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The charge carrier dynamics in blend films of [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) and conjugated polymers with different ionization potentials was measured by 

transient absorption spectroscopy in order to study the formation mechanism of PCBM radical 

cation, which we previously discovered for blend films of poly[2-methoxy-5-(3,7-

dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and PCBM.  On a time scale of 

nanoseconds after the photoexcitation, polymer hole polaron and PCBM radical anion were 

observed but no PCBM radical cation was found in the blends.  Subsequently, the fraction of 

polymer hole polaron decreased and instead that of PCBM radical cation increased with time.  

Finally, the fraction of PCBM radical cation became constant on a time scale of microseconds.  

The final fraction of PCBM radical cation was dependent on the ionization potential of 

polymers but independent of the excitation wavelength.  These findings show that the 

formation of PCBM radical cation is due to hole injection from polymer to PCBM domains.  

Furthermore, the energetic conditions for such hole injection in polymer/PCBM blend films 

are discussed on the basis of the Monte Carlo analysis for hole hopping in a disordered 

donor/acceptor heterojunction with varying energetic parameters.   
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1. Introduction 

 In polymer/fullerene solar cells, semiconducting conjugated polymers and fullerene 

derivatives are generally considered to serve as a hole-transporting and electron-transporting 

materials, respectively.[1,2]  Indeed, organic semiconductors with a shallow ionization 

potential tend to be p-type semiconductors and organic semiconductors with a deep ionization 

potential tend to be n-type semiconductors.  On the other hand, ambipolar transport properties 

have been recently reported for not a few materials including fullerenes, pentacene, and 

conjugated polymers in the field effect transistor (FET) devices with appropriate electrodes 

and gate dielectrics.[3–8]  These reports indicate that organic semiconducting materials are 

inherently capable to be ambipolar.[9] 

 Recently, there have been several studies indicative of ambipolar charge transport of 

fullerene derivatives even in polymer/fullerene blends.  For blend films of poly[2-methoxy-5-

(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and [6,6]-phenyl-C61-butyric 

acid methyl ester (PCBM), the hole mobility increases as the increase in the PCBM fraction.  

The hole mobility of MDMO-PPV/PCBM blend films (2 – 3 × 10−4 cm2 V−1 s−1)[10,11] is at 

least two orders of magnitude larger than that of a pristine MDMO-PPV film (0.3 – 2 × 10−6 

cm2 V−1 s−1),[10,11] but rather comparable to the FET hole mobility of PCBM (8 × 10−3 cm2 V−1 

s−1).[6]  For blend films of poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5’,8’-di-2-thienyl-(2’,3’-bis-

(3’’-octyloxyphenyl)-quinoxaline))] (APFO-15) and PCBM, the electroluminescence of 

PCBM emission has been observed in addition to that of charge transfer (CT) emission.[12]  

These findings suggest hole transport in the fullerene phase in polymer/fullerene blends.  

Previously, we found the formation of fullerene radical cation in MDMO-PPV/PCBM blend 

films by transient absorption measurements: no PCBM radical cation is observed at low 

PCBM concentrations while PCBM radical cation is observed in addition to PCBM radical 

anion at high PCBM concentrations.[13]  This is consistent with previous reports that the hole 
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mobility in MDMO-PPV/PCBM blend films increases at higher PCBM concentrations (>50 

wt%).[11]  However, little is known about the formation mechanism of fullerene radical cation 

in polymer/fullerene blends.   

 Herein, we systematically study the charge carriers formed in blend films of PCBM 

and conjugated polymers with different ionization potentials in order to address the formation 

mechanism of fullerene radical cation in polymer/fullerene blends.  Figure 1 shows 

conjugated polymers employed in this study: poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) and 

poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5’,8’-di-2-thienyl-2’,3’-diphenylquinoxaline)] (N-P7).  

PCPDTBT and N-P7 have smaller or similar ionization potential (Ip = 4.9 eV for 

PCPDTBT[14] and 5.37 eV for N-P7[15]) compared to MDMO-PPV (Ip = 5.4 eV[16]).  

Furthermore, polymer solar cells with them exhibit the optimized power conversion efficiency 

(~5.5%) at high weight fractions of fullerene (1 : 2 or 1 : 3),[17,18] as is the case of MDMO-

PPV/PCBM (1 : 4).[19]  The time evolution of PCBM radical cation formation is analyzed on 

the basis of the absorption coefficients of polymer polarons, PCBM radical anion, and PCBM 

radical cation.  The formation time is dependent on polymer ionization potential and phase-

separated domain size.  The final fraction of PCBM radical cation Feq is dependent on the 

polymer ionization but independent of the phase-separated domain size and the excitation 

wavelength.  Furthermore, Feq is calculated by the Monte Carlo simulation for hole injection 

from polymer to fullerene domains.  We discuss the mechanism and energetic conditions of 

the formation of PCBM radical cation in polymer/PCBM blend films.   

 

 

2. Results 

2.1. Transient Absorption 

 To assign the absorption spectrum of PCPDTBT and N-P7 hole polarons, we 

measured transient absorption spectra of polymer films doped with tetracyanobenzene 
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(TCNB): TCNB is a strong electron acceptor (E1/2(TCNB−/TCNB) = −0.6 V vs SCE[20]) 

similar to C60 (E1/2(C60
−/C60) = −0.3 – −0.4 V vs SCE[21]).  No fluorescence was observed for 

the TCNB blended films, indicating that TCNB efficiently acts as an electron acceptor in the 

blend films.  Figures 2a and 2b show the transient absorption spectra of PCPDTBT/TCNB 

blend films with 5 and 30 wt% TCNB in the microsecond time region, which are almost the 

same as those in the nanosecond time region.  A broad absorption was observed at ~1240 nm 

for both blend films with 5 wt% and 30 wt% TCNB.  This absorption was not quenched in an 

oxygen atmosphere, and hence not possible to ascribe to triplet exciton.  Note that TCNB 

radical anion has no absorption band in this wavelength region.[20]  Therefore, the absorption 

band at 1240 nm is safely assigned to the absorption of PCPDTBT hole polaron, which is 

consistent with previous reports.[22,23]  Figures 2c and 2d show the transient absorption spectra 

of N-P7/TCNB blend films with 5 and 30 wt% TCNB in the microsecond time region, which 

are also almost the same as those in the nanosecond time region.  The broad absorption band 

at ~850 nm is similarly ascribed to N-P7 hole polaron.  In summary, the absorption spectra of 

both PCPDTBT and N-P7 hole polarons are independent of time and the dopant concentration.   

 Figure 3 shows the transient absorption spectra of PCPDTBT/PCBM and NP-

7/PCBM blend films (5 and 50 wt% of PCBM) excited at 400 nm.  The absorption spectra 

were normalized at 1240 nm for PCPDTBT/PCBM and at 700 nm for N-P7/PCBM blends 

where only polymer hole polarons have an absorption band (see the supporting information).  

For the blend films with 5 wt% PCBM, no spectral change was observed in this time region, 

suggesting no change in the charge carrier composition.  For the blend with 50 wt% PCBM, 

on the other hand, distinct spectral changes were observed for blend films: the absorption at 

around 1000 nm increased for PCPDTBT/PCBM and the absorption at around 900 nm 

increased for N-P7/PCBM.  The same results were obtained upon the selective excitation of 

polymers: PCPDTBT at 800 nm and N-P7 at 570 nm.  In other words, these temporal changes 
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in the absorption spectra are independent of the excitation wavelength.  The absorption 

increase at 1000 nm in PCPDTBT/PCBM blend is indicative of the increase in the fraction of 

the PCBM radical anion because PCBM radical anion has a characteristic absorption at 1020 

nm.[13]  As described below, the relative increase in the fraction of the PCBM radical anion is 

due to the decrease in the fraction of PCPDTBT hole polaron caused by the formation of 

PCBM radical cation.  On the other hand, the absorption increase at 900 nm in N-P7/PCBM 

blends is indicative of the increase in the fraction of the PCBM radical cation because PCBM 

radical cation has a characteristic absorption at 890 nm, which is similar to that reported for 

other methanofullerene derivative cations.[13,24]  In summary, both findings suggest hole 

injection from polymer to PCBM in blend films with high PCBM fractions as is discussed 

below. 

 In order to analyze the temporal change in the absorption spectra quantitatively, we 

resolved the transient absorption spectra by using each spectrum of polymer hole polarons, 

PCBM radical anion, and PCBM radical cation.  For blend films with 5 wt% PCBM, as 

shown in Figures 4a and 4c, the observed spectra were well reproduced by the sum of the 

absorption spectra of polymer hole polaron and PCBM radical anion.  We therefore conclude 

that hole polaron and PCBM radical anion are formed as charge carriers in the blend films 

with 5 wt% PCBM.  From the spectral simulation, the molar absorption coefficients of 

polymer hole polarons are estimated to be εPCPDTBT
+ = 40000 M−1 cm−1 at 1240 nm and εN-P7

+ 

= 40000 M−1 at 850 nm on the basis of that of PCBM radical anion εPCBM
− = 6000 M−1 cm−1 at 

890 nm.[13]  This is larger than that of MDMO-PPV hole polaron (εMDMO-PPV
+ = 15000 M

−1 

cm−1), but rather comparable to that of polythiophene hole polaron (ε = 34000 M−1 cm−1).[13,25]  

Note that the charge density is typically 1016 – 1017 cm−3, which is comparable to that 

observed under the 1 sun open circuit condition.[26] 

 For blend films with 50 wt% PCBM, on the other hand, the transient spectra changed 
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with time as shown in Figure 3.  There are two possible explanations for the spectral change 

in polymer/PCBM blend films: (i) the absorption spectrum of charge carriers (polymer hole 

polarons and/or PCBM radical anions) is dependent on the PCBM concentration and (ii) the 

charge carrier composition is dependent on the PCBM concentration.  As mentioned above, 

the absorption spectra of polymer hole polarons are independent on the dopant concentration.  

Furthermore, our previous study has demonstrated that the absorption spectrum of PCBM 

radical anion is also essentially independent of the PCBM concentration.[13]  We therefore 

assigned that another charge carrier is formed in blend films at high PCBM concentrations.  

To explain the spectral change, we consider PCBM radical cation as the most possible carrier 

formed in blends at high PCBM concentrations.  In contrast to the blend films with 5 wt% 

PCBM, the absorption spectra of the blend films with 50 wt% of PCBM were not 

reproducible by the sum of each spectrum of polymer hole polaron and PCBM radical anion.  

Rather, as shown in Figures 4b and 4d, the whole spectra observed at 1 μs were well 

reproduced by the sum of each spectrum of polymer hole polaron, PCBM radical anion, and 

PCBM radical cation.  Thereafter, no spectral change was observed, suggesting that 

thermodynamic equilibrium is established.  We therefore conclude that PCBM radical cation 

is formed with time in the blend films with 50 wt% PCBM.  On the basis of the molar 

absorption coefficient of each carrier, the equilibrium fraction of PCBM radical cation formed 

in the blend films can be quantitatively evaluated to be Feq = 0.3 for PCPDTBT and Feq = 0.6 

for N-P7 blend films at 1 μs.   

 The spectral changes before the thermodynamic equilibrium were well reproduced by 

the sum of each spectrum of polymer hole polaron, PCBM radical anion, and PCBM radical 

cation with different fractions.  Figure 5 shows the time dependence of the fraction F(t) of 

PCBM radical cation in the blend films.  The time evolution of F(t) was well fitted with a 

exponential function: F(t) = a[1−exp(−t/τ)].  As a result, the time constant of the PCBM 
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radical cation formation is estimated to be τ = 450 ns for PCPDTBT/PCBM and τ = 15 ns for 

N-P7/PCBM blend films.  These rise constants are in good agreement with the decay 

constants of polymer hole polarons, suggesting that PCBM radical cations are formed from 

polymer hole polarons.   

 The hole injection from polymer to PCBM domains should be dependent on phase-

separated domain size.  We therefore analyzed the formation time of PCBM cations in 

PCPDTBT/PCBM blend films fabricated with 1,8-diiodooctane (DIO) as an additive for the 

spincast solution.  The averaged domain size was evaluated to be 59 nm by AFM 

measurements, which is larger than 31 nm evaluated for PCPDTBT/PCBM blend films 

fabricated without DIO (see the Supporting Information).  This additive effect is consistent 

with previous reports.[27–29]  We note that the phase-separated polymer domain is not pure but 

contains PCBM molecules because polymer fluorescence is highly quenched for both films.  

We also note that the additive has no impact on the HOMO level of PCPDTBT in the blend.  

As shown in the open squares in Figure 5, the formation time of PCBM radical cation is ~2 μs, 

which is slower than that observed for PCPDTBT/PCBM blend films fabricated without DIO.  

The final fraction of PCBM radical cation is Feq = 0.3, which is the same as that observed for 

the blend films fabricated without DIO.  These results also suggest the hole injection from 

polymer to PCBM domains.  

 

2.2. Monte Carlo Simulation 

 To address the origin of the hole injection from polymer to PCBM domains, we 

simulated hole hopping in a semi-infinite donor/acceptor planar heterojunction by the Monte 

Carlo analysis.  The calculation is based on the Miller–Abraham model for hopping in a 

disordered material.[30,31]  In this model, the hopping probability Pij from site i to site j is given 

by 
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where EX
0 is the HOMO energy level of the domain X, dX is the degeneracy in the HOMO 

levels of the domain X, σX is the width of the energetic Gaussian distribution of the HOMO 

levels for the domain X, and the subscripts of D and A stand for donor and acceptor, 

respectively.  The HOMO energy EX
0 is evaluated by the photoelectron yield spectroscopy.  

Here, we set dA = 5 for PCBM, which has fivefold degeneracy in the HOMO levels,[33] and dD 

= dA = 1 for polymers.  The width σX is taken from previous studies.  For most conjugated 

polymer films, the width due to energetic disorders has been reported to be around 0.1 eV.[34–

42]  Thus, we set σD = σA = 0.1 eV for polymers as a typical value.  For fullerene and its 

derivatives, the band width (full width half mean) has been reported to range from 0.8 to 1.1 

eV.[43–50]  Thus, we set σA = 0.4 eV for PCBM as a minimum value.  In the simulation, a hole 

is generated at one of the nearest neighbor sites at the heterojunction.  The hole is iteratively 

hopping in a simple cubic lattice: it moves from a site i to an adjacent site j with a probability 

of Pij or stays at the original site with a probability of Pii.  It is determined whether the hole 

finally stays at the donor or acceptor domain.  This calculation is independently performed for 

3000 holes.  As a result, the equilibrium fractions Feq of holes in the acceptor domain is 

obtained as a function of ΔEHOMO. 
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Figure 6 shows the simulation results with the typical parameters of a 

polymer/fullerene blend at a high fullerene fraction (σD = 0.1 eV, σA = 0.4 eV, dA = 5), of a 

polymer/fullerene blend with a low fullerene fraction (σD = σA = 0.1 eV, dA = 5), and of a 

polymer/polymer blend (σD = σA = 0.1 eV, dA = 1).  For the polymer/fullerene blend film with 

a high fullerene fraction, Feq is as high as >0.9 for ΔEHOMO < 0.5 eV, steeply decreases at 

around ΔEHOMO ≈ 0.6 eV, and then is as small as <0.2 for ΔEHOMO > 0.8 eV.  For the 

polymer/fullerene blend film with a low fullerene fraction, on the other hand, Feq is ~0.9 for 

ΔEHOMO = 0 eV, but steeply decreases, and then is negligibly small for ΔEHOMO > 0.2 eV, 

which is similar to the polymer/polymer blend films where Feq is ~0.5 for ΔEHOMO = 0 eV, but 

Feq is negligibly small for ΔEHOMO > 0.1 eV.  This result shows that the distribution width in 

the HOMO energy has critical impact on the hole injection from polymer to fullerene domains.  

We will discuss the energetic conditions for holes injection into acceptor domains. 

 

 

3. Discussion 

3.1. Formation Mechanism of PCBM Cation 

 In the previous study,[13] we proposed two possible mechanisms for the formation of 

the PCBM radical cation in blend films.  One is the formation of the PCBM radical cation and 

anion pairs at the PCBM domain in the blend, which would be caused by the direct or indirect 

excitation of intermolecular CT transitions of PCBM.  The other is the formation of the 

PCBM radical cation by hole injection from hole polarons in polymer domains.  If the former 

mechanism were dominant, the PCBM radical cation should be observed immediately after 

the laser excitation and some of them would rapidly decay because of the geminate 

recombination.  As shown in Figure 3, this is not the case.  In reality, no PCBM radical cation 

is observed on a time scale of nanoseconds, but the fraction of PCBM radical cation rather 

increases with time in parallel with the decrease in the fraction of polymer polarons with the 
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same time constant.  Furthermore, if the former mechanism were dominant, the final fraction 

of the PCBM radical cation should be dependent on the excitation wavelength.  This is also 

not the case as described above.  These transient results strongly suggest the hole injection 

from polymer to PCBM domains.  If the latter mechanism is dominant, the hole injection time 

should be dependent on the domain size.  Indeed, we observed the different formation 

dynamics of PCBM radical cation in PCPDTBT/PCBM blend films with different phase-

separated domain sizes: PCBM radical cation is generated faster (450 ns) in smaller domains 

(31 nm) but slower (2 μs) in larger domains (59 nm).  Assuming that the hole mobility μh = 

10−4 cm2 V−1 s−1,[29,51,52] the diffusion constant of the hole carrier is calculated by the 

Einstein’s relationship D = (kBT/q)μ where q is the elementary charge.  As a result, the 3D 

diffusion length <x2>1/2 = (6Dt)1/2 is estimated to be 25 nm for 450 ns and 55 nm for 2 μs, 

which are in good agreement with the domain sizes observed.  On the basis of these findings, 

we therefore conclude that PCBM radical cation is formed mainly by the hole injection from 

polymer polarons in polymer domains.   

 

3.2. Energetic Conditions 

 Next, we discuss the energetic conditions for the hole injection to acceptor domains 

even in polymer/fullerene blend films.  As shown in Figure 1, the HOMO levels of all the 

conjugated polymers studied are higher than that of PCBM.  In other words, hole carriers 

should be energetically more stable in conjugated polymers than in PCBM molecules in terms 

of the simple energetic scheme.  Thus, it is necessary to consider energetic distribution in the 

HOMO levels or energetic realignment at the interface in order to explain the hole injection 

from polymer to PCBM domains.  As mentioned above, most organic semiconductors exhibit 

energetic disorder in the range of 0.1 eV for charge transport.[34–42]  However, as shown by the 

broken line in Figure 6, Feq is negligible for the parameters (σD = σA = 0.1 eV, dD = dA = 1), 
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suggesting no hole injection from donor to acceptor domains.  These parameters are typical 

for most polymer/polymer blends.  In other words, the hole injection from donor to acceptor 

would be negligible for polymer/polymer blend films.  On the other hand, as mentioned above, 

fullerene derivatives have fivefold degenerated HOMO levels (dA = 5).  As shown by the 

dotted line in Figure 6 (σD = σA = 0.1 eV, dD = 1, dA = 5), Feq is still negligible for ∆EHOMO > 

0.2 eV.  These parameters correspond to polymer/fullerene blends with low fullerene fractions 

because energetic distribution of isolated fullerenes would be dependent on the energetic 

disorder of the polymer matrix.  Indeed, no hole injection from polymer to PCBM domains is 

observed for the blends with low PCBM fractions (<30 wt%).  At a higher PCBM 

concentration, PCBM molecules are likely to form aggregated clusters or nanocrystals.  As 

reported previously,[53] the intermolecular CT absorption band at 500 nm becomes prominent 

at high PCBM concentrations, suggesting substantial intermolecular interaction in the ground 

state.  Large intermolecular interactions generally cause crystallization, resulting in band 

structures in the electronic state.  For C60 crystals, there are many studies on the band 

structure.  The band width of the valence band has been estimated to be 0.8 to 1.2 eV by the 

photoemission spectra.[43–50]  For PCBM, a recent calculation suggests that the simple cubic 

structure is the most stable and causes a broadening of the energy levels resulting from the 

overlap of neighboring PCBM orbital due to the compact packing.[54]  As shown by the solid 

line in Figure 6 (σD = 0.1 eV, σA = 0.4 eV, dD = 1, dA = 5), Feq is as large as 0.9 for ∆EHOMO < 

0.5 eV, start to decrease at around ∆EHOMO ≈ 0.6 eV, and negligible for ∆EHOMO > 0.8 eV.  

This is qualitatively consistent with Feq obtained from the transient measurements.  Therefore, 

we conclude that the hole injection from polymer to PCBM domains is primarily due to the 

large band width of PCBM nanocrystals and secondarily due to the fivefold degeneracy in the 

HOMO levels of PCBM.   
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Finally we note the energy difference Δ between ∆EHOMO and EA
0 − ED

0.  As shown in 

Figure 7, the observed Feq is different from the calculated for ∆EHOMO with Δ = 0, which 

corresponds to EA
0 − ED

0.  The difference is Δ = 0.37 eV for PCPDTBT/PCBM, Δ = 0.17 eV 

for N-P7/PCBM, and Δ = 0.20 eV for MDMO-PPV/PCBM.  This is probably because other 

important factors are neglected in this simple simulation.  For example, interfacial dipoles at 

the heterojunction have been reported to cause 0.2 – 0.6 eV of vacuum level shift.[55,56]  Such 

interfacial dipoles have been found for many polymer/fullerene blend films: 0.4 eV for 

P3HT/PCBM,[57] 0.6 eV for P3HT/C60,
[58] and 0.25 eV for PPV oligomer/C60.

[59]  These 

values are comparable to the estimated Δ mentioned above, suggesting that most of Δ can be 

explained by the vacuum level shift.  

 

 

4. Conclusions 

 The formation dynamics of PCBM radical cation in polymer/PCBM blends was 

studied by transient absorption measurements.  As a result, we obtained the key findings as 

follows.  At an early time stage after the photoexcitation, polymer hole polaron and PCBM 

radical anion were observed but no PCBM radical cation was found.  On a time scale of 

nanoseconds, the fraction of PCBM radical cation increased with time while the fraction of 

polymer hole polaron decreased with the same time constant.  Finally, the fraction of PCBM 

radical cation became constant on a time scale of microseconds, suggesting that 

thermodynamic equilibrium is established.  The formation time of PCBM radical cation is 

dependent on the phase-separated domain sizes: the slower formation of PCBM radical cation 

was observed for the larger domains.  The final fraction of PCBM radical cation Feq is 

dependent on the ionization potential of donor polymers but independent of the domain size 

and the excitation wavelength: Feq = 30% for PCPDTBT/PCBM and Feq = 60% for N-

P7/PCBM blends.  We therefore conclude that PCBM radical cation is generated mainly by 
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the hole injection from polymer to PCBM domains in polymer/PCBM blends.  In order to 

discuss the energetic conditions for the hole injection to acceptor in donor/acceptor blends, we 

simulated hole hopping at donor/acceptor heterojunction by the Monte Carlo analysis based 

on the Miller–Abraham model.  In this simulation, we consider the energetic distribution and 

the degeneracy in the HOMO levels.  As a result, the hole injection would be negligible for 

polymer/polymer blends because the energetic distribution is as small as 0.1 eV and the 

degeneracy is typically unity.  Even for polymer/PCBM with the fivefold degeneracy in the 

HOMO of PCBM, the hole injection would be negligible for lower PCBM fractions because 

of the small energetic distribution.  In contrast, the hole injection is energetically favorable for 

higher PCBM fractions because of the large band width due to the formation of aggregated 

PCBM nanocrystals and the fivefold degeneracy in the HOMO levels of PCBM.  This is 

consistent with the final fraction obtained from the transient study.  We therefore conclude 

that the hole injection from polymer to PCBM domains is primarily due to the large band 

width of PCBM nanocrystals and secondarily due to the fivefold degeneracy in the HOMO 

levels of PCBM.  We believe that such conditions would be true for other polymer/fullerene 

solar cells in particular employing polymers with deeper HOMO levels.   

 

 

5. Experimental 

Materials: Chemical regents for PCPDTBT synthesis were used without further purification: 

2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) (Aldrich, 95%), 2,6-dibromo-4,4-

bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene (Luminescence Technology Corp.), 

potassium carbonate (Aldrich, 99.995%), Aliquat(R)336 (Aldrich, 99.995%), toluene (Wako, 

Organic synthesis grade), tetrakis(triphenylphosphine)palladium(0) (Aldrich, 99%), 

bromobenzene (Aldrich, >99.5%), and phenylboroic acid (Aldrich, >97.0%).  Details of the 

synthesis of PCPDTBT are described in the Supporting Information.  The other polymer N-P7 
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was provided by Toray Industries, Inc.  The acceptor PCBM (99.9%) was purchased from 

Frontier Carbon and used without further purification.  The other acceptor TCNB (98%) was 

purchased from Tokyo Chemical Industry Co., Ltd and recrystallized from ethanol prior to the 

experiment. 

Sample Fabrication: Polymer/fullerene blend films were prepared on glass substrates by spin-

coating from a chlorobenzene solution of polymer and PCBM at a spin rate of 1000 rpm after 

the spin rate of 400 rpm (10 s) under ambient conditions.  The film thickness was typically 

200 nm.  The weight fraction of PCBM was varied from 5 to 80 wt%.  The blend solution was 

stirred at 40 °C overnight to be dissolved homogeneously.  Before the spin-coating, the glass 

substrates were cleaned by ultrasonic treatment in toluene, acetone, and ethanol sequentially 

for 15 min each, and then with a UV–ozone cleaner (Nippon Laser & Electronics Lab., 

UV253) for 1 h.  For blend films of polymer and TCNB, tetrahydrofuran (for PCPDTBT) or 

cyclohexanone (for N-P7) was used as solvent instead of chlorobenzene.  The blend solution 

was stirred at room temperature over night.  The weight fraction of TCNB was adjusted to 5 

and 30 wt% in the final films.   

Measurements: Transient absorption data were collected under N2 atmosphere with a highly 

sensitive a nano/microsecond transient absorption system and with a femtosecond transient 

absorption system as described below.  For the microsecond transient absorption 

measurement, the sample was excited with a light pulse (400 nm, 30 μJ cm−2, 4 Hz) from a 

dye laser (Photon Technology International, GL-301) that was pumped with a nitrogen laser 

(Photon Technology International, GL-3300), and probed with a monochromatic light from a 

50-W quartz tungsten halogen lamp (Thermo–ORIEL, Model 66997) with a light intensity 

controller (Thermo–ORIEL, Model 66950), which was equipped with appropriate optical cut-

filters and two monochromators (Ritsu, MC-10N) before and after the sample to reduce stray 

light, scattered light, and emission from the sample.  The probe light was detected with a pre-
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amplified Si photodiode (Costronics Electronics) for the visible wavelength range from 700 to 

1100 nm or a pre-amplified InGaAs photodiode (Newport 1811) for the near-IR wavelength 

range from 900 to 1500 nm.  The detected signal was sent to the main amplification system 

with electronic band-pass filters (Costronics Electronics) to improve the noise-to-signal ratio.  

The amplified signal was collected with a 200-MHz digital oscilloscope (Tektronix, 

TDS2022), which was synchronized with a trigger signal of the laser pulse from a photodiode 

(Thorlabs, DET10A).  The detectable absorbance change OD is as small as ~10−5 – 10−6 

depending on the measuring time region.  For the nanosecond time region, the optical line was 

the same as the microsecond spectrometer mentioned above.  The probe light was detected 

with a pre-amplified Si photodiode (Newport, 1801) for visible region or a pre-amplified 

InGaAs photodiode (Newport, 1811) for the near-IR region.  The detected signal was 

amplified with a voltage amplifier (Femto, DHPVA-200) and collected with a 500-MHz 

digital oscilloscope (Tektronix, TDS3022).  The femtosecond transient absorption data were 

collected with a pump and probe transient absorption spectroscopy system (Ultrafast Systems, 

Helios).  The pump light was second harmonic pulses (400 nm, 30 μJ cm−2, fwhm 100 fs, 1 

kHz) from a regeneratively amplified Ti-sapphire laser (Spectra-Physics, Hurricane).  The 

probe beam was detected with a linear CMOS array (Ultrafast Systems, SPEC-VIS) for the 

visible wavelength range from 400 to 900 nm and with an InGaAs linear diode array 

(Ultrafast Systems, SPEC-NIR) for the near-IR wavelength range from 850 to 1600 nm.  The 

typical noise level of this system is lower than 2 × 10−4. 
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Figure 1.  Chemical structures of conjugated polymers and a fullerene employed in this study: 

a) PCPDTBT, b) N-P7, c) MDMO-PPV, and d) PCBM.  e) The energy diagrams of these 

materials.  The HOMO energy is measured by the photoelectron yield spectroscopy (see the 

Supporting Information). 
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Figure 2.  Transient absorption spectra of blend films: a) PCPDTBT/TCNB (95 : 5 w/w), b) 

PCPDTBT/TCNB (70 : 30 w/w), c) N-P7/TCNB (95 : 5 w/w), and d) N-P7/TCNB (70 : 30 

w/w).  The solid lines and open circles show the spectra measured at 3 ns and 0.5 μs after the 

laser excitation, respectively.  The broken lines represent the baseline. 
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Figure 3.  Transient absorption spectra of blend films excited at 400 nm with a fluence of 30 

μJ cm−2: a) PCPDTBT/PCBM (95 : 5 w/w), b) PCPDTBT/PCBM (50 : 50 w/w), c) N-

P7/PCBM (95 : 5 w/w), and d) N-P7/PCBM (50 : 50 w/w).  These spectra are normalized at 

a) and b) 1240 nm and at c) and d) 700 nm.  In the panels a) and b), the solid, dashed-dotted, 

and broken lines show the spectra at 0.5, 2, and 5 μs, respectively.  In the panels c) and d), the 

solid, dashed-dotted, and broken lines show the spectra at 1, 3, and 500 ns, respectively. 
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Figure 4.  Transient absorption spectra of blend films (open circles) at 1 μs after the laser 

excitation at 400 nm with a fluence of 30 μJ cm−2: a) PCPDTBT/PCBM (95 : 5 w/w), b) 

PCPDTBT/PCBM (50 : 50 w/w), c) N-P7/PCBM (95 : 5 w/w), and d) N-P7/PCBM (50 : 50 

w/w).  The solid lines represent the absorption spectra simulated by the sum of each 

absorption spectrum of charge carriers: polymer+ (dashed-dotted lines), PCBM− (broken lines), 

and PCBM+ (dotted lines).  The mole fraction of each spectrum is as follows: polymer+ : 

PCBM+ : PCBM− = a) 50 : 0 : 50, b) 35 : 15 : 50, c) 50 : 0 : 50, and d) 30 : 20 : 50. 
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Figure 5.  Time evolution of the mole fraction of PCBM radical cation (open symbols) and 

polymer polarons (closed symbols) to the total hole carriers in blend films: a) N-P7/PCBM, b) 

PCPDTBT/PCBM fabricated without DIO, and c) PCPDTBT/PCBM fabricated with DIO.  

The solid and broken lines show the fitting curves by F(t) = a[1−exp(−t/τ)] (solid lines) and 

F(t) = bexp(−t/τ) (broken lines).   
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Figure 6.  Equilibrium fraction of PCBM radical cation Feq plotted against ΔEHOMO calculated 

by the Monte Carlo simulation with the following parameters: σD = 0.1 eV, σA = 0.4 eV, dD = 

1, dA = 5 (solid line) for a polymer/fullerene blend with a high fullerene fraction, σD = σA = 

0.1 eV, dD = 1, dA = 5 (dotted line) for a polymer/fullerene blend with a low fullerene fraction, 

and σD = σA = 0.1 eV, dD = dA = 1 (broken line) for a polymer/polymer blend.  The inset 

shows the energy diagram of the HOMO levels. 
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Figure 7.  Equilibrium fraction of of PCBM radical cation Feq obtained from the transient 

study plotted against EA
0 − ED

0 (lower axis) and Ip of conjugated polymers (upper axis): 

MDMO-PPV/PCBM (circle), N-P7/PCBM (triangle), PCPDTBT/PCBM (square), and 

P3HT/PCBM (diamond) blends.  The broken line indicates the calculated Feq with Δ = 0 

shown in Figure 6 for the polymer/fullerene blend with a high fullerene fraction.   
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The formation mechanism of PCBM cation in polymer/PCBM blend films was studied by 

transient absorption spectroscopy.  On a time scale of sub-microseconds, PCBM cations are 

generated by hole injection from polymer to PCBM domains in the blend films.  The final 

fraction of PCBM carions is dependent on the HOMO level of donor polymers, suggesting 

that the energetic overlap in HOMO is responsible for the hole injection. 
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Supporting Information 

 

Synthetic Scheme 

 

Figure S1.  Synthesis scheme of PCPDTBT. 

 

According to the procedures reported in the previous reports,[S1–S4] PCPDTBT was 

synthesized by the Suzuki–Miyaura coupling reaction.[S5]  2,1,3-Benzothiadiazole-4,7-

bis(boronic acid pinacol ester) (115.87 mg, 0.300 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (6.33 mg, 5.47 μmol, 1.8 mol%) were placed in a 

two-necked recovery flask and purged with Ar gas.  Subsequently, 6 mL of Ar-bubbled 

toluene dissolved with 2,6-dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

b’]dithiophene (173.07 mg, 0.309 mmol), 4.5 mL of Ar-bubbled water dissolved with 

potassium carbonate (844.34 mg, 6.10 mmol), and two drops of Aliquat(R)336 were poured 

into the flask.  The solution in the flask was again bubbled with Ar gas for 30 min, and then 

was stirred for 3 days at 80 °C.  To the solution Ar-bubbled bromobenzene (53.36 mg, 0.340 

mmol) and 2 mL of Ar-bubbled toluene solution of phenylboroic acid (38.60 mg, 0.3176 

mmol) were added every 6 h, which was stirred again overnight.  The solution was 

subsequently poured into a mixture of 3 mL of 2 M hydrochloric acid and 300 mL of 

methanol and stirred over night.  The residue collected by filtering was dissolved in toluene, 
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and reprecipitated in water/methanol.  The crude product was purified by soxlet extraction 

with acetone for 6 h.  A total of 75.37 mg (yield = 26%) of PCPDTBT was obtained as pure 

product.  The molecular weight was estimated by GPC measurement with tetrahydrofuran as 

an eluent on the basis of polystyrene standard: Mn = 12,380, Mw = 21,580, Mw/Mn = 1.74.  1H-

NMR (CD2Cl2, 400 MHz): δ (ppm) 8.14 (s, 2H), 7.86 (s, 2H), 2.07 (s, 4H), 1.02 (m, 20H), 

0.68 (m, 12H).  
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Absorption Spectra of Charge Carriers 
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Figure S2.  Molar absorption coefficient spectra of PCPDTBT hole polaron (solid line), N-P7 

hole polaron (broken line), PCBM anion (dashed-dotted line), and PCBM cation (dashed-

double dotted line). 
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Ionization Potentials of Materials 

 Figure S3 shows the photoelectron yield spectra of PCBM, PCPDTBT, N-P7, and 

MDMO-PPV neat films.  The threshold energy was estimated from the cut-off in cubic root of 

the photoelectron yield plotted against the incident photon energy.   
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Figure S3.  Plots of the cubic root of the photoelectron yields of a) PCBM, b) PCPDTBT, c) 

N-P7, and d) MDMO-PPV. 
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Transient Absorption Spectra of PCPDTBT/PCBM 
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Figure S4.  Transient absorption spectra of PCPDTBT/PCBM blend films with different 

PCBM fractions: a) 5, b) 30, and c) 50 wt% of PCBM.  The delay times are 0.5, 1, 2, and 5 μs 

after the laser excitation at 400 nm with a fluence of 30 μJ cm−2.  
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Domain Size Estimation 

 

Figure S5.  The AFM topographic image of PCPDTBT/PCBM blend films (50 : 50 w/w) 

measured in the dynamic mode: a) without and b) with 1,8-diiodooctane.  These films were 

washed by 1,8-octanedithiol to remove PCBM.  The scale bars correspond to 100 nm in 

length.   

 

From the AFM images, the major (x) and minor (y) axis length for each domain were 

estimated by the ellipsoid fitting.  Figure S6 shows the histograms of domain sizes calculated 

by (x2 + y2)1/2.  The histogram is fitted by a Gaussian function. 
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Figure S6.  Histograms of phase-separated domain size estimated from AFM images of 

PCPDTBT/PCBM blend films (50 : 50 w/w): a) without and b) with 1,8-diiodooctane.  The 

gray broken lines show the Gaussian fittings for each histogram.  The domain sizes are 

estimated by the mean square of the major and minor axis of domain that was obtained by the 
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ellipsoid fitting.  
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