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We report the preparation of high-quality, solvent-free [6,6]-phenyl-
Ce1-butyric acid methyl ester (PCBM) large single crystals (size up to
0.5 mm) by slow drying of a chlorobenzene solution at room
temperature. The monoclinic structure containing four PCBM mole-
cules per unit cell was successfully solved (R-factor = 0.0512) via
micro-focused X-ray diffraction and employed as a reliable experi-
mental model for further molecular dynamics simulations. We find
that the first peak of the simulated fullerene-fullerene radial distri-
bution function is centred at 10.05 A, giving a nearest neighbour
coordination number of 7.0. The work reported herein provides the
structural basis for a fundamental understanding of charge transport
in this important functional material that is particularly relevant to
organic solar cells.

1 Introduction

Achieving large, high-quality, and solvent-free crystals of
application-relevant organic semiconductors™® is crucial to
affording ever more detailed insights into the fundamental
charge and exciton physics underpinning the technology of
photovoltaic diodes (PVDs), field-effect transistors (FETs), and
light-emitting diodes (LEDs).>> However, this is often far from
trivial, not only for high molecular weight materials/polymers
such as poly(3-hexylthiophene-2,5-diyl) (P3HT) due to chain
entanglement and entropic factors, but also for smaller
molecular weight materials such as [6,6]-phenyl-Cq;-butyric acid
methyl ester (PCBM), owing to inclusion of solvent molecules
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and/or other impurities. PCBM is a particularly relevant
example because it is one of the most popular choices as the
electron acceptor in organic solar cells adopting a type-II het-
erojunction design. Such an architecture is necessary to favour
exciton splitting against a substantial exciton binding energy
(0.2—1 eV or s0),° in either bilayer” or bulk heterojunction (BHJ)
organic solar cells in which the formation of an interpenetrated
electron donor-acceptor network has the potential to provide
large interface areas and domains that are as close as currently
possible to the exciton diffusion range, thereby optimising
charge generation.®® Interestingly both amorphous and micro-
crystalline domains have also been identified in BHJs.*

In general, it is thus crucial to understand the physics of
charge transport in PCBM in order to optimise this type of solar
cells. Despite the large number of papers investigating the
morphological and electronic properties of PCBM in solid
blends with electron-donor materials,"*® a clear understanding
of its aggregation behaviour in such a complex system is yet to
emerge. Preparation and characterisation of solvent-free crys-
tals have never previously been reported, with the exception of a
very recent publication of which we became aware in the final
stages of preparation of this manuscript.”

Previously, Rispens et al. have proved that the solvent choice
plays a critical role in the PCBM crystallization behaviour.* In
particular, when drop-cast from ortho-dichlorobenzene (0DCB)
PCBM was found to form red-brown platelet-shaped crystals
with a monoclinic unit cell (@ = 13.76, b = 16.63, ¢ = 19.08 A,
and 8 = 105.3°), whereas casting from chlorobenzene (CB) leads
to the formation of reddish triangle-shaped crystals with a
triclinic unit cell (@ = 13.83, b = 15.29, ¢ = 19.25 A, a = 80.3°,
B8 = 78.6°, and v = 80.41°). However, regardless of the solvent
choice, these authors have noticed solvent inclusion inside the
crystals. Furthermore, the substrate nature seems to affect the
crystallization pathways undertaken by PCBM. In this context,
Dabirian et al. prepared crystals via dip-coating deposition on
three different substrates, observing the formation of crystals
with different shapes, namely, hexagonal crystals on silanized
SiO,, amorphous aggregates on graphite and snowflake-like
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crystals on Au.>> More recently Zheng and Han have prepared
hexagonal crystals incorporating solvent molecules via liquid-
liquid interfacial precipitation.”® In addition to experimental
investigations, various groups have carried out modelling
studies to gain insight into the charge transport features and
the structure-property relationship in PCBM>***, Cgy*® and
related fullerene derivatives.”” For this purpose, a reliable
and well-defined structure of solvent-free PCBM is required.

Here we report the preparation of high-quality, solvent-free
PCBM crystals obtained via solvent casting deposition from a
chlorobenzene solution, and the XRD characterization via the
124 Microfocus Macromolecular Crystallography (MX) beamline
at the Diamond Light Source. Our findings will serve as a guide
for further experimental and theoretical investigations on
PCBM electronic properties.

2 Methods

2.1 Experimental

PCBM was purchased from Aldrich (purity >99%) and used
without further purification. The PCBM solution with a
concentration of 20 mg ml " was obtained by dissolving an
appropriate amount of PCBM in chlorobenzene (CB) at room
temperature. To ensure the complete dissolution of PCBM, the
solution was kept stirring overnight at room temperature (295-
298 K) in the dark. We obtained PCBM single crystals by placing
a droplet (~100 pL) of the PCBM solution on 15 mm diameter
fused silica glass disks at room temperature and allowing the
solvent to evaporate. The samples were kept in a capped
Petri dish during the deposition and dried under vacuum
(~107 mbar) overnight to remove the residual solvent. The
vacuum treatment was carried out at room temperature. All the
preparation procedures were carried out in a nitrogen glove-box
to prevent degradation of the material.

XRD measurements were performed on beamline 124 at the
Diamond Light Source. The experiment was carried out using
an X-ray beam size of 10 um x 10 pm with a wavelength of
0.62 A. The sample was held at a temperature of 100 K. The data
were processed using CrysAlis Pro,”® the structure was solved
with SHELXS-97*° and refined by means of full-matrix least
squares in SHELXL-97.%°

2.2 Computation

Molecular dynamics (MD) simulations were carried out fora 3 x
3 x 3 supercell (108 PCBM molecules) using the experimental
crystal structure as initial coordinates. Two simulations were
run for 100 and 300 K applying periodic boundary conditions.
The systems were equilibrated in the NPT ensemble at 1 bar for
about 4-11 ns using a Langevin piston with anisotropic pres-
sure rescaling. Thereafter, simulations were carried out in the
NVT ensemble at the respective equilibrium densities. Radial
distributions and coordination numbers were averaged over
1000 frames taken from a 10 ns MD trajectory in the NVT
ensemble. Parameters for bonded and non-bonded interactions
were chosen as in ref. 25 i.e. OPLS parameter from ref. 30 with
Ceo bond lengths taken from ref. 31. The only exception is the
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Lennard-Jones distance parameter for the carbon atoms of the
Ceo cages, which we increased to ¢ = 3.832 A from 3.550 A in
the OPLS force field. The value was adjusted so as to reproduce
the experimental density of fcc-Cgo at room temperature.®* The
integration time step for the MD simulation was 1 fs. The MD
simulations were carried out with the NAMD package.*

3 Results and discussion

Fig. 1 presents the optical microscopy images of the PCBM
crystals produced via slow evaporation of the solvent. The best
quality crystals were obtained by drop-casting a 20 mg ml~* CB
solution on fused silica glass. To obtain a solvent saturated
atmosphere and slow down the solvent evaporation dynamics,
the samples were placed in a capped Petri dish and kept over-
night. Such a deposition technique, with a reduced solvent
evaporation rate, enabled the formation of large PCBM crys-
talline aggregates with a lateral size of up to 500 pm. The
preparation procedure involved the optimization of several
parameters including solvent, PCBM concentration and
substrate.

The images display the presence of high-quality, rhom-
boidal-shaped crystals, with sizes ranging from ~10 pm to
260 pm. In particular, Fig. 1a shows a single PCBM crystal (with
a top surface ~260 x 30 um?). Some crystals were also found to
stack on top of one another (Fig. 1b) or to merge with neigh-
bouring crystals to form round-shaped crystalline aggregates
with a radius in the range of ~40 to 120 um (Fig. 1c and d). This
rectangular prism crystal habit for PCBM seems to be unprec-
edented, as Rispens* and Dabirian* have found different
shapes for PCBM single crystals. This might be related to the
different substrate used in our experiment and, hence, confirms
the important role played by the substrate nature in affecting
the PCBM crystallization behaviour.

The XRD micro-focus characterization revealed that PCBM
assembles into a monoclinic unit cell containing four PCBM
molecules (Table 1 and Fig. 2a and b). Remarkably, this struc-
ture does not show any solvent inclusion, in contrast to what

Fig. 1

Optical microscopy images of PCBM crystal solvent cast from CB.
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Table 1 XRD data collected at the microfocus beamline
Empirical Crystal Space
formula system group Unit cell dimension Volume Z Density Final R indices
C5,H,40, Monoclinic P2(1)/n Experimental, 100 K, a = 13.47 A, 3708.70 A® 4 1.631 gem? R;= 0.0512,
o« =90°b=15.1A4, 8 =106.90° WR,= 0.1503
c=19.01 4,y =90°
MD, 100 K, a = 13.25, « = 90°, b = 14.77, 3660.35 A® 1.653 gem ™
8 =106.23, ¢ = 19.48, v = 90°
MD, 300 K, a = 13.29, e = 90°, b = 14.93, 3709.28 A® 1.631 gcm *®
8 = 106.33, ¢ = 19.48, vy = 90°
View along a-direction View along b-direction View along c-direction
Fig. 2 (a) Monoclinic crystal packing of PCBM along a, b and ¢ directions and (b) van der Waals sphere representation.

was found by Rispens® and Zheng.*® This is corroborated by the
considerably smaller unit cell volume reported here as
compared to that reported by Rispens (3708.70 A® vs. 3984.9 A®
for the triclinic and 4210.8 A® for the monoclinic respectively,
although this may partly be due to contraction of the crystals at
100 K, the measurement temperature). In addition, a van der
Waals sphere representation (Fig. 2b) clearly indicates that
there is not enough space to accommodate a solvent molecule
inside the unit cell. Good agreement between the calculated
crystallographic model and the experimental XRD data is
demonstrated by the relatively low value of the R-factor (5.12%).
Classical molecular dynamics simulations of the solvent-free
monoclinic PCBM crystal have been carried out for the temper-
ature at which the X-ray structure was solved (100 K) and for
room temperature (300 K), see the Methods section for simula-
tion details. The unit cell parameters obtained are summarized
in Table 1. We find that the molecular model predicts the
equilibrium density at 1 bar and 100 K reasonably well, over-
estimating the experimental value by only 1.3%. From the finite
difference of the simulated volumes at 100 and 300 K we esti-
mate a thermal expansion coefficient of 6.7 x 10> K™, which is
similar to the experimental value for Cgp, 6.2 x 107> K™ *.%?

This journal is © The Royal Society of Chemistry 2013

The thermal fluctuations of the fullerene molecules are
characterized in more detail by computing the centre-to-centre
radial distribution functions of the Cg, cages, shown in Fig. 3.
The first peak is centred at 10.05 + 0.10 A (100 K) and ranges
from 9.55 to 10.55 A, matching closely the shortest distances in
the crystal structure (9.56-10.85 A, indicated by dashed spikes).
The second peak exhibits a shoulder at 12.75 A and a maximum
at 13.25 A matching again closely the discrete distances in the
crystal structure. When the temperature is increased to 300 K
the position of the first maximum remains virtually unchanged,
and the shoulder at larger distances merges into a single broad
peak centred at 12.95 A. Thus, at room temperature the average
nearest neighbour distance in monoclinic PCBM, 10.05 A, is
within statistical errors identical to the distance in fcc-Cgg
(10.02 A using a lattice constant of 14.17 A at 300 K (ref. 32)).

Coordination numbers (CN) were obtained by spherical
integration of the radial distributions, shown as insets in Fig. 3.
Integration up to the first minimum at 11.0 A gives a CN of 7.0
and further integration up to the second minimum at 13.8 A
gives a CN of 12.0. As can be seen, the CNs are rather insensitive
to temperature in the range of 100-300 K. We note that the
nearest neighbour CN (7.0) is higher than previously reported
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Fig. 3 Radial distribution function of solvent-free monoclinic PCBM as obtained
from classical molecular dynamics simulation at 100 and 300 K. The spectra of
discrete distances in the X-ray structure are shown as dashed spikes. The distance r
is the separation between the centres of mass of the Cgo cages of PCBM. Coor-
dination numbers are shown in the inset.

values for monoclinic PCBM which contained solvent impuri-
ties (PCBM : ODCB = 1:1, CN = 6), but similar to the one
reported for triclinic PCBM, where the PCBM to solvent ratio
was higher (PCBM : CB = 2: 1, CN = 7).2%3

4 Conclusion

We have reported the preparation and micro-focused XRD
structural characterisation of large and high-quality crystals of
PCBM. These provide a much needed experimental validation
for computational models that build on such structural infor-
mation for analysis and prediction of photophysical and charge
transport properties in this class of materials. The results are
highly relevant to applications such as solar cells, field-effect
transistors, and more generally for organic and plastic elec-
tronics. While in the final stages of preparation of this manu-
script we became aware of similar results obtained by Casalegno
and collaborators,* who also obtained solvent-free crystals but
with a slightly different procedure, that involved the use of a
different solvent and heating the crystals, instead of simply
exposing them to vacuum. Such a concomitant and indepen-
dent finding that it is indeed possible to prepare solvent-free
crystals disproves the long-held and discouraging belief that it
is impossible to obtain solvent-free crystals of PCBM. In turn, it
fully validates the selection of this material as both an experi-
mental and computational model for charge transport and
photophysical studies. Our good agreement between experi-
mental and computed structures, as evidenced by radial
distributions and thermal expansion coefficient, suggests that
the present atomistic model is especially well-suited for future
investigations of electron transport in this important material.
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