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The power conversion efficiency (PCE) of single junction organic solar cells has increased 

significantly during the last decade to 9-10%, now approaching the threshold considered 

necessary to commercialize the technology.
[1]

 During this period, the structural diversity of 

semiconducting donor polymers for solar cells has increased dramatically.
[2]

 These materials 

have helped enable an accelerated development of bulk heterojunction (BHJ) organic solar 

cells based on polymer donor materials and molecular fullerene derivatives. However, the 

development of electron accepting materials that lead to BHJs with high PCE has been 
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significantly slower.
[3]

 The most commonly used n-type acceptors to date remain [6,6]-

phenyl-C61-butyric acid methyl ester (PC61BM) and its slightly larger counterpart PC71BM. 

The morphology of polymer:PCBM BHJs is crucial for optimal PCE; it is important to 

achieve the “right” trade-off between domain size and finely interconnected network 

throughout the bulk of the active layer that allows efficient charge generation and extraction. 

The morphology can be controlled during device fabrication by employing solvent mixtures 

to deposit the active layer, adding high boiling solvent additives or alternatively by post-

deposition treatments like solvent vapor or thermal annealing.
[4]

 However once the active 

layer is deposited and the desired morphology achieved, it is essential to “lock” that 

morphology in order to maintain high power efficiencies and to avoid device degradation over 

time. The “locking” of the active layer morphology is extremely non-trivial, due in part to the 

fullerene derivatives miscibility in the polymer phase, where they readily diffuse throughout 

the polymer on short timescales.
[5]

 Over an extended period of time or under thermal stress, 

the fullerene derivatives, especially PC61BM, form micron scale crystallites within the 

polymer phase acting as charge traps and inhibiting efficient charge transport to the 

electrodes.
[6, 7]

 

One of the most common approaches to avoid aggregation of fullerenes into large domains is 

to chemically crosslink either or even both the materials in the BHJ after deposition.
[8]

 

Crosslinking, usually triggered by external stimuli (e.g. heat or light), has been successfully 

used in lithography for decades, but proved rather difficult to apply to organic semiconductor 

thin films. In most cases crosslinking the active layer inadvertently causes a significant 

performance decrease. We have recently demonstrated a new approach upon which the active 

layer morphology can be stabilized by the photoinduced [2+2] cycloaddition of the PC61BM 

derivatives which results in covalent bonding between the fullerene groups.
[9]

 The strategy 

was found to hold generally for a variety of polymer:fullerene pairs.
[7, 10]

 Light soaking 
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significantly reduced the formation of PC61BM crystallites under thermal stress and thus the 

device lifetime subsequently improved. A mechanistic study indicated the enhancement in 

device thermal stability is primarily associated with inhibition of the nucleation of nanoscale 

PC61BM aggregates.
[7]

 These observations have motivated us to consider whether 

enhancement of device stability could also be achieved by the direct addition of covalently 

linked PC61BM dimers in solution prior to deposition of the active layer. Such an approach 

could provide a more structurally controlled and robust route to inhibit PC61BM aggregation, 

as well as enabling direct quantification of the degree of PC61BM dimerization required to 

enhance device stability, and avoiding limitations associated with thermally induced 

dissociation observed for photoinduced PC61BM oligomers.
[7]

 

Our synthetic strategy was to make “dumbbell” shaped dimeric fullerenes where the 

fullerenes are linked via an alkyl bridge between the ester functional group on PCBM. In a 

first step commercially available PCBM was hydrolyzed using a previously described 

literature procedure and the resulting PCBA was recovered as a black soot.
[11]

 The PCBA was 

immediately used in the next reaction step without any further purification. The use of thionyl 

chloride to convert the PCBA into the corresponding acyl chloride was disregarded because 

thionyl chloride potentially p-dopes carbon based molecules like fullerenes, leading ultimately 

to poor device efficiencies.
[12]

 To prevent this undesired doping, two equivalents of PCBA 

were reacted initially with one equivalent of ethylene glycol under mild reaction conditions 

using Steglich esterification. Isolating the desired (PCB)2C2 dumbbell in sufficient purity 

from the complex reaction mixture however proved difficult and gave unsatisfactory yields (< 

10%). Because of the low solubility of the PCBA starting material, it could neither be purified 

sufficiently prior to reaction nor did it dissolve completely in the employed solvent. As a 

result, the acid and diol were no longer used in the required stoichiometric ratio, leading to the 

formation of a variety of compounds, difficult to separate. To circumvent these problems, the 
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esterification reaction was performed in two steps as shown in Scheme 1. The crude PCBA 

was reacted with a large excess of diol (10 equivalents) to encourage the formation of 

PCBC2OH. The highly soluble PCBC2OH intermediate was readily purified by column 

chromatography and recovered in good yields. After a second esterification between 

PCBC2OH and PCBA, the (PCB)2C2 dumbbell could be successfully assembled and isolated 

in reasonable yield and excellent purity as evidenced by the 
1
H-NMR and MALDI spectra 

shown in Figure 1. The singlet associated with the terminal methyl protons in PCBM appears 

at 3.67 ppm, whereas the singlet of the bridging methylene protons in (PCB)2C2 are shifted 

towards lower fields and appear at 4.26 ppm. All remaining signals associated with the 

aromatic and alkyl protons are identical in both cases and confirm that our dimerization 

approach has no effect on the chemical environment of the fullerenes. 

Because our goal was to blend the dimeric fullerenes with PCBM, we investigated the impact 

of the dimerization on their electronic structure. There have been numerous approaches to 

synthesize covalently bound fullerene dimers, however most of these synthetic procedures 

also modify the frontier energy levels of the fullerene dumbbells.
[13]

 In this perspective our 

controlled dimerization approach is advantageous, allowing the synthesis of structurally well-

defined PCBM dumbbells with similar frontier energy levels to PCBM, according to density 

functional theory (DFT) calculations performed at the B3LYP/6-31G* level of theory. The 

calculations predicted similar HOMO and LUMO energy levels for both PCBM and the 

(PCB)2C2 dumbbell and are summarized in Table 1. Cyclic voltammetry (CV) measurements 

were carried out on PCBM and (PCB)2C2 solutions in o-dichlorobenzene and the HOMO and 

LUMO energy levels were estimated from the onset of the oxidation and reduction (Figure 

S10). In both cases the HOMO was estimated at -5.94 eV and the LUMO at -3.85 eV, thus 

confirming the trend predicted by DFT calculations. The result might seem intuitive, but 

ensuring similar energy levels for both PCBM and the dimer (PCB)2C2 is crucial in order to 
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achieve high PCE. In case the LUMO energy level of the dimer would be significantly lower 

than the one of PCBM, the added dimer would act as a charge trap, which would be 

detrimental for device performance. 

The UV-vis. absorption spectra of both fullerene derivatives were recorded in dilute THF 

solutions and are shown in Figure S11. The fullerene dumbbell shows identical absorption 

bands to PCBM indicating that even though the C60 cages are in close proximity due to the 

covalent ethyl bridge between them, they are not undergoing any additional electronic 

coupling. This is also supported by quantum mechanical calculations revealing that the both 

HOMO and LUMO wave function distributions are located on the C60 part of the dimer and 

are not affected by the ethyl linkage (Figure S12). 

To investigate the effect of addition of (PCB)2C2 on the active layer morphology and device 

performance, a blend of PCBM with the carbazole based PCDTBT polymer was chosen as 

model system. PCDTBT is a high performing amorphous polymer with a glass transition 

temperature (Tg ≈ 106°C) in neat films below the temperatures used here for examination of 

thermal stability.
[14]

 To determine the minimum weight percentage of (PCB)2C2 dumbbell 

necessary to stabilize the PCDTBT:PCBM blend under thermal stress, blends of 

PCDTBT:fullerene (1:2) were spin coated on silicon substrates from chlorobenzene and 

thermally annealed at 140°C for 1 hour. We have studied the effect of dimer content in the 

fullerene component, while maintaining the overall weight ratio of polymer:fullerene constant. 

From the optical micrographs presented in Figure S13, it is apparent that the addition of 

dimer leads to a more thermally stable blend. At low dimer loadings (< 1% by mass) the 

growth of micron sized PCBM crystallites in the blend cannot be inhibited. However, the 

formation of micron-sized PCBM crystallites at temperatures above the Tg  of the pure 

polymer is completely impeded upon addition of 20% of (PCB)2C2 (Figure 2), and indeed the 

number density of the PCBM crystallites is suppressed by over 50% by adding only 5% of 
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dimer to the blend (Figure 3A). This low threshold is consistent with our previous conclusion 

that the primary role of the PC61BM oligomers, respectively (PCB)2C2, is to frustrate and 

eventually inhibit PC61BM crystal nucleation, with such nucleation processes often being 

hindered by low compositions of additive materials.
[7, 15]

 

The effect of (PCB)2C2 on the nanomorphological behavior upon thermal stress analogous to 

solar cell operating conditions was also investigated. Our previous studies have shown that 

thermal stress at temperatures relevant to device operation does not lead to micron-size 

crystallites, but instead results in the formation of nanometer-sized PCBM features in 

PCDTBT:PCBM blend films instead.
[7]

 The evolution of the blend morphology upon thermal 

annealing at 85°C, customary for standard thermal stress tests, on PEDOT:PSS substrates is 

shown in Figure 2.
[16]

 As revealed by AFM, as cast samples are relatively smooth and 

featureless, with a similar surface roughness for both with and without (PCB)2C2. Upon 

thermal annealing at 85°C for 1 h, the samples without (PCB)2C2 exhibit densely formed 

PCBM crystallites of the order of 150 nm in diameter and 30 nm in height. We have 

previously assigned these nanoscale features to PCBM aggregates, and correlated their 

appearance with the degradation of device efficiency under modest thermal stress.
[7]

 In clear 

contrast, the samples with 20% (PCB)2C2 show drastically suppressed PCBM aggregation 

with no measurable change in film surface morphology after thermal treatment. 

The film morphology was further probed by bright field transmission microscopy (TEM). At 

80°C, both blend films, with and without (PCB)2C2, present very comparable features. The 

non-(PCB)2C2 containing blend contains spherical aggregates dispersed homogenously 

throughout the film (Figure S14 to S16), with diameters ranging from ~150-250 nm. The 

(PCB)2C2 containing blend showed comparable features, but a much lower density of 

fullerene nuclei of approximate diameter of ~100-150 nm was found. This modest difference 

suggests that the observed spherical aggregates in the non-(PCB)2C2 containing blend might 
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play a key role in PCBM crystal nucleation and device degradation even though the exact 

mechanism is not yet elucidated. Upon thermal annealing at 140°C, the formation of fullerene 

nuclei varying in size (~50-100, 100-150 and 150-200 nm) was observed in the non-

(PCB)2C2 containing blend. More importantly however, we observed the formation of needle-

like structures, similar to the ones previously observed in optical microscopy image, but much 

smaller in size (50-100 nm in length and 10 nm in width). In the annealed blend film 

containing 20% of (PCB)2C2 these sheaf-like structures were not observed, but the 

morphology was instead characterized by the presence of spherical aggregates, on average 

smaller than the ones observed prior to 140°C annealing. These results are in further 

agreement with our previously made observation that a low concentration of (PCB)2C2 in the 

fullerene phase is stabilizing the blend nano morphology and seems to influence the shape and 

number density of PCBM aggregates under modest thermal stress. 

Knowing that the PCBM dumbbell has a positive effect on the thermal stability of active 

layer blend films, we focused on its effect on the performance of PCDTBT:PCBM solar cells. 

A standardized thermal stress of 85°C was applied to the devices under nitrogen atmosphere, 

with the current-voltage (J-V) recorded using repeated dark thermal annealing/room 

temperature device testing cycles. For J-V measurements, devices were exposed under a solar 

simulator for less than 30 seconds during each measurement to minimize the effect of PCBM 

photo-oligomerisation. Figure 3 demonstrates the impact of a low percentage of PCBM 

dimers on the efficiency and thermal stability of PCDTBT:PCBM devices. Devices 

containing 20% of (PCB)2C2 show a modest improvement in efficiency compared to devices 

without dimers, primarily due to an enhancement in fill factor (FF) from around 0.56 to 0.62. 

The cause of improved FF is not obvious from the AFM images e) and f) in Figure 2, but is 

likely due to an improvement in the blend morphology induced by the dimers during film 

deposition. For the devices fabricated without (PCB)2C2, a rapid degradation in device 
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performance was observed upon thermal stress, with a 20% loss in power conversion 

efficiency (PCE) within the first 25 minutes, primarily due a loss of fill factor, and likely 

linked to the densely formed nanoscale PCBM aggregates. Remarkably, devices containing 

20% of the (PCB)2C2 show significantly improved thermal device stability with a reduction in 

the PCE by 20% occurring only after 2000 minutes. It is thus apparent that the device thermal 

stability of conventional PCDTBT:PCBM devices can be enhanced by an order of magnitude 

by using a low percentage of (PCB)2C2, at least under the thermal stress conditions and time 

scale studied herein. 

Given that the addition of (PCB)2C2 not only enhances long term device stability, but also 

device efficiency, we evaluated the potential to further enhance device performance by 

systematically increasing the PCBM dimer loading from 0% (100% of PCBM) to 100% (0% 

of PCBM) while keeping the total concentration of fullerene in the active layer blend constant. 

The initial device J-V characteristics, as a function of the (PCB)2C2 loading, are shown in 

Figure S17. From 0% to 20% of (PCB)2C2 loading, modest increases in PCE are observed 

due to enhanced FF values. However, further increase in dimer loading results in decreasing 

device PCE, caused by decreases in both Jsc and FF (See Table S1 in supporting information 

for detailed device parameters). The loss in PCE results in part from a higher series resistance, 

indicative of a drop in electron mobility in the fullerene phase with increasing PCBM dimer 

loading. To confirm this assumption, organic field effect transistors (OFET) were built to 

measure the electron mobility as a function of (PCB)2C2 loading. The electron mobility of a 

neat PCBM film was found to be around 1×10
-3

 cm
2
V

-1
s

-1
, which is in good agreement with 

previously reported literature values.
[17]

 As evidenced from Figure 4, a sharp drop in electron 

mobility is observed at (PCB)2C2 loadings exceeding 10-20%, which correlates well with the 

lower Jsc measured at higher dumbbell loadings and the resulting drop in PCE. These findings 

are in line with previous work by Distler et al., 
[18]

 who demonstrated that photodimerisation 
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of PCBM causes a significant reduction of charge carrier mobility in a polymer:fullerene 

system, resulting in a reversible degradation of device efficiency under constant illumination. 

The electron mobility measurements in conjunction with the device stability data therefore 

conclusively show that there is an optimal (PCB)2C2 loading around 20% at which both the 

device efficiency and the device lifetime can be simultaneously enhanced.  

Based on the aforementioned results, the addition of (PCB)2C2 leads to improved power 

conversion efficiencies, mainly because the growth of nm-sized PCBM crystallites in the 

active layer under thermal stress is prevented as evidenced by AFM measurements. To further 

investigate by what mechanism this crystallite growth is suppressed, we have carried out 

interdiffusion measurements. We hypothesized above that the addition of (PCB)2C2 would 

lead to lower fullerene diffusion coefficients, thus slowing down and eventually preventing, 

the growth of PCBM nanocrystallites. The diffusion of (PCB)2C2 from a bulk heterojunction 

blend with PCDTBT into a neat PCDTBT thin film was thus investigated with dynamic 

secondary ion mass spectrometry as a function of annealing temperature (Figure 5). The 

bilayers remained stable in composition, as prepared from solution casting and film 

lamination, until the annealing temperature approached the Tg of PCDTBT (beginning at 

100°C). At temperatures near or slightly below Tg, the (PCB)2C2 infiltrated only partially into 

the PCDTBT film, with a decreasing dimer concentration with diffusion distance. At 

temperatures above Tg, the (PCB)2C2 diffused entirely across the PCDTBT film with uniform 

concentration. These results suggest that the molecular mobility of PCDTBT is critical in 

determining the ability for the dimer molecule to traverse the polymer phase. While (PCB)2C2 

and PCBM show qualitatively the same behavior with PCDTBT, we cannot rule out that the 

diffusion of the former is slowed down, as the DSIMS measurement provides only a bound 

for the diffusion constant. We can state however that it is not slowed so much as to retard 

diffusion at timescales commonly used in processing of BHJs, i.e. ~minutes. More critically, 
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the miscibility in PCDTBT seems unaffected by the dimerization process. These results 

imply that in blends with PCDTBT, dimerized and undimerized PCBM show similar 

diffusion kinetics and suggest that rather than slowing growth of domains by mass diffusion 

in such blends, that the stability of the microstructure is achieved through frustration of 

molecular packing of PCBM by (PCB)2C2.  Grazing incidence wide angle x-ray scattering 

(GIWAXS) measurements performed on PCDTBT:fullerene blends revealed only some weak 

ordering from PCDTBT, with (100) and (200) peaks that are broad and weakly observable in 

the out-of-plane and in-plane directions (Figure 6). The large, broad aggregate peak centered 

at ~1.4 Å
-1

 has contributions from the weakly ordered/aggregated PCBM and possibly 

(PCB)2C2, as well as from the amorphous regions of PCDTBT. No diffraction peaks related 

to the spherical fullerene aggregates observed in TEM images could be identified, which is 

likely because these are very weakly ordered. 

The hypothesis of frustrated molecular packing is further supported by differential scanning 

calorimetric (DSC) measurements as evidenced from Figure S18-S22. Pure PCBM exhibits a 

sharp melting peak at 280°C with an associated enthalpy of fusion of 14.8 J/g. However upon 

addition of 20% of (PCB)2C2 dumbbell, it is possible to quench the PCBM:(PCB)2C2 blend 

in a glassy state (Tg ≈ 200°C) and even after 2 hours of thermal annealing at 85°C the sample 

did not return to a crystalline state comparable to the neat PCBM sample (Figure 6C). 

These results demonstrate conclusively that the addition of a modified fullerene to a 

polymer:fullerene active layer does not negatively affect the PCE of BHJs and can lead to the 

significantly enhanced morphological stability. The underlying mechanism appears to be, not 

a significant reduction in fullerene mobility, but rather the frustration of fullerene nanocrystal 

nucleation. We find that there is an optimal loading, of approximately 20% fullerene dimer, 

that yields a device lifetime increase of around 20% under realistic operating conditions. In 

contrast with our previously reported strategy of photo-induced fullerene oligomerisation in 
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the active layer, which yields a time-dependent fullerene:oligomer population (as a function 

of time and illumination), this approach is robust to environmental conditions and thus 

potentially more attractive for practical implementation. 
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Figures and captions: 

 

Scheme 1. Synthesis of the PCBM dumbbell (PCB)2C2. 

 

 

Figure 1. (Left) Negative ion MALDI mass spectrum of (PCB)2C2, using C60 (m/z: 720.0) as 

internal calibrant. The inset shows a zoomed view of the molecular ion peak. (Right) 
1
H-

NMR spectra of PCBM (top) and (PCB)2C2 (bottom) recorded at 293 K in 1,1,2,2-

tetrachloroethane-d2. In the PCBM spectrum, the singlet attributed to the terminal methyl 

protons is highlighted with a black circle. Similarly the singlet assigned to the bridging 

methylene protons in the (PCB)2C2 spectrum are marked by a red triangle. The broad peak at 

1.84 ppm (marked by a *) originates from residual water in the NMR solvent. 
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Table 1. Electrochemical, theoretical and optical properties of PCBM and (PCB)2C2. 

 CV DFT UV-vis. 

Compound 
HOMO/LUMO 

[eV] [a] 

HOMO/LUMO 

[eV] [b] 

λmax soln. 

[nm] [c]
 

PCBM -5.94 / -3.85 -5.70 / -3.13 258, 328 

(PCB)2C2 -5.94 / -3.85 -5.71 / -3.14 258, 328 

[a] Measured in o-dichlorobenzene solution with 0.1 M TBAPF6 as supporting electrolyte. 

Scan rate 100 mV/s. [b] Energy levels calculated by DFT using the B3LYP/6-31g* model. [c] 

Recorded in dilute THF solution at 25°C. 

 

 

Figure 2. Optical images of a) PCDTBT:PCBM as-cast blend films; b) 

PCDTBT:PCBM:(PCB)2C2 (20%) as-cast films; c) PCDTBT:PCBM blend films after 

thermal annealing at 140°C for 1h and d) PCDTBT:PCBM:(PCB)2C2 (20%) blend films 

after thermal annealing at 140°C for 1h on SiOx substrates (scale bar, 200 μm). The insets c) 

and d) highlight the drastic differences in PCBM crystal formation in the annealed blend 

films with and without the (PCB)2C2 (scale bar is 40 μm). AFM images of e) 

PCDTBT:PCBM as-cast blend films; f) PCDTBT:PCBM:(PCB)2C2 (20%) as-cast films; g) 

PCDTBT:PCBM blend films after thermal annealing at 85°C for 1h; and h) 



     

16 

 

PCDTBT:PCBM:(PCB)2C2 (20%) blend films after thermal annealing at 85°C for 1h on 

PEDOT:PSS substrates (scale bar is 5.7 μm). 

 

 

Figure 3. (A) Number density of micron sized PCBM crystallites formed in blend films after 

thermal annealing at 140°C for 1h on SiOx/Si substrates, plotted as a function of (PCB)2C2 

dimer loading. (B) Comparison of the J-V characteristics of optimized conventional 

PCDTBT:PCBM devices and PCDTBT:PCBM:(PCB)2C2 (20%). (C) Degradation of solar 

cell PCE as a function of annealing time at 85°C in nitrogen atmosphere. The error bars 

represent the spread in degradation kinetics of three typical devices. 

 

 

Figure 4. Electron mobility of PCBM:(PCB)2C2 measured in organic field effect transistors 

as a function of (PCB)2C2 loading. 
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Figure 5. DSIMS profiles of 
2
H and 

32
S in a PCDTBT:d-PCBM bilayer (solid lines) and in a 

PCDTBT:(BHJ PCDTBT:d-(PCB)2C2) bilayer (dotted line) fabricated on a SiO2/Si substrate. 

(A) Sharp changes in the 
2
H and 

32
S counts are observed in the as-cast bilayer structures. (B) 

Partial infiltration of the deuterated fullerene derivatives into the PCDTBT layers occurs at 

100°C annealing and (C) homogenous distributions of the deuterated species is achieved at an 

annealing temperature (140°C) exceeding the polymers Tg. 

 

 

Figure 6. (A) out-of-plane and (B) in-plane GIWAXS diffraction patterns of 

PCDTBT:PCBM and PCDTBT:PCBM:(PCB)2C2 (20%) BHJ films, annealed at various 

temperatures prior to the measurements; (C) DSC first heating thermogram of PCBM, 

(PCB)2C2 and PCBM:(PCB)2C2 (20%) after the samples were thermally annealed at 85°C 

during two hours. Heating rate 10°C/min. 
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PCBM was purchased from Solenne BV, all other chemicals and solvents were purchased 

from Sigma-Aldrich and used as received. PCBA was synthesized according to a literature 

procedure. 
[11]

 
1
H NMR and 

13
C NMR spectra were recorded on a Bruker 400 spectrometer at 

298 K and chemical shifts are given in ppm. UV-vis. absorption spectra were recorded on a 

UV-1800 Shimadzu UV-vis. spectrometer. Cyclic voltammograms were obtained using an 

Autolab PGSTAT101 potentiostat with a standard three-electrode setup with a platinum disk 

working electrode and a Ag/Ag
+
 reference electrode calibrated against Fc/Fc

+
. The 

measurements were carried out with approximately 0.5 ×10
-3

 M solutions of PCBM, 

respectively (PCB)2C2, in a mixture of anhydrous and deoxygenated acetonitrile:o-

dichlorobenzene (1:5 v/v) with 0.1 M tetrabutylammonium hexafluorophosphate as the 

supporting electrolyte at a scan rate of 100 mV/s. HOMO and LUMO energy values were 

obtained using equations: 

𝐸𝐿𝑈𝑀𝑂 = −(𝐸𝑟𝑒𝑑 − 𝐸𝐹𝑐 + 4.8) eV and 𝐸𝐻𝑂𝑀𝑂 = −(𝐸𝑜𝑥 − 𝐸𝐹𝑐 + 4.8) eV 

PCDBT was supplied by 1-Materials Inc. (Mw ≈ 21.6 kg.mol
-1

; Dw ≈ 5.5) and PCBM was 

purchased from Nano-C Inc. PCDTBT and PCBM, respectively (PCB)2C2, (1:2 weight ratio) 

were co-dissolved in chlorobenzene and stirred for 24 hours at 55°C inside a nitrogen filled 

glovebox. The total solution concentration was 25 mg.mL
-1

. All devices were prepared with a 

conventional device architecture (ITO/PEDOT:PSS/PCDTBT:PCBM/Ca/Al), the active layer 

was deposited via spincoating at room temperature and the film thickness was measured to be 

around 80 nm. 

Matrix-assisted laser desorption ionization (MALDI) mass spectra (MS) were obtained using 

a Micromass MALDI mass spectrometer equipped with a time-of-flight (ToF) analyzer. All 

mass spectra were acquired in negative mode. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile was used matrix. The sample was deposited together with the 
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matrix and C60 as internal reference from o-dichlorobenzene solution by drop-casting directly 

on the MALDI plate. mode. 

DSC experiments were carried out with a TA Instruments DSC Q20. The samples for the 

thermal annealing DSC measurements, were prepared by loading the DSC pan with the 

analyte and heating the sample multiple times to 325°C and until consecutive heating cycles 

were identical. The sample was then annealed at 85°C during two hours in the DSC machine 

and heated to 325°C to induce the melt. Atomic force miscroscopy (AFM) was performed 

using an Asylum Research MFP 3D AFM, using NanoWorld Pointprobe Al-coated, non-

contacted mode Si cantilevers, with a resonance frequency of 190 kHz and a spring constant 

of 48 N/m. 

Dynamic secondary ion mass spectrometry (SIMS) was performed using a Physical 

Electronics 6650 quadropole instrument. Substrates were cooled on a cryostage (liquid 

nitrogen) for ~30 min prior to measurement. A 2kV O2
+
 beam at ~40-50 nA was rastered 

across a 300 μm x 300 μm area, of which only the middle 15% of the surface area was 

analyzed for composition through collection of negative secondary ions. 

2D GIWAXS was conducted at beamline 7.3.3 at the Advanced Light Source (Lawrence 

Berkeley National Laboratory), using a Pilatus 1M CCD detector at grazing incidence with a 

photon energy of 10 keV. Samples were kept under helium atmosphere to minimize sample 

radiation damage and the low-q background in the collected images. Films were typically 

exposed for 60-90 s at incident angles of 0.10-0.18°. 

OFET SI 
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[6,6]-Phenyl-C61-butyric acid 2-hydroxyethyl ester (PCBC2OH). [6,6]-Phenyl-C61-

butyric acid (PCBA) (600 mg, 0.67 mmol) was added to 100 mL of anhydrous o-

dichlorobenzene and sonicated during 20 minutes. After sonication the brownish suspension 

was heated to 110°C for two hours in order to fully dissolve the PCBA. The resulting black 

solution was cooled to 0°C in an ice-bath before ethylene glycol (1 mL, 17.88 mmol) and 4-

Dimethylaminopyridine (8.2 mg, 0.07 mmol) were added. At last N,N'-

Dicyclohexylcarbodiimide (152 mg, 0.74 mmol) was added to the reaction mixture, which 

was allowed to warm to room temperature and stirred overnight. The solvent was removed 

from the reaction mixture by rotary evaporation. The recovered crude product was purified by 

column chromatography on silica gel using a mixture of toluene:pyridine (95:5) as mobile 

phase. The recovered fractions were concentrated and precipitated into cold methanol. The 

title compound was recovered as a brown solid after filtration (247 mg, 0.26 mmol, 39%). 
1
H 

NMR (400 MHz, chloroform-d) δ ppm 7.97 - 7.91 (m, 2 H) 7.60 - 7.46 (m, 3 H) 4.27 - 4.21 

(m, 2 H) 3.88 - 3.77 (m, 2 H) 3.01 – 2.87 (m, 2 H) 2.59 (t, J=7.3 Hz, 2 H) 2.29 - 2.15 (m, 2 H) 

1.80 (br s, 1 H). MS (MALDI-ToF): m/z calcd for C73H16O3 (M
·-
) 940.1, 941.1, 942.1, 943.1 

found 940.1, 941.1, 942.1, 943.1. 
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Figure S1. 
1
H-NMR spectra of PCBC2OH recorded at 293 K in chloroform-d. 

 

 

Figure S2. Negative ion MALDI mass spectrum of PCBC2OH, using C60 (m/z: 720.0) as 

internal calibrant. The inset shows a zoomed view of the molecular ion peak. 

Bis-[6,6]-phenyl-C61-butyric acid ethane-1,2-diyl ester ((PCB)2C2).  

PCBC2OH (190 mg, 0.20 mmol) was dissolved in 100 mL of anhydrous o-dichlorobenze and 

cooled to 0°C. PCBA (362 mg, 0.40 mmol) and 4-Dimethylaminopyridine (4.9 mg, 0.04 

mmol ) were added, before N,N'-Dicyclohexylcarbodiimide (92 mg, 0.44 mmol) was added. 

The reaction mixture was allowed to warm to room temperature and stirred overnight. 

Afterwards the solvent was removed from the reaction mixture and the recovered crude 

product was purified by column chromatography on silica gel using toluene as eluent. The 

recovered fractions were concentrated and precipitated into methanol. The title compound 

was recovered as a dark brown solid after filtration (58 mg, 0.03 mmol, 16%). 
1
H NMR (400 

MHz, 1,1,2,2-tetrachloroethane-d2) δ ppm 7.91 - 7. 86 (m, 2 H) 7.55 - 7.42 (m, 3 H) 4.22 (s, 2 

H) 2.91 – 2.80 (m, 2 H) 2.51 (t, J=7.3 Hz, 2 H) 2.18 -1.94 (m, 2 H). 
13

C NMR (100 MHz, 
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TCE-d2) δ ppm 207.5, 173.2, 149.0, 148.0, 146.1, 145.4, 145.4, 145.3, 145.2, 145.0, 144.9, 

144.7, 144.6, 144.2, 144.0, 143.2, 143.2, 143.1, 142.4, 142.4, 142.3, 141.2, 140.9, 138.2, 

137.8, 136.9, 136.5, 132.3, 128.8, 128.5, 123.8, 120.6, 80.1, 52.1, 34.1, 33.8, 22.5. MS 

(MALDI-ToF): m/z calcd for C144H26O4 (M
·-
) 1819.2, 1820.2, 1818.2, 1821.2 found 1818.7, 

1819.6, 1817.7, 1820.6. 

 

 

Figure S3. 
1
H-NMR spectra of (PCB)2C2 recorded at 293 K in 1,1,2,2-tetrachloroethane-d2. 
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Figure S4. 
13

C-NMR spectra of (PCB)2C2 recorded at 293 K in 1,1,2,2-tetrachloroethane-d2. 

 

 

Figure S5. Negative ion MALDI mass spectrum of (PCB)2C2, using C60 (m/z: 720.0) as 

internal calibrant. The inset shows a zoomed view of the molecular ion peak. 

[6,6]-Phenyl-C61-butyric acid 2-hydroxytetradeuteroethyl ester (d-PCBC2OH). [6,6]-

Phenyl-C61-butyric acid (PCBA) (400 mg, 0.45 mmol) was added to 80 mL of anhydrous o-
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dichlorobenzene and sonicated during 20 minutes. After sonication the brownish suspension 

was heated to 110°C for two hours in order to fully dissolve the PCBA. The resulting black 

solution was cooled to 0°C in an ice-bath before ethylene glycol-d4 (1 mL, 7.85 mmol) and 4-

Dimethylaminopyridine (5.5 mg, 0.05 mmol) were added. Finally N,N'-

Dicyclohexylcarbodiimide (101 mg, 0.49 mmol) was added to the reaction mixture, which 

was allowed to warm to room temperature and stirred overnight. The solvent was removed 

from the reaction mixture by rotary evaporation. The recovered crude product was purified by 

column chromatography on silica gel using a mixture of toluene:pyridine (95:5) as mobile 

phase. The recovered fractions were concentrated and precipitated into cold methanol. The 

title compound was recovered as a brown solid after filtration (107 mg, 0.11 mmol, 25 %). 
1
H 

NMR (400 MHz, 1,1,2,2-tetrachloroethane-d2) δ ppm 7.97 - 7.88 (m, 2 H), 7.60 - 7.42 (m, 3 

H), 2.96 - 2.80 (m, 2 H), 2.55 (t, J=7.6 Hz, 2 H), 2.21 - 2.06 (m, 2 H). MS (MALDI-ToF): m/z 

calcd for C73H12D4O3 (M
·-
) 944.1, 945.1, 946.1, 947.1 found 944.1, 945.1, 946.1, 947.1. 

 

Figure S6. 
1
H-NMR spectra of d-PCBC2OH recorded at 293 K in 1,1,2,2-tetrachloroethane-

d2. 
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Figure S7. Negative ion MALDI mass spectrum of d-PCBC2OH, using C60 (m/z: 720.0) as 

internal calibrant. The inset shows a zoomed view of the molecular ion peak. 

Bis-[6,6]-phenyl-C61-butyric acid tetradeuteroethane-1,2-diyl ester (d-(PCB)2C2).  

d-PCBC2OH (95 mg, 0.10 mmol) was dissolved in 50 mL of anhydrous o-dichlorobenze and 

cooled to 0°C. PCBA (180 mg, 0.20 mmol) and 4-Dimethylaminopyridine (2.5 mg, 0.02 

mmol) were added, before N,N'-Dicyclohexylcarbodiimide (45 mg, 0.22 mmol) was added. 

The reaction mixture was allowed to warm to room temperature and stirred overnight. 

Afterwards the solvent was removed from the reaction mixture and the recovered crude 

product was purified by column chromatography on silica gel using toluene as eluent. The 

recovered fractions were concentrated and precipitated into methanol. The title compound 

was recovered as a dark brown solid after filtration (26 mg, 0.01 mmol, 14%). 
1
H NMR (400 

MHz, 1,1,2,2-tetrachloroethane-d2) δ ppm 7.99 - 7.96 (m, 2 H), 7.63 - 7.50 (m, 3 H), 2.97 - 

2.92 (m, 2 H), 2.60 (t, J=7.4 Hz, 2 H), 2.24 - 2.19 (m, 2 H). MS (MALDI-ToF): m/z calcd for 

C144H22D4O4 (M
·-
) 1823.2, 1824.2, 1822.2, 1825.2 found 1822.7, 1823.7, 1821.7, 1824.6. 
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Figure S8. 
1
H-NMR spectra of d-(PCB)2C2 recorded at 293 K in 1,1,2,2-tetrachloroethane-d2. 

 

 

Figure S9. Negative ion MALDI mass spectrum of d-(PCB)2C2, using C60 (m/z: 720.0) as 

internal calibrant. The inset shows a zoomed view of the molecular ion peak. 
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Figure S10. Cyclic voltammograms PCBM (top), respectively (PCB)2C2 (bottom) were 

recorded at a scan rate of 100 mV/s in anhydrous o-dichlorobenzene solution with 0.1 M 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte. Reductions are 

shown on the left and the oxidation cycles on the right. 
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Figure S11. UV-vis. absorption spectra of PCBM and (PCB)2C2 were recorded in dilute THF 

solutions at 25°C. 

 

 

Figure S12. Energy-minimized structure (B3LYP/6-31G*) of PCBM and (PCB)2C2 with 

visualization of the HOMO (bottom row) and LUMO (top row) wave functions. In case of 

(PCB)2C2, both HOMO and LUMO were found to be degenerate and the above wave 

function distributions represent the sum of both degenerate states for the HOMO and LUMO. 
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Figure S13. Optical microscope images of PCDTBT:fullerene (w/w 1:2) blends on silicon 

substrate with an increasing percentage of (PCB)2C2. All blend films were annealed under 

identical condition for 1 hour at 140°C prior to the measurement. Scale bar is 25 µm. 

 

 

Figure S14. TEM micrographs of PCDTBT:PCBM films annealed 80°C prior to the 

measurement. Scale bar is 2 µm. PCDTBT:PCBM devices and PCDTBT:PCBM:(PCB)2C2 

(20%). 
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Figure S15. TEM micrographs of PCDTBT:PCBM film (left column) and 

PCDTBT:PCBM:(PCB)2C2 (20%) (right column) annealed at the indicated temperatures 

prior to the measurements. Scale bar is 200 nm. 
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Figure S16. TEM micrographs of PCDTBT:PCBM film (left column) and 

PCDTBT:PCBM:(PCB)2C2 (20%) (right column) annealed at the indicated temperatures 

prior to the measurements. Scale bar is 500 nm. 
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Figure S17. (Left) Comparison of the initial J-V characteristics of optimized conventional 

PCDTBT:PCBM devices containing different weight percentages of (PCB)2C2 prior to 

thermal stability test. (Right) Degradation of solar cell PCE as a function of time at 85°C 

thermal stress in nitrogen atmosphere of optimized conventional PCDTBT:PCBM devices 

containing different weight percentages of (PCB)2C2. 

 

Table S1. Initial device parameters of conventional PCDTBT:PCBM devices containing 

different loadings of the (PCB)2C2. 

System 
Jsc 

[mA/cm
2
] 

Voc 

[V] 
FF

 PCE 

[%] 

PCDTBT:PCBM 10.06 0.93 0.57 5.33 

PCDTBT:PCBM:(PCB)2C2 

(10%) 
9.70 0.93 0.61 5.50 

PCDTBT:PCBM:(PCB)2C2 

(20%) 
10.01 0.93 0.61 5.68 

PCDTBT:PCBM:(PCB)2C2 

(30%) 
6.40 0.95 0.50 3.04 

PCDTBT:PCBM:(PCB)2C2 

(50%) 
4.54 0.93 0.38 1.6 

PCDTBT:(PCB)2C2 

(100%) 
1.34 1.07 0.21 0.3 
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Figure S18. DSC traces of PCBM recorded at heating rate of 10°C/min.. 

 

 

Figure S19. DSC traces of (PCB)2C2 recorded at heating rate of 10°C/min.. 
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Figure S20. DSC traces of PCBM before 2 hour annealing at 85°C and after annealing, 

recorded at heating rate of 10°C/min.. 

 

 

Figure S21. DSC traces of (PCB)2C2 before 2 hour annealing at 85°C and after annealing, 

recorded at heating rate of 10°C/min.. 
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Figure S22. DSC traces of PCBM:(PCB)2C2 (20%) before 2 hour annealing at 85°C and 

after annealing, recorded at heating rate of 10°C/min.. 
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