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Organic n-conjugated compounds have drawn much atten-
tion owing 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 these
compounds. In this regard, charge-transporting properties of
organic thin films have found to be crucial in the device
performances. 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
that enhances electrical communication between the grains as
well as modulating the arrangements within the grains is
necessary to improve device performances.
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We have 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 photo-
current (Figure 1). A covalent linkage between porphyrin as a
donor and Cg as an acceptor was chosen because this
combination is known to yield a long-lived charge-separated

Figure 1. Representation of self-assembly processes of donor-acceptor
linked molecules with SWNTs onto an electrode. Step 1: rapid injection
of a poor solvent, step 2: electrophoretic deposition.

state efficiently.”) We expected that the intermolecular
porphyrin—porphyrin and Cg—Cg, interactions rather than
the intermolecular porphyrin—Cg, interaction would prevail to
form nanograins, where D and A molecules are arranged
separately for efficient photocurrent generation.”! Utiliza-
tion of a semiflexible, short methylene spacer between the
porphyrin and C,4 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 (step 1 in Figure 1).”" 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 simultaneously (step1 in Figure 1), thus
enhancing the electric communication between the grains.
Electrophoretic deposition™ of the ternary component
aggregates onto a nanostructured SnO, electrode allowed us
to fabricate a desirable D-A SWNT film on the electrode
(step 2 in Figure 1). To the best of our knowledge, the “wiring
effect” of SWNTs between photoactive nanograins has never
been investigated to date. Furthermore, this is the first
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example of the ternary component system consisting of
porphyrin, fullerene, and SWNTs, although the binary
systems have been widely utilized for photo- and electronic
devices."™

Novel porphyrin-Cg, linked dyad (H,Por-Cg;), porphyrin,
and Cq, reference compounds (H,Por-ref and Cgy-ref) and
highly soluble SWNTs (f-SWNT)E " were synthesized accord-
ing to reported procedures (Figure 2). Synthetic procedures

Figure 2. Structures of H,Por—Cgy, H,Por-ref, Cgy-ref, and f-SWNT.

and photophysical and electrochemical properties are pro-
vided in the Supporting Information. Steady-state fluores-
cence measurements in o-dichlorobenzene (ODCB) indicate
efficient photoinduced electron transfer (ET) from the
porphyrin excited singlet state to Cq, in H,Por—Cg,. Emission
from the porphyrin was strongly quenched compared to that
from H,Por-ref (Supporting Information, Figure S1). The
occurrence of photoinduced ET was further confirmed by the
femtosecond time-resolved transient absorption measure-
ments (Supporting Information, Figure S2).

At first, self-assembling behavior of H,Por-Cg, in an
ODCB/acetonitrile mixture was investigated to better under-
stand the nature of the more complex H,Por-C, SWNT
composite. The absorption spectrum of H,Por-Cg, in ODCB
exhibits a characteristic Soret band and Q bands (Supporting
Information, Figure S3a). In the ODCB-acetonitrile mixture,
the Soret and Q bands are broadened and red-shifted relative
to those in ODCB (Supporting Information, Figure S3a). All
of these changes are ascribed to the formation of nanograins
of H,Por-Cy, (denoted as (H,Por-Cy),,),** as described later.
In contrast, the H,Por-ref-Cq-ref composite (denoted as
(H,Por-ref + Cgy-ref),,) does not show the broadening and
shift of the Soret and Q bands (Supporting Information,
Figure S3b). This indicates that H,Por-ref molecules are not
co-aggregating with Cy-ref efficiently to yield (H,Por-ref +
Cgoref),, during the self-assembly process.

In accord with the absorption behavior, the field-emission
scanning electron microscopy (FE-SEM) measurement of
(H,Por-Cy),, showed the presence of unique ellipsoid-shaped
nanograins as large as 1.5-2.7 um in the long axis and about
500 nm in the short axis (Figure 3a). In contrast, the FE-SEM
image of (H,Por-ref + Cgy-ref),, depicts irregular cubic struc-
tures with a small size of 50-100 nm (Figure 3b). The well-
defined ellipsoid-shaped structure of (H,Por—Cy),, supports
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Figure 3. FE-SEM images of a) (H,Por—Cy),, and b) (H,Por-ref+ Cqy-

ref),,. The samples were prepared by spin-coating the corresponding

grain solutions ([porphyrin]=[Ce]=0.16 mm) from an o-dichloroben-
zene/acetonitrile mixture (2:5 v/v) onto a silicon wafer.

the proposal that H,Por—C4, molecules are well-organized in
the nanograins. Furthermore, the X-ray diffraction (XRD)
measurement of (H,Por-Cy),, revealed a weak diffraction
peak at 11.6°, corresponding to an interplane distance of 7.3 A
(Supporting Information, Figure S4). According to the crys-
tallographic study on the single crystal of H,Por-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. A
similar J-like arrangement of porphyrin moieties has been
implied in the rod-like aggregates of ionic porphyrin—Cy,
dyads.”! A plausible molecular structure of (H,Por—Cg);,
optimized by the MM3 force field reveals the formation of
slipped stacked porphyrin arrays with an interplane distance
of 6-7 A, where the Cy, moieties are arranged continuously
along the one-dimensional (1D) porphyrin array (Supporting
Information, Figure S5). The steady-state fluorescence of
(H,Por-Cq),, shows strong quenching of the porphyrin
fluorescence without exhibiting charge-transfer emission
from the direct contact with the porphyrin and Cg,.”! All of
these data suggest that the porphyrin moieties are stacked
linearly and the C4, moieties are closely located around the
porphyrin alignment in the ellipsoid-shaped nanoaggregates.

Upon subjecting the resulting grain solution to a high
electric (dc) field (200 V, 120s), (H,Por-Cy;),, and (H,Por-
ref 4+ Cyy-ref),, were deposited onto nanostructured SnO,
electrodes (denoted as FTO/SnO,/(H,Por-Cy),, and FTO/
SnO,/(H,Por-ref 4 Cg,-ref),,).?*! The absorption feature of the
FTO/SnO,/(H,Por-Cy),, electrode is largely similar to that in
the corresponding ODCB/acetonitrile solutions (Supporting
Information, Figure S6). On the other hand, the FTO/SnO,/
(H,Por-ref + Cg-ref),, electrode shows a structureless absorp-
tion feature resembling the Cg, absorption, supporting the
proposal that little H,Por-ref molecules are incorporated into
the nanoaggregates as a result of weak m—m interactions
between the porphyrin and Cy,. The broad absorption of the
fabricated films together with the high absorption in the
visible region makes these films suitable for harvesting solar
energy. The FE-SEM images of the FTO/SnO,/(H,Por—Cy),,
electrode (Figure 4a; Supporting Information, Figure S7a)
display packing of the ellipsoid-shaped nanograins, which are
almost identical to the spin-coated nanograins observed in
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Figure 4. FE-SEM images of a) FTO/SnO,/(H,Por-C),,, b) FTO/
SnO,/(H,Por-ref + Cgy-ref),,, and c) FTO/SnO,/(H,Por-Cgy+ f-SWNT),,
electrodes. d) Photocurrent action spectra of 1) FTO/SnO,/(H,Por—
Ce0)m 2) FTO/SnO,/(H,Por-ref+ Cyy-ref),,, 3) FTO/SnO,/(H,Por—
Ceo+F-SWNT),,, and 4) FTO/SnO,/(H,Por-ref+ Ceyref + £-SWNT),,
devices. Applied potential: +0.17 V vs. SCE (see the Supporting
Information, Figure S9). Electrolyte: 0.5wm Lil and 0.01 ™ I, in acetoni-
trile. IPCE =incident photon to current efficiency.

Figure 3a. This corroborates that fact that (H,Por-Cy),, was
successfully deposited on the nanostructured SnO, electrode.
In contrast, the FE-SEM image of the FTO/SnO,/(H,Por-
ref 4+ Cy-ref),, electrode exhibits packing of the small cubic
nanograins (Figure 4b; Supporting Information, Figure S7b).
To evaluate the charge-carrier mobility («) of the FTO/
SnO,/(H,Por-Cy),, electrode, we measured the flash-photol-
ysis time-resolved microwave conductivity (TRMC).™ Upon
exposure to a laser pulse with an excitation wavelength of
355 nm, the sample reveals a rise of the transient conductivity
(¢pXu), in which ¢ is the quantum efficiency of charge
separation (CS) and Xu is the sum of the mobilities of all the
transient-charge carriers (Table 1; Supporting Information,
Figure S8). The Yu value (0.30 cm®*V~'s™") of the FTO/SnO,/
(H,Por-Cy),, electrode is very close to the highest value
(2.0ecm?V~'s7!) ever reported for analogous D-A arrays
utilizing D-A linked systems,”'”) demonstrating the superior
carrier-transporting capability within the nanograins.

Table 1: Microwave conductivity, quantum efficiency of CS, electron
mobility, and maximal IPCE value.

PT P ¢ B Maximal
[em?V7's™] [%]  [em?VT'sT']  IPCE [%]
(H,Por—Cgo+f- 6.3x107° 0.2 3.1 22
SWNT),,
(H,Por—Ceo) 1.8x107° 0.6 030 11

[a] ¢=quantum efficiency of CS; ¥u = sum of mobility of all the transient
charge carriers. [b] Maximum value of the transient conductivity upon
photoirradiation at 355 nm (photon density=3.3x10" cm™). [c] Deter-
mined by a conventional DC-current integration technique with a
photoexcitation at 355 nm.

Angew. Chem. 2011, 123, 4711 —4715

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

To assess the macroscopic charge-transporting properties
of the deposited films, we measured the wavelength-depen-
dent incident photon to current efficiency (IPCE) spectra.
Figure 4d depicts the photocurrent action spectrum of the
FTO/SnO,/(H,Por-Cy),, device under the three-electrode
photoelectrohemical conditions.”’ The photocurrent action
spectrum largely resembles the absorption spectrum of the
deposited nanograins on the electrode (Supporting Informa-
tion, Figure S6), implying the involvement of the porphyrin
absorption for the photocurrent generation. In contrast, the
photocurrent action spectrum of the FTO/SnO,/(H,Por-ref +
Cgo-ref),, device shows structureless photocurrent response
resembling the Cg, absorption owing to the limited incorpo-
ration of H,Por-ref into the film. The maximum IPCE value
(11% at 440 nm) of the FTO/SnO,/(H,Por-C,),, device is
about three times as large as the corresponding value (4 % at
440 nm) of the FTO/SnO,/(H,Por-ref + Cy-ref),, device (Fig-
ure 4d). It should also be emphasized that the maximum
IPCE value (11 %) of the FTO/SnO,/(H,Por-Cy),, device is
the highest reported for analogous photoelectrochemical
devices utilizing D-A linked systems under three-electrode
conditions (4 %).1011

To examine the wiring effect of SWNTs on the charge-
transport properties, we attempted to link the ellipsoid-
shaped nanograins of (H,Por-Cy),, with f-SWNT to enhance
the electric communication. Namely, initial self-assembly of
H,Por-C,, with f-SWNT in the same mixed solvent leads to
the formation of H,Por-Cg—f-SWNT ternary composites
(denoted as (H,Por-Cg, + f-SWNT),,) and subsequent elec-
trophoretic deposition of the (H,Por-Cg, + f-SWNT),, onto a
FTO/SnO, electrode to give the deposited electrode (denoted
as FTO/SnO,/(H,Por-Cy, + f-SWNT),,).

The FE-SEM image of the FTO/SnO,/(H,Por-Cy, +
f-SWNT),, electrode disclosed the expected morphology in
which the ellipsoid-shaped nanoaggregates of (H,Por-C),,
are connected with f-SWNT (Figure 4 c; Supporting Informa-
tion, Figure S7c). Atomic force microscopy (AFM) measure-
ments also corroborate this cross-linked morphology (Sup-
porting Information, Figure S10). 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,Por-C),,. In accordance with the
surface observation, the TRMC measurement on the FTO/
SnO,/(H,Por-Cy, + f-SWNT),, electrode exhibited one order
of magnitude higher transient conductivity than that of the
FTO/SnO,/(H,Por—Cy),, electrode (Supporting Information,
Figure S8) to yield a Yu value of 3.1 cm*V~'s™', which is
comparable to the value (3.2cm?*V s ) of the FTO/
SnO,/(f-SWNT),, electrode without H,Por-C4, (Supporting
Information, Figure S11). Note that the rise profile of the
transient conductivity for the FTO/SnO,/(H,Por-Cy,+ f-
SWNT),, is different from that for FTO/SnO,/(f-SWNT),,*>¢!
but close to that for the FTO/SnO,/(H,Por-Cy),,, reaching
the conductivity maximum within 1 ps. Similarly, the photo-
response behavior of the TRMC signals implies that the large
majority of the photocarriers in (H,Por—Cg,+ f-SWNT),, are
generated by the excitation of H,Por-C, that is, by CS
between the porphyrin and Cy,. Therefore, the improved Xu
value of the FTO/SnO,/(H,Por-C4 + f-SWNT),,, which is
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almost the same as that of the FTO/SnO,/(f-SWNT),,,, can be
interpreted by the occurrence of charge shift from the
resulting Cgy~ to the f-SWNT, followed by bulk recombina-
tion of charge carriers during efficient electron transportation
through the f-SWNT. In accordance with the f-SWNT wiring,
the maximum IPCE value (22 %) of the FTO/SnO,/(H,Por-
Cgo + -SWNT),, device is twice as large as that of the FTO/
SnO,/(H,Por—Cy),, device (Figure 4d).'?! The FTO/SnO,/(f-
SWNT),, device showed an IPCE value of 1% at 440 nm
(Supporting Information, Figure S12).°>! These results
unambiguously corroborate that electric communication
between the D-A nanoaggregates is enhanced remarkably
by the SWNT wiring.['*]

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 porphyrin—fullerene composites!" and the full-
erene-SWNT composites,ls] a mechanism of a photocurrent
generation for the FTO/SnO,/(H,Por-Cy, + f-SWNT),, device
can be proposed (Supporting Information, Scheme S1).
Photocurrent generation is initiated by the photoinduced
ET from the porphyrin singlet excited state (‘H,Por*/
H,Por*=-0.7V vs. NHE) to the Cq moiety (Cy/Cqy™ =
—0.4 V vs. NHE), as shown by the time-resolved absorption
measurements (Supporting Information, Figure S2) and the
photoelectrochemical measurements (Figure 4 d). The photo-
induced ET occurs with a quantum efficiency near unity.”!
Then, the Cy, arrays mediate electrons to a conduction band
(CB) of the f-SWNT (¢; = —0.1 V vs. NHE).”! ET from Cg,~
to f-SWNT is energetically favorable and demonstrated by
results of the TRMC measurements®®! (see above). Further-
more, intimate contact between f-SWNT and the nanograins
of H,Por—Cy, disclosed by the microscopic observation (Fig-
ure 4c¢; Supporting Information, Figure S10) promotes the
electron mediation from Cg ™~ to the f-SWNT. The superb
electron mobility (3.2 cm?*V™'s™") of the f-SWNT facilitates
the electron flow toward the SnO, electrode (Ecg~0V vs.
NHE)™ by electrically wiring the ellipsoid-shaped nano-
grains of H,Por-Cg,. On the other hand, the porphyrin arrays
(H,Por/H,Por* =1.2 V vs. NHE) shift holes until the oxidized
porphyrin accepts electrons from the I7/I;~ redox couple (I7/
I;-=0.5 V vs. NHE)!"! to regenerate the initial state. Finally,
the electrons injected into the CB of the SnO, nanocrystal-
lines are driven to the counter electrode by the external
circuit to regenerate the I;7/I" redox couple.

In conclusion, we have developed a novel self-assembly
method to build up well-organized D—A nanograins and
simultaneous molecular wiring for efficient charge transport.
The semiflexible short methylene linkage of H,Por-Cy,
without conventional extra self-assembling units allowed us
to successfully form the unique ellipsoid-shaped nanograins in
a good/poor solvent mixture by selectively enforcing porphy-
rin—porphyrin interactions and Cy—Cy, interactions rather
than porphyrin—Cy, interactions. H,Por—C4, molecules in the
nanograins were found to yield highly aligned D-A structures,
making it possible to achieve efficient intracharge-transport
within the nanograins. More importantly, the f-SWNT wiring
between the D-A nanograins also rendered the intercharge-
transport efficient, leading to the highest IPCE value (22 %)
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reported for analogous photoelectrochemical devices utilizing
D-A linked systems (4%).2'%" We believe 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.
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