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ABSTRACT: We systematically study low-energy crystalline polymorphs of
the archetypal conjugated polymer, regioregular poly-3-hexylthiophene (rr-
P3HT) using the best available density functional theory methods
benchmarked against the ab initio coupled cluster method. A comprehensive
conformational search is performed for two-dimensional π-stacks being the
most rigid structural unit of bulk P3HT. We have identified a number of nearly
isoenergetic polymorphs below the energy level of room-temperature
amorphous structures and well below the energy of optimized best-fit
experimental models. Classical molecular dynamics simulations show that
these crystals retain their structure at least at 200 K. At room temperature,
although the conjugated backbone of the π-stack remains ordered, aliphatic side
chains are melted, transforming from low-energy folded conformations to high-
entropy fully unfolded structures. Our study shows that P3HT is a statistically
frustrated system with multiple competing interactions, which complicates
fabrication of highly ordered bulk forms but gives structural flexibility of glasses.

■ INTRODUCTION
Poly-3-hexylthiophene (P3HT) is a workhorse of modern
organic electronics. Despite a modest intrinsic performance,
owing mostly to high bandgap and relatively low hole mobility,
the highly developed processing protocols of this material make
it commonly usable in various prototype devices as well as in
basic research seeking structure−property relationships.
Numerous studies have provided a detailed understanding of
P3HT structure at various scales down to atomic resolution.1−4

Yet at the smallest scale, the atomistic structure of P3HT
evades a complete resolution because of substantial intrinsic
disorder and related fundamental challenges in growing
perfectly ordered crystals.5,6 In particular, little is known
about low-energy polymorphs of a crystalline regioregular
P3HT (rr-P3HT). Here, the regioregularity means ordered
attachment of alkyl chains along the polymer, see Figure 1,
which is essential for constructing an ideal crystal. Although the
mesoscale structure of a material may be unsusceptible to subtle
microscopic variations, electronic properties are sensitive to
small changes in intrachain and intermolecular packings,7

requiring accurate knowledge of atomic positions. A recent
discovery of two electronically different coexisting aggregates of
P3HT8 is an example of such phenomena.
The mesoscopic structure of P3HT material is determined by

several levels of packing, as shown in Figure 1. The smallest
building block is the π-stack of individual polymer chains. It is
relatively rigid due to covalent bonds along the chain and
strong (by contact area) noncovalent bonding between the
chains. These two-dimensional layers are packed into a bulk
solid by noncovalent interactions between side chains. In most

of the observed P3HT morphologies, side chains are not
interdigitated, which is referred to as type-1 packing (form I).
The resulting three-dimensional structure can grow along the
two “noncovalent” directions: π-stacking and side-chain
contacts, thus forming tiles (lamellae in polymer physics9),
whose principal facets are terminated by broken or folded
polymer chains referred to as ties. Finally, the lamellar packing
of such tiles determine the mesoscopic structure of P3HT.1

Other nanoscale morphologies exist, including aggregates8 and
epitaxial layers,1 which may have different mesoscale ordering,
whereas the π-stacking seems to be the common structural
motif for most of the known forms of P3HT. Another
argument to consider π-stack as a fundamental building block
of P3HT stems from the electronic structure: strong electronic
couplings between monomers inside the π-stack form a
continuous two-dimensional network, whereas couplings
between π-stacks are negligible10 except for incoherent Förster
energy transfer through space or charge carrier hopping
through tie chains.
To resolve P3HT structure at the smallest scale, many

structural studies by different techniques have been conducted,
including electron diffraction,11 X-ray diffraction augmented
with NMR crystallography,12 cryotransmission electron micros-
copy,3 and other methods.6,13 These experiments typically
directly measure only unit cell parameters, whereas atomic
positions are estimated by best-fit modeling.5,11,12 Indirect
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methods, such as inelastic neutron spectroscopy,5 Raman
spectroscopy,14 and solid-state nuclear magnetic resonance,6

provide useful restrictions on possible atomic arrangements, but
they still require an a priori predicted set of structures. Available
experimental data suggest a monoclinic cell with the space
group P21/c.

6,11 Reported cell parameters vary within several
percents; see Table 1. The value of the monoclinic angle is
somewhat uncertain, but all recently reported values deviate
from the right angle by less than 6°, which is the angle obtained
by shifting adjacent π-stacks by half of the π−π distance. This is
consistent with absence of specific interactions between π-
stacks in type-1 packing (no strong correlations between intra-
and inter-π-stack orders). Instead, the stacks pack as textured
bricks. Values of other geometric parameters, such as the
setting angle and side-chain dihedrals, vary substantially from
report to report, e.g., the setting angle is almost 0 in ref 12 and
is about 30° in ref 11. In addition, it is unclear if the reported
atomic positions correspond to a minimum of potential energy
surface (PES) or to an ensemble average of multiple local
arrangements.6,15 This concerns side-chain conformations,
setting angle, and interpolymer packing. In particular, it is
unclear if regioregular polymer chains are π-stacked regularly
(all reported unit cells have antiparallel stacking) or have
random forward−backward orientation.
Reported systematic computational studies of semicrystalline

P3HT are mostly based on classical molecular dynamics

(MD).22−26 Although yet to be able to sample the entire
conformational space of bulk P3HT, existing density functional
theory (DFT) calculations generally converge to a few
polymorphs of interest.5,27,28 All such recent investigations
focus on the same structural motif consistent with available
experimental results. At the same time, no consensus has been
achieved on atomic positions within the unit cell, neither is
there a common parameterization of the P3HT geometry to
differentiate and categorize that zoo of structures available in
the literature. It seems natural for polymers that the origin of
such diversity is a pronounced polymorphism, so that local
atomic arrangements are sensitive to variations in processing
conditions or computational methods.22 Several force field
parameterizations have been developed for P3HT using DFT
calculations of intramolecular blocks, such as dihedrals and
atomic charges, giving reasonable geometry compared to
available experimental data.23,29−33 Yet the main concern of
classical force fields is accuracy: although most of the structural
features observable experimentally at elevated temperatures are
well reproduced in modern simulations, the accuracy of atomic
positions is uncertain without reliable validation by exper-
imental or ab initio data, both of which are too scarce today.
Thus, after decades of experimental and theoretical study of

P3HT, we are still lacking precise knowledge of its possible
microstructures at the scale of individual atom positions in bulk
material. Motivated by this need, here we perform a systematic

Figure 1. P3HT structure with four levels of packing: polymer, π-stack, interstack packing by side-chains into lamellae, and lamellar packing.
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DFT-based scan of a low-energy high-symmetry region of
conformational space of bulk rr-P3HT to resolve the
uncertainties discussed above and to provide reference data
for follow-up studies by improved force fields and multiscale
modeling. We start with benchmarking best available DFT
methods using high-level theory and experimental crystal data
for P3HT and its fragments. Then, we develop a coarse-grained
model of P3HT, allowing for efficient parameterization of
various crystalline polymorphs as well as for recognition of local
structural patterns in amorphous phases. Using the developed
methodology, we search for low-energy polymorphs of rr-
P3HT, targeting a complete coverage below the energy level of
known room-temperature polymorphs and, in addition, within
the energy basins of all experiment-derived atomistic
models.11,12,20 After comprehensive sampling of P3HT micro-
structures, we analyze them to understand common structural
motifs of rr-P3HT. Also, we address specific questions related
to possible interpretations of best-fit models, use of vibrational
spectra to distinguish polymorphs, and understanding of glass
forming properties of rr-P3HT, including transition from low-
energy to room-temperature structures.

■ COMPUTATIONAL METHODOLOGY
To get accurate description of bulk P3HT at a relevant spatial
scale, we apply a combination of three approaches: ab initio
coupled cluster method, DFT, and classical force field. As the
reference method, we use explicitly correlated local coupled
cluster theory with single, double, and perturbative triple
excitations DF-LCCSD(T)-F12,34 as implemented in MOL-
PRO program.35,36 The computations are performed with the
cc-pVTZ37,38 orbital basis set and cc-pVTZ/MP2fit and cc-

pVTZ/JKfit basis sets for density fitting. We refer to this
method as CCSD(T)/cc-pVTZ.
The main results of this work are obtained at the DFT level.

Here, proper choice of the density functional is critical.39,40

Consequently, a preselected set of functionals is benchmarked
against CCSD(T) using representative fragments of P3HT,
including its monomer and oligomers of polyethylene and
polythiophene, with emphasis on noncovalent interactions and
π-conjugated dihedrals. We assess several density functionals
commonly applied to π-conjugated molecules: B3LYP, CAM-
B3LYP, LC-ωPBE, and ωB97X.39−41 Noncovalent interactions
are of primary importance for P3HT structure; therefore,
dispersion corrections are added to these DFT models.42 We
use the D3 correction with Becke−Johnson damping,43 except
for ωB97X, which is considered in ωB97XD version.44 In the
selection of a basis set, we use the minimalist approach to be
able to efficiently model bulk P3HT. We test several Pople’s
basis sets ranging from the minimally acceptable 6-31G*39,45 up
to 6-311+G(3df,2p). All molecular DFT calculations are
performed using Gaussian 09 program.46 To simulate bulk
P3HT in a super cell, we need to apply periodic boundary
conditions, which are not implemented for the dispersion-
corrected functionals in Gaussian 09. For this type of
calculation, we use the plane-wave basis with two methods:
vdW-DF247,48 and many-body dispersion (MBD)-rsSCS,49

referred here as Perdew−Burke−Ernzerhof (PBE)-MBD. The
former method is based on nonlocal correlation functional,
accounting for van der Waals interactions with rPW8650,51

exchange term. It was shown to be accurate in predicting the
structure of organic crystals.52−54 PBE-MBD represents another
way for accounting dispersion interactions using PBE55 density
functional coupled with many-body Tkatchenko−Scheffler van
der Waals model. It employs range separation of the self-
consistent screening of polarizabilities so that the long-range
correlation energy can be separated from the short-range
functional contribution. Calculations with the plane-wave basis
are performed in VASP 5.4 program.56 More specifically, we
use VASP-default PAW pseudopotentials57 and 600 eV energy
cutoff. Γ-Centered Monkhorst−Pack grid with at least 30 k-
points per Å−1 is fixed for all polymorphs under comparison.
Geometry optimization is performed with tight criteria
predefined in both Gaussian and VASP programs. In VASP
maximum gradients typically do not exceed 20 meV/Å for PBE-
MBD and 10 meV/Å for vdW-DF2. Unit cells are optimized
using fourth-order polynomial fit of energy for a set of fixed-
volume relaxations.
The results of assessment of density functionals are

summarized in Table 2 (see the Supporting Information for
comprehensive analysis). For polyethylene, we calculate
difference in energies of all-trans and hairpin conformers of
short oligomers with the reference CCSD(T) energies taken
from ref 58. For polythiophene tetramer, we compare energies
of several conformations sampling inter-ring dihedrals relative
to the planar one. Finally, for P3HT monomer, we consider a
set of low-energy conformers. According to Table 2, CAM-
B3LYP-D3 is the most accurate density functional for the
considered datasets, having deviations from the reference
calculations well below the “chemical accuracy” level of 1 kcal/
mol ≈ 43 meV. The basis set 6-311G* seems to provide a good
trade-off between accuracy and numerical efficiency, having
only several millielectronvolts difference from 6-311+G-
(3df,2p), which is substantially smaller than variations of
conformer energies upon change of density functional. For

Table 1. Recently Reported Parameters of P3HT Unit Cell
(in Chronological Order) Along with Relevant Results from
the Present Worka

method
polymer
(Å)

π-stack
(Å)

side-chain
(Å)

angle
(deg)

Type-1 Structures
X-ray + AFM16 7.7 7.7 16.8 90
X-ray, str. 117 7.6 7.8 17.2 105*
X-ray, str. 217 7.6 7.7 16.9 100.7*
X-ray18 7.7 7.7 15.7 87
ED11 7.8 7.8 16.0 86.4
X-ray + NMR12 7.7 7.6 16.4 87
cryo-TEM3 7.6 17
X-ray + ED19 7.6 7.8 16.7 85
str.12 at 300 K 7.68 8.2 16.0 95.0
str.12 by OPLS 7.78 7.1 18.3 94.5
str.12 by PBE-MBD 7.79 7.1 17.9 88.9
str.12 by vdW-DF2 7.86 7.4 17.2 86.5

Interdigitated (Type-2) Structure
ED, str. P3HT-2620 9.3 13.1 68.5
X-ray21 8.8 12.0
this work (OPLS) 7.81 8.7 13.2 70.2
this work (PBE-MBD) 7.80 8.9 13.3 69.9
this work (vdW-DF2) 7.89 9.1 13.5 69.3
aThe three translation vectors are labeled as follows: “polymer” means
direction along the polymer; the angle is between “π-stack” and “side-
chain” axes except for the two values labeled by asterisk where the
angle is between polymer and side-chain axes. The “str.12” is the crystal
structure reported in ref 12. The unit cell “at 300 K” is simulated by
molecular dynamics (MD); the other calculated structures are
optimized by the indicated method.
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plane-wave basis, both PBE-MBD and vdW-DF2 methods
show accuracy comparable with the best hybrid functionals.
The former gives slightly better energies and geometries for
P3HT monomer (see Table S7), whereas the latter is
computationally more efficient for bulk solids. In addition, we
have performed geometry comparison for relevant crystals with
fully resolved atomic positions: polyethylene,59 quarterthio-
phene,60 and type-2 P3HT,20 showing the same trend, see
Table S8. Consequently, CAM-B3LYP-D3/6-311G*, PBE-
MBD, and vdW-DF2 are the three methods used for all
subsequent DFT calculations performed in this work. When the
results are essentially the same for all three functionals, we use
the word “DFT” without specifying a specific functional.
Classical force field simulations are used to obtain the initial

guess for geometry of possible P3HT polymorphs as well as to
investigate dynamic and kinetic stability of the obtained
structures. We use LAMMPS program61 and optimized
potentials for liquid simulations (OPLS)-style62,63 force field.
The parameters are taken from ref 30 with two modifications:
we neglect the fifth order coefficient for the inter-ring dihedral
and use long-range electrostatics to avoid artifacts in geometry
optimization. Comparison with experimental geometries of
crystals of oligomers30 and DFT-optimized geometries
obtained in the present work shows that this OPLS force
field gives accurate geometries. However, the total energies are
inaccurate with the standard deviation exceeding 40 meV/
monomer (1 kcal/mol, see Figure S27). MD simulations are
performed in NPT ensemble at zero pressure with the artificial
periodic dimensions (two for polymer, one for π-stack)
uncoupled from barostat. The time step is 1 fs. Geometry
relaxation is performed by alternation of conjugated gradients
and damped dynamics (“fire” style64) to overcome shallow
traps on PES.

■ METHODOLOGY FOR STRUCTURAL SEARCH AND
ANALYSIS

To describe the structure of bulk P3HT quantitatively, we
coarse-grain it by replacing each monomer by a reduced set of
parameters fully characterizing the monomer geometry up to
nonessential fluctuations; see Figure 2. This set includes: three

Cartesian coordinates (x, y, z) of the center of the thiophene
ring, three Euler’s angles (ϕ, θ, ψ) rotating the thiophene ring
from a canonical orientation to the actual one, and five
dihedrals (δ1, ..., δ5) defining conformation of the side chain.
This parameterization reduces the coordinate space from 25 ×
3 correlated Cartesian coordinates per monomer to 11 nearly
independent parameters. Only three of them show nontrivial
dynamics at room temperature: x, ϕ, and δ ≡ δ1. The other
eight coordinates include four low-amplitude motions along y,
z, θ, and ψ and four quasi-discrete variables δ2...5. Instead of
listing values of these coordinates, it is more convenient to
encode all possible combinations of them up to nonessential
fluctuations. In particular, all side-chain conformations are fully
described by five lowercase letters. Each letter encodes a value
of a side-chain dihedral: a (180°), b (−60°), and c (+60°). The
dihedral δ is special: we use a for δ > 0 and b for δ < 0 provided
that the dihedral is counted from the bridging carbon. Although
there are five dihedrals to encode, we omit trailing a-s to avoid
long notations; e.g., aacaa is cut to aac when encoding a side
chain with δ1 > 0, δ3 ≈ 60°, and δ2,4,5 ≈ 180°. These notations
are exemplified in Figure 3. Rigorous definition of all
parameters and complete encoding of a monomer are given
in Section S1.
To encode a crystal structure with a monomer being the

asymmetric unit, we combine the above defined side-chain code
of the monomer (lowercase letters) with a code describing
orientation of thiophene rings in the unit cell (uppercase
letters). For 2 × 2 cell, 16 different structural arrangements of
the 4 thiophene rings can be identified (see Table S2) and
labeled by 2 capital letters, as shown in Figure 4. In addition,
there are two special fully planar cases denoted as C and B. In
summary, any rr-P3HT crystal with 2 × 2 unit cell can be
labeled by a string of up to two uppercase letters denoting
lattice structural type and up to five lowercase letters encoding
conformation of the side chain of the asymmetric unit, e.g.,
CBaac (see Figure S23 for illustration). Importantly, any two
low-energy crystals with the same code have nearly the same

Table 2. Assessment of Density Functionals for P3HT
Fragments: Polyethylene (PE), Polythiophene (PT), and
P3HT Monomer (M)a

PE PT M

dataset size 6 7 72

Fixed Basis Set 6-311G*
CAM-B3LYP-D3 5 9 5
B3LYP-D3 16 5 12
PBE-MBD 22 23 13
vdW-DF2 19 20 17
LC-ωPBE-D3 50 15 24
ωB97XD 90 16 26
OPLS 118 54 56
CAM-B3LYP 195 9 64

Fixed Functional CAM-B3LYP-D3
6-311G* 5 9 5
6-311G** 8 8 6
6-311+G(3df,2p) 10 1 12
6-31G* 19 6 6

aThe entries are the root mean square deviation for conformational
energies (relative to the lowest-energy conformer) with respect to the
reference CCSD(T)/cc-pVTZ values. All energies are in milli
electronvolts. The geometry is fixed at MP2/cc-pVTZ for polyethylene
and at CAM-B3LYP-D3/6-311G* for other systems. The details are
given in the main text, Table S4, Figure S10, Table S6.

Figure 2. Coarse-grained coordinates of a single P3HT unit: three
translations (x, y, z), three rotations (ϕ, θ, ψ), and five dihedrals (δ1 ≡
δ, δ2, ..., δ5).
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structure, differing mainly by parameters corresponding to large
amplitude motions, x, φ, and δ.
Predicting the structure of bulk polymers and molecular

solids is a challenging problem.9,54,65 There are two basic
approaches: enumerative search66 and simulation of exper-
imental synthesis and processing.23,67 The latter approach
should give more realistic geometries for each particular
experiment, whereas the former one allows for a systematic
itemization of all structures possible under a given search
constraint. For this reason, we use a combination of both
approaches, applying them alternately. We limit our search

space to experimentally observed structural motifs, which can
be reduced to a four-monomer unit cell (2 × 2). In fact, it is the
smallest reasonable cell for P3HT. Indeed, the polythiophene
backbone prefers the trans-conformation, setting the minimum
period along the polymer chain to two monomers. Commonly
assumed polymer reversal symmetry requires that adjacent
chains in the π-stack go in the opposite directions (antiparallel
stacking), setting the minimum period along the π-stack to two
chains. The initial iteration of the search algorithm includes
only high-symmetry configurations. Further, we expand the
search space by running MD starting from already identified
crystalline polymorphs. By high-symmetry we mean a cell with
the minimum asymmetric unit, which is a single monomer.
Under such constraints, all possible layer symmetry groups are
listed in Table S2. The precise algorithm for structural search is
detailed in Section S2.

■ RESULTS AND DISCUSSION
Conformational Preferences of P3HT Fragments. We

start our analysis with discussion of conformational preferences
of small P3HT fragments to understand basic interatomic
interactions determining structure of bulk P3HT. All possible
conformers of the side chain can be readily enumerated using
hydrogen passivated P3HT monomer. In a polyethylene, each
C−C−C−C dihedral alone prefers trans-conformation. The
two gauche conformers are low enough in energy, 20 meV, to
be important for room-temperature structure of P3HT. In
addition, the rotational barrier is only 125 meV, imposing no
kinetic constraints for thermal equilibration of the entire PES of
side-chain dihedrals.68 Steric constraints may limit fluctuations
of the dihedrals located close to the polymer backbone, such as
δ2, whereas the terminal dihedrals, such as δ5, are flexible in
type-1 interstack packing. The PES for δ1 is more shallow
(Figure S12), with the global minimum at 107°. Yet the cost of
planarization is about 65 meV, which is high enough to keep
nonplanar conformation also in bulk P3HT, although with
substantial spread in values of δ1 from ∼90 to 180° (Table
S11). By taking into account nonbonded interactions, we find
their energy sufficient enough to substantially influence
conformational preferences. Indeed, in bulk polyethylene the
interchain interaction energy is 25−50 meV per carbon (Table
S5). As a result, several conformers have their energy smaller or
similar to that of the fully unfolded a-conformer,69 which is
prevalent in room-temperature crystals. The lowest-energy
conformation is ab (δ2 ≈ −63°), smaller by 18 meV relative to
a-conformer. Noticeably, both experimentally derived models
of P3HT11,12 suggest an almost linear side chain, with the only
twist at δ2 ≈ −133°. Such value corresponds to a saddle point
on PES, and full relaxation of these models as isolated π-stacks
by OPLS force field yields a-conformer for ref 12 and ab
conformer for ref 11. Overall, a variety of low-energy
conformers for a single monomer should result in combinato-
rially rich conformational space of bulk P3HT, whereas shallow
barriers make these conformers dynamically accessible on a
nanosecond scale.
The other nonvibrational intramolecular degree of freedom is

the inter-ring dihedral. The geometry of the bithiophene is
nonplanar by ∼30° in both trans and cis conformations, in
agreement with the experiment70 (see PES in Figure S8).
However, the planarization energy is only 10 meV and is
decreasing with the oligomer size, so that thermal fluctuations
and nonbonding interactions in bulk P3HT result in a broad
distribution of the inter-ring dihedral. Overall, the geometry of

Figure 3. Three conformers dominating in low-energy (aac, ab) and
high-entropy (a) structures. Conformer a has all dihedrals at their
optimal values: δ1 ≡ δ ∼ 110° and δ2...5 ≈ 180° so that the side chain is
directed out of the π-stack plane. Conformer ab differs only by δ2 ≈
−60°, resulting in side chain oriented perpendicular to the thiophene
ring. Conformer aac has δ3 ≈ 60°, and the side chain is directed along
the polymer.

Figure 4. Structural type notations for a 2 × 2 cell. Two signs on the
left encode orientation of the foreground polymer relative to the
background one in xy-plane: forward−backward (sign 1) and up−
down (sign 2). Two signs on the right encode orientation of the
setting angle for adjacent monomers: coplanar−anticoplanar (sign 3)
and eclipsing−staggered (sign 4). For convenience, each pair of signs
is encoded by a letter from A to D. Note that only the sign 1 is
topological for the molecular dynamics considered in this work
(parallel or antiparallel stacking). For illustration, see examples of
structural types in Figures S22−S26.
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the isolated P3HT polymer is far from being highly symmetric
and there is a multitude of close in energy conformations,
which should influence intermolecular packing.
Bulk Crystals. To discuss bulk systems, it is important to

understand partitioning of their binding energy. Organic
molecular crystals show clear separation of various interatomic
interactions by strength, concomitant to different levels of
structuring.71 This includes strong covalent bonds forming a
molecular framework, weaker intermolecular forces forming a
π-stacking order, even weaker undirectional forces connecting
π-stacks in a bulk material, and variable-strength noncovalent
intramolecular interactions shaping individual molecules.72 The
same picture is expected for P3HT. Indeed, the π-stacking
energy is 0.4 eV/monomer for parallel stacking (structure B)
and 0.5 eV for the antiparallel one (structure C). This means
that the π-stack is a strongly bound system, although slips along
the polymer direction are possible at elevated temperatures.6

The interstack interaction energy in the reported crystalline
geometry12 optimized by DFT is about 0.1 eV/monomer. In
type-1 packing, this energy is distributed among multiple side-
chain ends coming in and out of contact upon thermal
fluctuations, in contrast to π-stacking energy concentrated in
between each pair of polymers constantly. Therefore, the role
of interstack interaction in formation of a structural order
within π-stacks is small. Indeed, the relaxed geometries of the
reported crystal12 and its isolated π-stack counterpart differ
insignificantly; see Table S11. Also, even at 100 K, MD
snapshots of isolated π-stacks and crystals show essentially the
same intrastack topology (compare Figures S17 and S16).
Consequently, a type-1 P3HT crystal can be considered as a
system of weakly interacting π-stacks.
Comparison of experimental and calculated geometries for

bulk crystals is given in Table 1 (unit cell parameters) and
Table S9 (coarse-grained coordinates). Type-2 crystal has no
intrinsic disorder because DFT-optimized structure agrees well
with the experimental one. There is some discrepancy in x and
δ2 parameters, but upon structural relaxation, the experimental
best-fit model20 readily converges to the DFT-predicted
geometry. Type-1 crystals are different, at least for experiments
with published atomic positions.11,12 Both DFT and OPLS
force field relaxations of the geometry from ref 12 end up with
the optimized structure very similar to the original one, see
Table 1. The geometry from ref 11 contains crowded atoms,
preventing DFT relaxation, but its formal optimization by
OPLS results in the same structure as the one obtained from ref
12. Importantly, experimentally observed cell parameters are
much closer to room temperature MD values than to the
relaxed geometries, implying that the reported experimental
geometries correspond to some average coordinates rather than
to a local minimum. Also, the total energy of the DFT-
optimized published type-1 crystal is significantly higher than
the energy of several polymorphs of isolated π-stack; see e.g.,
Table S11. Therefore, in the observed type-1 crystals, a
substantial intrinsic disorder is present and thus it is natural to
expect a pronounced polymorphism for type-1 P3HT.
Polymorphism of π-Stacks at Zero Temperature. On

the basis of the search methodology and energy distribution of
generated structures (Figure S19), we expect a comprehensive
coverage (by force field) of high-symmetry π-stacks within the
energy of 150 meV/monomer, as counted from the lowest-
energy polymorph. Because the standard deviation of the OPLS
energy relative to DFT values is about 50 meV (Figure S27),
we expect accurate identification of the lowest-energy

polymorphs by DFT within 50 meV range and representative
coverage of unfolded conformers up to 200 meV (Table S11).
The detailed list of polymorphs is given in the Supporting
Information: Table S10 for the OPLS force field, Table S11 for
PBE-MBD, and Table S12 for vdW-DF2. A short summary is
presented in Table 3 with selected structures illustrated in
Figure 5.

Analysis of low-energy polymorphs (Table S11) shows two
dominating side-chain conformations: aac and ab; see Figure 3
and Table 3. Both have a tightly packed structure: aac with side
chains parallel to the polymer and ab with side chains
perpendicular to the polymer (abab at 45 meV is a variation
of the latter). Entropically stable unfolded conformers (a and
b) start to appear at much higher energies of 80 meV, except for
BDa structure at 45 meV, whose exceptional stability will be
discussed later. In particular, one of the lowest-energy unfolded
polymorphs of antiparallel stacking is the structure with the
maximum possible symmetry, structure C at 95 meV. This
geometry allows for tight packing of unfolded side chains,
similar to what is achieved in BDa polymorph for parallel
polymers. In the experimentally reported crystal,12 packing of
side chains is different so that each of them interacts with four
side chains from the adjacent π-stack (C−C distances are 4.0 ±
0.1 Å). Overall, the three conformations a, ab, and aac
dominate low-energy polymorphs up to 150 meV (Figure S20).
Distribution of lattice types is more uniform, suggesting a
relative flexibility of inter-ring dihedrals and π-stacking of
thiophene rings, in agreement with the recently proposed
model.6 Steric constraints suppress the xy-arrangements A/D
and zy-arrangements C/D in Figure 4 so that (B/C)(A/B)
combinations prevail (Table 3).
Lifting symmetry restrictions of Table S2 neither leads to

principally new structures nor changes the overall energy
landscape, except for amorphous structures discussed later.
Typical symmetry breaking results in modulation of monomer
parameters either along the polymer chain or along the π-
stacking. Such modulations often lower the energy for the
OPLS force field, whereas DFT calculations show that a more
symmetric structure is usually more stable, consistent with 2 ×
2 unit cell symmetry with the smallest asymmetric unit.
Another symmetry readily broken in isolated π-stacks is the
symmetry of their two facets (y > 0 and y < 0) because the side
chains attached to the opposite facets do not interact directly
with each other. Comprehensive investigation of possible low-
symmetry polymorphs is limited by accuracy of the force field.
The translation period of the polymer is 7.80(2) Å for all

DFT-optimized polymorphs, implying that the experimentally

Table 3. List of the Lowest-Energy π-Stacks Categorized by
Parallel/Antiparallel Stacking and Side-Chain
Conformation: Unfolded a, Packed Along Polymer aac, and
Along π-Stacking aba

a ab aac

Antiparallel C 95 CA 17 CA 0
CA′ 145 CB 54 CB 13

Parallel BD 45 BA 15 BA 44
BB 79 BD 55 BB 48

aPBE-MBD energies are given in milli electronvolts per monomer
relative to the minimum energy of a π-stack (polymorph CAaac). CA′
is the optimized π-stack from ref 12. See the complete list in Table
S11.
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observed shrinkage to 7.6 Å is caused by thermal disorder. Most
of the calculated values of the π-stack period vary from 7.4 to
7.9 Å in consistency with experiments. Extra large values (>8
Å) correspond to large settings angles (>30°), and might
contribute to a quenched disorder in bulk P3HT. The dihedral
δ for most of polymorphs deviates from the optimal single-
molecule value by no more than 20°, corresponding to rather
small penalty of about 10 meV. Exceptions from this rule are
rare and include the two highest-symmetry structures C and B,
and experimentally derived geometry, even though a bias
toward optimal values of dihedrals has been set by the search
algorithm. In any case, substantial deviation between
experimental and computed geometries of type-1 crystal as
well as existence of a number of polymorphs energetically and
structurally similar to the experimental one, support the idea
that the observed structure is an averaged one, and a multitude
of geometrically distinct isoenergetic microstructures may
coexist both dynamically due to thermal fluctuations and as a
quenched disorder.
Elevated Temperatures. Our present study of P3HT at

nonzero temperatures is limited by accuracy of the available
force field so that the results should be considered only
qualitatively: we are not predicting room-temperature structure
but rather investigate how given low-energy polymorphs are
transforming at elevated temperatures, to derive generic
conclusions applicable for DFT structures as well. Again,
type-1 and type-2 crystals behave differently. Type-2 crystal is
the lowest-energy polymorph among all known bulk P3HT
forms, being more stable than the lowest-energy π-stack by 128
meV/monomer. It is thermally stable at room temperatures
under periodic boundary conditions (Figure S18), consistent
with the experimentally measured melting temperature of 400
K for long oligomers.21 In contrast, type-1 crystals and isolated
π-stacks undergo order−disorder transition at some temper-
ature below 300 K; see Table S10. For π-stacks, after 1 ns MD
at 400 K followed by 1 ns quench, all studied crystalline

polymorphs transform into one of four structures identified as
a-CBa, a-Ca, BDa, and a-Ba, as shown in Figure S16. Here, “a”
means amorphous and a-Ca means that polymer chains are
ordered in the xy-plane and disordered in the yz-plane (see
Figure 4). The dihedral δ1 is also ordered, whereas the rest of
degrees of freedom are disordered within the used 2 × 2 unit
cell identification algorithm. This means that at elevated
temperatures, side chains melt (except for δ1), setting angles
fluctuate, and polymer chains can slip along x-direction. As a
result, at room temperature, type-1 semicrystalline rr-P3HT is
substantially disordered. An exception is BDa polymorph which
might preserve its crystalline order at elevated temperatures
(the available force field shows no melting even at room
temperature). Interestingly, we observe two polymorphs per
topological class (parallel/antiparallel stacking). They differ by
their setting angle pattern: ordered for a-CBa/BDa and
disordered for a-Ca/Ba (see Table S10). This result is
consistent with the hypothesis of ref 8 that the two optically
distinct P3HT phases have similar electronic structure and
vibronic couplings but shifted exciton levels due to disorder
effects.
Although probing dynamics with DFT is not computationally

efficient for the considered systems, some information about
PES can be obtained from the vibrational analysis. Here, we
calculate vibrational frequencies at Γ-point using density
functional perturbation theory. Most of the low-energy
polymorphs are stable with respect to infinitesimal deforma-
tions at the fixed unit cell (Table S14). Among those with
imaginary or prominently low frequencies is the relaxed
experimental unit cell in both three- and two-dimensional
forms. Recently, vibrational density of states (DOS) was used
to distinguish polymorphs of P3HT.5 In agreement with that
work, we observe substantial difference in DOS of structures
distinct by a single dihedral, such as CAab vs CAabab or CAaac
vs CAab (Figure S28). On the other hand, structures with the
same side-chain conformation, such as CAab vs BAab or CAaac

Figure 5. Unit cells of selected polymorphs viewed along z-axis. The vdW-DF2 energies in milli electronvolts are given in parentheses. Unit cells are
denoted by translation vectors starting at the origin and ending at magenta balls. The x- and y-axes are marked by red and green colors, respectively.
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vs CBaac, have very similar DOS except for that in the low-
frequency region. The difference between three- and two-
dimensional forms is even smaller (crystal vs π-stack in Figure
S28). The calculated elasticity tensor (Table S15) is positive
definite for low-energy structures, although the smallest
eigenvalue is typically less than 1 GPa (it corresponds to XZ-
deformation).

■ CONCLUSIONS
Establishing relationships between structure and electronic
properties for organic semiconductors is pivotal for a number of
optoelectronic technologies based on these materials. This task
is complicated owing to materials’ softness and multiple
competing interactions ensuring a range of feasible and
frequently coexisting chain packings spanning from highly
ordered microcrystals to completely amorphous structures.
Such diversity is of critical importance for optical and charge
carrier transport properties. Even for the most studied P3HT
polymer, available experimental and theoretical reports do not
accurately resolve individual atom positions across packed
microstructures in the bulk material. In the modeling arena,
addressing this question requires a combination of a variety of
electronic structure and classical MD approaches encompassing
different scales. In addition, to account for enormous
conformational variety of chain packings, structural modeling
should be supplemented with an exhaustive and systematic
search protocol for low-energy crystalline polymorphs. All of
these components underscore our present modeling study.
Methodologically, we have performed extensive benchmark-

ing of density functionals to CCSD(T) results for small P3HT
fragments. In particular, we show that CAM-B3LYP-D3/6-
311G* is among the most accurate computationally inexpensive
DFT methods for P3HT, whereas PBE-MBD and vdW-DF2
functionals are accurate enough to be used for calculations with
periodic boundary conditions. The generated symmetry-
enumerated set of polymorphs can be further used as a seeding
set for a more thorough search and for benchmarking of density
functionals and force fields.
From our analysis, it follows that rr-P3HT is a statistically

frustrated material in a sense that there are competing
interatomic interactions of comparable strength but with
inconsistent optimal geometries, which is typical for glass
formers.73 This leads to a broad variety of nearly isoenergetic
geometries with distinct ordering. In particular, side-chain
dihedrals alone prefer the trans-conformation but noncovalent
interactions in P3HT environment minimize energy in folded
conformations. The inter-ring dihedral prefers nonplanar
conformation, but the π-stacking stabilizes the planar one. As
a result of such frustration, we have about 10 lowest-energy
high-symmetry two-dimensional π-stack polymorphs within the
energy window of only 2 meV per atom, i.e., about 50 meV/
monomer. All of these crystals have topologically different
geometries and are kinetically stable at 200 K. In three
dimensions, we naturally expect a combinatorially large number
of nearly isoenergetic bulk structures, which can be obtained by
piling up π-stacks on top of each other in the type-1 packing.
Here, we do not observe any specific interstack interaction
influencing intrastack structure so that the obtained ensemble
of π-stacks should be representative of type-1 bulk P3HT.
All of the observed structures can be accurately para-

meterized by the proposed coarse-grained model involving 11
nearly independent degrees of freedom per monomer,
including 3 translations, 3 rotations, and 5 dihedrals. The

lowest-energy polymorphs adopt a 2 × 2 unit cell with the
smallest possible asymmetric unit. This symmetry can be
broken at elevated energies and temperatures by slight
modulation of monomer geometry. At room temperature,
side chains melt into a glass former, although π-stacking order
persists. Subsequently, we observe upon cooling a partially
ordered structure corresponding to the so called “limit
disordered” polymer model.9 This disorder should be taken
into account in best-fit modeling of experimental structural data
because existing “limit ordered” models do not correspond to a
low-energy or thermally stable structure. A modeling of the
room-temperature P3HT structure is currently limited by
insufficient accuracy of available force fields. Using the
published force field, at elevated temperatures, we have
obtained four distinct semicrystalline π-stacks: two for parallel
and two for antiparallel π-stacking. One of these two phases is a
more ordered form of the other one, in agreement with the
hypothesis suggested in ref 8.
We observe no preference between parallel and antiparallel

stacking of P3HT chains. This should lead to a static disorder
in self-assembled π-stacks, similar to that introduced by regio-
randomness of P3HT chains. Consequently, it is interesting to
see in practice if π-stack-regular P3HT would show an
improved crystalline order. Another morphology with reduced
disorder is a fully interdigitated one: it is substantially lower in
energy than a type-1 structure, which however is stable at any
temperature studied here.
In summary, this work provides a systematic modeling study

of low-energy high-symmetry structures of bulk P3HT polymer.
The obtained polymorphs can be used as a seeding set for a
more comprehensive exploration of the configuration space, as
a training set for optimization of density functionals and force
fields, as well as for interpretation of experimental data with
incompletely resolved molecular structure. Some of the two-
dimensional structures can be energetically favorable in
nonbulk forms,74 in particular at oriented planar interfaces
with well-ordered materials.75−77

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b11271.

Atomic coordinates for DFT-optimized polymorphs
(ZIP)
Details of structural analysis (Figure S1, Tables S1 and
S2); structure prediction algorithm (Figures S2−S4);
polyethylene oligomers (Tables S3 and S4, Figures S5−
S7); elastic constants and vibrational frequencies (Tables
S14 and S15, Figures S28 and S29) (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: a.zhugayevych@skoltech.ru. Phone: +7 495 2801481
(A.Z.).
*E-mail: serg@lanl.gov (S.T.).

ORCID
Andriy Zhugayevych: 0000-0003-4713-1289
Sergei Tretiak: 0000-0001-5547-3647
Notes
The authors declare no competing financial interest.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b11271
J. Phys. Chem. C 2018, 122, 9141−9151

9148

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11271/suppl_file/jp7b11271_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11271/suppl_file/jp7b11271_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11271/suppl_file/jp7b11271_si_002.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.7b11271
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11271/suppl_file/jp7b11271_si_001.zip
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11271/suppl_file/jp7b11271_si_002.pdf
mailto:a.zhugayevych@skoltech.ru
mailto:serg@lanl.gov
http://orcid.org/0000-0003-4713-1289
http://orcid.org/0000-0001-5547-3647
http://dx.doi.org/10.1021/acs.jpcc.7b11271


■ ACKNOWLEDGMENTS

This work is funded by Volkswagen Foundation (A115678).
A.Z. acknowledges also financial support by Russian Science
Foundation (16-13-00111). This work was performed, in part,
at the Center for Integrated Nanotechnologies, an Office of
Science User Facility operated for the U.S. Department of
Energy (DOE) Office of Science by Los Alamos National
Laboratory (Contract DE-AC52-06NA25396) and Sandia
National Laboratories (Contract DE-AC04-94AL85000).

■ REFERENCES
(1) Brinkmann, M.; Hartmann, L.; Kayunkid, N.; Djurado, D. In
P3HT Revisited - From Molecular Scale to Solar Cell Devices; Ludwigs,
S., Ed.; Springer: Berlin, 2014; pp 83−106.
(2) Tremel, K.; Ludwigs, S. In P3HT Revisited - From Molecular Scale
to Solar Cell Devices; Ludwigs, S., Ed.; Springer: Berlin, 2014; pp 39−
82.
(3) Wirix, M. J. M.; Bomans, P. H. H.; Friedrich, H.; Sommerdijk, N.
A. J. M.; de With, G. Three-Dimensional Structure of P3HT
Assemblies in Organic Solvents Revealed by Cryo-TEM. Nano Lett.
2014, 14, 2033−2038.
(4) Agbolaghi, S.; Zenoozi, S. A Comprehensive Review on Poly(3-
alkylthiophene)-based Crystalline Structures, Protocols and Electronic
Applications. Org. Electron. 2017, 51, 362−403.
(5) Harrelson, T. F.; Cheng, Y. Q.; Li, J.; Jacobs, I. E.; Ramirez-
Cuesta, A. J.; Faller, R.; Moule, A. J. Identifying Atomic Scale Structure
in Undoped/Doped Semicrystalline P3HT Using Inelastic Neutron
Scattering. Macromolecules 2017, 50, 2424−2435.
(6) Bohle, A.; Dudenko, D.; Koenen, N.; Sebastiani, D.; Allard, S.;
Scherf, U.; Spiess, H. W.; Hansen, M. R. A Generalized Packing Model
for Bulk Crystalline Regioregular Poly(3-alkylthiophenes) with
Extended Side Chains. Macromol. Chem. Phys. 2017, No. 1700266.
(7) Kilina, S.; Batista, E. R.; Yang, P.; Tretiak, S.; Saxena, A.; Martin,
R. L.; Smith, D. L. Electronic Structure of Self-Assembled Amorphous
Polyfluorenes. ACS Nano 2008, 2, 1381−1388.
(8) Panzer, F.; Sommer, M.; Bas̈sler, H.; Thelakkat, M.; Köhler, A.
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