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ABSTRACT: PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) is a highly soluble C60
derivative that is extensively used in organic solar cells, enabling power conversion
efficiencies above 10%. Here we report, for the first time to the best of our knowledge, the
photoluminescence of high-quality solvent-free PCBM crystals between room temperature
and 4 K. Interestingly, the PL spectra of these crystals become increasingly structured as the
temperature is lowered, with extremely well-resolved emission lines (and a minimum line
width of ∼1.3 meV at 1.73 eV). We are able to account for such a structured emission by
means of a vibronic coupling model including Franck−Condon, Jahn−Teller and
Herzberg−Teller effects. Although optical transitions are not formally forbidden from
the low-lying excited states of PCBM, the high symmetry of the electronically active
fullerene core limits the intensity of the 0−0 transition, such that Herzberg−Teller
transitions which borrow intensity from higher-lying states represent a large part of the
observed spectrum. Our simulations suggest that the emissive state of PCBM can be considered as a mixture of the T1g and Hg
excited states of C60 and hence that the Hg state plays a larger role in the relaxed excited state of PCBM than in that of C60.

■ INTRODUCTION

PCBM ([6,6]-Phenyl C61 butyric acid methyl ester) is currently
the most important C60 derivative,

1,2 owing to the efficiency of
charge transfer from nearby photoexcited molecular states,
which makes it the elective electron acceptor in highly efficient
bulk heterojunction (BHJ) solar cells, and to other advantages,
such as lower synthetic costs compared to C70 derivatives. In
spite of their relevance to organic optoelectronics, little
attention has been dedicated to PCBM’s luminescent proper-
ties,3,4 although they may provide crucial insight into the
fundamental energetics of this material, especially in its
crystalline phase. Furthermore, a recent study by Lanzani et
al.5 found that the primary process upon photoexcitation is
ultrafast energy transfer from poly(3-hexylthiophene-2,5-diyl)
(P3HT) to PCBM, thus challenging the accepted view of the
dominance of ultrafast electron transfer at the polymer/PCBM
interface, and suggesting that an improved understanding of the
low-lying excited states of PCBM should be a prerequisite for
exploiting approaches to engineer the energy transfer process
and increase device efficiencies. Both the molecular packing and
the details of the nanostructure of fullerene-based BHJs have
been shown recently to have a crucial impact on the device
efficiency.6 OPV devices based on P3HT and PCBM blends
show better performance upon formation of aggregate phases
in either components following thermal annealing.7 In
particular, PCBM aggregates have been proven to assist
ultrafast long-range charge separation.8,9 However, the crystal
structure of PCBM turns out to be strongly dependent on the

solvent from which the crystals are grown and that is present in
the crystals themselves as an inclusion.10 Only recently, solvent-
free PCBM single-crystals were reported with a monoclinic
structure following solvent extraction in vacuum11 or via a
thermal treatment,12 thereby allowing fundamental structure−
property investigations without the solvent dependence.13 In
particular, crystallite geometries are fundamental to investigate
the electronic states involved in charge separation.14

Here, we report a combined spectroscopic and computa-
tional investigation of the photoluminescence (PL) of PCBM
in the amorphous, polycrystalline, and crystalline phase. The
evolution of the emission for the single-crystal discloses a
progressively better-resolved structure as the temperature is
lowered down to 4 K. We are able to describe such an evolution
quantitatively by using a combined approach in which Jahn−
Teller (JT) and Franck−Condon (FC) progressions are built
upon Herzberg−Teller (HT) intensity-borrowing transitions.

■ RESULTS
In Figure 1 we report the fluorescence spectra of PCBM single-
crystals as a function of temperature in the 4−300 K range. As
the temperature is decreased, the PL emission undergoes a
striking evolution with many more (well-resolved) transition
lines than expected from the room temperature spectra. An
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apparent blue-shift is observable, first of all, by comparing the
200 K spectrum (with most intense peak at 1.76 eV) to the 300
K one (peaking at 1.73 eV). Rather than a blue-shift of the
emission, this could actually be due to a relative intensity
redistribution between the various (inhomogeneously broad-
ened) lines when lowering the temperature. However, it is then
somewhat surprising that we only observe a minor temperature
dependence of the relative intensities for T < 200 K. Even
though the very weak peak at 1.79 eV eventually disappears at
the lowest temperatures, the more intense peaks only show very

minor variability: for example, the relative intensity of the peaks
at 1.76 and 1.58 eV is comparable, as also is the case for the
peaks at 1.73 and 1.67 eV. However, a blue-shift upon cooling
is rather unusual for conjugated (macro)molecules,15 whose
emission notoriously red-shifts upon cooling, owing to their
planarization induced by the freezing of the vibrational modes.
A blue-shift is therefore unexpected, although we consider that
the spherical structure of PCBM (and C60) and the
concomitant complex interplay of state-mixing within the
context of FC, JT, and HT effects (which we further discuss in
detail below) might alter significantly the evolution of the
excites states with respect to “linear” ribbon-like organic
semiconductors. Other effects, namely spectral diffusion to trap
states, might also be present at the highest temperature, and be
(at least partially) suppressed upon cooling, thereby justifying
the apparent blue-shift.
In fact, while most PCBM crystals emit low-temperature

spectra as reported in Figure 1, in some cases we observed
spectrally red-shifted, and less well-resolved emission, although
still highly structured and with a similar temperature depend-
ence. We report an example in Supporting Information (SI)
Figure S1, and compare the 4 K spectra of the crystals of Figure
1 and S1 in Figure 2a. Here we note a rigid shift in energy of
about 35 meV of the spectra with respect to one another.
Nevertheless, the distribution of the vibrational peaks is similar,
suggesting that emission occurs from similar types of excited
states with different origins. We also observe small differences

Figure 1. Photoluminescence as a function of temperature (in the
range 4−300 K) for a PCBM single-crystal. Spectra have been
normalized with respect to their maximum intensity. Excitation is
through an optical microscope (2 μm diameter) and with a He−Ne
laser (632.8 nm).

Figure 2. (a) Normalized low-temperature fluorescence of two different single crystals: the rigid shift of about 35 meV of spectrum 2 with respect to
spectrum 1 is related to the presence of a trap. (b) Normalized Raman spectra of PCBM single-crystals at different wavelengths (laser power at the
sample surface of ∼0.1 mW) at room temperature. The strongest peak (pentagonal-pinch mode Ag(2) of C60) is at 1464 cm

−1 for the 488 nm curve
(black) and 1465 cm−1 for the 514 and 785 nm curves (red and blue respectively). (c) Energy of the second well-resolved transition (at about 1.73
eV) for spectrum 1 in (a) and the temperature dependence of the line width. Above 100 K the broadening of the peaks prevents an accurate
quantification of the line width. (d) Low-temperature fluorescence of PCBM as amorphous film, polycrystalline film and single-crystal. Note the
trend toward a progressively better resolved PL with increasing crystallinity of the samples.
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in relative peak intensities between the two spectra. There are
many potential explanations both for the red-shift and for the
additional subtle changes. For example, these could be due to a
morphological crystal defect red-shifting the 0−0 transition via
solvatochromic effects, thus influencing state-mixing and hence
spectral shape (see below).
The presence of chemically degraded PCBM could also

provide a potential alternative interpretation. It is well-known
that fullerenes can dimerize in the solid state upon exposure to
ultraviolet (UV) and visible light;16 however, we can rule out
this possibility by means of the Raman spectra reported in
Figure 2b. Here, we see that the pentagonal pinch mode Ag(2)
for the C60 cage peaks at 1464 cm−1 as reported for pristine
(nondimerized) PCBM.17 Therefore, we assign the red-shifted
spectrum to an emission from a deep trap. Indeed, similar
behavior has been reported in C60 single-crystals

18 with traps
that were found to be red-shifted by 100 meV relative to bulk
C60.
Interestingly, however, the 300 K spectrum of SI Figure S1, is

also red-shifted compared to the T ≤ 200 K, thereby suggesting
that the apparent blue-shift of the spectra upon cooling from
300 to 200 K is not to be assigned to spectral diffusion, but
rather to solvatochromism or a different interplay of HT, JT,
and FC effects.
The PL spectrum at 4 K shows very well-resolved emission

lines with a minimum fwhm (full width half maximum) of 1.3
meV. Such a narrow spectral line width demonstrates the high-
quality of the single-crystals. In Figure 2c, we report the
temperature evolution (in the range 5 to 100 K) of both line
width and spectral position of the peak at 1.73 eV. Interestingly,
while there is only a marginal spectral shift of this peak (<0.5
meV), the line width is temperature-dependent. The line width
is nearly constant for T < 40 K, but increases more prominently
and nearly linearly with increasing temperature, for T > 40 K.
We suggest that such a strong temperature dependence is due
to a mostly homogeneous (dynamic) mechanism, associated
with changes in the thermal distributions of molecular
vibrations and crystal phonon modes.
To obtain further insights into the effect of structural

disorder on the PL spectra, we also consider the low-
temperature PL spectra of the crystals (Figure 2d) and of
amorphous and polycrystalline films (powder XRD data in SI
Figure S2) and compare them with those at room temperature
(SI Figure S3). As expected, we observe only minor differences
between the low-temperature (4 K) and room temperature PL
spectra of the amorphous film. In particular, only a minor
sharpening of the emission peaks is noted when lowering the
temperature. The polycrystalline film shows an increased
number of better-resolved peaks at 4 K, compared to the
room temperature spectrum, and with respect to the
amorphous film, even though a relatively broad band is still
visible. We also note that the peak structure only starts to
appear below 50 K.
We emphasize that, even if less structured than the single-

crystal spectrum, the 4 K spectra of amorphous and
polycrystalline samples also feature a progressive, albeit
moderate, sharpening of the line widths. This can be
interpreted in the sense that the structural inhomogeneity,
although clearly present, does not translate into such a
preponderant (static) energetic disorder in PCBM to prevent
the observation of any line width reduction. Although a direct
comparison between neutral excitations and charge carriers
should be considered with caution, this is in line with the

widely accepted view that charge transport in fullerenes is
rather tolerant to positional disorder (also partly explained by
the large nearest neighbor coordination number).11

Interestingly, amorphous, polycrystalline and single-crystal
samples of C60 fullerene19,20 are characterized by a similar
trend, despite the lower symmetry of PCBM compared to C60.
Sassara et al. reported a thorough study of the electronic states
and transitions for C60 including assignments of vibronic
transitions based on a comparison of simulated and
experimental spectra measured in inert Ar and Ne matrices at
4 K.21 Transitions from the three lowest quasi-degenerate
excited states (of T1g, T2g, and Gg symmetry) to the ground
state (Ag) are symmetry forbidden. Thus, emission from such
states occurs through vibronic coupling with a higher electronic
state of ungerade-symmetry via a mechanism known as HT
intensity borrowing. Radiative transitions to the ground state
arise from the vibronically induced HT false origins of each
HT-coupled vibration, each convoluted with its own FC
progression. Furthermore, the T1g, T2g, and Gg states have
degenerate components that undergo a JT geometrical
distortion that removes the degeneracy and thus lowers the
symmetry. Transitions arising from vibronic coupling to
nontotally symmetric JT modes are seen in the low temperature
spectra of C60.

21 The selection rules for the transitions are
determined by the high Ih symmetry of C60. Upon
derivatization of C60 to form PCBM the symmetry is lowered
due to the side chain. However, despite the lower molecular
symmetry, we note many similarities between the low-
temperature PL spectra of PCBM and C60 single crystals. In
light of these similarities, we extend Sassara et al.’s simulations
of C60 PL to PCBM.
In Sassara et al.’s study the simulated vibronic envelopes of

T1g, T2g, and Gg states were constructed from HT, FC, and JT
couplings obtained from quantum-chemical (QC) calculations,
and the total PL was modeled by combining the vibronic
envelopes of each state with weights (i.e., state-mixing
coefficients) obtained empirically to provide the best match
to the experimentally observed spectra.21 Regrettably, the
modeling approach applied to C60, namely calculating the
vibronic envelopes of each diabatic excited state (T1g, T2g, Gg,
i.e., the symmetry-pure, unmixed states of the system), cannot
be readily applied to PCBM. This is because, in PCBM, the
lower symmetry imposes a mixing of states, preventing the
study of the underlying higher-symmetry diabatic states. The
multiply degenerate states of C60 are replaced with 10 quasi-
degenerate states of mixed character in PCBM. This also
presents two additional hurdles to QC simulation of vibronic
coupling in the absence of symmetry; the first one relates to
describing correctly the relative energies of the 10 quasi-
degenerate states and hence their propensity to mix with each
other, and the second is due to the difficulties in obtaining
relaxed excited state geometries (e.g., root-flipping).22 Indeed,
relaxing symmetry constraints and thus allowing for state-
mixing results in simulated vibronic structure of C60 and PCBM
which differs wildly from the observed PL of each system (see
SI Figures S4 and S5). This confirms that correctly describing
the state mixing in C60 (and hence related fullerenes) is indeed
too great a challenge for the TD-DFT-based method used and
that this approach should not be adopted for reliable simulation
of PCBM PL spectra.
Given the similarities between C60 and PCBM PL and the

success of Sassara et al.’s empirically tuned QC-based approach
applied to C60, here we develop a model of PCBM PL based on
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Sassara et al.’s diabatic-state model of C60, making some
empirical adjustments of our own to account for the observed
differences between PCBM and C60 spectra. The retuning of
Sassara et al.’s C60 model to interpret PCMB PL is justified if
one considers the pendant group in PCBM as a perturbation to
the C60 electronic structure. QC calculations support this
hypothesis, showing that the electron density for the HOMO/
LUMO of the PCBM is mostly located on the C60 core with
only little density residing on the side chain.23,24 The need for
adaptations of Sassara et al.’s models can be readily appreciated
by plotting the C60 PL in Ar and Ne matrices and the single-
crystal PCBM PL on the same axes (SI Figure S6). Adjustments
are required to take into account the sensitivity of state-mixing
(and hence PL vibronic structure) to the PCBM single-crystal
environment and the chemical substitutions in PCBM. Sassara
et al.’s model21 of C60 PL was thus hand-tuned in several
incremental steps to develop our model of PCBM PL. First, the
electronic origin was set to 14200 cm−1 (1.76 eV) to coincide
with the first peak in PCBM PL (SI Figure S7). This is close to
the value of 14 629 cm−1 observed in C60 single-crystals

25 yet
significantly red-shifted relative to the electronic origins of C60
in Ar and Ne matrices at 15 487 and 15 627 cm−1,
respectively.21 Following this, the impact of variation in the
weights of the T1g, T2g, and Gg states was explored (in a similar
way that Sassara et al. varied state weights to reproduce C60
spectra in different media). A plot of the individual state
components suggests that the Gg state is responsible for the
band around 13 500 cm−1 (SI Figure S8). T1g, T2g, and Gg
weights of 40%, 20%, and 30%, respectively provided the best
overall agreement with the PCBM spectra.
However, the intense 0−0 transition, not strictly symmetry-

forbidden in PCBM, is clearly missing from the model shown in
SI Figure S8, as are peaks likely to be FC/JT progressions built
upon it. An electronic origin ∼2.5 times more intense than the
most intense HT origin was thus added to the vibronic
envelope of each state with FC and JT progressions built on
top. The FC/JT progressions reproduce the previously missing
peak at 13 940 cm−1 (1.73 eV), see SI Figure S9, although the
intensity of this new peak relative to the 0−0 is underestimated.
Assuming the 13 940 cm−1 peak observed experimentally is
indeed an FC/JT replica of the 0−0 suggests that the Huang−
Rhys factor for the mode concerned (1 hg) is underestimated.
In fact, it was suggested by Sassara et al. that one of the
calculated JT vibronic couplings in the model (between the T1g
state and 1 hg vibration) was likely underestimated due to
limitations of the QC method used.21 Sassara et al. hence
adjusted the value of this parameter to improve agreement with
the C60 spectra in Ar and Ne, but did not report the adjusted
value (only reporting the calculated value likely to be
underestimated).25 In a similar approach to that adopted by
Sassara et al., we empirically adjust the same Huang−Rhys
factor that Sassara et al. tuned (between the T1g state and 1 hg
vibration) from 0.06 to 1.5. This improves the relative
intensities of the 0−0 and 13940 cm−1 peaks (SI Figure
S10). It is possible that the increase from 0.06 to 1.5 is larger
than the change Sassara et al. made, however, such a change
may be justified by the structural differences between C60 and
PCBM.
Although the simulated spectrum shown in SI Figure S10

reproduced many of the features of the experimental PCBM
spectrum, the third most intense peak, at 13 770 cm−1 (1.71
eV), was missing. It was then noted that none of the peaks of
the T1g, T2g, and Gg vibronic envelopes (placed on an origin of

14 200 cm−1) had a peak at 13 770 cm−1. However, the vibronic
envelope of the Hg state, for which the vibronic coupling
parameters are also listed by Sassara et al., did feature a
transition with non-negligible intensity at that energy once
placed at an origin of 14 200 cm−1. Furthermore, it was noted
that the vibronic envelope of the Hg state was quite similar to
that of the Gg state and could also account for the band in the
PCBM spectrum at 13 500 cm−1 not present in either the T1g
or T2g vibronic envelopes (see SI Figure S11). The Hg state did
not form part of Sassara et al.’s model of C60 PL as QC
calculations placed it slightly higher in energy than the quasi-
degenerate T1g, T2g, and Gg states and the experimental spectra
were well reproduced without including it. However, the mixing
of states has been shown to be highly dependent on the
environment. This is likely because the solvatochromic shift
upon changing environment is state-dependent and the mixing
of states depends on their relative energies. The fact that
vibronic peaks of the Hg state can reproduce otherwise missing
features suggests that the Hg state is lower in energy in PCBM
crystals than in C60 experiences (perhaps due to a greater
solvatochromic stabilization and/or difference in chemical
structure) and is hence mixed into the emissive state in
PCMB crystals. A final modification to the simulated spectrum
was therefore made, changing the state mixing to 50% T1g, 50%
Hg, resulting in the spectrum shown in Figure 3. This

reproduces well the experimental PCBM single-crystal data
(also plotted in Figure 3), though there are some minor but
non-negligible discrepancies. These include the relative
intensities of the first and second peak (for decreasing
energies), the relative energies and intensities of the three
features at ∼1.70 eV, and the relative intensities of the two
features near 1.58 eV. We attribute such slight discrepancies to
our assumption that PCBM fluorescence can be simulated
using a model developed for C60. The chemical differences
between C60 and PCBM might indeed shift some of the
vibrational frequencies in PCBM, an effect we have not taken
into account here. As such, the challenging problem of
computing the vibrational spectra of PCBM from quantum-
chemical calculations could yet be a valuable contribution to
understanding PCBM PL and should be revisited in future
studies.

Figure 3. Convoluted spectra based on Herzberg−Teller, Franck−
Condon, and Jahn−Teller computed transition lines for the Hg (blue)
and T1g (yellow) states. The summed spectrum (red) results from a
linear combination of 0.5 Hg and 0.5 T1g and is compared with the
experimental data (black).
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■ CONCLUSIONS

Here we report, for the first time to the best of our knowledge,
the photoluminescence of high-quality solvent-free PCBM
crystals between room temperature and 4 K. Interestingly, the
PL spectra of these crystals become increasingly structured as
the temperature is lowered, with extremely well-resolved
emission lines (and a minimum line width of ∼1.3 meV at
1.73 eV). We are able to account for such a structured emission
by means of a vibronic coupling model including FC, JT and
HT effects. We build upon the approach of Sassara et al., who
interpreted the fine structure of C60 fluorescence by combining
vibronic coupling parameters derived from quantum chemical
calculations with an empirical tuning of some of the vibronic
coupling parameters and the participation of the various low-
lying excited states in the emissive state. Specifically, Sassara et
al.’s model of C60 PL was hand-tuned in several incremental
steps to develop our model of PCBM PL. Though optical
transitions are not formally forbidden from the low-lying
excited states of PCBM, the high symmetry of the electronically
active fullerene core limits the intensity of the 0−0 transition,
such that HT transitions which borrow intensity from higher-
lying states represent a large part of the observed spectrum.
Our simulations suggest that the emissive state of PCBM can
be considered as a mixture of the T1g and Hg excited states of
C60 and hence that the Hg state plays a larger role in the relaxed
excited state of PCBM than in that of C60.
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