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ABSTRACT: Due to their inherent mechanical flexibility and

stretchability, organic-based electronic devices have garnered a

great deal of academic and industrial interest. Here, molecular-

dynamics simulations are used to examine the molecular-scale

details that govern the relationships among molecular weight,

chain entanglement, persistence length, and the elastic charac-

teristics of the widely studied p-conjugated polymer poly-(3-

hexyl thiophene), P3HT. Oligomers containing at least 50

monomer units are required in the simulations to observe elas-

tic behavior in P3HT, while much longer chains are required to

ensure description of appropriate levels of entanglement: only

when the molecular weight is greater than 50 kDa, that is,

oligomers with approximately 400 monomer units, is truly

entangled behavior observed. Interestingly, results from primi-

tive path analysis of amorphous P3HT matches well with the

observed onsets of inter-chain excitonic coherence with

increased molecular weight. The simulations also indicate that

the P3HT modulus saturates at 1.6 GPa for chain lengths of 50–

100 monomers, a result that compares well with experimental

results. This work highlights the care that needs to be taken to

accurately model P3HT morphologies in relation to experimen-

tal measurements. VC 2015 The Authors. Journal of Polymer

Science Part B: Polymer Physics Published by Wiley Periodi-

cals, Inc. J. Polym. Sci., Part B: Polym. Phys. 2015, 00, 000–000

KEYWORDS: cohesion energy; conjugated polymers; mechanical

properties; molecular dynamics; polymer entanglement; P3HT

INTRODUCTION The use of semiconducting polymers has
grown enormously over the last three decades.1 Polymer-
based electrically active materials can be tuned to
respond to various optical, electronic, or other physical
stimuli by synthetically varying the conjugated mono-
mers.2,3 In many emerging applications such as electronic
skin, organic transistors, or solar cells, the flexibility and
mechanical strength of these polymer materials represent
crucial physical properties that will at least in part deter-
mine the success of future commercialization strategies.2,4

Regioregular poly(3-alkylthiophenes) were synthesized
nearly two decades ago5 and have served as benchmark
polymers for organic electronics research,6 from both experi-
mental7 and theoretical perspectives.8–13 Among these deriv-

atives, poly(3-hexylthiophene), P3HT, is the primary
workhorse. Studies concerning the impact of regioregularity,
alkyl side-chain length, and molecular weight (Mw) on the
morphological properties of pure and blended polythiophene
thin films13–21 reveal that: (i) regioregularity plays an essen-
tial morphological role; (ii) the alkyl side-chains affect solu-
bility and packing22; and (iii) the polymer chain Mw directly
affects the thin-film material (opto)electronic properties.
Many questions, however, remain to be resolved for these,
and other, conjugated-polymer-based materials.

Among the growing investigations is how the sequence along
conjugated polymer chains and their solid-state packing influ-
ence the mechanical properties of polymer-based (opto)elec-
tronic materials. Such considerations are important when
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contemplating manufacturing protocols and material reliabil-
ity. For instance, there is a significant Mw dependence of the
polymer active-layer cohesion and flexibility, properties of par-
ticular relevance for stretchable/flexible applications23–29 as
well as for organic solar-cell applications with active layers
that incorporate P3HT24 or other conjugated polymers.25,30–34

Using all-atom molecular-dynamics (MD) simulations, here,
we seek to quantify at the moleulcar scale the entanglement
and cohesive properties of P3HT as a function of Mw (chain
length). The stress-strain response of bulk P3HT, with
oligomer lengths ranging from 12 (2 kDa) to 400 (67 kDa)
monomers, is evaluated and compared to experimental data.
We show the necessity to consider long P3HT oligomer
chains—lengths that are considerably longer than those com-
monly reported for simulations of P3HT—to accurately rep-
resent many of the key features of these polymer-based
materials.

COMPUTATIONAL METHODOLOGY

The Large-Scale Atomic/Molecular Massively Parallel Simula-
tor (LAMMPS) software suite was used for the MD simula-
tions.35 The modified OPLS-AA (Optimized Potentials for
Liquid Simulations-All Atom)36 force field described by
Huang and co-workers11,37 with improper angles for the
intra-monomer rigidity was used, as the unmodified poten-
tial produced unphysical thiophene conformations.8 We note
that the energetic barrier to rotation of the inter-thiophene
S-C-C-S dihedral angle controls the regioregularity and the
rigidity of the P3HT backbone.

Simulations were carried out with oligomer lengths, N, con-
sisting of 12, 18, 24, 50, 100, 200, and 400 monomers (Table
1). 24 (N5 100, 200, and 400), 48 (N5 18, 24, and 50), or
60 (N5 12) regioregular oligomers were randomly distrib-
uted in periodic simulation boxes with densities less than 0.1
gm/cc. Energy minimization followed. The energy minimized
structures were then annealed for at least 1 ns using a
canonical ensemble (NVT) at 800 K and 1 ns at 550 K. This
was followed by an isothermal-isobaric (NPT) ensemble at
550 K and 1 atm for at least 5 ns (> 10 ns for 400-mer).
Final configurations were then integrated within NPT ensem-
bles at 300 K until the total volumes and potential energies

equilibrated (at least 5 ns), and then allowed to equilibrate
for an additional 2 ns. In some cases, the simulations were
performed at increased temperature (550 K) starting from
the equilibrated configurations at 300 K, and the abovemen-
tioned procedure was implemented twice more. The resulting
structural and thermodynamic properties are compared to
known experimental data to validate the simulation protocol.

Temperature was kept constant during the simulations using
the Nos�e–Hoover thermostat with a relaxation time constant
of 100 fs. The internal pressure was maintained using the
Nos�e–Hoover barostat as implemented in the LAMMPS soft-
ware package38,39 with the damping parameter set to 500 fs.
The atomic coordinates were stored at 20–50 ps intervals
depending on the system size, while thermodynamic parame-
ters (bond, angle, dihedral, van der Waals energy, electro-
static interactions) were stored every 0.5 ps. The results
reported here are computed from averaging the last 2 ns of
collected data.

To compute the P3HT modulus, a series of 500 ps simula-
tions were performed with strain increments<0.005 %; the
z-component of the stress tensor was selected to compute
the uni-axial tensile (elongation) modulus. The average
stress of the final 250 ps was taken as the equilibrated
stress at each elongation. The slope of the equilibrated stress
versus strain plot in the linear regime (less than 5% strain)
is reported as the modulus. Identical methods were used for
the final configurations of P3HT oligomers (12-mer to 100-
mer) from simulations at 300 K to compute the uni-axial
tensile modulus. These calculations were repeated at least
three times and the deviation of the values is reported as
error bars. Diffusion is not reported as P3HT is a viscoelastic
solid with a glass transition temperature of 283 K40,41;
dynamical properties and viscosities, which in general
require larger number of chains and more strict criteria in
terms of simulation box sizes, are also not reported. The
modulus of the 200-mer and 400-mer P3HT were not com-
puted as the modulus converged for the 100-mer system,
and recent experiments suggest that the storage modulus is
not significantly affected by Mw.

24 Stress vs. strain curves (by
elongating the simulation box in z-dimension at constant
strain rate of 0.01 nm/ps rather than incremental strains as
mentioned earlier) were computed for oligomers of different

TABLE 1 P3HT Oligomer Sizes, Molecular Weights, Number of Chains, Total Particles in the Simulation Box, and Respective Final

Simulation Box Sizes Used in the MD Simulations

P3HT Oligomer P3HT Mw (kDa) Number of Chains Number of Particles Final Box Dimensions (nm)

12-mer 2.0 60 18,120 5.75 3 5.75 3 5.75

18-mer 3.0 48 21,696 6.11 3 6.11 3 6.11

24-mer 4.0 48 28,896 6.72 3 6.72 3 6.72

50-mer 8.3 48 60,096 8.59 3 8.59 3 8.59

100-mer 16.6 24 60,048 8.59 3 8.59 3 8.59

200-mer 33.2 24 120,048 10.80 3 10.80 3 10.80

400-mer 66.5 24 240,048 13.61 3 13.61 3 13.61
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chain lengths to understand the elastic behavior of the
oligomer chains as a function of deformation. The deforma-
tion simulations were performed with the SLLOD nonequili-
brium MD equations of motion as implemented in
LAMMPS.35,42

RESULTS AND DISCUSSION

We begin by discussing the P3HT rigidity and bulk structural
and packing parameters as a function of Mw. The rigidity and
planarity of P3HT are characterized by probability distribu-
tions for (i) the angle between the centers-of-mass of three
consecutive thiophene units and (ii) the inter-thiophene,
SACACAS, dihedral angle (Fig. 1). The angle along the chain
is centered around 20�, indicating a very slight curve in the
chain. The inter-thiophene dihedral angle peaks at 180� with
a smaller dihedral peak at 20 to 25�. The relaxation of the
P3HT bulk at high temperatures (550 K) does allow for rota-
tion of the inter-monomer dihedral angle, and the small angle
peak is indicative of syn thiophene–thiophene configurations
present in our simulations. These results reveal that the
P3HT backbones coming from the simulations are fairly pla-
nar with a P3HT regioregularity of �90%.

The radial distribution functions (RDFs, Fig. 1) for P3HT 12-
mers reproduce those reported by Do and co-workers,11

while the RDFs of the 100-mer are consistent with other lit-
erature data.11,37 The results show that modified dihedral
parameters (Fig. 1), apart from keeping the backbone more
rigid, do not change the description of the bulk polymer
packing. From the first peak (at 5 Å) of the Site-12Site-1
RDF (Site-1 represents center-of-mass of thiophene, see Fig.
1 for definition), it is evident that the thiophene backbones
do not stack on top of each other and that there is no crys-
tallinity arising from the simulations. Hence, the simulations
reported here represent the amorphous regions of the semi-
crystalline polymer. We note that, owing to the random char-
acter of the starting configurations, along with the absence
of explicit p-p interactions due to the isotropic nature of the
thiophene–thiophene interactions in the force field, it would
be difficult to observe the formation of a crystalline phase,
especially with such large molecular-weight polymers (e.g.,
for oligomers with more than 100 monomers)43 unless
Monte Carlo methods43 or emerging rare-event sampling
techniques are used.43 The RDFs for P3HT do not change
with Mw, indicating that the molecular packing in amorphous
P3HT is hardly dependent on Mw.

The calculated P3HT density varies modestly with oligomer
size, ranging from 1.043 to 1.053 g/cc. These values are
comparable to the experimental value of 1.16 0.05 g/cc for
crystalline P3HT.44,45 The minor density variations are due
to differences in contributions of the end and non-end
groups, which are related exponentially and linearly, respec-
tively, to the inverse of Mw.

46

The computed solubility parameters, although within the
noise of the simulations, decrease with increasing P3HT Mw

FIGURE 1 (top) Probability distribution of the angle between

the centers-of-mass of three consecutive thiophene units. Car-

toon in the inset showing the definition of the angle. (middle)

Probability distribution of the (S-C-C-S) inter-thiophene dihe-

dral angles (shown in the inset). (bottom) Radial distribution

functions (RDFs) among the component centers-of-mass (COM)

defined in the inset. Site-1 is the COM of the thiophene ring,

Site-2 is the COM for the propyl moiety closest to the thio-

phene, and Site-3 is the COM for the propyl moiety farthest

from the thiophene ring. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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up to the 100-mer and then increase, a feature observed in
other polymer simulations.47 We believe that the combination
of density variations and excluded volume effects, influenced
by the number of entanglements and entanglement length of
P3HT, results in the Hildebrand parameter trends. Across the
oligomer series, the calculated Hildebrand solubility parame-
ters48 (Table 2) are consistently smaller than the experimen-
tal value by some 0.5 (cal/cc)0.5. The contribution of the
dihedral angles to the total energy in the P3HT oligomers is
absent in the monomers, resulting in lower estimates of the
solubility parameters. Each of the four dihedral angles con-
tributes roughly 0.5 kcal (from 1-4 electrostatic and disper-
sion interactions), yielding a solubility parameter of 9.7 to
9.8 (cal/cc)0.5 for all the oligomers studied here. The Hansen
parameter for the dispersion contribution is 8.71 (cal/cc)5

and the combined polar hydrogen-bond contribution is 3
(cal/cc)0.5, which is comparable to the experimental value of
9.02 and 3.67 (cal/cc)0.5, respectively.49 These results confirm
that the OPLS-AA force-field parameters can be used to
obtain reliable cohesive strengths for P3HT.

Next, we turn our attention to the polymeric and entangle-
ment properties of P3HT as a function of Mw computed via
the Z1 software package,50–53 which computes the topologi-
cal constraints on the chains using the shortest connected
paths from MD trajectories. We also determined properties
such as the end-to-end <Ree> distances, modified and classi-
cal entanglement chain lengths (Ne) based on kinks and
coils, and primitive path contour length (Lpp). The P3HT
radius of gyration (RG) was evaluated using standard defini-
tion. Both <Ree

2> and <RG
2> and their ratio were calcu-

lated and are plotted in Figure 2.54 A slight discontinuity in
<Ree

2> and <RG
2> versus oligomer chain length (N) is

observed between the 50-mer and 100-mer. Although such
discontinuities are rarely noted, this is an indication of
changes in P3HT chain conformation. For oligomers> 100-
mer, the ratio of <Ree

2> and <RG
2> oscillates around 6.5,

indicating convergence. However, at extremely large N (very
high Mw P3HT> 100 kDa), that is, at the asymptotic limit of
N ! 1 the ratio should be equal to 6.52 Larger coarse-
grained simulations to study the accurate dynamics of such
chains is the focus of future investigations.

The value of Ne is based on a modified S-indicator for both
kinks and coils.53 Kinks are defined as segments where the
torsion angles are deformed greater than the cutoff angle
from a linear chain, and coils are identified when multiple
segments of one polymer chain are closer than the cut-off
distance to a particular segment of the same or other poly-
mer chain. Modifed S-kink esimators, even when converged
and the number of entanglements (<Z>) >> 1, underesti-
mate Ne,

53,55,56 while the modified S-coil estimators (see Fig.
3) overestimate Ne when <Z> is << 1. However, as <Z>
increases to >> 1, the entanglement length (via modified S-
coil estimators) converges to a realistic value of 60 (Ne) for
regioregular P3HT. As the number of monomers in the

TABLE 2 Density and Hildebrand Parameters for P3HT Oligom-

ers with Varying Chain Lengths

dT (cal/cc)1/2

P3HT

Oligomer

Density (gm/cc)

(60.003)

Simulation

(60.05) Experiment

12-mer 1.053 9.28 N/A

18-mer 1.043 9.25 N/A

24-mer 1.046 9.23 N/A

50-mer 1.044 9.18 N/A

100-mer 1.043 9.18 N/A

200-mer 1.046 9.21 N/A

400-mer 1.047 9.22 9.7649

FIGURE 2 <Ree
2> (squares), <RG

2> (circles), and <Ree
2>/

<RG
2> (triangles) as a function of oligomer chain length (N).

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 3 Modified S-coil estimators as a function of P3HT

chain length. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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oligomer chains increase, the value of Ne oscillates around
60 before reaching 45 for the 400-mer, which is similar to
other well-known polymers.50,57 The results from the ratio
<Ree

2> : <RG
2> and Ne indicate that at high Mw (beyond

200 monomer units in the oligomer) P3HT behaves as a
freely jointed polymer, that is, the polymer chain is long
enough such that the correlation between chain segements is
lost. As already noted, the persistence length of P3HT is 11–
12 monomer units and the equivalent effective freely jointed
segment length (twice that of the persistence length) are in
excellent agreement with the existing report.58 Interestingly,
the P3HT density is higher than that of most other com-
monly used polymers indicating strong packing; however,
the number of coils in the P3HT bulk is lower than that
observed to occur for polymers of similar chain length.59 We
note that coiling in P3HT can also impact the electronic and
optical processes of P3HT-based materials – for instance,
exciton diffusion along a chain is hindered as the electronic
couplings between adjacent segments are reduced.14,60,61

The primitive path contour length (Lpp) is defined as the
length of straight line paths overlaid on the contour of poly-
mer chains derived from MD simulations and connected
without intersecting the straight (contour) lines of the other
segments of same polymer. Information on the primitive
paths aid in computing other topological parameters, such as
entanglements and persistence lengths.50 Two distinct slopes
are observed when plotting <Lpp>

1/2 vs. N, indicating two
characteristic lengths for P3HT (Fig. 4). The smaller charac-
teristic length (�11, when the line connecting points from
the 50-mer to the 12-mer is extrapolated to y5 0) is the
persistence length. The ratio of the end-to-end length to the
contour tube length (Lpp) is an indication of the rigidity of a
polymer chain. Interestingly, this ratio is 1.0 for 12-mer, sug-
gesting that the persistence length for a regioregular P3HT
polymer is close to 12. This number is also approximately

equal to the number of monomer units required to appropri-
ately describe the electronic and optical properties of P3HT
with electronic-structure theories (e.g., 10 to 12 monomers,
3.5 to 4 nm).21,24,25 This is larger, however, than the persist-
ence length measured experimentally (5 to 7 monomers, 2
to 2.5 nm).62–64 Recall, however, that persistence length is
dependent on solvent conditions and regioregularity.65 As a
point of comparison, the persistence length of poly-
methylmethacrylate (PMMA), a widely used commercial poly-
mer, is 0.3 nm,66 which is an order of magnitude smaller
than that of P3HT and reveals the comparatively stronger
rigidity of the P3HT conjugated backbone. This result is con-
sistent with experiments for poly-(3-butyl thiophene),67 and
recent MD simulation results from using 20-mer 3-hexylthio-
phene (persistence length of �5.0–5.5 nm).68

The larger characteristic length (when the line connecting
points from the 400-mer to the 100-mer is extrapolated to
y5 0 in Fig. 4) indicates that Ne � 50. The ratio of end-to-
end length to Lpp is� 0.5 (for less than 200-mers) suggesting
that even though the polymer length is greater than Ne,

P3HT behaves like a semirigid polymer for chain lengths less
than 200 monomers and as a freely jointed chain for chains
larger than 200 monomers.54 This reveals that P3HT cohe-
sion should be highly limited due to insignificant entangle-
ments before reaching Ne (i.e., for Mw below �10 kDa). The
polymer chains, due to the low entanglement density, can
easily slide past each other under mechanical deformation
when the number of monomers in the polymer chains are
less than two-to-four times Ne (10–30 kDa). Interestingly,
the onset of the change in exciton coherence and morphol-
ogy of P3HT films occurs around 20 kDa (125 monomers),18

approximately two times Ne, indicating that inter-polymer
chain entanglements effect the exciton coherence lengths
within polymer films.

FIGURE 4 Primitive path contour length as computed as a func-

tion of oligomer chain length.

FIGURE 5 Uni-axial elongation modulus as a function of chain

length for P3HT. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Although we obtain values for Ne and the persistence length,
the results from all-atom MD simulations cannot directly
quantify the amorphous and crystalline domains in a P3HT
layer,18 due to the necessity of longer timescales for appro-
priate kinetics. Simulations with oligomers of 15 to 20
monomers are not able to reliably predict the properties of
amorphous polymer phases,19,69 and it appears to be fortui-
tous that simulations employing short oligomers provide
simulated X-ray scattering data for the crystalline phases
that coincide with experiment. Large coarse grained simula-
tions,70 especially with chain lengths greater than Ne and
accurate dihedral parameters, are required to demonstrate
that such morphological features can be obtained from simu-
lations. This suggests a word of caution concerning the inter-
pretation of phase segregation and polymer:fullerene blend
morphologies from simulations that make use of short
oligomers.71

In the remainder, we focus on the mechanical and deforma-
tion behavior of P3HT as a function of Mw. The uni-axial ten-

sile modulus computed for the 12-mer through 100-mer
P3HT systems converges to 1.6 GPa (Fig. 5) at a chain length
of 100 monomers, in agreement with experiment.31,34,72

Notably, the plot reveals that simulations of polymer:fuller-
ene mixtures73 require at minimum 50-mer chains (�Ne;
where the stress vs. strain curve shows a plateau stress).
Since the modulus is the stress response in the initially elas-
tic regime, the magnitude of this value does not change sig-
nificantly as long as the polymer chain length is�Ne, as
observed from the initial results of P3HT with varying chain
lengths (Figs. 6 and 7). The accurate description of the uni-
axial modulus, Ne, and persistence length points to the fact
that the force field employed to describe P3HT is accurate
and the results from these simulations can be used reliably
to understand experimental results.

The stress response curves upon elongation in the z-
direction (Fig. 6) reveal that P3HT shows greater stress
along the strain axis compared to the orthogonal directions
(marginally when P3HT is modeled with less than 50

FIGURE 6 Stress response of P3HT with different chain lengths when deformed along z-dimension at a strain rate of 0.1 nm/ps.

Bottom-right picture depicts the alignment of P3HT (cyan, red colored spheres) molecules along the z-direction within the P3HT

bulk (blue colored). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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monomers). The magnitude of the initial elastic response is
0.3 GPa for all chain lengths. However at 25% strain, cohe-
sive failure results when chain lengths are smaller than 50
monomers. Only when chains of 50 monomers or larger are
used is a plateau (yielding) stress observed. Polymer chains
under tension slide past each other causing frictional resist-
ance, which is indicative of entangled polymers and fibril for-
mation. A snapshot of fibril formation at a strain of 25% is
shown in the lower right panel of Figure 6. In addition, an
increase in the flow stress (at> 100% strain, stress required
by the polymer to expand at the given rate) is observed with
increasing chain length (see Fig. 7). Depending on the tem-
perature, the ratio of the maximum stress to the plateau
stress converges at 3 to 5 for either flexible or semiflexible
polymers with N/Ne� 8.74 A ratio of 4 is observed for P3HT
with 200 monomers, but for larger polymers the stress
response is primarily due to the tensile stress in the bonds
and, hence, the high stress values obtained for the 400-mer
system may be unrealistic [due to the use of the harmonic
bond approximation rather than the finite extensible nonlin-
ear elasticity (FENE) model]. Representative snapshots for
50-mer through 400-mer at 200% strain are shown in Fig-
ure 7. The noticeable presence of large voids within the sim-
ulation box diminishes with increasing P3HT Mw, and we
observe more uniformly stretched polymer backbones (opa-
que bonds) due to increased entanglements within the poly-
mer network.

Uniform elongation of polymer segments in a thin film is an
indication of consistent entanglements within the cross sec-
tional area. The cohesion energy is a function of the number
of entanglements per unit cross sectional area, since signifi-
cant contribution to the cohesion energy is due to plastic
deformation (mostly of the polymer) of the bulk heterojunc-
tion (BHJ) layer around the crack tip, which dissipates much
of the applied mechanical strain energy.24 The fracture
(cohesion) energy of a BHJ layer consisting of P3HT

(Mw< 53 kDa, 340 thiophene units) and a substituted fuller-
ene is measured to be 2.5 J/m2,23 and the fracture energy
increases with the increase in the polymer Mw.

24 Increased
cohesion indicates a larger number of entanglements near
the crack tip for P3HT Mw larger than 50 kDa (an increase
in cohesion with the increase in active layer thickness that is
akin to crosslinked polymers). This particular result is of
interest as at Mw � 50 kDa there is a noted change in the
exciton spatial distribution of P3HT, suggesting an associa-
tion between the mechanical and electronic characteristics.18

The simulations suggest that P3HT with chain lengths of 200
monomers or more can possess truly significant degrees of
entanglement. However, a chain length of 200 is smaller than
that determined experimentally (around 50 kDa [300 mono-
mers]) for the transition to either high cohesive strength24 or
entangled regions.18 Part of the complexitiy with P3HT arises
from its semicrystalline nature, since P3HT has no entangle-
ments within the crystalline domains. Hence, 200-monomer
P3HT should be considered a lower bound to observe both
crystalline and amorphous regions. For polymer:fullerene
BHJ, these results suggest that the amorphous regions of the
pure polymer phase should be large so as to provide signifi-
cant entanglement density to enhance fracture resistance.
Notably, the addition of fullerenes to the polymer decreases
the number of entanglements,73 and therefore even larger
Mw may be required for large cohesion in BHJ active layers.
The simulations presented here suggest that P3HT films with
good mechanical properties should occur for chain lengths
greater than 200 monomers (Mw> 35 kDa). The dynamics of
pure regioregular melt and mixtures of regio and random
P3HT will be the focus of future studies.

CONCLUSIONS

In conclusion, MD simulations were employed to study the
polymeric and mechanical properties of P3HT with varying

FIGURE 7 Stress response of P3HT with different chain lengths (when <Z> is greater than 1) when deformed along the z-direction

at a strain rate of 0.1 nm/ps. Representative simulation snapshots of P3HT polymer with varying chain lengths at � 200% strain.

Opaque bonds represent the P3HT thiophene backbone and the transparent bonds represent the alkyl side-chains. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Mw. The persistence length was shown to be 10 to 12 mono-
mers, which compares well with the observed polaron deloc-
alization lengths. The computed entanglement length of
P3HT is approximately 50 to 60 monomers, which is vali-
dated from multiple criteria; however, P3HT does not
strongly entangle until much larger Mw values (at least 200
monomers or 35 kDa) are considered.

By modeling the stress–strain response for P3HT, the uni-
axial tensile modulus was determined and the tensile stress
was shown to increase and converge for P3HT oligomers of
at least 100 monomers. Our results also suggest that for
regioregular monodisperse P3HT to resist deformation and
have high fracture energies, the Mw needs to be greater than
35 kDA. More importantly, the simulations reveal that very
long oligomer chains are required to accurately model the
amorphous and entangled regions in P3HT. This result is
critical not only for studying the mechanical properties but
also for accurately modeling the charge–carrier transport
properties since these can be can only be reliably described
for amorphous thin films in the limit of sufficient entangle-
ments. To understand the fate of a charge moving from a
crystalline to an amorphous segment within a bulk polymer
would require polymer chain lengths to be much larger
than Ne.

The results presented here are useful in the context of the
numerous studies evaluating the mechanical stability and
reliability of (opto)electronic active layers. Simulations can
aid in the determination of polymer Mw requirements for
device applications. However, it cannot be stressed strongly
enough that extreme care must be taken in the theoretical
determination of these properties owing to the wide variety
of chemistries currently in use and limited force-field param-
eters for p-conjugated molecules and polymers.
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