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Abstract: To tailor organic p/n hetero-
junctions with molecular-level preci-
sion, a rational design strategy using
side-chain incompatibility of a cova-
lently connected donor—acceptor (D-
A) dyad has been successfully carried
out. An oligothiophene—perylenedi-
imide dyad, when modified with tri-
ethylene glycol side chains at one ter-

fibers with a long-range D/A hetero-
junction. In contrast, when the dyad is
modified with dodecyl side chains at
both termini (2y,), ill-defined micro-
fibers result. In steady-state measure-
ments using microgap electrodes, a cast
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film of the nanofiber of 24y, displays
far better photoconducting properties
than that of the microfiber of 2y,
Flash-photolysis time-resolved micro-
wave conductivity measurements, in
conjunction with transient absorption
spectroscopy, clearly indicate that the
nanofiber of 2,,,y intrinsically allows
for better carrier generation and trans-

minus and dodecyl side chains at the
other (2smpn), self-assembles into nano-

Introduction

Remarkable advances in synthetic organic chemistry have
made it possible to design a wide variety of m-conjugated
molecules with attractive electronic functions for organic de-
vices."™ However, without proper molecular design that
allows for long-range ordering of m-conjugated molecules,
the resulting devices rarely show expected performances.
This issue is particularly important for the development of
thin-film organic photovoltaic devices, since they require
electron-donor (D) and -acceptor (A) molecules to assemble
homotropically to form a heterojunction."*”! Furthermore,
for achieving a highly efficient photoinduced charge separa-
tion, the resultant p- and n-type semiconducting domains
must be connected at a wide interface. However, in general,
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port properties than the microfibrous
assembly of 2,

D and A components tend to assemble together by means
of a charge-transfer (CT) interaction, unfavorable for pho-
toelectric conversion. To overcome this essential problem,
we proposed a molecular design strategy using ‘side-chain
incompatibility’ (Figure 1).”! The basic motif of this strategy
is a covalently connected D-A dyad (1p_,), site-specifically
functionalized with two incompatible side chains. Dyad 1j_,
likely forms a m-stack architecture with molecules on top of
each other with an alternating geometry due to an intermo-
lecular CT interaction. However, this geometry requires two
incompatible side chains to mix, thereby causing a thermo-
dynamic instability in the assembly. Consequently, 1y, 5 pre-
fers to stack homotropically in terms of its D and A units.
Overall, the p- and n-type semiconducting molecular layers
could form and be conjugated together at a very wide inter-
face. This strategy seems to work for the formation of a D/
A heterojunction in bulk materials. In fact, we demonstrated
that a covalent D-A dyad consisting of oligothiophene and
Cq units, when properly functionalized at its termini with
long alkyl and oxyethylene side chains, self-assembles into a
photoconductive smectic liquid crystal (LC) with a layered
p/n heterojunction.””)

In the present study, we synthesized, from oligothiophene
(OT) and perylenediimide (PDI), covalently linked D-A
dyads 2 e and 2,5, (Figure 2),' which bear at their termi-
ni incompatible and compatible side chains, respectively.
Whereas Cg, is spherical and tends to aggregate homotropi-
cally, PDI is planar and known to form CT complexes with
various electron donors.**'"! Hence, we thought that dyads 2
could be more appropriate than those with Cg” for discus-
sing the general versatility of our design strategy for making
a heterojunction. We found that both dyads 2 self-assemble
into fibrous structures rather than LC, in which the assembly
Of 2mpni that has two incompatible side chains exhibits a
much greater photoconducting output than that of 2y, with
the compatible side chains.

Results and Discussion
Compounds 2, upni and 245, were synthesized by Sonogashira
coupling of an ethynyl-group-terminated OT derivative with

the corresponding iodophenyl-group-appended PDI deriva-
tives, respectively (see the Supporting Information). These
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Figure 1. Schematic illustration of the design strategy using side-chain incompatibility to generate D/A hetero-

junctions.
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Unlike previously reported
OT-Cq, dyads,” newly designed
dyads 2 did not show a LC mes-
ophase when analyzed using
differential scanning calorime-
try (DSC; see the Supporting
Information). However, 2,mpni
in appropriate solutions self-as-
sembled into  well-defined
nanofibers. Typically, a suspen-
sion of 25upn (0.5 mg) in THEF/
MeOH (9:1 v/v, 1mL) was
heated at 60°C until it turned
clear. Then, the resulting solu-
tion was allowed to cool to
25°C, whereupon a suspension
again resulted. Scanning elec-
tron microscopy (SEM) of the
suspension, after being air-
dried, showed the presence of
nanofibers with a high aspect
ratio (Figure 4a). Transmission
electron microscopy (TEM) al-
lowed us to confirm that the
nanofibers adopt a tapelike
morphology with a width of 13—
15 nm (Figure 4a, inset). It is
noteworthy that a cast film of
the suspension showed redshift-
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Figure 2. Molecular structures of 2,,,,,; and 2q;,,, and reference compounds 3 and 4.

dyad molecules are structurally different from one another
only in their terminal side chains (Figure 2). As shown in
Figure 3a, a solution of 24, in CH,Cl, displayed absorp-
tion bands due to the PDI unit at 458, 490, and 526 nm, and
that due to the OT unit at 434 nm. As expected, this absorp-
tion spectrum is essentially the same as that of 2;;,,. Further-
more, they are identical to the superposition of the absorp-
tion spectra of reference compounds 3 and 4 (Figures 2 and
3a). Therefore, in CH,Cl,, neither an intramolecular nor an
intermolecular electronic interaction operates between the
OT and PDI units in 2. When excited at 430 nm, OT 3
showed an intense fluorescence (see the Supporting Infor-
mation). However, when 2, Or 2y, was excited at
430 nm, the fluorescence of the OT unit was quenched
almost completely (98 %; see the Supporting Information).
Likewise, by reference to the fluorescence intensity of PDI
4, nearly complete quenching was observed for the PDI
fluorescence upon excitation of 2, OF 2y, at 490 nm (see
the Supporting Information). These results indicate the oc-
currence of an efficient photoinduced electron transfer be-
tween the OT and PDI units.
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Figure 3. a) Electronic absorption spectra of 25, (blue), 2y, (red), 3
(green), and 4 (purple) in CH,Cl, (10 pm) at 25°C. b) Electronic absorp-
tion spectra of cast films of self-assembled 2y, (blue) and 2y, (red).

unit was blueshifted (in CH,Cl,: 434 nm—406 nm; AAl=
—28 nm) (Figure 3a and b). These observations suggest that
2zmpni forms a m-stack architecture in such a way that the
PDI and OT units form J- and H-type aggregates, respec-
tively.

X-ray diffraction (XRD) analysis of a nanofiber sample of
25mpni showed diffraction peaks in a small-angle region

Chem. Asian J. 2010, 5, 1566 —1572
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Figure 4. a) SEM and TEM (inset) micrographs of an air-dried suspension
of self-assembled 2,4,,. b) SEM micrographs of an air-dried suspension
of self-assembled 2y p,.

(Figure 5) with d spacings of 6.80, 3.31, 2.67, and 1.89 nm,
which can be assigned to the second-, fourth-, fifth-, and sev-

1, |

3 A o

© -~

= z

z 3

@ g

i) £

=

o

E .
T T T T 1
2 4 6 8 10

20/° —

Figure 5. XRD patterns of self-assembled 24y, (blue) and 2y, (red).
The inset shows XRD patterns for a wide-angle region.

enth-order diffractions, respectively, provided that the first-
order diffraction appears with a d spacing of 13.6 nm. In ad-
dition to these characteristic peaks, broad peaks around 13.5
and 15.6° (Figure 5, inset) were observed, which are consid-
ered to be the TEG and alkyl halo diffractions. Thus, it is
most likely that these side chains are segregated in the
nanofiber to form individual layers. Note that the molecular
length of 2,,,m, as estimated by a CPK space-filling model,
is approximately 8 nm. Togeth-

er with the fact that the nano- a)

fiber adopts a tapelike mor-

phology with a width of 13- | ~8nm
15nm (Figure 4a, inset), the o —
XRD profile thus observed can OT PDI

be explained by assuming that 2amphi
2zmpni 10 the nanofiber self-as-

sembles into a bilayer configu-

ration consisting of laterally b)
connected tail-to-tail pairs (Fig-
ure 6a). Infrared spectroscopy
of the nanofiber sample of
2smpni ON a KBr plate displayed OT PDI
CH, stretching vibrations at 2Uipo
2919 (V,n) and 2851 cm™" (vyy),
which indicate that the lipophil-

ic side chains in the nanofiber and b) the microfiber of 2y,
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adopt an extended conformation.' All the spectral and
structural features described above allow us to conclude
that the strategy of side-chain incompatibility that we em-
ployed for the controlled assembly of the OT-Cg, dyad
also operates successfully in the self-assembly of 2,,n;, thus
giving rise to a D/A heterojunction.

In sharp contrast t0 2upm»> dyad 244, upon heating fol-
lowed by cooling in THF/MeOH (e.g., 2:1 v/v), assembles
into ill-defined microscopic fibers (Figure 4b) that exhibit
absorption bands due to the PDI and OT units (Figure 3b)
that are redshifted to 540 nm (A41=+14 nm) and blueshifted
to 418 nm (AA=—16 nm), respectively, from those of 24, in
CH,Cl, (Figure 3a). Hence, analogous to the nanofiber of
2zmphi» the microfiber of 2,;,, likely contains J-aggregated
PDI and H-aggregated OT units. However, when compared
with the case of the nanofiber of 24y, the observed blue-
shift for OT is much less, while the redshifts for PDI are just
a little larger. These observations suggest that the offset ge-
ometry of the core part of 2, is more pronounced than
that of 25,y in the nanofiber. Furthermore, a very broad
absorption band around 700 nm, observed for the microfiber
of 2;,, (Figure 3b), is suggestive of the occurrence of a CT
interaction, that is, formation of alternating D/A stacking.
Consistently, XRD of self-assembled 2;;,, displayed only
two diffraction peaks in a small-angle region with d spacings
of 6.25 and 3.09 nm (Figure 5), which are assignable to the
first- and second-order diffractions of a lamellar structure
with a periodicity corresponding to the molecular length of
2,5, (Figure 6b).")

We found that the photoconducting properties of the
nanofibrous assembly of 2,,,,, are much better than those of
the microfibrous assembly of 2y, (Figure 7a). For example,
upon exposure to xenon light under an applied voltage of
+2V, a cast film of the nanofiber of 2, showed a photo-
current of 4.3 nA. Under identical conditions to the above, a
photocurrent, generated in a cast film of self-assembled
2yip0» Was only 1.9x107° nA. Considering that the fluores-
cence quenching efficiencies of 25, and 2y, are equally
high in CH,Cl, (see the Supporting Information), the con-

Bilayer

Figure 6. Schematic representations of plausible molecular packing geometries of a) the nanofiber of 2 upmi
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Figure 7. Photoconducting properties of cast films of self-assembled 2 upni
(blue) and 2y;,, (red). a) I/V profiles without (broken curves) and with
photoirradiation (solid curves). b) FP-TRMC profiles (4., =355 nm, laser
density =1.19x 10" photonscm ). ¢) Plots of ¢, versus photon densi-
ty. d) Plots of changes in transient absorption intensity (AO.D.) at 720 nm
versus photon density.

trasting electrical properties should arise from the difference
in their packing behavior (see above). We conducted flash-
photolysis time-resolved microwave conductivity (FP-
TRMC) measurements, which allow the motion of photocar-
riers under a rapidly oscillating electric field to be probed
(ca. 100 ps)."™™ Because of this probing function, the FP-
TRMC technique does not require electrodes for charge in-
jection, so one can evaluate the intrinsic dynamics of mobile
carriers. Upon exposure at 25°C to a 355 nm laser pulse
with an intensity of 1.19x10' photonscm™2, a cast film of
the nanofiber of 2, exhibited a maximum transient con-
ductivity (¢Simay) of 6.6x107*ecm?>V~'s™! (Figure 7b). This
value was fivefold greater than that observed for a cast film
of the assembly of 2y, (1.3x10*cm’V~'s™"). Even when
the laser intensity was varied over a wide range, the nano-
fiber of 2y always showed a higher transient conductivity
than the microfiber of 2y;,, (Figure 7c). To further investi-
gate the carrier generation process, we performed transient
absorption spectroscopy (TAS) of the cast films of 2. PDI
anion radical species have been reported to give a transient
absorption band at 720 nm.' Upon laser excitation at
355nm (photon density=1.19x10'" photonscm2), a cast
film of the nanofiber of 2,4, showed a transient absorption
band around 720 nm (see the Supporting Information),"
which, however, is much broader than that observed for the
reported examples.'"¥! The significant broadening is possibly
caused by m-stacking of the PDI units.'*"! Note that such a
transient absorption was less pronounced for the cast film of
the microfiber of 2y;, (see the Supporting Information).
Furthermore, its intensity was obviously lower than that ob-
served for the nanofiber of 2, (see the Supporting Infor-
mation). Even when the photon density was changed from
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5.93x10" to 1.78 x 10" photonscm 2, the nanofiber of 2 mpm;
always showed a much larger transient absorption intensity
at 720 nm than the microfiber of 2y, (Figure 7d). All the
transient profiles described above indicate that the nanofi-
brous assembly of 2,,,,; With a high geometrical integrity at
the molecular level intrinsically provides better carrier gen-
eration and transport properties than the microfibrous as-
sembly of 2, (Figure7b-d). However, such differences
cannot fully account for the far better device performance
achieved with the nanofiber of 24, (Figure 7a). We consid-
er that the nanofiber of 2y, With a much better geometri-
cal integrity for m-stacking likely gives rise to longer carrier
transport pathways than the ill-defined microfibrous assem-
bly of 2y,

Conclusion

Through investigations of the self-assembly and photocon-
ducting behaviors of newly designed oligothiophene—peryle-
nediimide (OT-PDI) dyads, we confirmed that our design
strategy with ‘side-chain incompatibility’ is quite promising
for the realization of p/n heterojunctions from covalently
connected D-A dyads. An additional bonus is that this
design strategy can give rise to long-range structural integri-
ty that is essential for excellent device performances. Elabo-
ration of side-chain-incompatible D-A dyads in terms of ab-
sorption range and carrier transport properties is a subject
worthy of further investigations for developing molecularly
engineered photovoltaic devices.

Experimental Section
General

Unless otherwise noted, all commercial reagents were used as received.
Tetrahydrofuran (THF) was heated at reflux with a mixture of Na and
benzophenone under argon, and was freshly distilled prior to use. CH,Cl,
was dried with CaH, under argon and freshly distilled prior to use. 'H
and C NMR spectra were recorded at 25°C on a JEOL model NM-Ex-
calibur 500 FT NMR spectrometer operating at 500 and 125 MHz, re-
spectively; chemical shifts were determined with respect to non- or parti-
ally deuterated solvents as internal references. Matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) mass spectrometry was
performed on an Applied Biosystems model Voyager-DE STR mass
spectrometer using dithranol as a matrix in a reflector mode. Recycling
preparative size-exclusion chromatography (SEC) was performed with
CHCI, as an eluent using JAIGEL 1H (pore size: 20-30 A), 2H (40—
50 A), and 3H (>50 A) columns on a JAI model LC-908 recycling HPLC
system equipped with a JASCO model MD-2010 variable-wavelength
UV/Vis detector. Electronic absorption, fluorescence, and infrared spec-
tra were recorded on a JASCO model V-570 UV/VIS/NIR spectropho-
tometer, a JASCO model FP-6500 spectrofluorometer, and a JASCO
model FT/IR-610,,,, Fourier transform infrared spectrometer, respective-
ly. Differential scanning calorimetry (DSC) was performed on a Mettler-
Toledo model DSC 822° differential scanning calorimeter. Cooling and
heating profiles were recorded and analyzed using the Mettler-Toledo
STAR® software system. Scanning electron microscopy (SEM) was per-
formed on a JEOL model JSM-6700F FE-SEM electron microscope op-
erating at 5 kV. Transmission electron microscopy (TEM) was recorded
on a Philips model Tecnai F20 electron microscope operating at 120 kV.
Sample dispersions were applied onto a specimen grid covered with a

Chem. Asian J. 2010, 5, 1566 —1572
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thin carbon support film, which had been hydrophilized by a JEOL
model HDT-400 ion bombardment device. Images were recorded on a
Gatan slow scan CCD camera (Retractable Multiscan Camera) under
low-dose conditions. High-resolution X-ray diffraction experiments were
carried out using a synchrotron radiation X-ray beam with a wavelength
of 1.08 A on BL44B2 at the Super Photon Ring (SPring-8, Hyogo,
Japan). A large Debye-Scherrer camera with the camera length of
286.48 mm was used with an imaging plate as a detector, and all diffrac-
tion patterns were obtained with a 0.01° step in 26. During the measure-
ments, all samples, put into a 0.7 mm-thick glass capillary, were rotated to
obtain homogeneous diffraction patterns.

Measurements of Photoconducting Properties

Photoconducting properties of self-assembled 2u,pn and 2y, were mea-
sured at 25°C using a Keithley model 4200-SCS semiconductor parame-
ter analyzer under reduced pressure (<107 Pa) in a Nagase Electronic
Equipment Service model GRAIL10-Helips-4-HT prober. Suspensions of
self-assembled 2mpn and 2y, in a THF/MeOH mixed solvent were cast
onto a silicon substrate coated with a 200 nm-thick insulating silicon
oxide layer. Then, Au was thermally deposited onto the resulting thin
films, forming electrodes with a 50 um separation. A xenon light source
(Asahi Spectra model MAX-301) was used for photoirradiation with a

light power density of 0.91 mW mm™.

FP-TRMC and TAS Measurements

FP-TRMC and TAS were measured with an identical geometry using an
in situ TRMC-TAS system.I'™! In the conductivity measurements, a reso-
nant cavity was used to obtain a high degree of sensitivity. The resonant
frequency and microwave power were set at approximately 9.1 GHz and
3 mW, respectively, so that the electric field of the microwave was small
enough not to disturb the thermal motion of charge carriers. Charge car-
riers were photochemically generated using the third-harmonic genera-
tion (THG, A=355 nm) light pulses from a Spectra Physics model INDY-
HG Nd:YAG laser (5-8 ns pulse duration). The TRMC signal, picked up
by a diode (rise time <1 ns), was monitored by a Tektronics model
TDS3052B digital oscilloscope. The observed conductivities were normal-
ized, given by a photocarrier generation yield (¢) multiplied by sum of
the charge carrier mobilities (Zu), according to an equation, ¢pZu=(1/
eAl Fg,)(AP,/P,), in which e, A, I, Fygy, P, and AP, denote unit charge
of a single electron, sensitivity factor (S~'cm), incident photon density of
the excitation laser (photoncm™?), filling factor (cm™'), and reflected mi-
crowave power and its change, respectively. Likewise, TAS was measured
using continuous white light from a xenon lamp as a probe. All the ex-
periments were performed at 25°C in air.
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