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Alkylated-C60 based soft materials: regulation of self-
assembly and optoelectronic properties by chain
branching†

Hongguang Li,ab Sukumaran Santhosh Babu,c Sarah T. Turner,‡d Dieter Neher,d

Martin J. Hollamby,c Tomohiro Seki,e Shiki Yagai,e Yonekazu Deguchi,af

Helmuth Möhwalda and Takashi Nakanishi*ac

Derivatization of fullerene (C60) with branched aliphatic chains softens C60-basedmaterials and enables the

formation of thermotropic liquid crystals and room temperature nonvolatile liquids. This work

demonstrates that by carefully tuning parameters such as type, number and substituent position of the

branched chains, liquid crystalline C60 materials with mesophase temperatures suited for photovoltaic

cell fabrication and room temperature nonvolatile liquid fullerenes with tunable viscosity can be

obtained. In particular, compound 1, with branched chains, exhibits a smectic liquid crystalline phase

extending from 84 �C to room temperature. Analysis of bulk heterojunction (BHJ) organic solar cells

with a ca. 100 nm active layer of compound 1 and poly(3-hexylthiophene) (P3HT) as an electron

acceptor and an electron donor, respectively, reveals an improved performance (power conversion

efficiency, PCE: 1.6 � 0.1%) in comparison with another compound, 10 (PCE: 0.5 � 0.1%). The latter, in

contrast to 1, carries linear aliphatic chains and thus forms a highly ordered solid lamellar phase at room

temperature. The solar cell performance of 1 blended with P3HT approaches that of PCBM/P3HT for the

same active layer thickness. This indicates that C60 derivatives bearing branched tails are a promising

class of electron acceptors in soft (flexible) photovoltaic devices.
1 Introduction

Renewable and economical energy sources are constantly in
demand. Organic solar cells could make a feasible contribution
to this requirement, due to the ease of device preparation in
contrast to their inorganic counterparts. Specically, bulk het-
erojunction (BHJ) organic solar cells have received considerable
attention in recent years.1 Due to their excellent electron
accepting ability,2 fullerenes are oen used as the n-type organic
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semiconducting material in BHJ solar cells. In this context, a
key step is the chemical modication of C60 to enhance its
solubility in organic solvents, which facilitates cell fabrication
by solution processing. Suitable functionalization of C60 and
highly ordered C60 structures may also lead to an improved
performance of solar cells through optimization of the bicon-
tinuous phase-segregated network in the active layer. Fullerenes
are also known as intriguing building blocks in versatile self-
assembled architectures. Attachment of substituent groups to
the C60 unit has induced the formation of a variety of self-
organized structures,3 including liquid crystals.4 Such self-
organized “so” architectures, in contrast to “hard” single
crystals,5 are easier to handle and therefore permit more exible
device fabrication.

The performance of fullerenes in BHJ solar cells and their
supramolecular chemistry will depend on the attached
substituents. In recent years, C60 derivatives that bear aliphatic
chains, i.e., alkylated-fullerenes, have received considerable
attention.6,7 This type of C60 derivatives can be prepared in high
yield in a few synthetic steps. They have a variety of interesting
properties and are currently a focal point in the development
of so C60-containing materials such as organogels6b and
liquid crystals.6c Driven by the polarity difference between the
C60 moiety and aliphatic chains,7f alkylated-fullerenes can
exhibit versatile self-organized architectures. This
J. Mater. Chem. C, 2013, 1, 1943–1951 | 1943
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“hydrophobic-amphiphilicity” is becoming a popular route to
obtain various self-organized macroscopic objects.8

Among the factors that inuence the self-assembly behavior
and optoelectronic properties of alkylated-fullerenes, the
molecular structure of the aliphatic chain itself is an important
aspect.6c,7c,9 It is well-known that branched chains have a
signicantly decreased crystallization tendency. This enhances
the solubility of the molecules in solvents and induces their
material soness, lowering their melting point. Specically, the
introduction of branched aliphatic chains has a pronounced
inuence on the self-organization of the molecules (as seen in
thermotropic liquid crystals) and it can bring in new function-
alities such as enhanced carrier mobility in p-conjugated sys-
tems.9b,c Therefore, our strategy is to replace the linear aliphatic
chains (e.g. 10, Fig. 1) in the C60 derivatives with branched ones
(e.g. 1). This approach should expand the opportunities to
regulate and soen the self-assembly, while improving the
performance in BHJ solar cells.

Here, we report the preparation of C60-containing so
materials and the photovoltaic evaluations of a new library of
alkylated-fullerenes that bear “branched” aliphatic chains. By
optimizing the length and substituent positions of the
branched aliphatic chains, we are able to construct so mate-
rials such as smectic thermotropic liquid crystals and room
temperature nonvolatile C60-liquids. The C60 derivatives have
high C60 contents up to 54%. As the strong crystallization
tendency of C60 may lead to carrier transport trapping at defects
when blended with the electron donormolecules such as poly(3-
hexylthiophene) (P3HT), we propose that the soness of the
branched alkyl chains can help to lower the crystallinity and to
Fig. 1 Molecular structures of C60 derivatives bearing branched alkyl chains (1–9)
their reference.

1944 | J. Mater. Chem. C, 2013, 1, 1943–1951
improve the charge transport capability. This makes such
molecules good candidates for the preparation of organic solar
cells with so and exible characteristics.
2 Results and discussion
2.1 Synthesis

The molecular structures of alkylated-fullerenes 1–9 which bear
branched alkyl chains studied in this work are summarized in
Fig. 1. In the current study, all the branched alkyl chains are
racemic mixtures. The compounds were synthesized in three
steps starting from branched alcohols. As a typical example, the
synthetic route of 1 is given in the supporting information (ESI,
Scheme S1†). For comparison, Fig. 1 also involves two reference
C60 derivatives (10, 11) bearing three eicosyloxy linear chains at
the (3-, 4-, 5-)7b and (2-, 4-, 6-)7a substituent positions of the
phenyl moiety, respectively. To minimize the formation of
multiadducts on the C60 moiety, a 1.5 molar equivalent of
pristine C60 is used in those syntheses. Using such a strategy,
1–9 were obtained with isolation yields up to 56.1% based on
the benzaldehyde quantity. This good synthetic yield allows us
to easily prepare more than one gram of the target compounds,
permitting a deeper investigation of their bulk self-assembly
behavior and assessment of photovoltaic performance.
2.2 Mesomorphic thermal behavior

Recently, considerable attention has been paid to linear alky-
lated C60 that exhibit liquid crystalline phases.6c,7b,g,h The driving
force of liquid crystal formation is the mutual immiscibility of
newly investigated in this study and bearing linear alkyl chains (10, 11) for use as

This journal is ª The Royal Society of Chemistry 2013
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C60 and the aliphatic chains. Compared to the C60 liquid crys-
tals with bulky mesogens,4 alkylated C60, especially the alkylated
N-methylfulleropyrrolidines, have higher C60 contents and
excellent functionalities such as good redox activity as well as
high carrier mobility.7b With the current strategy, mesophase
formation has been observed for C60 derivatives that bear
swallow-tail type and hyperbranched chains, as will be pre-
sented in detail below.

2.2.1 Derivatives with swallow-tail type chains. Fig. 2
summarizes the differential scanning calorimetry (DSC) results
and polarized optical microscopy (POM) observations of three
liquid crystalline C60 derivatives (1, 2 and 4). Compound 1 is
substituted at (3-, 5-) positions of the phenyl group with two 2-
octyldodecyloxy groups. DSC and POM revealed the existence of
a smectic phase that extends from 84 �C to room temperature
(Fig. 2a and d). The liquid crystalline behavior exhibited by 1 is
quite striking, as replacing linear aliphatic chains with
branched ones previously led to the elimination of the meso-
phases in alkylated pentaadducts of C60.6c It was noted that the
thermotropic behavior of 1 shows a remarkable supercooling
effect. For instance, in the DSC thermogram, only a small
endothermic peak (DH ¼ 0.57 kcal mol�1) was observed during
the heating process and no obvious peaks could be detected
during the cooling process. In POM observations, aer the
temperature was decreased below 84 �C, it took a long time (over
one hour) for the texture to appear, indicating that the self-
organization of 1 is a slow process. Additionally, the thermo-
tropic behavior is sensitive to the length of the graed chains.
Compound 2 with shorter 2-hexyldecyloxy groups exhibits a
mesophase to isotropic phase transition at 148 �C (Fig. 2b and e,
DH ¼ 3.63 kcal mol�1). This large shi in the phase transition
temperature highlights the stronger ability of the branched
aliphatic chains to regulate the thermotropic behavior of alky-
lated fullerenes. Using linear aliphatic chains, an increase in
the phase transition temperature of only 30 �C was previously
noticed when the chain length was shortened.7b
Fig. 2 DSC traces (a–c) from the second heating–cooling cycles and POM images
(d–f) of 1 (a and d), 2 (b and e) and 4 (c and f) taken in their mesophases. Scan
rates in the DSC are 10 �C min�1.

This journal is ª The Royal Society of Chemistry 2013
Besides the chain length, the thermotropic behavior of the
C60 derivatives can be tuned by the substitution positions of the
tails. For example, when the substituted aliphatic chains of 1
were changed from the (3-, 5-) position to the (3-, 4-) position on
the phenyl ring (4), an abrupt increase in the mesophase to
isotropic phase transition temperature from 84 �C to 196.2 �C
(DH ¼ 4.48 kcal mol�1) was noticed together with the appear-
ance of a crystal to mesophase transition at a temperature of
128.4 �C (DH¼ 0.52 kcal mol�1) as evidenced from Fig. 2c and f.
This should be caused by densely packed alkyl chains, which
exhibit a greater van der Waals interaction.10 To characterize the
organization of the liquid crystalline fullerenes, temperature-
dependent X-ray diffraction (XRD) measurements were carried
out on the mesophases of 1, 2 and 4. From Fig. 3, the organi-
zation of 1 in the mesophase can be assigned to a lamellar
structure with an alternative interlayer distance of 3.50 nm,
which is nearly double the molecular length of 1. A small and
broad peak at 2q z 8.0� (marked by -) may originate from the
organized C60 units with an average distance between adjacent
C60-cores of around 1 nm. This strongly supports the formation
of a layer structure of the C60 moieties in the smectic mesophase
of 1. The halo centered at 2qz 19.6� originates from the molten
aliphatic chains. For 2 and 4, diffraction patterns characteristic
of lamellar organizations were also obtained by XRD (Fig. S1
and S2†).

2.2.2 Derivatives with hyperbranched chains. Two different
chains were chosen to investigate the inuence of the branch-
ing degree of the graed aliphatic chains on the mesomorphic
behavior. These are denoted as hyperbranched aliphatic chain I
(HBAC-I) used in compounds 6 and 9 and hyperbranched
aliphatic chain II (HBAC-II) used in compounds 7 and 8.
Compound 6, substituted at (3-, 5-) positions of the phenyl
group with HBAC-I, exhibits two phase transitions at 57.4 and
111.4 �C, respectively (Fig. 4a). Interestingly, the lower temper-
ature transition is exothermic instead of endothermic during
Fig. 3 XRD of 1 at 70 �C upon cooling from the isotropic phase at a speed of 0.1
�C min�1. The organization of 1 can be described as a lamellar structure, as
schematically shown in the inset.

J. Mater. Chem. C, 2013, 1, 1943–1951 | 1945
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the heating process. When heated to 120 �C which is above the
melting point of 6, a highly viscous isotropic phase formed. The
sample was then cooled slowly (0.1 �C min�1) to 100 �C and
textures developed aer aging for hours (Fig. 4d). This
phenomenon together with the XRD results obtained both at
100 �C (Fig. 4c) and at room temperature (Fig. S3a and S3c†)
provides strong evidence of a-crystal formation.11

Increasing the branching degree by changing HBAC-I to
HBAC-II gives 7 which does not exhibit mesophases (Fig. 4b, S3b
and S3d†). The viscosity of the isotropic phase (above 80 �C) of 7
is very high, which seems to originate from the presence of the
hyperbranched aliphatic chains. This causes high intra- and
intermolecular friction. It is reasonable to assume that the loss of
the mesophase for 7 could be due to the two highly branched
chains which are too bulky compared to the space occupied by
the C60 moiety. To reduce the volume created by the aliphatic
chains, only one HBAC-II was substituted at the (4-) position of
the phenyl group (8). Compound 8 forms a shiny crystal at room
temperature. XRD indicates that the self-organized structure of 8
in the crystalline form is indeed more ordered than that of 7
(Fig. S4a†). However, further investigations by DSC and POM
(data not shown) reveal a very high (>300 �C) melting point and
the absence of any mesomorphic phase. This is possibly due to
the smaller graed group insufficiently disturbing the strong
p–p interactions between adjacent C60 molecules. When 8 was
precipitated by adding excess methanol to a concentrated solu-
tion in dichloromethane, plate-like assembled structures were
obtained (Fig. S4b†), similar to the objects obtained by a C60

derivative carrying a single linear alkyl chain but not like the well-
developed 3-dimensional owerlike microparticles seen from the
alkylated fullerenes bearing two or three linear chains.7e

From the mesomorphic thermal property investigations, it
can be concluded that the branched alkyl chains can soen self-
organized objects formed from the alkylated fullerenes. This
can be seen from themuch lower phase transition temperatures
of compounds functionalized with branched alkyl chains versus
their saturated linear counterparts. Compared to the hyper-
branched chains, swallow-tail type chains can more effectively
adjust the p–p interaction between neighboring C60 units and
van der Waals forces among alkyl chains, further soening the
Fig. 4 DSC traces (a and b) from the second heating–cooling cycle of 6 (a) and 7
(b). XRD scattering peaks (c) and the POM image (d) of 6 upon cooling from the
isotropic phase at a speed of 0.1 �C min�1.

1946 | J. Mater. Chem. C, 2013, 1, 1943–1951
materials. By suitably modifying the chain length and the
substitution position, liquid crystalline fullerenes with meso-
phase-to-isotropic phase transition temperature below 84 �C
(such as 1) can be obtained, opening the door for further
photovoltaic evaluations using this intriguing family of alky-
lated-fullerenes (see Section 2.5).
2.3 Room temperature liquid fullerenes

Due to the strong p–p interaction among adjacent C60 moieties,
C60 and most of its derivatives are solids at room temperature.
In recent years, there has been an increasing interest in p-
conjugated molecules with uid characteristics.12 For alkylated
fullerenes, the melting point depends on both van der Waals
interaction of the aliphatic chains and p–p interaction among
neighboring C60 molecules. As noted above, the substituted
aliphatic chains can adjust the p–p interaction and decrease
the melting point. For example, careful design previously led to
the C60 derivative 11, possessing a (2-, 4-, 6-) tris(eicosyloxy)
phenyl group, which is a uid at room temperature with a
complex viscosity of approximately 1400 Pa s.7a,i

The melting point of a liquid material is also determined by
factors other than intermolecular forces, such as the degree of
molecular symmetry and the conformational degree of
freedom.13 In addition, the viscosity of the liquid is also directly
related to the intermolecular forces upon owing, i.e. the fric-
tion between molecules. Compared to linear chains, branched
chains are expected to further lower the melting point and the
viscosity. This is because both the van der Waals interaction of
the substituted chains and the p–p interaction among C60 units
will be signicantly suppressed, leading to a weaker crystallinity
of the molecule and a lower viscosity material. Indeed, substi-
tution at (3-, 5-) positions of the phenyl group with two swallow-
tail type alkyl chains, 2-decyltetradecyloxy, produces 3 as a
solvent-free, nonvolatile, uid material at room temperature.
This is quite different from the case of derivatives that bear
linear alkyl chains, for which a (2-, 4-, 6-) substitution pattern
was needed to get room temperature C60-liquids.7a No glassy
transition could be detected from the DSC of 3 down to�120 �C
(Fig. 5a). Rheological measurements veried the liquid char-
acter of 3, where the viscous modulus (G0 0) is higher than the
elastic modulus (G0) within the investigated frequency range
(Fig. 5d, black markers, a visual photo in an inset of Fig. 5d). If a
(2-, 5-) substitution position is applied (e.g. 5), the necessary
aliphatic chain length, i.e., 2-octyldodecyloxy, to produce a
room temperature C60-liquid is even shorter, which corre-
sponds to a higher C60 content (49.8% by weight for 5 versus
46.2% for 3). As with 3, no clear glassy transition of 5 could be
detected from DSC down to �120 �C (Fig. 5b). In addition,
rheological measurements showed that G0 and G0 0 of 5 (Fig. 5d,
red markers) are smaller than those of 3. Moreover, the complex
viscosity (h*) of 5 (�260 Pa s) is found to be one order of
magnitude lower than that of 3 (�1500 Pa s) (Fig. 5e). This
indicates that the (2-, 5-) substitution strategy, and in particular
the introduction of the alkyloxy group at the 2-position of the
phenyl ring, is more effective in producing less viscous
C60-liquids. Such a phenomenon could be due to an increasing
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 DSC traces from the second cooling of 3 (a), 5 (b) and 9 (c). (d) Elastic modulus (solid symbols) and viscous modulus (open symbols) for 3 (black squares), 5 (red
circles) and 9 (blue triangles) as a function of angular frequency under a constant strain amplitude of 0.5 at 20 �C. The inset is a typical image of 3 under mechanical pull
at 20 �C. (e) Complex viscosity for 3 (black squares), 5 (red circles) and 9 (blue triangles) as a function of angular frequency under a constant strain amplitude of 0.5.
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molecular asymmetry from 3 to 5, which is consistent with the
rule regulating the properties of other types of liquid materials
such as ionic liquids.13

In studies of thermotropic liquid crystalline behavior we
have seen that the alkylated-fullerenes bearing hyperbranched
chains have higher viscosities in the isotropic phases at high
temperature compared to those bearing swallow-tail type
chains. In order to see whether this is also the case for room
temperature C60-liquids, 9 was prepared which was substituted
at (2-, 4-, 6-) positions of the phenyl group with HBAC-I. DSC
measurements revealed a glassy transition temperature around
12 �C (Fig. 5c). Rheological measurements showed that 9 has
the highest G0 and G0 0 (Fig. 5d, blue markers) as well as h*

(�128 000 Pa s) among all C60-liquids tested (Fig. 5e). Addi-
tionally, the h* of 9 is two orders of magnitude higher compared
to 11 (ref. 7a) which was also substituted at (2-, 4-, 6-) positions
but with linear chains. This could be due to the hyperbranched
structure which induces high intra- and intermolecular friction
upon owing, consistent with the observations of the liquid
crystalline phase. It is therefore clear that the melting point and
viscosity of the alkylated-fullerenes can be effectively lowered by
suitable chain branching and by breaking the molecular
symmetry, but that too high a degree of branching again
increases the viscosity of the uid materials.
2.4 Spectroscopic and electrochemical properties

Spectroscopic and electrochemical studies can not only provide
basic physicochemical information, but also advice for further
photovoltaic evaluations of these newly synthesized molecules.
Initially the absorption characteristics were investigated, which is
a known precondition for amaterial to be utilized in photovoltaic
devices. All of the investigated molecules, especially the room
temperature C60-liquids 3 and 5, were found to be quite soluble in
This journal is ª The Royal Society of Chemistry 2013
a variety of solvents including toluene, monochlorobenzene,
benzene, chloroform, dichloromethane and tetrahydrofuran. For
instance, the solubility of 3 in toluene can exceed 0.2 M. Even in
n-alkanes such as n-hexane and n-decane, it still exhibits
considerable solubility.14 These n-alkanes, however, are generally
regarded as poor solvents for pristine C60 as well as most of its
derivatives. From UV-vis spectroscopy, strong absorption was
observed in both the UV and visible wavelength regions and the
molar absorption coefficient (3) decreased signicantly with
increasing wavelength, which is consistent with the characteristic
spectroscopic properties of C60monoadducts.15 Fig. S5A† shows a
typical result of the UV-vis analysis of 1 in dichloromethane and
detailed information on the absorption characteristics of 1–8 can
be found in Table S1.†

FT-IR is a powerful tool to probe the conformation of the
alkyl chains in their solvent-free states. Typically, from the
location of the asymmetric and symmetric methylene stretching
bands, the extent of crystallinity of the oligomethylene units can
be inferred.7e While the bands for the derivative 10 that bears
three linear eicosyl chains (shown as the dotted line in Fig. 6)
were located at 2918 and 2849 cm�1, respectively, those of all
the C60 derivatives that bear branched aliphatic chains are
broadened and shied to higher wavenumbers. This result
indicates that the branched aliphatic chains are in a disordered
state and that the crystallinity is poorer. A closer investigation of
the C60-liquid samples 3 and 5 reveals that the methylene
stretching bands are even broader. On the other hand, the
liquid crystalline material 4, which has a high melting point of
196.2 �C, has the sharpest bands at slightly higher wave-
numbers. This reveals that the uidity of the chains has a close
correlation with the melting point of the alkylated fullerenes.
When the derivatives show higher uidity, i.e. lower crystal-
linity, their melting points are also lower. From Fig. 6, it can
also be seen that the stretching bands of the methylene units
J. Mater. Chem. C, 2013, 1, 1943–1951 | 1947
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Fig. 6 FT-IR results of compounds 1–8. Curves a–h correspond to the molecules
1–8 and a dotted line denotes the reference molecule 14 bearing three linear
saturated eicosyl chains.
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become less apparent while those from the terminal methyl
groups become dominant for C60 derivatives modied with
hyperbranched chains depending upon the –CH2–/–CH3 ratio.

It is known that pristine C60 can successively accept up to six
electrons.16a The C60 monoadducts such as N-methylfuller-
opyrrolidines can retain the interesting electrochemical proper-
ties of the C60 unit.16b,c Rich electrochemical properties of
compounds 1–8 were revealed by cyclic and differential pulse
voltammetry measurements where three or four redox events
have been observed (Fig. S5B, S5C and Table S2†). Although there
are minor differences in their rst redox potentials within 40 mV
at around �1.17 V versus Fc/Fc+, the redox properties of 1–8 are
broadly similar. It is also noted that the redox properties of 1–8
are similar to those of other fullerene derivatives such as [6,6]-
phenyl-C61-butyric acid methylester (PCBM), with a rst redox
event at �1.17 V.17 This indicates that the energy levels of the
lowest unoccupied molecular orbitals (LUMO) of 1–8 and PCBM
are also similar. Indeed, DFT calculations gave a LUMO energy
level of �3.04 V for compound 1 and �3.13 V for PCBM.18

Combining the above results, it can be concluded that
although the self-organization behavior of alkylated-fullerenes is
highly dependent on the type, length and substitution position of
the aliphatic chains, their spectroscopic and electrochemical
properties in diluted solutions are mainly determined by the
synthetic strategy of the C60 core,16b,19 and show limited depen-
dence on the aliphatic chains graed on the phenyl group.
2.5 Bulk heterojunction organic solar cells

The observed properties of the branched-chain C60 derivatives,
e.g. strong electron accepting ability, good thermal stability
1948 | J. Mater. Chem. C, 2013, 1, 1943–1951
(Fig. S6†) and high solubility in organic solvents, are promising
for applications in optoelectronic devices such as BHJ solar cells.
To obtain a high power conversion efficiency (PCE), we envision
that the C60 derivative used in the fabrication of the active layer
should meet two main requirements. Firstly, an interpenetrated
network should form where the C60 moieties have a long range
order to facilitate the electron hopping and transport.20 Secondly,
the tendency of the C60 derivative to crystallize should not be too
high as the formation of highly crystalline domains might
introduce domain boundaries and deteriorate charge extraction.
In order to improve the robustness of exible organic solar cells
for commercial applications, an enhanced degree of soness in
the C60 derivatives is also an important consideration.21 Based on
these criteria, the liquid crystalline fullerenes reported here seem
to be appropriate candidates. With a self-organized so meso-
phase structure extending to room temperature and a moderate
melting point of 84 �C, 1 was selected as a model alkylated-C60

derivative for evaluations in BHJ solar cells. P3HT was chosen as
an electron donor molecule. The designed BHJ solar cell has a
construction of ITO/PEDOT:PSS/active layer/samarium/
aluminum, as illustrated in Scheme S2,† with an active layer
thickness of 100 nm. At a 1/P3HT weight ratio of 1 : 1, an open
circuit voltage (VOC) of 0.56 V, a short circuit current density (JSC)
of 5.5 mA cm�2 and a ll factor (FF) of 50% were obtained. This
resulted in a PCE (¼ VOCJSCFF/PL, where PL is the incident radiant
power of the light source) of 1.6 � 0.1%. In the control experi-
ment, PCBM, which is a standard soluble C60 derivative used in
BHJ solar cells, was selected to replace 1. In this case, VOC was
slightly lower but JSC and FF were higher compared to the 1/P3HT
combination (Table 1). As a result, a slightly higher PCE of 2.2 �
0.1% was obtained. Note that optimized P3HT:PCBM devices
typically have blend layer thicknesses of 200 nm and above. Also
noted is that the molecular weight of 1 (Mw ¼ 1446.9) is higher
than that of PCBM (Mw ¼ 910.9) due to more substituted
aliphatic chains. Thus at the same weight ratio of C60 derivative
to P3HT, the C60 content of the 1/P3HT blend (24.9%) is lower
compared to that of the PCBM/P3HT mixture (39.6%). This may
partially account for the slightly lower PCE for the 1/P3HT blend.
Some typical experimental results are summarized in Fig. 7. The
functionality of the 1/P3HT BHJ solar cell has been proven
despite the slightly lower PCE than that of the PCBM/P3HT
reference. In order to conrm the advantage of the liquid crys-
talline properties of the C60 acceptor in exible organic solar
cells, additional investigations are required. To meet this objec-
tive, optimized device parameters, including active layer thick-
ness and its morphology, acceptor–donor ratios of the 1/P3HT
device as well as the application of derivative 2 are currently
under investigation and will be reported elsewhere.

To obtain a deeper insight into the relationship between the
molecular structure of the alkylated-fullerenes and their perfor-
mance in BHJ solar cells, the performance of 10 which bears
three linear aliphatic chains was evaluated. Although the VOC is
only slightly lower than that of the 1/P3HT combination and the
FF is even higher (Table 1), the performance of this solar cell
signicantly suffered from the low JSC (2.0 mA cm�2). As a result,
a PCE of only 0.5 � 0.1% was observed under the same experi-
mental conditions. The much lower JSC in the 10/P3HT blend
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Parameters of BHJ solar cells fabricated using different C60 derivatives with P3HTa

Composition of
the active layer EQE (%) � 2% VOC (V) � 0.004 V JSC (mA cm�2) � 0.1 mA cm�2 FF (%) � 2% PCE (%) � 0.1%

1/P3HT 44 0.563 5.5 50 1.6
10/P3HT 17 0.460 2.0 56 0.5
PCBM/P3HT 49 0.488 6.6 65 2.2

a EQE: external quantum efficiency; VOC: open circuit voltage; JSC: short circuit current.

Fig. 7 (A) Standard absorption spectra of an active layer filmwith comparable thickness, (B) EQE and (C) J(V) curves of binary mixtures of P3HT/PCBM (curve a), P3HT/1
(curve b) and P3HT/10 (curve c), respectively. The weight ratio of P3HT to each C60 derivative is fixed at 1 : 1. The thickness of the active layer is 105 � 5 nm.
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could be due to the high crystallization tendency of 10,7e which
may prevent the formation of a co-continuous network of the
donor and acceptor causing transport limitations. For example,
unequal carrier mobility might reduce the photogenerated
current due to space charge effects. This issue is the subject of
future measurements under different driving and illumination
conditions. We speculate that the improved performance of 1
compared to 10 is due to the presence of the branched aliphatic
chains with liquid crystalline properties at room temperature.
Although further structural analysis of the 1/P3HT blend is
needed, it could be inferred that with a long range order of the
C60 moieties in the so liquid crystalline material, the diffusion
and charge separation of the excitons can be facilitated.
Considering that the PCE of BHJ solar cells is also inuenced by a
variety of other factors including the solvent for cell fab-
rication,22a the mixing ratio of acceptor and donor molecules, the
thickness of the active layer and the annealing temperature,22b,c

the detailed mechanism is yet to be explored and the device
performance is to be further optimized. Efforts in this direction
are currently in progress and will be reported separately in the
near future.
Conclusions

A new family of alkylated-C60 derivatives that bear branched
aliphatic chains have been synthesized, and their self-assembly
properties and BHJ solar cell performance have been investigated.
By changing the chain structure and substitution position, the
self-organization phenomena can be tuned. Compared to the
This journal is ª The Royal Society of Chemistry 2013
linear chains, the branched counterparts have a larger capacity to
control the self-assembly behavior. This can be seen from the
formation of thermotropic smectic liquid crystals with a wide
range of phase transition temperatures and solvent-free, nonvol-
atile, room temperature liquids with variable viscosity. In solvent-
free conditions, the swallow-tail type branched chain derivatives
are less viscous compared to the linear ones, which induces a
weaker tendency of self-organization of the molecules. Function-
alization with branched chains does not eliminate the intrinsic
spectroscopic and electrochemical properties of the C60 units. This
allows for interesting optoelectronic properties as demonstrated
by the evaluations of BHJ solar cells. The formation of diverse self-
organized structures would provide opportunities for further
utilization of these intriguing compounds as building blocks for
developments towards exible-printable optoelectronic materials.
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T. Bayerl, S. Bayerl and A. Hirsch, Angew. Chem., Int. Ed.,
2000, 39, 1845.

13 T. Payagala, J. Huang, Z. S. Breitbach, P. S. Sharma and
D. W. Armstrong, Chem. Mater., 2007, 19, 5848.

14 To be published elsewhere.
15 R. V. Bensasson, E. Bienvenüe, C. Fabre, J. M. Janot,
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