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ABSTRACT: The design of semiconducting polymers with
optimal charge transport characteristics has been at the crux of
scientific research during the recent decades. While increase in
crystalline order and planar conjugated backbones were demon-
strated to be the key to success, they are not always mandatory.
Sometimes, the charge carrier mobility can be enhanced by
selecting conjugated backbones that are resilient to thermal
fluctuations, despite leading to poor structural order. Herein, by
coupling all-atom molecular dynamics simulations, electronic
structure calculations, and kinetic Monte Carlo charge transport
simulations, we demonstrate that the charge carrier mobility in
amorphous donor−acceptor conjugated polymers is controlled by the density and quality of close-contact points between the chains
and that the latter varies with the size of the donor block and the resulting alkyl side-chain density. We show an application of this
strategy to the high-mobility poly(indacenodithiophene-alt-benzothiadiazole) (IDTBT) and poly(dithiopheneindenofluorene-alt-
benzothiadiazole) (TIFBT) copolymers.

■ INTRODUCTION

Organic semiconductors, due to their ease of synthesis and low
production costs combined with their crystalline order and
high charge carrier mobility, are rapidly evolving as promising
materials for applications in solar cells, light emitting diodes,
and field effect transistors.1−3 Molecular single crystals such as
pentacene, TIPs-pentacene, rubrene, [1]benzothieno[3,2-b]-
benzothiophene (BTBT), etc. are some of the most widely
studied crystalline organic semiconductors as they show high
charge carrier mobilities attributed to the presence of
(transiently) delocalized electronic states.4−8 But difficulty in
processing of single crystals and the attainable size of the
crystallites often limit their device utility. Comparatively,
conjugated semiconducting polymers with their soft molecular
nature and high conformational freedom of the building blocks
ease solution processability allowing for large-scale/large-area
applications. However, thin films made of conjugated polymers
constitute ensembles of microdomains and/or aggregates with
limited/short-range crystalline connected through amorphous
domains. This extrinsic structural disorder results in localized
transport states, which limits their charge transport character-
istics.9−11 Materials design strategies were aimed at increasing
the (semi)crystallinity of these conjugated semiconducting
polymers in order to increase the long-range crystalline order.
Earlier investigations demonstrate that this is attainable by

tailoring the functional (sub)units of the conjugated backbone
of the polymers such as the (i) chemical structure of monomer
unit, (ii) length and nature of alkyl side chains, and (iii)
modulation of the conformational dynamics of the conjugated
polymeric backbone.12−18 However, recent studies indicate
that the charge transport in organic semiconducting polymers
is not necessarily dictated by the degree of crystallinity. The
presence of aggregates with short-range order and/or
interconnected domains within a globally amorphous poly-
meric domain will favor interchain charge transport.9−11

Evidently, intrachain transport may prevail over short distances
(along the polymer backbone) resulting in high charge carrier
mobilities of the order of 10−100 cm2/(V s),19 but it is often
the interchain motion of the charge carriers, namely, their
ability to hop between adjacent chains, that limits the mobility
attainable at the mesoscopic device scales.20−23 A recent
comprehensive spectroscopic investigation of polymers with
low degree of structural/crystalline order, such as poly-
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(indacenodithiophene-alt-benzothiadiazole) (IDTBT) and
poly(dithiopheneindenofluorene-alt-benzothiadiazole)
(TIFBT), identified spectral fingerprints associated with close
point contacts between running polymer chains. It was
hypothesized that these crossing regions are involved in the
long-range motion of the charge carriers.24 It is also well
established that restricting the conformational degrees of
freedom by an appropriate selection of molecular subunits is
beneficial to charge transport because of the resulting low-
energy disorder.25 In this regard, both IDTBT and TIFBT
meet the requirement for resilience to conformational disorder
and offer a nice playground to identify useful structure−
property relationships between the nature of the functional
group in the copolymer, the associated density of close contact
points, and the resulting charge carrier mobility. To elucidate
these aspects, we combine all-atom molecular mechanics and
molecular dynamics simulations (MM/MD), ab initio
electronic structure calculations, and kinetic Monte Carlo
charge transport simulations to demonstrate that charge
transport in IDTBT and TIFBT polymers is indeed sensitive
to the density of contact points and the quality of interchain
crossings.

■ COMPUTATIONAL DETAILS

Molecular Dynamics Simulations. To get insights on the
impact of molecular subunits in modulating the charge
transport characteristics, the supramolecular organization of
the amorphous phases of TIFBT and IDTBT films (see Figure
1 for schematic chemical structures) has been first simulated
following the protocol described in our previous work.25 This
strategy, briefly elucidated here, incorporates the coupling of
molecular mechanics (MM) and molecular dynamics (MD)
simulations on a large unit cell (300 Å × 300 Å × 300 Å)
containing 24 randomly oriented ∼160 Å long oligomers (n =
8 for TIFTBT and n = 10 for IDTBT) that is replicated using
periodic boundary conditions to build the 3D solid. We note
that experimental investigations suggest physical polymer chain
lengths that range from n ≈ 30 to n ≈ 60 monomer units in
IDTBT and TIFBT polymers.26−28 Besides, these studies have
shown that the hole mobility increases with polymer weight.
Because of computational constraints, the physical lengths
used in the simulations are thus significantly smaller, which is
likely the origin for underestimated theoretical mobility values
compared to their experimental counterparts; see below. All
MM/MD calculations have been performed with the Materials
Studio (MS) 2018 package using a force-field derived from
Dreiding24,25,29 where the torsion potentials between adjacent
subunits and between the conjugated cores and the alkyl chains
have been reparameterized against density functional theory
(DFT) calculations (at the B3LYP/cc-pVTZ level of theory)
performed using the Gaussian 09 suite. The atomic charges
have been obtained by fitting the electrostatic potential (ESP

charges) on an isolated dimer, calculated at the same level of
theory. Once the unit cell is built, it is subjected to a 500 ps
MD run at high temperature (NVT; T = 1000 K) while
keeping the density low (∼0.02 g/cm3) to favor a random
spatial distribution of the oligomers. Then, five successive 500
ps long MD runs (NPT, P = 1 atm) were performed at
decreasing temperature (1000K, 500 K, 400 K, 350 K, 300 K),
and finally, a 2 ns long MD simulation (NPT; P = 1 atm, T =
300 K) is performed. Indeed, as reported previously by some
of us, the polymer morphologies extracted from the above MD
simulation protocol are found to be in reasonable agreement
with the X-ray simulated results for a disordered phase and the
experimental 2D-GIWAXS data.30 Snapshots of the MD
morphologies are saved every 20 ps for further analysis. To
characterize the distance between the chains or their subunits
(TIF, IDT, and/or BT), the radial distribution functions
between the different subunits have been built from the 100
snapshots of the 2 ns long MD trajectory, taking as reference
points different regions of the donor and/or acceptor; see
Supporting Information Figure S1 for details. Finally, a density
of interchain contacts between the subunits for IDTBT and
TIFBT has been estimated by calculating the distance between
each atom of the donor and/or acceptor groups belonging to
different polymer chains for all of the 100 snapshots of the
analysis MD trajectory.

Charge Transport Simulations.We determine the charge
carrier mobility using kinetic Monte Carlo (KMC) simulations
performed on the basis atomistic morphologies of amorphous
TIFBT and IDTBT films from MM/MD simulations. In these
KMC simulations, we consider that the rate of the elementary
charge transfer processes are obtained in the framework of the
semiclassical Marcus−Levich−Jortner (MLJ) theory,
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with

Δ = ϵ − ϵ ± ⃗· ⃗G eE Rij i ijj (2)

where T is the temperature and kB is the Boltzmann constant,
with temperature (T) set to 300 K in all the KMC simulations
such that kBT is around 25 meV. Jij is the electronic coupling
(transfer integral) between the hopping sites “i” and “j”, which
are the different monomer units of the polymeric system at the
crossing points that are dynamically involved in the charge
transfer process. The total reorganization energy λ is a
combination of the (i) internal contribution (λi) associated
with the change in geometry of the molecules upon charge

Figure 1. Schematic chemical structures of the TIFBT (a) and IDTBT (b) polymers used in this work (R1 = C16H33 and X = H).
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transfer and (ii) external contribution (λs) the change in the
polarization shell around the molecules involved in the charge
transfer process. Seff is the Huang−Rhys (HR) factor
describing the strength of electron−vibration coupling
associated with a single effective vibrational mode of energy
ℏωeff. ΔGij (given by eq 2) represents the free energy change
associated with the hole or electron transfer under the
influence of electric field E⃗ from hopping site “i” to “j” with
respective site energies of “ϵi” and “ϵj” and separated by a
distance R⃗ij, with “e” being the elementary charge. Interchain
hole transfer integrals Jij were calculated at the DFT/B3LYP/
cc-pvdz level of theory by employing the projection method
based on the Lodwin’s orthogonalization scheme involving the
HOMO orbitals31 of the monomer units, which are extracted
from the polymer chains extracted from MD morphologies.
The internal reorganization energy (λi) was calculated at the
same level of theory using the four-point adiabatic potential
approach32−34 with the values of 78 and 108 meV for TIFBT
and IDTBT, respectively, whereas external contribution to
reorganization energy (λe) was set to 0.2 eV following previous
investigations.35,36 Herein, to describe the charge transport in
these two polymeric systems, we account for both intrachain
and interchain contributions. All the transfer rates were thus
first computed from a given subunit (namely, IDT or BT for
IDTBT, or TIF or BT for TIFBT) or hopping site “i” to all the
available neighbor sites “j” with nonzero Jij transfer integrals. In
our charge transport simulations, we considered periodic
boundary conditions to follow the propagation of a single hole
carrier within a given MD configuration. The KMC
simulations proceed through the following steps (see Figure
S2 for a schematic representation of the simulation process):
(1) A polymeric subunit from any of the polymer chains,
identified as hopping site “i‡”, was randomly selected to be the
initial hopping site from which charge transport is initiated. (2)
Instantaneous hopping times from all the subunits of the
selected polymer chain to all the subunits of the neighboring
polymer chains with nonzero transfer integrals are computed
within the first reaction method algorithm according to the
following equation:

τ =
k

r
1

ln( )ij
ij (3)

where τij is defined as the time for a hole to hop from donor
site “i” to acceptor site “j” using previously obtained transfer
rates kij and “r” is a random number drawn from a uniform
distribution within the interval 0 and 1. (3) The subunit within
the initial polymer chain with the smallest of hopping time τij is
selected and is identified as the site from which interchain
transfer occurs, whereas the coupled monomer unit on the

neighboring polymer chain is identified as hopping site “j”. (4)
Before the interchain process takes place, the charge is first
moved along the polymer chain (i.e., the intrachain charge
transfer process) from initial monomer (hopping) unit “i‡” to
the monomer unit “i” and the distance “di‡i” between these two
sites is recorded. (5) The charge is moved from the hopping
site “i” of the initial polymeric chain to the hopping site “j” of
the neighboring polymeric chain, and the interchain hopping
distance “dij” between the sites “i” and “j” (i.e., interchain
charge transfer process) is added to the intrachain hopping
distance “di‡i”. The total distance is then updated. The total
hopping time of the simulation is advanced by τ which is the
sum of the intrachain τi‡i and interchain charge transfer time τij,
namely, τ = τij + τi‡i. On the basis of recent theoretical
investigations,14,19 a unique effective dwell time of 0.1 fs (1 ×
10−14 s), which is the characteristic time associated with the
charge (exciton) delocalization along a polymeric unit, was
taken as the time τi‡i associated with intrachain charge transfer
between sites “i‡” and “i” within the same polymeric chain
irrespective of the intrachain distance covered by the hole. At
the end of step 5, the hopping site “j” becomes the new
hopping “i‡” from which the next KMC cycle starts. Steps 1−5
are then repeated so that until equilibrium was reached,
namely, when the total simulation (diffusion) time (τk) reaches
100 μs, similar to previous works.35,37

For each MD sample considered, KMC simulations were
performed with the electric field vector oriented along the “x”,
“y”, and “z” box directions assuming a linear voltage drop
across the sample and varying the electric field modulus from
0.1 × 105 V/cm to 2 × 105 V/cm. The mobility is obtained as

μ
τ

=
| ⃗|
d
E

1
k

k (4)

where τk is the total simulation time for a charge propagating in
the direction of electric field E⃗ of norm |E⃗| and “d” is the total
distance traveled by the charge along the E⃗. “k” represents any
given KMC simulation. The mobility values are taken as the
average over 500 KMC simulations over “x”, “y”, “z” directions,
performed on four different MD samples extracted at different
MD simulation time steps.

■ RESULTS AND DISCUSSION
Structural Analysis. In the amorphous phase, the

structural intrachain order, characterized by the interring
torsion distribution profiles built from the 101 morphologies
extracted along the MD trajectory, of IDTBT and TIFBT is
rather similar (Figure 2). This was widely expected for weakly
interacting molecules with similar gas-phase DFT-calculated
torsion potentials and points out that extending the IDT unit

Figure 2. DFT(B3LYP/cc-pVTZ)-calculated gas-phase torsion potentials between the donor and acceptor fragments within an IDTBT (blue) and
TIFBT (red) monomer (left). Torsion distribution profiles of IDTBT (blue) and TIFBT (red) were averaged over all the interring torsions along
the polymer chains extracted from 2 ns long analysis MD (right).
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into the TIF subunit by incorporating new conjugated
fragments in the center of the molecule and keeping the
peripheral rings intact is therefore not drastically affecting the

intrachain structural order. Interestingly, inverted Boltzmann
solid-state torsion potentials built from the MD trajectories
(Figure S3) behave similarly to DFT gas phase torsion

Figure 3. Radial distribution functions of neighboring contacts of IDTBT (upper panels) and TIFBT (lower panels) averaged over all molecular
dynamics simulations. Neighboring contacts are defined in Supporting Information Figure S1.

Figure 4. Density of contacts between neighboring subunits of IDTBT (upper panels) and TIFBT (lower panels) averaged over all the molecular
dynamics simulations. The contacts are defined on the basis of four reference points located on each monomer subunits; see Supporting
Information Figure S1.
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potentials but with much smaller free enthalpy barriers. This
translates into an increase of the small torsion angle
populations (0−40°) with respect to that expected from gas
phase torsion potentials.
Interchain charge transport is known to be strongly

dependent on the quality and density of contact points
between the polymer chains. To assess the density of contact
points from a structural point of view, radial distribution
functions between four characteristic reference points (see
Figure S1 for details) were calculated along the MD
trajectories. For IDTBT, due to the bulkiness of its alkyl side
chains anchoring points, the central parts of the donor (IDT_B
reference point) can only weakly interact with each other; their
closest distance being always larger than ∼5 Å (Figure 3).
Closer contacts are found when moving away from the center
of the IDT unit. BT−BT contacts can be as close as ∼3.5 Å,
while contacts involving the peripheral thiophene ring of the
IDT unit can go down to ∼4 Å.
The supramolecular organization of TIFBT chains is

different from that of IDTBT in the amorphous phase. Here,
the closest contacts systematically involve the peripheral rings
of the TIF unit. Indeed, due to the elongated shape of the TIF
fragment, the peripheral rings are less influenced by the
presence of the bulky center of the TIF subunit, and this allows
closer interactions both with each other and with the BT
fragment (distances down to 3.5 Å). This behavior could not
have been anticipated on the basis of the torsion angle analysis
since only small differences were found between the two
polymers.
Regarding the density of contact points, our simulations

reveal that the close crossing points are much more numerous
in TIFBT compared to IDTBT; the total density of contacts
smaller than 4 Å amounts to 10.4 contacts nm−3 and 1.78
contacts nm−3 for TIFBT and IDTBT, respectively; see Figure
4. Since most of the close contacts involve the peripheral rings
of the TIF donor unit, this result suggests a stronger
interconnection between the TIFBT chains that clearly finds
its origin in the elongated shape of the donor unit.
Charge Transport Parameters. Previous theoretical

investigations on charge transport in organic semiconducting
systems emphasize that the charge carrier mobility is
significantly influenced by (i) the fluctuations in site energies
in the sample, which generate the diagonal component of
energetic disorder,38−43 and (ii) the fluctuations in the transfer
integrals, which generate the off-diagonal component of
energetic disorder36,44−46 arising due to variation in the
relative position of the molecules due to thermal fluctuations.
Therefore, we analyzed the energetic disorder (diagonal and
off-diagonal components) in the MD samples by considering a
physical observable “A” calculated for “N” molecules along the
MD trajectory47 generating a static disorder (σA

Stat) given by

σ =
∑ − ̅A A

N

( )
A

n nStat
2

(5)

where the sum runs over the number of molecules, An is the
average calculated along the molecular dynamics trajectory of
the observable “A” calculated for the molecule n, A̅ is the
average over both the set of N molecules and I configurations
of the MD trajectory. Similarly, the standard deviation of the
dynamic disorder (σA

Dyn) for the observable is given by

σ =
∑ ∑ − ̅A A

NI

( )
A

i n n i nDyn ,
2

(6)

where the sum runs over both the set of N molecules and the I
snapshots and An,i is the value of the observable for molecule
“n” at snapshots “I”. The observables “A” under consideration
here are the site energies (ϵ) and transfer integrals (J), with σϵ
being the disorder on site energies and σJ being the disorder on
transfer integrals representing the off-diagonal disorder.
Accordingly, σϵ

Stat values for TIFBT and IDTBT are 67 and
90 meV, respectively, whereas σϵ

Dyn values are 92 and 111 meV,
respectively. A similar approach was used to compute the
transfer integral fluctuations, with σJ

Stat for TIFBT and IDTBT
being of the order of ≈12 meV and ≈7 meV, respectively,
whereas those of σJ

Dyn are of the order of ≈4 meV and ≈3 meV,
respectively. The static and dynamic components of energetic
disorder are reported in Supporting Information Figures S4
and S5. In our KMC simulations, we included the contribution
from both the diagonal and off-diagonal components of
energetic disorder such that the static component of disorder
(σϵ,J

Stat, extracted from eq 5) accounts for the energetic
fluctuations within every given MD frame/snapshot (i.e.,
spatial fluctuations) and the dynamic component of disorder
(σϵ,J

Dyn, extracted from eq 6) accounts for the energetic
fluctuations over different MD frames separated in time (i.e.,
temporal fluctuations). Following our recent investigations25,48

the total diagonal (σε) and off-diagonal (σJ) components of
energetic disorder employed in this work were extracted using
eq 7. While the diagonal component of energetic disorder in
IDTBT samples is larger in magnitude than in TIFBT samples
with respective σϵ values of ≈143 meV and ≈114 meV, the off-
diagonal component of disorder is approximately similar in
both of the samples with TIFBT showing marginally higher
average values of transfer integrals with respective σJ values of
≈12 meV and ≈8 meV.

σ σ σ

σ σ σ

= +

= +

ϵ ϵ ϵ( ) ( )

( ) ( )J J J

Stat 2 Dyn 2

Stat 2 Dyn 2
ij ij (7)

We further analyzed the electronic connectivity48 which is
defined as the number n(Jth) of neighbor molecules “j” coupled
to a given molecule “i” with the electronic coupling “J” larger
than the a given threshold value Jth. As both TIFBT and
IDTBT show few neighbors with large transfer integral values,
the electronic connectivity tends to reach zero for transfer
integrals greater than 20 meV, as reported in Figure 5.

Figure 5. Electronic connectivity of TIFBT (in black) and IDTBT (in
red) as a function of transfer integrals, with the corresponding errors
bars.
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However, we observed that the electronic connectivity of
TIFBT is substantially larger than IDTBT for threshold J
values below 15 meV, indicating that the electronic
coordination between neighboring molecules in the former is
far greater, which could potentially lead to a larger number of
charge percolation pathways. This is also consistent with the
total number of calculated transfer integrals, which is much
larger for TIFBT (≈42 000) compared to IDTBT (≈18 000).
In addition, the larger electronic connectivity observed in
TIFBT, in comparison to the IDTBT, clearly follows the larger
number of closer contacts observed in TIFBT as in Figure 4,
with the higher density of TIF-TIF and TIF-BT contacts along
with the elongated unit length of TIF moiety contributing
toward the enhanced intermolecular connectivity.
Charge Carrier Mobility. Having analyzed the micro-

scopic parameters that could influence the charge carrier
mobilities of TIFBT and IDTBT, we performed KMC

simulations following the procedure described above and by
including both the energetic and positional components of
disorders. More specifically, the diagonal disorder was
introduced by initializing the ϵi and ϵj values in eq 2 at the
beginning of every KMC run by random sampling from a
Gaussian distribution with standard deviation of σϵ centered on
zero, whereas the contribution of off-diagonal (positional)
disorder was incorporated at the beginning of every KMC run
by replacing the mean transfer integral value of Jij

2 in eq 1 by
the mean squared transfer integral value ⟨Jij

2⟩ (=⟨Jij⟩
2 + σJ

2)
which corresponds to a thermalized value of the transfer
integral. These simulation conditions were considered as they
are known to often provide theoretical mobility estimates that
are in semiquantitative agreement with experimental observa-
tions.25,46,48,49

In Figure 6, we report the electric field dependence of the
hole mobility for both polymers. The hole mobility of TIFBT

Figure 6. Electric-field dependent charge carrier mobility in TIFBT (left) and IDTBT (right), as obtained from KMC simulations.

Figure 7. Percolation pathways associated with two different range of charge carrier hopping rates (left and right), as obtained for two randomly
selected MD snapshots (top and bottom).
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at the high electric fields are of the order of ≈0.16 cm2/(V s),
whereas that of IDTBT are of the order of ≈0.03 cm2/(V s).
When extrapolated to zero electric field considering a Poole−
Frenkel trap-assisted charge transport mechanism with

μ μ β=E E( ) exp( )0

where β is the Poole−Frenkle factor, the zero-field mobility
(μ0) values for TIFBT remain 1 order of magnitude larger than
that of IDTBT, with the approximate values of 0.025 cm2/(V
s) and 0.001 cm2/(V s), respectively. The lower hole mobility
for IDTBT compared to TIFBT can be partly related to the
comparatively lower transfer integral values and higher
diagonal disorder in IDTBT samples. However, the poorer
electronic connectivity in IDTBT likely dominates the
difference in (zero-field) mobility between the two polymers.
As a result, in TIFBT more percolation pathways are enabled
for efficient charge transport, analogous to the random
resistance network for charge transport in organic semi-
conductors.3 To validate the presence of percolation pathways
and its subsequent impact in modulating the charge carrier
mobilities in TIFBT samples in comparison to that of IDTBT,
the average distance covered by a charge carrier hopping
between molecular sites within a given range of hopping rates
is computed. We run two types of KMC simulations
considering only the hopping rates kij larger than 1 × 1011

s−1 or the kij < 1 × 1011 s−1 for both TIFBT and IDTBT
systems, similarly as in ref 43. The cutoff transfer rate value of
1 × 1011 s−1 was taken as a proxy based on the average of KMC
hopping rates observed in both TIFBT and IDTBT samples, as
reported in Figure S6.
The distance traveled by the charge carriers in TIFBT and

IDTBT samples for a given hopping rate, for two different MD
snapshots that are separated in time and randomly selected, is
reported in Figure 7. Irrespective of the cutoff hopping rate
selected, the average distance traveled by the charge carriers
(holes) in TIFBT samples is evidently larger and show a
broader distribution compared to IDTBT, implying the
existence of more long-distance continuous pathways in
TIFBT samples. The charge carriers can efficiently funnel
resulting in higher mobilities in TIFBT than in IDTBT, as
reported in Figure 6. It is to be noted, however, that although
the hole mobilities of both TIFBT and IDTBT systems (of the
order of ≈0.16 cm2/(V s) and 0.03 cm2/(V s), respectively)
show a trend in agreement with recent experimental
observations,24,25 the theoretical absolute values are smaller
than the experimental data. The experimental field effect
mobilities of TIFBT and IDTBT according to recent
experimental investigations are of the order of ≈3 cm2/(V s)
and ≈1 cm2/(V s), respectively.24,25 Three major aspects could
be considered as the contributing factors toward these
differences: (i) The parameters for energetic disorder
considered in the KMC simulations could play a key role in
governing the absolute magnitude of mobilities extracted in
this work. Indeed, modulating these parameters within the
acceptable values can modify the magnitude of charge carrier
mobilities as shown in Figures S7 and S8. However, as
elaborated in Figures S7 and S8, even after implementing
different disorder models by varying the simulation conditions,
the hole mobilities in TIFBT samples are approximately 1
order of magnitude larger when compared to IDTBT samples.
(ii) The presence of semicrystalline domains in experimental
samples as against the completely amorphous morphologies
considered in this work for both TIFBT and IDTBT samples

could also explain part of the discrepancy and (iii) the
difference in absolute values in the length of polymer chain
used in the simulations as against polymer chain lengths
present in experimental samples. Incorporating longer polymer
chains in simulations could increase the number of available
fast transport pathways along the polymer chains and would
increase the isotropic mobility values by promoting intrachain
transport. Nevertheless, the semiquantitative agreement with
experiments, with TIFBT showing higher hole mobility values
when compared to IDTBT, coupled with its connectivity-
enabled percolation pathways to efficiently funnel the charge
carriers, clearly shows that it is indeed the density of contact
points between molecular sites involved in the charge transport
that plays a significant role in modulating the charge transport
properties, irrespective of the degree of interchain structural
order.

■ CONCLUSIONS

We present a theoretical study of charge transport in
poly(indacenodithiophene-alt-benzothiadiazole) (IDTBT)
and poly(dithiopheneindenofluorene-alt-benzothiadiazole)
(TIFBT) polymers, which show similar conformational
resilience to torsions but differ in the functional subunits.
The electric field dependent hole mobilities were extracted
from kinetic Monte Carlo (KMC) simulations performed on
TIFBT and IDTBT polymer morphologies built from full
atomistic molecular dynamic simulations, with charge hopping
parameters extracted from subsequent quantum chemistry
calculations on the molecules and/or dimers obtained from
these MD morphologies. TIFBT shows substantially larger
mobilities with respect to IDTBT, owing not only to the
comparatively higher transfer integral values but also to the
higher degree of electronic connectivity. Both effects are
favored by the nature of the TIF units, wherein the elongated
shape and the bulkiness of the TIF fragment promote a better
interaction between the peripheral thiophene rings and thus a
higher density of close contacts. A higher electronic
connectivity between neighboring units in turn favors the
formation of percolation channels to efficiently transport the
charge carriers, yielding increased charge carrier mobilities for
TIFBT with respect to IDTBT. This work, therefore,
demonstrates that a selective functionalization of the molecular
subunits can not only preserve the conformational resilience to
thermal fluctuations but also play a significant role in
modulating the density of contact points between neighboring
molecules, thereby enhancing the charge carrier mobilities,
irrespective of the degree of semicrystalline order prevalent in
organic semiconducting polymers.
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