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a b s t r a c t

Two indole-containing fullerenederivatives,N-hydrogen-2-[3-(N-2-ethylhexylindolyl)][60]fulleropyrrolidine
(EHIHC60P), and N-(2-ethylhexylindolyl))-2-[3-(N-2-ethylhexylindolyl)][60]fulleropyrrolidine (DEHIC60P)
were synthesized by the typical Prato reaction. The absorption spectra, electrochemical properties of the two
compounds were measured. Inverted solar cells were fabricated with the structure of ITO/ZnO/poly(3-
hexylthiophene) (P3HT):fullerene derivatives/MoO3/Ag. The highest power conversion efficiencies (PCEs) of
3.32% and 3.23% were obtained for P3HT/EHIHC60P and P3HT/DEHIC60P based solar cells at the composite
ratio of 1:1 after the active layerswere annealed at 150 �C under inert atmosphere,with a open-circuit voltage
(Voc) of 0.66Vand0.74V, respectively. For comparison, thedevicebasedonP3HT/PCBMat the sameconditions
showed the PCE of 3.28%, with a Voc of 0.61 V. The influence on the photovoltaic property of the fullerene
derivatives,whichwas inducedbysomesubtle changes inthechemical structurewascomparedanddiscussed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Organic photovoltaic devices (OPVs) have been widely regarded
as one of the candidates to solve the energy crisis, and attract an
extensive attention due to their light weight, low cost, and flexible
features.1e4 Since the introduction of bulk-heterojunction (BHJ)
concept in 1995,5 organic solar cells with the BHJ active layer, which
consists of conjugated polymer as donor and fullerene derivative as
acceptor, have been extensively studied.6e10 Recently, the power
conversion efficiency (PCE) of OPVs has exceeded 10%.11 The
donoreacceptor (DeA) type conjugated copolymers, which have
broad range of light absorption, significantly enhance the light-
harvesting ability of the active layers in the photovoltaic de-
vices.12 In the past decades, considerable efforts have beenmade on
the design and preparation of novel DeA type conjugated donor
materials. The innovation on the structure of DeA conjugated co-
polymers has become the main driving force to improve the effi-
ciency of the photovoltaic device.13 In contrast, researches on the
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structureeproperty relationship of the acceptor materials are lim-
ited. Until now, the most widely used acceptor material is still
phenyl-C61-butyric acid methyl ester (PCBM),14,15 which offers
good solubility in organic solvents, but also suffers from the
drawbacks such as weak absorption in the visible region, relatively
low lowest unoccupied molecular orbital (LUMO) energy, and large
scale aggregation.16,17 Recently, more attentions have been paid on
the development of new fullerene derivatives other than PCBM to
further improve the performance of OPVs through the pathway of
the acceptor materials.18e23 For instance, Li et al. reported a re-
markable indene substituted fullerene bisadduct (ICBA).24 OPVs
based on poly(3-hexylthiophene) (P3HT)/ICBA showed PCE of
5.44% with Voc of 0.84 V, and the PCE can be up to 6.5% after further
device optimization.25 Matsuo and co-workers reported OPVs with
silylmethylfullerene (SIMEF) as acceptor, which showed higher PCE
than that using PCBM.26 Lately, a 54p-electron fullerene acceptor,
called bis-TOQMF, has been developed and given the PCE of 4.56%
when applied in OPVs by Ding et al.27 Other fullerene derivatives,
such as indolinone-substituted methanofullerene,28 thieno-o-qui-
nodimethane fullerene multi-adducts,29 diarylmethanofullerene,30

dibenzosuberane-substituted fullerene derivatives,31 2-benzyl-
1,2-dihydro[60]fullerenes,18 methanofullerene derivative,32 and
alkoxy-substituted dihydronaphthyl-based [60]fullerene bisadduct
derivatives,33 were prepared and used as acceptors in the active
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layer of the photovoltaic devices. All the above reports indicated
that new fullerene derivatives with proper energy levels, mobility,
and compatibility also play a pivotal role in improving the perfor-
mance of OPVs, and the photovoltaic properties of the fullerene
derivatives could be tuned and optimized by altering the substitute
groups on the fullerene derivatives.19,34

Herein, two fulleropyrrolidine derivatives EHIHC60P and
DEHIC60Pwere designed and prepared (the structures were shown
in Scheme 1). In the case of EHIHC60P, 3-(N-2-ethylhexylindolyl)
group was connected to the pyrrolidine ring. The indole-containing
substitute groupwas selected due to its excellent electron-donating
property.23,28 To further improve the photovoltaic performance of
the indole-containing fulleropyrrolidine derivatives, the second
indole-containing substituted group ((1-(2-ethylhexyl)-1H-indol-
3-yl)methyl group) was introduced to the N atom of the pyrrolidine
ring, thus the LUMO level of the fullerene derivative DEHIC60P
(Scheme 1) could be further raised in some extent, which would
result in higher Voc values of photovoltaic devices.12 Compared to
the previously reports of the multi-adduct fullerene derivatives,
our strategy has the advantage of avoiding the isomers and energy
disorder while controllable enhancing the LUMO level of the
acceptors.14,15,24,29e33 Meanwhile, ethylhexyl alkyl chain on nitro-
gen atom in the indole ring could improve the solubility of full-
eropyrrolidine derivatives and miscibility with the donor
polymers.35 The structureeproperty relationship of fullerene de-
rivatives was investigated. The influence on the photovoltaic
property, which was induced by some subtle changes in the
chemical structure such as the amount and connection mode of the
electron-donating groups, was carefully compared and discussed.
Scheme 1. The design strategy and the structures of fulleropyrrolidine derivatives with one (EHIHC60P) or two (DEHIC60P) indole substitute groups.
2. Results and discussion

2.1. Synthesis

Indole-containing fullerene derivatives EHIHC60P and DEHIC60P
were synthesized conveniently via a 1,3-dipolar cycloaddition re-
action36 (as shown in Scheme 2). The reaction timewas optimized to
avoid the multi-addition adducts, which could lead to a relative low
yield of the target compound. EHIHC60P and DEHIC60P have good
solubility in the common organic solvents such as chloroform, tol-
uene, chlorobenzene, and o-dichlorobenzene. They are readily pu-
rified by column chromatography to give the target product in high
purity.

2.2. Optical properties

Fig. 1 shows the ultravioletevisible (UVevis) absorption spectra
of EHIHC60P and DEHIC60P in chloroform (10�5 mol/L). The ab-
sorption band in the region of 300e800 nm is similar for each
derivative. As shown in the inset of Fig. 1, there is a sharp peak at
about 430 nm and a weak peak at about 700 nm, which is con-
sistent with the literature.37 These results clearly indicate that the
absorption characteristics of the functionalized fullerene de-
rivatives are governed by the p system of the fullerene. It is ob-
vious that the absorption intensity of EHIHC60P and DEHIC60P is
much stronger than that of PCBM at the same concentration,
which could be due to the contribution of the indole functional
groups. Meanwhile, DEHIC60P shows stronger absorption than
EHIHC60P, which is expected to be beneficial to their application in
OPVs. As shown in Table 1, the optical bandgaps estimated from
the absorption edges of EHIHC60P and DEHIC60P are both 1.71 eV,
which are almost same as that of PCBM (1.73 eV). The energy
bandgaps did not show obvious change when the indole
substitute groups were conjugation-interruptedly linked on full-
eropyrrolidine ring.

2.3. Electrochemical properties

Electronic energy levels (especially the LUMO levels) of
the fullerene derivatives are crucial for their application in
OPVs as acceptors. To evaluate the redox behaviors of the
synthesized fullerene derivatives, the electrochemical properties
of EHIHC60P, DEHIC60P, and PCBM were measured by cyclic
voltammetry (CV) in o-dichlorobenzene with 0.04 M Bu4NPF6 as
the supporting electrolyte. Both fullerene derivatives exhibited
three quasi-reversible reduction waves in the negative potential
range from 0 to �2.5 V (vs Ag/AgCl) as shown in Fig. 2. The onset
reduction potentials ðEonsetred Þ of EHIHC60P and DEHIC60P were
slightly shifted to negative region, indicating higher LUMO en-
ergy levels than that of PCBM. It could be attributed to the
electron-donating effect from the substituted indole groups on
the fullerene ring, which raise the LUMO energy level. The LUMO
energy levels of the fullerene derivatives were estimated from
their onset reduction potentials according to the equation
LUMO ¼ �½ðEonsetred � EfcÞ þ Eref � (eV), where EFc is the potential of
the external standard, the ferrocene/ferrocenium ion (Fc/Fcþ)
couple, and Eref is the reference energy level of ferrocene (4.8 eV
below the vacuum level; the vacuum level is defined as zero). The
experimental values of EHIHC60P, DEHIC60P, and PCBM are
summarized in Table 1, which also contains the theoretical en-
ergy levels calculated from the density functional theory (DFT)
for comparison. As shown in Table 1, the LUMO energy levels of
EHIHC60P and DEHIC60P are �3.65 and �3.60 eV, which are
raised by 0.08 and 0.13 eV in comparison with that of PCBM
(�3.73 eV), respectively. The experimental LUMO levels of the
acceptors were in reasonable agreement with the calculated re-
sults. The higher LUMO energy levels are desirable for higher
open-circuit voltages of OPVs. Frontier molecular orbital (HOMO
and LUMO) for the acceptors is shown in Table S1.



Scheme 2. Synthetic routes of EHIHC60P and DEHIC60P.

Fig. 1. UVevisible absorption spectra of EHIHC60P, DEHIC60P, and PCBM in chloroform
solution (10�5 mol/L).
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2.4. Photovoltaic performance

In order to investigate the potential application of the two ful-
lerene derivatives in solar cells, EHIHC60P and DEHIC60P were
used as acceptors to fabricate inverted photovoltaic devices with
commercial P3HT as donor. Different weight ratios, 1:1.2, 1:1, 1:0.8,
and 1:0.6 of the donor to acceptor were varied to optimize the
composition of the blend film. Each device was prepared under the
same conditions (annealed at 150 �C for 10 min). Fig. 3 shows the
current densityevoltage (JeV) curves of the devices under the il-
lumination of AM1.5G 100 mW/cm2, and the detailed device pa-
rameters are summarized in Table 2. It can be observed that the
device using P3HT/EHIHC60P as the active layer showed similar
open-circuit voltages regardless of the composite ratio but
Table 1
Energy levels obtained from experiments and theoretical calculations

Experimental valuesa Theoretical valuesb

HOMO (V) LUMO (eV) Egopt (eV) HOMO (eV) LUMO (eV) Eg (eV)

EHIHC60P �5.36 �3.65 1.71 �5.66 �3.25 2.40
DEHIC60P �5.31 �3.60 1.71 �5.46 �3.20 2.26
PCBM �5.46 �3.73 1.73 �5.88 �3.36 2.53

a LUMO values were determined by CV results, while HOMO values were esti-
mated by subtracting from optical gap (Egopt).

b All chemical structures were optimized with the B3LYP function and DEF2-SVP.
exhibited different short-circuit currents and fill factors (FF). The
results indicated that the ratio of 1:1 showed the highest efficiency
of 3.32%, with Voc¼0.66 V, Jsc¼8.4mA/cm2, and FF¼59.9%. As shown
in Fig. 3b, the highest PCE of 3.23% for the P3HT/DEHIC60P based
device was obtained at the 1:1 composite ratio with Voc¼0.74 V,
Jsc¼7.09 mA/cm2, and FF¼61.3%. For comparison, the device based
on P3HT/PCBM in a weight ratio of 1:1 was made as a reference
exhibiting the PCE of 3.28%. The measured Voc values of EHIHC60P
and DEHIC60 are higher than that of the device using PCBM as
acceptor (Table 2). In general, the open-circuit voltage (Voc) is
proportional to the difference between the HOMO energy level of
donor and the LUMO energy level of fullerene derivatives.38 The
results are consistent with the LUMO levels of the EHIHC60P and
DEHIC60P, which are 0.08 and 0.13 eV higher than that of PCBM,
respectively. It should be noted that the DEHIC60P, which has two
functional indole groups, exhibits a higher Voc value than that of
EHIHC60P due to the additional electron-donating effect of the
indole substituted groups on pyrillidine ring, however, their Jsc
values are inverse. It could be attributed to the existence of two
ethylhexyl alkyl chains in DEHIC60P, which increases steric hin-
drance between the compounds and thus affects the efficient
charge carrier transportation in the active layer.39

In order to investigate the effect of processing additive on the
performance of devices, P3HT/fullerene derivatives blend films
were prepared from solution in chlorobenzene with addition of
1 wt %, 2.5 wt %, and 4 wt % 1-chloronaphthalene (CN) as
Fig. 2. Cyclic voltammograms of EHIHC60P, DEHIC60P, and PCBM.



Fig. 3. JeV curves of the devices fabricated using (a) P3HT:EHIHC60P and (b) P3HT:DEHIC60P as active layers with different weight ratios under AM1.5G illumination (100 mW/
cm2); (c) P3HT/fullerenes¼1:1 with and without 2.5% CN, and annealed P3HT/PCBM¼1:1 blend films.

Table 3
Device performance of the active layers with CN additive treatment

Active layers Additive Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

P3HT/EHIHC60P (1:1) CN 1% 7.23 0.69 51.6 2.56
CN 2.5% 8.12 0.67 61.1 3.33
CN 4% 8.00 0.68 59.8 3.27
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a cosolvent, respectively. CN has a high boiling point (250 �C), and
adding CN as additive has been proved to be a particularly effective
way to tune the phase separation of the active layer.40e42 Fig. 3c
shows the effect of additives on the polymer solar cell performance
and the results are summarized in Table 3. It can be seen that both
the fullerene derivatives show the highest efficiency when mixing
2.5% CN to the solvent. However, no significant changes on the
performance are observed compared to the annealing treatment.
The introduction of CN leads to a small increase in FF from 59.9% to
61.1% for the P3HT/EHIHC60P system, and a decrease from 61.3% to
56.6% for P3HT/DEHIC60P. The Voc values are nearly invariable with
and without CN additives for the two derivatives. On the contrary,
Jsc decreases from 8.40 to 8.12 mA/cm2 for the P3HT/EHIHC60P, and
from 7.09 to 6.85 mA/cm2 in the case of P3HT/DEHIC60P. Conse-
quently, the PCE remains unchanged for the P3HT/EHIHC60P
Table 2
Device performance of the active layers without additives

Active layers Ratio Solvent Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

P3HT/EHIHC60P 1:0.6 CB 7.27 0.67 52.6 2.53
1:0.8 CB 7.08 0.66 51.4 2.35
1:1.0 CB 8.40 0.66 59.9 3.32
1:1.2 CB 8.17 0.66 57.2 3.09

P3HT/DEHIC60P 1:0.6 CB 7.45 0.76 46.1 2.60
1:0.8 CB 7.50 0.74 54.0 3.01
1:1.0 CB 7.09 0.74 61.3 3.23
1:1.2 CB 6.09 0.73 62.6 2.80

P3HT/PCBM 1:1.0 CB 7.89 0.61 67.6 3.28
system, and decreases from 3.23% to 2.91% for the P3HT/DEHIC60P.
The above results indicated the different effect of adding CN addi-
tives on the devices with EHIHC60P or DEHIC60P as acceptors. We
attribute this to the difference of chemical structure of the two
fullerene derivatives, which obviously varies the properties of the
acceptors, such as the solubility and the miscibility with the donor
polymer.43e45
P3HT/DEHIC60P (1:1) CN 1% 2.62 0.78 31.5 0.64
CN 2.5% 6.85 0.75 56.6 2.91
CN 4% 7.00 0.73 50.6 2.58
The external quantum efficiencies (EQEs) were measured with
the optimized device conditions for P3HT/fullerene derivatives
with or without CN additive. A relatively broad photo response
range from 320 nm to 650 nm can be seen in Fig. 4, and the spectra
between 450 and 650 nm are mainly due to the P3HT absorbance
(see Fig. S1). The optimized devices based on P3HT/EHIHC60P,
P3HT/EHIHC60P with 2.5% CN, P3HT/DEHIC60P and P3HT/
DEHIC60P with 2.5% CN show maximum EQEs values of 51.4%,
48.8%, 46.3%, and 41.1% at 515 nm, respectively. EHIHC60P shows
slightly higher EQE value than that of DEHIC60P, which is co-
incident with the measured Jsc values in the photovoltaic devices.



Fig. 4. External quantum efficiency (EQE) curves of P3HT/EHIHC60P and DEHIC60P
with or without additive, respectively.
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2.5. Morphology analysis

The morphologies of the blend films of P3HT and fullerene
derivatives have been investigated by tapping-mode atomic force
microscopy (AFM). Figs. 5 and 6 show the topographic and phase
images of the films after annealing or adding CN additive treat-
ment, respectively. All the films were prepared under the same
conditions with the optimized photovoltaic devices. As shown in
Figs. 5a and 6a, the surface root mean square (rms) roughness for
the blend film of P3HT/DEHIC60P after annealing treatment is
1.13 nm, which is 0.1 nm smaller than that of the P3HT/
EHIHC60P. The result indicates that the (1-(2-ethylhexyl)-1H-
indol-3-yl) methyl substituted group on the pyrrolidine ring of
Fig. 5. The AFM tapping mode height (a) and phase (c) images (2 mm�2 mm) of the P3HT/EH
phase (d) images (2 mm�2 mm) of the blend film with 2.5% CN additive.
DEHIC60P tends to improve the miscibility with P3HT. As shown
in Figs. 5b and 6b, when the blend films are spin-coated from
chlorobenzene solution containing 2.5% CN as additive, the rms
data of P3HT/EHIHC60P and P3HT/DEHIC60P are greatly in-
creased to 5.51 and 3.82 nm, respectively, which indicates that
adding CN as additive in the mixture leads to rougher surface
than annealing treatment. Interestingly, the fibrous networks
phase images are observed in the blending films with CN addi-
tives, indicating that a well-ordered phase separation between
P3HT and EHIHC60P or DEHIC60P is formed (Figs. 5d and 6d). To
investigate the crystallinity of the blend films with and without
CN as additives, the X-ray diffraction (XRD) spectra of the blend
films were measured. As shown in Fig. S2, the blend films with
CN as additive showed higher P3HT diffraction peaks than those
of only annealing films, which indicated that the films spin-
coated from chlorobenzene solution containing CN as additive
had higher crystallinity than those of annealed blend films.23,46

However, the rougher surface morphology may induce poorer
contact between the active layer and the cathode, which could
partially offset the favorable phase separation and crystallinity of
the blend films.47,48
3. Conclusions

Two new fullerene derivatives EHIHC60P and DEHIC60P were
synthesized, and they showed much higher molar absorption
coefficient than that of PCBM due to the contribution of the in-
dole functional groups. The CV results indicated that the LUMO
energy levels of EHIHC60 and DEHIC60P were 0.08 and 0.13 eV
higher than that of the PCBM, respectively, which was due to the
electron-donating effect of the indole substituted group. This
work indicated that indole functional unit is an excellent
electron-donating substituted group to modify the fullerene core,
and thus their energy levels can be tuned when the indoles are
IHC60P (1:1, w/w) film annealed at 150 �C for 10 min without additive, and height (b),



Fig. 6. The AFM tapping mode height (a) and phase (c) images (2 mm�2 mm) of the P3HT:DEHIC60P (1:1, w/w) film annealed at 150 �C for 10 min without additive, and height (b),
phase (d) images (2 mm�2 mm) of the blend film with 2.5% CN additive.

X. Zhang et al. / Tetrahedron 69 (2013) 9544e9550 9549
substituted on the fullerene rings. The photovoltaic devices were
fabricated with inverted structure of ITO/ZnO/P3HT:fullerene
derivatives/MoO3/Ag. The optimized blend ratio of donor to ac-
ceptor was found to be 1:1 for both of the two fullerene de-
rivatives, and the highest PCEs of the devices using EHIHC60P and
DEHIC60P were 3.32% and 3.23%, respectively, after the active
layers were annealed at 150 �C under inert atmosphere. In-
terestingly, the fullerene derivatives EHIHC60P and DEHIC60P
showed higher Voc values than that of PCBM, which were con-
sistent well with their different LUMO levels. It should be noted
that the fulleropyrrolidine derivatives EHIHC60P and DEHIC60P
showed substantially equivalent PCEs to that of the PCBM, in-
dicating they are promising acceptors for the bulk-heterojunction
organic solar cells. Subsequently, CN was used as processing
cosolvent additive, which had significant effect on the morphol-
ogy of the active layer and obtained well-ordered nano-fibrous
phase separation. However, no obvious changes on the photo-
voltaic performance were observed, which was probably due to
the enhancement surface roughness of the active layer and thus
the charge collection decreased. More efforts to develop highly
efficient acceptors based on indole-containing fulleropyrrolidine
derivatives are currently on going in our group.

4. Experimental

4.1. Materials

C60 was purchased from Henan Puyang Fullerene Technology
Co., Ltd. Indole-3-carboxaldehyde, 2-ethylhexyl bromide, tetrabu-
tylammonium bromide, and glycine were obtained from Aladdin
Reagent Corporation. P3HT was purchased from Lumtec Inc. Sol-
vents such as toluene, chlorobenzene, dichloromethane, and acetic
acid were commercially obtained and purified with standard
methods.
4.2. Measurements

1H NMR and 13C NMR spectra were recorded using a Bruker
DRX-600 spectrometer. The APCI-TOF HRMS were performed on
Bruker Maxis UHR-TOF (both positive and negative ion reflector
mode). The UVevis spectra were measured on a Varian Cary 50
spectrophotometer. CVmeasurement was performed on a CHI660D
electrochemical workstation, and it was measured in anhydrous o-
dichlorobenzene containing 0.04 M tetra(n-butyl)ammonium
hexafluorophosphate (Bu4NPF6) as the supporting electrolyte at
a scan rate of 100 mV/s under argon atmosphere. Glassy carbon,
platinum wire, and Ag/AgCl were used as working, counter, and
reference electrodes, respectively. The potential of ferrocene/fer-
rocenium (Fc/Fcþ) was measured to be 0.6 V compared to the Ag/
AgCl electrode under the same conditions. It is assumed that the
redox potential of Fc/Fcþ has an absolute energy level of �4.8 eV to
vacuum.49 AFM images were acquired with an Agilent 5400 scan-
ning probe microscope with a Nanodrive controller in tapping
mode. The crystallization of the active layer was analyzed using
XRD (Mac Science, Cu Ka wavelength of 0.154056 nm). The blend
films of P3HT and fullerene derivatives for AFM and XRD were
prepared under the same experimental conditions as that of opti-
mized photovoltaic devices fabrication. DFT calculations were
performed using the Gaussian 09 package with the nonlocal hybrid
Becke three-parameter LeeeYangeParr (B3LYP) function and the 6-
31G* basis set to obtain the HOMO and LUMO levels after opti-
mizing the geometry of materials using the same method. Within
the ORCA program, the RI approximationwas taken to speed up the
calculations and thus the def2-SVP basis set was used.

4.3. Fabrication of photovoltaic devices

The inverted photovoltaic devices with the structure of ITO/
ZnO/active layer/MoO3/Ag were prepared under conditions as
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follows. All cells were fabricated on ITO coated glass substrates with
a nominal sheet resistance of 15 U/sq. The substrates were cleaned
in an ultrasonic bath with detergent, ultra pure water, acetone, and
isopropyl alcohol sequentially for 20 min, and then dried in a lab-
oratory oven at 80 �C for one night. The ITO surfaces were coated by
the solegel ZnO with spin-coated speed at 2000 rpm for 40 s, and
then, treated in an oven for 16 h at 100 �C. The P3HT and our
synthesized fullerene derivatives were dissolved in chlorobenzene
(15 mg/mL) with or without 1-chloronaphthalene (CN) additive in
different weight ratios of 1:1.2, 1:1, 1:0.8, and 1:0.6, respectively.
After stirring for 4 h, the blend solution was then spin-coated on
ZnO-coated ITO substrate to form the active layer at 2200 rpmwith
thickness of 70 nm. Followed by annealing at 150 �C for 10 min,
a thin layer of MoO3 (3 nm) and Ag (80 nm)was thermal evaporated
with VPC-1100 under 2.0�10�5 Pa to complete the inverted struc-
ture. Finally, the cells with an active area of 0.1 cm2 weremeasured.
The fabrication process of the device was conducted in the nitrogen
glovebox. The film thickness was measured with Veeco Dektak 150
surface profiler. The current densityevoltage (JeV) characteristics
were recorded with Keithley 2420 source measurement unit under
simulated 100 mW/cm2 (AM1.5G) irradiation from a Newport solar
simulator. EQE of solar cells was analyzed by certified Newport
incident photon conversion efficiency (IPCE) measurement system.
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