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Abstract 

The electronic structure calculations were performed to investigate the charge transport 

properties of hexathienocoronene (HTC) based molecules. The effective displacement of the 

charge carrier along the π-orbital of nearby molecules is calculated by monitoring the forth and 

back oscillations of charge carrier through the kinetic Monte Carlo simulation. The charge 

transport parameters such as charge transfer rate, mobility, hopping conductivity, localized 

charge density, time average effective mass and degeneracy pressure are calculated and used to 

study the charge transport mechanism in studied molecules. The existence of degeneracy levels 

facilitates the charge transfer and is analyzed through degeneracy pressure. Theoretical results 

show that the site energy difference in the dynamically disordered system controls the forth-back 

oscillation of charge carrier and facilitates the unidirectional charge transport mechanism, along 

the sequential localized sites. The ethyl substituted HTC has good hole and electron hopping 

conductivity of 415 and 894 S/cm, respectively. The unsubstituted HTC has the small hole 

mobility of 0.06 cm2/Vs which is due to large average effective mass, and is closer to the 

experimental results. 

Key words 

Site energy fluctuation, hopping conductivity, mobility, average effective mass, degeneracy 

pressure 
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1. Introduction 

 For the last three decades the organic electronics is an emerging field in science and 

technology1-5 due to its potential applications in semiconducting devices such as field effect 

transistors,6-8 photovoltaics,9, 10 light emitting diodes11, 12 and solar cells.13-15 The organic 

materials and polymers are having soft degrees of freedom, structural flexibility and self-

assembling property.2, 3, 16-19 In addition to that, the potential advantages are less molecular 

weight, low cost processing, environmental compatibility and easily tunable electronic property 

through the chemical modifications makes the organic materials as more preferable for 

optoelectronic applications.2, 5, 13, 20, 21 The weak intermolecular forces, low dielectric permittivity 

and structural disorder are responsible for large electron-phonon coupling and localized 

electronic states in the organic molecules.22-25 In this case, the charge carrier is energetically 

relaxed by the surrounding nuclei of the thermally distorted molecule and is known as small 

polaron.13, 16, 17, 25, 26 Therefore, the thermally activated hopping mechanism is used to describe 

the charge transfer (CT) process in the organic molecules4, 24, 27-29 and the Marcus theory of 

charge transfer is used to study CT along the sequential sites.20, 29-31 It has been shown in earlier 

studies that the nuclear dynamics is significant in the room temperature which results the 

breakdown of Franck-Condon (FC) principle.1, 32-34 In the CT calculations, the nuclear dynamics 

is modeled as the harmonic oscillator and is coupled with the electronic degrees of freedom. The 

collection of harmonic oscillators dissipates the energy and hence the charge carrier is thermally 

activated.22, 35 Hence, the charge transfer process in organic materials has the activation less 

barrier, that is, the nuclear dynamics relaxes the energy barrier between the neighboring 

molecules.4, 26, 34 The earlier studies4, 25, 26, 35, 36 show that the dynamic disorder decreases the 

electron-phonon coupling and increases the electronic interaction which facilitates the dynamic 
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localization and charge transfer. In this case, the charge transfer kinetics follows the intermediate 

regime between the adiabatic band transport and non-adiabatic hopping transport and is 

characterized by the effective disorder drift time,16, 25 and the CT is termed as the “diffusion 

limited by dynamic disorder”.  

 Generally, the device performance is strongly dependent on the charge carrier dynamics 

which is closely related with morphology and the electronic structure of the materials.13, 20, 37, 38 

Therefore, the current interest in organic electronics is synthesizing and characterizing an 

appropriate functional material on the basis of structure-property relationship and the substitution 

of hetero atoms and functional groups.2, 3, 28, 37, 39, 40 In this work, the charge transport property of 

recently synthesized hexathienocoronene (HTC) molecules is studied.41 These molecules have 

thiophene annealed coronene core with six double bonds in the periphery region which provides 

good thermal stability. The experimental study41 shows that the HTC molecules have good self-

aggregating property in the solid state and the phase transformation depends on the length of the 

alkyl side chains. As shown in Fig. 1, the HTC core has six thiophene rings and the presence of 

alkyl side chains in the HTC molecules decreases the steric repulsion which provides the better 

planarity. That is, the presence of alkyl side chains decreases the torsional disorder between 

thiophene and phenyl rings in the HTC molecule. The X-ray diffraction study reveals that HTC-b 

molecules are stacked with one another in columnar fashion and the intermolecular distance is 

3.37 Å.41 The grazing-incidence wide-angle X-ray scattering (GIWAXS) measurement reports 

that the HTC-b exists in crystalline phase and π-stacked arrangements are parallel to the surface. 

The experimental study41 shows that the unsubstituted (HTC-a) and hexyl substituted HTC 

(HTC-b) are having high crystallinity. Field effect mobility in HTC-a and HTC-b in 0.002 and 

0.001 cm2/V s, respectively.41 In the present work, we have studied the hole and electron 
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transport in these HTC molecules through the CT kinetic parameters such as rate of transition 

probability, hopping conductivity, mobility, average effective mass and degeneracy pressure 

which are obtained from electronic structure calculations, molecular dynamics and kinetic Monte 

Carlo simulations. The previous studies 17, 28, 38 show that the fluctuation of charge transfer 

integral and site energy with respect to nuclear degrees of freedom and orientation of nearby 

molecules introduces the forth-back oscillations of charge carrier in the tunneling regime. In the 

present study, the forth-back oscillations are studied on the basis of forward and backward rates 

and number of forward and backward oscillations.  

2. Theoretical Formalism 

 By using tight binding Hamiltonian approach the presence of excess charge in a π-

stacked molecular system is expressed as,13, 42 

( ) ( ) j

ji

iji

i

iii aaJaaH ∑∑
≠

++ += θθε ,
ˆ     (1) 

where, +
ia  and ia are creation and annihilation operators, ( )θε i  is the site energy, energy of the 

charge when it is localized at i
th molecular site and is calculated as diagonal element of the 

Kohn-Sham Hamiltonian, iKSii H ϕϕε ˆ= , the second term of Equation (1), j,iJ  is the off-

diagonal matrix element of Hamiltonian, jKSiji HJ ϕϕ ˆ
, =  known as charge transfer integral or 

electronic coupling, which measures the strength of the overlap between iϕ and jϕ (HOMO or 

LUMO of nearby molecules i and j). 

 Based on the semi-classical Marcus theory, the CT rate )(k is defined as29-31 
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where, Bk  is the Boltzmann constant, T  is the temperature (here T=298 K), effJ  is the effective 

charge transfer integral, ijε∆  is the site energy difference between the nearby molecules, and λ is 

the reorganization energy. The generalized or effective charge transfer integral )( effJ is defined in 

terms of charge transfer integral )(J , spatial overlap integral )(S  and site energy )(ε as,43, 44 

  






 +
−=

2
,,,

ji

jijijieff SJJ
εε

      

    (3) 

where, iε  and jε  are the energy of a charge when it is localized at i
th  and j

th molecules, 

respectively. The site energy, charge transfer integral and spatial overlap integral are computed 

using the fragment molecular orbital (FMO) approach as implemented in the Amsterdam Density 

Functional (ADF) theory program.18, 44, 45 In ADF calculation, we have used the Becke-Perdew 

(BP)46, 47 exchange correlation functional with triple-ζ plus double polarization (TZ2P) basis 

set.48 In this procedure, the charge transfer integral and site energy corresponding to hole and 

electron transport are calculated directly from the Kohn-Sham Hamiltonian.13, 44  

The reorganization energy measures the change in energy of the molecule due to the 

presence of excess charge and changes in the surrounding medium. The reorganization energy 

due to the presence of excess hole (positive charge, λ+) and electron (negative charge, λ-)  is 

calculated as,13, 49, 50 

        ( ) ( )[ ] ( ) ( )[ ]0000 gEgEgEgE −+−= ±±±±
±λ    (4) 

where, ( )0gE ±  is the total energy of an ion in neutral geometry, ( )±± gE  is the energy of an ion 

in ionic geometry, ( )±gE 0  is the energy of the neutral molecule in ionic geometry and ( )00 gE  

Page 6 of 35Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



7 

 

is the optimized ground state energy of the neutral molecule. The geometry of the studied 

molecules, HTC-a, HTC-b and HTC-c in neutral and ionic states are optimized using density 

functional theory method, B3LYP51-53 in conjunction with the 6-31G(d,p) basis set, as 

implemented in the GAUSSIAN 09 package.54 

The charge carrier mobility is calculated from diffusion coefficient, D by using the 

Einstein relation,55 

                               

D
Tk

q

B








=µ                                                            (5) 

The above classical Einstein relation is valid for disordered semiconducting materials 

when the system is under equilibrium condition. The previous studies show that the above 

relation is invalid when the system in non-equilibrium condition, such as FET under applied 

field, because the electric field dependent diffusivity is larger than the electric field response 

mobility.56, 57  

In the present work, we assume that the charge carrier is initially localized on the 

molecule which is located at the center of the sequence of π-stacked molecules and the charge 

does not reach the end of molecular chain within the time scale of simulation due to the forth-

back oscillations. In each step of Monte-Carlo simulation, the most probable hopping pathway is 

found out from the simulated trajectories based on the forward and backward charge transfer 

rates at particular conformation. In the case of normal Gaussian diffusion of the charge carrier in 

one dimension, the diffusion coefficient, D is calculated from effective displacement, deff and the 

total hopping time, Hopτ  

                                                 
Hop

bf

Hop

eff dPPd
D

ττ 2

)|(|

2

22 −
==                                           (6) 
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where, Pf and Pb are the probability for forward and backward motions of charge carrier and d is 

the distance between nearby π-stacked molecules. The hopping time for such oscillated motion 

along the CT path is defined as,28 
b

b

f

f

Hop
k

N

k

N
+=τ . The forward and backward CT rates, kf and 

kb, and number of forward and backward oscillations, Nf and Nb are numerically calculated by 

using kinetic Monte Carlo simulation. As reported in previous studies,17, 28, 38 the site energy 

difference and dynamic disorder causes the forth-back oscillations of charge carrier in the 

tunneling regime. To calculate the forward and backward CT rates, the Marcus equation for CT 

rate given in Equation (2) is rewritten as,  








 ∆
−









 ∆
−
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TkTkTkTk

J
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ij
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ij
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4
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4
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4

12 22
12 ε

λ
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π

h
 (7) 

here, If ijε∆ is positive, bkk → ; and if ijε∆ is negative, the k is kf. 

By comparing Equations (2) and (7), the ratio of forward and backward CT rates is equal 

to 






 ∆
−=

Tkk

k

B

ij

b

f ε
exp , as stated in the previous studies.28, 38 Note that, the forth-back oscillations 

are purely depending on site energy difference and fluctuations in site energy. The earlier study28 

reports that the ratio of forward and backward CT rates is equal to the ratio of the number of 

forward and backward charge carrier oscillations, that is, 






 ∆
−==

TkN

N

k

k

B

ij

b

f

b

f ε
exp . Therefore, 

the number of forward and backward oscillations are explicitly defined as, 








 ∆
−









 ∆
−=

TkTk
N

B

ij

B

ij

2
exp

4
exp

2 ε

λ

ε
, here, N = Nf when ijε∆ is negative and N = Nb when ijε∆ is 

positive. As given in Equation (6), the effective displacement (deff) is calculated by using 
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probability for forward (Pf) and backward (Pb) oscillations and is written as 










+
=

bf

f

f
kk

k
P  and 












+
=

bf

b
b

kk

k
P .  

The electronic and nuclear dynamics facilitates the density flux along the hopping sites 

and the time evolution of density flux gives the hopping conductivity (σ) as58 

                                                      
t

P

∂
∂

= εσ
5

3
                                                      (8) 

That is, the hopping conductivity is purely depending on the rate of transition probability and 

electric permittivity )(ε of the medium. The rate of transition probability for dynamically 

disordered system is calculated by using Master equation method and is written as28, 38, 59 

                                                ][ ,,,, ififib

i

ib
i kPkP

t

P
−=

∂
∂

∑                                          (9) 

The intermolecular electrostatic interaction between the stacked molecules leads Frenkel 

excitonic splitting and facilitates the overlap of orbitals of nearby molecules.14, 40, 60, 61 The 

dynamic disorder reduces the influences of electron-phonon scattering on localized charge 

carrier and hence the interaction between the electronic states is increased.26 Here, the dynamic 

disorder leads to the Wannier delocalized excitonic splitting instead of pure Frenkel localized 

excitonic splitting 4, 22, 25, 35. The degeneracy pressure is directly related with the orbital splitting 

and CT efficiency. The degeneracy pressure is calculated by using the average effective mass 

and localized charge density on the π-orbitals of nearby molecules and is written as62 

                                        
( ) 3

523
2

2

5

3
n

m
P

eff

d

hπ
=                                                     (10) 
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here, the distributed charge carrier density (n) on the π-orbitals is calculated as 
µ
σ
e

n = , and its 

corresponding momentum and velocity are ( ) 3
1

23 nk π=  and 
Hop

effd
v

τ
= , respectively.62 From the 

above relations, the average effective mass of the charge carrier is calculated as, 
v

k
meff

h
= . 

Here, the average effective mass is the mass of the polaron in the distorted molecular geometry 

and is interacting continuously with the intermolecular forces and electronic and nuclear degrees 

of freedom.  

 To get the quantitative insight on charge transport properties of these molecules, the 

information about stacking angle and its fluctuation around the equilibrium is required. As 

reported in previous study,33, 58 the equilibrium stacking angle and its fluctuation were calculated 

by using molecular dynamics (MD) simulation. The molecular dynamics simulation was 

performed for stacked dimers with fixed intermolecular distance of 3.37 Å for all HTC based 

molecules using NVT ensemble at temperature 298.15 K and pressure 10-5 Pa, using TINKER 

4.2 molecular modeling package with the standard molecular mechanics force field, MM3. The 

simulations were performed up to 10 ns with time step of 1fs, and the atomic coordinates in 

trajectories were saved in the interval of 0.1 ps. The energy and occurrence of particular 

conformation were analyzed in all the saved 100000 frames to find the stacking angle and its 

fluctuation around the equilibrium value.  

3. Results and Discussion 

The geometry of the hexathienocoronene based molecules, HTC-a, HTC-b and HTC-c is 

optimized using DFT method at B3LYP/6-31G(d,p) level of theory and is shown in Fig. S1. The 

molecules HTC-b and HTC-c are differed by the substitution of alkyl side chains as C6H13 and 
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C2H5 on the end thiophene rings, and for HTC-a molecule, the alkyl side chains were replaced by 

H atoms. In this work, the electronic structure calculations and MD simulations were performed 

for the studied HTC molecules with respective side chains and the results were used to study the 

charge carrier dynamics through the KMC method, as described in section 2. As the best 

approximation, the positive charge (hole) will migrate through the highest occupied molecular 

orbital (HOMO), and the negative charge (electron) will migrate through the lowest unoccupied 

molecular orbital (LUMO) of the stacked molecules, the charge transfer integral, spatial overlap 

integral and site energy corresponding to positive and negative charges are calculated based on 

orbital coefficients and energies of HOMO and LUMO. The density plot of HOMO and LUMO 

of the studied molecules calculated at B3LYP/6-31G(d,p) level of theory is shown in Figs. S2 

and S3, respectively. As shown in Figs. S2 and S3, the HOMO and LUMO are π orbital and 

HOMO and LUMO are delocalized on the entire HTC core and very less density on the alkyl 

side chains of HTC-b and HTC-c molecules. The delocalization of HOMO and LUMO on the 

HTC core increases the π-stacking property through the π-π orbital interaction. The alkyl side 

chains substitution on HTC core does not significantly affect the delocalization of electron 

density on HOMO and LUMO, and effective charge transfer integral (see Figs. 2 and 3). That is, 

in the π-stacked molecules, the overlap of nearby HTC cores will facilitate both hole and electron 

transport along the columnar axis, and these molecules may have ambipolar character. 

3.1. Effective Charge Transfer Integral 

 The effective charge transfer integral (Jeff) for hole and electron transport in the studied 

HTC based molecules is calculated by using Equation (3). The previous studies18, 33 show that 

the Jeff   strongly depends on π-stacking distance and π-stacking angle. The experimental result41 

shows that the intermolecular distance between two molecules in the stacked dimer is 3.37 Å for 

Page 11 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



12 

 

HTC-b molecule. Therefore, the Jeff for hole and electron transport in the HTC based molecules 

is calculated with fixed stacking distance of 3.37 Å and the stacking angle is varied from 0 to 90º 

in the step of 10º. The variation of effJ with respect to stacking angle for hole and electron 

transport in the studied HTC molecules is shown in Figs. 2 and 3, respectively. The shape and 

distribution of frontier molecular orbital on each monomer are responsible for the orbital overlap 

between the neighboring π-stacked molecules. As observed in Figs. S2 and S3, HOMO and 

LUMO are delocalized on the entire HTC core which leads the significant effective charge 

transfer integral for both hole and electron transport. As observed in Fig. 2, for hole transport, the 

maximum Jeff of around 0.48 eV is calculated at the stacking angle range of 45-50º. At these 

stacking angles, the distance between the sulfur atoms of nearby molecules is around 2.9 Å 

which facilitate the stronger interaction between the π-stacked molecules. At these π-stacking 

angles, the HOMO of each monomer contributes nearly equally for HOMO of the dimer. For 

example, at 50º of stacking angle, the HOMO of the HTC-a dimer consists of HOMO of first 

monomer by 49% and the second monomer by 50% which leads the constructive overlap 

between the π-orbitals. The significant Jeff of 0.32 eV is observed at the stacking angles of 40 and 

60º for hole transport (see Fig. 2 and Table S1). This is because of the constructive overlap 

between HOMO of each monomer while forming the HOMO of dimer. It has been found that the 

introduction of alkyl side chains does not affect the Jeff significantly. The substitution of alkyl 

chains on the HTC core enhances the planarity of the molecule. It has been found that the Jeff for 

hole transport is minimum at the stacking angles of 20 and 70º. This is because of the unequal 

contribution of HOMO of each monomer on the HOMO of the stacked dimer. For instance, the 

Jeff calculated for hole transport at 70º of stacking angle is below 0.01 eV, at this angle the 
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HOMO of HTC dimer consists 87 % HOMO of first monomer and 12% HOMO of second 

monomer. 

 It has been observed that the maximum effective charge transfer integral (Jeff) for electron 

transport in the HTC molecule is 0.41 eV at 70º of stacking angle. At this angle, the LUMO of 

the dimer consists of LUMO of first monomer by 48% and the second monomer by 51% which 

leads the constructive overlap. As shown in Fig. 3 and Table S1, at 20 and 90º of stacking angle 

the Jeff value for electron transport is nearly equal to zero which is due to the destructive overlap 

of LUMO of each monomer in the dimer system. Notably, at the stacking angle of 40º, the 

studied molecules are having significant Jeff value in the range of 0.15 - 0.25 eV for both hole 

and electron transport. The MD results show that the equilibrium stacking angle for unsubstituted 

HTC (HTC-a), hexyl substituted HTC (HTC-b) and ethyl substituted HTC (HTC-c) is 60º, 45º 

and 55º, respectively, and the stacking angle fluctuation up to 10 to 15º from the equilibrium 

stacking angle is observed (see Fig. S4). That is, the substitution of alkyl side chains on the HTC 

core reduces the equilibrium stacking angle. The change in Jeff due to the stacking angle 

fluctuation is included while calculating the CT kinetic parameters through kinetic Monte-Carlo 

simulation. 

3.2. Site Energy Difference 

 Site energy difference is one of the key parameters that determines the rate of CT and is 

equal to the difference in site energy ( ijij εεε −=∆ ) of nearby π-stacked molecules. The site 

energy difference arises due to the conformational disorder, electrostatic interactions and 

polarization effects. The previous studies28, 38, 58 show that the site energy difference 

)( ijε∆ provides the significant impact on charge carrier dynamics and is acting as the driving 
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force for forward motion when ijε∆ is negative, and is acting as a barrier for forward motion 

when ijε∆ is positive, that is, the carrier takes the backward drift due to the positive value of 

ijε∆ . The change in site energy difference with respect to the stacking angle for hole and 

electron transport in the studied molecules is shown in Figs. 4 and 5. It has been found that the 

stacking angle fluctuation has significant effect on the ijε∆ , except for electron transport in 

C6H13 substituted HTC upto 40º of stacking angle. At 0º of stacking angle, ijε∆ is zero for both 

hole and electron transport. For both hole and electron transport in unsubstituted HTC and C2H5 

substituted HTC molecules, the maximum value of ijε∆ is nearly 0.05 eV at 80º of stacking angle 

and minimum value is nearly -0.05 eV at the stacking angle of 40º. For hole transport, at 

equilibrium stacking angle the molecules HTC, HTC-b and HTC-c have the site energy 

difference of around 0.01, 0.02 and -0.02 eV, respectively, and for electron transport the site 

energy difference is 0.02, 0.06 and 0.05 eV (see Figs. 4 and 5).  The calculated ijε∆ values at 

different stacking angles were included while calculating the CT rate and other kinetic 

parameters through Monte-Carlo simulation. In the present study, the change in ijε∆ due to the 

stacking angle variation is responsible for forth-back oscillations along the π-stacked molecules 

and is analyzed through forward and backward CT rate, as described in Section 2. 

3.3. Reorganization Energy 

 The change in energy of the molecule due to structural reorganization by the presence of 

excess charge will act as a barrier for charge transport. The geometry of neutral, anionic and 

cationic states of the studied HTC based molecules were optimized at B3LYP/6-31G(d,p) level 

of theory and the reorganization energy is calculated by using Equation (4).  
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 It has been observed that the unsubstituted HTC (HTC-a) molecule has maximum 

reorganization energy value of 0.23 eV for the presence of excess positive charge. By analyzing 

the optimized geometry of neutral and cationic states of HTC molecule, we found that the 

presence of positive charge alters the torsional angle between the thiophene and phenyl rings of 

HTC core up to 3º which is the reason for the high hole reorganization energy. The substitution 

of alkyl side chains on the HTC molecule decreases the reorganization energy up to 0.1 eV for 

hole transport and hence HTC-b and HTC-c molecules have minimum hole reorganization 

energy of around 0.13 eV. It has been found that the HTC, HTC-b and HTC-c molecules have 

similar reorganization energy of around 0.14 eV for the presence of excess negative charge. 

Notably, the HTC core consists of circularly fused phenyl rings attached with six thiophene rings 

which make the planarity, core rigidity and responsible for small structural relaxation due to the 

presence of excess negative charge and hence the electron reorganization energy is minimum for 

the studied HTC molecules. 

3.4. Charge Carrier Dynamics 

The calculated charge transport key parameters such as effective charge transfer integral, 

site energy difference, reorganization energy and structural fluctuation in the form of stacking 

angle distribution are used to study the charge carrier dynamics through the kinetic Monte Carlo 

simulations. In the present model, forth-back oscillations of a charge carrier effect on charge 

carrier motion in the tunneling regime are studied. The structural fluctuation and its effect on site 

energy difference are responsible for the forward and backward CT. As observed in previous 

studies,32, 33, 58 the survival probability of a charge carrier corresponding to forward and 

backward transports has been calculated from kinetic Monte Carlo simulation, and is shown in 

Figs. 6 and 7. As mentioned in previous Section, the forward and backward CT rates, number of 
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forward and backward oscillations, probability for forward and backward oscillations, effective 

displacement, total hopping time, rate of transition probability, average effective mass and 

degeneracy pressure are calculated and are used to study the charge carrier dynamics in the 

studied HTC molecules. As shown in Fig. 6, the forward and backward hole transfer rates in 

HTC-a are comparable, whereas in HTC-c the forward CT rate is higher by three orders of 

magnitude than the backward rate.   

As given in Table 1, the effective rate of hole transfer and hopping conductivity in the 

HTC-a, HTC-b and HTC-c molecules are 1.3 x1014, 1.17x1015 and 7.82x1015/s and 6.9, 62.1 and 

415 S/cm, respectively. The presence of side chains in HTC molecule decreases the hole 

reorganization energy by 0.1 eV which enhances the CT rate and hopping conductivity (see 

Table 1). The Jeff for hole transport in the studied HTC-c molecule is nearly 0.45 eV at 

equilibrium stacking angle of 55º (see Fig. 2) which is also responsible for good hole 

transporting ability. The fluctuation in stacking angle is around 40-70º, for HTC-c molecule, and 

the variation in effective electron transfer integral is in the range of 0.15 - 0.42 eV and calculated 

electron reorganization energy is 0.14 eV which enhances the effective electron transfer rate and 

hopping conductivity as 1.68x1016/s and 894 S/cm, respectively (see Table 2). It has been found 

that the calculated average effective mass of polaron for both hole and electron transport is much 

heavier than the free electron mass (see Tables 1 and 2), which is in agreement with the previous 

study.25 That is, the effective mass of the polaron is infinite when it is localized in the distorted 

molecules, due to less electronic coupling and larger electron-phonon coupling.25 Böhlin et al.26 

noticed that in the presence of dynamical disorder, the localized charge carrier is less influenced 

by the electron-phonon coupling (reorganization energy) as compared in the ideal system. The 

effect of static and dynamic fluctuation on charge transport in Donor-Bridge-Acceptor systems is 
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studied by Yuri A Berlin et al.32 and they concluded that the dynamic fluctuation facilitates the 

band-like transport due to the self-averaging effect of electronic coupling or effective charge 

transfer integral. Therefore, the dynamic disorder controls the effective mass of the polaron 

which enhances the charge transfer. For instance, the average effective mass of the polaron for 

electron transport in the HTC-c molecules is less than the other studied HTC molecules (see 

Table 2), due to less electron-phonon coupling (~0.14 eV) and larger values of fluctuated 

electronic coupling (0.15-0.42 eV). The number of forward and backward oscillations, 

probability for forward and backward oscillations of a charge carrier and average site energy 

difference while including the structural fluctuations in kinetic Monte Carlo simulation are 

summarized in Table S2. It has been observed that number of forward oscillations is higher than 

the backward oscillations for hole and electron transport in ethyl substituted HTC (HTC-c) 

molecule and their probability for forward charge carrier motion is 0.76 and 0.91, respectively. 

That is, the probability for forward motion of a charge carrier is comparably higher than that of 

backward motion which increases the forward transport along the π-stacked molecules, and 

hence the ethyl substituted HTC molecule (HTC-c) has good ambipolar charge transport 

character (see Tables 1 and 2). Here, the significant effective charge transfer integral and small 

reorganization energy reduces the charge localization time on the frontier molecular orbital 

(HOMO or LUMO) and the calculated average effective mass of hole and electron at HTC-c is 

comparably small (2.67x10-30 and 2.26 x10-30 kg). In this case, the calculated average site energy 

difference corresponding to forward and backward oscillations for hole transport is -0.054, 0.052 

eV and for electron transport it is -0.13, 0.13 eV, respectively. As given in Table S2, the number 

of forward oscillations corresponding to hole and electron transport in HTC-c is relatively higher 
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than the number of backward oscillations, and the effective displacement (deff) of a charge carrier 

in the forward direction is higher in HTC-c molecule.  

The hexyl substituted HTC (HTC-b) has the stacking angle fluctuation in the range of 30-

60º around the equilibrium angle of 45º and the variation in Jeff is in the range of 0.1-0.45 eV 

which leads the significant charge transporting ability. It has been found that HTC-b has 

significant hole and electron mobility of 1 and 1.63 cm2/V s and calculated average effective 

mass of hole and electron in HTC-b is 1.51x10-29 and 1.21x10-29 kg, respectively.  The number of 

forward and backward oscillations corresponding to hole transport in HTC-b is 1.14 and 0.84 and 

for electron transport it is 1.37 and 0.87, respectively. The calculated total time for hopping 

process in the HTC-b and HTC-c for hole transport is 0.51, 0.42 fs and for electron transport it is 

0.65 and 0.53 fs, respectively. The number of forward and backward oscillations corresponding 

to hole and electron transport in unsubstituted HTC (HTC-a) are nearly equal and hence the 

charge carrier oscillates longer time before hopping to the next molecule (see Table 1 and 2). In 

this case, the calculated average site energy difference corresponding to forward and backward 

oscillations for hole transport is -0.005, 0.005 eV and for electron transport it is -0.007,        

0.007 eV, respectively. As observed in Table S2, the probability for forward and backward 

oscillations of a charge carrier in HTC-a is nearly equal which increases the average effective 

mass and decreases the effective displacement (deff) and charge transporting ability. The 

calculated hole mobility is 0.06 cm2/V s which is higher than the experimental field effect 

mobility of 0.002 cm2/V s. The previous studies show that the experimentally measured mobility 

depends on substrate and substrate temperature63-65 and FET mobility is field dependent and non-

equilibrium diffusion. However, theoretically calculated mobility by the Einstein relation is field 

independent and is based on equilibrium thermal diffusion process. Here the carrier is strongly 
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localized on the molecular site and the calculated localized charge density is 6.53x1026/m3. The 

above results clearly show that the site energy difference in the geometrically fluctuated 

molecules controls the forth-back oscillation of charge carrier and facilitate the unidirectional 

charge transfer process (see Tables 1, 2 and S2). It has been found that the site energy difference 

in the dynamically disordered systems is acting as the driving force for unidirectional the charge 

transport mechanism. That is, the forward and backward charge carrier hopping network is 

controlled or tuned by the site energy difference, which is in agreement with the previous 

studies.28, 38  

To get further insight on charge transport in the studied molecules, the degeneracy 

pressure is calculated by using Equation (10). The existence of degeneracy levels promotes the 

delocalization of charge carrier and is calculated as degeneracy pressure. The previous studies26, 

32 show that the localized charge carrier on the dynamically disordered system is less influenced 

by the electron-phonon scattering and the CT mechanism follows the static non-Condon effect. 

The weak electron-phonon scattering in the dynamically disordered system increases the 

coupling strength between the electronic states which leads the intermediate CT mechanism 

between the localized hopping transport and delocalized band transport. The calculated 

degeneracy pressure is summarized in the Tables 1 and 2. It has been found that the high 

degeneracy pressure drifts the carrier from one localized site to another localized site. Among the 

studied molecules, HTC-c has comparably maximum degeneracy pressure of 4.34x105 and 

6.24x105 Pa for hole and electron transport which favors the charge transport. Here, the orbital 

splitting follows the Wannier type and carrier is delocalized on the frontier molecular orbitals. In 

the case of HTC-a molecule, the degeneracy pressure for hole dynamics is relatively small 

(7.35x104 Pa) and the charge transporting ability of HTC-a is weak. In this case, the splitting of 
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energy levels follows the Frenkel type and charge carrier takes the large number of forth-back 

oscillations. The degeneracy pressure for hole and electron transport in the HTC-b molecule is 

significant and the values are 2.9x105 and 2.37x105 Pa, respectively, which facilitate the CT 

process.  

4. Conclusion 

 The charge transport properties of hexathienocoronene (HTC) based molecules are 

investigated by using electronic structure calculations. The structural fluctuation effect on 

effective charge transfer integral and site energy difference is included while studying the charge 

carrier dynamics through the kinetic Monte Carlo simulations. The number of forward and 

backward oscillations and probability for forward and backward oscillations are calculated from 

the kinetic Monte Carlo simulation and are used to study the dynamics of the charge carrier 

along the π-stacked molecules. The charge transfer parameters such as effective charge transfer 

rate, hopping conductivity, mobility, localized charge density, average effective mass and 

degeneracy pressure were calculated and the dynamic disorder effect on charge transport in the 

HTC molecules is studied. It has been found that the site energy difference in the dynamically 

disordered system is acting as the driving force for unidirectional charge carrier propagation. The 

ethyl and hexyl substituted HTC (HTC-c and HTC-b) molecules have good ambipolar 

transporting ability. The unsubstituted HTC molecule (HTC-a) has the small hole mobility of 

0.06 cm2/V s which is due to the strong localization of positive charge on the molecular site and 

large effective mass and is in agreement with the previous experimental results. 
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Supporting Information 

Optimized structures of unsubstituted hexathienocoronene (HTC-a), hexyl substituted 

hexathienocoronene (HTC-b), ethyl substituted hexathienocoronene (HTC-c) molecules are 

given in Fig. S1. Highest Occupied Molecular Orbitals (HOMO) and the Lowest Unoccupied 

Molecular Orbitals (LUMO) of the studied HTC-a, HTC-b and HTC-c molecules are given in 

Figs. S2 and S3 respectively. The plot between the number of occurrence, potential energy with 

respect to stacking angle calculation from molecular dynamics simulation for unsubstituted HTC 

(HTC-a) molecule is given in Fig.S4. The effective charge transfer integral (Jeff) at different 

stacking angle (θ) for hole and electron transport in the studied HTC-a, HTC-b and HTC-c 

molecules are summarized in Table S1. The number of forward (Nf) and backward (Nb) oscillations 

and their probabilities (Pf and Pb), effective displacement (deff) and average site energy difference 

ijε∆ corresponding to forward and backward charge carrier motions calculated from kinetic 

Monte Carlo simulation for hole and electron transport are summarized in Table S2.  
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Table 1 Rate of transition probability 
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, hopping conductivity )(σ , total hopping time )( Hopτ , mobility )(µ , π-electron 

density )(n , time average effective mass ( ))(tmeff and degeneracy pressure )( dP  for hole transport in hexathienocoronene molecules, 

HTC-a, HTC-b and HTC-c. 
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Table 2 Rate of transition probability 
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Figure Captions: 

Fig. 1: The chemical structure of hexathienocoronene (HTC) based molecules (HTC-a: R′ = H, 

HTC-b: R′ = C6H13 and HTC-c: R′ = C2H5). 

Fig. 2: The effective charge transfer integral (Jeff, in eV) for hole transport in HTC-a (solid line), 

HTC-b (dotted line) and HTC-c (dashed line) molecules at different stacking angles (θ, in 

degree) 

Fig. 3: The effective charge transfer integral (Jeff, in eV) for electron transport in HTC-a (solid 

line), HTC-b (dotted line) and HTC-c (dashed line) molecules at different stacking angles (θ, in 

degree) 

Fig. 4: The site energy difference ( ijε∆ , in eV) for hole transport in HTC-a (solid line), HTC-b 

(dotted line) and HTC-c (dashed line) molecules at different stacking angles (θ, in degree) 

Fig. 5: The site energy difference ( ijε∆ , in eV) for electron transport in HTC-a (solid line), 

HTC-b (dotted line) and HTC-c (dashed line) molecules at different stacking angles (θ, in 

degree) 

Fig. 6: The survival probability of a positive charge at particular site corresponding to forward 

and backward transports with respect to time in (a) HTC-a (b) HTC-b and (c) HTC-c molecules 

Fig. 7: The survival probability of a negative charge at particular site corresponding to forward 
and backward transports with respect to time in (a) HTC-a (b) HTC-b and (c) HTC-c molecules 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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