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ABSTRACT: We establish a link between the microscopic
ordering and the charge-transport parameters for a highly
crystalline polymeric organic semiconductor, poly(2,5-bis(3tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT).
We ﬁnd that the nematic and dynamic order parameters of
the conjugated backbones, as well as their separation, evolve
linearly with temperature, while the side-chain dynamic order
parameter and backbone paracrystallinity change abruptly
upon the (also experimentally observed) melting of the side
chains around 400 K. The distribution of site energies follows
the behavior of the backbone paracrystallinity and can be treated as static on the time scale of a single-charge transfer reaction.
On the contrary, the electronic couplings between adjacent backbones are insensitive to side-chain melting and vary on a much
faster time scale. The hole mobility, calculated after time-averaging of the electronic couplings, reproduces well the value
measured in a short-channel thin-ﬁlm transistor. The results underline that to secure eﬃcient charge transport in lamellar
arrangements of conjugated polymers: (i) the electronic couplings should present high average values and fast dynamics, and (ii)
the energetic disorder (paracrystallinity) should be small.

I. INTRODUCTION

PBTTT forms extended crystalline domains on crystallization
from a liquid crystal phase.13 Regioregularity and the large freevolume between adjacent alkyl chains facilitate its high degree
of crystallinity with well-ordered alkyl side chains allowing for
interdigitation and formation of closely packed lamellar
structures.5 The formation of such high-quality crystallites
(promoted by the side-chain interdigitation) has been
suggested to be directly related to the better performance of
PBTTT in TFTs vs other polymers, rather than diﬀerences in
trap energy/density or domain size.14
Considerable experimental and theoretical eﬀorts have been
undertaken to determine the molecular-scale packing of
PBTTT. Initial structural analyses of the thin-ﬁlm structure
based on X-ray scattering assumed an orthorhombic unit
cell.5,15 This structural model was then further reﬁned based on
data from near-edge X-ray absorption ﬁne structure and
infrared absorption spectroscopy16 as well as density functional
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Thiophene-based conjugated polymers show considerable
potential as low-cost materials for solution-processed solar
cells and thin-ﬁlm transistors (TFTs).2−4 A prototypical
example is poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT), the chemical structure of which is
shown in Figure 1. Thin-ﬁlm transistors (TFTs) with PBTTT
as the active layer have demonstrated charge-carrier mobilities
up to 1 cm2V−1s−1 with good air stability;5−8 however, as a
donor material in bulk-heterojunction solar cells PBTTT has
shown limited performance,9−11 which is partially a function of
the formation of an intercalated bimolecular complex.12 Pristine
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Figure 1. Chemical structure of poly(2,5-bis(3-tetradecylthiophen-2yl)thieno[3,2-b]thiophene) (PBTTT-C14) studied in this work.
© 2013 American Chemical Society
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Figure 2. (a) PBTTT-C14 primitive unit cell with cell parameters as obtained from molecular dynamics simulations. Projections along the π−π
stacking and chain directions at 300 K (b) and 500 K (c).

theory (DFT) calculations.17 Furthermore, molecular mechanics and X-ray diﬀraction (XRD) simulations were used to study
the molecular packing of the PBTTT-C12 lamellae and resulted
in the proposition of a triclinic unit cell.18 An orthorhombic
unit cell was again proposed for biaxially aligned ﬁlms based on
grazing incidence X-ray diﬀraction analysis.19 Recently, a
combined X-ray diﬀraction and molecular mechanics approach
has been used to determine the triclinic nature of the unit cell
of PBTTT-Cn with n = 12, 14, 16 for both uniaxial and biaxial
alignments.20 Periodic band-structure calculations were employed to evaluate the electronic structure of the crystalline
domains; the results showed that, as expected, the band
dispersions were largest along the polymer backbones though
still signiﬁcant along the π-stacking direction (in agreement
with previous results17). This unit cell (see Figure 2) is used
here to generate a starting supercell of a biaxially oriented ﬁlm.
Charge-carrier transport in such semicrystalline polymers is
controlled by a network of ordered regions (formed by the
organization of the polymer backbones into two-dimensional
lamella sheets) and disordered regions. An attempt to link
charge mobility to molecular ordering (to be more precise, to
the degree of paracrystalline disorder in the π-stacking
direction) has recently been made by using X-ray line-shape
analysis and a tight-binding model.17,21 It was concluded that
the static positional disorder, leading to a static disorder of the
electronic coupling elements between adjacent backbones,
results in a tail of trap states, with trap energies on the order of
0.1 eV. The static disorder in the electronic coupling elements
was postulated in this model and the eﬀect of the energetic
disorder due to electrostatic and polarization eﬀects was
neglected. Additionally, the anisotropy of the charge-carrier
transport in biaxially aligned PBTTT ﬁlms using a zone-cast
method has been studied by measuring the mobility parallel
and perpendicular to the polymer chain direction.8 The results
suggest that the mobility along the polymer chain is larger than
that in the π-stacking direction (which further substantiate the
periodic band-structure results) and that mobilities in both

cases are thermally activated with an activation energy of 0.06−
0.07 eV.
In this work, we aim to provide a rigorous, microscopic, link
between the morphology and the charge-carrier transport
parameters in the highly crystalline domains of PBTTT-C14. To
do so, we ﬁrst reparameterize the PBTTT force ﬁeld and
perform molecular-dynamics simulations of a 3 × 30 × 4
supercell for a range of temperatures. We then evaluate the
electronic coupling elements and site-energy diﬀerences for
pairs of molecules in a molecular-dynamics trajectory and
establish correlations between their distributions and the
dynamic, nematic, and paracrystallinity order parameters. By
comparing the decay times of the respective autocorrelation
functions to typical charge transfer times, we conclude that the
electronic couplings must be preaveraged before calculating the
charge-transfer rates, while static energetic disorder can be
assumed on time scales of a single electron-transfer reaction.
Finally, hole-transfer rates between neighboring polymer chains
are evaluated and the charge-carrier dynamics are simulated
within PBTTT-C14 lamellae.

II. MOLECULAR DYNAMICS
The force ﬁeld for PBTTT is based on the OPLS-AA22 force
ﬁeld with the bonded degrees of freedom reparameterized using
the potential energy scans as described in the Supporting
Information. Starting conﬁgurations were prepared using the
triclinic unit cell shown in Figure 2a and described in ref 20.
First, a tetramer was prepared with the terminal groups
saturated with hydrogens. Then a supercell with three
lammellae was generated, with each lamella containing 30
tetramers. Molecular dynamics simulations were performed in
the NPT ensemble (anisotropic Berendsen barostat23 and a
canonical velocity-rescaling thermostat24) using the GROMACS simulation package.25 A 2 ns equilibration followed by a
1 ns production run was performed in the 300−500 K
temperature range (in steps of 50 K). For analysis, snapshots
are saved at time intervals of 100 ps during the production run.
1634
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Figure 3. (a) Dynamic order of carbon−carbon bonds in aliphatic side-chains. (b) Static (Q) and dynamic (S) order parameters of thiophene (TH)
and thienothiophene (TT) backbone motifs. (c) Temperature-resolved paracrystallinity g as well as expansion of unit cell b along π-stacking
direction.

The temperature dependence of the nematic order parameter
is shown in Figure 3b both for the thiophene (TH) and
thienothiophene (TT) units. The change in nematic ordering is
rather small, i.e., the conjugated units of the backbone remain
well aligned (but become more mobile upon increasing
temperature). Both the nematic and dynamic order parameters
of the backbone do not show any anomalies that could be
linked to the abrupt increase of side-chain dynamics between
350 and 400 K.
Finally, to quantify the degree of positional disorder along
the π-stacking direction, the paracrystallinity parameter, gm, was
evaluated as:

Two representative snapshots, equilibrated at 300 and 500 K
are shown in Figure 2, parts b and c, respectively. As expected,
both side chains and backbones become more mobile at higher
temperatures, while the long-range order is preserved.
The increase in side-chain mobility was quantiﬁed by
calculating the dynamic order parameters26,27 which can also
be extracted from solid-state NMR measurements:28,29
S=

1
N

N

⎛ 3 (i) (i) 2
1⎞
⎜ (M⃗
·m⃗ ) − ⎟
2
2⎠

∑⎝
i=1

(1)

where M⃗ (i) = ⟨m⃗ (i)⟩, ⟨···⟩ denotes time average, 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. Note that the dynamic order parameter
is calculated with respect to a time-averaged orientation of m⃗ (i);
thus, for a system of static randomly oriented vectors, the
dynamic order S equals one while the nematic order Q, as
introduced in eq 2, is zero.
The dependence on temperature and bond position of the
dynamic order parameter S is shown in Figure 3a for the alkyl
side chains. As expected, side-chain mobility increases with
increasing distance between the CC-bond of interest and the
backbone, especially at higher temperatures. Interestingly, there
is a sharp decrease of S between 350 and 400 K, in line with
what would happen upon melting of crystalline side chains.
Such transitions are not observed for the dynamic order
parameters of the thiophenes and thienothiophenes along the
backbone, Figure 3b, as these conjugated units become only
slightly more mobile (torsional motion) at higher temperatures.
To assess the orientational ordering of the conjugated
subunits in the polymer backbone, the nematic order parameter
Q, i.e., the largest eigenvalue of the order parameter tensor, Q̂ ,
is calculated, where:
Q αβ =

1
N

N

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

∑⎝
i=1

gm2 =

⟨dhkl 2⟩ − ⟨dhkl⟩2
⟨dhkl⟩2

(3)

where dhkl is the distance between the centers of mass of two
closest conjugated subunits belonging to diﬀerent polymer
chains, projected on the hkl-direction. Since we are interested
in paracrystallinity along the π-stacking direction, i.e., along the
b⃗ vector, hkl corresponds to 010. Paracrystallinity can be
extracted from X-ray diﬀraction data30 and for PBTTT-C14 the
room temperature paracrystallinity is 7.3%.21 The corresponding calculated value is 3.7%, smaller than that determined
experimentally, and implies that the backbone is not perfectly
crystalline even in highly crystalline regions of PBTTT-C14.
The temperature dependence of the paracrystallinity along
the π-stacking direction is shown in Figure 3c, together with the
corresponding unit-cell-vector expansion. One can see that a
virtually linear thermal expansion of the cell is accompanied by
a steep increase in paracrystallinity between 350 and 400 K.
Remarkably, this is the only order parameter that clearly reﬂects
the enhanced side-chain dynamics. A paracrystallinity parameter gc calculated from whole chains instead of individual
monomers exhibits the same behavior while excluding
contributions from increased disorder in torsional degrees of
freedom. This suggests that the main contribution to
ﬂuctuations in the (inter) monomer−monomer distances
results from breathing modes along the π-stacking direction,
where the centers-of-mass of whole chains undergo shifts. The
diﬀerence Δg = gm − gc increases linearly with temperature (not
shown), with only a minor kink of the same intensity as for the
nematic order parameter Q(TH) occurring at 400 K. This
underlines that gc does not include the increase in paracrystallinity due to thermal motion of backbone torsional

(2)

N is the number of conjugated subunits (thiophene and
thienothiophene 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.
1635
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Figure 4. Temperature-resolved distributions of (a) site energies and (b) electronic coupling elements for a trajectory obtained using 1000 molecular
dynamic snapshots, with distribution of lamellar mobilities shown in the inset. Distributions of site energies and pair couplings have been calculated
for the same number of sites and pairs, respectively, and are hence implicitly normalized. (c) Time autocorrelation functions for site energies and
electronic coupling elements; these functions are compared to the distribution of average escape times. The color-coding of the temperature range is
the same as in parts a and b.

here, and, notably, even for a perfect crystalline molecular
arrangement, small thermal ﬂuctuations of the backbone
torsional angles (note that the side chains are not accounted
for when evaluating the site energies) lead to energetic disorder
in the system. This disorder increases at higher temperatures,
with a clearly distinct temperature dependence below 350 K
and above 400 K (see the inset in Figure 4a), which correlates
with the abrupt decrease in side-chain dynamic order parameter
and paracrystallinity, shown in Figure 3a,c. In the next section,
it will be shown that this disorder can be treated as static on the
time scale of an electron-transfer reaction.

degrees of freedom and hence documents the pure eﬀect of
side-chain melting on the conjugated planes.
A structural transition around 410 K has also been observed
experimentally for PBTTT-C14; Fourier-transform infrared
spectroscopy data established the link between this transition
and the melting of the side chains.31,32 Here, apart from the
linear thermal expansion along the π-stacking direction and a
jump in inter-lamellar separation, both of which are observed in
our simulations, no abrupt change, either in torsional disorder
aﬀecting the conjugation length or in conjugated-plane
orientation, could be detected. However, to the best of our
knowledge, there has been no experimental study to date of the
temperature-dependent paracrystallinity in PBTTT-C14.
To summarize, the dynamic and nematic order parameters of
the polymer backbones as well as the unit-cell dimensions
display a weak linear dependence on temperature. In contrast,
the side-chain dynamic order parameter and paracrystallinity
along the π-stacking direction both exhibit an abrupt change
within the 350−400 K range due to side-chain melting. In what
follows, we evaluate how these structural changes aﬀect the
electronic coupling elements, site energies, (interchain) chargetransfer rates, and ultimately charge-carrier mobilities.

IV. ELECTRONIC COUPLINGS
We now consider the distribution of the electronic coupling
elements that enter the rates of electron tunneling between the
diabatic states ϕi, ϕj of the charge-transfer complex.34 These
diabatic states are constructed from the highest occupied
molecular orbital of a DFT optimized PBTTT tetramer. To
account for the variation of dihedral angles along the polymer
backbone, the orbitals are rotated into the respective coordinate
frames of the thiophene and thienothiophene fragments. Even
for large couplings, this choice of the reference states has been
shown to predict similar values of charge-carrier mobilities as
schemes that do not assume charge localization,35 and is
expected to result here from the non-negligible energetic
disorder. 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.36,37 A pair of molecules is added to the list of
neighbors if the distance between the centers-of-mass of any of
the thiophene or thienothiophene 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.
The distributions of electronic coupling elements, shown in
Figure 4b, shift toward smaller values at higher temperatures
due to the thermal expansion of the unit cell along the πstacking direction (see Figure 3c). This, as will be shown later,
does not aﬀect signiﬁcantly the charge-carrier mobility. In spite
of a crystalline order, there is a broad tail of very small
couplings, down to 10−4eV, even though only nearest neighbors
are present in the neighbor list. Since the transport has a onedimensional character, it can be anticipated that a broad
distribution of electronic couplings limits charge mobility along
lamellae. Indeed, the inset of Figure 4b shows that mobility

III. ENERGETIC DISORDER
With the molecular dynamics trajectories at hand, we now turn
to an evaluation of the electrostatic contribution to site
energies. This contribution is due to a locally varying
electrostatic potential and is calculated self-consistently using
the Thole model33 on the basis of the atomic polarizabilities
and partial charges for a cation and a neutral molecule listed in
the Supporting Information.
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, are shown in Figure 4a, together
with the ﬁts to a Gaussian function:
f (E ; μ , σ 2 ) =

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

(4)

The distributions both broaden and shift to higher energies
with increasing temperature. Note that the shift of the mean of
the distribution is not essential for a one-component system,
since only site-energy dif ferences enter in the Marcus-rate
expression, eq 6. Instead, it is the broadening that is crucial
1636
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These two time scales, τJ and τE, 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). Still, to allow for a partial separation of time scales,
it can be stated that a signiﬁcant fraction of sites (5%) traps
charges for a time on average longer than τJ, whereas only a
very small fraction (around 0.001% by extrapolation) exceeds
the long-time limit set by τE.
We therefore conclude that charge-carrier dynamics is in
practice limited by the backbone dynamics, since relaxation
times of electronic couplings due to thermal ﬂuctuations exceed
typical time scales of hopping transport in the system. To some
extent, it is still possible to resort to a single charge-transfer rate
to describe transport, eq 6, and use a time-average for all pair
electronic couplings. In fact, a similar conclusion has been
reached for columnar discotic liquid crystals,38 where onedimensional transport and fast molecular motions (librations
and rotations) led to rapid changes in electronic couplings. As
an aside, we note that it is also possible to accurately account
for the explicit time-dependence of electronic couplings by
employing semiclassical dynamics.35,39

values, evaluated for all molecular-dynamics snapshots, are
similarly distributed, with small mobilities as low as 10−6cm2/
(Vs). This would obviously result in rather small average
mobility values. However, this conclusion is valid only if chargecarrier transport were to occur within a static snapshot of the
system; in reality, both transfer integrals and site energies are
time-dependent. In fact, a broad distribution of electronic
couplings is linked to variations in the backbone dihedral
angles. The thermal motion of these angles presents typical
relaxation times of 100 fs and hence can be slower than the
time required for an electron-transfer reaction.
In order to understand whether such a static picture can be
used in our case, in the next section we evaluate the
distributions in relaxation times of the electronic coupling
elements and site energies and compare them to the
distribution of escape times of a charge carrier.

V. AUTOCORRELATION FUNCTIONS
To explore the limitations associated with simulating charge
transfer in a frozen morphology, we compare charge escape
times (τesc, deﬁned below) to relaxation times of the backbone
as reﬂected both in the electronic coupling elements and site
energies.
Escape rates are deﬁned as Γ(i)
esc = ∑j(i)Γij, where Γij is the
hole-transfer rate from site i to site j, 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, can then
(i)
be obtained as τ(i)
esc = 1/Γesc. 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 ) =

⟨(Et(i)

−

μ)(Et(+i)τ
2
σ

VI. CHARGE TRANSPORT
We ﬁnally study charge transport along the π-stacking (010)
direction, as this is expected to be the rate-limiting chargetransport direction. To do this, charge-transfer rates are
computed using the high-temperature limit of the semiclassical
Marcus charge-transfer theory27,40
ωij =

− μ)⟩

Jij 2
ℏ

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

(6)

where T denotes the temperature; Jij, the electronic coupling
element between molecules i and j; ΔEij, the site energy
diﬀerence; and λij, the reorganization energy. 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(d,p) basis set. The values are summarized in tab. I for a

(5)

where ⟨...⟩ denotes the ensemble average; the width σ and
average μ have the same meaning as in the electronic density of
states, eq 4. The analogous expression is used for the transfer
integrals.
The autocorrelation functions are shown along with the tail
distribution of escape times in Figure 4c. Interestingly, the
relaxation of the electronic coupling elements occurs on
signiﬁcantly shorter time scales than for site energies. This
reﬂects 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.
For intermediate delay times (τ on the order of femtoseconds for |Jij|2 and picoseconds for E(i)), both RJ(τ) and RE(τ)
decay exponentially. Around τ = 10 fs, RJ(τ) features a
crossover to a regime that still presents an exponential
correlation decay but with a signiﬁcantly increased time
constant. We estimate a decorrelation time τJ ≈ 15 fs from
the intersection of the two exponentials.

Table I. Reorganization Energies (in eV) of a Chain of n
Repeat Units Calculated Using Potential Energy Surfaces of
the Geometry-Optimized (opt) and Constrained in a Plane
PBTTT Backbonea
n
λopt
λcon
a

1
0.516
0.304

2
0.378
0.231

3
0.306
0.176

4
0.239
0.131

5
0.131
0.098

6
0.098
0.084

B3LYP functional, 6-311g(d,p) basis set.

geometry-optimized backbone (λopt) and for a planar (constrained) backbone (λcon). Since in a PBTTT crystal the
backbone is planar and large deviations from planarity are
restrained by nonbonded interactions with neighboring chains,
λcon = 0.131 eV of a tetramer was used to evaluate the rates.
Electronic couplings and site-energy diﬀerences were calculated
explicitly for each pair of molecules using quantum-mechanical
1637
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Figure 5. (a) Charge carrier mobilities for three lamellae and 10 molecular dynamics snapshots. Left: static picture. Center: preaveraged electronic
coupling elements. Right: without energetic disorder. (b) Energetic landscape for three lamellae and ﬁve molecular dynamics snapshots. Bonds
connecting hopping sites have width proportional to the logarithm of squared electronic coupling elements. Line color reﬂects the charge-carrier
mobility of the lamella. Vertical bars reﬂect the occupation probability of a site. Results shown are for 300 K.

or polarizable force-ﬁeld methods41 as described in sections III
and IV.
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.41
Single-carrier mobilities for all three lamellae in the
simulation box as a function of MD simulation time are
shown in Figure 5a. As simulations at higher temperatures are
qualitatively similar, we show results for 300 K only. Indeed, in
this system, the mobility exhibits no temperature dependence
in spite of the increase in energetic disorder, since larger energy
barriers are eﬀectively mitigated due to the elevated temperature. When μ is calculated using static snapshots, it presents
large variations both from snapshot to snapshot and from
lamella to lamella (approximately 5 orders of magnitude), with
an average value of 0.2 cm2/(Vs). If we now account for fast
variations of electronic couplings and average their squares for
every pair before calculating the rates, the ﬂuctuations of μ
decrease (see the middle pane in Figure 5a) and the average
mobility increases to 1.1 cm2/(Vs), which is in a good
agreement with the experimentally measured value of 0.9 cm2/
(Vs) for a TFT with a short channel.6,7
One might conclude at this point that small electronic
couplings represent the only limiting factor for one-dimensional
transport. This, however, is only partially correct. If we remove
the energetic disorder from the system, i.e., assume that ΔEij =
0 for all sites, the mobility variation becomes much smaller than
in the static case, even without averaging of electronic
couplings. The average value also increases, to 1.9 cm2/(Vs).
Hence, even though the energetic disorder is small, when
combined with the one-dimensional character of transport, it
leads to a substantial reduction of charge mobility. Or, in other
words, a single energetic trap can impede transport through the
entire lamella.42
This eﬀect is visualized in Figure 5b, where the energetic
landscape is shown for three lamellae at ﬁve diﬀerent simulation
times. Here, the widths of the bonds connecting the hopping
sites are proportional to 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
energies are spatially correlated and almost every landscape has
a trap of ca. 0.2 eV, where the charge is localized most of the
time (trap sites have high occupation probability). In fact, since
the site-energy dynamics is signiﬁcantly slower than the carrier
transport dynamics, the eﬀect of energetic disorder is
potentially more harmful for the eﬃciency of one-dimensional
transport. It might indeed 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.

VII. CONCLUSIONS
To summarize, we have studied the temperature dependence of
the dynamic disorder in the crystalline lamellar arrangement of
the conjugated polymer, PBTTT-C14. This disorder has been
characterized by three order parameters: dynamic, nematic, and
paracrystallinity. An abrupt decrease of the side-chain dynamic
order, observed around 400 K, correlates well with a sharp
increase of the backbone paracrystallinity, while all nematic and
dynamic order parameters of the backbone as well as the unitcell expansion along the π-stacking direction show a monotonic
linear temperature dependence.
The morphological disorder leads to broadening of
distributions of the electronic coupling elements and site
energies. The variation in electronic couplings was found to
occur on a much faster time scale (hundreds of femtoseconds)
than a typical time required for a single electron-transfer event.
Hence, the electronic coupling elements were preaveraged
before calculating electron-transfer rates. Site energies, by
contrast, were found to change on a signiﬁcantly slower scale
and thus could be treated as static on the time scale of charge
transport.
Finally, the calculated charge-carrier mobilities are found to
be in very good agreement with the experimentally measured
values in a short channel TFT. Preaveraging the electronic
couplings (due to their fast dynamics) leads to a factor of 5
increase in the average mobility.
1638
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On the basis of these calculations, an important conclusion is
that, in order to secure polymeric organic semiconductors with
large charge-carrier mobilities, it is not enough to have large
electronic coupling averages. In addition, the fast time-scale
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small energetic disorder (which evolves on a much slower than
the charge-carrier dynamics time scale) are desirable. From the
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alkyl side chains that are added for solubility purposes can aﬀect
the backbone paracrystallinity and hence increase the energetic
disorder if they do not remain in a highly crystalline state. It is
therefore important that both backbones and side chains
maintain good crystalline order.
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