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 Effects of Fullerene Bisadduct Regioisomers on 
Photovoltaic Performance  

    Xiangyue     Meng    ,     Guangyao     Zhao,         Qi     Xu    ,     Zhan'ao     Tan    ,     Zhuxia     Zhang    ,     Li     Jiang    , 
    Chunying     Shu    ,     Chunru     Wang    ,* and     Yongfang     Li    *  
     Fullerene bisadducts have emerged as promising electron-accepting materials 
because of their ability to increase the open-circuit voltage ( V  OC ) of polymer 
solar cells (PSCs) due to their relatively high lowest unoccupied molecular 
orbital (LUMO) energy levels. It should be noted that the as-prepared 
fullerene bisadducts are in fact a mixture of isomers. Here, the effects of 
fullerene bisadduct regioisomers on photovoltaic performance are examined. 
The  trans -2,  trans -3,  trans -4, and  e  isomers of dihydronaphthyl-based [60]
fullerene bisadduct (NCBA) are isolated and used as acceptors for P3HT-
based PSCs. The four NCBA isomers exhibit different absorption spectra, 
electrochemical properties, and electron mobilities, leading to varying PCE 
values of 5.8, 6.3, 5.6, and 5.5%, respectively, which are higher than that 
based on an NCBA mixture (5.3%), suggesting the necessity to use the indi-
vidual fullerene bisadduct isomer for high-performance PSCs.      
  1   .  Introduction 

 Polymer solar cells (PSCs) offer great potential as a low cost 
solar energy conversion technology due to their ability to be 
solution processed over large areas. [  1  ]  The last decade has 
yielded a tremendous improvement in the power conversion 
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effi ciency (PCE) of bulk heterojunction 
(BHJ) PSCs. [  2  ]  Impressive PCEs of 9.2% 
and 10.6% have been reported in the lit-
eratures for a single layer BHJ PSC and a 
multi-layer tandem PSC, respectively. [  3,4  ]  
The dramatic improvement of PSC per-
formance is ascribed to the design of new 
semiconducting materials (donor [  5  ]  and 
acceptor [  6  ] ) and to the growing under-
standing of PSC device operation. 

 It is well-established that the open-
circuit voltage ( V  oc ) is proportional to the 
difference between the lowest unoccupied 
molecular orbital (LUMO) energy level 
of the acceptor and the highest occupied 
molecular orbital (HOMO) energy level 
of the donor. [  7  ]  Hence, Raising the LUMO 
of the acceptor is preferred for increasing 
the  V  oc  values. [  8  ]  It has been reported that fullerene bisadduct 
acceptors effectively enhance the  V  oc  as well as the PCE of P3HT 
based PSCs because of their higher LUMO energy levels. [  9  ]  Suc-
cessful examples such as [6,6]-phenyl-C 61 -butyric acid methyl 
ester bisadduct (bis-PCBM), [  10  ]  indene-C 60  bisadduct (ICBA), [  11  ]  
di(4-methylphenyl)-methano-C 60  bisadduct (DMPCBA), [  12  ]  and 
thieno- o -quinodimethane-C 60  bisadduct (TOQC) [  13  ]  have been 
reported for the PCE values of ca. 5%. 

 Recently, we synthesized a dihydronaphthyl-based [60]
fullerene bisadduct derivative (NCBA) [  14  ]  with LUMO energy 
level ca. 0.16 eV higher than that of [6,6]-phenyl-C 61 -butyric acid 
methyl ester (PCBM). The  V  oc  and PCE values of the PSC based 
on P3HT:NCBA reached 0.82 V and 5.37%, respectively. Here, it 
should be noted that the as-prepared fullerene bisadduct deriva-
tive was in fact a mixture of isomers, which were directly used 
to fabricate PSCs without further separating each isomer. For 
NCBA, there are eight possible regioisomers ( cis -1,  cis -2,  cis -3, 
 e ,  trans -1,  trans -2,  trans -3, and  trans -4, following Hirsch nomen-
clature, [  15  ] ) as shown in  Figure    1  . The current synthetic routes [  16  ]  
to fullerene bisadducts invariably generate a mixture of isomers 
which introduces disorder in the molecular packing. [  17  ]  which 
could adversely affect electron transporting properties. The indi-
vidual fullerene bisadduct isomer with the two substituents at 
specifi c positions on fullerene cage might be favorable to reach 
regular molecular packing, leading to higher electron mobility 
and higher fi ll factor of the PSC device. And it has been calcu-
lated that different isomers of fullerene bisadducts have different 
electronic energy levels, [  18  ]  which might lead to improved  V  oc  of 
the PSC device. Therefore, a better photovoltaic performance of 
the individual fullerene bisadduct isomer is expected, compared 
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      Figure 1.  Molecular structure of the eight possible regioisomers for 
NCBA. 

      Figure 2.  HPLC profi le of the NCBA mixture. 
to fullerene bisadduct mixture. Moreover, the large-scale produc-
tion of mixtures of isomers of fullerene bisadducts is likely to 
suffer from problems in batch-to-batch reproducibility, since dif-
ferent isomer ratio and distribution can occur in the chemical 
synthesis. So it is essential to investigate the effects of fullerene 
bisadduct regioisomers on photovoltaic performance.  

 Here, we report the isolation and photovoltaic performance 
of the regioisomers of NCBA. The  trans -2,  trans -3,  trans -4, and  e  
isomers of NCBA were isolated and used as acceptors for P3HT 
based PSCs, and the corresponding PSCs fabricated by the four 
isomers showed PCEs of 5.8, 6.3, 5.6, and 5.5%, respectively, 
which are higher than that based on NCBA mixture (5.3%), 
suggesting the necessity to use the individual fullerene bisad-
duct isomer for high performance PSCs.  

  2   .  Results and Discussion 

  2.1   .  Isolation 

 NCBA was synthesized and purifi ed as reported previously. [  14  ]  
The as-obtained NCBA mixture was further subjected to HPLC 
with a COSMOSIL 5PBB column. As shown in  Figure    2  , four 
peaks were mainly observed corresponding to four NCBA iso-
mers. Four isomers clearly indicated the molecular ion peak 
corresponding to NCBA in MALDI-TOF mass spectra. By com-
paring the UV-Vis absorption spectrometry with other known 
fullerene bisadduct analogues, [  19  ]  the structure of each NCBA 
isomer can be unambiguously assigned as  trans -2,  trans -3, 
 trans -4 and  e  isomer. Because the elution time of NCBA iso-
mers depends on their polarity, the less polar  trans -2 isomer is 
eluted fi rst and followed by  trans -3,  trans -4 and  e  isomers. The 
 cis -1,  cis -2 and  cis -3 isomers, where both adducts are present 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2014, 24, 158–163
on the same hemisphere of the fullerene cage, were found to 
be low yield due to the steric hindrance. As for  trans -1 isomer, 
the adducts are on opposite sides of the fullerene cage, leading 
to low yield due to the energetic unfavorable reactivity on this 
site. [  19  ]  This results in the NCBA mixture being heavily domi-
nated by the  trans -2,  trans -3,  trans -4 and  e  isomers. The photo-
voltaic performance of the  cis -1,  cis -2,  cis -3 and  trans -1 isomers 
were not investigated for their low yield.   

  2.2   .  Absorption Spectra 

  Figure    3   shows the UV-Vis absorption spectra of the four 
NCBA isomers in toluene. It was observed that the character-
istic absorption spectra of the NCBA isomers are consistent 
with those of the corresponding fullerene bisadduct isomers 
reported before, [  19  ]  due to the fact that UV-Vis absorption 
spectra of fullerene bisadduct isomers is generally dependent 
on the addition patterns and almost independent of the kind 
of substituents on addends. [  20  ]  Immediately, the  e  isomer of 
NCBA was observed to own relatively weak absorption from 
650 nm to 750 nm comparing with other three isomers, 
so it might lead to low current density due to the less solar 
absorption.   

  2.3   .  Electrochemical Property 

 The electrochemical properties of the NCBA isomers were 
measured using cyclic voltammetry. The cyclic voltammograms 
of the NCBA isomers exhibit three quasi-reversible reduction 
waves in the negative potential range from 0 to −2.5 V versus 
Ag/Ag +  (Figure S2, see the Supporting Information). The 
LUMO energy levels of the NCBA isomers were estimated 
from their reduction onset potentials ( E  red  on ). As shown in 
 Table   1 , the LUMO energy levels of  trans -2,  trans -3,  trans -4, and 
 e  isomers are estimated at −3.76, −3.70, −3.72 and −3.73 eV, 
respectively.   
159wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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      Figure 3.  UV–vis absorption spectra of the NCBA isomers in toluene (10 −4  mol/L). 

 Table 1.   Electrochemical properties of the NCBA isomers. 

isomers   E  red  on  
[V]  

LUMO 
[eV]  

calculated LUMO 
[eV]  

 trans -2  −0.95  −3.76  −2.95  

 trans -3  −1.01  −3.70  −2.85  

 trans -4  −0.99  −3.72  −2.85  

 e   −0.98  −3.73  −2.87  

NCBA mixture  −0.95  −3.76  −  
  2.4   .  Theoretical Calculation 

 Density-functional theory (DFT) was also adopted to investigate 
the frontier orbitals of the individual NCBA isomers. [  21  ]  Based 
on the optimized geometries of the NCBA isomers at DFT 
B3LYP/6–31G(d) level, the LUMO levels were calculated as 
−2.95, −2.85, −2.85 and −2.87 eV for the  trans -2,  trans -3  trans- 4, 
and  e  isomer, respectively, that are linearly consistent with the 
experimental results.  
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
  2.5   .  Photovoltaic Property 

 To evaluate the photovoltaic performance of the different NCBA 
isomers, PSCs based on the ITO/PEDOT:PSS/P3HT:acc-eptor/
Ca/Al confi guration were fabricated and characterized under 
the same conditions (Table S2, see the Supporting Informa-
tion). The  J – V  curves of the PSCs based on P3HT:NCBA 
isomers (1:1, w/w) are shown in  Figure    4  , and the device per-
formances are summarized in  Table   2 .   

 In Table  2 , it can be seen that the device based on 
P3HT: trans -3 isomer has the  V  oc ,  J  sc , and FF factor as high as 
0.88 V, 10.21 mA/cm 2 , and 0.71, respectively, affording the 
highest PCE of 6.3%, which is obviously superior to the NCBA 
mixture based PSC, and the performance improvements may 
be ascribed to following benefi cial points on the  trans -3 isomer 
of NCBA as acceptor. First, the  trans -3 isomer has higher 
LUMO energy level than the NCBA mixture, resulting in higher 
 V  oc  of the PSC device. Second, the individual  trans -3 isomer is 
favorable to reach regular molecular packing in the active layer, 
which usually lead to higher electron mobility and higher fi ll 
factor (FF) of the PSC device. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 158–163
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 Table 2.   Photovoltaic characteristics of the PSCs based on P3HT:NCBA 
isomers (1:1, w/w) under the illumination of AM1.5G, 100 mW/cm 2 . 

isomers   V  oc  
[V]  

 J  sc  
[mA/cm 2 ]  

FF  PCE 
[%]  

 trans -2  0.83  10.04  0.69  5.8  

 trans -3  0.88  10.21  0.71  6.3  

 trans -4  0.86  9.67  0.67  5.6  

 e   0.86  9.51  0.67  5.5  

NCBA mixture  0.82  9.88  0.67  5.3  

      Figure 4.  Current density-voltage curves of the PSCs based on P3HT:NCBA 
isomers (1:1, w/w).       Figure 5.  External quantum effi ciency of the PSCs based on P3HT:NCBA 

isomers (1:1, w/w). 
 Moreover, the NCBA isomers showed varying photovoltaic 
properties. It can be observed in Table  2  that the  trans -2 isomer 
demonstrated slightly lower PCE of 5.8%. The decrease in the 
PCE of the P3HT: trans -2 isomer PSC compared to the  trans -3 
isomer based device was mainly due to a decrease in  V  oc , which 
is caused by the lower LUMO energy level of the  trans -2 isomer 
than the  trans -3 isomer. Although the P3HT: trans -4 and P3HT: e  
isomer PSCs showed high  V  oc  of 0.86 V resulting from the ele-
      Figure 6.  AFM height images (top line) and phase images (bottom line) of the blend fi lms of 
P3HT with the NCBA isomers. 
vated LUMO energy levels, their PCEs were 
measured only 5.6% and 5.5% perhaps due 
to fi lm morphology, electron mobility and 
their weak absorption. 

 The external quantum effi ciencies (EQE) 
of PSCs based on the NCBA isomers are 
shown in  Figure    5  . High EQE values over 
60% in the wavelength range of 500–600 nm 
were observed in the devices, suggesting a 
high effi cient photon-electron conversion 
process for the PSCs.   

  2.6   .  Morphology 

 The morphology of the P3HT:NCBA iso-
mers blend fi lms was examined by atomic 
force microscopy (AFM). The height images 
and phase images are shown in  Figure    6   
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2014, 24, 158–163
(1  μ m × 1  μ m). There is no obvious difference in the morphology 
of the P3HT:NCBA isomers blend fi lms. The surface RMS (root-
mean-square) roughness of the fi lms fabricated by P3HT: trans -2, 
P3HT: trans -3, P3HT: trans -4 and P3HT: e  isomers are 5.1, 5.4, 
5.2, and 4.6 nm, respectively. The relatively rough surface of the 
P3HT:NCBA isomers fi lm is a signature of the P3HT self-organ-
ization after solvent annealing treatment, which would enhance 
ordered structural formation in the thin fi lm. The phase image 
clearly shows the appearance of phase-separated domains with 
size of tens of nanometer, indicating the formation of a pre-
ferred fi lm morphology in the blending layer that provided not 
only suffi cient donor:acceptor interfaces for exciton dissociation 
but also effective pathways for charge transport.   

  2.7   .  Electron Mobility 

 The electron mobility of the NCBA isomers was measured 
by space charge limited current (SCLC) method ( Figure    7  ). 
The  trans -2 and  trans -3 separately showed electron mobility of 
161wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 7.   J – V  curves for the electron-only devices based on P3HT:NCBA 
isomers blends under the same condition. 

      Figure 8.  Illustrations of the molecular packing of a) the  e  isomer and 
b) the  trans -2 isomer. 
4.8 × 10 −4  and 2.6 × 10 −4  cm 2  V −1  s −1 , which are higher than 

the NCBA mixture (8.4 × 10 −5  cm 2  V −1  s −1 ). Undoubtedly, the 
relatively high charge carrier mobility of these NCBA isomers 
would bring the high photocurrents and fi ll factors in the PSC 
devices. Lower electron mobility of the  trans -4 and  e  isomers 
was observed (9.6 × 10 −5  and 9.4 × 10 −5  cm 2  V −1  s −1 , respec-
tively), corresponding to low  J  sc , and FF.   

  2.8   .  Molecular Packing 

 We propose that the electron mobility is actually dictated by the 
ability of the fullerene cage to pack effectively. [  22,23  ]  The different 
fullerene cage packing of NCBA isomers may affect the ability 
of the fullerene channels to conduct electrons. The  trans -4 
and  e  isomers, when the two addends are attached nearly, are 
favorable to form small clusters in which the fullerene cages 
are  π – π  electronically coupled, and the insulating addends are 
positioned on the outside of the cluster ( Figure    8  a) restricting 
the electron mobility. Electron transport through the fullerene 
channels may be partially blocked by the outside insulating 
addends. In contrast, the  trans -2 and  trans -3 isomers are able 
to form extended structures where the  π – π  electronic cou-
pling between the fullerene cages is undisturbed in the direc-
tion (Figure  8 b). Fullerene cages can couple effectively to form 
channels for electron transport, leading to improved electron 
mobility.    

  3   .  Conclusions 

 Four isomers of NCBA, i.e.,  trans -2,  trans -3,  trans -4, and  e  iso-
mers, were isolated and used as acceptors for P3HT based 
PSCs. The four NCBA isomers exhibit different absorp-
tion spectra, electrochemical property and electron mobility, 
leading to varying PCE values ranging from 5.5 to 6.3%. The 
P3HT: trans -3 isomer PSC afforded the highest PCE of 6.3%, 
which is obviously superior to the NCBA mixture based PSC 
(5.3%), and the performance improvements should be ascribed 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
to higher LUMO energy level and higher electron mobility of 
the  trans -3 isomer, suggesting the necessity to use the indi-
vidual fullerene bisadduct isomer for high performance PSCs. 
Moreover, we found that the electron mobility of isomers is 
actually dictated by the ability of the fullerene cage to pack 
effectively. These fi ndings indicate that the two substituent 
positions of the fullerene bisadduct does have a pronounced 
effect on absorption spectra, electrochemical property, electron 
mobility, and, therefore, overall photovoltaic performance. To 
further improve the photovoltaic performance of the fullerene 
bisadduct acceptors, it is important to isolate individual iso-
mers post-synthesis or develop synthetic routes which prefer-
ence particular isomers.  

  4   .  Experimental Section 
  Materials and Methods : P3HT (4002-E) was purchased from Rieke 

Metals Inc. Absorption spectra were taken on a Hitachi U-3010 UV-vis 
spectrophotometer. The electrochemical cyclic voltammetry was 
conducted on a Zahner IM6e Electrochemical Workstation. A Pt disk was 
taken as the working electrode, Pt wire as the counter electrode, and 
Ag/Ag +  electrode (0.01 M AgNO 3 , 0.09 M NBu 4 PF 6  in acetonitrile) as 
the reference electrode. A mixed solution of  o -dichlorobenzene:aceton
itrile (v:v = 5:1) with 0.1 M tetrabutylammonium hexafl uorophosphate 
(NBu 4 PF 6 ) was used as electrolyte, and the scan rate was fi xed at 
100 mV s −1 . High performance liquid chromatography (HPLC) analysis 
was performed on LC908-C60 (Jai CO., LTD.). The AFM images under 
tapping mode were taken on a Veeco NanoScope IIIa SPM (DI, USA). 

  Computational Details : All isomers were optimized at the B3LYP/6–
31G(d) level of density functional theory. All calculations were carried 
out with the Gaussian 03 program. 

  Fabrication and Characterization of PSCs : The PSCs were fabricated in 
the confi guration of the traditional sandwich structure ITO/PEDOT:PSS/
BHJ/Ca/Al. The ITO glass was cleaned by sequential ultrasonic 
treatment in detergent, deionized water, acetone, and isopropanol, 
and then treated in an ultraviolet-ozone chamber (Ultraviolet Ozone 
Cleaner, Jelight Company, USA) for 20 min. Then PEDOT:PSS (poly 
(3,4-ethylene dioxythiophene):poly(styrene sulfonate)) (Baytron PVPAI 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 158–163
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4083, Germany) was fi ltered through a 0.45  μ m fi lter and spin coated 
at 2500 rpm for 35 s on the ITO electrode. Subsequently, the PEDOT: 
PSS fi lm was baked at 150 °C for 20 min in the air. The blend solution 
of P3HT and different fullerene derivative acceptors in dichlorobenzene 
(DCB) (total concentration is 34 mg mL −1 , weight ratio of P3HT:Acceptor 
of 1:1) was spin-coated on top of the PEDOT:PSS layer. The blend 
fi lms were then put into glass petridishes while still wet to undergo 
solvent annealing process. The thickness of the photoactive layer was 
estimated by Surface Profi ler in the range of 180–240 nm. The device 
was annealed at 150 °C for 10 min. A bilayer cathode consisted of Ca 
(20 nm) capped with Al (100 nm) was thermal-evaporated under a 
shadow mask in a base pressure of ca. 10 −4  Pa. The device active area 
of the PSCs is ca. 4 mm 2 . The  J – V  measurement of the devices was 
conducted on a computer-controlled Keithley 236 Source Measure Unit. 
Device characterization was done in golvebox under simulated AM1.5G 
irradiation (100 mW cm −2 ) using a xenon-lamp-based solar simulator 
(from Newport Co., LTD.). The EQE measurements of the PSCs were 
performed by Stanford Research Systems model SR830 DSP lock-in 
amplifi er coupled with WDG3 monochromator and 500 W xenon lamp. 
The light intensity at each wavelength was calibrated with a standard 
single-crystal Si photovoltaic cell. 

  Space Charge Limited Current (SCLC) Measurements : The electron 
mobility was measured by the space charge limited current (SCLC) 
method by an electron-only device with a tructure of ITO/TIPD/Active 
layer/Ca/Al. [  24  ]  The measurement of electron mobilities was conducted 
in the dark on a computer-controlled Keithley 236 Source Measure Unit. 
The SCLC electron mobility was estimated the Mott-Gurney square law 
J = 9(  ε   0   ε   r   μ  )/8 × ( V  2 / d  3 ), where  j  is current density,   ε   0  is the permittivity of 
vacuum,   ε   r  is dielectric constant of the fullerene derivatives,   μ   is electron 
mobility,  V  =  V  appl–  V  bi–  V  r ,  V  appl  is the applied potential,  V  bi  is the built-in 
potential resulting from workfunction difference between two electrodes, 
 V  r  is the voltage drop due to the resistance, and  d  is fi lm thickness.  
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