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Aromatic amphiphiles were self-assembled into 2-D nanosheets
and 1-D nanofibers by systematically varying the volume fraction
of the hydrophilic coils, which enabled the direct exfoliation of
carbon allotropes with high quality and quantity. A 2-D
nanosheet structure was introduced as the hole transporting layer
for improving the performance of organic photovoltaic devices.

Carbon allotropes represent a group of attractive nanostructures
with remarkable material properties and various optoelectronic
applications such as organic field-effect transistors, and organic
photovoltaic cells.* However, carbon allotropes in optoelectronic
device applications face major limitations because of extremely low
in the
optoelectronic devices, a variety of exfoliation methods of carbon

solubility solvent phase.” To attain processability in
allotropes has been developed so far.® Recently, laser based green
technique was also developed for exfoliation of graphite into
graphene and related 2D materials and for unzipping of carbon
nanotubes to graphene nanoribbons.* In particular, the non-covalent
functionalization of carbon allotropes, without damage to their
intrinsic properties, is one of the most attractive exfoliation methods
and has been reported by many research groups.” Among various
non-covalent functionalization methods, the most widespread is that
The
solvophilic moieties in surfactants are oriented towards the solvent

of small-molecule surfactant-supported functionalization.

. . 6
phase, while aromatic anchor groups, such as pyrene,*
33, 7

porphyrin or
phthalocyanine, are adsorbed on the surface of the carbon
nanotube (CNT) or graphene (G) through m-m interactions. Many
small-molecule surfactants are known to disperse CNT and G at low
concentrations (< 1 mg/mL).® Recently, the Lee group demonstrated
that an aromatic amphiphile with an aromatic molecular sheet based
on four pyrene units could selectively exfoliate graphite powder into
2-D G sheets in aqueous media while 1-D single-wall carbon nanotube
(SWNT) could not be dispersed in aqueous solution.® An amphiphilic
perylene dye enabled the dispersion and debundling of SWNTs in

aqueous media.”® A series of porphyrin derivatives were used as an
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effective dispersant for SWNTs in DMF." Moreover, the direct
exfoliation of graphite to G in aqueous solvent was realized through -
T interactions with the diazaperopyrenium dication.” These studies
showed that single molecule-based surfactants are an attractive
candidate for the exfoliation of structurally analogous carbon
allotropes. These results stimulated us to rationally design a simple
way for the exfoliation of carbon allotropes by structurally analogous
nanostructures self-assembled from small-molecule ampbhiphiles
comprising rigid hydrophobic aromatic rod and flexible hydrophilic
coil segments, because the self-assembly of amphiphilic molecules
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Fig. 1 (a) Chemical structures of amphiphiles 1, 2, and 3. (b) Schematic
representation of the dispersion of G/SWNT with the self-assembled
nanostructures of 1 and 3, respectively.

J. Name., 2012, 00, 1-3 | 1



ChemComm

COMMUNICATION

Fig. 2 (a) TEM image from 1, (b) cryo-TEM image from 1, (c) TEM image from 2,
(d) cryo-TEM image from 3, on carbon grid.

into 1-D nanofibers or 2-D nanosheets depends on the relative volume
fraction of hydrophobic and hydrophilic units® without changing the
chemical structure of the rigid aromatic core unit of rigid-flexible
block molecules.™

In this communication, we report on amphiphilic molecules, their
the the
nanostructures to organic photovoltaic (OPV) devices (Fig. 1a). The

self-assembly, and application  of self-assembled
amphiphilic molecules are based on a phenyl-thiophene aromatic rod,
which is grafted by a hydrophilic polyether dendron at one end and a
hydrophobic branch at the other end. The amphiphilic molecules self-
assembled into 1-D nanofibers and 2-D nanosheets depending on the
relative volume fraction of the hydrophilic polyether unit (R, Fig. 1a).
Furthermore, the respective self-assembled nanostructures enabled a
direct exfoliation of carbon allotropes at a high concentration (> 1
mg/mL) (Fig. 1b). In particular, the blended mixture of a self-
assembled nanosheet structure with graphite was successfully
introduced into a poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) HTL layer to improve the performance of
OPVs.

A regioregular alternating aromatic segment of compounds 1-3,
containing both phenylene and thienylene subunits, is expected to
allow for unique conformational behavior in aqueous solution.* In
addition, it is also expected that increasing the volume fraction of the
hydrophilic chains would induce the unique nanostructure to relieve
steric crowding at the interfaces between the aromatic rod and the
hydrophilic coils.* Details of the synthesis of compounds 1-3 and their
data

Aggregation behavior of these amphiphiles was studied in aqueous

spectral are described in the Supporting Information.
solution using transmission electron microscopy (TEM). In addition,
cryogenic transmission electron microscopy (cryo-TEM) experiments
were performed to confirm the formation of self-assembled
nanostructures in bulk solution (Fig. S1). The micrographs in Fig. 2
were obtained from o.05 wt % (w/v) aqueous solutions of 1, 2, and 3
cast onto the TEM grid. The TEM image was negatively stained with
uranyl acetate. As shown in the TEM image of solution 1 in Fig. 2a, 2-
D nanosheets can be seen clearly, which was further confirmed by

cryo-TEM images (Fig. 2b). Moreover, the section analysis of the

2| J. Name., 2012, 00, 1-3

Journal Name

G G
1581 cm" 1583 cm”
, 20
2690 cm
3 3 3+ SWNT
@ @
I I
= £ 1574cm”
5 : B cm
g 1 + Graphite g
d
€ A 2724cm z
£ 1577 cm 2677 cm =
Graphite I&I SWNT
T l T T T Iv
1500 1800 2100 2400 2700 30¢ 1500 1600 1700

Raman Shift (cm™) Raman Shift (cm™)

Fig. 3 Raman spectra of 1 + G and 3 + SWNT on quartz plate after drop-casting.

atomic force microscopy (AFM) image of 1 shows that the thickness of
the 2D nanosheets is around 5 nm, which is consistent with the
expected height for a bilayer of 1 (Fig. S2). More importantly, a further
increase in the volume fraction of the hydrophilic coil of compounds 2
and 3 forced the 2D nanosheets to transform into long (Fig. 2c) and
short (Fig. 2d) 1-D nanofibers with a diameter of 5—6 nm. Increasing
the volume fraction of hydrophilic polyether units allows oligoether
chains to be less confined without sacrificing the anisotropic packing
of the aromatic rod segments.” Thus, the interface between the
hydrophilic and hydrophobic domains changes from a flat interface to
a more highly curved interface like that of cylindrical micelles by
relieving steric crowding at the interfaces between the aromatic rod
and hydrophilic coils.

the self-assembled
nanostructures to functionalize graphite and SWNT into stable

In order to investigate capability of
dispersion state in aqueous solution, 0.05 wt% (w/v) aqueous solutions
of amphiphiles were added to 3 mg of graphite and SWNT followed by
sonication for 12 h at room temperature. The resulting dispersions
were centrifuged at 12000 rpm for 30 min and the collected
supernatants, having the functionalized graphene and SWNT, were
characterized by absorption/emission  spectroscopy, Raman
spectroscopy and TEM. As shown in Fig. S3, sonication of graphite
powder in aqueous solution of amphiphile 1 afforded a stable dark
black dispersion without any sedimentation even after centrifugation,
but the black SWNT powder was not dispersed in same solutions.
However, aqueous solution of 3 could make black dispersion with
SWNT powder whereas the black graphite powder was not dispersed
under same conditions. This result indicates that the structural
dimension of a self-assembled nanostructure plays a key role in the
selective functionalization of carbon allotropes.

In order to understand the m-m stacking interaction of the self-
assembled nanostructures with carbon allotropes in aqueous solution,
we carried out UV absorption and fluorescence spectroscopy. As
shown in Fig. S4, the main absorption peaks of 1 and 3 in aqueous
solution appeared at 400 nm, respectively. The slight red shift (~4 nm)
in the absorption maxima of 1 + G and 3 + SWNT compared to those
of 1 and 3 suggested the presence of m-m interactions between the
aromatic domain of the nanostructures and the carbon allotrope
surfaces. When the dispersed solutions of G and SWNT were excited
at 400 nm in aqueous solutions of 1 and 3, respectively, the
fluorescence emission was significantly quenched, indicating that
effective electron transfer occurred at the interface between the self-

8
assembled nanostructures and the carbon allotropes.”
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Table 1 Photovoltaic, electrical, and morphological data

Device Jse , Ve FF n* Ry’ Transmittance® Rims
(mA cm?) W) (%) (kQ/sq) (%) (nm)

0% 1+G 10.49+0.47 0.60+0.01 0.58+0.01 3.63+0.17 635 94.4 1.05
3% 1+G 11.06+0.38 0.59+0.01 0.57+0.01 3.74+0.12 509 94.5 1.31
5% 1+G 11.68+0.41 0.60+0.01 0.55+0.01 3.84+0.16 251 94.9 1.63
10% 1+G 12.9140.61 0.59+0.01 0.54+0.01 4.17+£0.22 178 95.1 2.33
20% 1+G 12.69+0.34 0.58+0.01 0.50+0.02 3.63+0.12 170 96.3 3.16

“Photovoltaic performance parameters are the average values of at least 7 device measurements. "Sheet resistance by four-probe measurements. ©

Transmittance at 550 nm.

TEM images obtained from aqueous solutions of 1 + G and 3 + SWNT
revealed the presence of 2-D sheet-like structures of G with a
dimension of a few hundred nanometers, and long bundles of SWNTs
with a few branched individual tubes, respectively (Fig. Ss). This
suggests that the self-assembled nanostructures from 1 and 3 nicely
fit the nanosheet and nanofiber structures of G and SWNT,
respectively, to directly functionalize carbon allotropes. Raman
scattering is sensitive to the electronic structure of G and SWNT.**

In order to ascertain the direct exfoliation of the carbon allotropes by
the self-assembled nanostructures of the amphiphiles, Raman
measurements were carried out on a quartz substrate. As shown in
Fig. 33, a 4 cm™ increase in the Raman shift of the G band was
observed for 1 + G (1581 cm™) compared with that of graphite alone
(1577 cm™) due to the presence of m-m stacking interactions.*® In
addition, the 2D band of 1 + G showed a single and symmetrical
Lorentzian peak at 2690 cm™ in contrast to that of graphite. The 2D
band of graphite was split into two different sub-peaks, with one small
peak at 2677 cm™and the other large peak at 2724 cm™. The intensity
ratio of 1 + G (/,p/lc = 0.50) is higher compared to that of graphite
(Iollc = o0.41). All these data indicate that the self-assembled
structures of 1 were able to exfoliate graphite to a few layers of
graphene.” In case of 3 + SWNT, the Raman G band blue-shifted from
1574 cm™ to 1583 cm™ demonstrating the dissociation of SWNTs from
their bundles by the self-assembled structures of 3 (Fig. 3b). Moreover,
the section analysis of the AFM images of 1 + G showed that the
thickness of the 2-D nanosheets was around 10 nm (Fig. S6) and the
selected area electron diffraction (SAED) pattern indicated the typical
hexagonally arranged lattice of graphene (Fig. S7), suggesting that
the self-assembled nanostructures from 1 were instantaneously
disassembled into the monolayer upon sonication, whereupon its
hydrophobic domain of the monolayer were attached to both sides of
the 2-4 layers of the graphene sheet (Fig. 1b). No self-assembled
structures were formed at high concentrations of 1 (1.5 mg/ml, 0.15%,
w/v) (Fig. S8) owing to which G could only be slightly dispersed by 1
(as a small-molecule surfactant); the concentration of dispersed G in
concentrated aqueous solution of 1 (1.5 mg/ml) was lower (0.3 mg/ml)
than that (> 1 mg/ml) in the aqueous solution of the self-assembled
nanostructures of 1 (0.05%, w/v) (Fig. S3 (c)). Thus, these observations
reveal that the 2-D nanosheets self-assembled from 1 exfoliate G

This journal is © The Royal Society of Chemistry 2012

more efficiently than the non-self-assembled small-molecule
amphiphiles.

Recently, many researchers have utilized G and graphene oxide (GO)
as a hole transporting layer (HTL) and an electrode for photovoltaic

1e, 22

devices due to their extremely high carrier mobility. However,
high costs are needed for depositing a uniform G layer on the
substrates, and harsh oxidative chemical exfoliation conditions are
also required for obtaining GO flakes from graphite. In this regard, the
of by

nanostructures would be a great alternative to the existing methods.

direct exfoliation carbon allotropes self-assembled
We fabricated photovoltaic devices by using a mixture of 1 (self-
assembled nanosheet) + G or 3 (self-assembled nanofiber) + CNT and
PEDOT:PSS as an HTL at various blending ratios and P3HT:PCBM
(1:0.8, w/w) as the active layer. Details of the fabrication of
photovoltaic devices are described in the Supporting Information. The
photovoltaic, electrical, and morphological data are summarized in
Table 1, Table S1, and Fig. S1o displays the I-V curves of all devices.
The photovoltaic devices based on 3 + CNT in the HTL exhibited
similar efficiencies compared to those of the reference device. On the
other hand, all devices fabricated with 1 + G nanostructure in the HTL
showed higher efficiencies and similar V. values compared to those of
the reference device at one sun intensity (100 mW/cm?) under
simulated AM 1.5G illumination. The short-circuit current (Js.) value of
the photovoltaic devices with 10% 1 + G (12.92 mA/cm?) embedded in
the HTL was 15% higher than that for the reference device without 1 +
G in the HTL
measurements (Table 1) and the current-voltage measurements of a
HTL sandwiched between Al and ITO electrodes (Fig. S11) showed
that the addition of 1 + G to the PEDOT:PSS HTL resulted in reduced

lateral as well as vertical resistance. Thus, these results indicated that

(10.49 mAJ/cm®). Moreover, four-point-probe

the 1 + G self-assembled nanostructure in the HTL contributed to the
improvement in the photocurrent of OPVs. However, the fill factor (FF)
values were slightly reduced on increasing the concentration of 1 + G
in the PEDOT:PSS layer. To explain this result, we recorded the AFM
images of blended films consisting of different ratios of 2 + G and
PEDOT:PSS, as shown in Fig. Si2. As the concentration of 1 + G
increases from o to 20 wt%, the roughness (Rwms) value also increases
from 1.05 to 3.16 nm, respectively. The rough morphology of the HTL
at high concentration of 1 + G would be one of the reasons for the
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decrease in FF values in OPVs. Ultraviolet photoelectron spectroscopy
(UPS) revealed that the work functions of HTL w/ and wjo self-
assembled nanocomposites (1+G, 3+CNT) were similar (Fig. S13).
Thus, we expect that the addition of the self-assembled structures
with carbon allotropes into the PEDOT:PSS layer negligibly affected
the interfacial energetics.

In conclusion, we have demonstrated that the 2-D nanosheet and 1-
D nanofiber structures can be realized by systematically varying the
volume fraction of the hydrophilic coil unit in amphiphilic molecules
consisting of a hydrophilic coil and a phenyl-thiophenyl rod segment.
We have shown that a high concentration of carbon allotropes can be
dispersed in aqueous solution through non-covalent interactions with
structurally similar self-assembled nanostructures from amphiphilic
molecules; the 2-D nanosheet structure self-assembled from 2
functionalized only 2-D G, whereas the nanofiber structure from 3
exclusively dispersed 1-D SWNT. Furthermore, a mixture of 10% 1 + G
and PEDOT:PSS was successfully introduced into the HTL to improve
the performance of OPVs by about 15% by increasing the
photocurrent. These results demonstrate that the selective non-
covalent functionalization of carbon allotropes by self-assembled
nanostructures would be an attractive method for the fabrication of
optoelectronic devices.

This work was supported by the NRF grant (No. 2013R1A1A2074468)
funded by the MSIP and by the New & Renewable Energy Technology
Development Program of the KETEP grant (No. 20113020010070)
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