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ABSTRACT: We investigate the relationship between molecular order
and charge-transport parameters of the crystalline conjugated polymer
poly(3-hexylthiophene) (P3HT), with a particular emphasis on its diﬀerent
polymorphic structures and regioregularity. To this end, atomistic
molecular dynamics is employed to study an irreversible transition of the
metastable (form I′) to the stable (form I) P3HT polymorph, caused by
side-chain melting at around 350 K. The predicted side-chain and
backbone−backbone arrangements in unit cells of these polymorphs are
compared to the existing structural models, based on X-ray, electron
diﬀraction, and solid-state NMR measurements. Molecular ordering is
further characterized by the paracrystalline, dynamic, and static nematic
order parameters. The temperature-induced changes of these parameters are linked to the dynamics and distributions of
electronic coupling elements and site energies. The simulated hole mobilities are in excellent agreement with experimental values
obtained for P3HT nanoﬁbers. We demonstrate that a small concentration of defects in side-chain attachment (90% regioregular
P3HT) leads to a signiﬁcant (factor of 10) decrease in charge-carrier mobility. This reduction is due to an increase of the
intermolecular part of the energetic disorder and can be traced back to the ampliﬁed ﬂuctuations in backbone−backbone
distances, i.e., paracrystallinity. Furthermore, by comparing to poly(bithiophene-alt-thienothiophene) (PBTTT) with its higher
hole mobility, we illustrate how transport in P3HT is disorder limited as a result of its side-chain structure.
ﬁeld-eﬀect mobilities of 10−5cm2/(V s).7 Within ten years,
mobility could be increased by three orders of magnitude by
choosing rr-P3HT.8 PTs have also been tried in OLEDs,
though less successfully because of their low photoluminescence
quantum yield, i.e., high probability for nonradiative as
compared to radiative recombination of electron−hole pairs.9
The ﬁrst use of P3HT as a donor in an organic solar cell was,
however, very much a success: With methanofullerence
(PCBM) as an acceptor, the power conversion eﬃciency for
the bulk-heterojunction was measured to be 4.4%, which back
in 2005 was the highest-yet achieved eﬃciency in polymerbased solar cells.10
By 1993, the reason for the remarkable transport properties
of rr-PATs was identiﬁed to be the exceptional supramolecular
ordering and self-assembly properties of these polymer
materials,11−13 which clearly distinguished rr-PATs from their
regiorandom isomers. rr-PATs structures were not only found
to be partially crystalline but also polymorphic with respect to
backbone and side-chain ordering.14 In addition to regioregularity, a range of other factors has been shown to impact
photophysical and transport properties, such as molecular
weight, polymorphism, and polydispersity.15−18 Several shortcomings of rr-P3HT were also identiﬁed, most notably the high

I. INTRODUCTION
Thiophene-based conjugated polymers have accompanied, if
not originated the growing interest in conductive polymer
materials and their application in organic ﬁeld-eﬀect transistors
(OFETs) and organic photovoltaics (OPV).1 By far the most
studied representative of this class of materials is poly(3hexylthiophene) (P3HT) with its regioregular (head-to-tail)
isomer (see Figure 1a), as ﬁrst synthesized by McCullough in
1992.2
While a rudimentary description of the thiophene compound
itself can be found as early as 1883,3 the ﬁrst polymerization
reactions with high yield and small concentrations of impurities
were reported only in 1980.4,5 The reason is the strong
interaction of the conjugated backbones, rendering them
essentially not processable, with up to 78% of the product
being neither soluble nor meltable.1 A more soluble derivative
was desirable and, for this purpose, Elsenbaumer reported the
synthesis of easily processable poly(alkylthiophenes) (PATs) in
1986.6 Solution-processed into thin ﬁlms and doped, these
materials could exhibit reasonable conductivities limited,
however, by the disorder resulting from a regiorandom
attachment of the side chains to the thiophene monomers.
It was the synthesis of regioregular (rr) P3ATs by
McCullough in 1992 that had a fundamental impact on device
performance and eventually paved the way for applications in
OFETs and OPV cells. The very ﬁrst OFET device with
polythiophene as the semiconducting channel (1986) featured
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Figure 1. (a) Chemical structure of P3HT with atom names (left residue) and atom types (right residue) as used in the force ﬁeld. (b) Force ﬁeld
and DFT scan for thiophene-hexyl (top) and thiophene−thiophene dihedral (bottom). Here ±180° corresponds to the trans, 0° to the cis
conformation. Energies around 0° in the thiophene−hexyl scans peak at 45 kJ/mol, a result of steric repulsion between the Cβ hydrogens and the
sulfur of the adjacent repeat unit.

The crystalline molecular arrangement has also been linked
to the density of states of P3HT,35 demonstrating that the
conjugation length is not sensitive to defects in side-chain
attachment (degree of regioregularity), and implying that the
mobility reduction is related to interchain transport. It has
furthermore been shown for amorphous melts of P3HT that
electrostatic energetic disorder has a stronger localizing eﬀect
than breaks in conjugation.42
Establishing a link between morphology and charge transport
properties in P3HT nanoﬁbers is the main goal of our work. In
particular, the focus will be on the eﬀect of polymorphism and
regioregularity on hole transport, i.e., the distribution and
dynamics of site energies, electronic couplings, charge transfer
rates, and, ﬁnally, the hole mobility. The paper is organized as
follows. A summary of simulation techniques is provided in
Methodology, section II. Crystalline phases of P3HT, as well as
temperature-induced transitions between them are analyzed in
section III, where several structural order parameters are
introduced. With the help of these order parameters, the
changes in the hole mobility are then linked to the changes in
crystalline morphology in section IV. A brief summary is given
in section V.

side-chain density. In P3HT it prevented side-chain interdigitation at ambient temperatures14,19,20 favoring more
disordered (with respect to side chains and possibly backbone21) thermodynamic phases. The same high side-chain
density promoted an additional σ-orbital density spill-out from
the alkyl side chains into the delocalized π-system, resulting in a
relatively high energy of the highest occupied molecular orbital
and low ionization potential, deteriorating hole extraction in
solar-cell devices as well as increasing susceptibility to
oxidation.22,23 Finally, from the perspective of chemical
synthesis, the noncentrosymmetric thiophene monomers
limited the choice of polymerization techniques, with the risk
of batch-to-batch variability.23,24 Pinpointed limitations inspired
the synthesis of new materials, in particular hyperbranched
thiophenes,25−27 donor−acceptor polymers,28 and polymers
with lower side-chain density,29 with the prospect of improved
device performance.
In spite of a certain saturation in the ﬁeld, a fairly recent
development is the fabrication of P3HT supramolecular selfassemblies, such as spherulitic structures30 and crystalline
nanoﬁbers,31−33 which by now can be performed with excellent
reproducibility, thanks to the current degree of control over the
synthesis and processing of P3HT. These supramolecular
structures oﬀer, to some degree, a better control over chain
ordering, and can hence facilitate improvement of OFET and
OPV devices.13
Polythiophenes have been extensively studied using various
simulation techniques, ranging from ﬁrst-principles34,35 to
atomistic36−38 and coarse-grained methods.39−41 At the forceﬁeld level of modeling, atomistic molecular dynamics
simulations were carried out to characterize molecular ordering
in pure amorphous (high-temperature) melts and pure
crystalline domains of rr-P3HT.36 The authors observed an
onset of polymer self-assembly upon quenching the amorphous
polymer melt to room temperature. Since all-atom MD
simulations are not capable of modeling the formation of
lamellar structures, more coarse-grained models were developed, e.g., by combining groups of atoms into superatoms
interacting via (isotropic) potentials of mean force,39 which,
however, were not able to capture the anisotropy of π−π
interactions. To remedy the situation, empirical soft-core
potentials were introduced in ref 41 in order to model biaxial
order in a nematic mesophase of a P3HT melt.

II. METHODOLOGY
A. Molecular Dynamics. To study the backbone and sidechain thermal ﬂuctuations and ordering we employ molecular
dynamics (MD) simulations. Here we will be dealing with
highly ordered, crystalline to semicrystalline mesophases of
P3HT and therefore time scales accessible to MD simulations
(∼microseconds) are long enough to adequately sample local
chain ordering. At the same time, MD provides an atomic-scale
morphology needed for the characterization of charge-transport
parameters from ﬁrst principles.
Since MD simulations rely on an appropriately parametrized
functional form of the potential energy surface (PES), we ﬁrst
adapt the OPLS-AA43,44 force ﬁeld by performing ﬁrst
principles calculations of a single chain (tetramer) PES in
vacuum, in line with the earlier reparametrization of the
thiophene−thiophene torsion potentials and partial charges on
oligomers of P3ATs.37 Particularly important are the dihedral
potentials between thiophene units and between a thiophene
unit and a partially conjugated side chain, potential energy
surfaces of which are shown in Figure 1b. Figure 1a illustrates
atom types as used in the deﬁnition of bonded potentials. The
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to the local electric ﬁeld created by the surrounding, i.e., they
are functions of molecular positions and orientations within
some volume around the pair.54,55 The potentials that give rise
to site energies are calculated self-consistently using the Thole
model,56 reparametrized on the basis of the atomic polarizabilities and partial charges for a cation and a neutral
molecule. For details, see the Supporting Information.
Reorganization energies λij were evaluated via density
functional theory (DFT) from the potential energy surfaces
of a single molecule in a cationic and neutral state using the
B3LYP functional and the 6-311+g(d,p) basis set. Since in a
P3HT crystal the backbone is planar and large deviations from
planarity are restrained by nonbonded interactions with
neighboring chains, λcon = 0.103 eV of a 20-mer was used to
evaluate the rates.
Charge-carrier dynamics was modeled by solving the master
equation for a charge carrier drift-diﬀusion in an applied electric
ﬁeld. All charge transport calculations were performed using the
VOTCA package.55

force-ﬁeld parameters for a number of bonded degrees of
freedom and GROMACS input ﬁles for a single chain are
available in the Supporting Information.
Starting conﬁgurations used in molecular dynamics simulations are prepared from preoptimized supercells that are
themselves obtained from multiplication of unit cells adapted
from experimental input after saturating the end groups with
hydrogens (see section IIIA for details). Molecular dynamics
simulations are performed in the NPT ensemble using the
anisotropic Berendsen barostat45 and a canonical velocityrescaling thermostat46 as implemented in the GROMACS
simulation package.47
All simulations are performed using chains of 20 thiophene
units, formally corresponding to a molecular weight of 3.3 kDa.
However, taking into account periodic boundary conditions as
well as high crystallinity of the systems studied, our simulations
mimic high molecular-weight P3HT. Structure optimizations
using a steepest-descent method followed by a short stochastic
dynamics run at low temperature with high friction constants
are performed on Na × Nb × Nc = 5 × 10 × 20 supercells,
whereas larger, 10 × 40 × 20, supercells are used for all MD
runs. Here, Na, Nb, Nc correspond to the number of lamellae,
number of chains in the π-stack, and number of monomers per
chain, respectively.
We investigate two diﬀerent regioregularities of 100%
(P3HT-100) and 90% (P3HT-90) regioleft P3HT. The
disruption in the regioregularity is enforced on a per-chain
basis: Starting from the P3HT-100 supercells, for each chain,
two randomly picked regioleft thiophenes are converted into
the regioright isomer by appropriately adapting bonded and
nonbonded interactions as well as partial charges. This
eventually leads to P3HT-90 morphologies where each chain
is unique within the limit of random sampling. Initial atomic
overlaps are removed using a steepest-descent method.
B. Charge Transport. The diabatic states48 ϕi, ϕj of the
charge-transfer complex are constructed from the highest
occupied molecular orbital of an optimized (B3LYP functional,
6-311g(d,p) basis set) P3HT 20-mer. To account for the
variation of dihedral angles along the polymer backbone, the
orbitals are rotated into the respective coordinate frames of the
thiophenes. The electronic coupling elements, Jij = ⟨ϕi|Ĥ ij|ϕj⟩,
with Ĥ ij the dimer Hamiltonian, are calculated for each
molecular pair (ij) from the neighbor list using the semiempirical ZINDO method.49−51 A pair of molecules is added to
the list of neighbors if the distance between the centers-of-mass
of any of the thiophene groups is below a cutoﬀ of 0.5 nm. This
small, fragment-based cutoﬀ insures that only nearest neighbors
are added to the neighbor list.
Assuming charge localization and nonadiabatic transport, the
charge hopping rates can be computed using the hightemperature limit of the semiclassical Marcus charge-transfer
theory52
ωij =

Jij 2
ℏ

⎡ (ΔE − λ )2 ⎤
π
ij
ij
⎥
exp⎢ −
4λijkBT ⎦⎥
λijkBT
⎣⎢

III. MORPHOLOGY
The supramolecular ordering in lamellar crystals is responsible
for the remarkable charge-transport properties of P3HT. The
crystalline packing has therefore been studied extensively20 and
from the early days on there have been indications that P3HT
is polymorphic, i.e., adopts diﬀerent crystalline structures
depending on the solvent used, the annealing temperature, as
well as the processing conditions. In 1992, Prosa et al. by means
of X-ray diﬀraction proposed an “inverse-comb” molecular
arrangement,57 that is a lamellar structure of π-stacked
thiophene backbones with alkyl side chains as spacers between
adjacent stacks, and possible ordering of the side chains across
the lamella−lamella interface. Even until now, the ﬁne details of
this structure could not be resolved entirely, with open
questions concerning the tilt of the thiophene backbone as
well as the packing and order of alkyl side chains.
The most prevalent structure of P3HT is the polymorph I,
which is observed after annealing and therefore is the most
relevant for organic electronics. It has a monoclinic unit-cell
(for bulk P3HT samples XRD provides a = 1.60 nm, b = 0.78
nm, c = 0.78 nm58). In 2010, an electron-diﬀraction study59
proposed a tilted backbone orientation in a unit cell, in
agreement with DFT-based calculations.60
A polymorph II has been found to have a signiﬁcantly smaller
unit cell dimension along the a-axis and thus assumed to have
interdigitated alkyl groups,14,61 which distinguishes it from form
I. Upon heating, form II irreversibly transforms into form I.
This phase transition is accompanied by a change in unit-cell
dimensions, with interlayer spacings increasing and intrastack
distances decreasing. A similar ﬁrst-order phase transition has
been described recently by a combined infrared-spectroscopy
and wide-angle X-ray diﬀraction study21 for a noninterdigitated
metastable polymorph that transforms into the stable form I,
hence establishing a third polymorph I′.
A. Crystalline Packing and Polymorphism. In this work,
we focus on the structure most relevant for organic electronics,
i. e. P3HT with noninterdigitated side chains, polymorph I, as
well as polymorph I′, through which we have obtained the
former. We ﬁrst checked the stability of a proposed molecular
arrangement in the monoclinic unit cell (form I59) for a
completely regioregular P3HT-100. This cell has a tilted
backbone and side-chains oriented along the short diagonal of
the a-b plane of the unit cell with an angle of 86.5° between the

(1)

where T denotes the temperature; Jij, the electronic coupling
element between molecules i and j; ΔEij = Ei − Ej, the site
energy diﬀerence; and λij, the reorganization energy. As such,
the charge transfer rate, ωij, is very sensitive to the molecular
alignment, or morphology. To some extent, Jij depends only on
the relative positions and orientations of molecules i and j,53
while the site energies Ei and Ej also include contributions due
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Figure 2. Regioregular poly(3-hexylthiophene) unit cells of polymorphs I′ (a) and I (b) as obtained from molecular dynamics simulations after a
steepest descent to the local energy minimum. Note the diﬀerence in backbone tilt from 25° (I′) to 0°, measured with respect to the a-c plane.

transitions can be observed, with the onset of the ﬁrst one at
around 350 K. We hence completed the heating cycle by
cooling down both P3HT-100 and P3HT-90 from 425 K (i.e.,
well below the melting temperature) to room temperature, and
subsequently performed a second heating cycle up to the
melting regime. In what follows, we will show that the
transition at low temperatures is related to melting of the side
chains, and therefore refer to the systems that underwent the
heating and cooling cycle as CA-100 and CA-90 as opposed to
CC-100 and CC-90, in order to highlight that the backbone is
crystalline (C) even in the samples that were subjected to the
full cycle, whereas side chains have entered a more disordered,
amorphous (A) state. We thus study the temperature behavior
of four systems that diﬀer with respect to regioregularity (90%
and 100%) and crystallinity of side chains (CC and CA). Unit
cells and MD snapshots of the regioregular systems, CC-100
and CA-100, are shown in Figure 2 and Figure 3, respectively.
We will now investigate more closely how the temperature
behavior, in particular the phase transition at around 350 K, is
reﬂected in unit cell dimensions and dynamic, static, and
paracrystalline order parameters for the side-chain and
backbone structure.
B. Unit Cell. Figure 4a,b summarizes the temperature
behavior of the a and b vectors for all four systems. Note that a
is related to the interlamellar spacing and b to twice the πstacking distance as well as the backbone tilt angle. The c vector
of the unit cell remains unchanged, since it is oriented along the
covalently bonded backbone. By comparing CC-100 and CA100 at 300 K it becomes obvious that the a vector (Figure 4a)
increases in magnitude by roughly 0.1 nm, whereas the b/2
distance decreases from 0.40 to 0.38 nm. Note that the same
changes in unit-cell dimensions have been detected experimentally by means of X-ray diﬀraction for the transition from
form II to form I14 for P3ATs as well as from the recently
proposed form I′ to form I21 for P3HT.
The expansion along the a axis can be easily understood for
both phase transitions: In the former case, side chains change
from an interdigitated to noninterdigitated conﬁguration,20
whereas in the second case, as can be seen in Figure 2, the
expansion is largely due to the more extended side chains.

a- and b-axis. The space group P21c necessitates a crystal basis
of at least two π-stacked dimers. The relative shift of these two
dimers is not clearly speciﬁed, hence we set up unit cells with
varying interlevel shifts. The structural model employed in this
electron-diﬀraction study underestimates the carbon−carbon
bond length in the hexyl side chains by about 0.1 Å. Correcting
the distances to the OPLS-AA bond length of 1.529 Å requires
rescaling of the a- and b-axis to avoid overlap of the alkyl chains
of neighboring unit cells, which increases the dimensions of the
unit cell to values somewhat larger than those reported in ref 59
(a, b, c ∼ 1.6 nm, 0.78 nm, 0.78 nm). Moreover, these
structures f latten entirely upon optimization such that the
normals of the thiophene rings align with the b-axis and the
hexyl side chains with the a-axis of the unit cell, leading to a
signiﬁcantly enlarged interlamellar spacing of more than 1.7
nm.
What eventually proved successful to obtain a tilted
backbone was to (1) orient the hexyl chains along the long
diagonal of the unit cell (this is the same as switching from γ =
86.5° to γ = 93.5°) in order to create space for them to extend,
(2) adjust the relative dimer shift to maximize the distance
between the side-chains of the two dimers, (3) let the side
chains relax to a low-energy conformation according to the PES
in Figure 1b while constraining the backbone to the nontilted
conformation, and (4) release both side chains and backbone.
Hence, starting from a planar π-stack, the backbone can relax
freely to its low-energy tilted conformation. The result of this
optimization is shown in Figure 2a and the projections of the
corresponding MD snapshot is shown in Figure 3a−c. As we
will show later, this is the polymorph I′ and not the
thermodynamically favored polymorph I.
To study the phase transitions accessible to molecular
dynamics, we simulate the obtained supercell at eight
temperatures spaced 25K apart over the temperature range
from 300 to 475 K, with the temperature raised linearly over a
time interval of 1 ns and subsequent equilibration for 2 ns. We
follow this procedure for both the high-regioregularity, P3HT100, and medium-regioregularity, P3HT-90, case.
In order to introduce naming conventions for the studied
morphologies, we mention already here that, upon heating, two
8944
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Figure 3. Regioregular poly(3-hexylthiophene) lamellar crystals of polymorphs I′ (a−c) and I (d−f) as obtained from molecular dynamics
simulations. Projections are constructed along the (a, d) [001], (b, e) [010], (c) [110], and (f) [210] crystal direction. Note the degree of
interlamellar correlation mediated by the hexyl side chains even in their disordered phase.

The π-stacking distance of 0.38 nm matches well with what is
reported in literature for the stable polymorph I, for example by
a combined X-ray diﬀraction and solid-state NMR study.62
Indeed, contrary to results from earlier theoretical and
experimental studies,34,59 this recent study suggested a
nontilted structure for polymorph I, as we ﬁnd for CA-100
and CA-90. Furthermore, the nature of their structural model
with respect to the tilting of the side chains appears to agree
well with what we ﬁnd for these two systems in our simulations.
Considering additionally the temperature stability of CA-100

Furthermore, in CA-100, the backbones are no longer tilted
with respect to the a-c plane. This is clearly reﬂected in the
contraction of the unit cell along the b axis. Note that this is not
related to shorter π−π distances: Even though the b vector
decreases in size, the distance of the planes that incorporate the
backbones increases from 0.36 to 0.38 nm. The putative
decrease is hence due to the interplay of (1) the tilted to
nontilted transition, (2) the slightly staggered conﬁguration of
the backbones in CC-100 and CC-90, and (3) the monoclinic
angle of 86.5°, which interestingly remains the same for all
conﬁgurations.
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Figure 4. (a, b) Unit-cell changes upon heating over the temperature range from 300 to 475 K reﬂecting the interlamellar spacing (a) and stacking
distance (b). Note that the actual π-stacking distance increases in spite of the decrease in b/2. (c, d) Dynamic and nematic order parameters of the
thiophene normal over the temperature range from 300 to 475 K. (e, f) Paracrystallinity measured along the c and b axes. Note the 2-fold increase in
g in the materials with reduced regioregularity. The transition from form I′ to form I can be seen best from the changes in unit-cell dimensions as
shown in parts a and b. The onset of melting is reﬂected in the nematic order (part c). Since we are dealing with small system sizes, transitions are
broad and transition temperatures can only be qualitatively assigned.

simply the staggered stacking with a sizable tilt angle. In
simulations, the tilt angle of CC-100 amounts to roughly 25°,
and is accompanied by a b/2 = 0.40 nm. For form II, one would
hence expect a tilt considerably larger than these 25°.
Irrespective of the value for the tilt angle, the apparent decrease
in b/2 upon heating should be related to a planarized backbone,
indicating that both forms I′ and II have tilted backbones, with
the tilt measured against the a−c plane. We hence identify our
system CC-100 with the polymorph I′.
It should also be pointed out that CC-100 features
interesting similarities with the structural model proposed for
epitaxied thin ﬁlms of regioregular P3HT.59 This electron-

and CA-90 up to the melting regime, we identify the CA form
as P3HT polymorph I.
Further consistency is achieved in terms of the b-vector
contraction as also observed experimentally for the II-to-I phase
transition, investigated for P3ATs,14 and the I′−I phase
transition investigated for P3HT:21 In either case, b decreases.
Speciﬁcally, for P3HT form II, b/2 = 0.44 nm has been
reported,63 combined with an exceptionally short interlamellar
distance of only 1.18 nm. This very small magnitude of the avector is most likely due to interdigitated side chains and a
strongly tilted backbone. The latter should hence account for
the large b/2, which is not due to increased π−π distances, but
8946
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Figure 5. Change in the distribution of dihedral angles ϕ(CAL/R-CBL/R−C1-C2) over the temperature range from 300 to 475 K in intervals of 50
K. ϕ = 0° corresponds to the trans, and ±180° to the cis conformation. Note how the structural transitions from CC-100 to CA-100 and CC-90 to
CA-90 are accompanied by a population increase in trans conformers.

diﬀraction study is conceived to describe P3HT form I,20
however, both the numerical value for the backbone tilt as well
as the proposal of an (orthogonal) subcell for the crystallized
side chains, which becomes visible upon projection along the
[120] direction, go in line with our ﬁndings. Indeed, a previous
study has expressed doubts about to which degree the structural
model of ref 59 is applicable to the thermodynamically stable
polymorph.62 Also, the form I′ has been observed for P3HT
crystallized by means of an extremely slow evaporation rate of
the solvent at slightly lower than room temperature. It is hence
plausible that both epitaxy and slow evaporation rates favor the
crystallization into form I′.
To summarize, analysis of the unit-cell dimensions allowed
us to identify the (irreversible) transition from P3HT
polymorph I′ to I upon heating. This transition is characterized
by a reorganization of both side chains and conjugated
backbone: The interlamellar spacing increases, while the
transition from a tilted to nontilted backbone leads to a
putative decrease in the b (π-stacking) vector, which eﬀectively
translates into an increase in backbone−backbone distances.
We will now study in more detail static and dynamic properties
of backbones and side chains upon this transition.
C. Side-Chain Conformations. In terms of side-chain
structure, one of the key determinants is the conﬁguration of
the partially conjugated dihedral that connects the hexyl groups
to the thiophene units. Distributions for this dihedral angle are
shown in Figure 5. At low temperatures, systems CC-100 and
CC-90 (Figure 5a,c respectively) are well ordered in the sense
that it is mostly the single-chain potential minimum around 90°

that is populated (compare to the PES in Figure 1, but take into
account the diﬀerent convention used with 0° indicating the cis
and ±180° the trans state). Note that the maximum of the
population is shifted away from the single-chain PES minimum
toward the trans conformation by ca. 30° due to the eﬀects of
crystal packing. For CC-100, there is an abrupt increase in the
fraction of hexyl groups that adopt a trans conﬁguration upon
heating above 350 K. The same change is observed for CC-90.
However, due to the 10% regioright isomers mixed into an
otherwise regioleft system, defects are introduced, such that
already at room temperature a certain fraction of dihedrals
populates the potential minimum that is associated with trans
conformers. For systems CA-100 and CA-90 (Figures 5b,d
respectively), the abrupt increase in trans conformers upon
heating is not observed. A large fraction of trans conformers is
hence characteristic of polymorph I, whereas side chains in
form I′ tend to localize in the single-chain PES minimum. This
is in qualitative agreement with solid-state NMR results that
suggest weak coupling between the C4 atom CBR of the ﬁvering and the Cα hydrogens H1a and H1b (see Figure 1 for
reference).62 This is the case when these hydrogens are twisted
as far as possible away from the thiophene unit, which can only
be realized by arresting the CAL−CBL−C1−C2 dihedral in a
trans-type conformation.
D. Side-Chain Mobility. In the previous section, we have
addressed the temperature- and regioregularity-induced
changes in dihedral-angle populations. Here we investigate
whether the structural transition mirrored by these populations
is accompanied by a change in side-chain mobility. To this end,
8947
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Figure 6. Decrease in dynamic order of side chains, estimated from the dynamic order parameter of successive carbon−carbon bonds in the hexyl
group while heated over the temperature range from 300 K (purple) to 475 K (brown) in intervals of 25 K. Bond index 0 labels the C3−Cα bond,
index 1 labels the Cα−Cβ bond, and so forth.

signiﬁcantly more ordered in the low-temperature polymorph
I′. Speciﬁcally, the packing of the terminating methyl groups is
reported to get more disordered when switching to the
thermodynamically stable polymorph. Our simulations suggest
the same trend, with the dynamic order parameter for the
methyl group decreasing from S = 0.80 in CC-100 at 300 K to a
value of S = 0.40 calculated for CA-100 at the same
temperature. A value of S = 0.80 for the terminating carbon−
carbon bond is perhaps surprising since the paradigm of
crystalline side-chain domains in regioregular/regiorandom
P3HT is somewhat more recent.58,68,69 Side-chain melting
has also been studied by 13C solid-state NMR in relation with
the II-to-I phase transition19 (note that the authors use
interchanged labels II and I, opposite to the convention in this
work). Comparing with our simulations, however, it seems
possible that the authors investigated the side-chain melting
transition that we observe in CA-100 (i.e., form I′), since the
backbone is reportedly unaﬀected and disordering in the side
chain appears rather subtle. Indeed, dynamic order parameters
for CA-100 from simulations match within ±0.1 what is
measured there.
For the systems of medium regioregularity, CC-90 and CA90, the qualitative picture remains the same. At low
temperatures the side chains in CC-90 are more mobile than
in CC-100, converging to similar values upon increasing
temperature. This is expected since at high temperatures side
chains are in an entirely disordered state and defects in sidechain attachment no longer have an impact on chain dynamics.
At low temperatures, however, the increased disorder makes

we calculate the dynamic order parameters associated with the
hexyl bonds, which can also be extracted from solid-state NMR
measurements64−67
S=

1
N

N

⎛ 3 (i) (i) 2
1⎞
⎜ (M⃗
·m⃗ ) − ⎟
2
2⎠

∑⎝
i=1

(2)

where M⃗ (i) =⟨m⃗ (i)⟩, ⟨···⟩ denotes time averaging, N is the
number of molecules in the system, m⃗ (i) is the instantaneous
vector of interest (e.g., the bond vector of neighboring carbons
in the case of alkyl side chains). S = 1 implies a constant in time
for the bond orientation, while S < 1 indicates that the
orientation is changing over time. Figure 6a−d illustrates the
temperature behavior of the hexyl side chains, where the
carbon−carbon bonds are used as vectors m⃗ and indexed
according to their distance from the C3−Cα bond. With CC100 (Figure 6a), the side chains are initially in a highly
crystalline state. Upon increasing the temperature, two melting
transitions can be observed. We can link the low-temperature
transition around 350 K to the I′−I phase transition, and the
second high-temperature transition beyond 425 K to the
melting regime of the backbone. Note that the system CA-100
undergoes additional side-chain melting as of 375 K, which is
reﬂected in a larger-than-linear decay in side-chain mobility.
Side-chain reordering in P3HT has been linked experimentally to crystal−crystal phase transitions both for the I′-to-I21
and II-to-I transitions.14 In ref 21, increased disorder in side
chains was evidenced by band shifting in infrared spectra when
going from I′ to I. The authors ﬁnd hexyl groups to be
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Figure 7. Distribution of distances between successive monomers of neighboring chains for two polymorphs, each with high and medium
regioregularity along the (a) [001], (b) [010], and (c) [100] crystal direction. Note the high concentration of slipping-type defects caused by
regioregularity defects in CA-90, graph c.

Nematic and dynamic order parameters for the thiophene
normal vector as a function of temperature are shown in Figure
4, parts c and d, respectively. For all four systems, S exhibits a
linear decrease with temperature. This is in agreement with ref
19, where the authors found that disordering of the side chains
does not aﬀect backbone dynamics, with the associated NMR
order parameter as high as S(C4−H) = 0.92, in good
agreement with what we ﬁnd at 300 K for CA-100. Defects
in the regioregularity lead to a slightly enhanced mobility of the
backbone, with a constant oﬀset from the regioregular case as
small as 0.01.
The eﬀect of defects in regioregularity on the static order, Q,
shown in Figure 4c, is very diﬀerent. First, an oﬀset of ca. 0.08
separates CC-100/CA-100 from CC-90/CA-90, indicating that
a signiﬁcant amount of static disorder is introduced in less
regioregular systems. Furthermore, the phase transition from I′
to I clearly shows in the temperature behavior of Q, and,
surprisingly, the decreased order in the side chains is in this case
accompanied by increased nematic order. This can only be
rationalized in terms of the backbone rearrangement, which
changes from tilted over to nontilted. At higher temperatures
(425 K) the onset of the backbone melting manifests itself as an
abrupt decrease in nematic order.
F. Backbone Paracrystallinity. Finally, to quantify the
degree of positional disorder of the conjugated subunits along
speciﬁc crystal directions, the paracrystallinity parameter ghkl is
evaluated as

the I′ to I transition less pronounced for CC-90 compared to
CC-100. In fact, for CA-90, the temperature behavior is almost
linear, with virtually no side-chain melting taking place as was
observed for CA-100. Interestingly, at low temperatures, side
chains in CA-90 are less mobile than in CA-100, which is due to
the glassy state induced by the defects in regioregularity.
As a ﬁnal aspect of side-chain ordering, we will comment on
the degree of interlamellar ordering, as has been investigated
experimentally.19,57,58 It is interesting to note that in spite of the
absence of side-chain interdigitation between chains of
neighboring lamellae, simulations suggest considerable interlayer ordering for CA-100, i.e., form I, as is indicated in Figure
3. With increased disorder in side chains, this positional
correlation decays. Indeed, for CA-90, over the time of the MD
simulations, lamellae underwent a slow undirected gliding
motion alongside each other. Whether side-chain melting by
itself promotes this decorrelation, as suggested in ref 58, we
cannot state with certainty due to the short time scales
accessible via MD.
E. Backbone Ordering. So far we have limited the
discussion to structural rearrangements of alkyl side-chains.
For charge transport, however, the backbone packing and
dynamics is more important. In this section we will characterize
the dynamics and ordering of polythiophene backbones. To
this end, we use three types of order parameters: dynamic (as
already employed for the side chains), nematic and paracrystalline.
First, the orientational ordering of the conjugated subunits in
the polymer backbone is assessed by the nematic order
parameter Q,70 i.e., the largest eigenvalue of the nematic order
parameter tensor, Q̂
Q αβ =

1
N

N

⎛ 3 (i) (i) 1 ⎞
⎜ u u
δαβ ⎟
α β −
2
2 ⎠

∑⎝
i=1

2
ghkl
=

⟨dhkl 2⟩ − ⟨dhkl⟩2
⟨dhkl⟩2

(4)

where dhkl is the distance between the centers of mass of two
closest conjugated subunits, projected on the [hkl]-direction.
We calculate ghkl for two crystal directions, [010] corresponding
to the π-stacking direction, and [001] corresponding to the
long axis of the polymer chains. The temperature dependence
of g001 and g010 is given in Figure 4, parts e and f, respectively.
As for the nematic order parameter, both the I′-to-I and
melting transition appear in the temperature characteristics of
CC-100 and CC-90, with systems CA-100 and CA-90 featuring
an otherwise linear temperature dependence in g001 and g010. It
is striking, however, how a reduction in regioregularity by 10%
leads to a twofold increase in paracrystallinity. For instance,
comparing CA-100 to CA-90 at 300 K, g001 increases from 7%
to 14%. As a qualitative measure, highly crystalline materials

(3)

Here N is the number of conjugated subunits (thiophene rings)
and u(i)
⃗ denotes a vector perpendicular to the conjugated planes
of these units. Q = 1 implies perfect alignment of the unit
vectors u⃗ and Q = 0 corresponds to an isotropic angular
distribution of these vectors. This should be contrasted with the
dynamic order parameter S, which does not correlate unit
vectors u⃗ among each other, but rather a vector u⃗ against its
time average. Hence, for an amorphous glass at zero
temperature Q = 0, whereas S = 1.
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Figure 8. (a) Densities of state together with Gaussians ﬁtted to CC-100, CA-100, CC-90. Note the aberration from a Gaussian line shape found for
CA-90, which results from slipping defects in the lamellar stack. (b) Distributions of squared electronic couplings. (c) Distribution of lamellar
mobilities. Vertical lines indicate averages. The gray bar includes the range of mobilities measured in P3HT nanoﬁbers.32,73,74 (d) Autocorrelation
functions for site energies (squares) and transfer integrals (circles) compared to the tail distribution of escape times (triangles). Color coding
conforms to graphs a−c.

feature g’s of less than 1%. A g value between 1% and 10% is
associated with paracrystalline materials. g > 10% is indicative of
melt-like systems.71 Thus, paracrystallinity is a convenient order
parameter when one needs to distinguish between the degree of
side-chain regioregularity, as it is very sensitive to the defects in
side-chain attachment.
It is instructive to also study the distributions of the dhkl that
are related to the paracrystallinity parameters. Parts a−c of
Figure 7 depict distributions for all three principal axes of the
lamellar crystals, [001], [010], and [100], respectively. Again, it
is obvious, for all three crystal axes, how defects in the
regioregularity lead to considerable broadening of the
distributions. This is most prominent for the distributions for
d100, where [100] is the crystal direction associated with the
slipping motion of the backbones perpendicular to the long axis
of the polymer chains. Additionally, it is not only the width of
the distributions that changes, but also their mean. For instance,
the systems CA-90 and CC-90 feature systematically smaller

interchain shifts. Finally, the coplanar stacking in CA-90 in
combination with the defects in regioregularity leads to a nonGaussian shape of the distribution of projected distances, with a
long tail of monomer−monomer distances hinting at sizable
defects in the interchain packing.
Having now discussed in great detail not only the structural
impact of defects in side-chain attachment, but also
morphological changes that accompany the phase transition
from form I′ to form I, we ﬁnally comment on the driving force
that causes this structural transition. We recall that the
interlamellar spacing increases, as does the eﬀective π-stacking
distance. This implies a smaller density for the thermodynamically stable polymorph I compared to I′, which is somewhat
unexpected for the class of van-der-Waals-bound solids, where a
less dense packing usually entails reduced stability. Furthermore,
the backbones leave their energetically favored tilted stacking
mode. Consequently, the existence of the phase transition and
irreversibility thereof have to be linked to the larger excluded
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regioregularity eﬀect observable for all paracrystallinity
parameters as well as the nematic order parameter calculated
for the backbone. The decrease in nematic order is moderate
with a relative reduction in Q of only 7%. We need to account,
however, for an increase in energetic disorder by a factor 1.7,
and therefore turn to paracrystallinity instead: Since the
interaction between charged conjugated backbones is seminal
here, we link the increase in energetic disorder to g010, i.e.,
paracrystallinity along the π-stacking direction, which increases
by approximately the same factor 1.7. Considering that the
hole-quadrupole interactions associated with thiophene dimers
is the leading contribution to site energies here, this origin for
the increase in σ is not only physically justiﬁed, but indeed the
only way to account for the similar energetic disorder
computed for CC-100 and CA-100. Notably, gliding-type
paracrystallinity, measured along the c axis, does not aﬀect the
electrostatic interactions between charged conjugated planes.
In addition to the regioregularity eﬀect on energetic disorder,
we observe shifts of the mean ⟨E⟩ of the site-energy
distributions. To explain these, we ﬁrst emphasize that due to
the negative quadrupole moment of thiophene dimers, a hole
localized on a polymer chain will be stabilized already on an
electrostatic level due to the quadrupole moment of the
neighboring chains, even without including polarization.77 This
means that better geometrical overlap of the backbones leads to
a larger stabilization of holes. During the transition from a
staggered to a coplanar stacking, the reduction in tilt angle leads
to enhanced hole-quadrupole interactions. These are responsible for the lower ⟨E⟩ in CA-100 compared to CC-100. For the
systems of lower regioregularity, the transition in backbone
stacking is less pronounced (see Figure 4b), since side-chain
defects already lead to a slight planarization of the backbone,
and hence lowered ionization potentials (compare the siteenergy mean of CC-90 to CC-100). As the backbone stacking
turns entirely coplanar, side-chain defects lead to a high degree
of slipping-type paracrystallinity (Figure 7c). This implies a
weakening of the energetically favorable hole-quadrupole
interaction, and therefore an increase in the mean of the siteenergy distribution when comparing CC-90 to CA-90. In
addition to this shift of the mean, slipping defects in CA-90 lead
to a slight deviation from a Gaussian shape of the DOS, which
we can relate to the long tail of distances d100 in Figure 7c.
Summing up, we have shown how the external contribution
to the energetic density of states is intimately connected with
paracrystallinity along the π-stacking direction, with energetic
disorder σ linearly related to the amplitude of backbone−
backbone distance ﬂuctuations, and the mean of the backbone−
backbone distance distribution analogously related to the
average site energy ⟨E⟩. In section IVC, we will show that
this energetic disorder can be treated as static on the time scale
of an electron-transfer reaction.
B. Electronic Couplings. The distributions of the
electronic coupling elements were calculated as described in
the Methodology section and are shown in Figure 8b.
Unexpectedly, the 100% regioregular P3HT with crystalline
side chains (CC-100) has (on average) lower electronic
couplings than the corresponding 90% regioregular phase
(CC-90). This peculiar eﬀect is most likely due to the diﬀerent
interlevel shift observed for the two regioregularities, see Figure
7. Transfer integrals tend to be very sensitive to this structural
mode.78 For two perfectly aligned, optimized chains, the
coupling element |Jij|2 can vary between 0 and 10−2 eV as the
backbones are shifted with respect to each other along the

volume of the more mobile, i.e., less ordered side chains: Form
I is stabilized by the associated increase in entropy. This refers
back to the large side-chain number density, which is
signiﬁcantly higher than for other hairy-rod semicrystalline
polymers such as PBTTT, where the side-chain melting
transition is reversible.72 Notably, it is the increase in excluded
volume of the side chains that is capable of straightening out
the backbone.
In what follows, we will investigate how these structural
properties and changes can be related to transport parameters.

IV. CHARGE TRANSPORT
With the molecular dynamics trajectories at hand, we now
evaluate the energetic landscape and electronic coupling
elements for hole transport.
A. Energetic Disorder. In crystalline morphologies
considered here, P3HT backbones are fully conjugated and a
charge delocalizes over an entire oligomer. Hence, the
conjugated segment length is 20 thiophene units, the internal
contribution to the ionization potential does not change from
segment to segment and the energetic disorder is mostly due to
a locally varying electrostatic potential.
The distributions in hole site energies, i.e., the diﬀerences
between the energies of the system when a selected molecule is
in the cationic or neutral state excluding the constant internal
contribution related to the gas-phase ionization potential, are
shown in Figure 8a, together with the ﬁts to a Gaussian
function,
f (E ; ⟨E⟩, σ 2) =

⎡ 1 ⎛ E − ⟨E⟩ ⎞2 ⎤
1
⎟⎥
exp⎢ − ⎜
⎠ ⎥⎦
⎢⎣ 2 ⎝ σ
2π σ

(5)

As one can see, both the width σ and the mean ⟨E⟩ of the
distribution depend on the side chain packing and polymer
regioregularity. As expected, 100% regioregular P3HT always
has narrower site-energy distributions than the 90% P3HT.
Interestingly, the hole becomes less stable upon side-chain
melting in the 100% regioregular P3HT (the distribution shifts
to more negative numbers by 0.1 eV), while it is stabilized upon
side-chain melting in the 90% regioregular P3HT. Note that the
shift of the mean of the distribution is not essential for a onecomponent system, since only site-energy dif ferences enter in
the Marcus rate expression, eq 1, but can play a role in a bulkheterojunction solar cell, where a relative level alignment of a
donor and acceptor are important.
We can attribute speciﬁc structural modes to the changes in
the energetic DOS. We observe how the width in the
distributions appears to be governed by regioregularity, with
CC-100 and CA-100 having virtually identical widths of σ = 45
and 51 meV, whereas CC-90, CA-90 are energetically more
disordered with σ = 74 and 75 meV, respectively. The
magnitude of the disorder compares well with the width of the
DOS as extracted from time-of-ﬂight experiments,12,17 where
values for σ of 56 and 71 meV, respectively, have been
proposed from a ﬁt of the ﬁeld-dependence of the mobility as
obtained within the Gaussian Disorder Model.76 In ref 12, σ’s
did not vary signiﬁcantly between 94% and 98% regioregular
P3HT, but it is not immediately clear, how sensitive the ﬁtting
procedure is to deviations of only 30 meV, a diﬀerence in
energetic disorder that may however be critical in the case of
low-dimensional transport, as evidenced in what follows.
In order to relate the broadening of the DOS to a structural
mode, we consider again Figures 4c−f and 7. There is a
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Figure 9. he time scales of transport and transport parameters in material systems of diﬀerent chemical composition, side-chain order and side-chain
density: PBTTT (left), P3HT-100 (center), and P3HT-90 (right) estimated via the time autocorrelation function of transfer integrals (blue circles),
site energies (red squares) and the tail distribution of escape times (black triangles). The data in panel a is reproduced from Poelking et al.75

polymer’s long axis by one repeat unit, thus yielding a sin2-type
variation of |Jij|2 with interlevel shift.
Side-chain melting leads to a broadening of the distributions
and a tail of very small couplings, down to 10−6 eV (even
though only nearest neighbors are present in the neighbor list).
This would obviously result in rather small average mobility
values.79 However, this conclusion is valid only if (onedimensional) charge-carrier transport were to occur within a
static snapshot of the system; in reality, both transfer integrals
and site energies are time-dependent. In order to understand
whether such a static picture can be used in our case, we
evaluate the distributions of relaxation times of the electronic
coupling elements and site energies and compare them to the
distribution of escape times of a charge carrier in section IVC.
C. Autocorrelation Functions. Molecular thermal motion
leads to time-dependence of both Jij and Ei. A part of this
dependence (fast vibrations of the promoting mode) is already
accounted for in eq 1. Relaxation times of slow (and often
anharmonic) modes shall be compared to the distribution of
inverse charge transfer rates in order to validate the assumed
nonadiabaticity of the charge transfer reaction. To explore the
limitations associated with simulating charge transfer in a frozen
morphology, we compare charge escape times, τesc, to relaxation
times of the backbone as reﬂected both in the electronic
coupling elements and site energies.
Charge escape rates are deﬁned as ω(i)
esc = Σj(i)ωij, where ωij is
the hole-transfer rate from site i to site j, eq 1, and the sum is
evaluated for all nearest neighbors j of site i. The escape time,
i.e., the average time a charge spends localized on a given site,
(i)
can then be obtained as τ(i)
esc = 1/ωesc. From the resulting
distribution of escape times, p(t), we calculate the distribution
(exceedence, or complementary cumulative distribution
function), P(τ) = ∫ ∞
τ p(t) dt, which is proportional to the
number of sites with an escape time larger than τ.
Backbone dynamics are estimated from the time autocorrelation functions RE(τ) for site energies E(i) and RJ(τ) for
transfer amplitudes, |Jij|2,
RE(τ ) =

of states, eq 5. The analogous expression is used for the transfer
integrals.
The autocorrelation functions are shown along with the tail
distribution of escape times in Figure 8d. Interestingly, the
relaxation of the electronic coupling elements and site energies
occurs on similar time scales in spite of their dissimilar physical
origins: Site energies are related to long-range electrostatic
interactions, where averaging occurs over a large number of
nearest neighbors and leads to spatial correlations. On the other
hand, the electronic coupling elements (to a ﬁrst approximation) only depend on the geometries of pairs of molecules,
which results in increased sensitivity to thermal motions of the
internal degrees of freedom. The reason for similar time scales
is the chemical structure of P3HT: Every thiophene unit is
linked to an alkyl side chain with slow dynamics both in the
crystalline and amorphous phase. This overdamps the backbone
dynamics, in particular torsional motions of thiophene units,
and results in slow variations of electronic couplings.
Interestingly, in a similar conjugated polymer, PBTTT,
where a thienothiophene unit is not linked to a side chain
(implying a lower side-chain density and better crystallinity),
electronic couplings have signiﬁcantly faster dynamics, which is
beneﬁcial for charge transport.75 Notably, the high side-chain
density in P3HT, where every repeat unit is linked to an alkyl
group, overdamps the dynamics of the backbone: Considering
Figure 9, one can see how the regime of charge transport
changes with respect to transfer integrals from disorder-limited
in the case of P3HT to diﬀusion-limited in the case of PBTTT
due to the diﬀerence in backbone dynamics that is fostered by
the side-chain structure.
Comparing the 100% and 90% regioregular materials, we
note how the defects in side-chain attachment lead to slower
dynamics, with decorrelation times signiﬁcantly increased over
the defect-free case. More quantitatively, on intermediate delay
times on the range of tenth of picoseconds, the time evolution
is in all cases governed by a logarithmic diﬀusion-driven
decorrelation of both site energies and electronic couplings.
Regarding site energies, the dimensionless exponent that
characterizes this decorrelation for CA-100 assumes a value
three times larger than for CA-90. This again highlights how
defects in regioregularity induce glass-like features in structure
and dynamics. Analyzing the decorrelation in polymorphs I′
and I, this exponent remains the same. However, there is an

⟨(Et(i) − ⟨E⟩)(Et(+i)τ − ⟨E⟩)⟩
σ2

(6)

where ⟨...⟩ denotes the ensemble average; the width σ and
average ⟨E⟩ have the same meaning as in the electronic density
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I−V curves on P3HT nanoﬁbers.32,73,74 Note that a comparison
to mobilities obtained from time-of-ﬂight experiments is
problematic due to the existence of grain boundaries, which
impede transport. We ﬁnd that our simulated mobilities are in
excellent agreement with ﬁeld-eﬀect mobilities in P3HT
nanoﬁbers (devoid of these grain boundaries), with the gray
bar in Figure 4c indicating the range of experimental values (μ
= 0.01−0.06 cm2/(V s)) obtained for diﬀerent solvent and
processing conditions. Note that in general, the mobility
depends strongly on the charge-carrier concentration. We
expect this dependence to be mitigated here due to the small
energetic disorder combined with the low-dimensional
character of the transport, as is also indicated by the good
agreement with experiment achieved in a previous computational study.75
Note that the eﬀect of regioregularity on charge transport has
been studied experimentally in the context of time-of-ﬂight
experiments,12 where a reduction in regioregularity by 5% led
to a decrease in mobility by a factor ﬁve. In our simulations, we
were dealing with a reduction in regioregularity by 10%, which,
comparing systems CA-100 and CA-90 (i.e., form-I P3HT, as
most likely studied in the aformentioned experiment),
translates into a factor 10 decrease in mobility, from ⟨μ⟩ =
0.0231 cm2/(V s) down to 0.0029 cm2/(V s). This indicates
that the decrease in mobility is due to intradomain instead of
interdomain transport. According to our results, the regioregularity eﬀect is exclusively due to enhanced energetic
disorder. Combining these ﬁndings with a simulation study
that considered the intramolecular contribution to the density
of states,35 we can summarize that the intramolecular
contribution to the DOS shape and trap density are little
aﬀected by the presence of regioregularity defects. The higher
mobility in the regioregular material is entirely attributable to a
narrowing of the density of states that results from increased
order in hole−quadrupole interaction distances.
The eﬀect of energetic disorder is further ampliﬁed in the
case of P3HT due to the one-dimensional character of
transport, since a single energetic trap can impede transport
through the entire lamella.79 This eﬀect is visualized in Figure
10a−d, where the energetic landscape is exempliﬁed for three
lamellae at ﬁve diﬀerent simulation times and four materials.
Here, the widths of the bonds connecting the hopping sites are
proportional to the logarithm of squared electronic coupling
elements, while the heights of the vertical bars are proportional
to the occupation probability of a speciﬁc site. The gray scale
indicates the average mobility of a particular lamella, with
darker colors corresponding to lower mobilities.
One can see that site-energy proﬁles are highly corrugated
and spatially correlated, with weaker correlations in the case of
reduced regioregularity. Note also that deep energetic traps
found in CC-90 and CA-90 persist throughout the entire time
range shown here, as expected based on the associated time
autocorrelation functions. Studying the landscape-mobility
correlation more closely, it becomes apparent that transport
in CC-100 and CA-100 is strongly dominated by weak links
(small transfer intregrals) that adversely aﬀect the lamellar
mobility, whereas transport in CC-90 and CA-90 suﬀers mostly
from energetic disorder, as already suspected based on the
shape of the mobility distribution in Figure 8d. It might also
happen that, for larger widths of the energetic disorder, the
limiting factor for hole transfer will be the dynamics of
energetic traps existing in the system due to thermal
ﬂuctuations of the molecular structure.

oﬀset between the two time characteristics that persists up to
delay times in the nanosecond range. This oﬀset is a
consequence of structural decorrelations within the ﬁrst few
femtoseconds: Side chains in form I are in a more disordered
state, and hence more eﬀectively damp backbone dynamics as
compared to hexyl groups in form I′, which apparently
dominates dynamics on this short time scale.
The time evolution of site energies and electronic couplings
should be compared to the tail distribution of escape times,
P(τ). On a log−log scale, the linear shape for large τ implies a
power-law decay P(τ) ∼ 6 (1/τ). Hence, reducing the tail
distribution to just one time scale to be compared to τE or τJ is
not possible (the majority of sites has an escape time far smaller
than any relaxation time, but it is the sites in the tail of the
exceedence that act as shallow or deep traps and signiﬁcantly
slow down transport). Yet, in the systems at hand, even the
slowest escape times for holes do not extend into the
decorrelation regime (τ ∼ ns) insinuated by RE(τ) and RJ(τ).
We therefore conclude that charge-carrier dynamics is in
practice limited by the static disorder of electronic couplings
and site energies, since their relaxation times exceed typical
time scales of hopping transport in the system. Hence, it is
possible to resort to a single charge-transfer rate to describe
transport, eq 1, without time-averaging of electronic couplings
of a pair of molecules, as it was needed in columnar discotic
liquid crystals80 or PBTTT.75 On the aside, we note that it is
also possible to accurately account for the explicit timedependence of electronic couplings by employing semiclassical
dynamics.81−83
D. Charge Mobility. Since the transport has a onedimensional character, it can already be anticipated that a broad
and static distribution of electronic couplings (see section IVB
and section IVB) limits charge mobility along lamellae.67,79,84−88 Indeed, Figure 8c shows that mobility values,
evaluated for 5000 lamellae, each consisting of 40 stacked
chains, are broadly distributed, with small mobilities as low as
10−7cm2/(V s). Yet, by comparing the four materials, we ﬁnd
that the associated mobility distributions are fundamentally
diﬀerent from what one would expect solely on the grounds of
electronic couplings, Figure 8b. From previous sections we
recall that the distribution of transfer integrals is determined by
the polymorph at hand (I′ or I) and not sensitive to a small
decrease in regioregularity, whereas energetic disorder is
governed by regioregularity defects and as such polymorphindependent. Aiming for high mobilities, one should hence
prefer high regioregularity over medium regioregularity due to
the smaller energetic disorder and P3HT form I′ over P3HT
form I due to higher electronic couplings. The mobility
implicitly depends on both quantities and as such mirrors a
clear trend, with the average mobility decreasing from CC-100
to CA-100 to CC-90 to CA-90. These averages are indicated by
vertical bars in Figure 8b and summarized in Table 1.
In the case of 100% regioregular P3HT, we can compare
these values to mobilities extracted from experimental transistor
Table 1. Simulated Mobilities Obtained for P3HT Crystals
of Diﬀerent Structure and Regioregularity for Transport
along the Lamellar Axis with an External Electric Field of 104
V/m Applied in the Transport (π-Stacking) Direction
system
⟨μ⟩ [cm2/(V s)]

CC-100
0.0468

CA-100
0.0231

CC-90
0.0090

CA-90
0.0029
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Figure 10. Oﬀset energetic landscapes for (a) CC-100, (b) CA-100, (c) CC-90, and (d) CA-90 exempliﬁed for three lamellae and ﬁve time frames.
Widths of connecting lines between neighboring sites are proportional to the logarithm of squared electronic couplings. The length of vertical
colored lines indicates the occupation probability of the site. The lamellar mobility is coded according to the gray scale to the left. Note the diﬀerent
mobility range for the four systems.

V. CONCLUSIONS
We have investigated structure-mobility relationships in
lamellar crystals of P3HT, focusing on the eﬀect of structural
transitions in side-chain and backbone packing, defects in
regioregularity, dynamic and paracrystalline order.
Apart from the onset of the backbone melting transition at
high temperatures (∼450 K), molecular dynamics performed
on large P3HT supercells produced a low-temperature (∼350−
375 K) phase transition. In all polymorphs, this transition
involves side-chain melting, either from their very crystalline
state in form I′ or a partially crystalline state in form I into a
more disordered (practically amorphous) state. Additionally, in
form I′, side chain melting is accompanied by the conversion
between distinct P3HT polymorphs: The educt (form I′) has a
tilted backbone conﬁguration, whereas the product (form I)
adopts a coplanar, face-on, backbone arrangement. By
comparing to experimental studies employing solid-state
NMR, X-ray and electron diﬀraction, as well as infrared
spectroscopy, we have obtained a consistent picture of the
polymorphic phase behavior of P3HT, with molecular
dynamics simulations revealing structural models for the
noninterdigitated metastable form I′ and thermodynamically
stable form I based on a reﬁned force ﬁeld.
We pinpoint the eﬀect of small concentrations of defects in
regioregularity on charge transport properties to reside in the
strong intermolecular contribution to the broadening of the

density of states (energetic disorder). The factor-of-10 decrease
in simulated mobilities of 90% regioregular materials compared
to 100% regioregular systems is exclusively due to the more
corrugated static (on the time scale of charge transfer) energetic
landscape. From the point of view of structure, this in turn
could be linked to increased paracrystallinity along the πstacking direction. We found paracrystallinity parameters to
most appropriately reﬂect the reduction in regioregularity, with
slipping-type paracrystallinity responsible for slight deviations
from a Gaussian-shaped density of states. Even for the highly
regioregular systems, energetic disorder, though small compared to typical amorphous organic semiconductors, has a
critical eﬀect on transport due to the one-dimensional charge
transport network.
Simulated mobilities are in excellent agreement with
experimental ﬁeld-eﬀect mobilities extracted from measurements on individual P3HT nanoﬁbers. Considering the good
agreement with experimental mobilities obtained also for a
diﬀerent polymeric semiconductor (PBTTT),75 while employing the same combination of methods, we ﬁnd the approach to
be suited for the quantitative characterization of charge
transport in the crystalline lamellar domains that are characteristic of this large class of semiconducting polymers.
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