J

A|CIS

COMMUNICATIONS

Published on Web 04/27/2010

Chiroselective Assembly of a Chiral Porphyrin—Fullerene Dyad: Photoconductive
Nanofiber with a Top-Class Ambipolar Charge-Carrier Mobility
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Photoconductive 1D nanostructures with a supramolecular p/n-
heterojunction (SHJ) have received attention because of their
potential utility for photovoltaics.* However, examples are still very
limited. In pioneering work, Wirthner et al. reported that a
hydrogen-bonded donor—acceptor—donor (D-A-D) triad consisting
of oligo(p-phenylene vinylene) (D) and perylene diimide (A) self-
assembles into a photoconductive nanofiber.'*® Meanwhile, we
found that an amphiphilic dyad consisting of hexa-peri-hexaben-
zocoronene (HBC) and trinitrofluorenone (TNF) self-assembles into
a photoconductive coaxial nanotube, whose graphite-like wall is
laminated by an electron-accepting TNF layer.'® This strategy was
extended to the fabrication of a photovoltaic nanotube from an
amphiphilic HBC—fullerene dyad.*® In these cases, intermolecular
charge-transfer (CT) complexation between the D and A units is
likely suppressed by the amphiphilic molecular design.? Here we
report self-assembly of an amphiphilic porphyrin—fullerene dyad
(1, Figure 1a), which was designed to form a photoconductive 1D
SHJ nanostructure with an enhanced absorptivity for visible light.®
Dyad 1 is a modified version of our previously reported
porphyrin—fullerene dyad with an ester bridge, which stacks
unfavorably via a CT interaction to give multilamellar vesicles.*
With a view to change the self-assembling mode, the modified dyad
carries a smaller hydrophilic wedge than the previous one and
utilizes a triazole unit for bridging the D and A components.
However, as described below, dyad 1 again self-assembled into a
spherical object. Furthermore, the |-V profile of its cast film hardly
showed a photoconductivity. Note that dyad 1 is chiral with a
stereogenic center in its fullerene unit. Hence, we decided to take
a chance on the possibility that enantiopure 1 might self-assemble
differently from its racemate,® and finally we obtained a photo-
conductive nanofiber with the desired D/A geometry. Moreover,
its film sample showed a top-class ambipolar charge-carrier
mobility.

Compound 1 was synthesized by coupling an azide-appended
zinc porphyrin with a fullerene having an alkyne unit, followed by
acidic demetalation of the porphyrin moiety, and unambiguously
characterized by 'H NMR and MALDI-TOF-MS analyses.® Dyad
1 was highly soluble in CH,Cl,, giving a red solution with a Soret
band at 410 nm (Figure 1b-i).® To obtain enantiopure 1, a Prato-
type chiral fullerene” with a Me;Si-protected alkyne was optically
resolved by chiral HPLC.® The enantiomers of 1, thus obtained,
showed mirror-image circular dichroism (CD) spectra of one another
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with positive ((+)-1, Figure 1c-i) and negative ((—)-1, Figure 1c-
ii) Cotton effects at 430 nm.

When MeOH (1.5 mL) was slowly added onto a CH,Cl, (0.5
mL) solution of racemic 1 ((£)-1, 0.8 mM) and the mixture was
allowed to stand for 2 days at 25 °C, a yellowish-brown-colored
suspension resulted.® The absorption spectrum displayed a broad,
red-shifted Soret band centered at 450 nm (Figure 1b-ii). Scanning
electron microscopy (SEM) of a cast film of the suspension
visualized uniformly sized spheres with an average diameter of 300
nm (Figure 1d). These spectral and morphological aspects resemble
those observed for the previously reported spherical assembly.* We
were disappointed with this result, since spherical assemblies are
much less promising than 1D assemblies for long-range charge-
carrier transport. However, quite interestingly, when enantiopure
(+)-1 was allowed to self-assemble under identical conditions in
CH,Cl,/MeOH, bundles of very long nanofibers (up to 10 um)
formed (Figure le). The absorption spectrum of the resulting
suspension showed just a broad Soret band with a small red-shifted
shoulder at 440 nm (Figure 1b-iii), quite different from that observed
for the spherical assembly from (£)-1. Such an absorption spectral
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Figure 1. (a) Molecular structure of 1. (b) Absorption spectra of (i) a
CH,Cl, solution of (+)-1 and CH,Cl,/MeOH suspensions of assembled (ii)
(£)-1 and (iii) (+)-1 at 25 °C. (c) CD spectra of CH,CI, solutions of (i)
(+)-1and (ii) (—)-1 and CH,Cl,/MeOH suspensions of assembled (iii) (+)-
1, (iv) (—)-1, and (v) (£)-1 at 25 °C. SEM micrographs of cast films of
assembled (d) (£)-1 and (e) (+)-1.
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Figure 2. (a) I—V profiles at 25 °C of assembled (i) (£)-1 and (ii) (+)-1
(inset: switching response of photocurrent for assembled (+)-1) upon
photoexcitation at A = 300—650 nm and (b) their FP-TRMC profiles at 16
°C upon photoexcitation with a 355-nm laser pulse.

profile is a good sign for D/A-SHJ, since it is typical of porphyrin
homoaggregates.® The suspension displayed a highly enhanced split
Cotton effect in the red-shifted shoulder region of the Soret band
of the porphyrin (Figure 1c-iii), indicating that the assembled
porphyrin units are efficiently coupled excitonically. As expected,
when (—)-1 was used for the assembly,® an opposite-signed split
Cotton effect resulted (Figure 1c-iv). Out of curiosity, we attempted
the assembly of a 3:1 mixture of (+)-1 and (—)-1 (50% ee) under
conditions identical to those described above, where only spherical
objects resulted (Figure S5a, Supporting Information). The observed
CD spectrum was rather similar to that of unassembled (+)-1 in
CH,Cl,.° Although many chiral molecules have been reported
whose enantiomers and racemates self-assemble differently from
one another,>* those giving rise to quite different morphologies
such as spheres and fibers are very rare.5®d

The CH,CIl,/MeQOH suspensions of the nanofibers and spheres
of 1 were cast onto a Si/SiO, substrate equipped with micrometer-
gap Au/Ti electrodes, and their photoconducting properties were
evaluated by a two-probe method.® When the nanofiber sample from
(+)-1 was exposed to xenon light (1 = 300—650 nm), a photo-
current emerged in the resulting |-V profile (Figure 2a-ii) and
turned off as soon as the photoirradiation was stopped (inset;
switching response). Upon photoexcitation with a 355-nm laser
pulse, the nanofiber sample, sandwiched by an Al substrate and an
ITO electrode, displayed a distinct transient photocurrent in its time-
of-flight (TOF) profile both under positive and negative electric
fields (Figure S6a, Supporting Information), demonstrating that the
nanofiber bears an ambipolar charge-transporting character.® It is
noteworthy that its electron (u) and hole («y) mobilities in TOF
(Figure S6c) were remarkably high and even better than those
reported for top-class organic materials with a D/A heterojunction.®
For example, u. and uy, under an electric field of 1 x 107V cm™
are 0.08 and 0.06 cm? V™! s7%, respectively. Mobilities u. and up,
under zero electric field, as extrapolated from their dependencies
on the applied electric field, were 0.14 and 0.10 cm? V™! s7%
respectively.® In sharp contrast, a cast film of the spherical assembly
from (£)-1 hardly showed a photocurrent on the micrometer-gap
electrodes (Figure 2a-i). Furthermore, its TOF profile showed no
detectable electron mobility and only a very small hole mobility
(1.5 x 107* cm? V' s~ under zero electric field; Figure S6d).°
With these contrasting macroscopic transport properties in mind,
we measured flash-photolysis time-resolved microwave conductivi-
ties (FP-TRMC) of the samples. This electrodeless method allows
for evaluating short-range (intrinsic) transient conductivities of

materials.*® Upon exposure to a 355-nm laser pulse at 16 °C, the
nanofiber and sphere samples showed maximum transient conduc-
tivities of 1.2 x 107 and 0.3 x 10* cm? V™1 s7* (Figure 2b),
respectively. Since their quantum yields ¢, necessary for evaluating
the charge-carrier mobilities, were unavailable spectroscopically due
to light scattering, they were estimated on the basis of the integrated
currents in TOF under zero electric field (Figure S7, Supporting
Information).® Consequently, we found that the nanofiber is 5.6
times less efficient than the sphere at photogeneration of charge
carriers. By using these quantum yields,° the intrinsic charge-carrier
mobility in the nanofiber was estimated to be 1 order of magnitude
greater than that in the sphere.®

In conclusion, through a study on the self-assembly of a chiral
amphiphilic D—A dyad (1), we found that chirality plays a decisive
role in generating a supramolecular architecture capable of ef-
ficiently transporting charge carriers not only for a short distance
but also over a much larger length scale. We also highlight that
the photoconductive nanofiber obtained from enantiopure 1 displays
a top-class ambipolar charge-carrier mobility (~107* cm? V1 s7),
which is far better than that of the spherical assembly from racemic
1
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