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Computational Study of P3HT/C60-Fullerene Miscibility

David M. HuangA,B

A School of Chemistry and Physics, The University of Adelaide, SA 5005, Australia
B Email: david.huang@adelaide.edu.au

Classical molecular dynamics simulations and statistical thermodynamics are used to investigate the
miscibility of blends of the conjugated polymer poly(3-hexylthiophene) (P3HT) and fullerene C60 for
blend ratios typically used in organic photovoltaic devices over a range of temperatures. Depending on
which of two slightly different simulation force fields is used, the calculations suggest that amorphous
P3HT/fullerene blends are either miscible or immisicble under typical processing conditions. The
former result is consistent with recent experiments and suggests that experimentally observed nano-
scale phase separation is driven by polymer or fullerene crystallisation. But the inconsistency between
the different force fields indicates that these blends are close to phase coexistence between the separated
and homogeneously mixed phases and suggests that care must be taken in interpreting simulation data
on P3HT/fullerene blends. These findings have implications for organic photovoltaics, in which the
microstructure of conjugated-polymer/fullerene blends plays a crucial role in device performance.

Introduction

Solution-processed organic polymer-based solar cells have
attracted growing interest because of their potential as low-
cost and flexible alternatives to conventional silicon-based
photovoltaics. Rapid strides have been made in the last two
decades to improve their efficiency to the point that their
use is becoming commercially viable. [1] The power conver-
sion efficiency of polymer solar cells is sensitive to the mi-
crostructure of the photo-active layer. [1,2] This layer typi-
cally consists of a mixture of a conjugated polymer and a
fullerene derivative, respectively, as electron donor and ac-
ceptor materials, which phase separates on the nano scale
to form an interpenetrating bicontinuous network known as
a bulk heterojunction. [2]

The small diffusion length of photo-induced electronic
excited states (excitons) in organic materials limits the char-
acteristic width of donor and acceptor domains to the ten-
nanometre scale in efficient solar cells, while the photo-active
layer typically needs to be hundreds of nanometres thick to
absorb most of the incident light. The sensitivity of solar
cell efficiency to the bulk heterojunction microstructure is
in part due to the delicate balance between having donor
and acceptor domains that are narrow enough for efficient
dissociation of excitons into free charges at donor/acceptor
interfaces and having percolating pathways in the donor and
acceptor materials for free charges to travel through the
photo-active layer to the electrodes.

Although polymer solar cell bulk heterojunctions are
typically formed under non-equilibrium conditions, the equi-
librium phase behaviour of the donor/acceptor mixture plays
a key role in determining the final microstructure and pro-
vides an important control parameter for optimising device
performance. [3–5] For example, the optimal polymer/fullerene
blend ratio has been related to the eutectic composition of
the blend [3] and solar cell performance has been correlated
with fullerene miscibility in the polymer. [5] Evidence has
also emerged recently that the conventional picture of the
bulk heterojunction consisting only of domains of pure poly-
mer and fullerene phases is overly simplistic, with the bulk
heterojunction generally also containing an intermixed poly-
mer/fullerene phase that has a significant impact on efficient

charge generation and device performance [6,7]

These results suggest that partial miscibility of the poly-
mer and fullerene, at least for amorphous components of the
blend, may be the rule rather than the exception in poly-
mer solar cells and may in fact be desirable for optimal de-
vice performance. Phase separation of the donor/acceptor
blend in the bulk heterojunction, rather than being driven
by immiscibility of the blend components, appears instead
to be driven in many cases by crystallisation of either the
fullerene [6] (in the case of polymers such as many low-band-

gap push–pull polymers that do not readily crystallise [7])

or the polymer [8,9] (in the case of polymers such as poly(3-
hexylthiophene) (P3HT) that form well-ordered crystalline
phases).

P3HT is one of the most widely used conjugated poly-
mers in organic photovoltaics and phenyl-C61-butyric acid
methyl ester (PCBM) the most widely used fullerene. Using
transmission electron microscopy (TEM) and X-ray scat-

tering, Kozub et al. [9] showed that blends of regiorandom
P3HT (which does not crystallise) and PCBM are misci-
ble for polymer volume fractions above 0.42. On the other
hand, annealed films of 1:1 w/w blends of regioregular P3HT
(which does crystallise) with PCBM were found to con-
tain pure P3HT crystallites and PCBM-rich domains that
contained approximately 45% P3HT by volume, indicating
phase separation driven by a combination of P3HT crystalli-
sation and the limited solubility of P3HT and PCBM. [9]

From X-ray scattering and DSC, Kim and Frisbie [10] esti-
mated the room-temperature solubility limit of PCBM in
amorphous P3HT domains to be 50% by weight, with this
value declining to 30% upon annealing to form semi-crystalline
P3HT. Other measurements have shown significant, albeit
lower, solubility of PCBM in P3HT. From fitting of scanning
transmission X-ray microscopy (STXM) data of P3HT/PCBM

films annealed at 140◦C to a diffusion model, Watts et al. [11]

estimated the PCBM concentration at the boundary of PCBM
crystals to be 19% by volume, which was interpreted to be
the solubility limit of PCBM in P3HT at this temperature.
By fitting near-edge X-ray absorption fine structure (NEX-
AFS) spectra of P3HT:PCBM blends to a linear combina-

tion of spectra for the pure components, Collins et al. [12]
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estimated the miscibility limit of PCBM in P3HT to in-
crease from 16 to 21% for regiorandom P3HT and 4 to 11%
for regioregular P3HT from 120 to 180◦C. From differen-
tial scanning calorimetry (DSC) measurements of the the
melting point depression of P3HT in P3HT/PCBM mix-

tures, Chen et al. [8] estimated the Flory–Huggins interac-
tion parameter [13] between P3HT and PCBM to be -0.162,
the negative value suggesting that amorphous P3HT/PCBM
blends are highly miscible. On the other hand, using simi-
lar techniques Kozub et al. [9] measured Flory–Huggins pa-
rameter of 0.86 ± 0.09, indicating miscibility of amorphous
P3HT/PCBM blends for certain blend compositions. (In-
cidentally, the analysis of P3HT/PCBM blend miscibility

using Flory–Huggins theory [13] by Kozub et al. [9] is incor-
rect, as it does not account for the difference in monomer
volume for P3HT and PCBM; accounting for this difference
leads to a significantly lower miscibility than predicted by
Kozub et al. [9].)

Thus, there is some uncertainty surrounding the inher-
ent miscibility of conjugated-polymer/fullerene blends used
in polymer solar cells. Computer simulation models can
play an important role in elucidating the microstructure and
phase behaviour of conjugated-polymer/fullerene bulk het-
erojunctions. But conventional atomistically detailed simu-
lation models cannot easily be applied to studying structure
formation on the characteristic 10-nm length scale of the
donor and acceptor domains in bulk heterojunctions. For
this reason, simplified models of polymer/fullerene blends
that allow larger systems to be simulated over longer time
scales than can be achieved with atomistic models, such as
coarse-grained (CG) molecular models [14,15], have been de-
veloped. In these models, each monomer is represented by
a small number of ”superatoms” and the interactions be-
tween the sites are iteratively tuned so that all relevant lo-
cal structural correlations (e.g. bond, angle, dihedral, and
non-bonded pair distributions) in small-scale coarse-grained
simulations match those in atomistic simulations of analo-
gous systems. This structure-based coarse-graining proce-
dure is typically carried out at a particular thermodynamic
state point at which the blend system is homogeneous, as
intermolecular site–site structural correlations are assumed
to be spherically symmetric.

In contrast to the available experimental data, the coarse-
grained models developed so far of P3HT/fullerene mixtures,

namely P3HT/PCBM [15] and P3HT/C60
[14,16] blends, ex-

hibit very low polymer/fullerene miscibility for the blend
compositions typically used in solar cells, even though no
polymer crystallization is evident in the simulations that
have been carried out. The stark difference between the
experimental and simulation observations raises questions
about the accuracy of these coarse-grained models in de-
scribing the phase behaviour of P3HT/fullerene mixtures.

In this work, atomistic molecular dynamics (MD) simu-
lations of blends of P3HT oligomers with the fullerene C60

(Fig. 1) are used to investigate the miscibility of P3HT/C60

mixtures for the blend ratios and processing conditions used
for P3HT/fullerene bulk-heterojunction solar cells and sta-
tistical thermodynamical arguments are used to extrapolate
the predictions for oligomer systems to the polymer chain
lengths used in solar cells. The findings indicate that these
mixtures are close to phase coexistence between the sepa-
rated and homogeneously mixed phases and highlight the
need to re-examine the parametrisation of simulation mod-
els of conjugated-polymer/fullerene blends to ensure that
the equilibrium phase behaviour of these blends is correctly

S

n
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Figure 1: Chemical structures of (a) poly(3-
hexylthiophene) (P3HT) and (b) C60.

reproduced.

This work represents a first step towards using computer
simulations to understand the factors that govern the the
miscibility of fullerenes with P3HT and thus the simplest
fullerene, C60, has been used. Subsequent work is planned
in which the P3HT/PCBM will be studied to compare more
directly with available experimental thermodynamic data
on P3HT/fullerene miscibility and to investigate the role
of fullerene substituents on miscibility.

Computational Methods

Classical MD simulations of pure P3HT, pure C60, and a
P3HT/C60 mixture were carried out at various temperatures

using the LAMMPS MD simulation package. [17] 108 C60

molecules were used in all simulations containing fullerene.
The simulations containing P3HT used either 590 P3HT
monomers or 59 regioregular P3HT decamers. For the mix-
ture simulations, these values correspond to a 1:0.79 w/w
P3HT:C60 blend ratio, which has the same mole ratio as
the 1:1 w/w P3HT:PCBM blends typically used in P3HT-
based organic solar cells. Constant temperature and pres-
sure (NPT ensemble) simulations of all systems were car-
ried out at 1 atm and 450, 500, 550, and 600 K. As points
of reference, the melting temperature of pure P3HT is ap-
proximately 500 K [3,10] and thermal annealing to optimise
the microstructure of P3HT/fullerene bulk heterojunctions
is typically carried out between 400–450 K; temperatures
below 450 K were not simulated as the P3HT decamer sys-
tems are essentially immobile on the simulation time scale
for temperatures significantly below this value.

Unless otherwise stated, the simulations containing P3HT
were started from an initial configuration of randomly posi-
tioned and oriented molecules, with the inter-monomer dihe-
dral angle distribution taken from a Boltzmann distribution
of the inter-monomer torsional potential. The simulations
of the pure C60 systems were initiated from an fcc crystal
lattice, the stable phase of C60 at all the temperatures simu-
lated, which were well below the C60 melting point. Repre-
sentative configurations from some of the simulations, which
used cubic simulation boxes and periodic boundary condi-
tions, are shown in Fig. 2. Total simulation times are given
in Table 1.

The simulation model for P3HT is described in detail in
Ref. 19. The simulation procedure and algorithms used are
identical to those in Ref. 19.The P3HT model was adapted
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Figure 2: Simulation configurations from simulations at
500 K and 1 atm of (a) 59 P3HT decamers, (b) 108 C60

molecules, and (c) a mixture of 59 P3HT decamers and
108 C60 molecules using the Girifalco model [18] for C60.

from a model of tetrathiophene [20] based on the OPLS-AA
force field [21–23] that was found to agree well with exper-
iments for structural and thermodynamic properties. To
construct the P3HT model, the tetrathiophene model was
augmented to include an inter-monomer torsional potential
from density functional theory (DFT) calculations of alkyl-

substituted oligothiophenes [24] and a hexyl side-chain with
parameters from the OPLS-AA force field. The OPLS-AA
(optimized potentials for liquid simulations all-atom) force
field itself is a general force field that has been shown to de-
scribe accurately the condensed-phase structural and ther-
modynamic properties of a variety of organic molecules.

The OPLS-AA force field does not contain parameters
specific to fullerenes. The generic parameters for aromatic
carbon atoms bonded to other aromatic carbon atoms in the
OPLS-AA force field are not entirely satisfactory for mod-
elling C60, with the average carbon-carbon bond length un-
derestimated by several percent [25] and the crystal density
consequently overestimated by several percent. [18] On the
other hand, the widely used C60 model of Girifalco [18] (de-
scribed in detail in Ref. 14) has been parametrised to match
experimental data for the heat of sublimation and lattice
constant of C60 and has been found to closely match the
experimental compressibility of an fcc crystal of C60. The
C60 non-bonded parameters in the Girifalco model are close
to those in the OPLS-AA force field for aromatic carbon
atoms, [21] with the Lennard-Jones diameter and well depth
in the two force field differing by only 2% and 6%, respec-
tively. Nevertheless, combining the Girifalco model for C60

with the OPLS-AA-based model for P3HT is not optimal.
To investigate the force-field dependence of the simulation
results, both the Girifalco and OPLS-AA force fields were
used for C60. The carbon–carbon Lennard-Jones potential
curves in the Girifalco and OPLS-AA force fields are shown
in Fig. 3. Also shown in this figure is the total C60–C60 po-
tential energy assuming a uniform density of carbon atoms
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Figure 3: Carbon–carbon Lennard-Jones potential in
Girifalco [18] (solid line) and OPLS-AA [21] (dashed line)
force fields. Inset : Total C60–C60 potential energy as-
suming a uniform density of carbon atoms over the sur-
face of a sphere the size of the C60 molecule.

over the surface of a sphere the size of the C60 molecule. Due
to the size difference between C60 molecules in the Girifalco
and OPLS-AA force fields (7.10 Å versus 6.94 Å diameter,
respectively), the well-depth of the total C60–C60 interaction
potential differs by a greater extent – almost 20% – than the
carbon–carbon Lennard-Jones well depth.

Statistical averaging of fluctuating thermodynamic vari-
ables was carried out only when these variables ceased to
display systematic variations with time, which typically took
less than 1 ns for the P3HT-monomer simulations and less
than 2 ns for the P3HT-decamer simulations. All reported
statistical errors are two standard errors in the mean. [26]

Results and Discussion

Details of all of the simulations carried out are given
in Table 1. Some simulations were also carried out for
larger systems of longer P3HT chains of length 14 for the
same blend ratios (using 100 P3HT 14-mers and 256 C60

molecules), which yielded essentially the same thermody-
namic data as the decamer simulations, indicating that the
results of the decamer simulations are representative of sim-
ulations of longer polymer chains.

As illustrated qualitatively in Figure 2c, which is typi-
cal of the configurations of all of the blend systems at all
temperatures simulated for the simulations using the Giri-
falco model of C60, no separation of P3HT and C60 phases
was evident in any of these simulations. To quantify the de-
gree of phase separation in the simulations, the normalised
demixing or inhomogeneity parameter ψ̄n was measured as
a function of time. The demixing parameter can be defined
in terms of the average local excess density of polymer in n3

cells into which the cubic system has been divided by [27]

ψ̄n ≡
1

n3

n3X
i=1

˛̨̨̨
ρi

〈ρ〉 − 1

˛̨̨̨
, (1)

where ρi is the local density of monomers in the i-th cell and
ρ is the average system density of monomers. (The demixing
can alternatively be measured in terms of the local fullerene
density as well). ψ̄n varies between 0 for a completely uni-
form phase and 2V2/(V1 + V2) for two completely separated
phases, where V1 and V2 are the volumes occupied by the
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Table 1: Details of simulated systems containing P3HT
monomers ((3HT)1), P3HT decamers ((3HT)10), and
C60.

System T ∗ ttot
† 〈V 〉Girifalco

‡ 〈V 〉OPLS−AA
‡

(3HT)1 450 10 210.4 210.4
500 10 225.7 225.7
550 10 245.3 245.3
600 10 270.3 270.3

(3HT)10 450 10 171.8 171.8
500 10 178.7 178.7
550 10 186.6 186.6
600 10 194.2 194.2

C60 450 10 79.1 76.1
500 10 79.3 76.7
550 10 79.5 77.0
600 10 79.6 77.2

(3HT)1 450 40 279.0 275.6
+ C60 500 40 291.5 288.9

550 40 305.6 302.2
600 40 322.0 318.3

(3HT)10 450 40 245.6 240.3
+ C60 500 40 252.0 246.8

550 40 259.1 253.9
600 40 267.2 261.5

∗ temperature (K); † total simulation time (ns); ‡ aver-
age system volume (nm3)

two pure phases, although ψ̄n cannot be zero for a system
with fluctuating local densities; for a homogeneous system, it
will be proportional to the standard deviation of the fluctu-
ations in the local density, which decreases with the number
of cells, n. The demixing parameter was measured as a func-
tion of time for the P3HT monomers in all of the P3HT/C60

blend simulations, which were started from initially homoge-
neously mixed systems. The cubic simulation box of length
L was divided into n3 cells of side length l = L/n, where n
was 4, giving l ≈ 16 Å, which is roughly 2.7 times the diam-
eter of a P3HT monomer (similar results were obtained for
n = 3 and 6). Figure 4 shows ψ̄n as a function of time for
the P3HT/C60 mixtures for the monomer and decamer sys-
tems using the two different force fields at 450 K, the lowest
temperature simulated, at which phase separation would be
expected to be most pronounced. Due to the small system
size used, the data is noisy, but clear trends are evident.
For simulations using the Girifalco C60 model, the demix-
ing parameter in Figure 4 does not grow with time starting
from an initially homogeneously mixed system, demonstrat-
ing that the mixtures do not phase separate within the time
scale of the simulations (similar results were obtained at the
other temperatures simulated). To verify that the absence
of phase separation in the simulations was not simply due
to kinetic frustration preventing the blend components from
aggregating, simulations of the blend systems were carried
at 450 K from 50 ns starting from a phase-separated con-
figuration prepared by combining two pure systems of ran-
domly placed molecules that was first cooled to 200 K. As
shown in Figure 4, the demixing parameter for the P3HT-
monomer/C60 system decreases monotonically with time, in-
dicating that the P3HT/C60 blend has a tendency to mix
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Figure 4: Demixing parameter ψ̄n (n = 4) at 450 K
for P3HT versus time starting from a homogeneously
mixed system for P3HT-monomer/C60 (solid line) and
P3HT-decamer/C60 (dashed line) using Girifalco C60

model and for P3HT-monomer/C60 (dot-dashed line)
and P3HT-decamer/C60 (dotted line) using OPLS-AA
C60 model and starting from phase-separated system for
P3HT-monomer/C60 (dot-dot-dashed line) using Giri-
falco model. (Data has been averaged over 1-ns win-
dows to reduce noise.)

with this force field, although longer simulations would be
required to observe a completely homogeneously mixed equi-
librium system.

On the other hand, the demixing parameter for the P3HT-
monomer/C60 simulation using the OPLS-AA C60 model in-
creases with time, indicating phase separation. The blend
components in the P3HT-decamer/C60 systems did not ex-
hibit significant enough mobility at 450 K to confirm or ex-
clude phase separation of the blend components over the
simulated time scale, with the demixing parameter approxi-
mately constant for both force fields. However, the results of
the P3HT-monomer/C60 simulations, along with the statis-
tical thermodynamic analysis based on the mixing enthalpy
described below, suggest that the P3HT/C60 blend with the
Girifalco C60 model is intrinsically miscible, whereas the
blend with the OPLS-AA C60 model is intrinsically immis-
cible.

The respective miscibility and immisicibility of the P3HT-
monomer/C60 blend using the Girifalco and OPLS-AA C60

models is illustrated in Figure 5, which shows the mixing of
the initially phase-separated system for the Girifalco model
and the demixing of the initially homogeneously mixed sys-
tem for the OPLS-AA model.

To demonstrate further the absence of phase separation
in the simulations using the Girifalco C60 model, the average
of the enthalpy H was calculated as a function of tempera-
ture in the blend simulations from the averages of the inter-
nal energy U and system volume V using the definition of the
enthalpy, H = U + PV , [28] where P is the pressure, which
was constant in the simulations. The pressure–volume term
was negligible compared with the energy term in the simu-
lations carried out, and thus the enthalpy was roughly equal
to the internal energy. A phase transition such as phase
separation or crystallisation would manifest itself in a rapid
change in the slope of the enthalpy as a function of tem-
perature, which is clearly not evident in Figure 6, in which
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Figure 5: Configurations from start and end of simu-
lations at 450 K and 1 atm starting from (a) a phase-
separated configuration with Girifalco C60 model and
(b) starting from a homogeneously mixed configuration
with OPLS-AA C60model. P3HT molecules are translu-
cent for clarity.

the enthalpy of the mixture simulations varies linearly with
temperature. The slope of the enthalpy versus temperature
curve is the heat capacity at constant pressure, cP,

cP =

„
∂H

∂T

«
N,P

, (2)

which is 1.66 J/(g K) and 1.61 J/(g K), respectively, for
the P3HT-monomer/C60 and P3HT-decamer/C60 mixtures
in Figure 6. These values are consistent with those obtained
alternatively from the fluctuations in the enthalpy [28] at each
temperature according to

cP =
1

kBT 2

ˆ
〈H2〉NPT − 〈H〉2NPT

˜
, (3)

where 〈· · · 〉NPT denotes an average in the NPT ensemble.
The heat capacities calculated using Equation (3) are shown
in the inset of Figure 6. Also shown in the inset are the heat
capacities of the pure P3HT-monomer, pure P3HT-decamer,
and pure C60 systems, which are consistent with the experi-
mentally measured heat capacities of P3HT (≈2.0 J/(g K)) [29]

and C60 (1.11 J/(g K)) [30] at 450 K (below the heat capac-
ity peak at the melting temperature of P3HT), providing
further verification of the accuracy of the simulation model,
although the OPLS-AA C60 model also gives a similar value
for the C60 heat capacity. The heat capacities of the mix-
tures are approximately equal to the mass-weighted averages
of the heat capacities of the pure components.

While the simulation results presented thus far for the
Girifalco C60 model show that P3HT monomers or oligomers
are quite miscible with C60 for the blend compositions typ-
ically used in P3HT/fullerene solar cells, whereas those for
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Figure 6: Enthalpy of P3HT-monomer/C60 mixture
(circles) and P3HT-decamer/C60 mixture (squares) ver-
sus temperature (relative to value at 600 K) for sim-
ulations using the Girifalco C60 model. Inset: Spe-
cific heat capacity cp at constant pressure of P3HT-
monomer/C60 mixture (circles), P3HT-decamer/C60

mixture (squares), pure P3HT monomers (up trian-
gles), pure P3HT decamers (down triangles), and C60

(crosses) versus temperature.

the OPLS-AA C60 model indicate that such blends are im-
misicible, these conclusions cannot be directly extrapolated
to mixtures of C60 with P3HT polymers, for which dimin-
ished miscibility can be expected due to the decrease in
the entropy of mixing of polymers with chain length. [13] Al-
though atomistic simulations of polymeric blends are compu-
tationally prohibitive, the simulation results for monomeric
and oligomeric systems can be combined with statistical
thermodynamical arguments to predict the miscibility of
amorphous mixtures of polymeric P3HT and C60.

The Gibbs free energy of mixing, ∆Gmix, of two pure
components to form a single homogeneous phase can be re-
lated to the enthalpy of mixing, ∆Hmix, entropy of mixing,
∆Smix, and temperature, T , by

∆Gmix = ∆Hmix − T∆Smix . (4)

Assuming that the main contribution to the entropy of mix-
ing is the change in configurational entropy, which can be
computed from Flory–Huggins theory, [13] theory, ∆Smix will
be strictly positive for all polymer chain lengths. The en-
thalpy of mixing, ∆Hmix, can be estimated from the monomer
and oligomer simulations that were carried out (for the ho-
mogeneously mixed systems), as the enthalpy should be dom-
inated by the change in pairwise interactions between P3HT
monomers and C60 upon mixing, which should be approx-
imately independent of the polymer chain length. The en-
thalpy of mixing was obtained from the simulations using

∆Hmix = ∆Umix + P∆Vmix , (5)

where

∆fmix = 〈f〉P3HT/C60
− [〈f〉P3HT + 〈f〉C60 ] , (6)

f = H,U, or V , and 〈· · · 〉P3HT/C60
, 〈· · · 〉P3HT, and 〈· · · 〉C60

denote ensemble averages over the homogeneously mixed
blend system and corresponding pure P3HT and pure C60
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Figure 7: Enthalpy of mixing of P3HT-monomer/C60

(circles) and P3HT-decamer/C60 (squares) systems ver-
sus temperature for simulations using the Girifalco C60

model.

systems, respectively. As in the enthalpy calculations in Fig-
ure 6, the pressure–volume term in Equation (5) was small in
all of the simulations carried out compared with the energy
term. The calculation in Equation 6 involves the subtrac-
tion of two large numbers to yield a much smaller number
and in general involves large errors; due to the large fluctu-
ations in the bonded energies, the energy U in Equation 6
was approximated as the non-bonded pair energy in the sim-
ulations to reduce these errors. In any case, the non-bonded
energy is expected to make a much more significant contri-
bution than the bonded energy to the thermodynamics of
mixing of amorphous blends.

The mixing enthalpy calculated from the simulations us-
ing the Girifalco C60 model is shown in Figure 7. The
calculated mixing enthalpies for the P3HT-monomer/C60

and P3HT-decamer/C60 simulations overlap at all temper-
atures except 600 K, suggesting that, for the blend com-
position simulated, the mixing enthalpy is independent of
chain length and thus that these results can be extrapo-
lated to polymeric systems. (Note that the similiar mixing
enthalpies for the monomer and decamer systems does not
imply that the polymer/fullerene interactions are the same
in these systems, which they are not, but simply that the
change in the interactions upon mixing are similar.) Fur-
thermore, within the error bars, ∆Hmix for both systems at
all temperatures is negative and thus from Equation 4, the
Gibbs free energy of mixing, ∆Gmix, will be negative at all
of the temperatures simulated. This analysis for the simula-
tions using the Girifalco C60 model does not account for the
effects of crystallisation of either of the blend components,
but does suggest that the amorphous P3HT/C60 mixtures
should be miscible for the blend compositions and tempera-
tures typically used in processing organic photovoltaics.

The origin of the negative mixing enthalpy in the simula-
tions appears to be the overall closer packing in the mixture
compared with the pure component systems, which results
in an approximately 2.5% decrease in the total average vol-
ume in the case of P3HT-decamer/C60 blend upon mixing
for all the temperatures studied. The closer proximity of
the molecules appears to lead to stronger cohesive interac-
tions: carrying out simulations of the same blend system
with its volume constrained to be equal to the total volume
of the pure P3HT and pure C60 systems results in mixing

energies that are of similar order of magnitude but posi-
tive, instead of negative, in sign. The higher density in
the blend is likely due to the ability of the smaller P3HT
monomer to occupy the interstitial spaces between the larger
C60 molecules that are present in the pure C60 phase, which
leads to a smaller free volume in the blend. The closer pack-
ing of P3HT monomer units with C60 molecules than C60

molecules with each other can be clearly seen in the inter-
molecular radial distribution functions, which are plotted for
a similar atomistic force field in Ref. 14.

The strength of the intermolecular non-bonded interac-
tions also play a role in determining the miscibility of the
blend, as indicated by the contrasting behaviour of the sim-
ulations using the OPLS-AA C60 model. Since the posi-
tive entropy of mixing is expected to decrease in magni-
tude with polymer chain length, [13] the Gibbs free energy
of mixing for the systems using the OPLS-AA C60 model
should become more positive with increasing polymer chain
length. Since the demixing of the P3HT-monomer/C60 sys-
tem suggest that the free energy of mixing is already positive
for monomers, this thermodynamic analysis indicates that
amorphous P3HT polymers should not mix with C60.

Experimental thermodynamic data on the mixing of P3HT
and C60 is not widely available. Although the simulation re-
sults for P3HT/C60 mixtures cannot be directly compared
with experimental data for the more extensively studied
P3HT/PCBM blend, [8–10,12] the substantial miscibility of
amorphous P3HT and C60 predicted by the simulations us-
ing the Girifalco C60 model is qualitatively consistent with
that observed experimentally for P3HT/PCBM mixtures.
Future work involving atomistic simulations of P3HT/PCBM
mixtures is planned to verify these conclusions. However,
the contrasting predictions based on the simulations using
the OPLS-AA C60 model, which differs only slightly from
the Girifalco model, indicates that the homogeneously mixed
and separated P3HT/C60 phases are close to coexistence un-
der the conditions simulated. These contradictory results
also indicate a need for greater scrutiny and benchmark-
ing against experimental simulation data of atomistic sim-
ulation force fields of P3HT/fullerene blends, as well as the
coarse-grained simulation force fields that are based on these
atomistic force fields.

Conclusions

Using molecular dynamics simulations and statistical ther-
modynamics, it has been shown that amorphous P3HT/C60

blends are either miscible or immisicible for typical blend
compositions and processing conditions used in organic pho-
tovoltaics, depending on which of two slight different force
fields are used. The former finding is consistent with recent
experimental measurements on the thermodynamics and mi-
crostructure of P3HT/fullerene blends and suggests that
the phase separation of blends of regioregular P3HT and
fullerenes is driven by polymer crystallisation. The incon-
sistency between the results for the different two force fields
indicates that these blends are close to phase coexistence be-
tween the separated and homogeneously mixed phases and
suggests that care must be taken in interpreting simulation
data on P3HT/fullerene blends.
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