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Evidence for strong and weak PCBM photo-dimer populations in organic
solar cells
Sebastian Pont,a,b Silvio Osella,c Alastair Smith,b Adam Marsh,a,b Zhe Li,d David Beljonne,c João T Cabral,a,e James R
Durranta,b, f

In polymer / fullerene organic solar cells, the photochemical dimerisation of PCBM was reported to have either beneficial or detrimental
effect on device performance and stability. In this work, we investigate the behavior of such dimers by measuring the temperature
dependence of the kinetics of PCBM de-dimerisation as a function of prior light intensity and duration. Our data reveal the presence of
both ’weakly’ and ’strongly’ bound dimers, with higher light intensities preferentially generating the latter. DFT simulations corroborate
our experimental findings and suggest a distribution of dimer binding energies, correlated with the orientation of the fullerene tail
with respect to the dimer bond on the cage. These results provide a framework to rationalize the double-edged effects of PCBM
dimerization on the stability of organic solar cells.

1 Introduction

To realise the growing potential of organic solar cells (OSC), im-
provements in operational stability remains a key challenge.1

The development of new polymers and acceptors is continuing
to increase the efficiency of OSC.2–4 The current record cer-
tified power conversion efficiency is over 17%5, achieved in
a tandem device architecture incorporating fullerene and non-
fullerene electron acceptors. However, the potential loss of OSC
power conversion efficiency over time is a key concern for com-
mercialization. This loss can be caused by various stresses factors.
Environmental elements such oxygen and humidity can react with
materials within the device; these factors may be encapsulated
against in certain applications, such as those employing glass en-
capsulation. However, intrinsic factors such as thermal stress, illu-
mination, and interlayer-stability cannot be encapsulated against
and therefore are always present during operation.6–8 In partic-
ular, OSC are often observed to undergo significant light induced
degradation during the initial stages of operation known. This
is termed the ‘burn-in’ and is related to several loss mechanisms
which are current areas of interest.9–11 Other studies have high-
lighted the potential for thermally induced degradation of perfor-
mance, often associated with changes in film morphology.12–14

The light induced dimerization of the most widely used, fullerene
based, electron acceptor PCBM (phenyl-C61-butyric-acid-methyl
ester) was reported to be a factor in both of these intrinsic degra-
dation pathways, in some cases detrimentally15,16 as the under-
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lying cause of device ‘burn-in’, in other cases beneficially17–19 in
improving film morphological stability. In this study, we focus on
these apparently contradictory effects of PCBM dimerization, and
in particular provide evidence that light irradiation can results in
the formation for two distinct populations of PCBM dimers de-
pending upon the irradiation conditions used.

The dimerisation of fullerenes in OSC bulk heterojunctions is
known to occur during operating conditions.15–17 The photo-
chemical mechanism of PCBM dimerisation has also been corre-
lated with beneficial effects due to improved morphology stability
in a number of polymer:fullerene systems.17–19 PCBM crystallisa-
tion is one of the key causes of morphological degradation under
thermal stress; the formation of PCBM dimers unit was suggested
to impede the nucleation of such PCBM crystallites, thereby en-
hancing film and device stability.17 The dimer is also immobile
compared to the monomer unit.19 However, other reports have
suggested neutral or detrimental effects of PCBM dimerisation
on the performance and stability of OSCs. Distler et al reported
that dimerisation was correlated with the formation of trap-states
during the degradation of PDTSTzTz:PCBM devices.15 More re-
cently, Heumueller et al presented further examples of PCBM
dimerisation causing device degradation in seven different poly-
mer:fullerene material systems.16 However, Inasaridze et al have
observed no burn-in within systems where PCBM dimerisation
is occurring, and systems with burn-in without dimerisation.20

From these results, it is clear the effect of fullerene dimerisation
on stability is non-trivial and the current models in the literature
present conflicting conclusions.

The first study of the photochemical dimerisation of C60 was
reported 20 years ago by Rao et al.21 This 2+2 cycloaddi-
tion reaction was proposed to be driven by photogenerated
fullerene triplet states.22 The dimerisation was observed in other
fullerenes, such as C70 and PCBM, but at slower rates of forma-
tion, attributed to asymmetry and steric hindrance effects.23,24
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Figure 1 Upon illumination PCBM undergoes a 2+2 cycloaddition reaction to form dimers. These are thermally reversible at elevated temperatures. In
polymer:fullerene bulk heterojunctions distinct dimer populations are found to occur that have varying stability to de-dimerisation. This is associated
with the configuration of the asymmetric PCBM units in the dimers. At high light irradiances predominately ’strong’ dimers are formed whereas at
lower light intensities ’weak’ PCBM dimers are formed. These results present a pathway to understand the simultaneous beneficial and detrimental
effects of PCBM dimerisation in OSCs.

The topological criteria for dimerization is the alignment of two
carbon-carbon double bonds at a separation of less than 4.2 Å.
In crystalline PCBM, this requirement is met, with a fullerene
cage separation of 3.5 Å. Conversely, PCBM crystallization was
reported to lower the yield of long-lived triplet states.25 Temper-
ature dependence studies on C60 shows it freely rotates about
its centre of mass at and above room temperature.26 Although
there are many criteria for dimerisation, the 30× 30 = 900 pos-
sible orientations have been suggested to aid with the relatively
high yields of dimerization in neat C60 films.27 For C60, thermally
induced de-dimerisation was observed, with an activation energy
of 1.25 eV.26 The de-dimerisation in PC60BM dimers was studied
by Wong et al.18 The reaction kinetics are found to be very similar
to C60, with an activation energy of 0.96 eV.

To study the kinetics of PCBM dimerisation an ab-
sorbance assay was used to probe the fraction of dimers to
monomers.15,16other paper This facile assay enables time-resolved
monitoring of the PCBM dimerisation and de-dimerisation. A rep-
resentative bulk heterojunction of PCDTBT:PCBM thin films were
exposed to varying duration and intensity of light exposure fol-
lowed by dark thermally annealing. By analyzing the kinetics of
the thermal de-dimerisation the resulting PCBM dimer bond en-
ergies are correlated with light intensity and duration. This work
will present a framework to understand the conflicting effects of
PCBM dimerisation in OSC and strategies to maximize both per-
formance and stability.

2 Results and Discussion

2.1 Distinct dimer populations

In this study, the kinetics of thermally induced PCBM de-
dimerisation are probed in polymer:fullerene blends in order to
investigate the energetic distribution of dimer bond strengths.
Previous studies have probed the yields of de-dimerisation us-
ing gel permeation chromatography (GPC) or high-performance
liquid chromatography (HPLC).15,16,18 As these techniques re-
quire destruction of the sample time-resolved measurements are
not feasible. Recently, it was shown that the relative propor-
tions of PCBM monomer and dimer states can be readily assayed
from UV/visible absorption spectroscopy.15,19 This absorbance

Fast decay phase

Slow decay phase

Figure 2 The PCBM dimer:monomer ratio of a PCDTBT:PCBM 1:2 thin
film whilst annealing at 100 ◦C in the dark. The film had prior illumination
at 186 Wm−2 for 82 h which resulted in the PCBM dimer concentration at
t = 0 min. Two phases of de-dimerisation are observed: firstly, a
fast-phase with rate of ≈ 181 min−1 upon which the ‘weakly’ bound
dimers separate and, secondly, a slow-phase with a rate of
≈ 12.6×103 min−1 where ‘strongly’ bound dimers separate.

assay facilitates collecting time-resolved dimer concentrations,
enabling analysis of the kinetics of PCBM dimerisation and de-
dimerisation, as detailed below.

To investigate the de-dimerisation kinetics, PCDTBT:PCBM
films were initially irradiated with a white light LED (with neg-
ligible UV light, see Figure S1 for spectrum) to induce partial
PCBM dimerisation, and then annealed at 100 ◦C in the dark to
induce de-dimerisation. Absorbance spectra were taken periodi-
cally while annealing to monitor the kinetics of de-dimerisation.
Specifically, the change in an absorbance feature at 320 nm was
converted to a dimer:monomer ratio using a previously reported
calibration.ref other paper Figure 2 presents dimer population decay
over time following prior irradiation at 186 Wm−2 for 82 h. Com-
plete reversibility of the photo-dimerisation has previously been
shown to occur in this system and therefore expected to occur
here at very long timescales.18,26 It was expected that the de-
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Figure 3 (a-c) PCBM dimer:monomer ratio in PCDTBT:PCBM thin films whilst annealing at 100 ◦C in the dark with prior illumination with three
scenarios: (a) equal radiant exposure, (b) equal illumination time, and (c) equal irradiance. For each measurement repeats are presented as separate
markers. Fitting of the two-phase decay gives the amplitude of the fast-phase and the slow-phase after the illumination. (d-f) The percentage of the
slow-phase formed for the various conditions. These results show the amount of slow-phase is dependent on irradiance, and not radiant exposure or
illumination time.

cay would follow the reaction model described by Eklund et al
and used in previous analyses of the de-dimerisation kinetics.18

This model states the dimer concentration, D, should exhibit a
(mono-exponential) decay over time upon isothermal annealing,
following where D(t) = D(t0)exp(−kt) at time t and decay rate k.
However, a mono-exponential decay does not fit the data in Fig-
ure 2. Empirically, we find that a bi-exponential decay describes
all data in full:

D(t) = Dslow exp(−kslowt)+D f ast exp(−k f ast t) (1)

where D is dimer concentration at time t, Dslow and D f ast are
termed the slow- and fast-phase, respectively, and kslow and k f ast

are the associated decay rate constants, respectively. Several
possible interpretations can be considered for this behaviour.
Fullerenes have been shown to oligomerize21 and the formation
of PCBM trimers was reported by several groups (e.g.18); these
could contribute to an additional time decay profile. Alterna-
tively, the dimerization process itself could be non-exponential
(e.g. described an stretched exponential) potentially associated
with matrix rearrangements required for thermal decomposition
to occur; however, we find that a bi-exponential description pro-
vides better agreement with experiment. Given that the light
spectrum has a broad frequency range, one could conceivably ac-

cess different reaction and thus dimer pathways depending on
incident light energy; however, no wavelength-dependence in
dimerisation was reported in PCBM films.24 Finally, we hypothe-
size that the intrinsic distribution of relative spatial configurations
of PCBM molecules with a film might result in the formation of
distinct photo-dimers, which could then be expected to exhibit
different de-dimerization energetic requirements and thus kinet-
ics. Some evidence for dimer complexity is suggested by struc-
tured HPLC traces upon light exposure and re-dissolution. Next,
we experimentally investigate the role of light intensity and time
(and thus radiant exposure, or dose) on the de-dimerisation time
profile to examine this bi-exponential behavior, and then report
on a theoretical examination of dimer topology.

2.2 Reaction kinetics of fast and slow decays

The factors determining the ratio of fast- to slow-phase were in-
vestigated by controlling the dimerization illumination conditions
prior to annealing. Specifically, three parameters are investigated:
the radiant exposure (total energy dose), the irradiance (light in-
tensity), and duration of the light exposure. Firstly, to probe the
effect of radiant exposure, PCDTBT:PCBM films were exposed to
a constant 15 kJm−2 from a white light LED array whilst the ir-
radiance was varied from 63 Wm−2 to 2155 Wm−2. Secondly, to
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Figure 4 (a) The fraction of the slow decay to total dimerisation
correlated against prior radiant exposure. This suggests the reaction
follows the expected triplet mechanism previously reported for PCBM
dimerisation. (b) The fraction of the fast decay to total dimerisation
correlated against prior illumination exposure time. This suggests that
even at the lowest irradiance used (63 Wm−2) the rate of formation is not
limited by the illumination.

probe the effect of irradiance, films were illuminated for 50 h with
irradiances of 63 Wm−2 to 2155 Wm−2. Lastly, to probe the time
dependence, films were exposed to 630 Wm−2 with a duration of
18 min to 14400 min. After light soaking films were annealed at
100 ◦C in the dark and absorbance measurements taken intermit-
tently to monitor the de-dimerisation, as in Figure 2. The results
of these three conditions are presented in Figure 3(a-c). The de-
cay of the dimer population was fitted with Equation 1. After
fitting with the least-squares error, kslow = 0.135(23)×10−5 s−1

and k f ast = 9.31(99)×10−5 s−1 to one standard deviation for all
the decays in Figure 3(a-c). As such, we can conclude that the
dissociation kinetics of the two separate dimers populations are
independent of light irradiation conditions, with differences in
overall decay kinetics as a function of light irradiation conditions
resulting only from variations in the relative magnitudes of the
fast and slow de-dimerisation phases.

The previously reported rate of de-dimerisation in
PCDTBT:PCBM was 2.28×10−5 s−1 which is between the
values of the slow and fast kinetics observed here.18 The percent-
age of slow-phase to total dimer (Dslow/[Dslow +D f ast ]) is plotted
in Figure 3(d-f). Figures 3(d) and 3(e) show that illumination

Figure 5 PCBM trimers are observed in PCDTBT:PCBM films which are
identified by a shoulder at 17.3 min in the GPC measurements. The inset
shows the linear correlation of trimerisation with radiant exposure, He.
The red traces have similar radiant exposure (≈ 550 kJm−2) with
irradiances from 0.1 kWm−2 to 1.8 kWm−2 and all form approximately
the same concentration of dimer; therefore the trimer formation is
independent of the irradiance, Ee. This is different to the trend observed
between the strong and weak dimer (Ee dependence) thus the different
dimers are not dimer and trimer formation.

at a higher irradiance causes a greater fraction of slow-phase,
independent of the radiant exposure or duration of light soaking.
In Figure 3(f), the fraction of slow-phase is independent of
illumination duration. The fraction of fast- to slow-phase is
therefore dependent on the irradiance of illumination, and not
the duration of illumination or the radiant exposure. From these
measurements, it can be concluded that a key factor controlling
the distinct populations is the irradiance. Its underlying mech-
anism was investigated by analyzing the absolute yield of the
slow- and fast-phase. The amplitude of each decay phase (as
calculated from Figure 3) was compared with the light duration
and with the radiant exposure. Figure 4(a) shows the slow-phase
correlates the radiant exposure. This follows the expected trend
whereby increasing the illumination duration increases the yield
of dimers, independent of intensity. However, the fast-phase
correlates with the duration of light exposure, and not with the
radiant exposure (Figure 4(b)). This is understood as even at the
lowest irradiance investigated (63 Wm−2) the illumination is not
limiting the formation of the fast-phase. Therefore, increasing
the irradiance does not increase the rate of formation, contrary to
the slow-phase amplitude. Instead, for the fast-phase amplitude,
there is time dependence limiting the reaction.

2.3 PCBM Trimers
PCBM trimers are examined as the potential cause of one of the
fast and slow phases, alongside dimers, observed in the thermal
decomposition process. GPC measurements were used to probe
the kinetics of PCBM trimer formation. Fullerene light exposure
can result in high order units such as trimers and oligomers which
will affect the bond energy. In C60, the oligomerisation can re-
sult in molecules with 21 units.21 To determine if this mechanism
is responsible for the two-phase kinetics of thermal decomposi-
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tion observed the illumination dependence on oligomerisation of
PCBM is investigated. Gel permeation chromatography (GPC)
eludes the trimer unit faster than the smaller dimer unit (Figure
5). As with the previous absorbance experiments, a select range
of radiant exposure and irradiances were used to determine the
reaction kinetics of trimerisation. In Figure 5, the trimer signal
correlates with radiant exposure (He) and is independent of irra-
diance. This does not follow the trends observed for the formation
of the two-phase kinetics where a dependence on irradiance is ob-
served. Furthermore, the fraction of trimer:dimer is determined
from the amplitude of each signal in the GPC. The fraction of
PCBM trimer to dimer (1:12) does not correlate with the fraction
of fast to slow phase (1:4), accounting for reaction stoichiometry.
From these observations, it is concluded that PCBM trimerisation
does not account for the bi-phase kinetics of decomposition.

2.4 PCBM dimer configurations

Another potential mechanism resulting in the formation of pop-
ulations of dimers with different bond energies is the configu-
ration of the PCBM dimer bond. The position of the PCBM tail
on each of the fullerene units relative to the dimer bond loca-
tion will affect the bond strength. There are 30 double bonds
on a C60 cage located at the edge of hexagonal faces of a trun-
cated icosahedron.21 These double bonds can undergo the 2+2
cycloaddition reaction to form dimers.28 The symmetry of C60
means there is no effect of the dimer bond location on the bond
energy. However, due to the asymmetry of PCBM, the location
of the dimer bond relative to the PCBM tail will likely affect the
associated bond energy. To investigate how significant this effect
is density functional theory (DFT) calculations were done on a
selection of dimer configurations. On PCBM there are 29 dimer
bond locations, excluding the bond with the PCBM tail, resulting
in 29× 29 = 841 possible dimer orientations. The asymmetry of
the side group means bonds on each configuration will result in
different properties.

To effectively investigate the energetic landscape of the possi-
ble 841 PCBM dimer configurations a two-step methodology was
used. Firstly, the possible bonding sites were split into 8 classes
relating to the distance to the PCBM tail, termed β , as depicted
in Figure 6(a) and Figure S3. Pre-screening eliminated the class
closest to the PCBM tail (β = 1). For the first step of calculations,
the lone bond at class eight was fixed for fullerene-b (β b = 8)
and this was connected with all 25 bond locations on fullerene-a.
All DFT simulations are presented in Figure 6(b) as an individual
ring where the size and colour relates to the energy of the bond.
From these results, β = 2 and β = 3 dimer bond energies are ap-
proximately 100 meV higher than the β ≥ 4 configurations, giving
a total distribution of 200 meV for 2 ≤ β ≤ 8. The variation in
bond energy should result in a change of reaction constant as de-
fined by an Arrhenius relationship. In the instance where ∆Ea−b =

0.2 eV and assuming the equivalent pre-exponential factor then
ka:kb = 504 at 100 ◦C. Under these conditions, the reaction would
be either too slow or too quick and therefore β = 2 and β = 3 is
assumed to be too unstable and unfeasible. In the instance where
∆Ea−b = 0.13 eV as with β ≥ 4 then ka:kb = 57.1 at 100 ◦C. This is

remarkably close to the ratio found when modelling the results in
Figure 3, where kslow:k f ast = 68.6 at 100 ◦C. Therefore the config-
urations of PCBM dimers with β = 2 and β = 3 are energetically
unfavourable and thus expected not to form under these condi-
tions. However, energy distribution for dimer configurations at
β ≥ 4 are consistent with energies observed experimentally.

For the second step of DFT calculations the remaining config-
urations with the class of β ≥ 4 are considered. For each class
(except β = 8) there are four bonds meaning a bond between two
dimers has 16 possible orientations (i.e. for a dimer between class
7 on dimer a and class 6 on dimer b the possible orientations are
β a:β b = 71:61, 71:62, 72:61 etc.). In each case only one was con-
sidered, except for the most stable configuration, β a : β b = 4 : 4,
where six orientations were calculated. Bonds not calculated with
DFT calculations were extrapolated from the dimers with equiv-
alent classes. A histogram of all configurations where β ≥ 4 is
presented in Figure 6(c). The range of energies is >0.1 eV and
therefore significant within the range of temperatures used in this
studied.

The correlation between the class, β , and bond energy is con-
sidered to understand the origins of the distribution in dimer
bond energies. In Figure 6(c), bonds at β = 4 and β = 6 are
the more stable, and specifically β B : β A = 4 : 4 is the most stable.
Surprisingly, class eight is not as stable. When a bond is formed
with the fullerene cage it distorts the sphere.29,30 This results in
increased strain across the cage. If bonds on the fullerene are at
opposite sides the distortion will be increased and the strain on
the cage will be exaggerated. However, if the bonds are adjacent
the distortion and strain is minimized. At bond positions where
β = 4 both the steric hindrance of the side chain is minimized and
the distortion of the fullerene cage is minimized.

Inspection of the energy landscape for dimer formation sug-
gests that configurations at class β=4 and 6 yield the lowest en-
ergies, and that substitutions near the fullerene tail are energeti-
cally unfavourable and thus unlikely to occur. We tentatively as-
sign the bi-exponential behaviour observed experimentally with
two configuration classes, combining DFT estimates and relative
topological dimerization requirements between PCBM molecules.
Excluding sites (1-3) adjacent to the tail, we hypothesize that
two populations comprise sites around the equatorial plane (most
favourable energetically) those near the antipode of the tail. It is
thus likely that the activation energy associated to PCBM ther-
mal decomposition, previously estimated as 0.96 eV18, is thus
a weighted average 〈Ea〉 of the site distribution revealed in the
present work. Given the DFT energy range computed as ap-
proximately ∆Ea ' 0.10 eV and our experimental decay rates,
we estimate that the two populations exhibit Ea,slow '0.9 eV and
Ea, f ast '1 eV, compatible with our observations.

To determine the dominating factor of bond stability the vari-
ation of bond energies between classes (i.e. β a : β b = 4:4, 4:5,
4:6 etc.) are compared to the variation of bond energies between
the same class, but at different orientations (i.e. β a:β b = 41:41,
41:42, 41:43 etc.). The most stable class, β = 4, has greater vari-
ability still as two bonds are perpendicular and two parallel, with
respect the to PCBM tail. Six configurations of β A : β B = 4 : 4
dimers are simulated in Figure S4. The bond energies of these are
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Figure 6 DFT calculations of the possible PCBM dimer configurations. (a) Dimerisation sites occur at double bonds between hexagonal faces. There
are eight classes of equivalent distance from the PCBM tail unit. (b) The PCBM dimer bond energy dependence on the class on each fullerene;
namely β A and β B. Each ring represents a different DFT calculation noting that for each β A : β B point there are 16 orientations due to the asymmetry
of the side group (examples are in Figure S4). Both the size and colour of each ring represent the bond energy relative the β A : β B = 8 configuration.
(c) A histogram of the bond energies of all possible dimer configurations. The β A : β B = 4 dimers are the most stable and the spread is not as
significant compared to the class, β . Thus the class (β ) is a greater factor than the orientation of the PCBM tail of each fullerene.

highlighted in the histogram in Figure 6(c) and given in Table S1.
Although the dimers are topologically very different the effect on
bond energy is less significant. This is not unexpected as changing
the bond orientation might have little effect on the strain expe-
rienced by the cage. From these results the dimer bond position
relative to the PCBM tail, β , is the dominant factor in determining
the bond energy of the dimer. In addition, the formation energy of
dimer 8:8 was calculated to be +28 meV, which is less stable then
the dimer formation set to a reference value of zero. This can be
explained considering that on the one hand, two new bonds are
created, but on the other hand some of the fullerene aromaticity is
lost, and since these are antagonist effects, it explains the positive
energy of formation required. To gain insight into this apparent
anomaly, aromaticity analysis was performed. The NICS(0) in-
dexes of the rings involved in the bond creations became strongly
antiaromatic. In detail, from values of -2.90 and -2.97 for a single
PCMB to values of +3.77 and 5.96 for position 8 (negative val-
ues mean aromaticity, positive antiaromaticity). This aromaticity
lost sheds light into the positive formation energy obtained for
position 8:8.

Finally, to understand the effect of PCBM dimer configuration
on device performance the variations on frontier molecular or-
bitals (FMO) are considered. Figure 7 reports the HOMO and
LUMO energy values compared to the dimer bond energy of for-
mation. The HOMO and LUMO energies of the PCBM molecule
calculated with these simulation conditions, at −5.57 eV and
−3.00 eV, respectively, are considered as a reference. The lines
are least-squares error fits to the data. As for the previous analy-
sis, a strong correlation is obtained between the bond formation
energy and the FMO energy. A stabilization of the HOMO and
LUMO with greater dimer bond energy was found. This is directly
related to the fact that the higher the stability of a molecule, the
deeper the electronic levels of the HOMO, which corresponds to
a gain in electronic energy. From these results, it is concluded the

Figure 7 The effect of PCBM dimerisation on the frontier molecular
orbital levels as calculated by DFT simulations. The stabilization of the
dimer bond energy results in the widening on the band gap.
Dimerisation results in the increased disorder of both the HOMO and
LUMO level. The solid lines present fits with the least-squares error.

dimer bond energy will affect the electronic properties of PCBM.

3 Discussion
Previous studies have shown PCBM dimerisation to correlated
with both beneficial and detrimental effects on stability. Typi-
cally, studies presenting the preferential effect of PCBM dimerisa-
tion are performed at low light irradiance (≈ 0.1 Sun). However,
studies demonstrating the degradation induced by dimerisation
are performed at higher light irradiance (≈ 1 Sun). Here it is
shown that the irradiance affects the formation of the dimer con-
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figuration and, subsequently, the molecular orbital levels. At high
light intensities, a larger proportion of strongly-bound dimers are
formed. These dimers are calculated to have a LUMO level 2-
3 kT greater than that of PCBM and as such effect the mobil-
ity of polarons through PCBM. At lower light intensities greater
weakly-bound dimers are formed which have a LUMO approxi-
mately equal the PCBM monomer. With this understanding, it is
possible to comprehend the double-edged effects of dimerisation.

The formation of the fast- and slow-phase of the de-
dimerisation has different photophysical mechanisms. The fast
phase of weakly-bound dimers was time-dependent whilst the
slow phase of strongly-bound dimers was irradiance dependent.
This is likely due to the matrix constraining the orientation of the
weak dimers such that the correct alignment occurs infrequently.
Interpreting the formation of strong and weak dimers with these
mechanisms allows for the comprehension of the irradiance de-
pendence of dimerisation. At higher irradiance, dimers are satu-
rated in the strong configuration before weak dimers are formed.
Whilst at lower irradiance, dimers are able to form in both weak
and strong configuration. The different factors limiting the weak
and strong dimerisation results in an irradiance dependence of
formation.

The dominant PCBM dimerisation mechanism during the oper-
ation of a solar cell will be greatly affected by the location. To pre-
dict the overall beneficial or detrimental effects of dimerisation it
is important to consider the diurnal and annual irradiance vari-
ation. A solar cell is likely to exhibit the greatest thermal stress
whilst at high light intensities. The beneficial effects of morpho-
logical stability under thermal stress will only be experienced un-
der high light intensity resulting in strongly-bound dimers. Addi-
tionally, the cyclic conditions will result in the equilibrium tending
towards the most stable strongly-bound dimer. Therefore, under
operating conditions of a solar cell it may be unavoidable not to
form the detrimental strongly-bound dimers that have been asso-
ciated with ‘burn-in’.

4 Conclusions
This work rationalizes the reasons for the double-edged effects
of PCBM dimerisation previously reported in the literature. By
investing the de-dimerisation kinetics upon thermal annealing
two populations of dimers have been found to form. Photo-
dimerisation at high irradiance is shown to result in strongly-
bound dimers whilst at lower irradiance weakly-bound dimers are
also formed. DFT calculations suggest the origin of this energetic
distribution in dimer bond energy originates in the location of the
PCBM tail with respect to the dimer bond on the fullerene cage.
The simulations also show the dimer bond energy is correlated
with molecular orbital levels. The ideas presented enable a path-
way to comprehend to varied effects of PCBM dimerisation on
device stability.

5 Experimental Section
Sample preparation. Solutions of phenyl-C61-butyric acid methyl
ester, PCBM, supplied by Nano-c and poly[N-9’-heptadecanyl-2,7-
carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)],
PCDTBT, supplied by 1-materials were prepared at a combined

concentration of 25 mgmL−1 in chlorobenzene. Glass substrates
were plasma treated in an oxygen atmosphere with a Emitech
K1050X before solutions of 1:2 PCDTBT:PCBM were spin coated
at 1500 rpm for 30 s. The resulting film thicknesses was ≈100 nm,
measured by stylus profilometry (Dektak XT). For the GPC
measurements the samples were re-dissolved in chlorobenzene.

Illumination and annealing was carried out in a nitrogen filled
glovebox with oxygen and humidity levels kept < 15ppm. A
Bridgelux 4000 K white LED light source was used with the
spectrum previously reported.19 For thermal stress, temperatures
were controlled with a hotplate or cooling plates and calibrated
with an IR temperature sensor in the presence of the illumination
to ensure accurate temperature control.

UV-visible absorption spectroscopy was carried out with a Shi-
madzu UV-1601 spectrophotometer. Measurements were taken
from 300 nm to 350 nm in transmission mode. To determine an as-
say of PCBM dimer concentration the absorbance was normalised
to a peak at ≈ 340 nm and the change at the peak minimum at
≈ 320 nm monitored.

Density functional theory (DFT) simulations were optimised
with B3LYP functional and the 6-31G(d) Pople’s basis set. To
study all possible dimer conformations and to take into account
the symmetry of the system, two steps have been considered. In
the first, one bond was considered fixed and one by one all the
possible dimers with the other PCBM have been created. Next,
considering the most stable sites obtained from the first step, new
dimers have been created and conformations analysed. Since is
not possible to computationally study all the 689 possible con-
figurations, only selected ones have been considered, for a total
of 49 dimers. To calculate the aromaticity of the rings forming
PCBM before and after the dimer formations, the NICS indexes
have been considered. A single point energy calculation was per-
formed on the selected PCBM and position 8 considering the cen-
tre of all rings (NICS(0)) and at the centre of the PCBM sphere.

Gel permeation chromatography with in-situ optical measure-
ments were performed using an Agilent Technologies 1260 In-
finity GPC System with 1260 RID and DAD VL attachments.
Measurements were performed at 80 ◦C, using analytical grade
chlorobenzene as eluent with two PLgel 10 µm MIXED B columns
in series. Samples were prepared using analytical grade
chlorobenzene in concentrations of 1 mgmL−1 to 2 mgmL−1 and
filtered with VWR PES membrane 0.45 µm syringe filters before
submission. An injection volume of 50 µL and GPC flow rate of
1.00 mLmin−1 was used. The absorbance at 300 nm, 320 nm, and
335 nm were used to monitor the elution and found to give equiv-
alent results.

6 Supporting Information
Supporting Information is available...
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Supplementary Information

Figure S1 The spectrum of the LED light.

Figure S2 (a) The fraction of weak de-dimerisation to total dimerisation against prior radiant exposure showing poor correlation. (b) The fraction of
slow de-dimerisation to total dimerisation against prior illumination exposure time showing poor correlation.
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Figure S3 The Schlegel projection of a truncated icosahedron presenting the PCBM dimer bond locations investigated with this study, β . The
dimerisation occurs on a double bond located between two hexagonal faces. The value β indicates bond positions of equivalent distance to the
reference bond at β = 0

(a) (f)(e)(d)(c)(b)

Figure S4 Possible β A : β B = 4 : 4 bond orientations calculated with DFT simulations. Note the β = 4 bond position has two orientations; either vertical
or horizontal with respect the PCBM tail, as shown in Figure 6. Therefore the range of configurations is diverse.

Table S1 Calculated bond energies for simulated dimers with a β A : β B = 4 : 4 configuration, as shown in Figure S4.

DFT simulation in Figure S4 (a) (b) (c) (d) (e) (f)

Bond ∆E (meV) -0.09 -0.11 -0.08 -0.12 -0.11 -0.08
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