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Organic photovoltaic materials employ conjugatedlympers and fullerene-based
molecules to absorb photons and transport captimadjes. The phase separation during
processing in these systems is critical for thfficiency. To that end, phase separation
and dynamics of polythiophene (M= 2, 4, 10, 20, 80), fullerene mixtures are
investigated using (NVE) molecular dynamics with.ennard-Jones chain force-field.
Radial distribution functions show a slight increas fullerene packing after system has
been annealed at T=1.5 dimensionless temperatusgreement with experimental data.
Polythiophene diffusion constants follow a powew leelationship based on polymer
length.



Organic photovoltaics (OPVSs) [1] are an importaattf solar energy research because
they offer potential low cost, easy-to-processgrakitives to traditional silicon or rare-
earth based solar cells. Typically, OPVs contaim tactive materials: a conjugated
polymer semiconductor (often a poly-thiophene demie), which splits absorbed
photons into an electron/hole pair (exciton), andulkerene-based electron-acceptor,
which separates the bound electron/hole pair. Alterexciton is separated, the electron
is transported on the fullerene material to antedele for energy harvest; the hole, left
behind on the conjugated polymer, diffuses to ttieoelectrode, completing the circuit
(fig. 1a). Understanding the biphasic (conjugatebisper, fullerene) charge transport
network remains a key challenge in OPV researchwaitidenable higher efficiencies
(currently ~10% vs ~20% for polycrystalline siligon

OPVs devices are prepared by spin casting polyoileréne mixtures from solution into
films, which are thermally annealed (150C for 5-3@mto encourage slight phase
separation (fig. 1b) and create the biphasic chargasport network. To better
understand the process of diffusion and phase a@wparduring OPV processing, this
work presents a simple, two component Lennard-Jén&schain molecular-dynamics
(MD) model where thiophene monomers polymerizeavtaarmonic potential, and other
interactions (non-bonded thiophene-thiophene gefafie-fullerene, thiophene-fullerene)
are modeled with 6-12 LJ potentials (fig. 2). Thellvdepth and van der waals LJ
parametersg(ando, respectively) for thiophene-thiophene [2] andei@ne-fullerene [3]
interactions were taken from full atomistic dendipctional theory calculations (fig. 2).
Harmonic bond parameters @nd k) for bonded thiophene monomers were estinate
using an effective conjugation coordinate modelstoort polythiophene oligomers [4].

To minimize simulation expense, the LJ potential fon-bonded particles was cut and
shifted at a distance of= 2.5nm. Pairwise interactions (energy, forces,) etnd other

expensive calculations (velocity-verlet integratevgre computed using Fortran 90;
whereas less expensive or infrequent tasks (fising/writing, g(r), mean squared
displacement) were accomplished with custom Pythgh(code. F2PY was used
interface between the Fortran and Python code. I&troos began by allowing a random
lattice of thiophene and fullerene molecules (N524al) to relax to a minimum energy
configuration using a conjugate gradient procedivext, the system was allowed to
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Figure 2. Lennard-Jones chain model and parameters.

Thiophene-thiophene (thio-thio) and fullerene-figlee

Figure 1: (a) Photon capture and charge transfer procetiseipopular (full-full paramfters_ found in density functiongieory
poly-3-hexyl thiophene (P3HT): phenyl-C61-butyricich methyl ester literature [2,3]. * Thiophene-fullerene parametersinde
(PCBM) organic solar cell. (b) Bright-field imagef @ver-annealed Were calculated from the arithmetic and geometréam

(160C, 30min) film displays PCBM agglomerates onHP3with respectively, between thiophene-thiophene and rérie-
characteristic “depletion” halo. fullerene parameters. ** Equilibrium bond distangeand

spring constant k, estimated from an effective egafion
coordination model [4].




evolve using the velocity verlet integrator alglomit with an MD timestep af\t = .001
for 4000 steps. During this equilibration perio@locity rescaling occurred every 100
steps to achieve the target temperature. At theoétite equilibration period, the kinetic
energy was reset based on the average total eneatpulated throughout the
equilibration period. Finally, after equilibratioproduction runs of Time=10@t = .001
were performed with velocity rescaling turned offoreserve NVE dynamics (fig. 3).

Based on optimal experimental solar concentratloh \t:wt polymer:fullerene) and cell
dimensions (100nm thick over a ~2Zanea), the number density was estimated to be

p =N/L®*= 2, with 1 in every 4 molecules being a fulleretierefore, simulations took
place under periodic boundary conditions in a cuix of length L~5nm with 60
fullerene molecules and 180 thiophene monomersr{dbiagth = 2, 4, 10, 20, 40, 60). To
understand room temperature and “annealing” canditisimulations took place at T =1
and T =1.5, respectively. To investigate fuller@iase separation during the annealing
process, radial distribution functions for fulleeewere measured before and after the
production run for the T=1.5, M=60 case (fig.4).heTending configuration shows a
second nearest neighbor peak nearly double insitfefrom the starting configuration,
suggesting a slight packing of fullerenes durirgyahnealing process.
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Figure 3: Energy conservation and fluctuations
during a production run as a function of polymer
length.

Finally, to investigate the dynamics of the systeman
squared displacements were measured and used to
calculate diffusion constants for the fullerene and
thiophene molecules. Fullerene diffusion appedced
be invariant with polymer chain length, but thiopke
diffusion followed a power law relationship (fig).5
L ) X These results, especially the radial distribution

0 20 40 60 functions, support experimental evidence from x-ray
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Figure 5: Thiophene diffusion constant as scattering and TEM tomography that phase separation
a function of polymer length for two OO€S occur on a very small length scale even for
different production runs (T=1). Despite ra|atively low temperature short anneals [5]. One
the presence of fullerene molecules, .. . . .
thiophene diffusion followed a power law fundamental limitation of this study is the facatthe
relationship. fullerene and thiophene molecules are modeled théh

same mass, masking the true dynamics of the system.
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The mass of the fullerene molecule is roughly Gesrthe thiophene mass. Adding more
molecules and increasing the polymer length womlpgrove the simulation as well. This
study focused on polymers with length 2-60; howgtwgpical polymers used in OPVs
have about 300 monomer units, larger than theeertisemble shown here. Finally, the
simulation could be expanded to include functiograups on the thiophene monomers
and fullerenes. Such functional groups are addeddrease the solubility of the parent
molecules and can greatly perturb the moleculakipgcespecially in dense films.
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