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Supramolecular formation of fibrous nanostructure in donor-acceptor dyad
filmT
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A novel oligothiophene and its fullerene derivative were synthesized and their film morphologies
were investigated. AFM images revealed that the oligothiophene formed well-aligned fiber-like
nanostructures in the film after being thermally annealed at its liquid-crystalline temperature. In
the oligothiophene—fullerene dyad film, fibers were already formed in the as-cast film. Thermal
annealing further enhanced the structural order and a long, partially aligned fibrous
nanostructure with a width of around 10 nm and a length of as long as 200 nm was observed.
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Combined with the results of X-ray analysis, these features were ascribed to supramolecular
self-assembly via m—m interaction of the oligothiophene groups. Photovoltaic properties of the

molecules were also investigated.

Introduction

Nanostructure formation in organic thin solid films is of high
importance in intermolecular opto-electronic processes such as
photo-induced energy and electron transfer. Self-assembly of
organic molecules is one of the powerful tools used to control
such nanostructures and to fine-tune the electronic interactions
between the molecules.!? m-Conjugated oligomers, often
combined with hydrogen-bonding moieties, have been known
to achieve such supramolecular organization through their
strong m—m interaction.' 2 1-D structures of the n-conjugated
oligomers have been successfully formed in the films, resulting
in efficient charge transport or energy transfer.’¢

Moreover, supramolecular organization of donor-acceptor
(D-A) multifunctional molecules is of great interest to achieve
efficient photo-induced charge separation and subsequent
transport of both holes and electrons in the film. However,
only a limited number of studies have been done on supra-
molecular nanostructures of the D-A molecules in the solid
state,”!* compared to examples of their self-assembly in
solution.'#2°

Herein, we report the syntheses of a novel oligothiophene
and its fullerene derivative (1 and 2 in Fig. 1, respectively). The
oligothiophene and the fullerene groups in the dyad 2 were
introduced as a donor and an acceptor, respectively. It was
also designed that the fullerene group works as another driving
force to form a supramolecular self-assembly via its strong self-
aggregation tendency in addition to the m—m interaction of the
oligothiophene group. The long, flexible oligo(ethyleneoxide)
spacer connected the lateral position of the oligothiophene
group to the fullerene group, to effectively separate each group
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and thus to enhance their own interactions. As a result, fiber-
like nanostructures were successfully fabricated by self-
assembly of the molecules in the films. Their photo-physical
and photovoltaic properties were also investigated.

Results and discussion
SynthesisT

The oligothiophene 1 was synthesized via a Pd°-catalyzed Stille
cross-coupling reaction, followed by cleavage of tetrahydro-
pyranyl ether (THP) (Scheme 1). The 2,5-bis-stannylthiophene
derivative 4 and 2 equivalents of the terthiophene derivative
with long alkyl chains 5 were employed in the coupling
reaction. The toluene solution of the mixture of 4 and 5 with
5 mol% of PdO(PPh3)4 was refluxed overnight, resulting in the
oligothiophene derivative with a THP group (6 in Scheme 1).
The product 6 and pyridinium p-toluenesulfonate were
dissolved in CHCIl;-EtOH. The mixture solution was stirred
at 60 °C for 19 h, yielding oligothiophene 1. The dyad 2
was synthesized via subsequent esterification reaction with
the fullerene derivative bearing a carboxylic chloride group 7
(Scheme 2). The products were characterized by 'H-NMR and
MALDI TOF-MS.t

CH,0CgH33

Fig. 1 Molecular structures of oligothiophene 1, dyad 2, and
PCBM 3.

2440 | J. Mater. Chem., 2007, 17, 2440-2445

This journal is © The Royal Society of Chemistry 2007


http://dx.doi.org/10.1039/B701438D
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM017023

Published on 03 April 2007. Downloaded by University of Sussex on 22/08/2014 14:35:47.

View Article Online

S

Me3zSn SnMe.
S S 3 \_/ 3
BTWUCHQOC»]GH% + 1§
O,(\,O)éTHP
4 5
PA°(PPhy)g, toluene  C16H330H2C /S\ S /S\ & /S\ & /S\ CHz0C16Ha3
—
ot-OkTHP
6,21%
;ﬁdzwglﬁonate C16H330H,C /S\ S A S 'S S /S\ CH;0C16H33
_prloluenesulionate _
CHClj, EtOH 4 (’\*O)EH
1,51%

Scheme 1  Synthesis of oligothiophene 1.
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Scheme 2 Synthesis of dyad 2.

Thermal behavior

The thermal behavior of the oligothiophene 1 and the dyad 2
was investigated by differential scanning calorimetry (DSC)
and polarized optical microscopy (POM). Fig. 2 shows
the DSC chart of the oligothiophene 1 at a scan rate of
10 °C min~'. Upon heating, two endothermic peaks were
observed at 73 °C and 105 °C. POM observation reveals that at
73 °C the crystalline phase turned into the liquid-crystalline
phase, and at 105 °C to the isotropic phase. The POM picture

Exothermic

40 60 80 100
Temperature (°C)

Fig. 2 DSC Chart of the oligothiophene 1, obtained at a scan rate of
10 °C min".

Fig. 3 Polarized optical microscope picture of the liquid-crystalline
texture of the oligothiophene 1 at 100 °C taken during the cooling
process.

of the liquid-crystalline phase of 1 (Fig. 3) shows a focal-conic
fan texture. An XRD pattern at around 80 °C (Fig. 4) shows a
diffraction peak at 48.5 A and the secondary order diffraction
peak at 24.7 A, which could correspond to the layer distance of
the oligothiophenes with the alkyl side-chains interdigitated.
From the POM and XRD results, the liquid-crystalline phase
of 1 can be assigned to a smectic A phase.

In contrast to liquid-crystal formation of the oligothiophene
1, the dyad 2 did not show any liquid-crystalline phases but
simply melted at 52 °C. The bulkiness and/or the strong
aggregation tendency of the fullerene groups might weaken the
-7 interaction of the oligothiophene groups, resulting in
disturbing the liquid-crystal formation.

Surface morphology

Surface morphology of the thin films of the oligothiophene 1
and the dyad 2 were investigated by atomic force microscopy
(AFM). Thin films of 1 and 2 were prepared by spin-coating
on indium tin oxide (ITO)-coated glass/poly(3,4-cthylene-
dioxythiophene)—poly(styrenesulfonic acid) (PEDOT-PSS)
substrates from CHCI; solution. AFM phase images of the
oligothiophene 1 showed bundles of fibers aggregated in a
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Fig. 4 The XRD pattern of the liquid-crystalline phase of the
oligothiophene 1, measured during the cooling process (82.6-79.2 °C).
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100 nm

Fig. 5 AFM phase images of the oligothiophene 1 in a) as-coated and
b) thermally annealed (at 80 °C for 5 min) films on ITO/PEDOT-PSS
substrates.

random orientation (Fig. 5a). To enhance molecular alignment
in the film, thermal annealing was conducted at a liquid-
crystalline temperature (80 °C) for 5 minutes under N,. As a
result, the molecular alignment was expectedly enhanced and
oligothiophene 1 formed fiber-like nanostructures in the film
(Fig. 5b). This kind of feature has been reported in several
liquid-crystalline molecules.>' Thus, we attributed the mole-
cular alignment in the oligothiophene film observed by AFM
to the self-assembly of the liquid-crystalline molecules.

AFM images of as-cast film of 2 are shown in Fig. 6. Both
height (Fig. 6a) and phase (Fig. 6b) images clearly show the
formation of the fiber-like nanostructures. Thermal annealing
at 50 °C for 5 minutes under N, enhanced the structural order.
A high resolution AFM phase image (Fig. 7) revealed long,
partially aligned fibers with a width of around 10 nm and a
length as long as 200 nm. As for the width, however, the
broadening effect of the AFM tip should be taken into
account, since the width of the fiber is comparable to the
curvature radius of the tip (2 nm).?? The corrected fiber width
was calculated to be around 7 nm. XRD of the bulk 2 in
powder form was also investigated at 20 °C (Fig. 8). The XRD
pattern shows a peak at 50.2 A and the secondary order
diffraction peak at 25.1 A, which is quite similar to the XRD
pattern of the smectic A phase of the oligothiophene 1 shown
in Fig. 4. This result suggests that the layered structure of the
oligothiophene groups can be formed in the same manner even
when the bulky fullerene groups are attached. The similarity of
the fiber-like nanostructures in the dyad film to those in the
oligothiophene film also suggests supramolecular self-assembly

100 nm

0.0 dey

Fig. 6 AFM a) height and b) phase images of the dyad 2 film on
ITO/PEDOT-PSS substrate.

7.5 dey

Fig. 7 AFM phase images of the dyad 2 film annealed at 50 °C for
5 min, observed with a super-sharp silicon probe.

of the molecule driven by n—r interaction of the oligothiophene
groups. Considering the covalent attachment of both the
oligothiophene and the fullerene groups, the formation of
the fiber-like nanostructure in the dyad 2 film also implies
spontaneous anisotropic organization of the fullerene group
in the ordered structures. A possible molecular alignment is
schematically shown in the inset of Fig. 8.

Optical properties

Optical absorption spectra of the thin films of the oligothio-
phene 1 and the dyad 2 on quartz/PEDOT-PSS substrates are
shown in Fig. 9. The thin films were fabricated in the same
manner as the films for AFM measurement except quartz
substrates were used instead of ITO substrates. A filmofa 1: 1
molar ratio mixture of 1 and [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCBM 3 in Fig. 1) was also investigated as a
control. Both the films of 1 and the 1/3 mixture show m—m*
absorption of the oligothiophene chromophore around 420 nm,
which is blue-shifted compared to those in CHCI; solution
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Fig. 8 The powder XRD pattern of the dyad 2 in the bulk measured
at 20 °C. Inset: schematic representation of the proposed structure for
the dyad molecules in the films.
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Fig. 9 Absorption spectra of the thin films of 1 (solid line), 2 (dashed-
dotted line), and the mixture of 1 and 3 (dashed line).

(440 nm, not shown). This could be attributed to the formation
of H-aggregation of the oligothiophene groups in those films.
This also implies that the oligothiophene and PCBM exist
separately in the mixture films. Indeed, the AFM image of the
1/3 mixture film in Fig. 10 shows two different regions of
domains with fiber-like features and featureless domains of
around 100-200 nm in size, indicating the phase separation of 1
and 3 in the film. In contrast, the dyad 2 film shows an
absorption peak around 447 nm, which is slightly red-shifted
compared to that in CHCl; solution. This result suggests that
strong interaction and bulky characteristics of the fullerene
groups change the aggregation manner of the oligothiophene
groups in the dyad 2 film, possibly into a J-aggregation type.

To investigate the photo-induced electron transfer process in
the films of the oligothiophene 1, the mixture of 1/3 and the
dyad 2, fluorescence spectra were observed (Fig. 11). The dyad
2 film showed almost complete quenching of the fluorescence
from the oligothiophene chromophore at around 610 nm when
excited at 430 nm. In contrast, partial quenching was observed
with the film of the 1/3 mixture. These results suggest that the

15.0 dey

0.0 dey

Fig. 10 AFM phase image of the thin film of the mixture 1 and 3 on
ITO/PEDOT-PSS substrate.
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Fig. 11 Fluorescence spectra of the thin films of 1 (solid line), 2
(dashed-dotted line), and the mixture of 1 and 3 (dashed line).

electron transfer from the oligothiophene to the fullerene takes
place more efficiently in the dyad 2 film than in the 1/3 mixture
film. This enhancement could be explained mainly by the
enlargement of the D-A interface in the dyad 2 film suggested
by the AFM images (Fig. 6 and Fig. 10).

Photovoltaic devices

Photovoltaic devices were fabricated with the configuration
of ITO/PEDOT-PSS/2/Al. For comparison, a photovoltaic
device of the mixture of 1 and 3 (1 : 1 molar ratio) was
also fabricated in the same manner. Fig. 12 shows the I-V
characteristics of the devices. Under simulated solar light
(AM 1.5, 100 mW cm %) the dyad device showed Isc =
0.93 mA cm ™2, Voc = 0.70 V, FF = 0.23, resulting in a higher
power conversion efficiency (PCE) of 0.15% compared to that
of the mixture device (PCE = 0.09%, Isc = 0.53 mA cm 2,
Voc = 0.61 V, and FF = 0.28). As expected from the
fluorescence quenching measurement in the films, the photo-
current was increased in the dyad 2 device. However, the
relatively poor FF of the device limits the power conversion
efficiency. This might be attributed to inefficient charge
transport in the films because of unsuitable molecular packing
of the oligothiophene and/or the fullerene groups or low
alignment of their domains in the films. Fig. 13 shows the
external quantum efficiencies (EQE) of the devices under
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Fig. 12 -V Characteristics of the photovoltaic devices of 2 (closed)
and the mixture of 1 and 3 (open).
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Fig. 13 External quantum efficiencies of the photovoltaic devices
with 2 (closed) and the mixture of 1 and 3 (open).

monochromatic light irradiation. The dyad 2 device resulted in
an improved EQE of 31% (440 nm), compared to EQE of 12%
(420 nm) for the mixture device. The observed EQE is, to our
knowledge, the highest value reported so far for dyad-based
photovoltaic devices.”> 2" The improved quantum efficiency
could be attributed to the large interface of the small domains
of the oligothiophene and the fullerene groups formed in
the dyad film, leading to enhanced charge separation.
Furthermore, it is possible that the fibrous aggregation of
the dyad molecules observed by AFM could facilitate inter-
molecular hopping of the separated charges and thus suppress
charge recombination.

Conclusions

In conclusion, we have synthesized a novel liquid-crystalline
oligothiophene and an oligothiophene-fullerene dyad to form
supramolecular nanostructures in the solid film. Our pre-
liminary result on the application for photovoltaic devices
suggested that optimization of the molecular structure and
alignment of this supramolecular structure could provide us a
strategy to achieve high performance opto-electronic devices
through spontaneous formation of nanostructures.

Experimental
Materials and instruments

1-(2H-Tetrahydropyran-2-yloxy)-17-{2,5-bis(trimethylstannyl)
thiophene-3-ethoxy}-3,6,9,12,15-pentaoxaheptadecane 4,
5-bromo-5"-hexadecyloxymethyl-2,2'-5" 2"-terthiophene 5,
1-(3-carboxypropyl)-1-phenyl[6,6]Cs; were synthesized using
methods based on the literature procedures. Tetrakis(tri-
phenylphosphine) palladium(0) was purchased from Tokyo
Kasei Kogyo. Pyridinium p-toluenesulfonate, thienyl chloride,
sodium hydride, and all organic solvents were purchased from
Wako Chemicals. All of the chemicals were used as received
unless otherwise mentioned.

Atomic force microscopy(AFM) images were obtained by
Digital Instrumental Nanoscope3l operated in the tapping
mode. The XRD pattern of the liquid-crystalline phase of 1
was measured using a Rint TTRII at Rigaku Corporation
with Cu Ko operated at 50 kV voltage and 300 mA current.
The XRD pattern of dyad 2 was measured using a Rigaku

RCD-Rint 2400H with Cu Ka operated at 40 kV voltage and
100 mA current. Absorption spectra were measured using a
SHIMADZU spectrophotometer MPC-3100. Fluorescence
spectra were measured using a HITACHI F-4500 fluorescence
spectrophotometer.

Compound 6

5-Bromo-5"-hexadecyloxymethyl-2,2'-5",2"-terthiophene 5
(4.0 g, 6.9 mmol), 1-(2H-tetrahydropyran-2-yloxy)-17-{2,5-bis-
(trimethylstannyl)thiophene-3-ethoxy}-3,6,9,12,15-pentaoxahep-
tadecane 4 (2.8 g, 3.5 mmol), and tetrakis(triphenylphosphine)
palladium(0) (1 g, 0.87 mmol) were dissolved in 100 ml of
dry toluene. The solution was treated by bubbling with N,
for 5 min, and then heated to reflux for 22 h. The solution
was filtrated to remove Pd catalysts and evaporated. The
crude product was purified by silica-column chromatography
eluting with ethyl acetate—hexanes (4 : 1), yielding 1.1 g (21%)
of compound 6. '"H NMR (400 MHz, CDCl3), & (ppm):
7.12-7.03 (m, 11H), 6.85 (d, J = 3.6 Hz, 2H), 4.63 (s, SH),
3.88-3.83 (m, 2H), 3.78-3.47 (m, 26H), 3.50 (t, J = 6.8 Hz,
4H), 3.08 (t, J = 6.8 Hz, 2H), 1.90-1.50 (m, 6H), 1.63-1.55
(m, 4H), 1.45-1.10 (m, 56H), 0.88 (t, J = 6.8, 6H). MALDI
TOF-MS m/z: 1478.28 (calc.), 1476.77 (found, M™).

Oligothiophene 1

Compound 6 (1.1 g, 0.73 mmol) and pyridinium p-toluene-
sulfonate (0.24 g, 0.96 mmol) were dissolved in 70 ml of
CHCI1;-EtOH (1 : 1), and the solution was heated at 60 °C
for 19 h. The solution was evaporated, and the crude product
was purified by silica-column chromatography eluting with
CHCl;-ethyl acetate-methanol (50 : 30 : 1), yielding 0.52 g
(51%) of oligothiophene 1. '"H NMR (500 MHz, CDCl;), 6
(ppm): 7.13-7.02 (m, 11H), 6.89 (d, J = 3.0 Hz, 2H), 4.63 (s,
4H), 3.78-3.58 (m, 26H), 3.50 (t, J = 6.4 Hz, 4H), 3.08 (t, J =
7.0 Hz, 2H), 1.61 (p, J = 7.0 Hz, 4H), 1.39-1.21 (m, 52H), 0.88
(t, 7.0 Hz, 6H). MALDI TOF-MS m/z: 1392.64 (calc.), 1392.1
(found).

Dyad 2

According to the report of Hummelen er al,*® a fullerene

derivative with carboxylic chloride 7 was synthesized, prior to
the esterification with 1.

Thienyl chloride (0.98 g, 8.2 mmol) was added to a solution
of 1-(3-carboxypropyl)-1-phenyl[6,6]Cs; (80 mg, 0.089 mmol)
in 20 ml of freshly distilled CS,, and the solution was heated to
reflux for 21 h. After all the volatile components were removed
in vacuo, sodium hydride (5 mg, 0.22 mmol), toluene (10 ml),
and 1 (62 mg, 0.045 mmol) dissolved in 10 ml of toluene were
added to the residue (compound 7). The mixed solution was
stirred for 3 days, and then the solution was evaporated. The
product was purified by silica-column chromatography eluting
with ethyl acetate—hexanes (4 : 1), yielding 41 mg (40%) of
dyad 2. '"H NMR (500 MHz, CDCls), 6 (ppm): 7.90 (d, J =
7.5 Hz, 2H), 7.53 (t, J = 7.5 Hz, 2H), 7.49-7.42 (m, 1H),
7.13-7.02 (m, 11H), 6.89 (d, J = 3.0 Hz, 2H), 4.63 (s, 4H), 4.22
(t, J = 4.7 Hz, 2H), 3.77-3.60 (m, 24H), 3.50 (t, J = 6.6 Hz,
4H), 3.07 (t, J = 6.8 Hz, 2H), 2.91-2.86 (m, 2H), 2.53 (t,
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J =17.5 Hz, 2H), 2.20-2.14 (m, 2H), 1.61 (p, J = 6.9 Hz, 4H),
1.38-1.23 (m, 52H), 0.88 (t, J = 6.6 Hz, 6H). MALDI TOF-
MS mi/z: 2270.71 (calc.), 2270.4 (found).

Photovoltaic device preparation and measurement

Photovoltaic devices were prepared with the dyad 2 and the
mixture of oligothiophene 1/PCBM 3 in a structure of
ITO/PEDOT-PSS/2 (or 1/3)/Al. ITO-coated glass substrates
(Rs = 10 Q per square, Kuramoto Japan) were cleaned by
ultra-sonication in detergent, water, acetone, and 2-propanol.
After drying the substrate, PEDOT-PSS (Baytron P) was spin-
coated (4000 rpm) on ITO. The film was dried at 140 °C under
N, for 10 min. After cooling the substrate, CHCI; solution of
the dyad 2 (16 mg ml™ ') was spin-coated (2000 rpm). The film
was dried with a N, flow for 30 min. For the mixture device,
the solution was prepared by dissolving 16 mg of the oligo-
thiophene 1 and 1 equivalent (10.5 mg) of PCBM 3 in 1 ml of
CHCls, and the film was fabricated in the same manner.
Finally, the Al electrode was evaporated on the organic layer
under high vacuum (6 x 10~* Pa). A HAYASHI LA-210UV
xeon lamp and a USHIO SX-UID501CMQ xeon lamp with
an AM 1.5 filter were used for EQE and PCE measure-
ment, respectively. PCE of the devices were estimated at
100 mW cm 2. The light intensity was adjusted with a silicon
standard solar cell (Bunkou Keiki BS520).
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