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Materials-Scale Implications of Solvent and Temperature 
on [6,6]-Phenyl-C61-butyric Acid Methyl Ester (PCBM): A 
Theoretical Perspective
 The ability to detail how molecules pack in the bulk and at the various mate-
rials interfaces in the active layer of an organic solar cell is important to fur-
ther understanding overall device performance. Here, [6,6]-phenyl-C 61 -butyric 
acid methyl ester (PCBM), a preferred electron-acceptor material in organic 
solar cells, is studied through molecular dynamics (MD) simulations; the goal 
is to examine the effects of temperature and trace solvents on the packing 
and morphological features of bulk PCBM. Solubility (miscibility) parameters, 
melting and order-disorder transitions, surface energies, and orientational 
distributions as a function of different starting confi gurations are discussed. 
On the basis of the derived morphologies, electronic structure calculations 
and a kinetic Monte Carlo approach are combined to evaluate the parameters 
impacting electron mobility in crystalline and amorphous PCBM structures. 
  1. Introduction 

 With the study of conducting polymers providing a spring-
board, [  1  ]  the exploration of organic   π  -conjugated materials for 
use in (opto)electronic applications has been pursued for the 
better part of four decades. Organic photovoltaics (OPVs), 
starting with the initial studies of multi-component active 
layers by Tang, [  2  ]  has been of particular interest due to the 
potential for solar energy harvesting technologies that can 
be fl exible and produced by low-cost printing techniques. The 
highest effi ciency single-junction OPVs, based on polymer–
molecule blends that take advantage of the bulk-heterojunction 
(BHJ) thin-fi lm architecture, [  3  ]  now reach beyond 9% for lab-
scale devices. [  4  ]  While the main optical and electronic processes 
that drive the effi ciency of these devices are, in general, well 
established, [  5  ,  6  ]  their intimate details, and in particular their 
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dependence on molecular packing, that 
is, on how the electron-rich (donor) and 
electron-defi cient (acceptor) molecules in 
different architectures (namely, bilayers 
or bulk-heterojunction thin fi lms) pack 
in the bulk and at the donor-acceptor 
interfaces, are not well understood. As 
such, many experimental and theoretical 
efforts of late have undertaken this task 
and the community is making signifi cant 
headway. [  7–9  ]  

 Though other n-type materials are cur-
rently being designed, [  10  ]  fullerene deriva-
tives—namely, [6,6]-phenyl-C 61 -butyric 
acid methyl ester (PCBM) and a host 
of other methano-fullerene (both C 60  
and C 70 ) analogs—constitute the most 
widely used electron acceptors in OPVs. [  6  ,  11  ]  In the processing 
of PCBM-containing active layers, the nature of the under-
lying substrate, choice of solvent from which the active layer is 
deposited, use of high boiling point additives, and post-deposi-
tion solvent and thermal annealing processes (amongst many 
other effects and processes) can alter the solid-state structure of 
PCBM and subsequently affect device performance. [  12–14  ]  This 
is highlighted, for instance, by: i) the wide variation in electron 
mobilities measured for PCBM in thin-fi lm transistor confi gu-
rations; [  15  ,  16  ]  ii) the choice of solvent and annealing method 
prompting anisotropic packing that in turn induces reduced 
dimensionality for charge-carrier transport; [  12  ]  iii) the degree 
of PCBM crystallization available in poly(3-hexylthiophene) 
[P3HT]-PCBM OPV active layers and the impact on the effi -
ciency of exciton dissociation; [  17  ]  iv) the choice of solvent from 
which the active layer is deposited dictating the formation of 
either amorphous or crystalline morphologies, [  18  ]  and the 
competition between these morphologies being altered by the 
rate of solvent evaporation, for example, the fast evaporation 
of chloroform leading to the formation of PCBM islands; [  19  ,  20  ]  
v) the use of high boiling-point additives to produce morpholo-
gies that lead to large power conversion effi ciencies without the 
need for a post solvent-annealing step. [  21  ]  This sampling reveals 
that there are a number of tools at the disposal of materials sci-
entists to greatly affect the active layer in OPVs. 

 Each of these morphological changes and the subsequent 
effects on device performance make it imperative to under-
stand the different packing structures available to PCBM within 
the bulk phase and at the interface with other materials. The 
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morphology of PCBM, starting from experimentally derived 
packing structures (which include co-crystallized solvent mol-
ecules), [  22  ]  has been studied through a variety of theoretical 
techniques. These include density functional theory [  23  ]  and 
molecular dynamics simulations [  24  ,  25  ]  that were used to evaluate 
minimized bulk structures and the electronic structure, and to 
detail the effects of temperature and remnant solvent on the 
molecular packing. These studies have provided insight into a 
number of molecular-scale details of PCBM in the solid state. 
Here, we focus on the PCBM materials-scale properties by 
determining the solubility (miscibility) parameters, melting 
and order–disorder transitions, and surface energies, and by 
revisiting the molecular orientations available to PCBM in the 
various structures. 

 We present the results of molecular dynamics (MD) simu-
lations that take into account both the presence and absence 
in the crystals of the solvent molecules o-dichlorobenzene or 
chlorobenzene, in order to investigate the infl uence of the sol-
vent on packing, orientation, and thermodynamic transitions. 
Additionally, as chloroform is commonly used in the deposition 
of OPV active layers, we also performed a series of simulations 
where chloroform replaces the other solvents in the starting 
structures. The derived morphologies are then used to evaluate 
the resulting bulk electronic properties, and, in total shed light 
onto the intricate materials characteristics of PCBM.  

  2. Results and Discussion 

 We fi rst discuss the unit-cell parameters obtained from the ani-
sotropic simulations, which provide a validation of our method-
ology (presented in Section 4). We then examine the Hildebrand 
and Hansen solubility parameters, the solid–liquid and order–
disorder transitions as a function of temperature, and the sur-
face energies of different PCBM lattices. Finally, we review the 
molecular-scale packing confi gurations and how these may 
infl uence the mobility of electrons through the PCBM bulk. 

  2.1. Unit-Cell Parameters 

 To validate our models, in particular the use of the OPLS-AA 
(Optimized Potentials for Liquid Simulations - All Atom) force 
fi eld, we have compared the computed unit-cell parameters, 
densities, and intermolecular interactions with available experi-
mental data; if these parameters are correctly reproduced, this 
will provide confi dence concerning the accuracy of the predicted 
structural and morphological features of the bulk packing con-
fi gurations. We start our analysis with the triclinic structure 
formed from crystallization in chlorobenzene; the average 
unit-cell parameters for the various simulated structures are 
given in Table S1 of the Supporting Information. When com-
pared to the experimental crystal data, the anisotropic pressure-
coupled NPT (constant number of molecules,  N , pressure,  P , 
and temperature,  T ) simulations with chlorobenzene in the 
PCBM interstitials provide excellent agreement, with modest 
deviations for volume (4.5%) and average unit-cell parameters 
(5.2%, computed as the sum of deviations of the 6 unit-cell 
parameters). 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5800–5813
 As we are interested in the role of solvent in these structures, 
we replaced the interstitial chlorobenzene by o-dichlorobenzene 
or chloroform. In those instances, the changes to the unit-cell 
parameters are less than 1.5% with regard to the simulation 
with chlorobenzene. This suggests that the size of the solvent 
molecules that have been considered does not infl uence the tri-
clinic PCBM packing confi guration in any signifi cant way. 

 When the solvent is removed from the triclinic co-crystal, 
considerable structural rearrangement occurs, resulting in a 
deviation of 15.4% in the unit-cell parameters versus the ref-
erence chlorobenzene co-crystal case, and a 6.6% decrease in 
cell volume. These results indicate that the remnant solvent 
molecules in the co-crystal hinder the formation of close con-
tacts between PCBM. The optimized cell, however, remains tri-
clinic. The fi nal density for the pure PCBM structure at 90 K is 
 ≈ 1.59 g cm  − 3 , which is 3% smaller than the experimental den-
sity at the same temperature for the chlorobenzene-containing 
co-crystal (1.64 g cm  − 3 ) and almost 4% larger than that deter-
mined at 90 K for pure amorphous PCBM (1.52 g cm  − 3 ). [  25  ]  

 For the monoclinic PCBM:o-dichlorobenzene co-crystal, [  22  ]  
reported in Table S2 of the Supporting Information, the magni-
tudes of the changes to the unit-cell dimensions versus experi-
ment are 3%, and a mere 0.3% for the volume; the simulated 
density is in good agreement with experiments. [  22  ]  Again, 
changing the solvent, this time with chlorobenzene or chloro-
form, leads to rather small changes in the simulation box vol-
umes. When the solvent is removed from the monoclinic unit 
cell, the fi nal density at 90 K is 1.47 g cm  − 3 , that is,  ≈ 0.2 g cm  − 3  
smaller than that for the simulated co-crystal with dichloroben-
zene and smaller than the experimental density for amorphous 
PCBM. [  25  ]  These results suggest that the monoclinic packing in 
the absence of any solvent is unstable. 

 This fi rst set of simulations, in particular for the reference 
triclinic and monoclinic co-crystals, confi rm that the OPLS-
AA parameters provide a reasonable means to simulate PCBM 
packing, in agreement with previous results, [  25  ]  and provide 
confi dence in the applied methodology. We note that when 
the PCBM crystal structures are simulated using isotropic 
NPT simulations (in which case the unit-cell vectors do not 
change with the change in volume), the calculated deviations 
with respect to the anisotropic simulations are very small; the 
average density obtained from the isotropic simulations differs 
by less than 0.75% when compared to the anisotropic simula-
tions. Therefore, in the remaining discussion, all simulations 
were conducted in the isotropic NPT ensemble.  

  2.2. Solubility Parameters 

 To evaluate the strength and nature of the PCBM–PCBM inter-
actions and evaluate the miscibility as a function of the par-
ticular structures, we computed the cohesive energy density 
and the corresponding Hildebrand [  26  ]  and Hansen [  27  ]  solubility 
parameters, following the established procedures [  28  ]  discussed 
in the Computational Methods Section. From the MD simu-
lations, a determination of the hydrogen bond energy is not 
straightforward, as it would require separating the Coulombic 
interactions into dipole–dipole and hydrogen bond interac-
tions through specifi cation of an arbitrary cutoff. Therefore, we 
5801wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  1.     Hildebrand and Hansen solubility parameters obtained for 
PCBM (as a function of the packing confi guration) and the solvents. 
The standard deviations are  < 2%. All data are reported in units of 
(cal cm  − 3 ) 0.5 . Experimental data are taken from the literature. [  29  ]  

 Simulations (300 K) Experiment (298 K)

  δ   T    δ   D  (  δ   P   +    δ   H )   δ   T    δ   D  (  δ   P   +    δ   H )

PCBM

Triclinic 11.08 10.37 3.90 - - -

Monoclinic 10.50 9.72 3.97 - - -

Amorphous 10.65 9.87 3.99 10.69 9.97 3.86

Solvents

Chlorobenzene 9.48 9.31 1.80 9.56 9.29 2.24

o-Dichlorobenzene 10.89 9.70 4.96 9.78 8.95 3.95

Chloroform 9.35 8.84 3.03 9.25 8.71 3.10
choose here to only report Hildebrand parameters (  δ   T ) and the 
contributions from the dispersive (  δ   D ) and (global) Coulombic 
interactions (  δ   P   +    δ   H ), see  Table    1  . Since the Hildebrand solu-
bility parameters refer to pure components, we do not report 
parameters for the co-crystals.  

 The triclinic structure has both the largest Hildebrand 
parameter and density, which indicates that this packing 
arrangement leads to the largest intermolecular interactions 
amongst the PCBM molecules. For the monoclinic packing 
confi guration, the intermolecular interactions as measured by 
  δ   T  are smallest at 90 K ( ≈ 9.8 (cal cm  − 3 ) 0.5 ) and reach those of the 
amorphous structure at 300 K ( ≈ 10.5 (cal cm  − 3 ) 0.5 ). We stress 
that the computed Hildebrand parameters for the amorphous 
structure are in very close agreement with the recently reported 
experimental values, [  18  ,  29  ,  30  ]  10.65 versus 10.69 (cal cm  − 3 ) 0.5 , 
respectively, which reaffi rms the accuracy of the force-fi eld 
parameters employed here. We note that the calculated Hilde-
brand parameters for chlorobenzene and chloroform also agree 
with the reported experimental values, though the Hildebrand 
parameter value for o-dichlorobenzene does differ (the com-
puted enthalpy of vaporization is overestimated by 10% com-
pared to experiment, which contributes to the overestimation of 
     Figure  1 .     Left: volume vs temperature for the triclinic PCBM co-crystal with chlorobenzene 
(straight lines are guides for the eye and dotted and solid arrows are indicative of the glass 
transition and melting transition, respectively). Right: density vs temperature for the triclinic 
PCBM structure as a function of the presence of different (or no) solvent molecules.  
the Hildebrand parameter). 
 The comparison of the computed solu-

bility parameters confi rms that PCBM is 
miscible/soluble in all of the solvents studied 
here. The results fall in line with the large 
solubility radius (3.67 (cal cm  − 3 ) 0.5 ) experi-
mentally determined for PCBM. [  29  ]  However, 
due to the larger differences in the dispersive 
interaction parameters between chloroform 
and PCBM in the triclinic packing arrange-
ment, it could be expected that the triclinic 
confi guration does not form if chloroform 
is used as the solvent. The calculated heat of 
mixing for the triclinic PCBM:chloroform co-
crystal (computed using the potential ener-
gies from the MD simulations of the triclinic 
PCBM:chloroform co-crystal, gas-phase and 
amorphous PCBM, and liquid and gas-phase 
chloroform, which provides the lower limit of 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the probable heat of mixing based on the force-fi eld parameters) 
has the largest heat of mixing when compared to other triclinic 
co-crystals; this supports the notion that spontaneous crystal-
lization of PCBM from chloroform into the triclinic crystal is 
rather diffi cult. Since the identifi cation of those solvents that 
would allow the formation of a particular crystal packing con-
fi guration represents an extensive study in itself, it will not be 
discussed further here. 

 The results presented above also serve as an important fi rst 
theoretical evaluation of the miscibility parameters for PCBM. 
As such, they constitute an important step for future theoretical 
evaluations of miscibility and inter-mixed multi-component 
small-molecule and polymer OPV active layers that involve 
PCBM.  

  2.3. Phase Transitions 

 We now turn to the thermodynamic phase transitions of PCBM 
to identify the solid–liquid (melting) and solid–solid (rearrange-
ment) phase transitions and glass transition temperatures 
( Figure    1  ). Following reported procedures, [  31  ,  32  ]  we determine 
the temperatures of the melting transitions and glass transi-
tions (fi rst- and second-order phase transitions, respectively) 
by drawing multiple straight lines connecting continuous data 
points with different slopes on a plot of volume versus tem-
perature (see left panel of Figure  1 ); we then extrapolate these 
lines to determine the transition temperatures at the intersec-
tion points. Based on this analysis, we fi nd that the glass tran-
sition occurs at 600 K for the triclinic PCBM:chlorobenzene 
co-crystal. The analysis also reveals a discontinuity in volume 
with increasing temperature [  33  ]  in the range of 650–750 K, a 
signature of a fi rst-order melting transition. The experimentally 
observed melting point of amorphous PCBM is 557 K; [  14  ,  17  ]  to 
the best of our knowledge, however, there are no data regarding 
the melting of PCBM as a function of deposition from different 
solvents and different crystals. However, when the data in the 
plot are decomposed into multiple straight lines to extract pos-
sible hidden transitions over the temperature range, the cal-
culated values are ambiguous as to the exact nature of such 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5800–5813



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  2 .     Left: comparison of density vs temperature for the monoclinic packing structures of 
PCBM with and without solvent. Right: comparison of the monoclinic packing structures of 
PCBM when annealed (at 1100 K) with o-dichlorobenzene and without the solvent.  
transitions. [  33  ]  Additionally, there is uncer-
tainty as to whether PCBM at this glass tran-
sition undergoes a structural rearrangement. 
We note that the computed transition tem-
peratures can readily be overestimated, espe-
cially when comparing the volume versus 
temperature curves, due to super heating of 
the crystal packing. [  31  ]  Therefore, we will also 
evaluate well defi ned intermolecular bond-
order parameters (see below) to confi rm and/
or identify transitions rather than rely solely 
on volume versus temperature curves.  

 Plotting density versus temperature 
instead of volume versus temperature is 
useful to simultaneously discuss phase 
transitions and the relevance of the density 
values obtained from the simulations. The 
right panel of Figure  1  presents the den-
sity versus temperature plots for triclinic-

packed PCBM. In the PCBM:chlorobenzene co-crystal, there is 
a change in the slope of the density at 550 K that continues 
up to 800 K, indicating a region of instability. Replacing chlo-
robenzene with either o-dichlorobenzene or chloroform leads 
to no real difference in the transition onset, though there is a 
difference in the melt densities, that is, above 700 K. Interest-
ingly, the low boiling-point chloroform does not decrease the 
fi rst- and second-order transition temperatures of the triclinic 
PCBM co-crystals versus the PCBM:chlorobenzene co-crystal, 
which indicates that the PCBM–PCBM interactions are the 
dominant factors determining the melting (thermal transition) 
processes in this confi guration. Removing the solvent from the 
co-crystal leads to a rather dramatic shift of the point at which 
the slope of the density curve changes with respect to tem-
perature from 600 K to 800 K; the latter value is much larger 
than the 557 K experimental melting temperature, even when 
considering crystal super heating that can elevate the transi-
tion temperatures by up to  ≈ 100 K. [  31  ]  This suggests that such a 
densely packed bulk PCBM ( ≈ 1.59 g cm  − 3  at 90 K) might not be 
reasonable in practice. 

 Turning to the monoclinic confi guration, the left panel of 
 Figure    2   presents the density versus temperature curves for the 
three different solvent co-crystals and pristine PCBM. At 300 K, 
each of the simulated densities is greater than 1.50 g cm  − 3  sug-
gesting that the simulations capture the experimental densi-
ties (1.50–1.52 g cm  − 3 ). [  25  ]  The density versus temperature 
plots for the PCBM molecules in the monoclinic packing con-
fi gurations show characteristics similar to those of the triclinic 
crystal packing. All of the structures show a common feature: 
an insignifi cant decrease in slope with an increase in tempera-
ture up to  ≈ 350–400 K followed by an increase in slope until 
a sudden discontinuity is observed as the system reaches the 
melting transition. For the PCBM:o-dichlorobenzene co-crystal, 
there are multiple instances where there are visible changes 
in the slope of density versus temperature. The change in 
slope at 400 K is indicative of a second-order transition (glass 
transition) because of the shape of the infl ection, while that 
at 600 K is more suggestive of a fi rst-order melting transi-
tion. [  33  ]  Such a result suggests that in the monoclinic packing 
structure multi ple rearrangements can occur as a function of 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5800–5813
rising temperature, as recently observed for hexagonally packed 
PCBM. [  14  ]  For the other solvents, the melting transition at 
600 K is not as prominent and the infl ection point at 350–400 K 
is completely absent, indicating that the PCBM molecular rear-
rangements in the monoclinic co-crystals are solvent specifi c. 
Similarly, the non-overlapping density curves are an indication 
that the PCBM:solvent interactions play a role in the stability 
of the monoclinic co-crystal, in direct contrast to the triclinic 
structure. Analysis of the PCBM (molecular) dipole moments 
for the various packing confi gurations (see Supporting Infor-
mation) strongly suggests that the solvent molecules, through 
modulation of the PCBM dipole moment (which in the present 
simulations arises from the phenyl butyric acid methyl ester 
moiety), play an important role in the formation and stability 
of the co-crystals.  

 For the PCBM:o-dichlorobenzene co-crystal annealed at 
1100 K, no infl ection point is observed in the density versus 
temperature plot, though there is an infl ection point/slope 
change observed at 200 K. Due to the sudden temperature 
quenching from 1100 K to 90 K in the simulations, the packing 
in the annealed system with o-dichlorobenzene is not perfectly 
crystalline; nevertheless, there are indications of the presence 
of crystalline phases as observed from the radial distribution 
functions (not shown here). It is only after complete melting 
at 650 K that there is an overlap of the density plots for the 
annealed and non-annealed PCBM:o-dichlorobenzene systems. 
Annealing of the monoclinic structures (with and without sol-
vent) leads to densities that reach a maximum of  ≈ 1.51 g cm  − 3 , 
which is some 10% smaller than the crystal density. We note 
that the time scales involved in the crystallization process are 
longer than the simulated time scales in this study, and hence 
neither crystallization nor crystalline densities are expected to 
appear after annealing. 

 When the solvent is removed from the monoclinic co-crystal, 
the density decreases from 90 K to 150 K and then, surprisingly, 
increases with further heating to 200 K. The density obtained 
from the monoclinic sans solvent simulations at 300 K becomes 
identical to that derived from the amorphous simulations. This 
result underlines that when the PCBM molecules obtain suffi -
cient kinetic energy (at temperatures greater than 150 K), the 
5803wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Average Steinhardt bond-order parameter ( Q  6 ) [  34  ]  as a function of temperature for the 
triclinic (left) and monoclinic (right) packing confi gurations of PCBM.  
monoclinic crystal (without solvent) becomes 
unstable and the molecules rearrange, 
resulting in a density closer to the experimen-
tally reported value for amorphous PCBM. [  25  ]  

 While we gain considerable insight from 
the above analyses, there are limitations 
regarding the determination of onsets (or 
presence) of order–disorder transitions as a 
function of temperature since these transi-
tions can occur before, after, or along the 
melting transitions observed in Figures  1 , 2 . 
To quantify these order–disorder transitions 
and the structural rearrangements accom-
panying these transitions, we turned to 
evaluations of the Steinhardt bond-order [  34  ]  
parameters (synonymous with the bond-
orientational/order parameters) [  35  ]  that can be 
used to identify onsets of crystallinity/melting. 
   Table  2.     Computed surface energies (defi ned in Computational 
Methods) for select lattices of the PCBM triclinic and monoclinic struc-
tures at 300 K. 

 Surface Solvent 
[mJ m  − 2 ]

No Solvent 
[mJ m  − 2 ]

(001)   77.5  ±  0.6  99.5  ±  1.0

Triclinic (010) 116.5  ±  0.8  58.3  ±  0.9

(chlorobenzene) (100) 152.1  ±  2.3 119.3  ±  1.2

(001) 115.3  ±  0.3   50.8  ±  5.0

Monoclinic (010) 99.2  ±  0.5   61.7  ±  5.0

(o-dichlorobenzene) (100) 150.3  ±  0.4   65.8  ±  4.8

Amorphous - -   99.6  ±  1.0
 The left panel of  Figure    3   shows the Steinhardt bond-order 
parameter ( Q  6 ) (defi ned in Computational Methods) values for 
PCBM in the triclinic packing confi guration. Note that  Q  6   ≈  
0.57 is obtained for spheres in a perfectly packed face-centered-
cubic structure, while  Q  6  is zero for an isotropically oriented 
amorphous structure. Within the PCBM:solvent triclinic co-
crystals, the onset of the order–disorder transition is observed 
at 650 K (irrespective of the solvent used, similar to the observa-
tions from the density curves), which is 100 K higher than the 
melting temperature experimentally observed for PCBM; [  13  ]  the 
bond-order parameter drops from 0.4 to almost zero at 750 K. 
When no solvent is present, an order–disorder transition occurs 
at 800 K, consistent with the melting transition discussed ear-
lier with the aid of the density versus temperature plots.  

 For the monoclinic unit cell, the bond-order parameter 
values are larger (0.7) and similar to those observed for 2D 
structures. [  35  ]  This is consistent with the fact that here the 
PCBM neighbors are closer in the  a  and  b  directions versus 
 c . With o-dichlorobenzene, the onset of the melting transi-
tion is at 600 K, which is close to experiment. [  12  ]  However, in 
contrast to the triclinic packing of the PCBM co-crystals, the 
bond-order parameter curves obtained for the monoclinic co-
crystals show differences as a function of the choice of solvent. 
When replacing o-dichlorobenzene with chloroform, the tran-
sition onset decreases to 550 K, while with chlorobenzene the 
bond-order parameter curves steeply recede from 0.7 to 0.03 in 
the range 600–650 K. The removal of solvent induces a loss of 
partial crystallinity at 200 K and a complete loss of order upon 
heating to 800 K; the multi-step melting profi le is similar to 
that corresponding to the melting of 2D colloidal crystals, [  35  ]  
which occurs due to the decreased packing density in the third 
dimension upon removal of solvent molecules. Since the ini-
tial density of the monoclinic system without solvent is lower 
than that observed for amorphous PCBM, the PCBM molecules 
reorient and the unit-cell dimensions decrease at 200 K. 

 The results both for the triclinic and monoclinic crystal 
packing indicate that the solvent lowers the melting transi-
tion and induces an expansion of the crystal (as noted in the 
discussion of the unit-cell parameters). The solvent molecules 
are necessary to crystallize PCBM into the monoclinic crystal 
since this structure is simply unstable without the solvent, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
with the room temperature density lower than that of the 
amorphous structure. These results provide insight into why 
solvent/thermal annealing (or a solvent additive) is necessary 
in many cases to obtain crystalline domains of PCBM in bulk 
heterojunction organic photovoltaics [  13  ,  36  ]  and also why certain 
solvents enhance the formation of crystals. [  8  ,  19  ]   

  2.4. Surface Energies 

 Information pertaining to the surface energies of the various 
lattices can point to which crystalline facets are more likely 
to interact with either the donor material in the active layer 
or the electrode (or other material) on which the active layer 
is deposited. The latter is important as stratifi cation through 
the active layer can be greatly infl uenced by interactions with 
the underlying substrate. [  37  ,  38  ]  The calculated surface energies 
(see  Table    2  ) range from 50–150 mJ m  − 2  and are larger than the 
experimentally determined value of 38.2 mJ m  − 2  [  38  ]  for PCBM. 
This overestimation of the surface energy is consistent with 
previous evaluations for other organic semiconductors at the 
density functional theory (DFT) and MD levels; [  9  ,  39  ]  such differ-
ences can be attributed to diffi culty in identifying the phases, 
planes, and/or presence of surface reconstruction during the 
experimental measurements.  
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5800–5813
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 The surface energies for the triclinic and monoclinic co-crys-
tals are generally larger than those of the pristine structures. 
The solvent molecules contribute to change the surface energy 
for two main reasons: i) the orientation of PCBM is disturbed 
with the addition of solvent; and ii) there is a direct contribution 
from the solvent molecules to the surface energy depending on 
the number of solvent molecules exposed at the lattice face. 
Analysis of the density distribution of the fullerene and alkyl 
segments along the three unit-cell directions reveals that when 
the number of fullerene moieties exposed to the vacuum phase 
is small (or when the density of alkyl groups is largest), the sur-
face energy is lower, as expected. This phenomenon is most 
noticeable for the (010) surface of pristine PCBM and is in line 
with the smaller, experimentally determined surface energies 
of PCBM [  38  ]  versus C 60 . [  40  ]  That the butyric acid methyl ester 
adduct on the fullerene results in a lower surface energy sug-
gests that having multiple adducts could result in even lower 
surface energies.  

  2.5. Orientation and Structural Details 

 Having gained a macroscopic picture of PCBM as a function 
of packing confi guration, solvent, and temperature, we now 
© 2013 WILEY-VCH Verlag G

     Figure  4 .     Orientational correlation function  C ( t ) of PCBM packed in the 
right), of chloroform molecules (bottom left), and of o-dichlorobenzene,
monoclinic co-crystal.  

Adv. Funct. Mater. 2013, 23, 5800–5813
turn to the nanoscale. This will be important in order to discuss 
the impact of the packing structure on the charge-carrier trans-
port characteristics, since nearest-neighbor proximity and their 
relative orientations play an important role in determining the 
intermolecular electronic couplings (transfer integrals). Here, 
we consider the decay of the orientation auto-correlation func-
tion (i.e., how fast a PCBM molecule changes its orientation) 
as it provides information regarding how the solvent mole-
cules aid in the lowering of the crystallization and annealing 
temperatures. The orientational auto-correlation function ( C ( t )) 
(defi ned in Computational Methods) is computed from the 
ensemble average of the dot-product of the vector-plane formed 
from the coordinates of three atoms in PCBM at time  t   =  0 and 
the plane formed from the same three atom coordinates at 
some later time  t .  C ( t )  =  1 is indicative of a stable orientation 
of the molecule with respect to the orientation at  t   =  0, while 
 C ( t )  =  0 specifi es that the molecule has rotated 90 o . 

 For the triclinic co-crystals, the orientation dynamics of the 
PCBM molecules remains the same irrespective of the type of 
solvent. For the monoclinic structure, however, we obtain sig-
nifi cantly different dynamics. The top left panel of  Figure    4   
shows that, when no solvent is present, the fullerenes remain 
relatively unperturbed; the volume of the simulation box 
equilibrates with increasing temperature, signifying that the 
5805wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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volume has stabilized and that the thermodynamic transitions 
studied within the short simulation times (hundreds of picosec-
onds) yield accurate results. When solvent molecules are pre-
sent within the monoclinic lattice, however, the change in the 
PCBM orientation is signifi cant. The decrease in reorientation 
time, or increase in the decay of  C ( t ), correlates with the reori-
entation dynamics of the solvent molecules themselves (bottom 
left panel of Figure  4 ).  

 These results indicate that the solvent molecules transfer 
momentum to the PCBM molecules, as the PCBMs reorient 
more quickly in the solvent co-crystals when compared to the 
PCBM crystals without solvent. As a consequence, the PCBM 
packing presents an order–disorder transition at lower tempera-
tures, which is consistent with the analysis of the density versus 
temperature curves in Figure  2 . Importantly, these results sug-
gest that if solvent molecules are present, the PCBM molecules 
have a propensity to move/reorient considerably even at room 
temperature, which can affect a number of key electronic prop-
erties of the bulk material (see below). 

 Due to its smaller size, chloroform reorients more quickly 
(bottom right panel of Figure  4 ) and diffuses more rapidly in 
the crystalline and amorphous PCBM co-crystals versus the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verla

     Figure  5 .     Center-of-mass (COM) radial distribution functions (RDFs): (t
left) C 60 –C 60  at 100 K; and (bottom-right) C 60 –aklyl at 100 K. All results pr
refers to the COM of the complete PCBM molecule, C 60  refers solely to
butyric methyl ester adduct of.  
other solvents. It is worth pointing out that these results are 
consistent with literature reports that solvent annealing can 
infl uence and change the morphology both in non-fullerene 
organic electronic devices [  41  ]  and in fullerene-based photovoltaic 
cells [  22  ,  42  ]  at lower temperatures than by thermal annealing (in 
some cases even at room temperature). [  41  ]  It should be borne in 
mind, however, that the success of a particular solvent depends 
on miscibility, solvent boiling point, solvent-specifi c interac-
tions with PCBM, among other factors. 

 In addition to orientation effects, the solvent molecules also 
impact the PCBM nearest-neighbor distances. Radial distri-
bution functions (RDFs), defi ned as the local density over the 
average density in the simulation box, can be used to deter-
mine the proximity of the molecules with respect to each other 
and provide information about the crystallinity of the packing. 
RDFs [  43  ]  for the triclinic, monoclinic, and amorphous packing 
structures of PCBM without solvent are provided in  Figure    5  . At 
100 K, the crystallinity of both monoclinic and triclinic packing 
structures is evident from the distinct sharp peaks followed by 
near-zero valleys as expected in RDF plots of crystalline solids.  

 It is also of interest to evaluate the number of close-neighbor 
PCBMs, as the number of close contacts can contribute to the 
g GmbH & Co. KGaA, Weinheim

op-left) PCBM–PCBM at 100 K; (top-right) PCBM–PCBM at 300 K; (bottom-
esented in this fi gure are for systems without solvent molecules. Here, PCBM 
 the COM of the fullerene, and alkyl refers solely to the COM of the phenyl 
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   Table  3.     Number of PCBM molecules, C 60  moieties, or alkyl chain centers-of-mass in the fi rst 
coordination shell (up to 1.4 nm) obtained from PCBM–PCBM, C 60 –C 60 , and C 60 –alkyl center-
of mass-radial distribution functions at 300 K and 400K. The defi nitions for PCBM, C 60 , and 
alkyl are defi ned in the caption of Figure  5  and the main text. 

Coordination Number PCBM–PCBM C 60 –C 60  C 60 –Alkyl

300 K 400 K 300 K 400 K 300 K

Amorphous 11.21 11.13 10.55 10.53 9.78

Triclinic 12.23 12.07 11.47 11.15 9.78

Monoclinic 11.55 11.32 10.44 10.35 8.44

Triclinic (chlorobenzene) 10.82 10.67 10.15 9.80 9.91

Triclinic (o-dichlorobenzene) 10.63 10.53 9.86 9.57 9.68

Triclinic (chloroform) 10.77 10.73 10.07 9.79 9.92

Monoclinic (chlorobenzene) 11.43 10.99 11.36 10.89 8.66

Monoclinic (o-dichlorobenzene) 11.46 10.88 11.40 10.80 8.80

Monoclinic (chloroform) 11.34 11.13 11.26 10.99 8.51
electron-transport properties of the material. We evaluated 
the coordination numbers for PCBM, C 60 , and the alkyl moie-
ties within a distance of 1.4 nm from the PCBM and C 60  cage 
centers-of-mass ( Table    3  ); 1.4 nm was selected based on the 
fact that the decay of the electronic couplings between PCBM 
molecules reaches a negligible value of  ≈ 0.01 meV (see below). 
When the solvent molecules are not present, the coordina-
tion numbers, in general, are largest in the triclinic packing 
and smallest for the amorphous structure. When the solvent 
remains, that is, in the co-crystals, the number of nearest 
PCBM–PCBM and C 60 –C 60  neighbors is smaller in the triclinic 
packing versus both the monoclinic packing and amorphous 
PCBM. We will come back to this point in the next Section, 
when we discuss electron mobilities.   

  2.6. Intermolecular Electronic Coupling and Charge-Carrier 
Transport 

 Finally, we turn our attention to the impact that the distances 
and orientations of adjacent PCBM molecules (computed 
through the orientation distribution functions, radial distribu-
tion functions, and coordination numbers) have on the electron 
mobilities as a function of the various crystalline and amor-
phous packings. 

 As a fi rst step, it is of interest to evaluate how the intermo-
lecular electronic coupling ( J ) changes as a function of intermo-
lecular distance and orientation ( Figure    6  ) for a PCBM–PCBM 
dimer; [  44  ]  we note that, as expected from the dependence of the 
coupling on the wave-function overlap, there occurs an expo-
nential decrease of the (lowest unoccupied molecular orbitals) 
LUMO–LUMO electronic coupling as a function of distance. [  45  ]  
To evaluate the angular dependence of the electronic coupling, 
we fi x two PCBM molecules at an intermolecular distance of 
0.9 nm between the centers of mass and consider two types of 
rotation where one PCBM rotates with respect to the second, 
stationary PCBM. In the fi rst case, one PCBM orbits (without 
rotation around its vertical axis) the stationary PCBM (rotation 
angle   θ  , see inset in Figure  6 ); in that instance, the electronic 
coupling shows an oscillating behavior with a maximum near 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 5800–5813
180 o , a result commensurate with oscillations 
in the co-facial alignment of the PCBM six-
membered and fi ve-membered rings. In the 
second case, rotation of one of the PCBMs 
around the horizontal axis connecting the 
PCBM centers-of-mass,   φ  , reveals a maximal 
electronic coupling near 0 o  without the oscil-
lating pattern; this confi guration, interest-
ingly, is not observed in the simulated amor-
phous structures. Overall, these results are 
consistent with those previously reported by 
MacKenzie and co-workers using density-
functional theory and intermediate neglect 
of differential overlap (INDO) calculations. [  46  ]  
As the electronic couplings amongst neigh-
boring PCBM molecules is orientation 
dependent, we note that the orientational 
probability for neighboring PCBM molecules 

in the different crystalline packings is not 

the same (Figure  6 ). In the absence of solvent, comparison of 
the orientation distribution functions for the crystalline PCBM 
confi gurations at 100 K and the amorphous structure at 300 K 
shows that PCBM in the ordered structures have distinct peaks 
at distinct angles, whereas the amorphous PCBMs are distrib-
uted over all possible angles with a peak at 90 o  and negligible 
probability at 0 o  and 180 o , revealing that the PCBM alkyl chains 
in the amorphous structure never align in a consistent parallel 
or anti-parallel fashion due to entropic considerations. The 
presence of the solvent molecules also affects the respective 
orientations amongst neighboring PCBMs (see Figure S1 in 
Supporting Information). These results, coupled with the insta-
bility of the monoclinic packing confi guration when the solvent 
molecules are not present, indicate that solvent orientations/
placement with respect to PCBM are important, especially con-
sidering that the PCBM molecule and the solvent molecules 
possess a dipole moment.  

 We now turn to kinetic Monte Carlo (KMC) simulations to 
estimate the electron mobilities (see Computational Methods 
for more details). We consider a carrier density of 2  ×  10 20  
electrons per cm 3 , which falls in line with experimental esti-
mates. [  15  ]  Although there are well-established limitations to the 
description of electron transport in PCBM and other organic 
electronic materials through a hopping mechanism, [  24  ,  47  ]  the 
charge-carrier transport properties evaluated through such a 
simple estimation can have value in providing an initial qualita-
tive picture [  48  ,  49  ]  on the impact of the various packing confi gu-
rations; importantly, as we show below, the magnitude of the 
electron mobilities computed from this method are in-line with 
experimental fi ndings. To assess the effect of variations in site 
energies, the driving force  Δ  G  o  for the electron-transfer reaction 
(electron hop) is either set to zero (effectively turning off site 
energy differences) or calculated using Coulomb’s law (see the 
Computational Methods Section). Considering variations in site 
energies allows us to quantify the effect of energetic disorder 
due to presence of many charge carriers. Electrostatic interac-
tions among charge carriers drive fl uctuations in the energy 
landscape, which directly infl uences the charge-carrier mobility. 
Recent theoretical studies [  50  ]  suggest that the energy-level land-
scape in organic semiconductors is dictated by electrostatic 
5807wileyonlinelibrary.comheim
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     Figure  6 .     Top-left: orientational probability distribution function (see Supporting Information for the defi nition) amongst neighboring PCBM molecules 
as a function of packing confi guration in the absence of solvent. The black, red, and grey lines represent triclinic, monoclinic, and amorphous pack-
ings, respectively. Top-right: representative simulation snapshot of the amorphous packing of PCBM. Bottom-right: INDO intermolecular electronic 
couplings as a function of orientation at a fi xed intermolecular distance (r  =  0.9 nm) between the PCBM centers of mass. Bottom-left: rotation   θ   (black 
line) is defi ned as the orbiting of the right PCBM (without secondary rotation along the long axis of the molecule) with respect to the stationary PCBM 
on the left. Rotation   φ   (gray line) is defi ned as the rotation of the right PCBM molecule around the horizontal axis connecting the two PCBM centers of 
mass. Coding for PCBM is such that (C 60 ) segments are represented by bonds and atoms in the phenyl-butyric acid methyl ester adducts, by spheres.  
interactions and reduces the charge-carrier mobility. This is in-
line with the results of the KMC simulations ( Figure    7  ); they 
illustrate that, regardless of the PCBM packing confi gurations, 
the charge-carrier mobility when electrostatic interactions are 
explicitly considered is smaller than that when electrostatic 
effects are neglected. Our results thus clearly confi rm that the 
energetic disorder induced by the electrostatic interactions 
reduces the charge-carrier mobilities.  

 The electron mobility for the triclinic co-crystal (chloroben-
zene), when  Δ  G  o   ≠  0, is anisotropic, with the mobility in the 
 Y -direction (see  Figure    8   in the Computational Methods Section 
for defi nitions of directions) on the order of 0.2 cm 2  V  − 1  s  − 1 , 
nearly twice that in the  X - and  Z -directions, see Figure  7 . Note 
that the  a -axis of the unit-cell is aligned along the  X -direction, 
while the  b -axis is in the  XY  plane; the  X ,  Y , and  Z  axes form an 
orthonormal basis. When the solvent is removed, the electron 
mobility is slightly lower and becomes more isotropic; we recall 
that the triclinic unit-cell parameters compress along the  b -axis 
and that the PCBM–PCBM orientation distributions change 
when the solvent is removed. Interestingly, when the site 
energy differences due to Coulombic interactions are neglected, 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
that is, when the disorder present in the system is decreased, 
the anisotropic nature of the charge-carrier transport for the 
triclinic packing structures, though still present, is reduced in 
magnitude.  

 For the monoclinic co-crystal, the electron mobility along the 
 X -direction is about fi ve times smaller than the values in the 
 Y - and  Z -directions on the order of  ≈ 0.1 cm 2  V  − 1  s  − 1 . These dif-
ferences persist even when the solvent is removed (the electron 
mobilities along  Y  and  Z  remain nearly four times larger than 
along  X ). The small electron mobility along  X  and the larger 
degree of mobility anisotropy can be traced back to the fact that 
the orientation of the PCBM molecules in the unit cell are such 
that the butyric acid methyl ester adducts are pointed predomi-
nately along the  X -direction. 

 The electron mobility of amorphous PCBM is determined 
to be one order of magnitude smaller than that for the crys-
talline structures when disorder in the site energies is taken 
into account. The average mobility, 2.0  ×  10  − 3  cm 2  V  − 1  s  − 1 , is 
in very good agreement with the low end of the experimental 
data. [  15  ]  However, the experimental range of electron mobili-
ties for PCBM spans from 10  − 3  to 0.2 cm 2  V  − 1  s  − 1 , with the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5800–5813
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     Figure  7 .     Estimated electron mobilities for various PCBM packing motifs 
where the Coulombic interactions between hopping sites is turned on 
( Δ  G  o   ≠  0, top panel) or off ( Δ  G  o   =  0, bottom panel). The reported error 
bars correspond to standard deviations obtained from fi ve independent 
evaluations of the mobility.  

     Figure  8 .     Simulation snapshots of the partial super cells for the mono-
clinic- (left) and triclinic- (right) packed PCBM:solvent co-crystals with 
o-dichlorobenzene and chlorobenzene, respectively. The PCBMs are rep-
resented by grey bonds. Black, dark grey, and light grey represent the 
carbon, chlorine, and hydrogen atoms of the solvent molecules. The  a -
axis of the unit-cell is aligned along the X-direction, while the  b -axis is in 
the XY plane.  
mobilities highly dependent on the dielectric material used in 
the fi eld-effect transistor measurements and variations in the 
processing conditions. [  16  ]  Our results suggest that the PCBM 
morphologies, as a function of the processing conditions and 
solvent, can have a broad spectrum of crystallinity and molec-
ular order (especially in terms of the angular orientations) due 
to the interplay of solvent–PCBM and PCBM–PCBM interac-
tions; this, in turn, contributes to the measured variations in 
mobility. In the amorphous structure, adjacent PCBMs that 
have relatively strong intermolecular electronic couplings are 
not oriented along a specifi c path and hence there are very few 
(or no) consistent pathways for electrons to migrate. This sug-
gests that the localization lengths remain small in amorphous 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5800–5813
PCBM due to the high probability of weak electronic coupling 
between neighboring PCBM molecules. 

 Neglecting the electrostatic interactions between charge 
localized sites ( Δ  G  o   =  0) permits charges to be present on 
neighboring sites concurrently—a situation not possible when 
electrostatic interactions are considered due to the strong repul-
sion among like-charges. Such a situation relaxes the require-
ment of a large number of well-defi ned transport pathways in 
order to obtain large electron mobilities. As a result, the elec-
tron mobilities in the amorphous structure, with only a few 
random pathways, become on par with those of the crystalline 
structures (which have more well-defi ned pathways). Inter-
estingly, there is also an increase in the computed electron 
mobilities for the crystalline structures (by about a factor of 2) 
when the electrostatic interactions among the charged sites are 
neglected. This suggests that even in crystalline packing con-
fi gurations there occurs some detrimental loss of the number 
of electron-transport pathways due to repulsive electrostatic 
interactions (disorder), although to a much smaller extent than 
in the amorphous structures (as the crystalline structures have 
more well-defi ned pathways with stronger intermolecular elec-
tronic couplings, the impact of the loss of a few pathways on 
the electron mobilities is minimized). These results stress the 
importance of orientational ordering on the transport proper-
ties, as the mere consideration of the differences in the number 
of molecules in the fi rst coordination shell (for instance, 
PCBMs in the amorphous structure have more nearest neigh-
bors than in the PCBM:chlorobenzene co-crystal, Table  3 ) does 
not explain the signifi cant variations in the transport properties 
related to different PCBM packings.   

  3. Conclusions 

 The results of this study provide an understanding of how 
and why different processing procedures impact a variety of 
experimentally measured data for PCBM. By extending earlier 
5809wileyonlinelibrary.combH & Co. KGaA, Weinheim
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theoretical studies on PCBM, [  24  ,  25  ]  we are able to underline how 
molecular-scale interactions among PCBM molecules and with 
the solvents from which they are commonly deposited, affect a 
number of materials-scale properties, ranging from miscibility 
and surface energies to electron mobilities. 

 By reproducing a wide-array of molecular- and materials-
scale properties, we were able to validate the employed force 
fi eld, which is essential to provide models and details at length 
scales that are diffi cult to probe experimentally. The OPLS-AA 
force-fi eld parameters are found to describe adequately the 
interaction strength between PCBM molecules in the bulk, 
with the computed solubility parameters closely matching 
those obtained experimentally. 

 The solvent molecules signifi cantly affect the orientations 
and reorientation times between neighboring PCBM molecules 
in the case of the monoclinic co-crystal, but have a lesser effect 
in the triclinic crystal. When the solvent is removed, the cal-
culated densities and Steinhardt bond-order parameters of the 
monoclinic structures indicate that the monoclinic unit cell 
is unstable and quickly rearranges at room temperature to a 
semi-crystalline packing. On the other hand, the triclinic crystal 
structure yields a higher density than that obtained experimen-
tally and analysis of the solubility parameters and transition 
temperatures points to strong PCBM–PCBM interactions. Con-
sequently, the solvent molecules present within the interstitials 
of the PCBM triclinic structure hardly affect the PCBM reorien-
tation dynamics. 

 The choice of solvent and temperature during material pro-
cessing, as is well-established in the literature, can have a dra-
matic impact on the resulting macroscopic, device-scale proper-
ties. The choice of solvent, and the presence of remnant sol-
vent molecules post deposition, can promote a lowering of the 
temperature required to rearrange the PCBM molecules in the 
solid state. Our results show that, when the solvent molecules 
can inherently provide a driving force for a specifi c orienta-
tion of the C 60  moieties whereby the PCBM alkyl groups can 
be exposed on the surface, the surface energy decreases. The 
solvent can also be used to drive orientations that favor effi cient 
intermolecular electronic couplings amongst neighboring mol-
ecules and thereby provide for effi cient electron transport. 

 Using semi-empirical Marcus theory, we fi nd that the elec-
tron mobilities can range from 10  − 3 –0.2 cm 2  V  − 1  s  − 1  as a func-
tion of packing, values that compare well with experimental 
mobilities measured in n-channel fi eld-effect transistors. Inter-
estingly, we observe no direct correlation between the number 
of nearest-neighbor PCBM molecules and the electron-trans-
port properties. Our results underline that, within the range of 
nearest-neighbor molecules considered in our calculations, the 
orientational dependence of the electronic couplings overrides 
the differences in the number of nearest neighbors. This helps 
explain why specifi c crystalline structures promote better elec-
tron mobilities in BHJ morphologies. Our results also confi rm 
that the electron mobility decreases with increasing disorder in 
site energies; this decrease is found to be more pronounced in 
the amorphous structure. 

 Overall, these results suggest that it is important not only 
to form microphase separated regions of donors and acceptors 
in the BHJ active layer, but also that the orientational ordering 
within those microphases be tuned to improve the electronic 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
processes and in turn increase the overall solar cell effi ciency. 
Such better fundamental understanding of how solvent infl u-
ences the molecular packing and orientation can ultimately 
allow for better solvent selection during device manufacturing.  

  4. Computational Methods 

 All-atom molecular dynamics simulations were performed 
starting from the experimentally determined [  22  ]  monoclinic and 
triclinic PCBM crystal structures grown from o-dichloroben-
zene and chlorobenzene, respectively. Specifi cally, the mono-
clinic and triclinic structures are co-crystals of the respective 
solvent and PCBM, obtained at 90 K, in a 1:1 (PCBM:solvent) 
molar ratio for the monoclinic structure and 2:1 molar ratio 
for the triclinic structure. The effect of chloroform as a solvent 
in these structures is studied by replacing the o-dichloroben-
zene and chlorobenzene in the respective co-crystals. We note, 
however, that a recent anisotropic crystal structure for PCBM 
obtained from growth in chloroform [  12  ]  neither matches the 
monoclinic nor triclinic packing confi gurations employed in 
these simulations. 

 The OPLS-AA force fi eld was used to simulate the solvent 
molecules [  51  ]  and PCBM, as done previously. [  25  ]  All simulations 
were performed using the Gromacs 4.5.4 molecular dynamics 
simulation package. [  52  ]  Dispersive pair-wise interactions were 
computed using the switched Lennard-Jones potential, with 
switching enforced at 1.1 nm and cutoff at 1.3 nm; this allows a 
smooth decay of the force on the atoms to zero and eliminates 
abrupt force gradients at the cutoff distance. [  53  ]  The Lorentz-
Berthelot mixing rules were used for computing the Lennard-
Jones parameters between two non-identical atoms. Long-range 
dispersive and pressure corrections were employed as available 
in Gromacs 4.5.4. Long-range electrostatic interactions were 
calculated using the particle-mesh-Ewald (PME) method with a 
tolerance of 1.0  ×  10  − 5 . 

 We note that nucleation and melting transitions are strongly 
dependent on the size of the system up to a critical number; [  35  ,  54  ]  
simulations with too small a number of molecules might yield 
inaccurate transition temperatures (though the simulated struc-
tural details might still be accurate). To overcome these limita-
tions, the experimentally-determined unit cells were replicated 
in three dimensions to contain 864 PCBM molecules ( ≈ 76 000 
atoms); a partial simulation box with solvent molecules is 
shown in Figure  8 . Anisotropically pressure-coupled simula-
tions (in which the unit-cell vectors are allowed to change inde-
pendently) within the NPT (constant number of molecules, 
pressure, and temperature) ensemble were performed to vali-
date the force-fi eld parameters. The Nosé-Hoover [  55  ]  thermostat 
was used for the temperature control and the Parrinello-
Rahman barostat, [  56  ]  known to assist with the accurate predic-
tion of transitions in single crystals, was used for pressure 
control with a compressibility [  57  ]  of 1  ×  10  − 5  bar  − 1 . The reported 
values for compressibility of C 60  range from 7  ×  10  − 6  bar  − 1  to 
1  ×  10  − 5  bar  − 1 ; [  57  ,  58  ]  here, we employ the higher limit to take into 
account the presence of the more compressible alkyl chains. 
Coupling constants of 100 fs and 500 fs have been used for the 
thermostat and barostat, respectively. The Supporting Informa-
tion collects the average unit-cell parameters obtained for the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5800–5813
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anisotropic simulations; the simulations were run for 5.0 ns 
starting from the original crystal structure [  22  ]  and the equilib-
rium values of the unit-cell vectors were obtained by averaging 
over the fi nal 2.5 ns. 

 To understand how temperature affects PCBM packing 
and to quantify the possible solid–solid or solid–liquid and 
order–disorder phase transitions, we performed a series of 
NPT simulations at different temperatures. The simulation 
methodology included raising the temperature from 90 K to 
1100 K in a series of discrete steps: i) the temperature of the 
energy minimized and equilibrated confi guration at 90 K was 
raised to 100 K and subsequently simulated for 300 ps (longer 
simulations up to 1.5 ns were performed when necessary, for 
example, in the case of monoclinic packing without solvent up 
to 550 K, and for the annealed monoclinic PCBM without sol-
vent); ii) the temperature was then raised in steps of 50 K for 
every 300 ps of simulation time until 800 K; iii) fi nally, the tem-
perature was raised 100 K for every 300 ps of simulation time 
until the temperature reached 1100 K. The same methodology 
has been implemented for all systems considered in this study. 
To confi rm that 300 ps is suffi ciently long both for the volume 
and temperature to stabilize, longer 5 ns simulations were con-
ducted for a range of temperatures (300 K, 400 K, 450 K, 500 K, 
and 550 K); the results indicate that the average system volume 
obtained from the longer simulations is within the standard 
deviation of the average volume obtained from the last 150 ps 
of the 300 ps simulations. 

 To obtain an amorphous PCBM packing confi guration, we 
randomly placed 400 PCBM molecules in the simulation box 
followed by 1 ns each of NVT (volume,  V ) and NPT simulations 
at 800 K. These simulations were then followed by an NPT 
simulation at 500 K for 1 ns and at least 10 ns at 300 K, with 
the last 2 ns used for analysis. The fi nal density of the simula-
tion box was  ≈ 1.51 g cm  − 3 , which is in close agreement with 
experiment. [  25  ]  

 Bond-order parameters were computed as described by Del-
lago and co-workers [  59  ]  using the center-of-mass coordinates 
of the PCBM molecules and a distance cutoff taken from the 
radial distribution function (see Figure  5 ).The local bond-order 
parameter ( Q lm  ) is defi ned as:

 Qlm ≡ Ylm (θ (r ) , ϕ (r ))   (1)   

where   θ  ( r ) and   φ  ( r ) represent angles in spherical coordinates 
with respect to the fi xed reference frame and  Y lm  (  θ  ( r ),   φ  ( r )) are 
spherical harmonic functions. The average bond-order param-
eter for the number of bonds/neighbors  N  in the system is 
represented by  Qlm    and is computed from local bond-order 
parameters as:

 
Qlm ≡ 1

N

neighbor s∑
i=0

Qlm (r )
  

(2)    

  Q  6  is computed as an invariant quantity using the following 
equation:

 

Q6 ≡
√√√√ 4π

2l + 1

l∑
m=−l

∣∣Qlm

∣∣2

  
(3)
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 The Hildebrand parameter (  δ   T ) is the square-root of the 
cohesive energy density (CED), where the CED is defi ned as the 
difference between the enthalpy of vaporization ( Δ  H ) and the 
product of the universal gas constant times temperature (RT) 
divided by the molar volume ( V ) (see  Equation 4 ). Hansen fur-
ther separated the Hildebrand parameter into three intermo-
lecular contributions: dispersive interactions (  δ   D ), Coulombic 
or dipole-dipole interactions (  δ   P ), and hydrogen-bonding inter-
actions (  δ   H ). These contributions are related to the cohesive 
energy density and Hildebrand solubility parameter through 
 Equation 4 :

 
δT =

√
CED =

√
�H − RT

V
=

√
δ2

D + δ2
H + δ2

P
  

(4)   
 

 To compute variations in surface energy, different facets of 
the triclinic and monoclinic PCBM crystals—the (001), (010), 
and (100) planes—were cleaved to form slab models that were 
then optimized via energy minimization. Total energy averages 
for the equilibrated bulk PCBM ( E  T ) with 3D periodic condi-
tions and the PCBM slabs ( E  S ) with 2D periodic conditions 
were determined via MD simulations with an NVT ensemble 
that included 1 ns for equilibration followed by 1.5 ns for data 
collection. The surface energy was then determined by the 
relation:

 E = (Es − ET)/2A   (5)   

where A is the cross-sectional area of the exposed surface of the 
super-cell. The long-range van der Waals and Coulombic cor-
rections (dependent on the density of the simulation box) were 
not taken into account in either the bulk or slab calculations to 
negate the signifi cant variations occurring in the energy from 
inclusion of vacuum in the slab simulations. 

 The orientational auto-correlation function  C ( t ) is computed 
as:

 
C (t) =

〈
(�v12 (t) × �v23 (t)).(�v12 (0) × �v23 (0))

(�v12 (0) × �v23 (0)).(�v12 (0) × �v23 (0))

〉
  

(6)
   

where  <   >  indicate an ensemble average,  �v12   indicates the 
vector connecting the fi rst two selected atoms in molecule 1, 
and  �v23   corresponds to the vector formed from atoms 2 and 3 
in molecule at time t and time zero in the simulation trajec-
tory. To evaluate the electron mobility as a function of the bulk 
packing confi gurations, electronic couplings (transfer inte-
grals) amongst the LUMOs of PCBM dimers were computed 
using Zerner’s intermediate neglect of differential overlap 
(ZINDO) [  60  ]  in the Mataga-Nishimoto parameterization. [  61  ]  
The ZINDO-based transfer integrals were used to evaluate 
the electron-transfer rate  k  ET  via the semi-classical Marcus 
equation: [  62  ] 

 
kET = 2π

�

|J |2√
4πkBTλ

exp

[
−

(
�G0 + λ

)2

4λkBT

]
  

(7)
   

where  �  denotes the reduced Planck’s constant,   λ   is the reor-
ganization energy (0.132 eV as obtained through DFT calcula-
tions at the B3LYP/6-31G ∗  ∗  level for methano-bridged C 60  and 
fullerene molecules), [  46  ,  49  ]   k  B  is the Boltzmann constant,  J  corre-
sponds to the electronic coupling (transfer integral), and  Δ  G  0  is 
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the Gibbs free energy difference between the two sites involved 
in the electron transfer. 

 Electron mobilities and the dynamics of charge-carrier trans-
port in the presence of an applied electric fi eld were estimated 
via kinetic Monte Carlo (KMC) simulations for the various 
packing confi gurations. In the KMC simulations,  Δ  G  0  at each 
site is equal to the Coulomb potential for that site due to the 
presence of all other charges. To start the KMC simulations, 
charges, based on the charge-carrier density, were randomly 
distributed on a lattice built from a single MD confi guration of 
PCBM centers of mass. Using the fi rst reaction method [  63  ]  in 
the KMC technique in each step of the simulation, we deter-
mined hopping rates for all possible hops for all electrons. Hop-
ping rates were evaluated from  Equation 7  by using the evalu-
ated electronic couplings for all the nearest neighbors within a 
radius of 1.6 nm. If a hop is forbidden (e.g., a hop that leads to 
double occupancy of a given site), we set the corresponding rate 
to zero. The next hop was randomly selected from the avail-
able hopping list. We run each simulation for suffi cient time 
so that electron energy relaxes to a steady state value, leading to 
a convergence in charge-carrier mobility. The reported electron 
mobility for each packing structure is an average of the com-
puted values from fi ve snapshots/confi gurations, each 50 ps 
apart, within a single MD trajectory.  
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