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Inﬂuences of dynamic and static disorder on the
carrier mobility of BTBT-C12 derivatives: a
multiscale computational study†
Xingliang Peng, Qikai Li and Zhigang Shuai

*

The role of dynamic and static disorder has been widely discussed for carrier transport in organic semiconductors. In this work, we apply a multiscale approach by combining molecular dynamics simulations,
quantum mechanics calculations and kinetic Monte-Carlo simulations to study the inﬂuence of dynamic
and static disorder on the hole mobility of four didodecyl[1]benzothieno[3,2-b]benzothiophene
(BTBT-C12) isomers. It is found that the dynamic disorder of transfer integral tends to decrease the mobility for quasi-1D (quasi one-dimensional) BTBT1 and BTBT4 isomers and increase the mobility for 2D
(two-dimensional) BTBT2 and BTBT3 isomers, while the dynamic disorder of site energy tends to
decrease mobility for all the four isomers; however, the reduction in 2D molecules is much less than that
in quasi-1D molecules. Results show that trap defects could reduce the mobility for both the quasi-1D
and 2D molecular structures signiﬁcantly, even to several orders of magnitude. In addition, our work also
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reveals that there might exist two kinds of oxidation defects of the scatter type for the concerned
isomers, which thus leads to greater reduction in mobility for the quasi-1D molecular structures than the
2D molecular structures. The study shows that the 2D molecular structures are favored over the quasi-1D
or 1D molecular structure, and it is expected that these results could be used to shed light on device
design in organic electronics.

Introduction

In recent decades, organic semiconductors have been widely
used in organic field-eﬀect transistors (OFETs), organic lightemitting diodes (OLEDs), and organic photovoltaic cells
(OPVs).1–3 The performances largely depend on the charge
transport in organic active layers. The carrier transport mechanism of the charge transport has been a long standing issue of
interest after decades of eﬀorts,4–7 and the complexity makes it
remain a great challenge to understand the behaviors of
charge transport.8–10
[1]Benzothieno[3,2-b]benzothiophene (BTBT) derivatives
have been very popular in recent years due to their strikingly
high charge carrier mobility.11,12 The reported BTBT structures
with high mobility13–17 usually have alkyl chains or benzene
substituted on the second position of the benzene ring, such
as BTBT2 as shown in Fig. 1. Several studies have also been
carried out on the influence of diﬀerent alkyl side-chains on

MOE Key Laboratory of Organic OptoElectronics and Molecular Engineering,
Department of Chemistry, Tsinghua University, Beijing 100084, People’s Republic of
China. E-mail: zgshuai@tsinghua.edu.cn
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0nr08320h

3252 | Nanoscale, 2021, 13, 3252–3262

mobility,17 and the longer side-chain tends to enhance the
mobility because of the stronger or more balanced intermolecular charge transfer and weaker electron–photo coupling.18 Recently, Tsutsui and co-works16 have studied the mobility of four BTBT isomers (Fig. 1) which diﬀer in the position
of the substituted –C12H25 alkyl chain, and the results showed
that the mobility of BTBT2 is hundreds to thousands of times
larger than those of the other three isomers. However, theoretical calculations by both the hopping model and the band
theory showed that the mobility diﬀerence is only of several

Fig. 1

Chemical structures of the four BTBT isomers.
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times. What leads the unpredicted large diﬀerence in experimental results is unclear. Could it be the dynamic and static
disorder, which is not taken into account in earlier theoretical
calculations, leading to the diﬀerence in BTBT2 and other
isomers?
In organic semiconductors, molecules are packed up by
weak van der Waals interactions, which tends to result in large
intermolecular displacements (it can be up to 0.5 Å at room
temperature19). The intermolecular displacement caused by
thermal motion consequently leads to fluctuation or the socalled dynamic disorder in the intermolecular transfer integral,
which could be often in the same order of magnitude as that of
the transfer integral itself,20 and thus cannot be ignored. The
previous study21 by our group from a tunneling enabled
hopping calculation indicated that such a type of dynamic disorder tends to reduce the mobility at lower temperature but to
enhance the mobility at room temperature. Specifically, the
influence is marginal. In contrast, some studies stated that the
dynamic disorder is the major factor to limit the charge
transport,22–24 which can rationalize a number of experimental
observations of the “bandlike” decreasing temperature behavior
of mobility (dμ/dT < 0). We noted that the quantum nuclear tunneling demonstrated such decreasing temperature dependence
from a localized charge.25 Fratini and co-workers proposed transient localization theory (TLT), in which the disorder is the
origin of transient localization length and mobility.10 Recently,
more general methods applicable at diﬀerent charge transport
regimes indicate the non-unique influence of the dynamic disorder on mobility.26–28 Earlier studies in our group based on the
hopping model found that the dynamic disorder drastically
reduces mobility for a one dimensional (1D) material, but it has
no significant influence for two dimensional (2D) materials.29
The molecular thermal vibration induces not only the
dynamic oﬀ-diagonal disorder (transfer integral), but also the
dynamic diagonal disorder, which reflects the fluctuation in

V2
k¼
ℏ

ð1
1

could not be ignored.9 The origin of defects can vary vastly,
such as chemical defects produced by chemical reactions with
oxygen or water, or the side products of the chemical synthesis, or structural defects like dislocation as well as grain
boundary.38–41 Studies42 on pentacene single crystals showed
that by taking pentacene–quinone molecules as the main
defects, a decrease in the defect concentration from ∼0.7% to
0.07% could improve the hole mobility of pentacene single
crystals up to 35 cm2 V−1 s−1. The eﬀects of defects are based
on the energy levels of Frontier molecular orbitals (the HOMO
and LUMO); when the energy level is located between the
HOMO and LUMO of a pure molecule, it acts as a trap, otherwise it acts as a scatter.43,44 Recent studies suggest that the
trap in polymers is most likely related to hydrated oxygen complexes,45 and also indicate that the trap is of the dielectric
eﬀect of water penetrating nano voids, and the trap energy calculated by the empirical rule lies in the range of ∼0.3–0.4 eV
higher than the HOMO or lower than the LUMO.46
In this work, the dynamic disorder of transfer integral and
site energy, as well as the static disorder of defects are considered separately in calculations of mobility for the four BTBT
isomers; in addition, the influence of disorder on mobility
with various 1D or 2D stackings for the concerned isomers is
also investigated. Mobility is calculated by employing molecular dynamic (MD) simulations, quantum mechanics calculations and kinetic Monte-Carlo simulations, while the intermolecular hopping rates are calculated based on the Marcus
theory and quantum nuclear tunneling method.

2. Methodological approach
2.1

Mobility calculations

The intermolecular charge transfer rate between two equivalent molecules using the quantum nuclear tunneling model6
is expressed as:

(

)
X 

iωj t
iωj t
dt  exp iωt 
Sj ð2nj þ 1Þ  nj e
 ðnj þ 1Þe

site energy. Earlier simulations usually described the energetic
disorder via the Gaussian Disorder Model (GDM)30 as well as
its extensions and modifications,31 and the corresponding
standard deviations are around 0.1 eV.9 This disorder is often
considered by calculating the hopping rate with the Miller–
Abrahams formalism32 or Marcus theory,33 and the degree of
the disorder is adjusted by the standard deviation.34,35 Recent
studies present the distribution of site energy by using molecular dynamic (MD) simulations combined with quantum
mechanics calculations31,36,37 and conclude that the dynamic
disorder does not depend significantly on the intermolecular
interactions but is primarily driven by electronic couplings
with intramolecular vibrations.
Even in ordered crystals, in addition to the dynamic disorder, the static disorder arising from defects or impurities
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j

where ωj, Sj, and nj = 1/[exp(ωj/kBT ) − 1] are the intramolecular
vibration frequency, the corresponding Huang–Rhys factor and
the occupation number for the j-th vibrational mode, respectively. V and ω are the transfer integral between two interaction
molecules and their energy diﬀerence, the latter is taken as
zero for the mono-molecular crystal system. In the limit of
P
strong coupling with
Sj  1, the short time approximation
j

exp(iωt ) = 1 + iωt + (iωt )2/2 can be applied. Besides, in the case
of high temperature approximation with ħωj/kBT ≪ 1, the occupation number of phonons nj ≈ kBT/ħωj, and thus the rate
equation reduces to the Marcus equation:
V2
k¼
ℏ



rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π
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where the total reorganization energy λ ¼

P
j

λj ¼

P

Sj ℏωj , and

j

ΔG is the site energy diﬀerence. The transfer integral V
between molecules m and n is calculated with the site-energy
overlap correction method:47
Vmn ¼

0
Vmn
 12 ðem þ en ÞSmn
1  Smn 2

ð3Þ

here em = Φm|H|Φm, V0mn = Φm|H|Φn, and Smn = Φm|S|Φn, where
Φm(n) is the Frontier molecular orbital of an isolated molecule
m(n) in the dimer representation, and H and S are the dimer
Hamiltonian and overlap matrices, respectively.
Based on the above-mentioned methods, the charge
hopping rate of two neighboring molecules is calculated. Later
on, the kinetic Monte Carlo (KMC) simulations are performed
to evaluate the charge diﬀusion coeﬃcient. For the α-th
pathway, charge hops from molecule m to molecule n with
P α
α
probability pα ¼ kmn
= kmn
, and the simulation time is
P α
α
defined as 1= kmn , where
kαmn is the charge hopping rate
α

obtained from the previous step. By averaging over 2000 trajectories, for example, the diﬀusion coeﬃcient can be evaluated
by:
D¼

1
dlðtÞ2 =dt
2n

ð4Þ

where n is the spatial dimension and l(t ) is the distance of carrier’s diﬀusion. Finally, the carrier mobility can be obtained
via the Einstein relationship:
μ ¼ eD=ðkB TÞ

ð5Þ

For a crystal, the average mobility (μave in Table 2) is
obtained by setting the dimension n = 3 and setting l(t ) to the
distance of carrier’s diﬀusion in the three dimensional space,
and the mobilities along the crystal axis a, b and c (μa, μb and
μc) are obtained by setting the dimension n = 1 and setting l(t )
to the distance of carrier’s diﬀusion along the crystal axis a, b
and c.
The mobility calculations are performed by using our
home-built MOMAP software.48 Evaluations of transfer integral
are performed at the PW91PW91/6-31G* level, and the
vibrational mode analysis for reorganization energy calculations are based on the configurations obtained by quantum
mechanical and molecular mechanical calculations (QM/MM)
(the ONIOM models are shown in Fig. S1†), where the central
molecule (free) is treated by QM (B3LYP/6-31G*) and the surrounding molecules (fixed) are treated by MM (UFF). The reorganization energies are obtained by performing geometry
optimization and vibrational mode analysis at the B3LYP/631G* level. All the calculations on geometry optimization and
frequency calculations are carried out by using the Gaussian
09 program (version E.01).49 Each kMC simulation is performed with a simulation time of 1 ms, and 2000 simulations
are performed for each mobility calculation.
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2.2

Simulations of dynamic disorder

The fluctuations of transfer integral and site energy are produced
by using molecular dynamic (MD) simulations. For each BTBT
molecule, a supercell (10 × 4 × 1, 5 × 4 × 2, 2 × 10 × 2, and 2 × 10
× 2 for BTBT1, BTBT2, BTBT3 and BTBT4 respectively) containing
a total of 80 molecules is built based on the crystal structures
reported from the experiment.16 The general AMBER force field
(GAFF)50 is used, and the restrained electrostatic potential
(RESP)51,52 partial charge is used in fitting of the charge parameters for the force field. GROMACS software (version 2019.3)53 is
used to do the MD runs, which has been proven to be eﬃcient
for organic small molecules.54,55 The NPT ensemble at room
temperature and ambient pressure is employed for MD simulations, and the time step used is 1 fs. The velocity rescaling thermostat56 and the Berendsen barostat57 are used to control the
temperature and pressure respectively. The periodic boundary
conditions are applied, and a cutoﬀ of 1.2 nm is used to limit the
van der Waals interaction, and the particle mesh Ewald (PME)
method is used for calculations of electrostatic interactions with a
cutoﬀ of 1.2 nm. The total simulation time is set to 1 ns, and the
dynamic trajectories are extracted every 20 fs after thermal equilibration of 600 ps with a total of 2050 snapshots.
Once the various trajectory snapshots are obtained, we can
continue to do the calculations. For each snapshot, the transfer integrals of several typical dimers (as shown in Fig. 2) at
one site are calculated at the PW91PW91/6-31G* level. For
each dimer, the discrete Fourier transformation is performed
to get the time-dependent transfer integral fluctuation, and
the transfer integral Vmn(t ) is expressed by
Vmn ðtÞ ¼ Vmn þ

N 1
X
k¼1

ReVk cosðωt þ φ0 Þ þ

N 1
X

ImVk sinðωt þ φ0 Þ

k¼1

ð6Þ
where N is the total number of MD snapshots (2050 in this work),
Vmn is the average transfer integral for each dimer, ReV and ImV
are the real part and imaginary part of Fourier coeﬃcients
respectively, and φ0 is a random phase factor. In kMC calculations, the transfer integrals of intra-layer dimers are obtained
from Vmn(t ), while the transfer integrals of inter-layer dimers
(usually has a value of around 10−5–10−6 eV) are set to values
from crystal structure calculations. It should be noted that, for the
dimers with equivalence related positions, they have the same
transfer integral fluctuation amplitude; however, the values may
still vary due to a diﬀerent phase factor φ0 as indicated in eqn (6).
For the hole transport in this work, the site energy diﬀerence
is defined as the diﬀerence of the ability to ionize an electron in
two sites. Here, in order to speed up the calculations, we applied
the Koopmans’ theorem and approximated the site energy with
the energy of the highest occupied molecular orbital (HOMO) of
a molecule. Studies showed that the surrounding molecular
environment has no significant eﬀect on the dynamic disorder
of HOMO energy;36,37 thus, we select one molecule from each
snapshot to carry out the calculations. The HOMO energy is calculated at the PW91PW91/6-31G* level, and the site energy
diﬀerence is obtained from the diﬀerence of two randomly
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Fig. 2 The six intra-layer nearest neighbor charge hopping pathways for BTBT isomer crystals and the corresponding transfer integral (unit in meV)
calculated at the PW91PW91/6-31G* level (the alkyl chains are omitted for clarity).

selected HOMO energies. When the sampling is enough, the distribution of site energy diﬀerence features a typical Gaussian distribution; in this work, we set up 100 000 samples to approach
the Gaussian distribution (as shown in Fig. 5b).
2.3

Simulations of the static disorder of defects

We assume that the defects are uniformly distributed in the
bulk of materials with a defect ratio. In a kMC run, for all neighboring sites, a random number uniformly distributed between 0
and 1 is generated, and if this value is less than the defect ratio,
then the site is set as a defect, otherwise the site is set as a
normal molecule. For simplicity, we consider only the transport
within the layer, and an electric field is applied along the direction with maximum transfer integral, such as lattice direction a
for BTBT2 and lattice direction b for BTBT4 (the lattice directions are shown in Fig. 2). The electric field is usually taken to
be in the range of 104 to 106 V cm−1,9 and here, we set the electric field strength to be 106 V cm−1, which contributes less than
0.1 eV (the intermolecular distance is on the order of 1 nm) to
the site energy diﬀerence. The kMC simulations were run until
a charge travels a distance of 100 micrometers at the direction
of the applied electric field. The mobility is calculated as: μ = d/
(τF), where d is the distance traveled by the charge, τ is the total
time, and F is the magnitude of applied electric field. The final
mobility is the average of a total of 20 simulations.

among molecules. The hole reorganization energies of the
four BTBT isomers are listed in Table 1. It is clear that the four
isomers have similar reorganization energy in the range of
220–250 meV in the gas phase, which is consistent with previously reported results.16 These reorganization energies by
summing over all the normal mode relaxation energies are
very close to those calculated from the four-point energy
methods which are 229, 246, 231, and 232 meV for BTBT1,
BTBT2, BTBT3 and BTBT4 respectively, indicating that the harmonic oscillator approximation is appropriate. In the crystal
phase, as the molecular vibration is restricted, the reorganization energies decrease slightly by about 3–11 meV, which are
quite agreeable to 224, 235, 228, and 229 meV for BTBT1,
BTBT2, BTBT3, and BTBT4 respectively. The contributions of
vibration modes to geometry relaxation are shown in Fig. S2
and S3,† and there exists no significant diﬀerence in the gas
state and crystal state. Considering the solid system in reality,
the reorganization energy of the crystal state is used in the following calculation of the hole hopping rate.
For each BTBT isomer, the HOMO is mainly distributed on
the benzothiophene ring (Fig. S4†); hence, the transfer integral
is mainly related to the relative position of benzothiophene

Table 1 The hole reorganization energies (meV) of four BTBT isomers
obtained by summing over all the normal modes

3. Results and discussion
3.1

Pure crystal case

Reorganization energy and transfer integral are the two most
important parameters that aﬀect the electron transfer rates

This journal is © The Royal Society of Chemistry 2021

a

Gas
Crystalb

BTBT1

BTBT2

BTBT3

BTBT4

229
224

246
235

231
228

232
229

a

Single molecule (B3LYP 6-31G*). b QM/MM method (B3LYP 6-31G*/
UFF) based on the crystal structure.
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rings. The crystal structure of each isomer shows a lamellar
packing motif, where the layers are separated by an alkyl chain
(the crystal stacking is shown in Fig. S1†), which makes the
transfer integral between the two adjacent inter-layer molecules extremely small (around 10−5–10−6 eV), which indicates
that the hole transport is mainly of the intra-layer nature. The
six intra-layer nearest hopping pathways for each isomer and
the corresponding transfer integrals are shown in Fig. 2. The
key structural parameters for these dimers are listed in
Table S1.† The transfer integral depends on the center of mass
(COM) distance (dCOM) of the benzothiophene ring as well as
the stacking mode. For instance, the transfer integral of D1 in
BTBT1 with a short dCOM of 4.08 Å is 31.88 meV, while the
transfer integral of D2 and D3 (the dCOM is 9.01 and 9.89 Å) is
only 0.44 and 5.38 meV respectively. However, for D1 of
BTBT3, although the two molecules are close in the orientation of face-to-face stacking (dCOM is 4.72 Å and the angle
between the central rings of each monomer is 0°), the transfer
integral is only 5.7 meV. This is due to the phase and nodal
feature of the HOMO, and the transfer integral oscillates as
the molecule slips along the long or short axis.9 For example,
in the case of D1 of BTBT3, relative slipping of two molecules
(3.17 Å along the long molecular axis and 0.28 Å along the
short molecular axis) results in the small overlapping of
HOMOs (Fig. S5†) and thus small transfer integral.
In the calculations, we noticed that, for BTBT1 and BTBT4,
only two dimers in one direction show the maximum transfer
integral value, which is several times larger than the second
maximum value, thus makes the hole transport of the quasi
one-dimensional (quasi-1D) nature. On the other hand, for
BTBT2 and BTBT3, more than two dimers have the maximum

Table 2 The pure crystal mobilities of four BTBT isomers without considering disorder along a, b, and c directions and the average values, the
values are calculated by using the Marcus theory and quantum nuclear
tunneling method (the unit is in cm2 V−1 s−1)

BTBT-1

BTBT-2

BTBT-3

BTBT-4

Marcus

μa
μb
μc
μave

0.238
0.036
0.000
0.091

1.610
0.577
0.000
0.729

0.024
0.093
0.891
0.328

0.000
6.930
0.086
2.340

Quantum nuclear
tunneling

μa
μb
μc
μave

1.340
0.179
0.000
0.507

5.260
1.720
0.001
2.330

0.066
0.245
2.500
0.917

0.001
34.900
0.377
11.800

Table 3
300 K

3.2

Dynamic disorder in transfer integral V

Molecules are in constant motion, which results in the fluctuation of intermolecular transfer integral V. To account for the
positional fluctuation, the MD simulations are performed to
obtain the molecular position fluctuation which is subsequently used to calculate the transfer integral. The statistical
results of transfer integrals for the 2050 snapshots are shown
in Table 3. Results show that the average values (〈V〉) of transfer integrals are comparable to the fixed values in crystal structure. The fluctuations follow typical Gaussian distribution as
shown in Fig. 3 and S7.† The standard transfer integral deviation (σ(V)) is in the region of 2–41 meV. We should note that
the ratio of σ(V)/〈V〉 shows a maximum value of 91 for dimer
D2 in BTBT1 and a minimum value of only 0.23 for D2 in
BTBT2 as shown in Table 3. For example, for D1 of BTBT1/
BTBT3/BTBT4, σ(V) shows a comparable value in the range of
35–41 meV, while the corresponding 〈V〉 values are 23.06, 0.93,
and 138.78 meV respectively. Namely, there is no obvious cor-

The average values (〈V〉, meV), standard deviation (σ, meV), and σ/〈V〉 for dynamic disorder of transfer integrals of four BTBT isomers at

BTBT1

〈V〉
σ(V)
σ(V)/〈V〉

transfer integral value or six dimers have similar large values,
and thus they behave as of the two-dimensional (2D) transport
nature. Here, the hole hopping rates are evaluated by using
both the Marcus theory and quantum nuclear tunneling
method, and the results showed that the values by Marcus
theory are smaller than those by the quantum nuclear tunneling method (the hopping rates are listed in Table S2†).
Contrary to the Marcus theory, the quantum nuclear tunneling
method considers the quantum eﬀect of nuclear vibration,
which can eﬀectively reduce the barrier between the charge
transfer initial state and final state, thus increasing the
hopping rate.6 Based on the obtained hole hopping rates, the
kMC simulations without considering disorder are further performed to get the mobility in the crystal state, and the results
are shown in Table 2. As expected, the mobility calculated by
the quantum nuclear tunneling method is larger than that calculated by Marcus theory. For BTBT2, the average hole mobility
calculated by the former method is 2.33 cm2 V−1 s−1, which is
comparable to the experimental value11,16 of 0.44–1.71 cm2 V−1
s−1. Among the four BTBT isomers, BTBT4 has the maximum
hole mobility of 11.8 (2.34) cm2 V−1 s−1 evaluated by using the
quantum nuclear tunneling method (Marcus theory), and this
is due to the large transfer integral of D1. On the other hand,
the average mobilities of BTBT1 and BTBT3 are 0.507 (0.0914)
and 0.917 (0.328) cm2 V−1 s−1 by using the quantum nuclear
tunneling method (Marcus theory), which conforms very well
to the 1D and 2D transport nature.

BTBT2

BTBT3

BTBT4

D1

D2

D3

D1

D2

D1

D2

D1

D2

23.06
35.79
1.55

0.03
2.71
91.48

3.89
2.50
0.64

24.92
23.96
0.96

51.96
11.94
0.23

0.93
40.98
43.85

20.47
7.07
0.35

138.78
35.53
0.26

3.43
5.83
1.70
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Fig. 3 The dynamic disorder of transfer integrals for BTBT2 obtained from the 2050 snapshots at 300 K. (a and b) Distribution of transfer integrals
for D1/D2; (c and d) thermal ﬂuctuation of transfer integrals for D1/D2.

relation between σ(V) and 〈V〉. For the face-to-face stacking
dimers, when the molecule slips along the long or the short
axis, transfer integral change resulting from oscillation leads
to large fluctuation of transfer integral with small displacement, and the transfer integral can even change from negative
to positive. Take D1 of BTBT3 as an example, when the slipping distance along the short axis varies from −1.1 to 1.5 Å,
the transfer integral changes from around −130 meV to
120 meV (see Fig. 4). The σ(V) values for D1 and D2 of BTBT2
are 24 and 12 meV respectively as shown in Table 3, which is

comparable to the values reported earlier (that is, 20 and
11 meV).16
Once the transfer integrals are obtained from the MD snapshots, the discrete Fourier transformation is performed to get
the time-dependent transfer integral fluctuation, and then the
hole transfer mobility is obtained by performing the kMC
simulations. The hole mobilities by considering the dynamic
disorder of transfer integrals (μ(V-disorder)) are listed in
Table 4. As the average value of transfer integrals (〈V〉) from
MD snapshots may diﬀer from the value in the crystal state,
thus the mobility for the disorder-free case (μ(disorder-free)) is
calculated based on 〈V〉. As can be seen, by considering the
dynamic disorder of transfer integrals, the μ(disorder) for the
quasi-1D BTBT1 decreases slightly to a value around 0.2 cm2
V−1 s−1, which corresponds to around 80% of the value in the
disorder-free case. This decrease agrees with the earlier study
on pentacene by Wang et al.,29 which indicates that dynamic
disorder reduces the mobility for the 1D case and has no significant influence for the 2D case. In addition, in their study,
for the 2D case, when σ(V)/〈V〉 is larger than 1, the dynamic

Table 4 Mobilities calculated by using the nuclear tunneling method
for BTBT isomers by considering the dynamic disorder of transfer integrals, and the ratio of mobility with disorder μ(V-disorder) to mobility
without disorder μ(disorder-free), the unit is in cm2 V−1 s−1

Fig. 4 The transfer integrals for D1 of BTBT3 as a function of the slipping distance along the molecular long axis (dL) and short axis (dS).

This journal is © The Royal Society of Chemistry 2021

BTBT1
BTBT2
BTBT3
BTBT4

μ(V-disorder)

μ(V-disorder)/μ(disorder-free)

0.20
1.83
1.16
9.03

0.80
1.08
1.32
0.98
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disorder tends to enhance charge mobility. This is consistent
with our results for 2D BTBT2 and BTBT3. For BTBT2, σ(V)/〈V〉
is around 0.96 and 0.23 for D1 and D2 respectively, and a
μ(disorder)/μ(disorder-free) value of 1.08 is obtained. For
BTBT3, as D1 has a large σ(V)/〈V〉 value of 43.85, the mobility
with disorder increases to 1.32 times the mobility for the disorder-free case. For quasi-1D BTBT4, there exists no obvious
change in mobility when changing from disorder-free to disorder (here μ(disorder)/μ(disorder-free) is 0.98), and this is due
to the small disorder of D1 of BTBT4 which has a small
σ(V)/〈V〉 value of 0.26.
3.3

BTBT1
BTBT2
BTBT3
BTBT4

σ(EHOMO)
(eV)

σ(ΔEHOMO)
(eV)

μ(SE-disorder)
(cm2 V−1 s−1)

μ(SE-disorder)/
μ(disorder-free)

0.060
0.073
0.065
0.061

0.086
0.105
0.092
0.086

0.15
1.66
0.64
2.33

0.31
0.71
0.70
0.20

Dynamic disorder of site energy

When the intramolecular vibration is taken into account, the
molecular site energy also fluctuates. To account for the site
energy fluctuation, the structural information is also extracted
from the MD simulations. In the charge transport process, the
influencing factor is the site energy diﬀerence rather than the
individual site energy. For the hole transport of BTBT isomers,
the site energy diﬀerence can be approximated via the energy
diﬀerence of HOMO energy (ΔEHOMO) based on the
Koopmans’ theorem. The dynamic disorder of site energy is
obtained by calculating the molecular EHOMO from the 2050
snapshots in this work, and ΔEHOMO is obtained from the
energy diﬀerence of two randomly selected values from the
2050 EHOMO. Obviously, the distributions of EHOMO and
ΔEHOMO for each BTBT isomer are of the Gaussian type as
shown in Fig. 5 and S8,† and the corresponding standard deviation of EHOMO (σ(EHOMO)) is in the range of 0.060 to 0.073 eV
as shown in Table 5, which is similar to the results of 0.05–0.1
eV in polymers, C60, C70 and so on.9,36,37 The standard deviation of ΔEHOMO (σ(ΔEHOMO)) falls in the region of 0.086 to
pﬃﬃﬃ
0.105 eV, and this value should be 2 times σ(EHOMO) when
the sampling is enough.
The mobilities with dynamic disorder of site energy (μ(SEdisorder)) are summarized in Table 5 and shown in Fig. 6. For
each BTBT isomer, when the dynamic disorder of site energy
is considered, the mobility tends to decrease, and it is true for
both the quasi-1D BTBT1 and BTBT4 and 2D BTBT2 and
BTBT3. However, for quasi-1D structure, the decrease is much
larger than those for the 2D case. For BTBT2, μ(SE-disorder)/
μ(disorder-free) is around 0.71, while for BTBT4, it is only

Fig. 5

Table 5 The standard deviation of HOMO energies from 2050 MD
snapshots, standard deviation of HOMO energy diﬀerences for 100 000
samplings, and mobilities calculated with the nuclear tunneling method
by considering the dynamic disorder of site energy, and the ratio of
mobility with disorder (μ(SE-disorder)) to mobility without disorder
(μ(disorder-free))

Fig. 6 Mobilities of four BTBT isomers with dynamic disorder of site
energy (blue dot), and those without dynamic disorder of site energy
(red square). The inset shows the ratios of mobilities for isomers with
disorder to those for isomers without disorder.

around 0.2. In a KMC process, assuming that each site has n
equal-rate hopping pathways, and the rate of each pathway is
k, thus the rate of one hopping step (kn) is the sum of these n
rates. However, in a dynamic disorder system, the rates for
each hopping step may vary, as a result the mean hopping rate
can be expressed as a harmonic mean (Hkn) of all the kn values
of each step. As the mobility is positively correlated to Hkn, we
can use the ratio of Hkn to disorder-free kn (kdisorderfree
),
n

Distribution of (a) HOMO energy of BTBT2 from the 2050 snapshots and (b) energy diﬀerence of BTBT2 HOMO from 100 000 samplings.
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Hkn/kdisorderfree
, to reflect the influence of dynamic disorder on
n
mobility. Based on the hopping rates of BTBT4 D1, after performing 100 000 hopping steps at diﬀerent n, we found that
Hkn/kdisorderfree
increases with n, and at the same time, Hkn/n is
n
approaching the mean value of k (〈k〉) as shown in Fig. S9.†
For the 1D case, we have n = 2, and the corresponding Hkn/
kdisorderfree
is around 0.149, which is smaller than μ(SE-disn
order)/μ(disorder-free) of BTBT4 (around 0.2). This discrepancy
is due to the more than 2 hopping pathways (e.g. the slower
D2) in BTBT4. As n increases, Hkn/kdisorderfree
gradually
n
approaches n*〈k〉>/kdisorderfree
or 〈k〉/kdisorder-free, where
n
kdisorder-free is the hop rate of a path when ΔG = 0. However, it
should be noted that 〈k〉/kdisorder-free can be smaller or larger
than 1. Based on Marcus theory, 〈k〉is larger than kdisorder-free,
and we found that mobilities for 2D BTBT2 and BTBT3 with
site energy disorder are larger than those without site energy
disorder as shown in Table S4.† As the Marcus rate is in an
exponential form, in the range around ΔG = 0, the absolute
value of the derivative of hopping rates increases with a
decrease in ΔG (an example of BTBT2 D2 is shown in
Fig. S10†), as a result 〈k〉 (for a Gaussian distribution of ΔG) is
larger than the k value at ΔG = 0.
3.4

Static disorder of defects

Defects are inevitable in the preparation of organic semiconductor materials, and even in the case of rubrene and pentacene organic single crystals which feature high-mobility,58–60
the trap defects can be found with a density of ∼1015–1018
cm−3. In organic semiconductors, defects exist in various

Paper
forms, it may be that a diﬀerent chemical structure resulted
from the side products of a chemical synthesis or chemical
reactions with oxygen or water,8 for example, a pentancene–
quinone molecule was found in a pentacene single crystal.42
For the hole transport in this work, when the HOMO energy of
a defect (Edefect) is located higher than that of the normal
molecule, the defect would act as a trap, otherwise it would act
as a scatter. Here, two types of defects with diﬀerent energies
are considered to evaluate the mobilities at an applied electric
field of 106 V cm−1. A typical 2D BTBT2 and a quasi-1D BTBT4
are chosen to investigate the influence of defects on mobilities
for the 2D and 1D stacking structures, and evolution of mobility are shown in Fig. 7. As can be seen, in a certain range, for
both the trap and scatter defects, as the absolute value of
energy diﬀerence (ΔG) between defect and normal molecule
increases, the mobility decreases. In the case of trap defects
(Fig. 7(a) and (c)), the mobility drops abruptly when ΔG
increases beyond a threshold value of about 100 meV, this
phenomenon is also observed in the earlier study on 1D pentacene.61 Beyond a threshold value, the mobility decreases exponentially with an increase in ΔG. On the other hand, in the
case of the scatter defects (Fig. 7(b) and (d)), mobility
decreases monotonously with a decrease in ΔG, and then it
stabilizes when ΔG is lower than a threshold value of about
−200 meV. Compared to the scatter defect, the trap defect can
induce to more significant reduction in mobility, especially
when the energy diﬀerence between the defect and a normal
molecule is large. As expected, mobility decreases with an
increase in defect ratio for the two types of defects.

Fig. 7 Evolution of mobility as a function of ΔG (diﬀerence between HOMO energies of defect and normal molecule) at an applied electric ﬁeld of
106 V cm−1 with diﬀerent defect ratios. (a and c) Mobilities as a function of trap defects for BTBT2 and BTBT4 respectively, and the inset shows that
mobility changes with ΔG in the range of 0 to 200 meV; (b and d) mobilities as a function of scatter defects for BTBT2 and BTBT4 respectively.
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As is known that thiophene can be oxidized to form thiophene 1-oxides (one oxygen atom substituted on a sulfur atom)
or thiophene 1,1-dioxides (two oxygen atoms substituted on a
sulfur atom) in the presence of water and oxygen.62 Thus, we
can reasonably assume that these BTBT isomer crystals may
contain defects such as BTBT-oxides (one oxygen atom
attached on each sulfur atom) or BTBT-dioxides (two oxygen
atoms attached on each sulfur atom) (the chemical structures
for BTBT2 and BTBT4 are shown in Fig. 8). Both the BTBToxides and BTBT-dioxides are characterized as scatter defects,
and the corresponding ΔG are in the range of −550–−680 meV
and −900–−1000 meV, respectively (Table S5†). Due to the
large absolute values of ΔG, as discussed above, the influence
on mobility for these two types of defects should be similar
(Fig. 7(b) and (d)). The mobility distributions for BTBT2 and
BTBT4 at various defect ratios (with ΔG set to −600 meV) are
summarized in Table 6 and shown in Fig. 9. For 2D BTBT2,
the mobility exhibits no obvious change even though the
defect ratio goes up to 1%; however, when the defect ratio goes
up to 10%, the mobility decreases by 23% compared to the
defect-free case. While for the quasi-1D BTBT4, on the other
hand, as the defect ratio increases, reduction in mobility is
much more obvious, even a small defect ratio of 0.1% could
lead to 20% reduction in mobility, more reduction in mobility

Fig. 9 Mobilities for BTBT2 and BTBT4 as a function of defect ratio (ΔG
is set to −600 meV) at an applied electric ﬁeld of 106 V cm−1. The inset
shows the ratio of mobility with defects to mobility without defects.

may occur by further increasing the defect ratio, for example,
1% defect ratio can lead to 73% reduction in mobility, while
10% defect ratio can lead to 98% reduction in mobility.
For the 2D case, when a hole carrier hops forward in a
channel and encounters a scatter defect, if the hopping rate to
an adjacent channel (kadjacent) is at maximum, then it prefers
to hop to the adjacent channel and continue the forward
jumping, and mobility decreases as kadjacent decreases. If
kadjacent is small enough and less than the backwards hopping
rate, then the hole carrier prefers to hop back and forth repeatedly, and this is actually a trap that could lead to a much more
reduced mobility. The quasi-1D packing motif (e.g., BTBT4 in
this work) corresponds to such a case.

4.
Fig. 8 The chemical structures of typical oxidized defects for BTBT2
and BTBT4.

Table 6 At an applied electric ﬁeld of 106 V cm−1, mobilities μ (cm2 V−1
s−1) for BTBT2 and BTBT4 at various defect ratios (the defect HOMO
energy is set to 600 meV lower than the normal molecular HOMO
energy)

BTBT2

BTBT4

Defect ratio

μ

μ

0.00%
0.01%
0.10%
0.50%
1.00%
5.00%
10.00%

3.35
3.35
3.34
3.32
3.28
3.00
2.59

1.00
1.00
1.00
0.99
0.98
0.89
0.77

defect

defect

defect-free

/μ
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μdefect

μdefect/μdefect-free

20.69
20.14
16.46
8.84
5.56
1.19
0.46

1.00
0.97
0.80
0.43
0.27
0.06
0.02

Conclusion

We have applied a multiscale approach by combining molecular dynamics simulations, quantum mechanics calculations
and kinetic Monte-Carlo simulations to investigate the influence of dynamic and static disorder on the hole mobilities of
four BTBT isomers.
The dynamic oﬀ-diagonal disorder that reflects the fluctuation of transfer integral incurs a decrease in mobility for
quasi-1D BTBT1 and BTBT4, while it tends to result in an
increase in mobility for the 2D BTBT2 and BTBT3 cases. In
addition, the results showed that the face-to-face π–π stacking
tends to induce a large fluctuation of transfer integral, with
the standard deviation in the range of 35–40 meV. For the 2D
packing motif, if dimers are of the face-to-face π–π stacking
and the corresponding transfer integrals are small (e.g., D1 of
BTBT3), the dynamic disorder could enhance mobility markedly, as the intermolecular motions can result in a significant
increase in transfer integral.
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The dynamic diagonal disorder that reflects that the site
energy fluctuation leads to a decrease in mobility for all the
four BTBT isomers, but the reduction is much more obvious
for the quasi-1D BTBT1 and BTBT4 cases than for the 2D
BTBT2 and BTBT3 cases. Contrary to the 1D case, the 2D molecule structure has more hopping paths and tends to weaken
the hopping rate fluctuation, and thus shows less reduction in
mobility.
Incorporation of the static disorder of the defect tends to
decrease mobility. The trap defect tends to result in a decrease
in mobility exponentially with an increase in defect energy
when the defect energy is higher than a certain threshold
value, while the scatter defect tends to result in a limited
reduction in mobility. The abovementioned two oxidation
defects are of the scatter type, and reduction in mobility for
quasi-1D BTBT4 is much more severe than that for 2D BTBT2
with increasing defect ratio.
It is generally believed that the FET structure measures a
few layers of molecules close to the substrate, while the Hall
measurement requires substantially larger size for the bulk
transport behavior. So, for many materials, FET mobility is
larger than Hall mobility, namely, impurities inside the
materials might be swept out by the gate voltage. However, for
the well-ordered high mobility systems, both are close to each
other. We thus speculate that the value with the dynamic disorder and without the static disorder should be close to FET
mobility and the values with both static and dynamic disorder
should be the Hall mobility.
In general, both dynamic and static disorder are more detrimental for the quasi-1D molecular structure than for the 2D
molecular structure. The reduction in mobility induced by the
dynamic disorder and scatter defect is normally restricted
within an order of magnitude, while the trap defect tends to
result in significant reduction in mobility which could be up
to several orders of magnitude. As a result, in reality, dynamic
and static disorder are inevitable in organic materials; in the
aspect of charge transport, the 2D structure is almost always
favored over the quasi-1D or 1D structure, which may provide a
good clue to devise design in organic electronics.
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