*” as well as the FTO/SnO,/(Css+-SWNT),, device.

To gain further insights into the photoelectrochemical properties of the deposited films,
the author evaluated the wavelength dependent incident photon-to-current efficiency (IPCE)
spectra. The IPCE values are calculated by normalizing the photocurrent densities for incident

light energy and intensity and by use of the expression:
IPCE (%) = 100 x 1240 x i/(Win x A)

where i is the photocurrent density (A cm2), Wi, is the incident light intensity (W cm %), and A
is the excitation wavelength (nm).

Figure 11A depicts the photocurrent action spectra of the FTO/SnO,/(C7)n, FTO/SnOy/
(f-SWNT),,, and FTO/SnO,/(C7y+f-SWNT),, devices. The photocurrent action spectra largely
resemble the absorption spectra of the deposited electrodes (Figure 7A). The author can
compare the IPCE values at 400 nm where the value is maximal and most of the incident light
is virtually absorbed by the films (Table 1). The maximum IPCE value (26%) of the FTO/
SnO,/(C7+-SWNT),, device (Figure 11A(c)) is 2.6 times larger than that (10%) of the FTO/
SnO,/(Crg)n device (Figure 11A(a)) and 10 times larger than that (2.6%) of the FTO/SnO,/
(f-SWNT),, device (Figure 11A(b)). Note that the maximum IPCE value (26%) is improved
remarkably compared with the corresponding value (18%)”" of the FTO/Sn0O,/(Cso+
f-SWNT),, device. In addition, the maximum IPCE value of the FTO/SnO,/(C7p+f-SWNT),,
device is much larger than the sum (12.6%) of the values of the FTO/SnO,/(C7), and FTO/
SnO,/(f-SWNT),, devices (Figure 11A(d)), demonstrating that the formation of the composite
cluster is responsible for the enhancement of the photocurrent generation. The IPCE value of
the FTO/SnO,/(C7+-SWNT),, device reaches almost zero at > 700 nm, where the f-~SWNT
still absorbs light, indicating that the absorption by C;p molecules mainly contributes to the
photocurrent generation. The maximum IPCE value (26%) of the FTO/SnO,/(C7o+{-SWNT),,
device is the highest one ever reported for analogous SWNT-based photoelectrochemical

6

devices in which the SWNTs are deposited electrophoretically,”®! electrostatically,!”

covalently,”™ or physisorptionally' onto semiconducting electrodes. The low maximum IPCE
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Figure 11. (A) Photocurrent action spectra of (a) FTO/SnO,/(C70)m, (b) FTO/SnO»/(f-SWNT),,
and (¢) FTO/SnO,/(C7ptf-SWNT),, devices. (d) Sum of the spectra (a) and (b). (B) Photocurrent
action spectra of (a) FTO/SnO,/(Css)m, (b) FTO/SnO,/(f-SWNT),,, and (c) FTO/SnO,/(Cgst+
f-SWNT),, devices. (d) Sum of the spectra (a) and (b). Applied potential: +0.05 V vs. SCE.
Electrolyte: 0.5 M Lil and 0.01 M I, in acetonitrile.

value (2.6%) of the FTO/SnO,/(f-SWNT),, device may stem from the relatively low light-
harvesting efficiency (67% at 400 nm) and intense self-quenching of the photogenerated
excitons in (f-SWNT),,.!

Figure 11B illustrates the photocurrent action spectra of the FTO/SnO,/(Css),, FTO/SnO»/
(f-=SWNT),,, and FTO/SnO,/(Cgs+f-SWNT),, devices. The photocurrent action spectra largely
parallel the absorption spectra of the electrodes (Figure 7B). Unlike the trend on the IPCE
values of the FTO/SnO,/(C70)m, FTO/SnO,/(f-SWNT),, and FTO/SnO,/(C7t{-=SWNT),,
devices, the maximum IPCE value (4.8%) of the FTO/SnO,/(f-SWNT+Cg4),, device (Figure
11B(c)) is comparable to that (4.1%) of the FTO/SnO,/(Csa), device (Figure 11B(a)) and rather
lower than the sum (6.7%) of the maximum IPCE values of the FTO/SnO»/(Cg4),, and FTO/
SnO,/(f-SWNT),, devices (Figure 11B(d)). This implies that the complexation between Csg4

and f~-SWNT makes no contribution to the photocurrent generation.

Photocurrent Generation Mechanism: On the basis of the film structures, carrier
mobilities, and the photoelectrochemical properties discussed above, as well as the previous
studies on similar photoelectrochemical systems consisting of SWNTs™®! and the previous
study on the Ceo—f~SWNT composite,*”’ a photocurrent generation mechanism for the FTO/
SnO,/(C7+-SWNT),, device is schematically illustrated in Scheme 2. As a representative
example, (8,6) SWNT, which is regarded as single (n,m) chirality species with the highest

[40]

distribution in f-~SWNT prepared from commercially available HiPco, " is used in the scheme.
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Although direct electron injection from the excited states of -~SWNT to the CB of the SnO,
electrode is possible, its contribution in the present system should be minor considering the
poor photocurrent generation of the FTO/SnO,/(f-SWNT),, device (Figure 11).

SCHEME 2
E/V vs. NHE
A SWNT
T 1 (86)
o
T —a NS
/ - L £ 2 —— C;0/C7o
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I3/ I
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.
__+1 —V1 e_
V2 3%C70*/C79 é
'C70*/Crg ===

Photocurrent generation is initiated by photoinduced ET from iodide ion (I3 /I = 0.5 V vs.
NHE)[5 lin the electrolyte to the excited states of Cy (1C7o*/C7o'_ ~ 1.7 V vs. NHE; >C70*/C7o"
~ 1.3 V vs. NHE),[*"**! a5 in the case of analogous photoelectrochemical devices with the SnO,
electrodes electrophoretically modified with fullerene clusters.***! The reduced Cyo (C70/C70™
~ —0.2 V vs. NHE)"*" injects electrons into the CB of f-~SWNT (¢; = —0.1 V vs. NHE).!"!
Occurrence of ET from C7y" to f-SWNT is energetically favorable and supported by the results
of the TRMC measurements (vide supra). Close contact between the sidewalls of -SWNT and
C70 molecules disclosed by the FE-SEM observation (Figure 8c) enables the ET from C;¢" to
f-SWNT. The excellent electron mobility of ~SWNT bundles, as revealed by the TRMC
measurements, facilitates the electron flow toward the SnO, electrode (Ecg = 0 V vs. NHE)."!
The electrons injected into the CB of the SnO, electrode are driven to the counter electrode via
external circuit to regenerate the redox couple. Additionally, the reduced Cy injects electrons
into the CB of the SnO, through electron hopping of C79 molecules aligned on the sidewalls of
the sole -~SWNT network. It should be noted here that the maximum IPCE value (18%) of the
FTO/SnO,/(Ceo+f-SWNT),, device is lower than that (26%) of the FTO/SnO,/(C7pt{-SWNT),,
device, despite of the similar light-harvesting efficiencies, reduction potentials (Ceo/Coo” =—0.2
V vs. NHE),[42’43] and excited state behaviors of Cgy and C70.[45] The lower IPCE value may
result from the low electron mobility (1.2 cm® V' s') of the FTO/SnO,/(Ceotf-SWNT),,
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electrode in comparison with that (2.4 cm® V' s™) of the FTO/SnO,/(C7o+H-SWNT),, electrode.
The low electron mobility may also originate from the hierarchical layer structure of the three
different clusters on the FTO/SnO,/(Ceptf-SWNT),, electrode compared with the single
network structure of the composite clusters on the FTO/SnO,/(C7o+f-SWNT),, electrode (vide
supra).

For the FTO/SnO,/(Cgs+f-SWNT),, device, the author can depict similar photocurrent
generation mechanism as shown in Scheme 3. Taking into account the reduction potential for
the excited state of Cgys ('Css*/Cgs™ = 1.2 V vs. NHE),?*™*4”) intermolecular ET from I in the
electrolyte to the Cg4 excited states is a feasible step, as in the cases of the FTO/SnO,/(Ceot
f-SWNT),,**! and the FTO/SnO/(C7+H-SWNT),, devices. However, the ET efficiency may be
low given the short lifetime (35 ps) of the Css4 excited singlet state and the poor intersystem

321 Moreover, the reduction potential of Cg4 (Csa/Css™ = 0.0 V vs.

crossing yield (< 0.01).!
NHE)[47] is comparable to the CB of the SnO; electrode and lower by ~ 0.1 V than the ¢; of
f-SWNT. Both direct electron injection from the reduced Cs4 to the CB of the SnO, electrode
and stepwise electron injection through the f-SWNT are not efficient, thereby leading to the
poor IPCE value in the FTO/SnO»/(Cgs+-SWNT),, device. This is in good agreement with the
results of the TRMC measurements revealing no apparent shift of electrons from Css to
f=-SWNT in the FTO/SnO,/(Css+-SWNT),, electrode (vide supra). Overall, it is difficult to
utilize the high electron-transporting property of f~SWNT in the FTO/SnO,/(Cgs+-SWNT),,
device, despite of the sole network structure of the composite clusters on the electrode (Figure

8e) similar to the FTO/SnO,/(C7+f-SWNT),, device.
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Conclusion

The author has successfully compared the cluster formation, electrophoretically deposited
film structure, charge carrier mobility, and photoelectrochemical properties of the composites
consisting of SWNTs with Cegp, C7, or Css for the first time. In particular, the C;0—SWNT
photoelectrochemical device exhibited the highest IPCE value (26%) ever reported for
analogous SWNT-based photoelectrochemical devices including the Coo—SWNT device (18%).
The highest IPCE value results from selective formation of the single composite film consisting
of the SWNT network covered with C;9 molecules in addition to the high electron mobility (2.4
cm® V' s7') through the C;o-SWNT network. This is in marked contrast with the unselective
formation of three different clusters in the Ceo—f-SWNT composites. On the other hand, the
Csa—f-SWNT photoelectrochemical device revealed the low IPCE value (4.8%) owing to the
inefficient electron injection from Cg4 radical anion (Cgs/Cgs™ = 0.0 V vs. NHE) to the SnO,
electrode (Ecg = 0 V vs. NHE) directly or indirectly despite of the exclusive formation of the
single composite clusters. Thus, these results will provide basic clue for the design of nano-

carbon composite-based molecular devices including organic photovoltaics.

Experimental Section

General Procedure: UV-vis—NIR spectra of solutions and films were measured on a
Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. FE-SEM observation was carried out
with a JEOL JSM-6705F. For preparation of the cluster samples, a mixture of ODCB-
acetonitrile containing ~-SWNT and/or fullerene was spin-coated on Si wafer (polished wafer;
SUMCO TECHXIV) at a rotation speed of 1200 rpm. Electrophoretically deposited films that
were comprised of fullerene solely were coated with 5 nm thick Pt layer using a JEOL
JFC-1600 auto fine coater prior to the measurements, whereas all other samples were used
without Pt deposition. DLS measurements of the cluster solutions were performed using a
Horiba LB550 particle size analyzer. X-ray diffraction (XRD) analyses were conducted on a
Rigaku A2 diffractometer using Cu K, radiation. Highly soluble f-SWNT was prepared by
purification and oxidation of p-SWNT (HiPco SWNTs, Carbon Nanotechnologies, Inc., batch
P0313) and subsequent reaction of s-SWNT with thionyl chloride and 8-aminopentadecane as
described earlier.*” Cg (99.98%), C7o (99.5%), and Css (99%) were obtained from MTR Ltd.
and SES Research and used as-received. An optically transparent FTO electrode (Asahi Glass)
was washed by sonication in 2-propanol and cleaned in an Oz atmosphere in advance. A 15%
SnO, colloidal solution (particle size = 15 nm; Chemat Technology, Inc.) was deposited on the

20,24]

FTO electrode using doctor blade technique.! The electrode was annealed at 673 K to
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yield 0.5 um thick SnO, film (denoted as FTO/SnO,). All other chemicals were purchased
from commercial sources and used without further purification.

Solubility Evaluation of Css: Solubility of Cgs in ODCB was estimated by using
pre-determined molar absorptivity and the absorbance of the saturated solution.””! Saturated
solution was prepared by suspending excess Css (ca. 7 mg) in 0.5 mL of ODCB by vigorous
bath-sonication for 1 h then removing undissolved sediment by Cosmonice Filter S (Nacalai
Tesque, pore size: 0.45 um) syringe-driven filter unit. For accurate measurement of the
absorption spectrum, the saturated solution was diluted 5 times with neat ODCB.

Preparation of Cluster Solutions and Films: The cluster solutions of -SWNT (0.012 g
L") and/or higher fullerene (0.14 mM) were prepared in a 1 cm cuvette by injecting 1.6 mL of
acetonitrile into a solution of f-SWNT (0.062 g L") and/or higher fullerene (0.68 mM) in 0.4
mL of ODCB (ODCB:acetonitrile = 1:4, V/V).[20’24] Then, two electrodes (i.e., FTO and
FTO/Sn0O,) were inserted into the cuvette with keeping at a distance of 0.6 cm by a Teflon
spacer. A dc voltage (200 V) was applied for 120 s between these two electrodes using a
power supply (ATTO, model AE-8750). The deposition of the film could be visibly confirmed
as the suspension became colorless with simultaneous colorization of the FTO/SnO, electrode.
After the deposition, the deposited film was dried immediately with a hair dryer. Likewise, the
(Ceott-SWNT),, and (Cgo)n clusters were also prepared for the microwave conductivity
measurements.

Photoelectrochemical Measurements: All electrochemical measurements were carried
out in a standard three-electrode system using an ALS 630A electrochemical analyzer.***
The deposited film as a working electrode was immersed into an electrolyte solution containing
0.5 M Lil and 0.01 M I, in acetonitrile. A Pt wire covered with a glass Luggin capillary, whose
tip was located near the working electrode, was used as a quasi-reference electrode. A Pt coil
was employed as a counter electrode. The potential measured was converted to the saturated
calomel electrode (SCE) scale by adding +0.05 V. A 500 W xenon lamp (USHIO, XB-
50101AAA) was used as a light source. Potential vs. current characteristics were measured
with controlled-potential scan (1 mV s™') under 0.5 Hz chopped white light (A > 380 nm, input
power: 37.4 mW cm °). The monochromatic light through a monochromator (Ritsu, MC-10N)
was illuminated on the modified area of the working electrode (0.20 cm?) from the backside.
The light intensity was monitored by an optical power meter (Anritsu, ML9002A) and
corrected.

Time-resolved Microwave Conductivity Measurements: The instruments setup as

descrived in the previous study”**"

was used for the TRMC measurements. Namely,
nanosecond laser pulses at 355 nm (full width at half maximum (FWHM): 3 — 5 ns) with

photon density of 1.6 x 10" — 3.6 x 10'° cm * were used as an excitation source. A microwave
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frequency of 8.6 — 9.4 GHz and a power of 2.1 — 4.6 mW were employed. All the experiments

were carried out at room temperature. Other experimental details are described elsewhere.*®

]
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Chapter 8

Carbon Nanotube Wiring of Donor—Acceptor Nanograins by
Self-Assembly and Efficient Charge Transport

Abstract: Organic electronic materials have drawn much attention due to their potential
applications in organic photovoltaics and transistors. So far, efficient charge transport within
as well as between grains of organic thin films has been limited by rather poor interactions at
nanostructures and nanograin boundaries. Here, the author has successfully developed an
unprecedented self-assembly method to build up well-ordered donor—acceptor nanograins and
their efficient molecular wiring that can be detected as photocurrent. The semiflexible
methylene linkage of porphyrin (donor)—Cs (acceptor) successfully allowed the author to form
impressive ellipsoid-shaped nanograins in a good—poor solvent mixture. The porphyrin—Cgg
linked molecules in the nanograins were found to yield highly ordered donor—acceptor arrays,
making it possible to achieve efficient intra charge transport within the nanograins. More
importantly, functionalized single-walled carbon nanotube wiring between the nanograins also
rendered the inter charge transport extremely efficient, leading to the highest incident
photon-to-current efficiency (22%) ever reported for analogous photoelectrochemical devices
utilizing donor—acceptor linked dyads. Such ternary self-assembly of donor—acceptor linked
molecules with molecular wires will be a highly promising method to achieve excellent device

performances in organic photovoltaics and transistors.
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Introduction

Organic m-conjugated compounds have drawn much attention due to their potential
applications in organic thin-film optoelectronics.!"! Over the last 20 years, tremendous progress
has been achieved in the design and fabrication of the compounds. In this regard,
charge-transporting properties of organic thin films have found to be crucial in the device
performances. Especially, it is well known that charge transport is limited by grain boundaries
in the films as well as molecular arrangements within the grains. Therefore, a new method
enhancing electrical communication between the grains as well as modulating the arrangements
within the grains is necessary to improve device performances.

Here the author has explored a novel self-assembly strategy to build up well-ordered
donor—acceptor (D—A) nanograins and their efficient molecular wiring that can be detected as
photocurrent (Scheme 1). A covalent linkage between porphyrin as a donor and Csy as an
acceptor was chosen because this combination is known to yield a long-lived charge-separated

state efficiently. The author

SCHEME 1

expected that m-v interactions
between porphyrin as well as
Ceo molecules rather than
between porphyrin and Cg
molecules would prevail to
form nanograins, where D
and A molecules are arranged
separately  for  efficient
photocurrent ~ generation. >
Utilization of a semiflexible,
short ~ methylene  spacer

between the porphyrin and

Ceo moieties would be
suitable to strengthen the
desirable interactions. Rapid
injection of a poor solvent into a good solvent containing the D-A linked dyads was used to

accelerate the formation of D—A nanograins in the mixed solvent.!*"

More importantly, an
addition of single-walled carbon nanotubes (SWNTs) as a molecular wire was anticipated to
cross-link the D—A nanograins in the mixed solvent, enhancing the electric communication
between the grains. Electrophoretic deposition™ of the ternary component aggregates onto a
nanostructured SnO, electrode allowed the author to fabricate a desirable D-A-SWNT

composite film on the electrode (Scheme 1). To the best of the author’s knowledge, the
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“wiring effect” of SWNTs between photoactive nanograins has never been investigated so far.
In addition, this is the first example of the ternary component system consisting of porphyrin,
fullerene, and SWNTs, although the binary systems have been frequently utilized for photo-

and electronic devices.* ™!

Results and Discussion

Basic Characterization of Novel Porphrin—Cg Dyad: Novel porphyrin—Csy linked
dyad (H2P-Cgo), porphyrin and Cgo reference compounds (H,P-ref and Ceo-ref),””*! and highly
soluble SWNTs (f-SWNT)™ were synthesized according to reported procedures (Figure 1, see
experimental section). Basic photophysical and electrochemical properties of the compounds
are provided in Table 1. Steady-state fluorescence measurements in o-dichlorobenzene
(ODCB) indicate efficient photoinduced electron transfer (ET) from the porphyrin excited
singlet state to the Cgp in HyP-Cgp. Namely, emission from the porphyrin moiety was strongly
quenched compared to that from H,P-ref (Figure 2A). The occurrence of the photoinduced ET
was further confirmed by the femtosecond time-resolved transient absorption measurements
with a laser excitation of HyP-Cgy at 420 nm, where three components (0.8 ps, 48 ps, and 1.3
ns) are reasonably derived from the global analysis of the transient spectra (Figure 2B). The
long-lived component (1.3 ns) can be assigned as a charge-separated state exhibiting
characteristic absorption of the freebase porphyrin radical cation (600 — 700 nm) and
monofunctionalized Cg radical anion (1000 nm).”! The short-lived (0.8 ps) and moderate-
lived (48 ps) components can be attributed to the porphyrin singlet excited state and an

intramolecular exciplex that relaxes to the charge-separated state, respectively.!'”!

f-SWNT

Figure 1. Structures of HyP-Cgy, HyP-ref, Cgo-ref, and f-SWNT.
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TABLE 1: One-Electron Oxidation Potentials (E°,), Reduction Potentials (E°;cq),
Energy Level of Lowest Singlet Excited State (AEy) of Porphyrin Moiety, Free Energy
Changes of Photoinduced Charge Separation (AG°cs) and Charge Recombination
(AG°cr), and Rate Constants for Charge Separation (kcs) and Charge Recombination
(kcr) in Deaerated Benzonitrile at 298 K

Eooxa / Eored “/ AEO_() AGOCS b AGOCRh kCS kCR
compound Vvs.NHE V vs. NHE / eV / eV / eV /st /s
H,P-Ceo 1.18 ~0.40 19 032 -158 =lx 77X
10 10
H,P-ref 1.20 — 1.90 — — — —
Ceo-ref — -0.40 — — — — _

“Determined from cyclic voltammetry. PAGOcR = e(E°ed — E°0x) — AG®s, AG°cs = —AG°cr — AEyy,
AG®s = —e*/(4meye,R..), where e is the elementary charge of electron, & is the vacuum permittivity,
& is the static dielectric constant of benzonitrile (25.2), and R, is the center-to-center distance
between the porphyrin unit and the fullerene unit (for HP-Ceo, 15.1 A). ¢ Formation rate from
exciplex.
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Figure 2. (A) Steady-state fluorescence spectra of (a) HoP-Cep and (b) HoP-ref in ODCB. The
absorbance at the Soret band was adjusted to be 0.1 for the excitation. (B) Transient absorption
decay component spectra of HyP-Cg in benzonitrile obtained with global three-component fit of the
time-resolved spectra. Excitation wavelength is 420 nm. Fitted time constants are shown in the
figure.

Self-Assembling Behavior: At first, self-assembling behavior of H,P-Cgp in an ODCB-
acetonitrile mixture was investigated for the better understanding of the more complex
H,P-Csp—SWNT composite. Absorption spectrum of HoP-Cgp in ODCB exhibits characteristic
Soret band and Q bands (Figure 3A(a)). In the ODCB-acetonitrile mixture, the Soret and Q
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Figure 3. (A) UV-vis—NIR absorption spectra of H,P-Cg in (a) ODCB ([H,P-Cgo] = 0.011 mM;
path length 3 mm) and (b) ODCB-acetonitrile mixture (2:5, v/v; [HoP-Cqo] = 0.16 mM; path length
3 mm). (B) UV-vis—NIR absorption spectra of (a) H,P-ref, (b) Cep-ref, and (c) the mixture of
H,P-ref and Cgp-ref in ODCB ([H;P-ref] = [Cgo-ref] = 0.011 mM; path length 3 mm) and (d) the
mixture of H,P-ref and Cgo-ref in ODCB—acetonitrile (2:5, v/v; [HyP-ref] = [Cgo-ref] = 0.16 mM;
path length 3 mm).

bands are broadened and red-shifted relative to those in ODCB (Figure 3A(b)). All of these
changes are ascribed to the formation of nanograins of H,P-Cg (denoted as (HaP-Coo)m),* as
described later. In contrast, H,P-ref—Cso-ref composite (denoted as (H,P-ref+Cqo-ref),;) does
not show the broadening and shift of the Soret and Q bands (Figure 3B). This indicates that
H,P-ref molecules are not co-aggregating with Ceo-ref efficiently to yield (HoP-ref+Ceo-ref),,
during the self-assembly process.

In accord with the absorption behavior, the field emission scanning electron microscopy
(FE-SEM) measurement of (H,P-Ceo),, disclosed unique ellipsoid-shaped nanograins as large
as 1.5 — 2.7 um in long axis and ~ 500 nm in short axis (Figure 4a). In contrast, the FE-SEM
image of (HyP-ref+Cgo-ref),, depicts irregular cubic structures with a small size of 50 — 100 nm
(Figure 4b). The well-defined ellipsoid-shaped structure of (HxP-Ceo)n supports that H,P-Cgg
molecules are well-organized in the nanograins. Consistently, the X-ray diffraction (XRD)
measurement of (H,P-Ce),, revealed a weak diffraction peak at 11.6 °, corresponding to an
inter-plane distance of 7.3 A (Figure 5A). According to the crystallographic study on the
single crystal of H,P-ref!'"! this value is reasonably assigned as the inter-plane distance
between the porphyrins in which one of eight tert-butyl groups of one porphyrin is fit into a
one-sided hollow center of another porphyrin surrounded by the four tert-butyl groups. This
results in a slipped stacked J-aggregate of the porphyrin moieties, consistent with the red shift
of the Soret band. Similar J-like arrangement of porphyrin moieties has been implied in the

]

rod-like aggregates of ionic porphyrin-Ceo dyads.'? A plausible molecular structure of
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Figure 4. FE-SEM images of (a) (H,P-Cg),, and (b) (HyP-ref+Cgp-ref),,. The samples were
prepared by spin-coating the corresponding grain solutions ([porphyrin] = [Cep] = 0.16 mM) from
the ODCB-acetonitrile mixture (2:5, v/v) on Si wafer.

(A) (B)

Intensity / a. u.

10 11 1|2 1|3 1I4 1I5 16

20/ degree

Figure 5. (A) XRD patterns of (a) FTO/SnO, substrate and (b) (H2P-Ceo)n and (c) (HyP-ref+
Ceo-ref),, nanograins deposited on FTO/SnO, substrate. All curves are normalized and offset for
comparison. (B) Molecular modeling of H,P-Cg arrangement in the nanograins. For clarification,
the porphyrin core and Cg sphere are colored in pink and purple, respectively.

(H2P-Ceo)10 optimized by the MM3 force field reveals the formation of slipped stacked
porphyrin arrays with inter-plane distance of 6 — 7 A, where the Cgo moieties are arranged
continuously along the one-dimensional (1-D) porphyrin array (Figure 5B). The steady-state
fluorescence of (HyP-Ceo)n shows strong quenching of the porphyrin fluorescence without
exhibiting charge transfer emission from the direct contact with the porphyrin and Cgo.) All of
these data suggest that the porphyrin moieties are stacked linearly and the Csp moieties are

closely located around the porphyrin alignment in the ellipsoid-shaped nanoaggregates

Electrophoretic Deposition: Upon subjecting the grain solution to a high electric (dc)
field (200V, 120 s), (HoP-Cep)n and (H,P-ref+Ceo-ref),, were deposited onto the fluorine-doped
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tin oxide (FTO) electrodes with nanostructured
SnO; modification (denoted as FTO/SnO,/
(HoP-Coo)w  and  FTO/SnO,/(HaP-ref+Ceo-
ref),,).*") The absorption feature of the FTO/
SnO,/(HaP-Ceo)m electrode is largely similar to
that in the corresponding ODCB-acetonitrile
solutions (Figure 6a). On the other hand, the
FTO/SnO,/(HyP-ref+Cgo-ref),, electrode shows
structureless absorption feature resembling the
Ceo absorption, supporting that few H,P-ref
molecules are incorporated into the nano-
aggregates as a result of the weak m-m
interaction between the porphyrin and Cso
molecules (Figure 6b). The broad absorption
of the fabricated films together with the high

Absorbance

4(I)O 560 6(I)O 7(|)0 8(I)O
Wavelength / nm

Figure 6.  Absorption spectra of (a)

FTO/SnO,/(H,P-Ceg)m, (b) FTO/SnO,/(H,P-

ref+Cgqo-ref),, (c) FTO/SnO,/(H,P-Ceott-

SWNT),,, and (d) FTO/SnO,/(H,P-ref+Cg-

ref+f~-SWNT),, electrodes.

absorption in the visible region makes these films suitable for harvesting the solar energy.

Figure 7. FE-SEM images of (a) FTO/SnO,/(HoP-Cep)m, (b) FTO/SnO,/(H,P-ref+Ceo-ref),,, (c)
FTO/SnO,/(HyP-Cep+f-SWNT),,, and (d) FTO/SnO,/(H,P-ref+Cgp-ref+{-~-SWNT),, electrodes.
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The FE-SEM image of the FTO/SnO»/(H,P-Ceo)m electrode (Figure 7a) displays packing
of the ellipsoid-shaped nanograins, which are almost identical to the spin-coated ones observed
in Figure 4a. This corroborates that (H,P-Cg), was successfully deposited on the
nanostructured SnO, electrode without changing its inherent structure. In contrast, the
FE-SEM image of the FTO/SnO,/(H,P-ref+Cgo-ref),, electrode exhibits dense packing of the
small cubic nanograins (Figure 7b).

To evaluate the charge carrier

mobility (1) of the FTO/SnO,/(HaP-Ceo)s T ' ' '
electrode, the author measured the - 6

flash-photolysis time-resolved microwave 'i SF

conductivity  (TRMC).!"*!* Upon € 4t

exposure to a laser pulse with an q)o 3l

excitation wavelength of 355 nm, the g

sample reveals a rise of the transient @ 2r

conductivity <¢Su>, in which ¢ is the Tr

quantum efficiency of charge separation 0

(CS) and Zu is the sum of the mobilities

Time / us

of all the transient-charge carriers (Figure Figure 8. Flash-photolysis TRMC transients for

2

8 and Table 2). The Zu value (0.30 cm (a) FTO/SnO,/(H,P-Cgp),n and (b) FTO/SnO,/
V' s of the FTO/SnO»/(HyP-Ceo)m (H,P-Cgp+f-SWNT),, electrodes. The transients
electrode is very close to the highest  Wwere recorded at an excitation wavelength of 355
value (2.0 em? V! S—l) ever reported for nm with a photon density of 3.0 x 10"> cm™. All

o samples were fixed on quartz substrates with
analogous D-A arrays utilizing D-A

214 poly(methyl methacrylate) matrices.

linked systems,: demonstrating the

superior carrier-transporting capability within the nanograins.

TABLE 2: Microwave Conductivity, Quantum Efficiency of CS, Electron Mobility, and
Maximal IPCE Value.

2 a,b 2 a
crﬁz l\ll_l :‘1 "1 % e 1\11—1/8—1 maximal IPCE / %
(HoP-Cgo+Hf-SWNT),, 6.3 x 107 0.2 3.1 22
(H2P-Cg0)m 1.8x107° 0.6 0.30 11

a

¢ = quantum efficiency of CS; Zu = sum of mobility of all the transient-charge carriers.
Maximum value of the transient conductivity upon photoirradiation at 355 nm (photon density:
3.0 x 10 cm™@). ¢ Determined by conventional DC-current integration technique with a
photoexcitation at 355 nm.
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Photocurrent Generation Property: To assess the macroscopic charge-transporting
properties of the deposited films, the author measured the wavelength dependent incident
photon-to-current efficiency (IPCE) spectra. Figure 9A(a) depicts the photocurrent action
spectrum of the FTO/SnO./(H,P-Cep)n device under three-electrode photoelectrohemical

conditions.?!

The photocurrent action spectrum largely resembles the absorption spectrum of
the deposited nanograins on the electrode (Figure 6), implying the involvement of the
porphyrin absorption for the photocurrent generation. In contrast, the photocurrent action
spectrum of the FTO/SnO,/(H,P-ref+Ceo-ref),, device shows structureless photocurrent
response resembling the Cqo absorption owing to the limited incorporation of H,P-ref into the
deposited film (Figure 9A(b)). The maximal IPCE value (11% at 440 nm) of the FTO/SnO»/
(H2P-Ceo)m device is ca. three times as large as the corresponding value (4% at 440 nm) of the
FTO/SnO,/(HyP-ref+Cgo-ref),, device. It should also be emphasized here that the maximum
IPCE value (11%) of the FTO/SnO,/(H,P-Cq), device is the highest one ever reported for
analogous photoelectrochemical devices utilizing D—A linked systems under three-electrode

conditions (4%).%!*!*!

Effect of Carbon Nanotube Wiring: To examine the wiring effect of SWNTs on the
charge-transporting properties, the author attempted to link the ellipsoid-shaped nanograins of
(H2P-Cg0)e with f-=SWNT to enhance the electric communication. Namely, initial self-
assembly of H,P-Cgp with f-=SWNT in the same mixed solvent leads to the formation of
H,P-Ceo—f-SWNT ternary composites (denoted as (HyP-Cgptf-SWNT),,) and subsequent

(A) 25 T T T T T T (B) _“_ _1
SWNT TH,P*/H Pt
20 . (8,6) o/
e_ —
15 1 - 4~ CeolCéy
o CB _|& —===0C4
O \ T 0
o 10 E Sn02 hv
I3/1”
5 Y n ——
. e_
0 \ \ BTl LOLE e e o i — /|
400 450 500 550 600 650 700 750 Ll
Wavelength / nm s V/ 1y HoP/HoP*+

Figure 9. (A) Photocurrent action spectra of (a) FTO/SnO,/(H,P-Cep),, (b) FTO/SnO,/(H,P-ref+
Ceo-ref)m, (c) FTO/SnO,/(HoP-Coptf-SWNT),,, and (d) FTO/SnO,/(H,P-ref+Cgo-ref+f-SWNT),,
devices. Applied potential: +0.17 V vs. SCE. Electrolyte: 0.5 M Lil and 0.01 M I, in acetonitrile.
(B) Photocurrent generation diagram of the FTO/SnO,/(H,P-Cgo+f-SWNT),, device.
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electrophoretic deposition of the (H,P-Cg+f-SWNT),, onto an FTO/SnO; electrode affords the
deposited electrode (denoted as FTO/SnO,/(H,P-Ceop+t-SWNT),,).

The FE-SEM image of the FTO/SnO,/(H,P-Ce+f-SWNT),, electrode disclosed the
expected morphology in which the ellipsoid-shaped nanoaggregates of (H,P-Cg), are
connected with -SWNT (Figure 7c). It is noteworthy that the self-assembly processes allow
f-SWNT to just bridge between the ellipsoid-shaped nanograins without affecting the intrinsic
morphology of the (H,P-Cqp)n. In accordance with the surface observation, the TRMC
measurement on the FTO/SnO,/(H,P-Cs+f-SWNT),, electrode exhibited one order of
magnitude higher transient conductivity than that of the FTO/SnO./(H,P-Ce)n electrode
(Figure 8) to yield a Su value of 3.1 cm”* V' 5™, which is comparable to the value (3.2 cm® V'
s P of the FTO/SnO,/(f-SWNT),, electrode without H,P-Cgo. Note that the rise profile of
the transient conductivity for the FTO/SnO,/(H,P-Cep+f-SWNT),, is different from that for
FTO/SnO,/f-SWNT),,”> but close to that for the FTO/SnO./(H,P-Ce)m, reaching the
conductivity maxima within 1 ws. Similarity in the photoresponse behavior of the TRMC
signals implies that large majority of the photocarriers in the (H,P-Coptf-SWNT),, is generated
by the excitation of H,P-Cep, that is, CS between the porphyrin and Ce. Therefore, the
improved Zu value of the FTO/SnOy/(H,P-Ceo+Hf-SWNT),,, which is almost the same as that of
the FTO/SnO,/(f-SWNT),,, can be interpreted by the occurrence of charge shift from the
resulting Ceo~ to -SWNT, followed by bulk recombination of charge carriers during efficient
electron transportation through f~-SWNT. In accordance with the f~SWNT wiring, the
maximum [PCE value (22%) of the FTO/SnO,/(H,P-Cgo+f-SWNT),, device is twice as large as
that of the FTO/SnO,/(H,P-Cq),» device (Figure 9A(c)). On the other hand, the FTO/SnO»/
(f-SWNT),, device without H,P-Cy showed an IPCE value of 1% at 440 nm.”! These results
unambiguously corroborate that electric communication between the D—A nanoaggregates is
enhanced remarkably by the SWNT wiring,!'®’

Photocurrent Generation Mechanism: On the basis of the film structures, TRMC
mobilities, and photoelectrochemical properties discussed above, as well as the previous
studies on similar photoelectrochemical devices consisting of the porphyrin—fullerene
composites' ) and the fullerene-SWNT composites,’
for the FTO/SnO,/(HyP-Coptf-SWNT),, device can be illustrated as Figure 9B. Photocurrent
generation is initiated by the photoinduced ET from the porphyrin singlet excited state

(‘HoP*/H,P™" = —0.7 V vs. NHE) to the Cgo moiety (Ceo/Cso™ = —0.4 V vs. NHE), as evidenced

mechanism of a photocurrent generation

by the time-resolved absorption measurements (Figure 2B) and the photoelectrochemical
measurements (Figure 9A). The photoinduced ET occurs with a quantum efficiency of near
unity.) Then, the Cg arrays mediate electrons to a conduction band (CB) of f-SWNT (¢, =
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—0.1 V vs. NHE).P! ET from Cy" to f-SWNT is energetically favorable and demonstrated by
results of the TRMC measurements”>! (vide supra). In addition, intimate contact between
f-SWNT and the nanograins of H,P-Cg disclosed by the microscopic observation (Figures 7¢)
promotes the electron mediation from Cgo"™ to -SWNT. The superb electron mobility (3.2 cm®
V' s of the f-SWNT facilitates the electron flow toward the SnO; electrode (Ecg = 0 V vs.
NHE)!""! by electrically wiring the ellipsoid-shaped nanograins of H,P-Cep. On the other hand,
the porphyrin arrays (H,P/HoP™" = 1.2 V vs. NHE) shift holes until the oxidized porphyrin
accepts electrons from I /" redox couple (I3 /I = 0.5 V vs. NHE)!""! to regenerate the initial
state. Finally, the electrons injected into the CB of the SnO, nanocrystallines are driven to the

counter electrode via external circuit to regenerate the Is /I redox couple.

Conclusion

In conclusion, the author has developed a novel self-assembly methodology to build up
well-organized D—A nanograins and simultaneous molecular wiring for efficient charge
transport. The semiflexible, short methylene linkage of H,P-Cg without conventional, extra
self-assembling units successfully allowed the author to form the unique ellipsoid-shaped
nanograins in the good—poor solvent mixture by selectively enforcing the porphyrin—porphyrin
interactions as well as the Cg—Cgo interactions rather than the porphyrin—Cs( interactions.
H,P-Cgp molecules in the nanograins were found to yield highly-aligned D—A structures,
making it possible to achieve efficient intra charge transport within the nanograins. More
importantly, the f-~SWNT wiring between the D—A nanograins also rendered the inter charge
transport efficient, leading to the highest IPCE value (22%) ever reported for analogous photo-
electrochemical devices utilizing D—A linked systems. The author believes that the self-
assembly of D—A linked molecules with molecular wires will be a highly promising method to

achieve excellent device performances in organic photovoltaics and transistors.

Experimental Section

General Procedure: 'H NMR spectra were measured with a JEOL JNM-EX400 NMR
spectrometer. Matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass spectra
were obtained using a SHIMADZU Biotech AXIMA-CFR with 1,8-dihydroxy-9(10H)-
anthracenone (dithranol) as a matrix. IR spectra were recorded on a JASCO FT/IR-470 Plus
spectrometer using KBr pellets. UV-vis—near infrared (NIR) spectra of solutions and films
were measured with a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. Steady-state
fluorescence spectra were obtained by a HORIBA SPEX Fluoromax-3 spectrofluorometer.

Cyclic voltammetry (CV) measurements were performed using an ALS 630A electrochemical
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analyzer in benzonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate as a
supporting electrolyte. A glassy carbon working electrode (3 mm diameter), Ag/AgNO; (0.01
M in acetonitrile) reference electrode, and Pt wire counter electrode were employed. FE-SEM
observation was carried out with a JEOL JSM-6705F. For preparation of the cluster samples, a
mixture of ODCB—acetonitrile containing self-assembled grains was spin-coated on Si wafer
(polished wafer; SUMCO TECHXIV) at a rotation speed of 1600 rpm. Except for the samples
containing SWNTs, all other spin-coated samples and electrophoretically deposited films were
coated with ca. 5 nm thick Pt layer using a JEOL JFC-1600 auto fine coater before the
measurements. The structures of the clusters were analyzed by X-ray diffraction (XRD) with
Cu K, radiation (MultiFlex DR Powder X-ray diffractometer).

Materials: Cg (99.98%) were obtained from MTR Ltd. and used as-received. All other
solvents and chemicals were of reagent-grade quality, purchased commercially, and used
without further purification unless otherwise noted. Thin layer chromatography (TLC) and
column chromatography were performed with Silica gel 60 F254 (Merck) and SiliaFlash F60
(230 — 400 mesh; SiliCycle Inc.), respectively. H,P-ref and Ceo-ref were synthesized as a
reference compound for spectroscopic and electrochemical measurements.” Highly soluble
functionalized SWNTs (f~SWNT) was prepared by purification and oxidation of commercially
available HiPco SWNTs (Carbon Nanotechnologies, Inc., batch P0343) and subsequent
treatment with thionyl chloride and 8-aminopentadecane as described elsewhere."” An
optically transparent FTO electrode (AGC Fabritech) was washed by sonication in 2-propanol

and cleaned in an O3 atmosphere in advance. A 15% SnO, colloidal solution (Alfa Aesar) was

deposited on the FTO electrode using doctor blade technique. The electrode was annealed at
673 K to yield 1 um thick SnO, film (denoted as FTO/SnO,).

Synthetic Procedure: The target compound H,P-Cey was synthesized as illustrated in
]

the scheme below. Starting compound 1 was synthesized according to the literature.!'®

BrCH,CO,Et KOH
CHoNHy ———— CHNHCH,COEt ——— =
Q m O 2 NEt, THF Q m O 2 #7727 1,0, 2-Propanol

Ceo. HCHO

Toluene, reflux

8¢,
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Synthesis of 2: A solution of ethyl bromoacetate (0.12 mL, 1.1 mmol) in dry THF (30
mL) was added dropwise to a stirred solution of 1 (1.1 g, 1.1 mmol) and triethylamine (0.15
mL, 1.1 mmol) in dry THF (30 mL). After additional stirring for 24 h at room temparature, the
reaction mixture was evaporated, subjected to silica gel chlomatography (CH,Cl,/AcOEt/
hexane = 1/1/5), and reprecipitated from CHCl;/MeOH to afford 2 (0.73 g, 0.68 mmol, 63%).
'H NMR (400 MHz, CDCls): & 8.89 — 8.83 (m, 8H), 8.20 (d, J = 8 Hz, 2H), 8.09 — 8.07 (m,
6H), 7.79 (s, 3H), 7.71 (d, J = 8 Hz, 2H), 4.31 (q, J = 7 Hz, 2H), 4.16 (s, 2H), 3.67 (s, 2H), 1.52
(s, 54 H), 1.37 (t, J =7 Hz, 3H), -2.70 (s, 2H). FTIR (KBr): v 3315, 3065, 2960, 2903, 2867,
1741, 1592, 1475, 1363, 1247, 1185, 973, 915, 801 cm'. HRMS (MALDI): m/z caled for
C73Hg70,N5" ([M]"), 1065.6860; found 1065.6826.

Synthesis of 3: Porphyrin 2 (0.73 g, 0.68 mmol) was dispersed in 110 mL of 2-propanol
by sonication for 15 min. To this dispersion was added dropwise an aqueous solution of KOH
(2.1 M, 25 mL). After refluxing for 15 h, 5.2 mL of conc. HCI aq. was added to the reaction
mixture. The organic layer was separated, washed with saturated NaHCOs agq., and dried over
anhydrous MgSO,. The crude product was purified through column chromatography on silica
gel with CH,Cl,/MeOH (9/1) as an eluent. Subsequent freeze-drying of the desired fraction
gave 3 (0.65 g, 0.63 mmol, 92%). 'H NMR (400 MHz, CDCl;): 6 8.84 — 8.80 (m, 8H), 8.31 (d,
J =8 Hz, 2H), 8.01 (d, J = 12 Hz, 8H), 7.76 (s, 1H), 7.63 (s, 2H), 4.79 (s, 2H), 4.00 (s, 2H),
1.40 (m, 54 H), —2.75 (s, 2H). FTIR (KBr): v3316, 3064, 2961, 2904, 2868, 1592, 1475, 1363,
1247, 973, 915, 802, 715 cm'. HRMS (MALDI): m/z caled for C;Hg30.Ns™ ([M]),
1037.6547; found 1037.6542.

Synthesis of HyP-Cqp: Cgo (0.55 g, 0.76 mmol), paraformaldehyde (0.12 g), and 3 (0.65
g, 0.63 mmol), were disolved in 600 mL of dry toluene by sonication and the resultant mixture
was refluxed for 3 days. After cooled to room temparature, the reaction mixture was
evaporated and subjected to the repeated cycle of silica gel chromatography (toluene/hexane =
2/3, then 1/1) to completely remove the unreacted Cep and any other byproducts. The separated
product was further purified by reprecipitation from toluene/MeOH to give H,P-Ce (0.30 g,
0.18 mmol, 28%). 'H NMR (400 MHz, CDCl;): 6 8.97 — 8.87 (m, 8H), 8.37 (d, J = 7 Hz, 2H),
8.08 (s, 8H), 7.78 (s, 3H), 4.59 (s, 2H), 4.40 (s, 4H), 1.51 (s, 54 H), —2.72 (s, 2H). FTIR (KBr):
v 3314, 3060, 2961, 2904, 2866, 1592, 1475, 1428, 1362, 1247, 973, 917, 801, 731 cm .
HRMS (MALDI): m/z calcd for Cy3;HgsNs' ([M]"), 1725.6648; found 1725.6659.

Preparation of Nanograin Solutions and Films: The nanograin solutions of H,P-Cqg
(0.16 mM) and/or -SWNT (0.013 g L") were prepared in a 1 cm cuvette by injecting 1.14 mL
of acetonitrile into a solution of HyP-Cg (0.55 mM) and/or f-SWNT (0.044 g L") in 0.46 mL
of ODCB (ODCB:acetonitrile = 2:5, v/v).”! Then, two electrodes (i.e., FTO and FTO/SnO,)

were inserted into a cuvette with keeping at a distance of 0.6 cm by a Teflon spacer. A dc
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voltage (200 V) was applied for 120 s between these two electrodes using a power supply
(ATTO, model AE-8750). The deposition of the film could be visibly confirmed as the
suspension became colorless with simultaneous colorization of the FTO/SnO, electrode. After
the deposition, the deposited film was dried immediately with a hair dryer. Likewise, the
nanograin and the deposited film of H,P-ref—Cg-ref were also prepared.

Molecular Modeling: Computational modeling of the assembly structure of H,P-Cqg
nanograin was performed using the MM3 force field'* 2" implemented in the TINKER
program package.'””! Modified MM3 parameters were used for C—C bonds between porphyrin
and aryl to reproduce the molecular structure of H,P optimized by the B3LYP method which

was performed with cc-pVDZ basis set by the Gaussian 03 package.'”!

As a representative

example, ten H,P-Cgp molecules were incorporated for plausible self-assembled structures.
Time-resolved Spectroscopy: A pump-probe method was used to measure transient

absorption spectra in sub-picosecond to nanosecond time domain. The measurements were

carried out using the instrument described previously.*"

Briefly, the transient spectra were
recorded by a CCD detector coupled with a monochromator in the visible and NIR ranges and
a second harmonic (420 nm) of Ti:sapphire laser was used for excitation. A typical time
resolution of the instrument was 150 fs (full width at half maximum (FWHM)). The excitation
energy was adjusted to low enough to avoid the photodegradation of samples and the energy-
dependent decay process. All measurements were carried out at room temperature.
Time-resolved Microwave Conductivity Measurements: The instruments setup as
descrived in the previous studies”™*'*!
laser pulses at 355 nm (FWHM: 3 — 5 ns) with photon density of 1.6 x 10"° — 3.6 x 10'° cm™

were used as an excitation source. A microwave frequency of 8.6 — 9.4 GHz and a power of
]

were used for the measurements. Namely, nanosecond

2.1 —4.6 mW were employed. Other experimental details are described elsewhere.!"?

Photoelectrochemical Measurements: All electrochemical measurements were carried
out in a standard three-electrode system using an ALS 630A electrochemical analyzer.”! The
deposited film as a working electrode was immersed into an electrolyte solution containing 0.5
M Lil and 0.01 M L, in acetonitrile. A Pt wire covered with a glass Luggin capillary, whose tip
was located near the working electrode, was used as a quasi-reference electrode. A Pt coil was
employed as a counter electrode. The potential measured was converted to the saturated
calomel electrode (SCE) scale by adding +0.05 V. A 500 W xenon lamp (USHIO, XB-
50101AAA) was used as a light source. Monochromatic light through a monochromator (Ritsu,
MC-10N) was illuminated on the modified area of the working electrode (0.20 cm®) from the
backside. The light intensity was monitored by an optical power meter (Anritsu, ML9002A)

and corrected for calculation of IPCE values.
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Concluding Remarks

This thesis has described the preparation and photoelectrochemical application of novel
nanocarbon composites of fullerenes and chemically functionalized single-walled carbon

nanotubes (SWNTs). The results and findings in this work are summarized as follows.

1. The author has utilized Bingel reaction for the sidewall modification of the acid-treated,
shortened SWNTs with long alkyl chains at the open ends and defect sites. The
microwave irradiation was applied to promote Bingel reaction, by which the reaction
rate became ca. 50 times faster than that under the conventional conditions. The
degree of the sidewall functionalization (one diester unit per 75 — 300 carbon atoms of
SWNT) was found to be controllable by changing the output power of microwave
irradiation. Resonant Raman and UV—vis—near IR absorption spectroscopies revealed
that the electronic properties of SWNTs are largely retained after a significant degree of
the sidewall modification by Bingel reaction without apparent selective reactivity for

metallic and semiconducting SWNTs.

2. The author has synthesized the covalently modified SWNTs with bulky porphyrin
moieties to construct the photoelectrochemical devices. The electrophoretically
deposited film of the multiporphyrin-linked SWNTs exhibited the incident photon-to-
current efficiency (IPCE) values of up to 4.9%. The more uniform film formation and
the moderate photocurrent generation in the porphyrin-linked SWNT devices were
rationalized by the exfoliation abilities of the bulky porphyrins toword the SWNT
bundles. It was revealed that direct electron injection from the excited states of
SWNTs to the conduction band of SnO; is responsible for the photocurrent generation,
despite of the efficient quenching of the porphyrin excited singlet state by SWNTs in
the porphyrin-linked SWNTs. The evolution of an exciplex between the porphyrin
excited singlet state and the SWNTs and the subsequent decay to the ground state
without generating the charge-separated state was proposed to explain the unusual

photoelectrochemical behavior.

3. Novel nanohybrids of SWNTs encapsulating Cep or C;o with poly(3-hexylthiophene)
(P3HT) have been constructed and their photophysics and photoelectrochemical
properties were investigated. The noncovalent m-mt interaction between the SWNT

sidewalls and P3HT was harnessed to dissolve the so-called peapods into an organic
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solvent. Transient absorption and fluorescence up-conversion techniques elucidated
the excited state behavior of the nanohybrids, where exciplex forms from the P3HT
singlet excited state with the peapods and subsequently relaxes to the ground state
within ~ 1 ps. Significant impact of the encapsulation of Cg or C;p upon the
photodynamics was not observed, suggesting little participation of the fullerenes in the
excited state events. Photoelectrochemical devices based on the peapod-P3HT
nanohybrids showed almost the same IPCE values as those for the empty SWNT-based

device, which agrees well with the results of the time-resolved spectroscopies.

The author has systematically studied the good solvent effects of C;y cluster formations
and their electron-transporting and photoelectrochemical properties.  Differently
shaped assemblies of C;p with nano-to-micrometer dimensions were successfully
prepared by rapidly injecting a poor solvent into a solution of Cyy in various good
solvents. The cluster morphology engineering was achieved by changing the good
solvent, yielding the spherical, rod-like, or plate-like clusters in the mixed solvents.
The electrophoretically deposited cluster films showed significant dependence of the
IPCE values on the combination of good—poor solvents. More importantly, the IPCE
values were found to correlate with electron mobility of the deposited cluster films,
implying the importance of the electron-transporting process in the photocurrent
generation mechanism. Furthermore, the underlying molecular packing was suggested

to affect strongly the resultant cluster structure and the electron mobility.

The author has established a new methodology for the self-assembly of fullerene Cgy on
the sidewalls of SWNTs. The nanocarbon composites of Cg and highly soluble,
chemically functionalized SWNTs (f-SWNT) were prepared by rapid injection of a poor
solvent (i.e., acetonitrile) into a mixed solution of Cso and f~-SWNT in good solvent (i.e.,
o-dichlorobenzene (ODCB)). Microscopic observation disclosed that the composites
are categorized into three groups; i) f-SWNT bundles covered with layers of Ce
molecules, ii) round, large Ce clusters containing f~-SWNT, and iii) typical, round Cg
clusters. The electrophoretic deposition of the composites onto a SnO, electrode
yielded the hierarchical film with gradient composition depending on the difference in
the mobilities of Cgo and f-SWNT during the electrophoretic process. The composite
film demonstrated the IPCE value of 18%, which was the highest among SWNT-based
photoelectrochemical devices. The ordered arrangement of Cgp molecules on f-SWNT

accounts for the efficient photocurrent generation.

194



The author has prepared novel nanocarbon composites, where C;o molecules are stacked
on the sidewall of SWNTs. Enhanced interaction between the flattened-shaped Cr
and SWNTs provoked the single component cluster formation in the ODCB—-acetonitrile
mixture, which is in remarkable contract to the case of Cop—SWNT composite with three
different structures. Time-resolved microwave conductivity technique indicated
superb electron mobility through the SWNT network formed in the composite. The
C70-SWNT photoelectrochemical device exhibited efficient photocurrent generation
resulting from selective formation of the single composite film consisting of the SWNT
network covered with C7p molecules in addition to the high electron mobility through
the C7o-SWNT network.

The cluster formation in ODCB—acetonitrile mixture, electrophoretically deposited film
structures, microwave conductivity, and photoelectrochemical properties of the
nanocarbon composites consisting of SWNTs with Cg, C7, or Cgs have been
systematically compared. The author found that the higher fullerenes (i.e., C7 and
Cgs) form single composite clusters exclusively with highly soluble SWNTs with bulky
swallow-tailed substituents (f-SWNT), which marks a sharp contrast with the
unselective formation of three different clusters in the Cep—f-SWNT composites. The
microwave conductivity measurements revealed the charge shift from Cy radical anion
to -SWNT, followed by electron transport through f-SWNT, in addition to electron
hopping through Cy arrays on the sidewalls of ~SWNT in the C;0—-SWNT composite.
The C70—f-SWNT photoelectrochemical device disclosed the higher IPCE value (26%)
than that of the C—f-SWNT device (18%). The higher IPCE value was rationalized
by selective formation of the single composite film, in which the SWNT network is
covered with C7p molecules, and the high electron mobility through the C;0—SWNT
network. In contrast, the Cgs—f-SWNT photoelectrochemical device showed rather
poor photocurrent generation (4.8%) owing to the inefficient electron injection from Cgq4
radical anion to the SnO, electrode directly or indirectly despite of the exclusive

formation of the single composite clusters.

The author has successfully developed an unprecedented self-assembly method to build
up the ordered donor—acceptor nanoclusters and their efficient molecular wiring that can
be detected as photocurrent. The semiflexible methylene linkage of porphyrin
(donor)—Ceo (acceptor) allowed the author to form unique ellipsoid-shaped nanoclusters
in a mixed solvent of ODCB and acetonitrile. The porphyrin—Cg linked molecules in

the nanoclusters were found to yield highly ordered donor—acceptor arrays, resulting in
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the efficient intra charge transport within the nanoclusters. Moreover, functionalized
SWNT wiring between the nanoclusters also rendered the inter charge transport
extremely efficient, leading to the highest IPCE value (22%) ever reported for

analogous photoelectrochemical devices utilizing donor—acceptor linked dyads.
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