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ABSTRACT: The effect of structural imperfections as well as oxygen
impurities on the quantum conductance of poly(3-hexylthiophene) is
calculated from first-principles by solving the scattering problem for
molecular structures obtained within density functional theory. It is
shown that the conductivity of molecular crystals perpendicular to the
polymer chains depends strongly on the stacking geometry and is
roughly described within the Wentzel−Kramers−Brillouin approxima-
tion. Furthermore, it is found that local relaxation for twisted or bent
polymer chains efficiently restores the conductance that drops
substantially for sharp kinks with curvature radii smaller than 17 Å
and rotations in excess of ∼60°. In contrast, isomer defects in the
coupling along the chain direction are of minor importance for the
intrachain transmission. Also, oxidation of the side chains as well as
molecular sulfur barely changes the coherent transport properties, whereas oxidation of thiophene group carbon atoms drastically
reduces the conductance.

1. INTRODUCTION

Organic semiconductors are increasingly used for a wide range
of devices ranging from organic light-emitting diodes1 and
transistors2 to organic solar cells.3−5 Recently, also the
possibility to realize Bose−Einstein condensates at room
temperature in organic semiconductors was reported.6 In
particular, their low-cost fabrication processes and the
possibility to fine-tune desired functions by chemical
modification of their building blocks make them interesting
for numerous applications. One important representative of
organic semiconductors is the polymer poly(3-hexylthiophene),
also known as P3HT. It is a p-type (hole) conducting organic
polymer that is frequently used as active layer in organic solar
cells as well as for organic field-effect transistors. In fact, P3HT
donors and the fullerene derivative phenyl-C61-butyric acid
methyl ester (PCBM) as acceptor are among the most-studied
compounds for bulk-heterojunction solar cells.7 Numerous
experimental (see, e.g., refs 8−12) and theoretical studies (see,
e.g., refs 13−21) addressed the P3HT structural properties.
Previous studies on the electronic properties concluded that the
molecular electron and hole wave functions are delocalized over
several thiophene rings and become spatially confined due to
ring torsions and chain bendings22−24 as well as fluctuations of
the electrostatic potential caused by adjacent polymer chains.25

Notably ref 26 reports that defects like kinks or torsions do not
result in a significant localization of the excited states.
Furthermore, there are various publications that direct address
the P3HT transport properties: Improved transport properties
for higher molecular weight (MW), that is, longer chains, are

reported in refs 10 and 27−29 and rationalized by band
transport, while hopping processes dominate in low-MW
polymer films; however, it was noted that using processing
conditions that allow for the chains to equilibrate gives rise to
an increase in mobilities even for low MW P3HT.8 The
electron transport in high-MW polycrystalline P3HT films was
found to be highly anisotropic, with larger mobilities along the
chains than perpendicular, that is, parallel to the stacking
direction.30 These findings are in accordance with transfer
integral calculations31,32 that find the main dominating charge-
transport route within P3HT-ordered domains to be along the
intrachain direction.33 Also, the influence of temper-
ature,10,15,20,28,34−36 frequency,37,38 electric field,28,39,40 struc-
ture,15,20,28,37,38,40−46 and external strain47,48 was investigated
both experimentally and theoretically. In particular, transfer
integral calculations have contributed much to the qualitative
understanding of the P3HT electron-transport properties;
however, direct quantitative data on the P3HT quantum
conductance change upon structural or chemical modification
are not available yet. This concerns, for example, the oxygen-
related degradation of the transport properties.49−56 The
present density functional theory (DFT) study is a first step
into this direction.
The P3HT potential energy surface depends critically on the

side chains and cannot be simply derived from smaller systems
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such as bithiophene,57 as it leads to a different torsional angle
distribution. Because of the sensitivity of the transfer
integrals,31,37,58 this may significantly influence the calculated
transport properties. Also, isomeric dispersion may be
important.59 For this reason, much attention is paid here to
the realistic modeling of the details of the molecular geometry
within periodic boundary conditions (PBC) and the accurate
solution of the scattering problem60 based on the electron
structure obtained within DFT. We investigate here the
application of the scattering approach outside the strict ballistic
regime. In a first step, we calculate the coherent transport
through a scattering region for various reference structures
whose transport properties are well-known and understood
from previous transfer integral studies. The approach is
restricted to structural and electronic scattering centers
exclusively and neglects inelastic scattering with phonons.
Temperature-dependent effects beyond thermal occupation of
the one-particle levels are thus neglected. Nonetheless, for
chain torsions we obtain an excellent agreement with previous
reports. This encourages us to investigate defects that cannot
easily be described with transfer integral methods.
The paper is organized as follows: After a brief methodology

section we evaluate the present approach by studying
displacements of molecular layers in bulk P3HT before we
address ring torsions, chain bendings, regio defects, and finally
chemisorbed oxygen impurities in single polymer chains.

2. METHODOLOGY

The present calculations are based on DFT as implemented in
the Quantum-Espresso package.61 Infinite molecular chains are
modeled by a supercell approach with PBC. Ultrasoft
pseudopotentials62 in Kleinman−Bylander form63 are used to
model the ion−electron interaction. The electronic many-body
interactions are described in generalized gradient approxima-
tion (GGA) using the PBE functional.64,65 Dispersion
interaction, not accounted for by local exchange and correlation
functionals, is known to influence the structural properties of
soft matter such as P3HT aggregates.19 Here dispersion is taken
into account by the so-called DFT-D approach, that is, by a
semiempirical London-type correction term66−68 with the
parameters suggested by Grimme69 (DFT-D2). Plane waves
up to an energy cutoff of 544 eV are used as basis set for the
expansion of the electron wave functions. Monkhorst−Pack
meshes of special k points70 are used to sample the Brillouin
zone. Specifically, 16 × 8 × 5 and 2 × 1 × 1 sets are used for
the scattering region of the P3HT bulk system and the
distorted single-chain structures, respectively. Meshes of

corresponding k-point density were used for the respective
contact regions. Force and energy convergence criteria of 10−4

and 10−6 atomic units, respectively, are used in the atomic
structure relaxation.
The DFT calculations provide the electron potential used to

calculate the quantum conductance subsequently. Thereby we
use the scattering approach proposed by Joon Choi et al.71 and
Smogunov et al.72 This approach directly solves the scattering
problem for electrons passing a perturbation potential enclosed
by contacts and thus circumvents the often tedious setup of the
lattice Green’s functions from the ground-state electronic
structure.13,73,74 Specifically, we use the PWCOND module75

of the Quantum Espresso package to determine the trans-
mission coefficients tk,k′ that describe the transmission
amplitude of a charge carrier in mode k of energy E in the
left contact to mode k′ in the right contact. From these
coefficients weighted with the temperature-dependent proba-
bility current Ik(T) of the corresponding mode k, the quantum
conductance G is calculated as60,71
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that is, it corresponds simply to the number of bands Nk(E) at
the given energy E. Equation 1 describes the scattering-induced
deviations of the coherent quantum conductance from the
function given by the strict ballistic limit, that is, eq 2. Whereas
moderate bias voltage effects can be, in principle, taken into
account by contacts with different Fermi levels, dissipative
scattering effects are neglected here. While this should not
affect qualitative trends with respect to the influence of, for
example, structural deformations on the conductance which we
investigate here, it restricts meaningful quantitative predictions
to conditions of small bias and low temperature via thermal
smearing of the occupations according the Fermi−Dirac
distribution. The present calculations model the contacts by
ideal, infinite P3HT polymers (cf. Figure 1), which have
strongly dispersive and well-separated valence bands (cf.
Section 3.4). Hence p-type conductance suppressing bias
voltage effects can be expected to be small.

Figure 1. Schematic setup of the transport calculations, exemplary shown for the case of isomer defects (cf. Section 3.4). The scatter region contains
the investigated defect consisting of a so-called HH-TT linkage between the thiophene rings that is caused by a swapped position of the hexyl side
chain (red rectangle). The contacts are made of ideal rr-HT-P3HT. In the left contact modeled by two monomers the atomic numbering is indicated.
H denotes the second and T denotes the fifth position.
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Because comparatively large systems containing up to 500
atoms have to be considered, we modified the numerical
implementation of the boundary conditions between the scatter
region and the contacts in PWCOND. This results in a speed-
up of the calculations and allows for a more efficient handling
of nonperiodic scatter regions. The modification is described
and evaluated in the Appendix, where convergence tests for a
prototypical system, a CO molecule adsorbed at a Au chain (cf.
ref 75), are presented.

3. RESULTS AND DISCUSSION
3.1. P3HT Layer Displacements. The P3HT bulk crystal

is the starting point of our calculations. It is formed by polymer
strands that arrange in layers, the distance of which is varied;
see also Figure 2. Such dislocations may result from defects

embedded in the solid-state matrix. The effective electron
potential calculated self-consistently is shown in the upper part
of Figure 2 along a line that passes between the thiophene
rings. The scatter region of 300 atoms that contains the
displaced layer is sandwiched between contacts modeled here
by ideal P3HT bulk material. The calculated quantum
conductance perpendicular to the polymer direction (interchain
= stacking direction) is shown in Figure 3 for varying layer
spacing between two crystal layers.
As expected, the transmission shows roughly an exponential

decay with increasing layer spacing due to the reduced overlap
of the molecular orbitals across the interchain direction. In fact,
the conductance is reduced by one order of magnitude already
for displacements of ∼0.5 Å. Hence crystallographic defects
causing such a displacement will dramatically reduce the cross-
sectional area available for hole transport.

The increase in the lattice spacing leads to quantum
tunneling conditions that may be approximately described by
the Wentzel−Kramers−Brillouin (WKB) approximation76
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where the transmission is obtained from the potential barrier
V(z), which separates the propagating modes with energy E in
the left and right crystalline regions. Here we assume V(z) to be
constant and equal to the maximum of the self-consistently
calculated value on the line through the thiophene rings. The
energy E of the mode is taken to correspond to the valence
band maximum (VBM). This simple approximation describes
the decay of the conductance upon increased layer spacing, in
satisfactory agreement with the more sophisticated scattering
approach, as shown by the red line in Figure 3. Notably, the
conductance estimated from the WKB approach is for all
spacings slightly larger than the one obtained from the
scattering method; however, the qualitative agreement between
the two sets of data validates the scatter approach for situations
that may not be described by eq 3, such as intrachain transport
that will be investigated next.

3.2. Chain Torsions. P3HT polymer chains are charac-
terized by large carrier mobilities (∼103 cm2/(V s)),77 which
may be reduced, however, due to conformational modifications
likely to occur in actual blends78,79 as well as by molecular
impurities due to, for example, exposure to ambient
conditions.80

In the following, the effect of a twist of the P3HT chains on
its quantum conductance is studied using a scattering setup, as
shown in the upper part of Figure 4. The central scattering
region considered here consists of 12 monomers. The atoms of
the two outer monomers on each side are kept fixed during the
relaxation. Because the present calculations employ PBC, two
additional monomers are added on each side to decouple the
torsion from its periodic images. The total region thus contains
about 400 atoms within a cell that is ∼63 Å long. After the
electron structure of this system has been determined self-
consistently, the potential of the 12 innermost monomers is
used for the transport calculations, exploiting the approach
described in the Appendix, which allows for combining
calculations of differently dimensioned systems for self-
consistent field (scf) and transport calculations, respectively.
At first we consider a rotation that affects a single thiophene-

thiophene bond only. The p-type conductivity of P3HT is
governed by the states close to the VBM. They correspond to
overlapping pz orbitals of the thiophene rings that are

Figure 2. Calculated electron potential (top) along a line intersecting
the thiophene rings perpendicular to the polymer direction for various
displacements between two molecular layers (bottom).

Figure 3. Change of the calculated conductance perpendicular to
molecular P3HT layers in dependence on the increase in the spacing
between two layers. Results from the scattering approach (blue) are
compared with values obtained within the WKB approximation (red).
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perpendicular to the thiophene plane. Because the overlap of
these pz orbitals is directly affected by the torsion, one expects a
strong decrease in the quantum conductance with increasing
torsion angle, as previously shown by transfer integral
calculations.31,37,58

Indeed, the quantum conductance through single twisted
thiophene−thiophene bonds is reduced with increasing twist
angle; see the blue curve in Figure 5. There is a pronounced
conductance minimum for square angles, where no delocalized
π bonds can be formed anymore. In addition to the vanishing
overlap of the carbon pz-like orbitals directly at the defect, one
observes in Figure 4b a fragmentation of the highest occupied
molecular orbital (HOMO) in the adjacency of the defect.
Interestingly, the calculated conductance shows for twist angles
up to ∼60° only a moderate conductance drop by ∼20%. Note
that the calculated conductance versus twist angle is not
symmetric with respect to its minimum because the
corresponding torsion does not represent a symmetry trans-
formation of the polymer; compare the 0 and 180°
configurations in Figure 5. Also, the angles 140 and 220° are
not equivalent as the polymer is slightly bent (cf. Figure 2 in ref
19). This asymmetry becomes obvious if analyzing the total
energy as a function of a single twist angle, as shown by the
blue line in the lower part of Figure 5. The minor increase in
energies for small torsion angles suggests that thermal
activation may lead to corresponding geometry changes: The
energy difference between the ideal polymer and the structure
twisted by 10° (20°) amounts to 5 (37 meV). These torsion
angles may thus be expected at room temperature if the chain
motion is not strongly constrained otherwise, a result that is in
accord with previous molecular dynamics (MD) simulations.81

There is a steep increase in the total energy for torsion angles in
excess of 150°. This is related to the steric repulsion of the
hexyl side chains, which is only to a small extent compensated
by attractive van der Waals forces (green curve in Figure 5) and
efficiently prevents substantial rotations around single bonds.
The finding that only twists larger than ∼60° have a

measurable impact on the polymer conductance suggests that
the overall conductance decrease will be reduced if not only a
single bond is twisted but if the total torsion angle around the
polymer axis is realized by a sequence of twists. Moreover, such

a sequence of rotations may be energetically more favorable
than a single twisted bond. For this reason, we also consider
polymer geometries that result from the structural relaxations
where the total torsion angle is fixed by the boundary
conditions but may be distributed among several thiophene−
thiophene bonds. It is indeed found that upon relaxation the
hexyl side chains increase their mutual distance, which leads to
energetically far more favorable structures; see the red curve
(instead of the blue curve) in the lower part of Figure 5. Also,
the quantum conductivity calculated for these completely
relaxed structures differs from the corresponding curve for
single bond twists; see the upper part of Figure 5. Not only is
the conductance drop reduced and its onset occurs now for
larger rotation angles but also the minimum of the transmission
curve has shifted from nearly square angles to ∼120°. This is a
consequence of the nonlinear relation between conductance
drop and bond twist. In the case of a total torsion of 90°, the
maximum twist angle between two adjacent thiophene rings is
41° (cf. Figure 6a). Hence, there is still some wave function
delocalization along the polymer direction. Only for total
torsions as large as 120° where maximum twist angles of ∼83°
occur, is the conductance essentially quenched due to the
vanishing overlap between the carbon p orbitals and a strongly
fragmented HOMO (cf. Figure 6b).
We find the product of the transmission coefficients

calculated for single twists to be a very rough approximation
of the transmission through the complete torsional defect: The
product of the transmission coefficients corresponding to the
overall chain torsion of 90° realized by the structure shown in

Figure 4. (a) Schematic setup used to describe the electron transport
across a chain torsion. The atoms of the outer four monomers of the
scattering region are kept frozen during structural relaxation.
Additional four monomers outside the scattering region decouple
the torsion from its periodic images in the scf calculations. (b) Charge
density isosurfaces indicate the HOMO of a structure with 90° torsion
between two thiophene rings.

Figure 5. Top: Calculated conductance at the VBM through single
twisted thiophene−thiophene bonds (blue) and configurations, where
the total torsion angle around the polymer axis is realized by a
sequence of twists obtained from structural relaxation (red). The
respective geometries for 0 and 180° rotation are shown as insets. The
encircled data point corresponds to the configuration shown in Figure
6. Bottom: Total energy change due to the bond twisting for the case
that only a single bond is twisted (blue) and for configurations where
the torsion is realized by a sequence of twists obtained from structural
relaxation (red). The dispersion energy contributions to the former
case are shown in green.
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Figure 6a, for example, is about twice as large as the
transmission coefficient obtained from the solution of the
complete scattering problem of this structure, cf. highlighted
data point in Figure 5. This may partially be related to the
stronger fragmentation of the HOMO induced by an extended
distortion pattern, cf. Figures 4b and 6b. Only in the case of
single confined twists does the reduced overlap between
neighboring thiophene orbitals limit the charge transfer,
whereas in the case of the extended defect the HOMO is
interrupted for several monomers. Obviously, the transfer
integral approach has to be applied with care to such kind of
complex deformation patterns.
The present total-energy findings obtained for various

torsion patterns indicate that the minimum energy config-
uration for a given torsion angle is realized by a sequence of
single twists of similar amplitude, that is, a helix configuration;
however, the energy gain upon helix formation is small, on the
order of a few millielectronvolts, and the formation of such
regular structures will, in general, be prevented by the
surrounding P3HT matrix, for example, resulting in chain
bending.
3.3. Chain Bending. Polymer bending is a common defect

for P3HT82 that occurs along with torsions. To model this
defect we analyze several folded P3HT chains. We characterize
these foldings by their respective minimum curvature radius
along the polymer chain. The starting configuration is
structurally relaxed, where the atoms of the inner 10 monomers
(250 atoms) are free to move and the outer 4 monomers are
kept frozen. This leads to polymer geometries such, as shown in
Figure 7. The structures resulting for small curvatures are rather
regular with straight and ordered hexyl side chains. With
increasing curvature additional disorder including torsional
defects is observed; see Figure 7. The inset in Figure 7 shows

the quantum conductance calculated for the relaxed geometries
in dependence of their minimum curvature radii. Remarkably,
the conductance is nearly unaffected by the structural
deformations that have radii larger than ∼17 Å. This can be
rationalized in terms of the overlap between p orbitals of
neighboring thiophene rings: While thiophene ring torsions
may completely quench this overlap, chain bending leads to an
overlap decrease/increase on opposite polymer sides. Addi-
tionally, we observe very efficient local relaxation mechanisms
that smooth the polymer structure and prevent sharp kinks.
The calculated conductance is quenched, however, for small
curvature radii that also lead to bond twists caused by the
structural relaxation in response to hexyl side-chain-related
strain. For curvature radii smaller than 12 Å, a similar effect on
the calculated conductance is found for twist angles larger than
∼60°. The critical influence of the hexyl side chains onto the
planarity of the backbone has already been pointed out in ref
79. Similarly as observed for torsion patterns, a HOMO
fragmentation is observed upon bending, cf. Figure 7.

3.4. Isomer Defect. Crystalline regioregular (rr)-HT-P3HT
is of particular interest for organic semiconductor devices due
to its large carrier mobility of up to 0.1 cm2/(V s).83 Here the
identifier HT indicates the head−tail coupling between two
thiophene rings, where H denotes the second and T denotes
the fifth position on the ring, with numeration starting at the
sulfur atom, as shown in Figure 1. To assess the influence of
isomer defects on the (rr)-HT-P3HT transport properties, the
intrachain scattering along a defective polymer is calculated,
where HH and TT coupling instead of HT occurs, according to
a replacement of a hexyl side chain; see Figure 1. Ideal rr-HT-
P3HT segments serve as contacts to the isomer defect.
Additional HT-coupled P3HT segments in the vicinity of the
defect are included in the scattering region to allow for a
realistic modeling of the geometrical and electronic environ-
ment of the defect embedded in the polymer.
The calculated quantum conductance of the isomer defect

(red) is compared with corresponding calculations for the ideal
P3HT chain (blue line in the middle of Figure 8). The curve for
the ideal P3HT chain can be easily obtained by using eq 2,
which simply counts the number of bands at a given energy (cf.
blue band structure on the left-hand side in Figure 8). As the
holes will almost exclusively move at the Fermi edge, we find

Figure 6. (a) Atomic structure obtained upon structural relaxation for
an overall torsion angle of 90° induced by the boundary conditions.
The resulting twist angles for single bonds between thiophene rings
are indicated. The data point belonging to the calculated quantum
conductance for this configuration is highlighted in Figure 5. The inset
shows the twist angle distributions calculated here for various torsions.
(b) Charge density isosurfaces indicate the HOMO for the structure
above.

Figure 7. Relaxed molecular structure with a minimum curvature
radius of 8 Å. Charge density isosurfaces indicate the HOMO. The
inset shows the quantum conductance calculated for different
curvature radii.
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only one conducting band that results in a maximum quantum
conductance of 1 G0 = 2e2/h.
Also shown in Figure 8 is the electronic band structure

(green and orange) for two scatter regions used for the
transport calculation. Here we notice that the green curve has
several small gaps between the bands at the Γ and the X point
in the Brillouin zone (exemplary marked with red circles);
however, these gaps are not present in the red transmission
curve. This is related to the fact that the transmission is
calculated for a system consisting of a single defective scatter
region surrounded by infinite, ideal contacts. The band
structure of the scatter region corresponds to a periodically
repeated defect. If one adds additional contact monomers to
the scatter region the distance between the defects increases,
which results in the orange band structure (four monomers
added on each side). As this system is closer to the transport
system, the orange curve matches better the red transmission
results; that is, the gaps are smaller and will vanish in the limit
of infinite contacts.
Close to the Fermi edge a small conductance reduction is

caused by the defect. Stronger defect-induced drops occur,
however, for energies ∼2.3 eV below the VBM, cf. Figure 8.
Although conductance modifications far below the VBM will
barely affect the actual electron transport, it is illustrative to

clarify the physical origin for this very sharp drop. It is found to
be related to strong wave function localization at the
corresponding energy: Depending on the exact energy, the
localization changes from strongly localized (at two adjacent
thiophene rings, cf. Figure 8a) via an intermediate localization
(Figure 8b) to delocalization along the whole thiophene chain
(Figure 8c). All minor transport changes induced by the isomer
defect confirm that the P3HT transport properties are mainly
determined by the thiophene rings rather than the hexyl side
chains. In fact, the latter serve mainly to improve the processing
properties of polythiophene,84 while its weak impact on
electronic properties is desirable. Altogether, the present results
indicate that the conductance of (rr)-HT-P3HT is surprisingly
robust with respect to the occurrence of single and repeated
isomer defects; however, it leads to a localization of the
HOMO, increases disorder, and affects the bulk morphology.85

Although the isomer defect has no direct influence onto the
hole conductivity along the P3HT chains, it might therefore
have some indirect influence on the performance of the
polymer in electronics applications.

3.5. Oxygen Impurities. Oxygen is used as p-type dopant
in organic semiconductors, where it forms a reversible charge-
transfer complex54,86,87 but may also be present unintentionally
due to the exposure to ambient atmosphere and aging.
Chemical reactions of O2 and P3HT may result in a covalent
bonding between oxygen and carbon as well as sulfur.88 The
P3HT degradation upon simultaneous exposure to light and
oxygen49−53 decreases the charge-carrier mobility and solar cell
efficiencies.54 Thereby, differences are observed between the
effect of molecular oxygen, ozone,55 and water.56 Experimen-
tally, the formation of R-SOx and R-COOH species
(presumably mainly from the side chains) was detected upon
P3HT exposure to air by X-ray photoelectron spectroscopy.56

In the present work, we start from some stable oxygen-
chemisorbed structures recently identified by MD simulations80

and investigate their influence on the conductivity. Thereby, we
follow the notation introduced in ref 80 for the two defects
“SO2” and “COOH” shown in Figure 9. In both cases, the

oxygen attacks the thiophene rings and thus can potentially
influence the conductivity along the P3HT chain. In addition,
we propose an alternative structure (labeled COH−CO in
Figure 9) which is ∼0.9 eV more stable than the previously
found COOH defect and only 0.27 eV higher in energy than
the carboxyl-group termination of the side chains (cf. Table 1).
The higher stability of the COH−CO defect proposed here
compared with the COOH structure suggested in ref 80 is due
to the double-bond formation between carbon and oxygen and
a pronounced relaxation of the attacked thiophene and its
neighborhood: Whereas the COOH defect only slightly distorts
the affected thiophene ring, the more stable COH−CO defect

Figure 8. Top left: Band structure of rr-HT-P3HT along the chain
direction. Top middle: Quantum conductance for rr-HT-P3HT (blue)
in comparison with the calculations for a single isomer defect shown in
Figure 1 (red). Top right: Band structure of the scattering region used
for the transport calculation (green) and a second region extended by
additional four contact monomers on each side (orange). Bottom:
Orbital character of selected states labeled a−c in the top right band
structure.

Figure 9. Calculated relaxed geometries of three oxygen impurity
configurations in P3HT.
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deforms the thiophene ring as the OH molecule pulls the
bound carbon atom away from the ring plane, resulting in a sp3

hybridized configuration. Thereby, a 34° kink is inserted into
the polymer chain resembling a kind of chain bending (cf.
section 3.3).
To calculate the influence of the different O related defects

onto the P3HT intrachain transport, we proceed similarly as
previously described; that is, we use ideal rr-HT-P3HT contacts
that sandwich a scatter region of 12 monomers including the
defect. The scatter region has a length of 47 Å, while its cross
section is large enough to deal with isolated chains. Thus, we
can analyze the influence of a single oxygen defect onto the
intrachain transport. The calculated quantum conductance for
different defects is shown in Figure 10 along with the results for

the ideal P3HT chain. Obviously, the defects differ strongly in
their influence on the polymer conductance. SO2 defects barely
influence the transport even for energies far below the VBM.
Only around −2.2 eV sulfur-related conduction channels are
broken. This is in marked contrast with the COOH and COH−
CO defects, where the quantum conductivity is significantly
reduced over a broad energy range. For the COH−CO defect,
the conductance is nearly completely quenched. Residual
channels of only minor transmission are found around −2.2
and −1.3 eV. Also, for the planar COOH defect, a quenching of
the hole transport is observed. Here, however, the quenching is
restricted to ∼0.8 eV below the VBM. A sharp drop of the
conductance is furthermore observed at EF −1.5 eV. Similar to
the case of the isomer defect (cf. Figure 8), this drop is due to

an induced localized charge, here induced by the p electrons of
the impurity O atoms. (See also Figure 11.)

An analysis of the projected density of states (pDOS) can
indeed explain the different behavior of the SO2 defect and the
defects that attack the carbon atoms of the thiophene ring.
Oxygen impurities are found to induce electronic states in the
upper half of the gap for all defects considered here, cf. dashed
lines in Figure 11. Otherwise, however, apart from minor
energy shifts, the SO2 DOS nearly coincides with the respective
calculations for the ideal polymer. Only for energies below −2.4
eV additional, oxygen-localized p states appear. Stronger
deviations occur in the case of COOH and COH−CO,
where the valence band DOS is widely modified and additional
oxygen p states show up at the VBM. This different behavior is
expected: The P3HT valence band is formed by p orbitals of
the conjugated chain system, which are little influenced by the
adsorption of oxygen to the sulfur; however, oxidation of a
thiophene group carbon directly affects the conjugated electron
system and thus has a major influence on the transport in the
valence band. We actually observe a strong HOMO
fragmentation at the position of the oxygen attack at the
carbon atom that extends for nearly three or even four
monomers for the COOH and COH−CO defects, respectively
(cf. Figure 12). This fragmentation is not restricted to the
HOMO and leads to the observed dramatic reduction of the
quantum conductance over a broad energy range. The strength
of this effect depends on the structural perturbation of the
polymer chains, thereby explaining the differences in transport
properties for the COOH and the COH−CO defect. While the
planar COOH defect leaves the morphology of the polymer
chain unchanged, the COH−CO defect attacks the polymer
chain at an interthiophene ring-linking carbon atom. It thus
leads to local chain bending and quenches the hole transport
directly. Therefore, this defect reduces the conductivity along
the chain most efficiently; that is, it is nearly completely
blocked for an energy window that extends several electronvolts
below the Fermi level (cf. Figure 10).

Table 1. Calculated Binding Energy (in eV, with respect to
gas phase O2) for Oxide Defect Configurationsa

molecular crystal

defect infinite chain DFT-D2 DFT-D2 LDA

2 SO 0.89 0.80 1.30
COOH 2.01 2.16 2.85
SO2 2.39 2.53 2.44
COH−CO 2.91
R-COOH 3.17

aComparison is made with values calculated for molecular crystals in
ref 80.

Figure 10. Quantum conductance through a SO2 (top), a COOH
(middle), and a COH−CO defect (bottom). The shaded region is the
maximum possible quantum conductance for rr-HT-P3HT (cf. Section
3.4).

Figure 11. Top: Density of states calculated for defective chains (gap
states highlighted with dashed lines) in comparison with the
undisturbed P3HT polymer. Bottom: pDOS projected onto the s
(green) and p (black) states of the two oxygen atoms. The s
contribution is negligible in the investigated energy range.
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4. CONCLUSIONS

A scattering approach based on the self-consistent DFT
electronic structure is employed to study the quantum
conductance of defective P3HT. The influence of the layer
displacements in P3HT crystals as well as defects in single
polymer chains were examined. Our scattering approach
reproduces the results from transfer integral calculations,
indicating the usefulness of this approach beyond the strict
ballistic regime: While an increase in the molecular layer
spacing in bulk P3HT leads to the exponential decay of the
interchain transmission, the influence of defects on the
intrachain transport is highly specific. Large torsion angles
hinder the formation of a delocalized π electron system and
thus the transport along the polymer direction, while the chain
bending has a considerably smaller effect on the conductance.
Here structural relaxation tends to recover geometries with
favorable electron transport properties. The calculations
performed for complex distortion patterns show that their
conductivity cannot simply be broken down into conductivity
drops related to disturbed interactions of directly neighboring
molecular segments.
We also focused on chemisorbed oxygen to P3HT, which is a

common degradation process when exposed to ambient air.
P3HT oxidation is found to affect the intrachain transmission
strongly, when thiophene group C atoms are attacked, while,
similar to intrinsic isomer defects, sulfur oxidation barely
modifies the transmission. As the used scattering method led to
reasonable results for strongly defective P3HT, it might also be
an appropriate method to describe copolymers like PBTTT,
where isomeric defects in the quasi-periodic copolymers are
believed to play a key role.

■ APPENDIX: EFFICIENT TRANSPORT
CALCULATIONS FOR EXTENDED SYSTEMS

The scattering scheme allows us to overcome the limitations of
the PBC for systems that have no corresponding translational
symmetry by embedding a non-periodic scatter region into an
infinite surrounding. The increase in the size of the scattering
region with largely unperturbed material layers provides a
straightforward possibility to optimize the match between the
potential of the scattering region with that of the contacts. It
also minimizes the interaction of the scatterer with its periodic
images. The obvious disadvantage of this method is, however,
an increase in the computational costs. We probed the
possibility to avoid this disadvantage and still obtain good
matching of the electron potential across the boundary between
the scattering region and the contacts by different matching
schemes:
We perform scf calculations for an extended scattering region

and reduce its size afterwards for solving the scattering
problem. To see if this procedure indeed increases the accuracy
without increase in the computational effort, we study a
prototypical reference system, that is, CO adsorbed on a linear
gold chain, already presented in ref 75. The present calculations
for a gold chain where the scattering region is modeled with
nine Au atoms closely reproduces the conductivity calculated in
ref 75, cf. red curve in Figure 13b. In Figure 13a, it can be

Figure 12. Charge density isosurfaces indicate the HOMO calculated
for defective chains.

Figure 13. (a) Difference of the scf calculated electron potentials for
clean and CO adsorbed Au chains of various periodicities. With
increasing number of Au atoms the difference is reduced. (b)
Calculated total transmission for CO adsorbed Au chains with
different number of Au atoms in the scattering region. The pink “9−2”
line corresponds to the approach proposed here, where different
system sizes are used for scf and transport calculations.
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clearly seen that the difference in the contact potential
decreases with increasing size of the scattering region even
for Au atoms close to the CO molecule. This suggests to
perform the transport calculations not for the complete
scattering region but rather for a reduced region while still
using the scf calculated electron potential obtained previously
for the complete system. In fact, the transmission through the
CO@Au system calculated with a subsequently reduced
scattering region (pink line in Figure 13b) nearly coincides
with the full nine-atom calculation (red) line, whereas
calculations for five- and seven-atom chains lead to clearly
visible deviations in the conductance. The modification of the
PWCOND module proposed here is extremely helpful to cut
computational effort, allowing the application of the scattering
approach on larger systems with several hundreds of atoms.
Furthermore, it allows us to match the boundary between the
scattering region and contacts for systems, where PBC cannot
be directly realized like the chain torsions discussed in Section
3.2, cf. Figure 4.
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Sjögren, B.; Österholm, J.-E.; Bred́as, J. L.; Svensson, S. Thermo-
chromism in Poly(3-Hexylthiophene) in the Solid State: A
Spectroscopic Study of Temperature-Dependent Conformational
Defects. J. Chem. Phys. 1988, 89, 4613−4619.
(79) Dkhissi, A.; Ouhib, F.; Chaalane, A.; Hiorns, R. C.; Dagron-
Lartigau, C.; Iratcabal, P.; Desbrieres, J.; Pouchan, C. Theoretical and
Experimental Study of Low Band Gap Polymers for Organic Solar
Cells. Phys. Chem. Chem. Phys. 2012, 14, 5613−5619.
(80) Volonakis, G.; Tsetseris, L.; Logothetidis, S. Impurity-Related
Effects in Poly(3-Hexylthiophene) Crystals. Phys. Chem. Chem. Phys.
2014, 16, 25557−25563.
(81) Alexiadis, O.; Mavrantzas, V. G. All-Atom Molecular Dynamics
Simulation of Temperature Effects on the Structural, Thermodynamic,
and Packing Properties of the Pure Amorphous and Pure Crystalline
Phases of Regioregular P3HT. Macromolecules 2013, 46, 2450−2467.
(82) Chang, J.-F.; Clark, J.; Zhao, N.; Sirringhaus, H.; Breiby, D.;
Andreasen, J.; Nielsen, M.; Giles, M.; Heeney, M.; McCulloch, I.
Molecular-Weight Dependence of Interchain Polaron Delocalization
and Exciton Bandwidth in High-Mobility Conjugated Polymers. Phys.
Rev. B 2006, 74, 115318.
(83) Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.;
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R.
A. J.; Meijer, E. W.; Herwig, P.; et al. Two-Dimensional Charge
Transport in Self-Organized, High-Mobility Conjugated Polymers.
Nature 1999, 401, 685−688.
(84) Jen, K.-Y.; Miller, G. G.; Elsenbaumer, R. L. Highly Conducting,
Soluble, and Environmentally-Stable Poly(3-Alkylthiophenes). J.
Chem. Soc., Chem. Commun. 1986, 1346−1347.
(85) McMahon, D. P.; Cheung, D. L.; Goris, L.; Dacuña, J.; Salleo,
A.; Troisi, A. Relation between Microstructure and Charge Transport
in Polymers of Different Regioregularity. J. Phys. Chem. C 2011, 115,
19386−19393.
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