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 The effect of functionalization of the C 60  cage with multiple indene groups 
in relation to the dynamics of photogenerated species in blends with 
poly(3-hexylthiophene) (P3HT) and the performance of P3HT:indene-C 60  
photovoltaic devices is reported. Despite the systematic decrease of the 
electron affi nity of the acceptor with the number of additions, exciton dis-
sociation is effi cient in blends of P3HT with all three indene-C 60  derivatives. 
By replacing the prototypical acceptor [6,6]-phenyl-C 61 -butyric acid methyl 
ester (PCBM) with mono-indene-C 60  (ICMA) or a sample of a mixture of 
bis-indene-C 60  regioisomers (ICBA) the power conversion effi ciency is 
enhanced, predominantly due to an increase in the open-circuit voltage 
that originates from the lower electron affi nity of the indene-C 60  acceptor. 
The use of an acceptor sample that represents a mixture of tris-indene-
C 60  (ICTA) regioisomers results in a reduction of the short-circuit current 
density, fi ll factor, and open-circuit voltage of the photovoltaic device. The 
electron mobility in ICTA domains is ca. a factor 10 lower than in ICMA 
and ICBA. Density functional theory calculations of the LUMO energies in 
ICTA isomers demonstrate that energetic disorder caused by the presence 
of regioisomers is unlikely to be responsible for the low electron mobility in 
ICTA. The observed deterioration in device performance is attributed to the 
formation of small ICTA clusters “coated” in insulating indene units that 
reduce electronic coupling between the molecules and cause the low elec-
tron mobility in ICTA domains. These fi ndings indicate that while multiple 
additions to a fullerene cage provide a facile methodology for controlling 
the energy levels, they may have limited success in improving OPV device 
performance. 
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  1. Introduction 

 The confi rmed power conversion effi -
ciency (PCE) of solution-processed 
organic photovoltaics (OPV) with donor-
acceptor (D-A) bulk-heterojunction (BHJ) 
active layers has increased from 3.0 to 
8.3% over the past 4 years. [  1  ]  This remark-
able progress is in large part due to the 
tunability afforded in organic materials 
by seemingly simple modifi cations of 
their molecular structure, that led to the 
development of donor and acceptor mate-
rials with improved properties for solar 
energy conversion. Design rules for new 
materials to push toward PCEs of 10% 
were formulated by Scharber et al. in 
2006, [  2  ]  which have led to two main areas 
of materials development: a) lowering 
the absorption onset of the conjugated 
polymer light-harvesting component, 
thereby improving overlap with the solar 
spectrum, to increase the short circuit cur-
rent,  J  sc  [  3  ]  and b) tuning the relative ener-
getics of the ionization potential of the 
donor ( IP  D ) and the electron affi nity of the 
acceptor ( EA  A ) to improve the open-circuit 
voltage,  V  oc . [  3a  ,  3b  ,  3e  ,  3g  ,  4  ]  This paper pertains 
to the latter mechanism; we investigate a 
class of fullerene-based molecular accep-
tors that, when used in BHJ OPV devices, 
improve the  V  oc  as compared to the proto-
typical acceptor PCBM, [  4i  ,  4m  ]  and study the 
photoinduced dynamics of excitons and free carriers as a func-
tion of the chemical structure of the molecular acceptor, which 
is directly related to  EA  A . 

 Although increased  V  oc , and in some instances enhanced 
PCE, have been demonstrated in polymer:fullerene OPV devices 
with acceptors with lower  EA  A , [  4  ]  in the case of the multiadducts 
of [6,6]-phenyl-C 61 -butyric acid methyl ester (PCBM) an unde-
sirable reduction in photocurrent has been observed, [  4f  ,  4g  ]  which 
has been attributed to a reduction in the electron mobility with 
increasing number of solubilizing side chains, particularly in 
the case of the tris-adduct. It is plausible that modifi cation of 
im 4115wileyonlinelibrary.com
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the fullerene can infl uence i) charge transport, particularly in 
the fullerene domain, [  4f  ,  4g  ]  either due to energetic disorder [  5  ]  or 
changes in the microstructure of the blend, [  4g  ]  and ii) the effi -
ciency of charge generation. [  6  ]  

 It has been reported that the effi ciency of photoinduced 
electron transfer is close to unity for the BHJ system based on 
the conjugated polymer poly(3-hexylthiophene) (P3HT) and 
PCBM, [  7  ]  indicating that P3HT is a suitable polymer with which 
to probe photoinduced processes as a function of molecular 
structure of the fullerene-based acceptor. In this paper we study 
the dynamics of exciton dissociation and free carrier generation 
and decay in blends of P3HT with three commercially available 
C 60 -based acceptors. These are mono-indene-C 60 , (ICMA) and 
the higher adducts bis- (ICBA) and tris-indene-C 60 , (ICTA), [  8  ]  
which have been used previously in OPV devices where a 
higher open-circuit voltage was attributed to the lower  EA  A  of 
the acceptors than that of PCBM. [  4i  ,  4m  ]  Here we rationalize the 
observed device performance and photophysical properties by 
chemical characterization of the samples and density func-
tional theory calculations of the LUMO energies of the isomers 
of three indene-C 60  derivatives. The scope of this paper is to 
understand how the extent of fullerene cage substitution affects 
the electronic, photophysical and carrier transport properties 
in blends of indene-C 60  derivatives with the prototypical con-
jugated polymer P3HT. We show that the as-received indene-
C 60  multiadduct samples are likely to include small amounts 
of lower and/or higher adducts, in addition to the expected 
distribution of isomers in the case of ICBA and ICTA, which 
would all be expected to strongly infl uence the photophysical 
and optical properties. Their cyclic voltammograms in solution 
demonstrate negative shifts of the  E  1/2  values relative to PCBM 
of 0.12, 0.16, and 0.36 V for ICMA, ICBA and ICTA, respec-
tively, that corresponds to lower  EA  A  in the indene-C 60  deriva-
tives compared to PCBM and a gradual lowering of  EA  A  from 
the mono-, bis- and tris-adducts, as reported previously. [  4m  ,  8  ]  
We use the time-correlated single photon counting (TCSPC) 
and the contactless fl ash-photolysis time-resolved microwave 
conductivity (FP-TRMC) spectroscopic techniques to probe 
the exciton lifetime, and the generation and decay of free elec-
trons and holes, in fi lms of P3HT blended with the indene-C 60  
derivatives. We show that the effi ciency of exciton quenching 
decreases slightly as  EA  A  decreases and that the observed 
quenching results in the effi cient formation of free carriers. 
We show that this decrease is not suffi cient to account for the 
observed poor PV device performance when the ICTA acceptor 
is used. We fi nd that the high-frequency electron mobili-
ties measured by TRMC in ICMA and ICBA blended with 
P3HT are comparable to that measured in PCBM, [  9  ]  but that 
the mobility decreases by a factor of 10 in ICTA. Analysis of 
the photoconductance transients confi rms the low mobility in 
the ICTA domains. DFT calculations show that the energies of 
the LUMO vary by ca. 50 meV among isomers of both ICBA 
and ICTA, which is not enough to account for the severe drop 
in the mobility in ICTA. We suggest that the very presence of 
the three bulky indene groups results in the formation of small 
ICTA clusters that position the insulating indene units on the 
outside, thus reducing both the local (high-frequency) mobility 
and, correspondingly, the bulk  transport of electrons between 
fullerene clusters. In addition, the third indene unit may push 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the C 60  cages further apart, resulting in decreased electronic 
coupling between ICTA molecules, as recently proposed. [  10  ]  

   2. Results and Discussion 

  2.1. Chemical Characterization of the Indene-C 60  Samples 

 The compositional and isomeric purity of an acceptor com-
pound may affect its performance in an OPV device when the 
impurities or different isomers of an acceptor have signifi cantly 
different electronic properties, molecular structures or solu-
bilities. For example, it has been shown that the introduction 
of a few percent of PC 84 BM impurity, with higher  EA  A , in the 
PC 60 BM acceptor results in deterioration of the OPV device 
performance due to trap-limited electron transport. [  11  ]  The 
reported syntheses of ICMA, in a Diels-Alder [4  +  2] cycloaddi-
tion reaction of C 60  with isoindene have been shown to produce 
a single [6,6]-adduct in 25-35% yield, and its isolation by fl ash 
chromatography can result in high purity samples as evidenced 
by nuclear magnetic resonance (NMR) spectroscopy. [  4i  ,  4m  ,  12  ]  
Formation of multiadducts, i.e., ICBA and ICTA, was found to 
be favored when longer reaction times and higher equivalents 
of isoindene were applied; the highest reported yield of 54% for 
ICBA, which was found to comprise a mixture of isomers as 
evidenced by high-performance liquid chromatography (HPLC) 
and NMR spectroscopy, was achieved in a continuous fl ow 
reactor. [  13  ]  In an earlier study, the purifi ed ICBA sample was 
proposed to consist of a single trans isomer at 97% purity, [  4i  ]  
but this claim was subsequently corrected to state that ICBA 
was a mixture of six isomers. [  14  ]  To our knowledge, there have 
not been reports on the isolation of the pure isomers of ICBA 
or ICTA. These reports prompted us to perform analysis of the 
commercial indene-C 60  samples used in this work by means of 
HPLC, NMR spectroscopy and mass spectrometry. 

  2.1.1. HPLC Analysis 

   Figure 1   shows HPLC traces for ICMA, ICBA and ICTA samples 
recorded on a Cosmosil Buckyprep column commonly used for 
fullerene analysis and separation. Use of a relatively polar eluent 
(100% toluene) showed either broad single peaks (for ICMA and 
ICTA) or a poorly resolved two-peak band (ICBA), and all had 
short retention times of 4-5 minutes. In addition to the mul-
tipeak shape for ICBA, the shape of the traces for ICMA and 
ICTA indicated that they probably contain multiple components. 
Therefore, when a series of less polar eluents were applied for 
analysis, a more effi cient separation was achieved, revealing 
that all three samples had multiple components. We note here 
that only a rough estimation of the lower limit of the number 
of components can be made due to limitations of the method 
(see more on HPLC analysis in SI). The insets in Figure  1  show 
HPLC traces in 30/70 v/v toluene/heptane mixture for all three 
samples. Importantly, the ranges of their retention times, t R , can 
now be differentiated, with the longest retention being exhibited 
by ICMA (t R   =  14-22 min), followed by ICBA (t R   =  11-17 min) 
and ICTA (t R   =  9-14 min). Such order of elution is typical for 
multiadducts of fullerenes, and it can be tentatively correlated 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4115–4127
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     Figure  1 .     HPLC traces of ICMA, ICBA, and ICTA (top to bottom, respectively) in 100% toluene eluent using a Cosmosil Buckyprep column with 20 mm 
i.d.  ×  250 mm dimensions and a fl ow rate of 16 mL min  − 1 . Insets: HPLC traces of the corresponding sample in a 30/70 v/v eluent mixture of toluene/
heptane. The detection wavelength was 300 nm. The DFT-optimized molecular structures of representative isomers of ICMA, ICBA and ICTA are also 
shown.  
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with the relative polarities of the indene adducts and the size 
of the remaining  π -system of the fullerene cage that is prima-
rily responsible for interaction with the stationary phase of the 
column. There is a partial overlap in the elution bands between 
the three samples that may be due either to cross-contamination 
(e.g., presence of ICBA isomers in ICMA sample, and so on) 
originating from the imperfect separation of the crude reaction 
product or simply to the different isomers of multiadducts pos-
sessing similar retention properties (e.g., some isomers of ICTA 
may have the same retention times as some isomers of ICBA). 
We therefore cannot rule out the presence of some ICBA iso-
mers in the ICMA and ICTA samples, or ICMA and/or ICTA 
isomers in the ICBA sample by this analysis alone.  

   2.1.2. Mass Spectrometry Analysis 

 To further explore the possibility of cross-contamination 
between the different multiadducts we fi rst applied atmos-
pheric pressure chemical ionization (APCI) mass spectrom-
etry, which has previously been demonstrated as applicable for 
the analysis of many thermally labile soluble fullerene deriva-
tives. [  15  ]  Molecular ions of ICMA (m/z 836), ICBA (m/z 953) 
and ICTA (m/z 1069) were indeed observed in the respective 
samples in the negative mode, and their assignment was con-
fi rmed by collision-induced dissociation experiments and cor-
rect isotope distribution (see Supporting Information for APCI 
mass spectra). However, the intensities of molecular anion 
peaks for the indene-C 60  multiadducts were low due to reduced 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4115–4127
 EA  A  values compared to C 60  and because of partial fragmenta-
tion (consecutive loss of multiple indene moieties) under mass 
spectrometry conditions. While the latter prevents an unambig-
uous determination of the molecular compositions of ICBA and 
ICTA samples with respect to the presence of lower adducts, 
we were able to determine that signifi cant amounts of ICBA 
isomers were present in the ICMA sample, in agreement with 
the HPLC data. In an attempt to resolve this issue the multiad-
duct samples were analyzed by matrix-assisted laser-desorption-
ionization time-of-fl ight (MALDI-TOF) mass spectrometry, but 
similar partial fragmentation was also observed in the mass 
spectra, in agreement with the recently published MALDI-TOF 
mass spectrometry data for ICBA and ICTA. [  4m  ]  

   2.1.3. NMR Analysis 

 The  1 H NMR spectra were recorded for all three samples and 
compared to the available literature data. Notably, the ICMA 
sample exhibited a more complex spectrum than expected for 
a single [6,6] mono-adduct, indicating that the purity of ICMA 
sample is lower than 50%, while the other components are 
most likely isomers of ICBA, in accordance with the APCI mass 
spectrometry data. The  1 H NMR spectrum of the ICBA sample 
consists of many poorly resolved multiplets, but its general fea-
tures are very similar to those reported in the literature. [  13  ]  The 
 1 H NMR spectrum of ICTA sample is even more complex and 
poorly resolved which agrees with the presence of multiple iso-
mers of multiadducts (see Supporting Information).  
4117wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     The impact of indene-substitution on the position of the reduc-
tion potential of the fullerene derivatives measured using cyclic voltam-
metry vs. C 60  for PCBM, ICMA, ICBA and ICTA. The fi rst reduction of C 60  
is placed at 0 mV on the abscissa. The dashed line indicates the shift in 
the fi rst half-wave reduction potential upon fullerene substitution.  
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  2.1.4. Cyclic Voltammetry 

 To elucidate the impact of the inadvertent contaminants on 
 EA  A  cyclic voltammograms were measured to determine the 
reduction potentials in  ortho -dichlorobenzene ( Figure    2  ). These 
demonstrate cathodic shifts of the  E  1/2  reduction values relative 
to PCBM of 0.12, 0.16, and 0.36 V for ICMA, ICBA and ICTA, 
respectively, ( Table    1  ) that corresponds to a reduced  EA  A  in the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

   Table  1.     Electrochemical characterization of the fullerene derivatives and 
photovoltaic characterization data for 1:1 P3HT:fullerene-based solar cell 
devices. 

Acceptor  E  1/2,red1  a)  
[V vs. C 60  0/ −  ]

 V  oc  b)  
[V]

 I  sc  c)  
[mA cm  − 2 ]

 FF  d)  
[%]

 PCE  e)  
[%]

 R  series  f)  
[ Ω ]

PCBM –0.09 0.56 11.05 56 3.40 19

ICMA –0.21 0.69 10.56 54 3.92 112

ICBA –0.25 0.78 10.82 56 4.65 105

ICTA –0.45 0.69 1.86 40 0.51 454

    a)  E  1/2,red1  represents the fi rst half-wave reduction potential (defi ned as the potential 
halfway between the anodic and cathodic peak potentials for the fi rst reduction 
of the fullerene derivative) relative to C 60  0/ −  : For the P3HT:fullerene OPV devices; 
     b)  V  oc  represents the open-circuit voltage;      c)  J  sc  represents the short-circuit current 
density;      d)  FF  represents the fi ll factor;      e)  PCE  represents the power conversion effi -
ciency; and      f)  R  series  represents the series resistance.   
indene-C 60  derivatives compared to PCBM. We note that the 
CV of these complex mixtures shows quasi-reversible fi rst and 
second reductions (for a scan speed of 20 mV s  − 1 ) for all three 
samples and that only ICTA exhibits signifi cant broadening of 
the fi rst reduction peak (as well as the presence of small shoul-
ders between the main peaks), which may be indicative of the 
presence of several components with slightly varying redox 
properties. The  E  1/2  value for ICMA measured in this work 
shows a larger difference with that measured for PCBM and a 
smaller difference with that measured for ICBA than reported 
in the literature, [  4i  ,  4m  ]  which is most likely due to the presence 
of ICBA isomers in our ICMA sample.   

 In summary, the HPLC and mass-spectroscopic characteriza-
tion of the three indene-C 60  adduct samples used in this work 
revealed that none of the samples represented a pure single 
isomer derivative. At least ten different components are present 
in ICTA, whereas seven or more components are found in the 
ICBA sample. Notably, we observe that the ICMA sample is 
considerably contaminated with bis-adducts. The precise nature 
of the molecular compositions is currently diffi cult to evaluate 
due to the observed fragmentation in the mass spectra, high-
lighting the need to develop a mass spectrometry technique 
with softer ionization than the MALDI or APCI used in this 
study. Although the CV data are suggestive of the presence of 
ICBA impurities in the ICMA sample and the presence of sev-
eral components in the ICTA sample, the technique is not suf-
fi ciently sensitive to clearly resolve the redox properties of the 
individual isomers. We therefore calculated LUMO energies of 
isomers of indene multiadducts by DFT, and the results are dis-
cussed in the next section. 

    2.2. DFT Calculations of the LUMO Energies 

 The addition of multiple substituents to the fullerene cage 
results in the possibility of a number of regioisomers for the 
ICBA and ICTA adducts, consistent with the chemical charac-
terization data presented above, which gives rise to a distribu-
tion of lowest unoccupied molecular orbital (LUMO) energies. 
It has been suggested that the existence of multiple isomers can 
result in carrier trapping at sites occupied by fullerene adducts 
with lower LUMO energies, [  5  ]  which is detrimental to the elec-
tron mobility in fullerene domains. To evaluate the extent to 
which this energetic disorder within fullerene domains might 
play a role in electron transport we used density functional 
theory (DFT) to calculate the lowest unoccupied molecular 
orbital (LUMO) energies for the indene-C 60  adducts ( Figure    3  a). 
DFT calculations show that an increase in the number of indene 
units attached to the fullerene cage pushes the LUMO closer 
to vacuum, consistent with the observed trend in the reduction 
potential measured by CV (Figure  2 ).  

 The different regioisomers of ICBA and ICTA were gener-
ated as described in the Experimental Section and DFT calcula-
tions were performed on the resulting structures with the Gaus-
sian 09 electronic structure program. [  16  ]  Although steric restric-
tions were implemented to prevent neighboring indene units 
in the optimized geometry from being less than 1Å apart, the 
number of possible regioisomers was still 23 and 53 for ICBA 
and ICTA, respectively. The dashed lines in Figure  3 b,c indicate 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4115–4127
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     Figure  3 .     a) LUMO energies vs. the total isomer energy relative to the most stable isomer, calculated by DFT at the B3LYP/6-31G(d)//6-31 + G(d) level, 
for ICMA (square), and isomers of ICBA (triangles) and ICTA (diamonds). The grey region encompasses the most stable ICBA and ICTA isomers (with 
relative energies  < 20 kJ mol  − 1 ). For the ICBA and ICTA adducts the solid lines indicate the position of the mean LUMO energy and the vertical bars 
indicate one standard deviation from this mean. The standard deviation of the LUMO energy for b) ICBA and c) ICTA as a function of the number 
of isomers (N), calculated for the N lowest energy isomers. The arrows indicate the number of isomers within 10 and 20 kJ mol  − 1  of the most stable 
isomer, and the dashed lines indicate the standard deviation of the LUMO energy for all isomers considered in the DFT calculations.  
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the standard deviation of the LUMO energies for all isomers 
considered in DFT calculations, which would indicate that the 
spread in the LUMO energy is approximately 50% larger for 
the tris-adduct. In an analogous system the observed decrease 
in performance of P3HT:tris-PCBM devices, relative to those 
employing bis-PCBM as the electron acceptor, [  4f   ]  was originally 
attributed to an increase in the spread of the LUMO energies 
derived from differential pulse voltammetry and DFT calcula-
tions, [  5  ]  which results in trapping of electrons at fullerene sites 
possessing a deep-lying LUMO. 

 While the chemical characterization performed on the multi-
adduct samples used in this study confi rms the existence of 
multiple isomers, it also indicates that all possible isomers 
are not present, suggesting that only the LUMO energies of 
the most stable regioisomers should be considered. The grey 
region in Figure  3 a highlights the isomers with relative ener-
gies  < 20 kJ mol  − 1  larger than the most stable isomer, and 
Figure  3 b,c show the standard deviation of the LUMO energy as 
a function of the N lowest energy isomers for ICBA and ICTA, 
respectively. The arrows in Figure  3 b,c indicate the presence of 
19 regioisomers in the ICBA sample and 16 regioisomers in 
the ICTA sample that lie within 20 kJ mol  − 1  of the most stable 
isomer, in reasonable agreement with the HPLC data shown 
above. Importantly, this analysis shows that the spread ( σ  LUMO ) 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4115–4127
in the LUMO energies is actually smaller for ICTA than ICBA, 
for the most stable isomers. Since the electron mobility in the 
acceptor domains of P3HT:ICBA blends is slightly higher than 
that in P3HT:PCBM (vide infra), we conclude that energetic 
disorder of the magnitude observed here does not have a det-
rimental effect on electron transport (and, accordingly on the 
device performance also shown below) for active layers based 
on blends of P3HT with ICBA, and therefore also with ICTA, 
multiadducts. 

   2.3. P3HT:Fullerene BHJ Solar Cells 

 Bulk-heterojunction solar cells were fabricated using ICMA, 
ICBA and ICTA as acceptors. For comparison, devices were 
also made with the commonly used P3HT:PCBM blend. 
 Figure    4   shows  J–V  characteristics of all these OPV devices at 
room temperature under simulated AM1.5 illumination. The 
corresponding solar cell parameters are listed in Table  1 .  

 A signifi cant enhancement of the  V  oc  (90 mV) is observed 
for the device incorporating the bis-adduct (ICBA) compared 
to the mono-adduct (ICMA). Additionally, the results of devices 
employing PCBM, ICMA and ICBA as electron acceptors agree 
well with previous reports for the same systems, [  4i  ]  although a 
4119wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .      J–V  characteristics of P3HT:fullerene BHJ solar cells. Active 
layers consist of P3HT blended in a 1:1 ratio by weight with PCBM (cir-
cles), ICMA (squares), ICBA (triangles), and ICTA (diamonds). The inset 
shows the measured  V  oc  as a function of the fi rst half-wave reduction 
potential (relative to fullerene 0/ −  ); the black line has a slope of –1, whereas 
the gray line is the best fi t with a slope of –1.3.  
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larger increase in the  V  oc  of the P3HT:ICMA versus that with 
PCBM is observed here (130 mV) compared to previous work. [  4i  ]  
The enhancement in the  V  oc  is summarized in the inset of 
Figure  4 , the best fi t to the  V  oc  vs  E  1/2,red1  data for the devices 
with PCBM and ICMA and ICBA is a line with slope 1.3, which 
is close to the dependence observed previously in bulk hetero-
junctions with other fullerene derivatives. [  17  ]  As a result of the 
optimized  V  oc  the maximum PCE of 4.65% was achieved with 
the P3HT:ICBA device, although the use of an un-optimized Al 
cathode in this work (see below) means the PCE is lower than 
previously reported. [  4i  ]  

 The enhanced  V  oc  for ICMA and ICBA is tempered by a 
small loss (ca. 5%) in  J  sc , compared to the P3HT:PCBM device, 
which can be linked to the factor of fi ve increase in the series 
resistance measured in the devices with ICMA and ICBA. We 
attribute this to the change in contact resistance at the interface 
between the Al cathode and the active layer. Measurements of 
P3HT:ICBA with optimized contacts (not shown), consisting of 
a Ca layer between the active layer and the Al electrode, used 
previously in similar devices, [  4i  ]  yield a reduced series resistance 
of ca. 50  Ω  suggesting that the series resistance of our devices 
are limited by the contact and not the active layer in the ICMA 
and ICBA cases. 

 When ICTA is used as the acceptor material the  J  sc  decreases 
by nearly one order of magnitude, comparable to what has 
been observed when the tris-adduct of PCBM was used as an 
acceptor material in OPV devices. [  4f  ,  4g  ]  A dramatic increase 
of the series resistance, to ca. 450  Ω , is also observed for the 
P3HT:ICTA device. As we will show below, this increase, com-
pared to the values seen in the lower adducts, is mostly due to 
low electron mobility in the ICTA phase in the bulk-heterojunc-
tion. As a result of the very low  J  sc  and a severe series resistance 
limitation, the  V  oc  does not reach the value expected from the 
 EA  A  of this fullerene (the  V  oc  lies well below the trend line in 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the inset of Figure  4 ). We note that all the observed changes in 
performance ( V  oc ,  J  sc  and PCE) of the devices shown here agree 
qualitatively with previous results obtained for multiadducts of 
PCBM as electron acceptors. [  4f  ,  4g  ]  

 It should be noted that the likely presence of ICMA in the 
ICBA would result in the presence of very deep energetic traps 
that would be expected to drastically hinder the electron trans-
port in the blend with the ICMA acceptor. This is obviously 
not the case, since the short circuit current in the P3HT:ICBA 
device is comparable to the devices employing PCBM and 
ICMA as the electron acceptor. This observation brings into 
question whether energetic trapping plays a role in the poor 
performance of the P3HT:ICTA device, since ICBA traps may 
also be present in addition to the distribution of LUMO ener-
gies due to the presence of multiple regioisomers. 

   2.4. Exciton Dissociation and Charge Carrier Generation 

 In this section we use TRMC and TCSPC on fi lms of P3HT 
blended with indene-C 60 -based acceptors to address the issues 
of exciton dissociation and charge carrier generation in these 
layers. 

 Typical photoconductance transients measured by TRMC 
after excitation with a 5 ns laser pulse at 500 nm are shown 
in  Figure    5  a. The respective peak values of the photoconduct-
ance are used to calculate the product of the yield for free car-
rier generation per photon absorbed (  ϕ  ) with the sum of the 
mobilities of electrons and holes ( Σ   μ  ) as described in  Equation 
5  of the Experimental Section. The   ϕ   Σ   μ   product of pure P3HT, 
P3HT:PCBM and P3HT blended with ICMA, ICBA, and ICTA 
is shown versus absorbed photon fl ux of the incident excitation 
pulse ( I  0  F A  , see  Equation 5 ) in Figure  5 b. All samples exhibit 
a sublinear dependence of   ϕ   Σ   μ   on  I  0  F A  , [  18  ]  caused by exciton-
carrier quenching processes at high excitation intensities. [  9c  ,  18c  ]  
The high   ϕ   Σ   μ   observed in the P3HT:PCBM sample compared 
to the pure P3HT fi lm (Figure  5 b) is attributed to the increase 
of the yield for free carrier generation,   ϕ  , when the acceptor is 
present and the contribution to  Σ   μ   of the mobility of electrons 
in PCBM domains. [  9c  ,  18c  ]  Pure P3HT is an excitonic semicon-
ductor [  19  ]  with a low   ϕ   of ca .  2-6%, [  9c  ,  18  ]  and in this case  Σ   μ   
is dominated by the high-frequency mobility of holes in the 
polymer, measured to be 0.014 cm 2  V  − 1  s  − 1  using pulse-radiol-
ysis TRMC. [  20  ]  When PCBM is added to P3HT,   ϕ   increases by 
more than an order of magnitude, [  9a  ,  18c  ,  21  ]  and  Σ   μ  , in addition 
to the hole mobility, includes the mobility of electrons in the 
PCBM phase. [  9  ]  Recent reports estimate the electron mobility in 
P3HT:PCBM blends measured by TRMC to be between 0.03 and 
0.06 cm 2  V  − 1  s  − 1 , [  9  ]  i.e., higher than the hole mobility in P3HT, 
therefore the dominant contribution to  Σ   μ   in these blends 
comes from the electron mobility in the fullerene domains.  

 The solid lines in Figure  5 b are fi ts to the data using  Equa-
tion 6  of the Experimental Section. From these we extract the 
low-intensity limit of   ϕ   Σ   μ  , or, equivalently, the linear response 
limit of the photoconductance, in the absence of higher order 
loss mechanisms. [  9c  ,  22  ]  The values are summarized in  Table    2  .  

 The values of   ϕ   Σ   μ   obtained for P3HT and for P3HT:PCBM 
(Table  2 ) are in good agreement with previous work, [  9  ,  18c  ]  and 
can be used to estimate   ϕ   if  Σ   μ   (  =   μ  e    +    μ  h  ) is known. For pure 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4115–4127
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     Figure  5 .     a) Photoconductance decay transient of P3HT and 
P3HT:fullerene fi lms. Excitation was performed at a wavelength of 500 nm 
with a photon fl ux of ca. 8  ×  10 11  photons cm  − 2  pulse  − 1 . Solid lines are 
fi ts to the transient data using  Equation 3 . b) The end-of-pulse (EOP), or 
maximum, values of the   ϕ  Σ  μ   as a function of photon fl ux for P3HT and 
P3HT:fullerene fi lms. Solid lines are fi ts to the data using  Equation 6 .  
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   Table  2.     Photoconductivity and photoluminescence characterization for 
1:1 P3HT:fullerene blends. 

Sample   ϕ   Σ   μ   a)  
[ ×  10  − 2  cm 2  V  − 1  s  − 1 ]

  τ   exc  
[ps]

  ϕ   
[%] [

P3HT 0.08  ±  0.01 324  ±  46 6  ±  3 b) 

P3HT:PCBM 4.06  ±  0.78 53  ±  11 85  ±  28 c) 

P3HT:ICMA 4.09  ±  0.95 64  ±  12 81  ±  26 c) 

P3HT:ICBA 4.75  ±  0.84 62  ±  10 82  ±  27  c) 

P3HT:ICTA 1.34  ±  0.28 95  ±  15 73  ±  24 c) 

a)   ϕ   Σ   μ   is given by  A  in  Equation 6  in the Experimental Section;      b) Calculated from   ϕ   Σ
tion that the mobility product,  Σ   μ  , is determined by the high-frequency hole m
0.014 cm 2  V  − 1  s  − 1 ; [  20  ]       c ) Calculated using  Equation 1  from the exciton lifetime in the P
tive to that observed in neat P3HT (see main text for further details);      d) Calculated fro
μ   e  under the assumption that the hole mobility in P3HT is   μ   h   =  0.014 cm 2  V  − 1  s  − 1 . [  20  ]    

Adv. Funct. Mater. 2012, 22, 4115–4127
P3HT  Σ   μ    =  0.014 cm 2  V  − 1  s  − 1  [  20  ]  (i.e., the hole mobility) there-
fore one can estimate   ϕ    =  6  ±  3%, which is comparable to pre-
vious reports. [  9c  ,  18  ]  

 The magnitude of   ϕ   Σ   μ   for ICMA and ICBA blended with 
P3HT is very similar to that of P3HT:PCBM, indicating effi cient 
charge carrier generation in these blends, as expected. As we 
will show in detail below, the yield for free carrier generation,   ϕ  , 
changes very little between these three donor-acceptor blends, 
and the subtle changes observed in   ϕ   Σ   μ   are primarily due to 
changes in the electron mobility contribution to  Σ   μ  . Assuming 
quantitative free carrier generation per photon absorbed 
(  ϕ    =  100%) and only holes in the polymer are mobile, the   ϕ   Σ   μ   
product gives a value of 0.014 cm 2  V  − 1  s  − 1 , which is ca. a factor 
3 lower than   ϕ   Σ   μ   measured for P3HT with ICMA and ICBA. 
This indicates a signifi cant contribution to  Σ   μ   from the electron 
mobility in the fullerene domains for ICMA and ICBA, con-
sistent with the observation of mobile electrons in the fullerene 
phase in photoexcited P3HT:PCBM blends. [  9c  ]  By contrast,   ϕ   Σ   μ   
for P3HT:ICTA is very close to 0.014 cm 2  V  − 1  s  − 1 , which, as we 
will further discuss below, is indicative of only a small contribu-
tion to  Σ   μ   from the electron mobility in this case. 

 We have recently developed a methodology to decouple the 
yield and mobility contributions from the   ϕ   Σ   μ   product deter-
mined by TRMC. [  9c  ]  We do so by using TCSPC to independ-
ently estimate the effi ciency of exciton quenching in the blends, 
  ϕ  b  , given by:

 
φb = 1 − τb

τn

(1 − φn)
  

(1)
   

where   τ  b   and   τ  n  , are the exciton lifetime in P3HT:fullerene 
blends and the intrinsic lifetime of the exciton in pure P3HT, 
respectively, and   ϕ  n   is the intrinsic quantum yield for free 
carrier generation in pure P3HT. [  9c  ,  18  ]  For example, given an 
intrinsic yield for free carrier generation in pure P3HT   ϕ  n    =  
6%, as estimated above, and the exciton lifetimes in P3HT 
(324 ps) and P3HT:PCBM (53 ps), we estimate that 85% of 
excitons are quenched in P3HT:PCBM, in agreement with 
previous reports. [  9a  ,  9c  ,  21  ]  While quenching of an exciton does 
not necessarily lead to an uncorrelated pair of free carriers, 
in the case where the internal quantum effi ciencies obtained 
in a device are reasonably high (such as in P3HT:PCBM [  7  ] ) 
one can safely ignore loss pathways that do not lead to free 
mbH & Co. KGaA, Weinh

pristine P3HT and 

  μ   e  d)  
 ×  10  − 2  cm 2  V  − 1  s  − 1 ]

–

3.38  ±  1.12

3.65  ±  1.20

4.39  ±  1.45

0.44  ±  0.15

   μ  , under the assump-
obility in P3HT,   μ   h   =
3HT:PCBM blend rela-
m   ϕ   Σ   μ   and  Σ   μ    =    μ   h   +
carriers following exciton dissociation at 
the donor-acceptor interface, [  6  ]  and use the 
exciton dissociation effi ciency estimated 
above as a good approximation to the yield 
for free carrier generation. Photoinduced 
absorption measurements in P3HT:PCBM 
have also suggested very effi cient pho-
toinduced generation of polarons. [  6  ,  21  ]  In 
the following we will use the effi ciency of 
exciton quenching obtained from TCSPC 
as an estimate of the yield for free carrier 
generation in blends of P3HT with all three 
indene-C 60  acceptor derivatives. This is jus-
tifi ed for the samples with ICMA and ICBA 
because they have a  J  sc  that is similar to the 
device with PCBM (Figure  4 ), suggesting no 
major loss pathways for exciton dissociation 
4121wileyonlinelibrary.comeim
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     Figure  6 .     Semi-logarithmic plot of the PL decays of pristine P3HT and 
P3HT:fullerene fi lms. The average lifetimes are 324, 53, 64, 62, and 95 ps, 
respectively, for P3HT (fi lled circles), P3HT:PCBM (circles), P3HT:ICMA 
(squares), P3HT:ICBA (triangles), and P3HT:ICTA (diamonds).  
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in the blend other than the generation of free carriers. While 
this reasoning cannot be used for the P3HT:ICTA sample, 
TRMC clearly shows enhanced free carrier generation with 
respect to the pristine polymer, hence we will use the same 
assumption and show that it leads to a self-consistent picture 
between the dynamics of free carrier generation as measured 
by TCSPC, the decay dynamics of the photoconductance as 
measured by TRMC, and the performance of photovoltaic 
devices. 

 Normalized TCSPC decays for P3HT, along with those for 
all the P3HT:fullerene blends, are shown in  Figure    6  . All were 
samples excited at 438 nm and their photoluminescence was 
detected at 720 nm. The decays for all samples can be accu-
rately described using a bi-exponential decay, which means that 
the average exciton lifetimes can be obtained by: 

τexc = A1τ1 + A2AA τ2

A1 + A2AA   
(2)

   

   where  A i   and   τ  i   are the amplitudes and the time constants for 
component  i . The results are shown in Table  2 . The average 
exciton lifetimes of P3HT (324 ps) and P3HT:PCBM (53 ps) 
are in good agreement with previous studies. [  23  ]  The exciton 
lifetimes in the P3HT:ICMA (64 ps) and P3HT:ICBA (62 ps) 
blends indicate effi cient free carrier generation (ca. 80%) in 
these systems. The longer exciton lifetime measured in the 
P3HT:ICTA blend (95 ps) suggests a slightly lower effi ciency of 
exciton quenching and free carrier generation (73%). We con-
clude that the lower driving force for exciton dissociation in 
the blends of P3HT with the indene-C 60  derivatives, caused by 
the lower  EA  A  of the acceptors, does not limit the effi ciency of 
exciton dissociation in these systems. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 The estimates of the yield for free carrier generation allow 
us to decouple the yield-mobility product and calculate the 
high-frequency electron mobility in the acceptor domains, 
using the known high-frequency hole mobility in P3HT of 
0.014 cm 2 /Vs. [  20  ]  The values, listed in Table  2 , show that the 
electron mobility in domains of ICMA and ICBA is of similar 
magnitude to that in PCBM, however it drops by a factor 10 
in ICTA. We note that similar trends were found for the ‘bulk’ 
electron mobility measured for neat fi lms of multiadducts of 
PCBM, using a fi eld effect transistor geometry, [  4g  ]  and blends of 
P3HT with multiadducts of PCBM, using a thin fi lm transistor 
geometry. [  4f   ]  

 The calculated electron mobilities indicate that in blends of 
P3HT with ICMA and ICBA the electron term has a higher 
contribution to the photoconductance than the hole term 
( Equation 5 ) since the electron mobility is 2-3 times higher than 
the hole mobility (Table  2 ). By contrast, the electron mobility 
in the P3HT:ICTA is a factor of 3 lower than the hole mobility 
in P3HT, i.e., in this case the mobile holes dominate the pho-
toconductance. The low  J  sc  of the P3HT:ICTA device (Figure  4  
and Table  1 ) is therefore attributed to low electron mobility and 
not to low effi ciency for free carrier generation.   

 2.5. Analysis of the Photoconductance Decay 

 Thus far we have only discussed the peak photoconductance 
as a measure of the yield for free carrier generation and their 
mobility. The normalized photoconductance decays of the sam-
ples used in this study, P3HT, P3HT:PCBM and P3HT blended 
with ICMA, ICBA and ICTA are shown in  Figure    7  . In order to 
extract the salient features of the decay for each sample we fi t 
the transients with the following function: 

�Gexp (t) = (βqe d)(
∑

μ)μμ
[

n0k
(k + n0γ ) ekt − n0γ

+ n1e−k1t

]
  

(3)   

   where  d  is the penetration depth of the excitation light into the 
sample ( ∼ 100 nm for photoexcitation at 500 nm). [  18b  ]   Equation 
3  is comparable to  Equation 4  of the Experimental section, with 
the term in brackets being the time-dependent concentration 
of free carriers. The fi rst term in the brackets is the analytical 
solution for a differential rate equation with competing fi rst- 
and second-order decay processes, [  18c  ]  with rate constants  k  and 
  γ  , respectively. Whereas the second-order process corresponds 
to simple free carrier recombination, the fi rst-order term is 
associated with the re-establishment of equilibrium between 
free and trapped carriers, as observed in the numerical analysis 
of photoconductance transients in P3HT:PCBM blends. [  9c  ]  An 
additional exponential term, characterized by the decay con-
stant  k  1 , is also included to account for the long-lived carrier 
density observed in these systems. [  18c  ]  The initial carrier con-
centration, as generated by the laser pulse, is given by ( n  0   +  
 n  1 ). We use  Equation 3 , convoluted with a suitable instrument 
response function, [  18c  ]  to fi t all the transients for each sample 
globally, using the nonlinear least-squares fi tting procedure 
(Levenberg—Marquardt algorithm) of the built-in Global Fit 
package implemented by Igor Pro V6.22A: for each sample the 
rate constants  k  and   γ  , and the parameters of the instrument 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4115–4127
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     Figure  7 .     Photoconductance decays, normalized to the peak value, for a) pure P3HT, and blends of P3HT with b) PCBM, c) ICMA, d) ICBA, and e) ICTA. 
The traces presented span an excitation intensity range of  ∼ 8.2  ×  10 11  to  ∼ 3.8  ×  10 15  photons/cm 2 /pulse, with the lighter traces representing the highest 
and the darker traces the lowest excitation intensities.  
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response function are “shared” for all excitation densities, 
while the initial concentrations,  n  0  and  n  1 , and the rate con-
stant of the long-time decay,  k  1 , are allowed to vary. The sum of 
the mobilities for each sample is fi xed to the values estimated 
above (Table  2 ). Good fi ts to the transients for all samples were 
obtained with this procedure; representative fi ts are included 
in Figure  5 a. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4115–4127
 The fi t parameters  k,  γ   and  k  1  for P3HT and the blends are 
listed in  Table    3  . The second-order rate coeffi cient, ascribed to 
recombination,   γ  , in P3HT:PCBM and in the blends of P3HT 
with ICMA and ICBA is lower by a factor of 6-7 compared to 
pure P3HT. A more rigorous numerical analysis of TRMC tran-
sients of P3HT and P3HT:PCBM, using a kinetic scheme to 
describe the evolution of photoinduced carriers gave a similar 
4123wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   Table  3.     Rate coeffi cients extracted from photoconductance transient 
modeling for pristine P3HT and 1:1 P3HT:fullerene blends using 
 Equation 5 . 

Sample  k  [ ×  10 7  s  − 1 ]   γ   [ ×  10  − 12  cm 3  s  − 1 ]  k  1  [ ×  10 7  s  − 1 ]

P3HT 2.0  ±  0.4 70  ±  14 2.06–2.50

P3HT:PCBM 3.5  ±  0.6 11  ±  3 0.54–4.84

P3HT:ICMA 3.4  ±  0.8 10  ±  2 0.95–4.43

P3HT:ICBA 4.8  ±  1.0 9  ±  2 0.83–3.60

P3HT: ICTA 2.6  ±  0.6 50  ±  10 4.78–5.44
result for the recombination rate coeffi cient in pure P3HT and 
P3HT:PCBM. [  9c  ]  That analysis showed that in pristine P3HT 
recombination occurs between photoinduced holes and a large 
( >  > 10 16  cm  − 3 ) density of trapped electrons that is present in the 
dark and is minimally perturbed under illumination. [  9c  ]  Since 
in pristine P3HT the photoconductance is dominated by the 
contribution of free holes, [  9a  ,  9c  ,  18  ,  20  ]  this mechanism results in 
a pseudo-fi rst-order decay of the photoconductance transients 
of pure P3HT, in agreement with the weak intensity depend-
ence of the transient profi les shown in Figure  7 a. In contrast, 
the separation of carriers into different phases in P3HT:PCBM 
blend means that recombination of electrons in the fullerene 
phase occurs with free holes in P3HT via the interface between 
the two materials. This spatial separation of the carriers results 
in a reduced second-order rate coeffi cient   γ  , [  9c  ]  (Table  3 ). The 
existence of high-frequency electron mobility in the fullerene 
phase of the blends (in the case of PCBM, ICMA and ICBA) 
makes the electron term the dominant contribution to the 
photoconductance, resulting in strongly intensity-dependent 
decay profi les. Since the enhanced photoinduced free carrier 
yield in the blend produces free hole densities larger than the 
dark electron density in the pristine polymer the recombina-
tion process retains its second-order character. The strong light 
intensity dependence of the photoconductance decays for P3HT 
blended with ICMA and ICBA arise from the similarity of   γ   to 
that determined for P3HT:PCBM (Table  3 ), and the competi-
tion between the fi rst- and second-order processes described 
by  k  and   γ  , respectively. In the P3HT:PCBM blend this inten-
sity dependence arises from the photoconductance transient 
being dominated by the intensity-dependent electron dynamics 
in these blends. [  9c  ]  We note that the observation of very similar 
values for the second order rate constant,   γ  , between the blends 
with PCBM, ICMA and ICBA suggests that the second-order 
recombination process does not depend on the energy differ-
ence between the electron in the LUMO of the acceptor and the 
hole in HOMO of the polymer.  

 With regards to the P3HT:ICTA transients, the intensity-
dependence is intermediate between the pristine polymer and 
the other P3HT:fullerene blends, which is consistent with a 
smaller contribution of the electrons to the photoconductance, 
due to the reduced high-frequency mobility in ICTA compared 
to the other fullerene derivatives. The reduced electron mobility 
means that the photoconductance decay dynamics in the 
P3HT:ICTA system are dominated by the holes in P3HT, which 
follow pseudo-fi rst order decay. This is further substantiated 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
by the magnitudes of  k  and   γ  , which are similar to the values 
observed for pristine P3HT. 

 The long-time ( > 100 ns) photoconductance decay dynamics 
are parametrized by  k  1 : the magnitude of the spread of  k  1  values 
with varying light intensity gives an indication of the disper-
sive nature of the transients. Table  3  shows that in the case of 
both the pristine polymer and the P3HT:ICTA blend the spread 
in  k  1  is small, indicating that the increased rate of recombina-
tion prevents carriers from sampling a large number of traps 
prior to annihilation. In contrast, the reduced recombination 
rate constant in the other P3HT:fullerene blends means that 
the carriers are longer-lived and can therefore sample a greater 
number of traps, thereby increasing the dispersive nature of the 
transients on a long timescale.    

 3. Conclusions 

 In addition to the expected presence of multiple regioisomers, 
resulting from the different possible patterns for the addition 
of substituents to a fullerene cage, chemical characterization of 
the indene-C 60  multiadduct samples used in this study suggest 
that lower and/or higher adducts may also be present. The pres-
ence of different species (i.e., ICBA in the ICMA sample, etc.) 
is likely to arise from using fl ash chromatography to separate 
the reaction products of a large scale synthesis of multi-indene-
C 60  derivatives, as is commonly done for commercial-scale reac-
tions in the interest in controlling materials cost. It is therefore 
of value to examine the properties of these commercial fullerene 
derivatives and evaluate their performance as acceptors in OPV. 
Indeed, we have found clear differences in the acceptor per-
formance of the ICMA, ICBA and ICTA samples and we have 
been able to identify the process limiting the performance of 
OPV devices with ICTA, as summarized below. 

 We have shown that the attachment of solubilizing indene 
units, in place of the traditional phenyl-butyric acid methyl ester 
solubilizing group, to the fullerene cage is a viable approach to 
optimizing the energetics and performance of P3HT:fullerene 
devices in agreement with previous studies. [  4i  ,  4m  ]  The addition 
of one (ICMA) or two (ICBA) indene substituents gives rise to 
a reduction of the electron affi nity of the acceptor, resulting 
in a signifi cant increase in the  V  oc  of devices incorporating 
these derivatives as the electron acceptor. The inclusion of a 
third indene unit (ICTA), however, adversely impacts all device 
parameters resulting in a poor PCE, although TCSPC and FP-
TRMC measurements suggest that the reduced driving force 
for exciton dissociation, originating from the lower electron 
affi nity of the acceptor, is not suffi cient to account for the poor 
device performance. Additionally, analysis of the time-resolved 
photoconductivity data suggests that the  local  electron mobility 
in tris-indene-C 60  domains is reduced compared to PCBM and 
the ICMA and ICBA adducts. These observations suggest that 
the poor performance of P3HT:ICTA devices is due to poor 
electron transport, both within and between ICTA domains. 
The possible presence of lower adducts (ICMA in the ICBA 
sample and ICBA in the ICTA sample) and the similar mag-
nitude of spread in the distribution of LUMO energies for 
regioisomers of the bis- and tris-indene adducts, as calculated 
by DFT, suggest that electron trapping at fullerene sites with 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4115–4127
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     Figure  8 .     Cartoons showing the formation of two-dimensional clusters 
of a) ICBA and b) ICTA. In the case of ICBA the fullerene molecules are 
able to pack to form extended networks where the C 60  cages are strongly 
coupled, facilitating high local and bulk electron mobilities. In contrast, 
small ICTA clusters can form where the electronic coupling between C 60  
cages is strong within the cluster but very weak between clusters, due 
to the insulating indene “coating.” It should be noted that although the 
clusters will be three-dimensional the additional ICTA layers (omitted for 
clarity) will not form extended percolation networks.  
low-lying LUMOs does not play a major role in device perform-
ance: if it did the devices with ICBA should also show poor 
electron mobility and poor performance, contrary to obser-
vations. We propose that the device performance is actually 
dictated by the ability of the indene-C 60  multiadducts to pack 
effectively, and we demonstrate qualitatively that despite the 
regioisomerism present for ICBA the different isomers are still 
able to form extended structures where the electronic coupling 
between the fullerene cages is strong. In contrast, the addition 
of a third indene unit results in the formation of small clus-
ters in which the fullerene cages are electronically coupled, but 
the insulating indene units are positioned on the outside of 
the cluster ( Figure    8  b) restricting both the local and bulk elec-
tron mobilities. The addition of the third indene substituent, 
and the concomitant increase in the number of possible tris-
indene-C 60  regioisomers, also results in signifi cant structural 
disorder and hindered electron transport within the fullerene 
phase. Therefore, the disrupted “packing” of the fullerenes 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4115–4127
may also strongly infl uence the electronic coupling between 
neighboring fullerene molecules. Calculations of the electronic 
coupling between alkyl-substituted fullerene derivatives as a 
function of the alkyl chain length indicates that an increase in 
the separation between adjacent fullerene cages of only  ∼ 1 Å is 
suffi cient to reduce the electron transfer integral by an order of 
magnitude. [  10  ]   

 We conclude that despite the presence of multiple isomers, 
a fullerene sample may function well as an acceptor in OPV 
devices, as long as the fullerene cages can couple effectively to 
form percolation pathways for electrons. This implies that the 
laborious (and therefore expensive) separation of a fullerene 
sample into well-defi ned fractions (specifi c regioisomers etc.) 
may not be necessary for effi cient devices. In agreement with 
previous studies of fullerene derivatives, [  4f  ,  4g  ,  4m  ]  these fi nd-
ings also suggest that there may be fundamental limitations 
to the extent to which multiadduct derivatization may be used 
as an approach to optimize the performance of OPV devices 
employing fullerenes an the electron-accepting component. 
That limitation primarily arises from the requirement for per-
colation through the fullerene phase.   

 4. Experimental Section 
  Materials and Film Fabrication : P3HT, mono- (ICMA), bis- (ICBA) 

and tris-indene-C 60  (ICTA) were acquired from Plextronics Inc., whereas 
PCBM was purchased from Nano-C. The ICBA sample is the same as 
that used in the Plexcore PV2000 ink formulation and all indene-C 60  
derivatives have been purifi ed according to the same standards. All 
materials were used as received. 

 Films for spectroscopic measurements and morphological 
characterization were deposited onto 10  ×  24 mm quartz substrates that 
were prepared as described in the Supporting Information. Solutions 
of regioregular P3HT and P3HT:fullerenes (1:1 ratio by weight) in 
chloroform (CF) at a total active material concentration of 7.5 mg/
mL. The solutions were stirred for at least 24 h at 40 ° C on a digitally 
controlled hot-plate in a N 2 -fi lled glove box before being cooled to room 
temperature, fi ltered (at 0.45  μ m), deposited onto the quartz substrates 
and allowed to slow dry in a covered petri-dish. 

  High-Performance Liquid Chromatography (HPLC) : Indene-C 60  samples 
from Plextronics, Inc. were used a received. HPLC grade toluene and 
heptane were used as received from Fisher Scientifi c. HPLC analyses 
were performed using a Shimadzu LC instrument (CBM-20A control 
module, SPD-20A UV detector, and LC-6AD pump) equipped with a 
Nacalai Tesque Cosmosil Buckyprep column (20 mm i.d.  ×  250 mm). 
A series of mobile phase eluent mixtures were tested to achieve optimal 
peak separation ranging from 100% toluene to 30/70 v/v toluene/
heptane for each indene sample, and 10/90 toluene/heptane for tris-
indene. Each sample solution was subjected to submicron fi ltration 
before analysis. 

  Cyclic Voltammetry : Cyclic voltammetry experiments were carried out 
in a nitrogen atmosphere glove box (water and oxygen content below 
1 ppm) in a one-compartment electrochemical cell at room temperature. 
Solvent details are given in Supporting Information. The electrolyte 
solution was 0.1 M N( n -Bu) 4 BF 4  in  o -dichlorobenzene. Both Fe(Cp ∗ ) 2   + /0  
and Fe(Cp) 2   + /0  were used as internal standards, the scan speed was 
20 mV s  − 1 , and a number of control experiments were conducted with 
C 60  and the internal standards. From these control experiments, the error 
in the measurements to the 3  σ  level was  ±  0.01 V. The E 1/2  of C 60  0\ −   
was measured to be -1.06 V vs. Fe(Cp) 2   + /0 . The working electrode was a 
platinum wire (0.5 mm diameter). A platinum wire (0.5 mm diameter) 
and a silver wire (0.5 mm diameter) served as the counter electrode and 
quasi-reference electrode, respectively. The experiments were controlled 
by a PAR 263A potentiostat/galvanostat.  
4125wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 Density Functional Theory (DFT) Calculations : The LUMO energies 
of the different indene-C 60  isomers were estimated to be those of the 
lowest unoccupied Kohn-Sham molecular orbitals computed with DFT 
for a geometry optimized for each isomer. Geometry optimization was 
performed using the Becke-style three-parameter density functional 
theory (DFT) method using the Lee-Yang-Parr correlation function 
(B3LYP) at the 6-31G(d) level and diffuse functions were included 
(6-31 + G(d)) for calculation of the orbital energies of the optimized 
structures. 

 For the ICMA molecule, the indene moiety was placed so as to bridge 
a fullerene C  =  C bond shared by two hexagons (a [6,6] bond). It is 
well known that the formation of 4  +  2 cycloadducts of C 60  invariably 
involve addition of the diene to a C 60  [6,6] bond. [  24  ]  Furthermore, our 
DFT calculations show that the ICMA cycloadduct involving a [6,6] bond 
is more stable by  ∼ 81 kJ/mol than the ICMA cycloadduct involving a [  5  ,  6  ]  
bond at the B3LYP/6-31G(d) level of theory (this energy difference was 
essentially unchanged with the use of larger basis sets that included 
additional polarization functions, additional diffuse functions, or both). 
For these reasons, only cycloadditions involving [6,6] bonds were 
considered for the ICBA and ICTA isomers. 

 A set of isomers of ICBA and ICTA were generated considering all 
unique [6,6] bonds on the C 60  cage, taking into account the relative 
orientations of the six-membered rings, as described in Supporting 
Information. 

  Device Fabrication and Measurement : OPV devices were prepared 
on patterned indium tin oxide (ITO) substrates that were cleaned 
as described in Supporting Information. Layers of poly(3,4-ethylene
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) (Baytron P VP 
AI 4083, fi ltered at 0.45  μ m) of  ∼ 30 nm were spin coated on ITO and 
then annealed on a hotplate at 120 ° C, in air, for 1 h. The samples 
were then transferred to a glovebox for all remaining processing and 
characterization. Four blended solutions of P3HT and the fullerenes 
PCBM, ICMA, ICBA and ICTA were prepared (1:1 ratio by weight) with a 
total concentration of 50 mg/mL in dichlorobenzene (DCB). These were 
stirred on a hotplate at 60 ° C for at least 24 h prior to using and fi ltered 
with a 0.45  μ m porous fi lter. The active layers were spun at 600 rpm for 
60 s on top of the PEDOT:PSS layers, resulting in fi lm thicknesses of 
around 250 nm. The samples were fi nally transferred to an evaporation 
chamber with a base pressure of 2  ×  10  − 8  Torr for Al deposition (150 nm) 
at a rate of 2 Å/s. The complete devices were annealed at 150 ° C for 20 
min before extracting their  J - V  characteristics (under AM1.5 conditions) 
with a Keithley 236 Source Measure Unit. 

  Flash-Photolysis Time-resolved Microwave Conductivity (FP-TRMC) : 
Photocarrier dynamics were studied using FP-TRMC, a contactless, 
pump-probe technique where both the initial photogeneration of mobile 
carriers and their eventual decay back to equilibrium are monitored 
through the time-resolved changes in absorbed microwave power by the 
sample. [  18a  ,  18c  ,  26  ]  FP-TRMC measurements were performed at NREL using 
a system that has been described fully elsewhere. [  18c  ,  26b  ]  The sample was 
placed in an X-band microwave cavity terminated with a grating refl ective 
to microwaves but transparent to the optical excitation that was used to 
generate carriers within the fi lm. All P3HT(:fullerene) fi lms were excited 
through the quartz substrates with 5 ns laser pulses at 500 nm from 
an optical parametric oscillator (Continuum Panther) pumped by the 
355 nm harmonic of a Q-switched Nd:YAG laser (Continuum Powerlite). 
The transient change in photoconductance,  Δ  G  exp ( t ), was measured via 
changes in the microwave power,  Δ  P ( t ), due to absorption of microwaves 
by the generated carriers, and is given by:

 
�Gexp(t) = − 1

K
�P(t)

P   (4)   

where  K  is a calibration factor experimentally determined from the 
resonance characteristics of the microwave cavity and the dielectric 
properties of the sample. [  18c  ,  26    b,    27  ]  

 The end-of-pulse (peak) photoconductance,  Δ  G  EOP , can be related to 
the product of the yield for carrier generation,   ϕ  , and the sum of the high-
frequency electron,   μ   e , and hole,   μ   h , mobilities in the blend,  Σ   μ  , by [  18a  ] : 
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�GEOP = βqeI0FAFF φ
∑
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  (5)   

where   β    =  2.2 is the ratio of the interior dimensions of the waveguide, 
 q  e  is the electronic charge,  I  0  is the incident photon fl ux of the excitation 
pulse, and  F  A  is the fraction of absorbed photons. 

 At low absorbed photon fl ux  Δ  G  EOP  increase linearly with  I  0 , 
however as the light intensity increases higher order processes become 
important, limit the carrier generation yield,   ϕ  , and the dependence 
becomes sublinear. The origin of the nonlinearity, originally attributed to 
rapid bimolecular recombination or exciton-exciton annihilation, [  18a  ,  18b  ]  
has more recently been proposed as exciton-hole quenching. [  18c  ]  We use 
 Equation 6 , which is a slight modifi cation from a previous report, [  18a  ]  
where it was used to describe data for neat P3HT, to extrapolate to 
the linear response limit of the photoconductance at low excitation 
intensities: 

�GEOP

βqe

=
AI0FAFF

1 +
√

BI0FAFF +C I0FAFF   (6)   

where  A ,  B  and  C  are fi tting parameters. Comparison of  Equation 5  
and  6  allows us to obtain the low-intensity, linear response limit as A  =  
  β q  e [  ϕ   Σ   μ  ]. [  9c  ,  22  ]  

  Time-Correlated Single-Photon Counting (TCSPC) : Photoluminescence 
(PL) decays were recorded, after excitation through the quartz substrate 
at 438 nm with a train of pulses ( ∼ 150 ps FWHM), for emission at 
720 nm, with a cooled photon counting photomultiplier tube (Hamamatsu 
H6279), using the TCSPC technique. [  28  ]  The PL decays were analyzed 
using an established non-linear least squares iterative reconvolution 
procedure, [  29  ]  where the fi nite width of the instrument response function 
was effectively deconvoluted from the measured data to give an overall 
temporal response of  ∼ 20 ps. Data were fi t to a sum of two exponentials 
and the quality of fi t judged using stringent statistical procedures. [  28  ]    
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 Supporting Information is available from the Wiley Online Library or 
from the author. 
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