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ABSTRACT: Two fullerene-terthiophene dyads without
hexyl chains (3T-C60) and with hexyl chains (3TH-C60) on
the terthiophene substituent are synthesized by 1,3-dipolar
cycloaddition of corresponding azomethine ylides to C60. The
cyclic voltammetry studies indicate no apparent electronic
communication between the terthiophene pendent group and
the fulleropyrrolidine core in the ground state. However, a
significant florescence quenching is observed for 3T-C60 and
3TH-C60, compared to their fluorescent terthiophene (3T)
and 3TH precursors, respectively, suggesting the occurrence of
strong intramolecular electron/energy transfers in the photo-
excited state. Furthermore, these new fulleropyrrolidine
derivatives are applied as electron acceptors to fabricate
poly(3-hexylthiophene) (P3HT) based bulk heterojunction solar cells. The incident photon-to-current efficiency (IPCE) value of
the P3HT/3T-C60 device is significantly higher than that of the P3HT/PCBM cell in wavelengths of 350−420 nm. This finding
provides direct evidence for the contribution of 3T excitons to the photocurrent. Replacing 3T-C60 with 3TH-C60 effectively
improves the morphology of the photoactive layer and widens the window of optimal D/A ratios, raising the power conversion
efficiency (PCE) from 2.14% to 2.54%. Importantly, these devices exhibit superior stability of PCE against high-temperature
aging.
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■ INTRODUCTION

With the potential of providing a low-cost and lightweight
renewable energy source, organic photovoltaics have attracted
considerable research interest in recent years.1 The active layer
in this type of solar cell is usually a binary blend of two
compounds: one has a higher-lying lowest unoccupied
molecular orbital (LUMO), acting as an electron donor (D),
and the other acts as an electron acceptor (A). Because the
excitons generated in organic materials typically have large
binding energy and can only be efficiently dissociated into free
carriers at the D/A interface with the aid of the energetic
driving force originating from the differences in the electronic
levels of the materials. Since Heeger et al.2 discovered that C60

is an effective fluorescence quencher of conjugated polymer,
fullerenes3 and their derivatives4 have been extensively used as
acceptor materials in fabricating polymer solar cells. In
particular, the [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) has become a benchmark acceptor. However, several
drawbacks are associated with PCBM. Its high crystallinity

causes the intermolecular aggregation of PCBMs into big
particles inside a polymer matrix for the duration of coating
and/or thermal aging, leading to an unfavorable morphology of
the polymer/PCBM blends, thus lowering the environmental
stability of solar devices, and complicating cell fabrication
procedures.5 In addition, the PCBM’s relatively low-lying
LUMO level frequently produces a large LUMO offset between
itself and the polymer donor, such as poly(3-hexylthiophene)
(P3HT), giving rise to a loss of a significant fraction of the
photon energy during the photoinduced electron transfer
process, thus causing a decline of the open-circuit voltage
(Voc).

6 Moreover, because of their low absorptivity in visible
and near-infrared light regions, PCBM molecules barely create
photoexcited excitons and, therefore, make little contribution to
the photocurrent.7 Especially, the light absorption range of
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conjugated polymers is much narrower than the solar
spectrum,8 and the optimal thickness of the photoactive layer
in devices is typically very thin (∼100−200 nm).9 These two
factors limit the full utilization of the incident solar energy by
plastic solar cells. Therefore, an obvious route to improve the
efficiency of exciton generation is by employing a fullerene
derivative with a high light-harvesting ability and a spectrum
complementary to the polymer donor as an acceptor material in
the active layer of solar cells.
Hummelen et al.10 demonstrated that [6,6]-phenyl-C71-

butyric acid methyl ester (PC71BM) has an increased
absorption in the visible region, compared to its C60 analogue,
PC61BM, because the asymmetric structure of the C70 cage
allows the forbidden low-energy transitions in C60. The
substitution of PC61BM with PC71BM can generally increase
the short-circuit current density (Jsc) and power conversion
efficiency.11 However, this molecule suffers from the high-cost,
low-production yield and complicated procedures for isolating
and purifying isomers. Previous studies on the photophysical
properties of oligothiophene/fullerene dyads revealed that an
energy transfer occurs between the oligothiophene chromo-
phore and the fullerene core in a nonpolar solvent, but an
efficient electron transfer occurs in a polar media and in solid
state.12 Numerous chromophores, including porphyrin,13

phthalocyanine,14 perylenediimides,15 azobenzenes,16 cyanovi-
nylene-4-nitrophenyl,17 and tetrathiafulvalene18 have been
covalently grafted onto C60 to form dyads. These molecules
display enhanced light absorption ability and the presence of
C60 can accelerate photoinduced intramolecular charge
separation and retard charge recombination in some cases.19

In addition, triads consisting of two fullerene cages and one
chromophore have been designed and synthesized.20 A high Jsc
value can be obtained for solar devices using such fullerene
derivatives as the acceptor.17,21

To investigate the contribution of the chromophore group of
C60 adduct to the photocurrent while avoiding the interference
of the polymer donor, the absorption spectrum of the π-
conjugated substituent should be complementary to that of its
polymer counterpart, with little overlap between the two
spectra. Herein, we report the synthesis of two terthiophene-
bearing C60 derivatives, namely 3T-C60 and 3TH-C60, and
blend them with P3HT to construct bulk heterojunction solar
cells. Their chemical structures and preparation routes are
shown in Scheme 1. Comparison between the IPCE spectra of
the P3HT/3T-C60 and the P3HT/PCBM devices clearly
indicates the involvement of the terthiophene unit in the
generation of photocurrent in the wavelength region of 350−
420 nm. Furthermore, the stability of both the blend
morphology of P3HT/3TH-C60 and the cell performance of
the device fabricated from such a blend are examined.

■ EXPERIMENTAL SECTION
Materials. Thiophene, 3-bromothiophene, 1-bromohexane, POCl3,

and N-bromosuccinimide (NBS) were purchased from Aldrich
Chemicals and used without further purification. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Bay-
tron P VPAI 4083) was used as-received. Phenyl-C61-butyric acid
methyl ester (PC61BM) and C60 were obtained from Nano-C, Inc.
Poly(3-hexylthiophene) (P3HT) was prepared following the Grignard
metathesis approach in our laboratory. Its head-to-tail regioregularity

Scheme 1. Synthesis of 3T-C60, 3TH-C60, and NMP-C60
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was determined by the 1H NMR method to be >98%. The number-
average molecular weight is 45k g/mol and the polydispersity index is
1.2, based on GPC analysis (THF eluent, polystyrene standard).

■ SYNTHESIS OF FULLERENE-TERTHIOPHENE
DYADS

Synthesis of 2,2′:5′,2″-Terthiophene (3T). 2-Bromo-
thiophene (4.89 g, 30 mmol) was added dropwise under
nitrogen into the suspension of Mg turnings (0.95 g, 39.2
mmol) in dry ether (40 mL), and the reaction mixture was
allowed to stir until the complete disappearance of Mg turnings.
This solution then was transferred slowly into a cooled mixture
of 2,5-dibromothiophene (3.00 g, 12.4 mmol) and Ni(dppp)-
Cl2 (100 mg, 0.18 mmol) in dry ether (30 mL) through
cannula. The reaction mixture was allowed to stir for another
16 h at room temperature, subsequently poured into ice/water
(150 mL), and neutralized with concentrated HCl. The product
was extracted with excess ether and washed with large amount
of water and brine, successively. The organic extracts were dried
over anhydrous MgSO4, evaporated, and purified with column
chromatography using silica gel to give 3T as a light-yellow
solid with a yield of 79%. 1H NMR (400 MHz, CDCl3, δ,
ppm): 7.19 (dd, 2H), 7.15 (dd, 2H) 7.06 (s, 1H), 6.99 (t, 2H).
13C NMR (100 MHz, CDCl3, δ, ppm): 137.12, 135.20, 127.85,
124.46, 124.29, 123.68.
Synthesis of 3,3″-Dihexyl-2,2′:5′,2″-terthiophene

(3TH). The 3TH was synthesized with a yield of 64% by
adopting the similar procedure for 3T but replacing 2-
bromothiophene with 2-bromo-3-hexylthiophene as the re-
actant. 1H NMR (400 MHz, CDCl3, δ, ppm): 7.21 (d, 2H, Ar),
7.09 (s, 2H, Ar), 6.98 (d, 2H, Ar), 2.82 (t, 4H, Ar−CH2−
CH2−), 1.71−0.91 (m, 22H, aliphatic). 13C NMR (100 MHz,
CDCl3, δ, ppm): 139.72, 136.09, 130.07, 126.08, 123.76, 31.72,
30.76, 29.34, 29.28, 22.67, 14.12.
Synthesis of 5-Formyl-2,2′:5′,2″-terthiophene (3T-

CHO). A solution of 3T (1.00 g, 4.03 mmol) in dichloroethane
(7 mL) was introduced into a round-bottom flask comprising
phosphoryl chloride (0.59 g, 3.86 mmol), dry DMF (0.3 mL,
3.86 mmol) and dichloroethane (15 mL). After stirring
overnight at room temperature, the reaction mixture was
added with 1 M sodium acetate (30 mL), and then stirred for
∼8 h. The resulting solution was extracted with CH2Cl2, and
the combined organic layer was washed with water, brine,
sequentially, and dried over anhydrous MgSO4. The crude
product was finally purified by column chromatography to give
the 3T-CHO as an orange solid with a yield of 81%. 1H NMR
(400 MHz, CDCl3, δ, ppm): 9.84 (s, 1H, −CHO), 7.65 (d, 1H,
Ar), 7.26−7.11 (m, 4H, Ar), 7.11 (d, 1H, Ar), 7.02 (d. 1H. Ar).
13C NMR (100 MHz, CDCl3, δ, ppm): 182.39, 146.82, 141.62,
139.18, 137.31, 136.42, 134.49, 128.06, 126.88, 125.39, 124.66,
124.50, 124.03.
Synthesis of 5-Formyl-3,3″-dihexyl-2,2′:5′,2″-terthio-

phene (3TH-CHO). The 3TH-CHO was synthesized with a
yield of 75% by adopting the similar procedure for 3T-CHO
but replacing 3T with 3TH as the reactant. 1H NMR (400
MHz, CDCl3, δ, ppm): 9.85 (s, 1H, −CHO), 7.61 (s, 1H, Ar),
7.25, (d, 1H, Ar), 7.24, (d, 1H, Ar), 7.11 (d, 1H, Ar), 6.98 (d,
1H, Ar), 2.86−2.79 (m, 4H, Ar−CH2−CH2−), 1.75−0.92 (m,
22H, aliphatic). 13C NMR (100 MHz, CDCl3, δ, ppm): 182.50,
141.13, 140.36, 140.29, 140.22, 139.04, 138.51, 134.47, 130.24,
129.78, 127.77, 126.30, 124.40, 31.69, 31.64, 30.62, 30.30,
29.47, 29.26, 29.18, 14.03.

Synthesis of 2,2′:5′,2″-Terthiophene:fullerene dyad
(3T-C60). A mixture of 3T-CHO (128 mg, 0.046 mmol), C60
(100 mg, 0.139 mmol), and sarcosine (6.1 mg, 0.069 mmol)
was dissolved in chlorobenzene (50 mL) and heated to 120 °C
for 24 h. After cooling the reaction mixture to room
temperature, the solvent was removed by an evaporator and
the crude product was purified by column chromatography,
using hexane/toluene (75/25 v/v) as an eluent to generate the
dyad as a black solid with a yield of 45%. 1H NMR (400 MHz,
CDCl3, δ, ppm): 7.30−6.97 (m, 7H, Ar), 5.20 (s, 1H, Pyro.),
4.96 (d, 1H, Pyro.), 4.23 (d, 1H, Pyro.) 2.91 (s, 3H, N−CH3).
MALDI-TOF MS: m/z 1024.15 (100%, [M+H]+).

Synthesis of 3,3″-Dihexyl-2,2′:5′,2″-terthiophene:ful-
lerene Dyad (3TH-C60). The 3TH-C60 was also synthesized
with a yield of 46% by adopting the similar procedure for 3T-
C60 but replacing 3T-CHO with 3TH-CHO as the reactant. 1H
NMR (400 MHz, CDCl3, δ, ppm): 7.26−6.95 (m, 5H, Ar),
5.19 (s, 1H, Pyro.), 5.01 (d, 1H, Pyro.), 4.27 (d, 1H, Pyro.)
2.98 (s, 3H, N−CH3), 2.80 (s, (broad), 4H, Ar−CH2−CH2−),
1.63−0.84 (m, 22H, aliphatic).

■ INSTRUMENTATION
1H and 13C NMR spectra were recorded on a Bruker
Spectrospin-400 MHz spectrometer at room temperature
using CDCl3 as the solvent, and the solvent signal was adopted
as an internal standard. The UV−vis and fluorescence spectra
were measured using a Jasco-V660 spectrophotometer and
Jobin−Yvon Fluorolog-TAU-3 spectrofluorimeter, respectively.
Film thicknesses were determined using a Veeco α-step
analyzer. Cyclic voltammetry (CV) measurements were
performed with a 273A potentiostat from CH Instruments,
which is equipped with a platinum disk as the working
electrode, a platinum wire as the counter electrode, and a Ag/
AgCl as the reference electrode, at a scan rate of 100 mV s−1

using o-dichlorobenzene/acetonitrile (o-DCB/AcCN) (4:1 v/
v) and 0.1 M tetrabutylammonium hexafluorophosphate as the
solvent and electrolyte, respectively. The reference electrode
was calibrated with an internal standard of ferrocene.
Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) images were captured using a Hitachi H-
7100 microscope and a Digital Instruments Nano Scope IIIa
atomic force microscope, respectively.

■ FABRICATION AND MEASUREMENT OF POLYMER
SOLAR CELL

The polymer solar cells (PSCs) were fabricated in a
configuration of the traditional sandwich structure with an
indium tin oxide (ITO) glass as anode and a metal as cathode.
The ITO glasses were cleaned by a sequential ultrasonic
treatment in detergent, deionized water, acetone, and
isopropanol for 20 min. Then PEDOT:PSS was filtered
through a 0.2-μm filter and spin-coated at 3500 rpm for 30 s
on top of ITO electrode. Subsequently, the PEDOT:PSS film
was baked at 140 °C for 10 min in the air, and then moved into
a glovebox. The blend solution of P3HT and synthesized dyads
(3T-C60 and 3TH-C60) in a cosolvent of o-DCB/TCB was
filtered through a 0.45-μm filter and spin-coated at 800 rpm for
30 s on top of the PEDOT:PSS layer. These devices were
thermally annealed at various temperatures for 10 min, followed
by capping with Ca (∼20 nm) and then Al (∼60 nm) in a
thermal evaporator at a base pressure of ca. 10−6 Pa. The active
area of the devices is 0.06 cm2. The current density−voltage
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(J−V) measurements of the devices were conducted on a
computer-controlled Keithley 2400 Source Measure Unit under
AM1.5G simulated solar irradiation at 100 mW cm−2. The light
incident intensity was calibrated by a mono-Si reference cell
with a KG5 filter (PV Measurements, Inc.), which was
precalibrated by the National Renewable Energy Laboratory.

■ RESULTS AND DISCUSSION
Synthesis of Fullerene−Terthiophene Dyads. Scheme 1

depicts the synthetic routes for N-methyl fulleropyrrolidine
(NMP-C60) and its terthiophene-substituted derivatives, 3T-
C60 and 3TH-C60. 3T and 3TH were prepared by a nickel-
catalyzed Kumada coupling reaction of 2,5-dibromothiophene
with two equivalents of 2-bromothiophene and 2-bromo-3-
hexylthiophene, respectively. These were then formylated using
the Vilsmeier−Haack reaction, followed by the Prato reaction
with C60 in the presence of sarcosine to produce 3T-C60 and
3TH-C60 with yields of 40% and 46%, respectively. Both the
dyads exhibit adequate solubility in common organic solvents,
such as chloroform, toluene, chlorobenzene (CB), and o-DCB.
As expected, 3TH-C60 has higher solubility than 3T-C60 in o-
DCB, because of the presence of two flexible hexyl chains on
the terthiophene unit. Besides, the NMP-C60 was also
synthesized by the 1,3-dipolar cycloaddition of C60 with an
azomethine ylide, which is the reaction product of sarcosine
and paraformaldehyde. The structure of all synthesized dyads
was confirmed by the 1H NMR and 13C NMR spectra,
elemental analysis, and mass spectral data.
Electrochemical and Optical Properties. The electro-

chemical behavior of 3T-C60 and 3TH-C60 was examined by
cyclic voltammetry (CV) using o-DCB/MeCN (4:1 v/v) and
0.1 M Bu4NPF6 as the solvent and supporting electrolyte,
respectively. Cyclic voltammograms of both fulleropyrrolidines
in Figure 1 display three well-defined and reversible redox

waves in the negative potential ranging from 0 to −2.5 V vs Ag/
AgCl, suggesting excellent electrochemical stability of 3T-C60
and 3TH-C60 as electron acceptors. To explore the electronic
effects exerted by the π-conjugated substituents on the fullerene
component, CV measurements were also conducted for NMP-
C60. As observed in Figure 1, 3T-C60 and 3TH-C60 exhibit
reduction behavior similar to NMP-C60, demonstrating a weak

electronic interaction between 3T and C60 in the ground state.
Similar results have also been reported for many fullerene−
chromophore dyads.22 The energy levels of active components
in solar devices are crucial to the efficient generation and
dissociation of excitons. Hence, the LUMO value of the three
fullerene compounds was determined from their first reduction
potentials (E1red), based on the reference energy level of
ferrocence (E(Fc/Fc+)), which is −4.8 V below the vacuum level,
according to the equation23

= − − ++⎡⎣ ⎤⎦E E E(eV) 4.8LUMO red
1

(Fc/Fc )

and they are found to have almost same LUMO value, of
approximately −3.65 eV, which is comparable to the LUMO of
PCBM (−3.67 eV). The HOMO and LUMO values of 3T and
3TH were calculated following the formulas of

= − − ++⎡⎣ ⎤⎦E E E(eV) 4.8HOMO ox
1

(Fc/Fc )

and

= −E E ELUMO g HOMO

where Eox
1 is the first oxidation potential in their cyclic

voltammograms (see Figures 1S and 2S in the Supporting
Information) and Eg is the optical band gap, which was
determined from the onset wavelength of the absorption bands
of 3T and 3TH.
Applying the donor/acceptor blend, which has a high light-

harvesting ability and broad absorption spectrum as the
photoactive material of OPVs is essential in enhancing the Jsc
value of solar devices. Figure 2 shows the UV−vis absorption

spectra of 3T, 3TH, 3T-C60, and 3TH-C60 in o-DCB and P3HT
in thin film. Both 3T and 3TH exhibit single absorption peaks
at 358 and 342 nm, respectively, corresponding to the π−π*
transition of the terthiophene unit. The presence of two hexyl
chains blue-shifts the absorption maximum by 16 nm and
reduces the molar absorptivity of the terthiophene. This is
probably due to the steric hindrance of the two alkyl groups,
which reduces the coplanarity of the three thiophenes and, thus,
the degree of delocalization of π-electrons across rings.24

Binding these two conjugates onto C60 through the Prato
reaction generates characteristic peaks at 432 and 704 nm.
Basically, both 3T-C60 and 3TH-C60 exhibit the combined

Figure 1. Cyclic voltammograms of 3T-C60, 3TH-C60, and NMP-C60
in a mixed solvent of o-DCB/ACN (4:1 v/v) with 0.1 M TBAPF6 at a
scan rate of 100 mV/s.

Figure 2. UV−vis absorption spectra of 3T, 3TH, NMP-C60, 3T-C60
and 3TH-C60 in o-DCB and a thin film of P3HT.
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absorption features of C60 and the terthiophene components;
3T-C60 has a relatively broad absorption band with a maximum
at 334 nm and a shoulder at 380 nm, and 3TH-C60 has sharp
band with a maximum at 332 nm. These findings confirm that
the C60 cage has no apparent effect on the energy levels of 3T
substituents in the dyads, because of the disruption of
conjugation between C60 and the terthiophene by the bridged
groups. The presence of two hexyl chains effectively increases
the solubility of 3TH-C60 in o-DCB and may hinder the π−π
stacking of C60 cages. Accordingly, the small hump at 380 nm in
the absorption spectrum is reasonably attributed to molecular
aggregates of 3T-C60. The complementary feature of the
absorption bands of 3T-C60 and 3TH-C60 with that of P3HT
not only broadens the light-harvesting range of P3HT but also
allows us to investigate whether the excitons generated in the
conjugate substituent of fullerene acceptors can contribute to
the photocurrent without complication by P3HT excitons.
As shown in Figure 3, the solution of 3T in o-DCB displays a

broad photoluminescence (PL) spectrum with a plateau
ranging from 400 nm to 480 nm upon photoexcitation at its
absorption maximum. The addition of NMP-C60 as a co-solute
slightly decreases the emission intensity of 3T to ∼60% of its
original value, because of the fact that the LUMO of NMP-C60
is lower-lying than that of 3T, providing a separate route to
quench the excited electrons of 3T. Interestingly, the 3T-C60
solution exhibits a very weak PL intensity that demonstrates an
efficient energy/electron transfer from the terthiophene unit to
the C60 cage in the photoexcited state, and the covalent linkage
between 3T and C60 shortens the physical distance between the
two species, thereby enhancing the transfer efficiency. Similarly,
the emission intensity of 3TH-C60 is much weaker than that of
the mixed solution of 3TH and NMP-C60. These observations
suggest that the excitons generated in 3T may contribute to the
photocurrent of the 3T-C60- or 3TH-C60-based solar devices.
Photovoltaic Properties. The new fulleropyrrolidine with

conjugated substituent 3T-C60 was employed as the electron
acceptor counterpart of the P3HT donor to fabricate solar cells
with a configuration of ITO/PEDOT:PSS/P3HT:3T-C60/Ca/
Al. The film thickness of the active layer is ∼100 nm. It is well-
known that the blend ratio25 of donor and acceptor materials in
the active layer of BHJ solar cells plays an important role in
determining the device’s power conversion efficiency by
altering the light-harvesting capability and morphology of the
D/A blend, and the optimal ratio is a function of many factors,
including the molecular structure of the materials, the
compatibility of D and A, and the processing solvent.26 A
low content of fullerene derivative will result in the loss of the

continuous paths for transporting electrons to the cathode that
increases the number of charge carrier traps inside the
photoactive layer; on the other hand, a low content of polymer
donor will reduce the light-harvesting capability and may also
lower the hole mobility of the photoactive blend. Figure 4

shows the current density−voltage (J−V) curves of the BHJ
solar devices with various blend ratios of P3HT/3T-C60
measured under simulated one-sun AM1.5G illumination, and
Table 1 summarizes their corresponding device parameters.
As the weight ratio of 3T-C60/P3HT increases from 0.3 to

0.5, to 0.7, the photocurrent density rises from 2.62 mA cm−2

Figure 3. Fluorescence spectra of (A) 3T, 3T+NMP-C60, and 3T-C60; (B) 3TH, 3TH+NMP-C60, and 3TH-C60 in o-DCB (2.7 × 10−5 M, excited at
corresponding absorption maxima).

Figure 4. Current density−voltage (J−V) characteristics of the solar
devices based on the blends of P3HT and 3T-C60 with various weight
ratios of the two materials.

Table 1. Photovoltaic Characteristics of the BHJ P3HT/3T-
C60 Devices

weight ratio
(P3HT:3T-

C60) solvent

open-circuit
voltage, Voc

(V)

short-circuit
current density,
Jsc (mA cm−2)

FF
(%)

PCE
(%)

1: 0.3 o-DCB 0.64 2.62 50.16 0.84
1:0.5 o-DCB 0.59 4.95 55.95 1.63
1:0.7 o-DCB 0.60 5.27 50.17 1.59
1:1 o-DCB 0.37 1.31 21.54 0.10
1:0.7 (o-

DCB/
TCB)a

0.56 6.65 57.47 2.14

aThe ratio of o-DCB/TCB is 10:1(v/v).
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to 4.95 mA cm−2 to 5.27 mA cm−2, while maintaining the Voc
value at ∼0.6 V. However, further increasing the weight ratio to
1:1 significantly deteriorates all photovoltaic parameters (Voc,
Jsc, and FF) and results in a very low level of cell efficiency. This
is mainly due to the limited solubility of 3T-C60 in organic
solvent; the high concentration of 3T-C60 in the P3HT/3T-C60
(1:1 w/w) coating solution caused the precipitation of 3T-C60
as large clusters during the spin-drying process. These clusters
degrade the paths along which electrons are transported to the
cathode, thereby increasing the rate of recombination of
carriers and reducing the open-circuit voltage. Several studies27

have demonstrated that incorporating a small amount of a high-
boiling-point liquid into the coating solution of the photoactive
blend as processing additive can usually enhance the PCE of
BHJ solar devices by inducing favorable phase separation of D/
A materials and promoting the ordered packing of polymer
chains. Figure 4 and Table 1 show that incorporating a small
amount of TCB as the cosolvent of the photoactive blend
increases the Jsc value by ∼26%, to 6.65 mA cm−2, at the
expense of a slight decrement of Voc, yielding a PCE value of
2.14%.
Scheme 2 depicts the energy level diagram of the P3HT/3T-

C60 solar device based on the energy levels of active

components determined in the CV and UV−vis experiments.
Per the discussion in the section on electrochemical and optical
properties, no apparent ground-state interactions are observed
between the C60 core and 3T substituent in 3T-C60, so both
building blocks can be treated as independent molecules.
Hence, the energy levels of NMP-C60 and 3T are presented,
instead of 3T-C60. There are three possible routes to generate
free carriers in this system: the excitons generated in the P3HT,
3T substituent, and C60 cage may dissociate into electrons and
holes at the interfaces of the three materials. Moreover, they are
energetically favorable to inject the photoexcited electrons of
the 3T moiety into the LUMO of the C60 monoadduct, and to
reduce the 3T cations by P3HT. Although the 3T excitons can
be dissociated at both interfaces of 3T/P3HT and 3T/C60, the
chemical bonding between 3T and C60 maintains the 3T
moiety adjacent to the C60 cage, ensuring an efficient charge
transfer between the two units. To examine the individual
contribution of the P3HT donor and 3T-C60 acceptor in the
generation of the solar device’s photocurrent, the incident
photon-to-current efficiency (IPCE) of an optimized P3HT/
3T-C60 cell was measured across the entire visible spectral
range and compared with that of a standard P3HT/PCBM cell.
The integral of the IPCE of both devices over the AM 1.5G
solar spectrum agrees well with the Jsc values observed in their

J−V curves. As displayed in Figure 5, the P3HT/3T-C60 device
exhibits a very broad IPCE spectrum with plateau values of

∼40%−45% in the wavelength range of 350−600 nm.
Particularly, the P3HT/3T-C60 cell has higher IPCEs than
those of the P3HT/PCBM cell between 350 nm and 420 nm.
These findings demonstrate that the photoinduced excitons
created in 3T-C60 can smoothly dissociate into free carriers and
then contribute to photocurrent as P3HT excitons, and that
binding appropriate color moieties onto fullerene acceptors is
an effective approach to improving the sunlight absorption of
its blends with polymer donor to produce more excitons.
However, the IPCE of the P3HT/3T-C60 device is substantially
lower than that of P3HT/PCBM device in the wavelength
range of 420−650 nm, corresponding to the absorption range
of P3HT. The relatively poor IPCE probably arises from the
limited solubility of 3T-C60 (∼15 mg mL−1) in o-DCB, which
causes the 3T-C60 may partially precipitate out of the coating
solution and form large clusters within the P3HT matrix during
the spin-drying process. These clusters result in an unfavorable
morphology of the BHJ and a reduced efficiency of exciton
dissociation.
It has been demonstrated that the use of conjugated polymer

and fullerene derivatives with comparable solubility as the
respective donor and acceptor can raise the PCE of BHJ solar
cells.28 To achieve a better match with the solubilities of
fulleropyrrolidine and P3HT, 3T-C60 was replaced with 3TH-
C60, which has flexible hexyl chains on both terminal thiophene
rings of 3T, to fabricate solar cells using a o-DCB/TCB mixture
(10:1, v/v) as processing solvent.
Figure 6 and Table 2 illustrate the photovoltaic performance

of such devices at various P3HT/3TH-C60 ratios. This
replacement results in an ∼14% increment in Jsc; therefore,
all P3HT/3TH-C60 devices herein have a better PCE than does
the optimized P3HT/3T-C60 device. Numerous investiga-
tions29 have demonstrated that the performance of polymer
solar cells are critically dependent on the morphology of the
active layer. To better understand the morphology of BHJ
blends, the surfaces of the spin-coated films of P3HT/3T-C60
and P3HT/3TH-C60 on top of PEDOT:PSS were examined by
a tapping-mode AFM system. Figure 7 indicates that the former
is rougher than the latter, implying an improved miscibility
between 3TH and P3HT that increases the interfacial area of
D/A couples and the dissociation efficiency of excitons.

Scheme 2. Schematic Diagram of the Energy Levels of Active
Components in the P3HT/3T-C60 Solar Devices

Figure 5. IPCE spectra of the P3HT/PCBM and P3HT/3T-C60 solar
devices.
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Moreover, the TEM images confirm that the domain size of the
P3HT/3T-C60 is substantially larger than that of the P3HT/
3TH-C60. Interestingly, the variation of the weight ratio of
P3HT/3TH-C60 (from 1:0.8 to 1:1.4) has no evident effect on
the value of Jsc. These results suggest that incorporating alkyl
groups into 3T-C60 not only improves the morphology of the
polymer−fullerene BHJ blend but also widens the window of
the optimal D/A ratio, thus simplifying cell fabrication

conditions and enhancing device reproducibility. Although
the best PCE of P3HT/3TH-C60 cell (2.54%) is somewhat
lower than that (3.61%) of a standard P3HT/PCBM cell, it can
be further improved by fine-tuning the solubility of the
fullerene adduct and the miscibility of this molecule with the
polymer donor.

Morphological Stability. The operational lifetime of a
solar cell is one of decisive factors for its commercialization.
However, aging a P3HT/PCBM blend under high temper-
atures usually leads to the formation of microscale phase
domains, which notably reduces the interfacial area of the two
materials and demolishes the continuous pathways of carriers to
electrodes, thereby deteriorating cell efficiency. To study the
morphological stability of the photoactive layer and its
influence on cell performance, the polymer:fullerene blending
films were heated at 130 °C for various durations prior to the
deposition of the Ca/Al as cathode. Figure 8 shows that the

initial short-term heat treatment increases the PCEs for both
devices, because of the formation of optimal blend morphology
of the photoactive layer, as observed in many polymer-based
BHJ systems. However, as reported elsewhere,30 the PCE of the
P3HT/PCBM device drops rapidly to less than one-tenth of its
original value after high-temperature heating for 300 min. In
contrast, the PCE of the P3HT/3TH-C60 device remains very
steady during the course of thermal treatment and drops
slightly by ∼5% from its maximum value after 300 min of aging.
Both OM and TEM were employed to explore the effect of
high-temperature aging on the distribution and sizes of phase
domains in polymer:fullerene blends. Figure 9 shows the as-
spun P3HT/PCBM film has a smooth and homogeneous
morphology; however, thermal aging induces the generation of
numerous microsized clusters throughout the entire film. In
contrast, the morphology of the P3HT/3TH-C60 blend remains
steady after 5 h of thermal aging at 130 °C.

■ CONCLUSIONS
This work presents the synthesis of [60]fulleropyrrolidines
bearing a terthiophene substituent via the Proto route. These
dyads lack electronic communication between the 3T moiety
and C60 cage in the ground state; therefore, they can be
considered as independent units inside the photoactive layer of
solar devices. Since the LUMO of 3T lies higher than the
LUMO of NMP-C60 and its HOMO lies lower than that of
P3HT, both the transfer of photoexcited electrons from 3T to

Figure 6. Current density−voltage (J−V) characteristics of the solar
devices based on the blends of P3HT and 3TH-C60 with various
weight ratios of the two materials.

Table 2. Photovoltaic Characteristics of the BHJ P3HT/
3TH-C60 Devices

weight ratio
(P3HT:3TH-

C60) solvent

open-circuit
voltage, Voc

(V)

short-circuit
current density,
Jsc (mA/cm

2)
FF
(%)

PCE
(%)

1:0.8 o-DCB/
TCBa

0.64 7.25 52.98 2.46

1:1 o-DCB/
TCBa

0.63 7.58 52.78 2.52

1:1.2 o-DCB/
TCBa

0.63 7.60 53.09 2.54

1:1.4 o-DCB/
TCBa

0.62 7.28 49.52 2.24

aThe ratio of o-DCB/TCB is 10:1 (v/v).

Figure 7. (A) TEM and (B) AFM images of the films of the P3HT/
3T-C60 and P3HT/3TH-C60 blends, which were annealed at 140 °C
for 10 min.

Figure 8. Plots of PCE versus the duration of thermal aging at 130 °C
for the P3HT:3TH-C60 and P3HT: PCBM devices.
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C60 and the reduction of 3T cations are energetically feasible.
Photoluminescence measurements reveal that 3T-C60 and
3TH-C60 exhibit strong electron/energy transfers between the
two building components in the photoexcited state. Although
the absorption of the 3T and 3TH moieties of [60]-
fulleropyrrolidines is limited to the extreme blue end of the
solar spectrum and contributes weakly to the production of
excitons, the comparison of the IPCE spectrum of the P3HT/
PCBM cell with that of the P3HT/3T-C60 device clearly
demonstrates the excitons created in P3HT as well as 3T
contribute to the photocurrent. This observation suggests that
grafting a fullerene cage with color substituent, possessing
suitable energy levels and a complementary light absorption
spectrum, is a feasible approach to extend the light-harvesting
wavelength range and increase the generation efficiency of
excitons of the polymer:fullerene blends in polymer solar cells.
Using 3TH-C60 to overcome the low solubility drawback of 3T-
C60, the P3HT/3TH-C60 device exhibits improved miscibility
of D/A materials, thereby enhancing the Jsc value and PCE of
the device. Further improvements of cell performance can be
achieved by fine-tuning the solubility of fullerene−chromo-
phore dyads and their compatibility with the polymer donor.
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