
Petascale Simulations of the Morphology and the

Molecular Interface of Bulk Heterojunctions

Jan-Michael Y. Carrillo,∗,†,‡ Zach Seibers,¶ Rajeev Kumar,†,‡ Michael A.

Matheson,§ John F. Ankner,‖ Monojoy Goswami,†,‡ Kiran Bhaskaran-Nair,⊥,#

William A. Shelton,⊥,# Bobby G. Sumpter,†,‡ and S. Michael Kilbey,II∗,@

†Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, TN

37831, USA

‡Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge,

TN 37831, USA

¶Department of Energy Science and Engineering, University of Tennessee, Knoxville, TN

37996, USA

§National Center for Computational Sciences, Oak Ridge National Laboratory, Oak Ridge,

TN 37831, USA

‖Spallation Neutron Source, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

⊥Center for Computation and Technology, Louisiana State University, Baton Rouge, LA

70803, USA

#Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA

70803, USA

@Departments of Chemistry and Chemical and Biomolecular Engineering, University of

Tennessee, Knoxville, TN 37996, USA

E-mail: carrillojy@ornl.gov; mkilbey@utk.edu

1

Page 1 of 51

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Abstract

Understanding how additives interact and segregate within bulk heterojunction

(BHJ) thin films is critical for exercising control over structure at multiple length

scales and delivering improvements in photovoltaic performance. The morphological

evolution of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester

(PCBM) blends that are commensurate with the size of a BHJ thin film is examined

using petascale coarse-grained molecular dynamics simulations. Comparisons between

2 component and 3 component systems containing short P3HT chains as additives

undergoing thermal annealing demonstrate that the short chains alter the morphol-

ogy in apparently useful ways: They efficiently migrate to the P3HT/PCBM interface,

increasing the P3HT domain size and interfacial area. Simulation results agree with

depth profiles determined from neutron reflectometry measurements that reveal PCBM

enrichment near substrate and air interfaces, but a decrease in that PCBM enrich-

ment when a small amount of short P3HT chains are integrated into the BHJ blend.

Atomistic simulations of the P3HT/PCBM blend interfaces show a non-monotonic de-

pendence of the interfacial thickness as a function of number of repeat units in the

oligomeric P3HT additive, and the thiophene rings orient parallel to the interfacial

plane as they approach the PCBM domain. Using the nanoscale geometries of the

P3HT oligomers, LUMO and HOMO energy levels calculated by density functional

theory are found to be invariant across the donor/acceptor interface. These connec-

tions between additives, processing, and morphology at all length scales are generally

useful for efforts to improve device performance.

Keywords

bulk hetrojunction, organic photovoltaics, petascale simulations, neutron reflectometry, molec-

ular dynamics simulations, coupled cluster methods, donor/acceptor interface

2

Page 2 of 51

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The development of alternative and renewable sources of energy is essential because of

the progressive depletion of fossil fuel-based non-renewable sources. Harnessing solar energy

is particularly attractive because of its abundance, relatively low environmental impact and

zero CO2 emission. Polymer-based organic photovoltaic devices, or OPVs, based on the bulk

heterojunction (BHJ) concept consisting of a blend of donor- and acceptor-type materials are

a promising technology because these devices are made of more readily available materials

and can be processed using high throughput methods that are scalable and less energy

intensive than inorganic-based counterparts. However, understanding relationships between

polymer design, BHJ morphology, and optoelectronic properties and accurately predicting

the effects of these relationships on the power conversion efficiency (PCE) of the OPV device

are major challenges that need to be addressed.1–5

Currently, the rational design of polymers that act as electron donors in OPVs is marred

by difficulties originating in the complex interactions that govern miscibility, crystallization,

and the formation of organic–organic and organic–inorganic interfaces in BHJ active layers

comprising organic donor-type and fullerene-based electron acceptors that are sandwiched

between the electrodes. The effects of polymer molecular weight, polydispersity and pro-

cessing compound these difficulties. Despite this large parameter space, there is a general

consensus that morphology plays a vital role in dictating the optoelectronic performance re-

sulting from different mechanisms, such as charge generation, transport and recombination

that occur in the device.

For this reason, maximizing the PCE through optimization of BHJ morphology and

stabilizing the otherwise transient morphology of the donor/acceptor BHJ thin film is a

significant, coupled challenge that has received considerable attention in the OPV commu-

nity. A characteristic of most benchmark OPV systems is the development of an irregu-

lar vertical distribution of acceptor fullerenes in the BHJ device that arises from different

miscibilities of the donor-type polymer and fullerene acceptor. This is thought to be a

suboptimal morphology and, as a result, characterizing the fullerene distribution in BHJ-
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like thin films made under different conditions or with different materials is fundamentally

important.6 Neutron reflectometry (NR)7,8 and near-edge x-ray adsorption fine structure

(NEXAFS) spectroscopy9,10 have been used to characterize the non-uniform distribution

of PCBM fullerenes along the axis orthogonal to the plane of the electrode confining a

P3HT/PCBM BHJ active layer. For example, Germack et al.10 showed that changing

the substrate from poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)

mixture to a Nafion-based hole transport layer (HTL) changes the BHJ vertical distri-

bution from PCBM-rich near the substrate to P3HT-rich. Analogous segregation behav-

ior is also observed for poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-5,5-4’,7’-di-2-thienyl-2’,1’,3’-

benzothiadiazole] (APFO-3)–PCBM blends: PCBM content is enriched near the silicon sub-

strate, while the interface where a gold electrode was deposited is enriched with APFO-3

due to specific interactions between the thienyl groups in the APFO-3 chain and the gold

surface.11 More recent neutron reflectometry experiments concluded that PCBM enrichment

at the film/substrate interface occurs regardless of the substrate’s hydrophilicity.12 The phe-

nomenon of vertical phase separation in BHJ thin films has also been investigated through

multiscale computer simulations. For example, Lee et al.13 showed that vertical phase seg-

regation of P3HT/PCBM blend depends on the electrode material and thermal annealing

process.

A variety of approaches that include surface treatments,10–12,14high boiling point solvents

that slow the rate of solvent evaporation,15,16 and additives have been pursued to address the

issue of vertical phase segregation in P3HT/PCBM BHJs. Another promising route is the

use of compatibilizers including C60 fullerenes derivatized with thiophene units that act like

surfactants,17–20 or block copolymers containing polythiophene blocks, such as polyethylene

oxide (P3HT-b-PEO),21 polyisoprene (P3HT-b-PI),22 and polystyrene (P3HT-b-PS).23 In

general, these polymeric surfactants have been shown to improve PCE at low loading, but

phase separation at higher loading leads to a decrease in OPV performance.21,23 To under-

stand these outcomes, the influence of block copolymer compatibilizers on the domain sizes
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and interfacial morphological characteristics of the morphological structures of semiflexi-

ble polymer–fullerene blends such as P3HT/PCBM blends was recently investigated using

computer simulations by Kipp and Ganesan.24 These simulations demonstrated that block

copolymer (BCP) composition is one of the parameters that can tune morphologies and

interfacial characteristics in BHJ blends. The strategy of using compatibilizers is meant to

lower the P3HT/PCBM interfacial tension, which may result in smaller domains, but could

also have the unintended consequence of affecting the vertical phase segregation of fullerenes

in the BHJ–substrate morphology.

Alternatively, it is possible to influence the morphology of the BHJ by adding low molec-

ular weight (MW) polymers. The concept of influencing morphology with a simple low MW

P3HT additive is promising because it provides a cost-effective solution that requires no ad-

ditional manufacturing processes—it does not require additional synthesis steps to synthesize

complex compatibilizers or to introduce chemically dissimilar additives. Recent results based

on large scale coarse-grained molecular dynamics simulations for a P3HT/PCBM BHJ reveal

that for short oligomeric P3HT chains (N = 10), the BHJ exhibits a macrophase separated

morphology having layered and aligned P3HT chains.25 Interestingly, these systems exhibit

higher interfacial surface area-to-volume ratios that are thought to arise from the partial

miscibility of the short chains with the PCBM phase. In the present work, we build on these

efforts by incorporating substrates and introducing small amounts of short-chain P3HT poly-

mers as an additive that is blended with longer P3HT chains and PCBM fullerenes to make a

BHJ film. We expect that these short-chain additives will influence film morphology through

two distinct mechanisms: (i) Mixing of short P3HT chains into the blend will swell the P3HT

domains, and (ii) interfacial tension may decrease due to the migration of short P3HT chains

to the donor-acceptor interface where they are partially miscible. We also expect that the

short chains will affect the BHJ film/substrate interface because short chains have higher

diffusional mobility and the capacity to pack better when adsorbed, because of their smaller

size. Each of these effects should depend on the quantity of short chains added to the system.

5
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In order to probe the effect of short P3HT chains on BHJ morphology, our strategy is to

couple petascale simulations with neutron reflectometry studies. Petascale computing refers

to calculations done in excess of one quadrillion floating-point operations per second, suiting

it for this challenging scientific problem. We harness the resources available at one of the US

Department of Energy’s Leadership Computing Facilities (LCF)26 and employ petascale and

multiscale computational approaches using coarse-grained molecular dynamics simulations,

atomistic molecular dynamics simulations and density functional theory calculations. Such

an approach minimizes finite size effects and non-convergence of simulation results and also

ensures adequate sampling statistics. Our computational strategy, which is mirrored in

how this Article is laid out, is illustrated in Figure 1. First, we discuss the results of

coarse-grained simulations of bulk and thin film systems (having substrates), investigating

the effect of low MW additives on the morphology of the BHJ. Then we compare these

results with structural description of BHJ obtained from neutron reflectivity measurements.

Second, we conduct atomistic simulations of the electron donor/electron acceptor interface

by representing the interface between the P3HT and PCBM domains as a slab of PCBM

and P3HT oligomers with full atomistic details in order to investigate the sharpness of the

interface and the orientation of the thiophene rings. Finally, we sample the geometries

of the P3HT oligomers across the interface and use density functional theory (DFT) and

higher fidelity coupled cluster methods (CC) to calculate the LUMO and HOMO levels as

a function of location at the interface. In aggregate, these studies provide a clear picture

that captures how morphology at all length scales scales as well as electronic structure at

the donor/acceptor interface are impacted by the addition of short P3HT chains.
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Results and Discussion

Bulk and thin film morphology of BHJ systems via petascale sim-

ulations and reflectivity measurements

Coarse-grained molecular dynamics (CGMD) simulations were performed using the P3HT-

PCBM coarse-grained force field developed by Lee, Pao and Chu (LPC).27 The simulations

were run using LAMMPS28 with GPU acceleration29 in the Oak Ridge Leadership Com-

puting Facility (OLCF) supercomputer Titan. The details of the implementation of the

simulations are similar to those described by Carrillo et al.,25 but there are distinct dif-

ferences that merit illumination. First, we emphasize that these are large systems having

thicknesses of the P3HT:PCBM mixture commensurate with those used as the active layers

of P3HT:PCBM organic photovoltaic devices and areal dimensions (Lx×Ly) 10.6 times larger

than the size previously studied by Carrillo et al.25 This simulation system is both an order

of magnitude larger in size and longer in timescale than the recent coarse-grained simulations

conducted by Lee et al.13 Second, and similar to the work of Lee et al.,13 bounding substrates

are explicitly considered in studies of thin film systems. The impact of these features is two-

fold: The longer timescales of the simulations provide clarity as to whether system achieves

equilibrium, and the (relatively) large Lx and Ly sizes are necessary to obtain sufficient

statistics in the xy-plane such that z-resolved volume fractions are appropriate for compar-

ing results from neutron reflectometry measurements, which are made over a macroscopic

sample. A snapshot of the simulation showing the simulation box configuration, orientation

and dimensions is shown in Figure S.1 in the Supporting Information.

For our simulation studies of thin film systems, the parameterization of the substrate–

BHJ interactions used in the CGMD is based on the NR experiments by Kiel et al.,7 which

show that for a BHJ thin film of 1:1 weight ratio of P3HT:PCBM in contact with a sili-

con wafer substrate, the volume fraction of PCBM near the silicon wafer interface is ∼ 75%.

Unlike the bottom substrate, the top substrate—representing the air/BHJ interface—is com-
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posed of purely repulsive Lennard-Jones beads. This naturally mimics the experimental sit-

uation, and the rationale for employing an athermal wall for the air/BHJ interface is because

entropic effects dominate in the interfacial region between air and the blend. More details

of the simulation methodology are presented in the Supporting Information.

To study the effect of short P3HT chains as a low MW additive on the vertical distribution

of PCBM in the active layer of a P3HT:PCBM BHJ, we simulated four systems with Nl = 100

and Ns = 10, where Nl and Ns are the degrees-of-polymerization of the long and short

P3HT chains, respectively. The overall P3HT:PCBM weight ratio is maintained at 1:1

while the weight percentage of the short chains is systematically varied from φa = 0 to

10% ( the subscript “a” is chosen to represent “additive”). In each of the four systems,

there are constant numbers of PCBM and P3HT beads, and the main difference among the

four systems simulated is in how the bonds between the 3-hexyl thiophene repeat units are

distributed. This difference is reflected in the values of ml and ms, which are the number

of long and short P3HT chains, respectively (see Table S.1 in the Supporting Information).

In so doing, we expect that the differences in properties among the four systems could be

attributed to entropic effects. For comparison purposes, we also simulated systems containing

short and long P3HT chains with PCBM in the absence of bounding substrates to mimic

the configuration of bulk systems. The make-up of these systems, which allow bulk and thin

film systems to be compared, is detailed in Table S.2 in in the Supporting Information.

Figure 2 illustrates the effect of adding short chains on the morphology of the bulk systems

as a function of φa. The snapshots show that as the proportion of short chains increases in

the BHJ blend in the bulk systems, the short-chains intermix with the PCBM domain. In

the limit where only short-chains are present in the blend, shown as φa = 100% in Figure

2—where the snapshot is generated based on results from previous simulations by Carrillo

et al.25—the simulation results show that there is a phase separated morphology consisting

of a mixed domain of PCBM and P3HT chains and another domain that is predominantly

ordered P3HT chains. This finding is similar to what is observed in experiments by Russell

9
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picture presented by Russell et al.30,33,34 is more consistent with what we observed for the

φa = 100% system, where the entropic effect of the alignment of persistent segments—or the

number of segments comprising the persistence length of a semiflexible polymer—drives the

PCBM molecules away from the aligned P3HT segments comprising the chain. In contrast,

the results by Wu et al. suggesting that better aligned P3HT lamella are caused by PCBM

aggregates confining the P3HT chains35 is consistent with what we observe for the φa = 0%

system, where the chains are more coil-like, as opposed to being rod-like in the φa = 100%

system. The improved P3HT alignment for a P3HT:PCBM BHJ at 1:1 total weight ratio

and φa = 0% is evidenced by the higher value of the average order parameter S as compared

to that for a pure P3HT (N = 100) system, as shown in Figure S.2 in the Supporting

Information.

One of the limitations of the coarse-grained model is that it does not incorporate the

anisotropic, enthalpic π–π interactions that drive aligned polymers to crystallize. This de-

tail is lost because of the nature of the LPC force-field, which coarse-grains the chain and

represents a P3HT monomer as a single Lennard-Jones bead. The combination of bond,

angle and dihedral interactions defined in the force-field make the polymer chain stiff, al-

lowing it to behave like a semiflexible polymer. As a result, in this model, chain alignment

occurs when the persistent segments of the semiflexible chains align because of entropic

effects—it is easier to align stiff chains than coils. The LPC force-field also specifies that

the interaction strength of the isotropic and attractive interaction between P3HT monomers

is stronger than that of P3HT-PCBM bead interaction, facilitating the aggregation of the

aligned P3HT segments. Despite the loss in detail of the π–π interaction, the model is able

to capture the decrease in the miscibility of amorphous P3HT as a function of increasing

degree-of-polymerization.25

The coarse-grained P3HT/PCBM simulation can be viewed as a polymer solution where

the solvent molecules are the PCBM beads. Thus, we can employ the mean-field Flory-

Huggins36,37 (FH) model to describe the miscibility of P3HT in PCBM. In the FH framework,
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the free energy of the polymer solution on a per lattice site basis consists of the entropy of

binary mixing (per lattice site), ∆S̄mix, and the energy of mixing (per lattice site), ∆Ūmix.

The FH parameter of PCBM and P3HT, χ12, can be estimated from ∆Ūmix where,

∆Ūmix = χ12φPCBM(1 − φPCBM)kBT (1)

and φPCBM is the PCBM volume fraction. ∆Ūmix can be obtained from the simulations

based on the change in the total pair-wise potential energy per lattice site after mixing

P3HT chains with PCBM. In doing this, the lattice volume, vo, is specified as the average

Voronoi polyhedron volume in a simulation box comprising pristine PCBM.25 In addition,

it is possible to calculate the critical interaction parameter, χc:

χc ≈
1

2
+

1
√

(Nlattice)
(2)

where Nlattice is the number of vo volume units occupied by a P3HT chain with degree-of-

polymerization, N such that:

Nlattice = N
V3HT

vo
=

4πr3HT

3ηP3HT

N

vo
(3)

where V3HT is the volume occupied by one coarse-grained P3HT bead monomer, r3HT is the

bead radius specified by the LPC force field and ηP3HT is the packing fraction of pure P3HT

having a degree-of-polymerization, N . (Refer to the Supporting Information for details.) It

should be appreciated that for a given φPCBM < 1.0, when χ12 > χc, there is a miscibility

gap and the system will phase separate. We have found that by calculating χ12 and χc using

this method applied to the simulation data reported by Carrillo et al.25 for 1:1 PCBM:P3HT

weight ratios and monodisperse P3HT chains having different values of N , the crossover point

from miscibility to immiscibility (χ12 = χc) occurs at N ≈ 30. The mean-field approach

applied to the simulation data by Carrillo et al.25 shows a decrease in the miscibility of

amorphous P3HT as a function of the degree-of-polymerization, but the calculated crossover
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value is shifted to higher values of N in comparison to simulations (immiscibility is already

observed at N = 25) because the FH approach does not take into account the semiflexibility

of the P3HT chains.

Recent experiments by Russell et al.30 show that PCBM and amorphous P3HT are misci-

ble, with values of χ12 increasing from 0.23 to 0.41 as P3HT molecular weight increases from

5 kDa to 48 kDa, which is consistent with the general criterion for miscibility of a binary

mixture: χ12 < χc = 0.5. A similar trend is observed from contact angle measurements of

spin-casted films in contact with water or ethylene glycol, where we estimated χ12 values of

0.34 and 0.39 for 5.6 kDa and 30 kDa, respectively. (See Table S.9 in the Supplementary

Information.) However, the χ12 values obtained here by applying the FH framework to the

simulation results by Carrillo et al.,25 increase from 0.8 to 1.1, and χc values decrease from

1.26 to 0.71 as molecular weight increases from 2 to 25 kDa. Unlike the χ12 derived from

experiments by Russell et al.,30 the χ12 in simulations are greater than χc for some values of

N , which indicates immiscibility of the binary mixtures for those N . The disagreement in

the parameter used to gauge miscibility arises because the force-field used is coarse-grained

and the χ12 calculation approach is mean-field. However, the essential finding of signifi-

cance is that the simulations capture the correct trend of increasing χ12 as molecular weight

increases. We note that Kozub et al.,38 also reported immiscibility (χ12 = 0.86) for a 50

kDa P3HT with a P3HT at a volume fraction of ∼0.6 P3HT, which is consistent with the

simulation results. Further validation of the coarse-grained model was presented by Kumar

et al.39 who showed that PCBM is miscible for up to 14 vol% PCBM for N =100 (16.6

kDa) systems. This miscibility was confirmed by following the order and intensity of the

peaks of the PCBM radial probability distribution function (RDF) as a function of PCBM

volume fraction, which were extracted from simulation results. Higher order peaks began

to develop for systems having PCBM volume fractions greater than 14%, indicating PCBM

aggregation. This result agrees with recent experiments showing that PCBM is miscible in

P3HT at PCBM volume fractions up to 15%-22% for P3HT molecular weights ranging from
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50 to 90 kDa.40,41 We emphasize that validating the accuracy of coarse-grained force fields,

such as the LPC, by comparing with experimental results of neat components and blends is

not trivial. Hence, we expect to only observe qualitatively similar trends with experiments

and a direct mapping with experimental results is unfeasible.

The miscibility of the donor-type polymer and acceptor fullerene influences the BHJ mor-

phology, which in turn affects the size of the domain formed by electron donor, d. It is often

concluded that the domain size should be of the same order as the exciton diffusion length,

nominally 10 nm, so that electron and hole recombination is minimized. Because charge

separation mainly occurs at the P3HT/PCBM interface,42 a complementary parameter that

is equally important is the interfacial area-to-volume ratio, γ. Both d and γ are related to

the P3HT volume fraction, φP3HT, as γ ≈ φP3HT(1 − φP3HT)/d for systems having smooth

interfaces between the phases.43 The domain size d of the additive-containing bulk systems is

determined by fitting the spatial correlation function g(r)P3HT−P3HT with a functional form

of44

g(r)P3HT−P3HT = 1 +
d

2πr
exp

(

−r

ξ

)

sin

(

2πr

d

)

(4)

which was calculated from CGMD simulation results and is shown in Figure 3(a). Here d is

represented by the period of oscillation of Eq.4 at large values of r and ξ is the characteristic

length of the spatial correlation function of Eq.4. Figure 3(b) shows that d obtained from

fitting g(r)P3HT−P3HT using Eq.4 increases as φa increases. We chose the data at 200 ns

in presenting Figure 3(a), rather than at 400 ns, as that simulation time represents a near-

equilibrium system25 and because at 200 ns it is possible to identify one full oscillation in the

spatial correlation function at all φa. The domain sizes obtained at 200 ns are approximately

half their respective simulation box sizes (See Table S.2) and “finite size” effects are observed

in calculating d when further coarsening of the domains occurs. Nonetheless, the trend of

increasing d as a function of increasing φa holds for the different systems at t > 200 ns as

well. In addition, the results of the φa = 0 system presented in Figure 3(a-b) are consistent
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with the results of the larger simulation by Carrillo et al.,25 which had a box size of 100 nm,

in comparison to the 66 nm box size used to generate the results presented in Figure 3(a).
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Figure 3: CGMD simulations results of bulk systems. (a) Radial distribution function of
P3HT beads, g(r)P3HT−P3HT, at t = 200 ns of simulation time and different φa. The lines
are fits using Eq.4 (b) Domain size, d, as a function of φa obtained using Eq.4 to fit spatial
correlation functions shown in (a). (c) Evolution of the interfacial surface area to volume
ratio, γ. (d) Percent of short P3HT chains that are in contact with long P3HT chains and
PCBM domains, %I.

Figure 3(c) shows results of calculations for γ, which adopts the method described in our

earlier work.25 In brief, γ is calculated by summing the total surface area of Voronoi polyhedra

faces belonging to both P3HT and PCBM beads. Similar to the pattern of behavior captured

in d, a monotonic increase in γ is observed as the relative amount of short-chains added,

φa, increases. The observed trend of increasing γ as d increases seems counterintuitive—

one might expect γ to decrease as d increases for systems with smooth interfaces and pure

domains. However, the increase in γ as d increases distilled from simulation results indicates

that the interface formed between PCBM and P3HT is not smooth and the P3HT and PCBM

domains are not pure due to the partial miscibility of short P3HT chains. This miscibility
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can be seen in Figure 2 by noticing that at domain interfaces, some of the short chains (blue

beads) encroach into the PCBM domain (white areas). We note that while it appears that

some of the red beads also cross the domain interfaces, this is an artifact resulting from

slicing the simulation box, producing a 2D representation of the 3D morphology.

It is important to determine the location of the short chains relative to the more con-

centrated long chains to ascertain the extent of short-chain miscibility with PCBM. To do

this, we calculated the percentage of short chains in the interface, %I, (see Figure 3 (d))

which is an indicator of the amount of short chains straddling the interface. This calculation

takes advantage of the ability of the simulation to track long and short chains, which allows

the determination of the number of short-chains that are in contact with both PCBM beads

that are not dissolved in the P3HT matrix and monomers belonging to long-chain P3HT,

ms,int, relative to the total number of short chains, ms: %I = (ms,int/ms)100%. Figure

3(d) shows that %I decreases with respect to simulation time and the value of %I decreases

as φa increases. It is noteworthy that more than half of the short-chains P3HT are at the

interface: As the system evolves toward equilibrium, values of %I exceed 50% for all of the

systems considered. This should not come as a surprise because the effective χ12 parameter

for Ns = 10 is lower than that for Nl = 100 and the intermixing of PCBM and short chains

favors an increase in entropy of the system. We note that even at t=400 ns, the value of %I

has not reached equilibrium, however we expect the observed trends will not change.

To summarize the results on bulk systems, the addition of small amounts of short chains

results in an increase in the electron donor domain size d and interfacial area-to-volume ratio

γ in bulk systems constituted to mimic a BHJ thin film. The short chains are preferentially

located at the P3HT/PCBM interface. We emphasize that these trends are valid because of

the long simulation run-time of t = 400 ns, which is near equilibrium—where the values of γ,

d and %I are changing slowly and are approaching their saturation values.25 This simulation

time is not to be confused with the experimental annealing time since the CGMD system,

which employs a smooth force-field leading to lower potential energy barriers, converges
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faster than experiments.

With these results in mind, we proceed with analyzing the simulation results for sys-

tems with bounding substrates. In Figure 4(a) we show the average vertical distribution

(volume fraction) of PCBM as a function of z, φPCBM(z), where z is the distance from the

bounding substrate, which is modeled as silicon (see Figure S.1) for consistency with neutron

reflectivity experiments. This calculation, which is done using radical Voronoi (or Laguerre)

tessellation,45 shows that in the middle portion of the film, the value of φPCBM(z) fluctuates

about the overall composition of the film. However, φPCBM(z) is greater than the overall

average composition of the film in the vicinity of both air and silicon substrate interfaces,

which indicates that these regions are enriched with PCBM. (Although the silicon is estab-

lished to have a 1 nm thick oxide layer thickness on it, we refer to it simply as “Silica”.) The

value of φPCBM near the silicon substrate for φa = 0.0% peaks at 0.755, which agrees with

the value used to parameterize the substrate-to-bead pair-wise interactions, described in the

Supporting Information. However it is interesting to note that for φa = 10.0%, φPCBM near

the silicon substrate peaks at 0.716, which represents a 5% decrease in PCBM enrichment

relative to the situation where no low molecular weight additives are present.

Given that the presence of short chain additives affects the composition profile, we cal-

culate the normalized change in the local composition of P3HT relative to the overall film

composition, ∆φP3HT(z)/φP3HT in the film thickness dimension:

∆φP3HT(z)

φP3HT

=
φP3HT(z) − φP3HT

φP3HT

=
φP3HT(z)

φP3HT

− 1 (5)

Using this formalism, and because the simulations enable the short and long chains to

be distinguished, it is possible to tease apart the overall composition profile (see Figure 4)

to examine how the long and short chains distribute themselves in the BHJ thin film. As

shown in Figure 4(b), which displays results for the system having φa = 10%, we observe that

there is an enrichment of long chains at the silicon/film interface relative to the short chains.

Self-consistent field theoretical (SCFT) calculations of dilute to moderately concentrated
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Figure 4: (a) Laterally averaged vertical distribution of the PCBM volume fraction,
φPCBM(z), at t = 400 ns and different φa computed using radical Voronoi (or Laguerre)
tessellation. (b) Normalized change in vertical distribution of short and long P3HT poly-
mers in the thickness dimension of the film, ∆φP3HT(z)/φP3HT, at t = 400 ns for the system
with φa = 10%.

18

Page 18 of 51

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



polymers in contact with an adsorbing substrate supports this observation.46 On the other

hand, it is observed that the short chains are more abundant at the air/film interface. Since

the air/film interface is athermal (non-adsorbing) in the simulations, the short chains are

more easily accommodated in this region because their high number density of chain ends

(relative to long chains) reduces the loss of translational entropy.

The locations of the PCBM domains across the depth of the BHJ can be obtained from

images of the cross section of the final trajectory frame produced by the simulations. Figure

5 displays results for the φa = 10.0% system, with a region cut-away to provide views in the

three principal dimensions of the film. Figure 5(a), which shows the distribution of PCBM

and 5(b), which shows long (red) and short (blue) P3HT chains, are complementary images

of the same film. As with the bulk system, the film phase separates into PCBM-rich and

P3HT-rich domains, with short (blue) chains intermingled in the PCBM domains due to

their miscibility and ability to pack. Figure 5(c) shows slices (through the plane of the film)

at different heights to highlight how the local concentration of PCBM fullerene changes in

the thickness dimension of the film. These results clearly show the enrichment of PCBM

both near the silicon (z = 12 nm, leftmost image) and near the air (z = 115 nm, rightmost

image) interfaces. In total, the simulations reveal fine details of the segregation of short and

long P3HT chains, thereby providing a clear and three dimensional representation of the

BHJ morphology.

As noted earlier, the size of the system (simulation box) was chosen to allow comparisons

to be made between the results from CGMD simulations and specular neutron reflectivity

(NR) measurements. This need arises because in NR, while the short wavelength of neutrons

allows nanoscale resolution of film composition (structure) in the film thickness dimension,

this composition is laterally averaged over the film area illuminated by the neutron beam

which is incident at shallow angles. In other words, the quantity generated from CGMD

simulations that is used for comparison with specular NR data is the laterally averaged

volume fraction in the z direction, which is shown in Figure 4(a).
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We proceed to compare the CGMD results with NR measurements by first calculating the

scattering length density (SLD) profile, or Σ(z), from simulation results (see Figure S.3(b) in

the Supporting Information). This profile can be calculated by using known SLD values, Σ, of

the pure components which are ΣSi, ΣSiOx
, ΣPCBM, ΣP3HT and ΣAir, for silicon, silicon oxide,

PCBM, P3HT and air, respectively. Because a physical substrate is not explicitly included

in the SLD profile that can be obtained from simulations, we augment the SLD profile by

adding a slab (bounding surface) consisting of pure silicon (thickness = 9 nm) having a thin

SiOx layer atop (thickness = 1 nm), which matches the samples used in NR experiments. We

also truncated 4.5 nm of the P3HT/PCBM blend near the silicon substrate. This truncation

is justified since the coarse-grained parameters of PCBM and P3HT are ambiguous in the

vicinity of the silicon substrate because this region is at a different thermodynamic state point

from the bulk (the coarse-grained model parameters are not transferable in this region). The

truncation is in the region where the φPCBM(z) is equal to the overall PCBM concentration

and before the peak of φPCBM(z), which occurs at z ≈ 10 nm. The calculation of the SLD

profile of the P3HT/PCBM blend (the region in between the silicon substrate and air) uses

Eq.647 where the φPCBM(z) values used in the calculation are shown in Figure S.3(a) in the

Supporting Information.

Σ(z) = φPCBM(z)(ΣPCBM − ΣP3HT) + ΣP3HT (6)

This approach was used to determine Σ(z) for systems with φa = 0.0% and with φa = 10.0%

at t = 400 ns, which represents systems after thermal annealing, and for the system with

φa = 0.0% at t = 10 ns, which represents a system without additive at the onset of thermal

annealing. The SLD profiles for these systems (with the silicon substrate in place) are

shown in Figure S.3(b). The trajectory at t = 10 ns corresponds to a system where the BHJ

morphology is changing rapidly during annealing. As is evident from the results shown in

Figure 3 and our previous work,25 t = 400 ns represents a system where the morphology is

almost constant, corresponding to annealed BHJ films.
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The reflectivity, R, was calculated analytically using the Parratt formalism, where the

reflectivity of the P3HT/PCBM blend is a function of the optical transform matrix M.48

The φPCBM(z) data obtained in Figure 4(a) and the bin size ∆S of the data were used for the

values for Σ(z)i and thickness of the slice for the transfer matrix Mi calculation for each i

of the set of uniform layers. The reflectivity profiles obtained using CGMD SLD profiles are

shown in Figure 6(a), which presents the data as RQ4 versus Q, where Q is the wavevector

transfer (4π sin(θ)/λ). Here again, albeit through a different representation of the physical

situation, it is observed that the presence of a short-chain additive impacts the morphology

of the BHJ thin film. It is also worth noting that while simulations can be used to deduce

fine details of how long and short chains and PCBM arrange themselves in the BHJ film, in

a scattering experiment, the structure at different length scales manifests in the scattered

intensity at all Q values.

To enable comparison with experiments, the calculated reflectivity is convoluted point-

by-point with a Gaussian function representing the instrument resolution (δQ/Q = 0.03).

Recall that the Q spacing between the fringes in the reflectivity curves for these simple

films is proportional to the inverse of the total film thickness: ∆Q ∼ 2π/dtot. Segregation

of different scattering density material to film surface and substrate manifests as damping

and modulation of these total-film-thickness interference fringes and the envelope on which

they ride.49,50 In the simulation results, shown in Figure 6(a), we found that at low Q,

the intensities of the fringes for the system with short P3HT chains (blue) are generally

lower than that of the system with long P3HT chains only (green). The experimental data

(Figure 6(b)) are less straightforward to interpret. Most obvious and least important, the

total thickness of the control and additive films was not identical, so the fringes for the

thicker control film are more closely spaced. More importantly, the fringes of the additive-

containing film are not as sharp as those of the control, broadly indicative less well-defined

surface and substrate interfaces. It is not possible to make a quantitative comparison between

the two sets of results because the experiments, as mentioned previously, not only have layer
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Figure 6: Comparison of the neutron reflectivity, R represented as RQ4 versus Q, where Q
is the wavevector transfer, determined from simulations (a) and experiments (b) The lines
in (b) are fits of the neutron reflectivity data.
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thickness different than those of the simulations, but also have a different blend composition.

Difficulties in attaining the same film thickness likely arise due to different surface energies

of short and long P3HT, and solubility of short and long P3HT with PCBM and casting

solvent. Also, it has previously been reported that similar P3HT/PCBM films processed

using spin-coating feature voids that account for as much as 40% of the volume fraction at

the air interface.51 These voids are not included in the simulations, where uniform thickness

across the film is imposed.

Nevertheless, experimental data are well described by a three-layer model having zones

of enrichment of PCBM near the air and silicon interfaces, which strongly correlate with the

laterally-averaged composition profiles produced by petascale CGMD simulation. To further

analyze the neutron reflectometry experiments, the data presented in Figure 6(b) were fit and

the resulting scattering length density profiles for the system with and without additives after

the annealing procedure are shown in Figure S.4(b) in the Supporting Information. These are

transformed into the local PCBM concentration, φPCBM(z), using Eq.6 considering only the

region where P3HT and PCBM are found (excluding Si/SiOx layers) and presented in Figure

S.4(a) and Table S.3 in the Supporting Information. It can be seen in Figure S.4(a) that the

thickness of the film and the total PCBM concentration for the systems with and without

additives are not identical due to difficulties in casting a film of the same composition and

thickness.

To gain insight on the relative decrease of the PCBM composition enhancement near the

substrate and air interfaces, we normalized the concentration of PCBM relative to its bulk

concentration (concentration at the middle of the film), similar to the procedure that we

employed in presenting Figure 4(b) using Eq.5. It can be seen in Figure 7 that in the system

without the low molecular weight additive, the concentration of PCBM at the interfaces

are 60% higher than the composition at the middle of the film. However, for the system

with the low molecular weight additive, the enrichment is only 10% greater. Also, the

relative thicknesses of the PCBM-rich regions near the SiOx and air interfaces are thicker
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in the control system. Thus, similar to the results of the CGMD simulation, the neutron

reflectometry experiments show that the system with low molecular weight P3HT additive

has a more uniform PCBM concentration in the film thickness dimension.
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Kiel et al.

Figure 7: Normalized change in vertical distribution of PCBM in the thickness dimension
of the film , ∆φPCBM(z)/φPCBM, where h denotes the thickness of the layer composed of Si,
SiOx, P3HT and PCBM for both CGMD and NR results. The NR data by Kiel et al.7 is
included for comparison.

Atomistic simulations of chain distribution and orientation across

donor/acceptor interfaces

Using surface photovoltage spectroscopy experiments, Osterloh et al.42 showed that charge

transfer states generated in crystalline P3HT regions of the P3HT/PCBM BHJ diffuse to

and then separate at the P3HT/PCBM interface through a band gap excitation mechanism,

forming free and mobile charges. From quantum chemical and molecular dynamics simula-

tions of semiconducting π-conjugated organic materials, it is known that the efficiency of the

charge transfer is extremely sensitive to molecular packing and relative orientations of the

conjugated rings.52,53 Motivated by this understanding and given that CGMD simulations

show that short chain additives populate donor/acceptor interfaces, we perform molecular
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dynamics simulation at the atomistic level to gain insight into how thienyl rings belonging

to short chains organize and interact at donor/acceptor interfaces.

We choose the initial configuration of our simulation based on our results from coarse-

grained MD simulations. We assume that the BHJ has a phase separated morphology with

pure crystallized components as the core of each domain. These domains are surrounded

by a broad, amorphous region where the small molecules or oligomers are situated. This

assumption is justified based on a variety of results and observations. Specifically, this

morphological arrangement agrees with the experimentally observed “rivers and streams”

model54 consisting of pure P3HT crystals and pure PCBM phases separated by a misci-

ble phase of amorphous P3HT and PCBM and is also consistent with the P3HT/PCBM

morphology proposed by Wu et al.,35 who used simultaneous grazing-incidence small-/wide-

angle X-ray scattering (GISAXS/GIWAXS) experiments to show that the BHJ consists of

intercalated PCBM aggregates and P3HT crystallite blocks that are immersed in a matrix

of amorphous P3HT chains and dispersed PCBM molecules. The model employed in our

simulations is also buttressed by work from Russell et al.,30 who showed that low molecular

weight P3HT chains are more miscible with PCBM, and by the understanding that crystal-

lization of P3HT is a one-dimensional heterogeneous nucleation with linear growth kinetics55

that is in competition with PCBM aggregation.35 Together these suggest the formation of

an amorphous interface56 where the low molecular weight P3HT chains can be found. We

simplify our model by assuming that the interface is composed of only PCBM and amor-

phous P3HT oligomers and the crystalline cores do not interact with the interface. Hence,

the model of the amorphous layer, composed of the interface and bulk regions but without

domains of crystalline PCBM and P3HT, can be modeled as two periodic slabs of P3HT and

PCBM that are in intimate contact, as shown in Figure 8. This simulation strategy provides

a means to quantify the interfacial layer thickness and the orientation of the thiophene rings

relative to the interfacial plane where the slabs of amorphous P3HT and PCBM meet.

The force field used for the atomistic MD simulation is the Generalized Amber Force
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possible that the short chains serve as nucleation sites, we did not take this into consideration.

The simulations were performed in an isobaric-isothermal (NPT) ensemble at temper-

atures equal to 300 K and 423 K and atmospheric pressure using LAMMPS with GPU

acceleration in OLCF’s Titan. The simulation box was setup at a P3HT:PCBM weight ratio

of 1:4 with P3HT oligomers which have 3, 6 and 9 repeat units. The use of a high PCBM

loading ensures that a PCBM domain is maintained, which allows an interfacial plane that

is parallel to the xy-plane to be easily identified. This simulation, which consists of ∼1.8

million atoms, was run for 64 ns because it was found that the total energy of the simulation

system saturates at ∼40 ns. The final 4 ns were used for data analysis.

Figure 9(a) shows the density profile in the dimension of the simulation box orthogonal

to the interface, which was calculated by averaging an ensemble of 400 trajectory frames

in the final 4 ns of the simulations. To generate the density profile of P3HT oligomers,

shown for the case of N = 6 in Figure 9(b), the corresponding P3HT density profile across

the two interfaces (red-circles in Figure 9(a)) was averaged. Here we display the resulting

oligomer density profile by shifting the data such that z = 0 is at the middle of the interface

(Fig.9(b)). In Figure 9(c), the density profile in Figure 9(b) was scaled relative to the bulk

density (average density farthest from the two interfaces, or the density at the center of the

P3HT slab, ρb), as described by the equation,60

Ψ(z) =
2

ρb

(

ρ(z) − ρb
2

)

. (7)

Ψ(z) can be fit with a hyperbolic function,60,61

Ψ(z) = tanh

(

2z

w

)

(8)

and the variance in the derivative of the scaled profile, ∆2, can be calculated analytically as

the (normalized) second moment of the derivative of the segment density distribution:
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∆2 =

∫

∞

−∞
z2Ψ′(z)dz

∫

∞

−∞
Ψ′(z)dz

=
π2w2

48
(9)

The result of these manipulations allows interfacial thickness, 2∆ = πw/2
√

3, to be quanti-

tatively determined.

The results, depicted in Figure 9(d), show that the interfacial width 2∆ increases with

increasing temperature, as expected; however, a non-monotonic dependence of 2∆ with

respect to the number of repeat units in an oligomer, N , is observed. It is expected that

smaller oligomers would lead to a more diffuse interface,62,63 but as seen in Figure 9(d), the

largest interfacial width is observed for N = 6. We speculate that this behavior is related

to how the oligomers pack in relation to PCBM and to other P3HT oligomers, since we also

observed non-monotonic behavior in ρb (density at the center of the P3HT slab obtained

from the simulations) as a function of N . (Results not shown).

We investigate the reason behind the observed non-monotonic behavior of the interfacial

thickness by inspecting the conformation of the P3HT oligomers, which provides insight

into the organization of chains across domain interfaces. This was done by computing the

orientation of the thiophene rings relative to the interface, with the angle θ defined as the

angle between the vectors normal to the interfacial plane and normal to the face of each

thiophene ring. Figure 10(a) shows the orientation of the thiohene rings, represented by

〈cos2(θ)〉 as a function of the distance between its center-of-mass across the film in the z

direction. A value of 〈cos2(θ)〉 = 1 describes the situation where the thiophene rings are

parallel to the interface, which is defined as the xy-plane in the system geometry. At the

center of the P3HT slab 〈cos2(θ)〉 = 1/3, which indicates an isotropic orientation. Near the

middle of the interface (z ≈ 0 Å), 〈cos2(θ)〉 is higher than 1/3, indicating that the parallel

configuration is favored. It is also observed that the peak value of 〈cos2(θ)〉 increases as N

increases. The average orientation of the thiophene rings near the middle of the interface are

face-on with respect to the PCBM molecules. (See Figure 10(c).) As a point of reference,

molecular dynamics simulations58 and density functional theory64,65 calculations showed that
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〈

R2
g

〉

=
1

Vw

〈

Natom
∑

i=1

(

4

3
πr3w,i

)

(~Ri − ~Rcm)2

〉

(10)

Here Vw is the van der Waals volume of the molecule, rw is van der Waals radius of an atom in

the molecule, and ~Rcm is the center-of-mass of the molecule. The coarse-grained description

of P3HT chains in the CGMD simulations described in the previous section estimates that

a persistent segment is comprised of N = 10 repeat units. Therefore, we expect that the

conformations of the oligomers in the atomistic MD simulations that are situated far from

the middle of the interface and distant from the effects of PCBM are rod-like. This was

confirmed by probing the conformations of oligomers in the atomistic MD simulation that

are in the middle region of the amorphous P3HT slab. As observed from the structural model

shown in Figure 10(d), the backbone of these chains in the middle region of the P3HT slab is

persistent (rod-like) and the thiophene rings are oriented in such a way that they are almost

coplanar. A decrease in the value of
〈

R2
g

〉

would indicate a distortion or bending of the rod.

The oligomers having N = 6 and 9 repeat units that are near the interface and in contact

with PCBM are distorted and conform to the surface of neighboring PCBM molecules. This

is reflected by their lower
〈

R2
g

〉

values and exemplified in the optimized structural model

shown in Figure 10(c). In contrast to the behaviors of the N = 6 and N = 9 systems, the
〈

R2
g

〉

of N = 3 oligomers hardly changes across the film indicating that these small oligomers

are undeformed. The N = 3 molecules are almost of the same size as the PCBM molecules

and, therefore, can organize more easily around a PCBM molecule without distorting their

configuration. This faciliates packing of P3HT oligomers, resulting in a less diffuse interface

in comparison to the system with N = 6 oligomers. Thus, there is a difference in the packing

process between N = 3 and N = 6 oligomers: the former represents a case where packing is

of similarly configured molecules, while the latter is a situation where packing accommodates

an ensemble of variably deformed molecules. These differences in how the oligomeric P3HTs

pack with PCBM molecules manifests in a lower 2∆ for N = 3 than for N = 6, which seems

to be a reasonable explanation for the non-monotonic behavior of the interfacial thickness,
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2∆, as a function of N . As noted at the outset of this section, in photovoltaic systems

changes in orientation matter, as relative orientation and packing of chains impact charge

transfer processes.

Electronic structure across the electron donor and acceptor inter-

face

Sharber et al.66 demonstrated that the open-circuit voltage of BHJ devices using PCBM

as acceptor is determined by the lowest unoccupied molecular orbital (LUMO) and highest

occupied molecular orbital (HOMO) levels of PCBM and the donor, respectively. We expect

that the LUMO level of PCBM to remain constant across the interface because of its spherical

structure. However, this might not be the case for semiflexible P3HT chains because the

thiophene rings impart a certain degree of rigidity and also because orientation varies across

the interface. To examine this issue, which originates in the nanoscale orientation and

packing arrangement of the repeat units, we evaluated the HOMO and LUMO levels of the

P3HT oligomer to determine whether conformational changes across the interface manifest

as changes in electronic structure. Using the last frame of the atomistic molecular dynamics

simulation run, we randomly chose sample configurations (approximately 130 configurations)

of P3HT oligomers spanning 27 Å in the interface region (approximately 5 configurations per

Å). We performed single point DFT calculations employing a B3LYP/6-31G* basis set using

NWChem.67 In DFT, the electron affinity (EA) and ionization potential (IP) are obtained

from the LUMO and the HOMO orbital energies, respectively. Hence, we refer to EA as

EALUMO and IP as IPHOMO. The calculations were done without geometry optimization in

order to examine changes in the LUMO and HOMO energy levels brought about by the

change in configuration of the polymer chain as a function of location across the interface.

This approach preserves the effect of the chemical environment on the conformation of the

oligomer. The indexing across the interface is based on the center-of-mass location of the

oligomer. Although there are significant differences in the orientation of the thiophene rings
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in Figure 11. As shown in Table S.5 (in the Supporting Information) the DFT calculations

show that the absolute value of both LUMO and HOMO increase with an increase in size

of the basis set used, however, the difference between the LUMO and HOMO values for the

five samples (at constant basis set) is not significant. Furthermore, we calculated the IP and

EA using the more accurate but computationally expensive IP and EA extensions of the

equation-of-motion coupled cluster (IP/EA-EOM-CCSD)69–72 calculation method (using 6-

31+G basis set for N = 3 and 6-31G basis set for N = 6), where the theoretical basis of this

method is briefly described in the Supporting Information. The IP/EA-EOM-CCSD results,

for N = 3 and N = 6 (shown in Table S.6 in the Supporting Information) demonstrates

that the IP and EA values across the slab are not significantly different. To illustrate this

point, we include in Figure 11 the IP (black filled circles) and EA (black open circles) for

N = 6 obtained from IP/EA-EOM-CCSD. We recognize that accurate determination of

electron affinities requires larger basis sets (triple zeta or TZ quality),73–75 which would take

us beyond the scope of this manuscript; but we expect similar results using large TZ basis

sets.

That the LUMO and HOMO values of P3HT oligomers calculated using DFT and IP/EA-

EOM-CCSD do not change appreciably across the interface suggest that the effect of orienta-

tion of thiophene rings on charge transfer is likely due to an inter-molecular and cooperative

effect, instead of simply being based on the geometry of individual molecules. A similar

coupling effect was seen by Troisi et al.,76 Marchiori and Keohler65 and Li et al.64 in their

studies of how packing of the small molecules and PCBM fullerenes affects charge trans-

fer states. Unfortunately, it is challenging to account for inter-molecular coupling in DFT

calculations because of the large system sizes involved in these calculations. Finally, it is

relevant to note that this effect we see in systems containing small oligomers might not be

the case for long polymer chains, where conformational changes could impact HOMO and

LUMO levels.
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Conclusions

The suite of studies that probe different length scales provide considerable insight into how

small molecule oligomers influence the BHJ morphology, modify donor/acceptor interfaces,

and affect electronic structure at those interfaces. These insights provide important context

that will aid efforts to optimize morphology of BHJ systems and make connections with de-

vice performance characteristics. Results demonstrate that short P3HT chains reside at the

donor-acceptor interface, modulating the BHJ morphology by swelling the P3HT domain.

As the concentration of short chains increases, they mix into the PCBM domains, leading

to larger donor domain sizes and higher interfacial surface area-to-volume ratios. In the

presence of confining substrates, vertical phase segregation of PCBM is observed both near

the silicon wafer substrate as well as the air interface. The presence of short chains in the

thin film decreases the extent of vertical phase separation, which is qualitatively in agree-

ment with neutron reflectometry measurements. Results from the atomistic MD simulations

demonstrate that PCBM/P3HT interfacial width is a non-monotonic function with respect

to oligomer size and thiophene rings at the interface favors orientation that is parallel to

the PCBM domain. DFT calculations of P3HT across the interface show no appreciable

change in the LUMO and HOMO energy levels of individual oligomers, suggesting that the

effect of the orientation of the thiophene rings on the charge transfer across the interface is

likely an inter-molecular and cooperative effect, rather than being due to the conformations

of individual molecules.

While results are specific to P3HT/PCBM system, the methodologies used should be

applicable to other conjugated polymer donor and fullerene acceptor systems. With petascale

computing, we were able to perform large multiscale simulations that do not suffer from

non-convergence, finite size effects and inadequate sampling statistics. These features, along

with the ability to make comparisons with neutron scattering experiments and build in

mesoscale effects such as polymer crystallization, represent a powerful and useful paradigm

for accelerating the development of soft-matter based systems of OPV.
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Methods

P3HT synthesis

Highly regioregular, low molecular weight P3HT with high H/Br end group content were syn-

thesized via the Grignard metathesis (GRIM) polymerization method described by Loewe

et al.77 with slight modifications described our recent works.14,78 In brief, the GRIM poly-

merization was quenched with HCl followed by sequential soxhlet extractions in methanol,

acetone, and chloroform. Dibromo-3-hexylthiophene monomer was obtained from Puyang

Huicheng Chemical Company and all other materials and solvents were obtained from Sigma

Aldrich. Polymer molecular weight was determined using an EcoSec 1500 GPC with HPLC

grade THF as the mobile phase.14,78 End group distribution (> 95% H/Br end groups) was

verified using matrix assisted laser desorption ionization time-of-flight mass spectrometry,

as described by Kochemba et al.79,80

BHJ film casting

Solutions of PCBM and 30 kDa P3HT, either with a 5.6 kDa (determined by SEC) P3HT

low molecular weight additive or without, were prepared using dichlorobenzene and a total

composition of 0.7:1 P3HT:PCBM by weight. Solutions were stirred for 24 hrs. at 40 ◦C

before deposition. Thin films that mimic BHJ architectures were deposited onto 5 mm thick,

50 mm diameter silicon substrates used for neutron reflectivity measurements via a two-stage

spin-coating process that consisted of spinning at 400 rpm for 180 sec. followed by spinning

for 20 sec. at 1400 rpm. Each sample was then immediately placed in a vacuum oven at room

temperature for 10 min. to remove any residual solvent. After each as-cast measurement,

samples underwent thermal annealing under vacuum at 150 ◦C for 15 min.
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Neutron reflectivity measurements

Neutron reflectivity measurements were performed at the Spallation Neutron Source Liquids

Reflectometer (SNS-LR) at ORNL. The reflectivity data were collected using a sequence

of 3.25-Å-wide continuous wavelength bands (selected from 2.63 Å< λ < 16.63 Å) and

incident angles (ranging from 0.60◦ < θ < 2.71◦). These selections translate to a momentum

wavevector transfer, Q = (4π sin(θ/λ)), range of 0.008 Å−1 < Q < 0.22 Å−1. Reflectivity

curves were assembled by combining seven different wavelength and angle data sets together,

maintaining a constant sample illumination footprint and relative instrumental resolution of

δQ/Q = 0.03 by varying the incident-beam apertures. The absence of off-specularly reflected

neutrons was confirmed by inspection of the detector images from each sample measurement.

An example of these scans featuring the critical edge ( q = 0.01 Å−1) is shown in Figure S.5

in the Supporting Information.

Supporting Information Available

Details of coarse-grained molecular dynamics simulations, atomistic molecular dynamics sim-

ulations, DFT, coupled cluster method, χ12 parameter (based on contact angles) calculations

are presented. This material is available free of charge via the Internet at http://pubs.acs.org.
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Simulation Details

Coarse-grained molecular dynamics simulation details

The simulations were performed using the P3HT-PCBM coarse-grained force field developed

by Lee, Pao and Chu (LPC)1 and were ran using LAMMPS.2 The details of the imple-

mentation of the simulations are similar to those described by Carrillo et al.,3 but with the

S1



addition of substrates (see Fig. S.1). In this work we used the results obtained by the

neutron reflectometry experiments by Kiel et al.4 as a reference to determine the strength

of the interaction potential of P3HT and PCBM with a silicon based substrate. Kiel et al.4

observed that for a BHJ thin film of 1:1 weight ratio of P3HT:PCBM in contact with a silicon

wafer substrate the volume fraction of PCBM near the substrate is 75%. Accordingly, to

model the bottom substrate in the simulations, we used a diamond cubic lattice representing

the crystalline structure of silicon with the size of the substrate atoms set at 4.2 Å, which

is commensurate to twice the van der Waals radius, rw, of a silicon atom. Thereafter we

estimated the mole ratio of PCBM to P3HT adsorbed in the substrate based on Boltzmann

factor e−U(r)/kBT , where the attractive interaction potential between the substrate and ei-

ther P3HT or PCBM, U(r), is proportional to −ε where ε is the Lennard-Jones interaction

parameter. In this regard, the PCBM to P3HT mole ratio adsorbed on the substrate, mr, is

mr = exp

(

εPCBM−substrate − εP3HT−substrate

kBT

)

(S.1)

and the PCBM mole fraction is, xPCBM = 1 − 1/(mr + 1).

We took into account the size difference between the P3HT and PCBM beads and calcu-

lated the volume occupied by one P3HT or one PCBM sphere, which is equal to V = 4πr3/3η

where η is the packing fraction and r is the radius of a Lennard-Jones bead at 423 K. The

values of ηPCBM and ηP3HT, 0.53 and 0.42, respectively, were obtained from bulk simula-

tions of 1:1 P3HT:PCBM mixture.3 In one mole of a P3HT:PCBM blend adsorbed in the

substrate, the volume fraction of adsorbed PCBM, φPCBM,ads is expressed as

φPCBM,ads =
xPCBMVPCBM

xPCBMVPCBM + (1 − xPCBM)VP3HT

(S.2)

Finally, setting the value of εPCBM−substrate equal to 0.1 kcal/mol and εP3HT−substrate equal

to 0.75 kcal/mol results in φPCBM,ads = 0.753, which is in agreement with the experiments

by Kiel et al.4 The top substrate is composed of purely repulsive Lennard-Jones beads

S2





ratio is maintained at 1:1 while the weight percentage of the short chains is systematically

varied from φa = 0 to 10%. There are constant numbers of PCBM and P3HT beads, which

are nPCBM = 8,871,869 and nP3HT = 48,600,000. Table S.1 lists the number of long (ml)

and short (ms) P3HT chains in the simulation box as the relative amount of low molecular

weight P3HT oligomers, φa, is changed.

Table S.1: Number of long (ml) and short (ms) P3HT chains in the simulation box as a
function of the relative amount of low molecular weight P3HT oligomers, φa.

φa ml ms

0.0 % 486,000 0
2.5 % 461,700 243,000
5.0 % 437,400 486,000
10.0 % 388,800 972,000

Table S.2 lists pertinent details of the simulation box for the simulations without bound-

ing substrates (bulk configuration). There are ml = 9600 long chains and the number of

short chains ms is varied to give different φa values. An appropriate amount of PCBM beads,

nPCBM, were added to maintain an overall P3HT:PCBM weight ratio of 1:1. At constant

ml, the addition of short P3HT chains results in an increase in the cubic simulation box

dimension, L.

Table S.2: Details of the bulk simulation systems.

φa ml ms L (nm) nPCBM nTOTAL

0.0 % 9,600 0 66.4 175,247 1,135,247
2.5 % 9,600 5,053 67.6 184,471 1,195,001
5.0 % 9,600 10,667 68.9 194,719 1,261,389
10.0 % 9,600 24,000 71.7 219,058 1,419,058
20.0 % 9,600 64,000 79.2 292,078 1,892,078
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Segment alignment

It was determined by Carrillo et al.3 that there are approximately 10 P3HT beads in a

persistent segment in the LPC1 model. To quantify the alignment of the persistent segments,

the polymer chains were divided into segments consisting of 10 consecutive beads. In each

segment, the nearest neighbor segments were determined and their unit vectors are defined

as the set,
{

u(i)
}

. These unit vectors are defined by the positions of the first and last bead.

From the set of unit vectors, the second rank order tensor was calculated as

Sαβ =
1

Nu

Nu
∑

i

(

u(i)
α u

(i)

β − 1

3
δαβ

)

(S.3)

where Nu is the number of vectors in
{

u(i)
}

, the indexes α, β = x, y, z, and δαβ is the

Kronecker delta function. The eigenvalues of the symmetric 3 × 3 tensor are
{

2
3
S,−1

3
S +

B,−1
3
S − B

}

and are ordered in such a way that |S| has the largest value. S is the order

parameter, where S = 1 indicates perfectly aligned vectors and S = 0 corresponds to an

isotropic system. In Figure S.2, the local order parameter S(x, y, z) is plotted for N = 100

and φP3HT = 0.5, which shows stronger alignment of the segments at the edges and regions

where two domains are connected. Also, the average S was plotted as a function of the P3HT

volume fraction, and the trend shows a non-monotonic behavior with maximum segment

alignment at φP3HT ≈ 0.5. Both results show the confining effect of PCBM on the alignment

of segments. The values for the smaller system with number of chains, m = 1, 200 is

oscillating and can be attributed to finite size effect due to the box not being large enough

to sample the P3HT-rich domains.
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Volume fraction and scattering length density (SLD)
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Figure S.3: (a) Laterally averaged vertical distribution of PCBM volume fraction, φPCBM(z)
at different t and φa in CGMD simulations. Data points for φa = 0.0% and t = 10 ns (red
squares) represents the initial conditions of the annealing process; φa = 0.0% and t = 400 ns
(green circles) and φa = 10.0% and t = 400 ns (blue triangles) data points represent systems
with and without short P3HT chains (additive) after the annealing process, respectively. (b)
Scattering length densities (SLD) of the corresponding volume fraction distributions with,
Si and SiOx layers included.
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Figure S.4: Analysis of the neutron reflectivity data: (a) PCBM volume fraction, φPCBM(z);
and (b) Scattering length density (SLD) obtained from the fits in Figure 6(b) for the systems
with (blue) and without (green) low molecular weight additive.

Table S.3: PCBM volume fraction, φPCBM, of the film and peak values of φPCBM near the
interfaces and at the middle of the film obtained by fitting the data in Figure 6(b) with a
three-layer model for the systems with and without low molecular weight additive (control).

φPCBM, Location Control with Additive
SiOx-film interface 0.40 ± 0.03 0.42 ± 0.04
Middle of the film 0.26 ± 0.04 0.38 ± 0.06
Air-film interface 0.41 ± 0.02 0.41 ± 0.02
Total Film 0.31 ± 0.05 0.35 ± 0.05
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Atomistic molecular dynamics simulation details

The force filed used for the atomistic MD simulation is the Generalized Amber Force Field

(GAFF)5 and the atomic partial charges are derived from the AM1/BCC routine in an-

techamber6 which is a part of the AMBER package. The description of a molecule in GAFF

includes long-range Coulomb and short-range van der Waals interactions, harmonic bonds,

harmonic angles, and harmonic dihedrals. The total potential energy of GAFF is described

by the equation

Utot =
∑

bonds

kbond(r − req)
2 +

∑

angles

kangle(θ − θeq)
2

+
∑

dihedrals

kdihedral(1 + d cos(nφ)) +
∑

1<j

[

Aij

R12
ij

− Bij

R6
ij

+
qiqj
εRij

] (S.4)

where req and θeq are equilibration structural parameters; Kbond, Kangle and Kdihedral are

force constants; n and d are dihedral angle parameters; and A, B, q and ε are parameters

that characterize the non-bonded interactions.

The simulations were performed in an isothermal-isobaric (NPT) ensemble employing a

Nosè-Hoover thermo- and barostat at temperatures equal to 300 K and 423 K and atmo-

spheric pressure using LAMMPS2 with GPU acceleration7 in OLCF’s Titan. The equations

of motion were integrated by using the velocity Verlet algorithm with a time step of 1.0 fs.

The system is periodic in the x, y and z directions with dimensions 408 Å × 408 Å ×

120 Å. The Particle–Particle–Paticle–Mesh (PPPM)8 method with an accuracy of 1.0×10−4

and near-field cutoff set to 10.0 Å was used to account for contributions from the long-range

electrostatic interactions. The simulation box was setup at a P3HT:PCBM weight ratio of

1:4 with P3HT oligomers which have 3, 6 or 9 repeat units. The simulation was run for 64

ns, and because the total system energy of the simulation saturates at around 40 ns, the

final 4 ns were used for data analysis. The system sizes, which include the number of P3HT

molecules (mP3HT), PCBM molecules (mPCBM) and the number of atoms (nTOTAL) in the
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simulation box, are listed in Table S.4.

Table S.4: Details of the atomistic simulation systems.

N MWP3HT (g/mol) MWPCBM (g/mol) mP3HT mPCBM nTOTAL

3 528.88 910.83 6,480 15,051 1,862,328
6 1027.7 910.83 3,240 14,623 1,798,744
9 1526.52 910.83 2,160 14,480 1,777,520

Coupled Cluster Methods

In equation of motion coupled cluster (EOM-CC) formalism, the excited state wavefunction

is obtained by the application of the operator R(k) on the ground state wavefunction,

|Ψk〉 = R(k)eT |Φ〉 (S.5)

Here |Φ〉 is the reference determinant; |Ψ0〉 = eT |Φ〉 is the ground state wavefunction; R(k)

is the excitation operator for the k-state; and T is the cluster operator, T =
∑

n

Tn.
9–12

In commonly used CCSD method, however, T operator is truncated at bi-exciation (T =

T1 + T2), where T1 =
∑

i

∑

a

tai a
† i, and T2 =

∑

i<j

∑

a<b

tabij a†b† ji.13 The indices i, j, k, . . .

(a, b, c, . . .) refer to occupied (unoccupied) one particle levels and a† and i are the creation

and annihilation operators, respectively. In CCSD method the unknown amplitudes, tai and

tabij are obtained by solving the following

〈Φa
i |e−THeT |Φ〉 = 0 ∀i, a (S.6)

〈Φab
ij |e−THeT |Φ〉 = 0 ∀i, j, a, b, (S.7)

amplitude equations. Here 〈Φa
i | and 〈Φab

ij | are singly- and doubly- excited determinants with

respect to the reference determinant. The R(k) operator for electron affinity variant of
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EOM-CCSD method14 is

R(k) = R1 + R2 =
∑

a

ra(k)a† +
1

2

∑

ab

∑

i

rabi (k)a†b†i (S.8)

and the operator for the ionization potential variant (IP-EOM-CCSD)15 is

R(k) =
∑

i

ri(k)i +
1

2

∑

a

∑

ij

raij(k)a†ji (S.9)

Inserting Eq.S.5 in the non-relativistic Schrödinger equation and left multiplying by e−T and

using similarity transformed Hamiltonian, e−THeT = H̄; H̄N = H̄ − 〈Φ|H̄|Φ〉 yields,

H̄NR(k)|Φ〉 = (Ek − E0)R(k)|Φ〉 (S.10)

The above equation in matrix form is

H̄NR(k) = ωkR(k) (S.11)

where ωk = (Ek − E0) is the energy associated with electron affinity (EA) or ionization

potential (IP) processes, and it can be solved using Lanczos based methods.16,17
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DFT and Coupled Cluster calculation results

Table S.5: B3LYP results for selected N = 3 and N = 6 geometries of P3HT oligomers
employing 6-31G*, 6-31++G** and 6-311++G** spherical Gaussian basis sets. The energies
are given in units of eV.

N = 3
IPHOMO EALUMO

z (Å) 6-31G* 6-31++G** 6-311++G** 6-31G* 6-31++G** 6-311++G**
-14.2 4.38 4.61 4.65 -1.33 -1.62 -1.66
-9.2 4.50 4.73 4.76 -1.38 -1.66 -1.70
-4.3 4.55 4.78 4.81 -1.27 -1.56 -1.60
0.9 4.52 4.74 4.78 -1.37 -1.66 -1.70
5.8 4.55 4.77 4.81 -1.33 -1.61 -1.65

N = 6
IPHOMO EALUMO

z (Å) 6-31G* 6-31++G** 6-311++G** 6-31G* 6-31++G** 6-311++G**
-12.8 4.46 4.60 4.63 -1.67 -1.93 -1.97
-8.0 4.40 4.54 4.58 -1.75 -2.01 -2.05
-2.9 4.52 4.65 4.69 -1.67 -1.93 -1.97
2.0 4.10 4.24 4.27 -1.91 -2.18 -2.22
7.0 4.41 4.54 4.58 -1.73 -1.97 -2.01
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film was thermally annealed at 150 ◦C for 15 min. under vacuum. Surface energies for each

film were estimated using water and ethylene glycol contact angles and by implementing two

commonly used methods to calculate the surface free energy. The first relationship used was

the Neumann equation of state or the Li & Neumann model,18 shown in Eq.S.12.

cos(θ) = −1 + 2

√

γsv
γlv

e−β(γlv−γsv)
2

(S.12)

While used in numerous sources, much debate exists surrounding the appropriate value of the

coefficient β, for these calculations, β = 0.0001247 was used. As a second form of estimation,

the Wu harmonic mean model,19,20 was used to calculate the polar and dispersive compo-

nents, γp
sv and γd

sv, respectively. The fact that this model features two unknown variables

demands contact angle measurements using two different liquids and then simultaneously

solving the two different expressions. For these measurements, water and ethylene glycol

were used as probe liquids, and the respective equations are:

γd
lv,H2O

γd
sv

γd
lv,H2O

+ γd
sv

+
γp

lv,H2O
γp
sv

γp

lv,H2O
+ γp

sv

=
1

4
γlv,H2O (1 + cos(θH2O)) (S.13)

γd
lv,C2H6O2

γd
sv

γd
lv,C2H6O2

+ γd
sv

+
γp

lv,C2H6O2
γp
sv

γp

lv,C2H6O2
+ γp

sv

=
1

4
γlv,C2H6O2

(1 + cos(θC2H6O2
)) (S.14)

In equations S.12 to S.14, the following known parameters for water and ethylene glycol were

used and listed in Table S.7. For the Wu model, the sum of the polar and dispersive surface

energies is the average surface energy (γsv = γp
sv + γd

sv).

The calculated surface energies obtained by using the Li & Neumman and Wu models

obtained from the contact angle measurements in water and ethylene glycol are summarized

in Table S.8. The average of these values, γ̄sv, is used to compute the χ12 parameter between

the low- and high-MW P3HT with PCBM. This was done by using the solubility parameter,

δi, and by applying regular solution theory as shown in Eq.S.15,
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Table S.7: Surface tension of water (H2O) and ethylene glycol (C2H6O2) used in the Neumann
equation of state and the total surface tension and the polar and disperse components of the
liquids used for the Wu model.

Li & Neumann Model Wu Model
γlv γlv γ

p
lv γdlv

(mN/m) (mN/m) (mN/m) (mN/m)

H2O 72.818 72.821 51.0 21.8
C2H6O2 48.018 48.222 29.3 18.9

χij =
Vij

RT
(δi − δj)

2 + χent
ij (S.15)

where Vij is the geometric mean of the component unit molar volumes and χent
ij is the entropic

contribution which was set to 0.34 for the polymer-PCBM pairs.23 A first-level approxima-

tion utilizing a proportionality constant C such that δi = C
√
γi was used to convert surface

energies, γi, to solubility parameters, δi.
24 C was set to 3.97 so as to match δPCBM = 22

MPa1/2 obtained form binary solvent gradient methods.25 The solubility parameters, δi, and

molar volumes, Vi, used to calculate the χ12 parameters of low- and high-MW P3HT with

PCBM are listed in Table S.9.

Table S.8: Contact angle measurements of thermally annealed low- and high-MW P3HT and
PCBM in water (H2O) and ethylene glycol (C2H6O2). The surface energies are calculated
using the Wu Model and the Neumann Equation of State.

Contact Angle Li & Neumann Model Wu Model Average

H2O C2H6O2 γsv,H2O γsv,C2H6O2
γdsv γ

p
sv γsv γ̄sv

(deg) (deg) (mN/m) (mN/m) (mN/m) (mN/m) (mN/m) (mN/m)

P3HT (5.6k) 92.1 62.2 27.88 28.39 28.33 6.75 34.98 30.4
P3HT (30k) 87.0 61.8 31.07 28.58 31.97 7.16 39.13 32.9
PCBM 93.4 58.9 27.08 29.93 28.44 6.77 35.21 30.7

S15



Table S.9: Solubility parameters, δi, and molar volumes, Vi, used to calculate the χ12 pa-
rameters at 150 ◦C of low- and high-MW P3HT with PCBM.

δi Vi
26 χ12

(MPa1/2) (cm3/mol)

P3HT (5.6k) 21.9 151 0.341
P3HT (30k) 22.8 151 0.391
PCBM 22.0 607
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