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Abstract 

Forming the active layers of organic light-emitting diodes (OLEDs), organic 

photovoltaics (OPVs) and organic field-effect transistors (OFETs), Organic 

semiconductors (OSs) have revolutionized the microelectronics industry. Compared 

with commonly used inorganic semiconductors, OSs combine many desirable 

properties: light-weight, flexible and relatively easy to produce from renewable 

resources. However, a drawback of OSs compared to inorganic semiconductors is 

their limited conductivity of electrical charges. In this thesis, I study charge transport 

properties of OSs in order to aid their material and structure design and to improve 

device efficiency.  

In this work, I evaluate the performance of a systematic and sophisticated 

computational tool for the prediction of charge mobilities in OSs. The method is based 

on the assumption that the charge carrier is localized, i.e. forms a small polaron that 

hops from one molecule to the next. Molecular dynamics simulation and first-

principle calculations are used to calculate rate constants for each polaron hopping 

step and kinetic Monte Carlo simulations are carried out to compute the mobility from 

the set of hopping rate constants. The methodology is applied to hole hopping in single 

crystalline benzene, rubrene, pentacene, anthracene and electron hopping in C60. To 

find structure - property relations linking the morphology with the bulk charge carrier 

mobility, the methodology is further applied in few-layer thinfilm pentacene and 

amorphous pentacene.  
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1 Background and Motivation  

The interest in electron transport (ET) in organics has grown rapidly in recent years 

both in industry and in academia.1-4 On the application side, organic semiconducting 

materials have the advantages of easy fabrication, mechanical flexibility, and low cost 

with a wide range of applications, like organic light-emitting diodes (OLED),5 organic 

field effect transistors3,6 and organic photovoltaics (OPVs);4 a number of chemical 

companies worldwide, such as BASF and Merck, have been involved in leading the 

development of organic electronics. On the applied research side, -conjugated 

materials in general attract a great amount of interests, from fundamental study 

including theory investigation and experiment characterization to applied level, like 

the organics devices design and integration.  

The performance of the organics devices mentioned above critically depends on the 

efficiency of charge transport in the -conjugated materials. The key quantity that 

characterizes charge transport is the carrier mobility. There are several widely 

referenced experimental techniques to measure the carrier mobilities: time-of-flight, 

field-effect transistor configuration and diode configuration.1 

However, ultrapure samples of OSs are very difficult to prepare experimentally and 

the charge mobility is critically sensitive to defects.7 This experimental drawback 

sometimes misleads the understanding of the nature of charge transport. For example, 

incoherent hopping was observed in major organic conjugated crystals a couple of 

p

p
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decades ago,6 which was regarded as the transport mechanism in organics, while more 

recent measurements on highly purified samples show that the presence of defects led 

to the activated hopping.8  

Computational simulation is a modern tool to reveal the properties of the pure 

materials, which avoids the problem discussed above. Furthermore, to complement 

real experiments, atomic modelling can provide parameters that cannot or only 

indirectly be obtained from experiment, such as electronic coupling between 

molecules. 

 

Figure 1-1 Illustration of the ranges of validity of hopping models (orange) and band models (blue). 
Ranges of the validity criterion depending on intrinsic materials’ properties are depicted as shade areas 
of the respective bars. The bright blue box in the background depicts the range of charge mobilities of 
common materials with data taken from ref 9. Plot from 10 

There are two established theories to describe ET, one is band theory11,12 in which an 

electron is assumed to be delocalized like the conduction mechanism of inorganic 

semiconductors. Band-theory approaches are inapplicable at ambient temperatures 

where the mean free path is shorter than the intermolecular lattice spacing.13 Hence, 

over the last ten years, most of the theoretical/computational studies have assumed a 
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charge hopping mechanism, 2,4 but doubt has been cast as well over the validity of this 

model.14-21 The presence of the charge carrier creates an energy well deep enough for 

the carrier to localize on a single molecule. This is called a small polaron. As we will 

see in the following chapter, this is the case when the reorganization energy (also 

termed as local electron-phonon coupling or trapping energy) is larger than the 

electronic coupling between the molecules. In a recent review the validity regimes of 

the band and hopping models have been discussed and estimated using a simple model. 

It was suggested that band theory is valid when the mobility is high > 10 cm2/V/s and 

the hopping model is valid when the mobility is low < 0.1 cm2/V/s, see Figure 1-1. 

Both models may be used for the regime between these two limits.  

There are two other approaches that have been introduced. One is polaronic band 

theory where nuclear motion is explicitly considered in the Hamiltonian in form of 

on-site electron nuclear coupling (local electron-phonon coupling or Holstein term) 

and the other describing fluctuations of electronic coupling (non-local electron-

phonon coupling or Peierl term). While this model improves on simple band theory, 

it also assumes that the charge carrier forms a delocalized band, which breaks down 

at higher temperatures. More recently, atomistic simulation techniques based on non-

adiabatic molecular dynamics have been suggested to address the problem of charge 

transport in organics. While first application is promising, these simulations and 

computationally expensive and are still limited to relatively small systems.  
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The aim of this thesis is the computational characterization of the charge transport 

properties of a number of application-relevant organic semiconductors. In the first part 

of this thesis I probe the impact of thermal fluctuations on charge transport properties 

in prototypical single crystalline OS formed by four organic molecules of different 

chemical structure: rubrene, pentacene, C60 and anthracene. This analysis permits me 

to obtain theoretical insight into possible charge transport mechanism in these 

materials. In the second part of this thesis I select one molecule, pentacene, to study 

the charge transport properties in different solids formed by this molecule: from single 

crystals, to experimentally characterised ordered thin films to fully disordered 

amorphous samples. This study permits me to obtain some insights into how solid 

state order impacts on charge transport properties.                   

Chapter 2 describes traditional charge transport models for OSs and recent 

developments of computational approaches. In this chapter all ET parameters that are 

calculated in later chapters are defined and it is explained how they are used for the 

calculation of charge carrier mobility. 

In Chapter 3 the experimental crystal structures of pentacene, rubrene, C60 and 

anthracene are presented. The details of the calculation of electron transfer parameters 

are reported including a detailed description of the electron hole mobility calculation 

for these materials using Kinetic Monte Carlo. The temperature dependence of the CT 
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parameters is discussed in detail and the computed mobilities is compared with 

experiments. The validity of the hopping model is discussed in detail. 

In Chapter 4, I move the intrinsic charge transport study from the three-dimensional 

perfectly crystalline systems down to two-dimensional thin film. In this chapter, 

models of few-layer crystalline pentacene thin film (based on the experimental 

structure) have been built and stabilized on hexagonal boron nitride (hBN) in 

molecular dynamics using suitably chosen restraining potentials. Electronic transport 

parameters and charge mobilities within and across layers have been computed with 

the same computational approaches and the results were then compared to calculations 

on the single crystals that are presented in Chapter 3. 

In Chapter 5 structural modelling and mobility calculations are presented for 

amorphous pentacene. Systems that generated via melting crystalline structures at 

various cooling rates are characterized. Furthermore, thermal distributions and 

average values between pairs of ET parameters are compared within amorphous motif 

and within 2D and 3D crystalline pentacene showed in the previous two chapters. 

In the last chapter, I conclude this thesis and suggest further avenues of investigation.
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2 Charge Transport Theory in 
Organic Semiconductors 

Systematic development OSs requires a sophisticated and experimentally-validated 

model that can guide materials and device design as a true predictive tool. In this 

chapter, I will present two commonly assumed charge transport models, polaron 

hopping and band-like transport, as well as their limitations. Also, I will introduce the 

methodology of mobility prediction used in this thesis, which is based on polaron 

hopping model and combines multi-scale simulations. 

The mechanism of charge transport (CT) in organics is still very much debated. There 

are two established models to describe CT in OSs, which differ in the degree of the 

localization of the carrier. One model is based on polaron theory22,23 in which charge 

carriers are assumed to be localized and hop between molecules. The other is based 

on band theory16,24 in which the charge carrier is assumed to be delocalized like in 

inorganic semiconductors. However, both models have their limits. Polaron hopping 

model applies if localized charge carrier and an activation barrier exist, whereas the 

band model applies if the mean free path of the carrier is larger than the lattice spacing. 

2.1 Polaron hopping model 

In the limit of small electronic couplings and high reorganization energy (or local 

electron-phonon coupling), polaron hopping model applies where the charge carrier 
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is localized on one molecule and brings about the lattice’s local deformation (so called 

‘small polaron’). Charge transfer occurs at a transition state, and the system 

overcomes a barrier (an infrequent Markovian process). The nuclear configurations of 

initial and final polaronic states are energetically degenerate. The process can be 

graphically expressed with two parabolas if we assume it a simple harmonic response, 

see Figure 2-1. The ET reactions picture draws on the concepts of transition state 

theory of chemical reactions25 and Landau−Zener theory26,27 for electronic transitions.  

 

Figure 2-1 Free energy curves for electron transfer between electron donor (D) and acceptor (A). 
Diabatic and adiabatic free energy curves are shown in blue and in red, respectively. The environment 
is in green. For further details see text. The plot is from ref 28. 

The plot describing ET reactions is free energy A (termed as G in some literatures) vs 

reaction coordinate generally, but the vertical diabatic energy gap ∆E is used here as 

the reaction coordinate, which follows Zusman and Warshel’s pioneering works in 
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order to avoid an erroneous description of the reaction pathway. In Figure 2-1, each 

parabola represents a diabatic state of the system (in blue): one for the initial state a 

with the charge at donor (D), and one for the final state b with the charge at acceptor 

(A). The energy gap ∆E is a measure for the energetic preference of the electron to be 

on site of D rather than A, and it depends on atomic configuration of D and A and the 

dipolar orientation of the environment. The free energy difference between the two 

minima on the diabatic surfaces is the driving force ∆A which drives electron transfer. 

It is proportional to the ratio of configurational partition sums for Ea and Eb. The 

energy split between two adiabatic states is two times of electronic coupling 𝐻45 

(also termed as 𝐻67 in this thesis). It is an essential parameter determining ET rates 

and mobilities and its explicit definition is given in Section 2.1.3. 

2.1.1 ET rates 

Charge transfer occurs when thermal fluctuations are large enough. The system is 

initially at the bottom of the well of the initial state, reaches the point where initial and 

final states cross (so called transition state), and then ends up at the bottom of the final 

state after thermal relaxation. The electron can hop from the initial to the final diabatic 

state with a probability given by Landau−Zener theory.26,27 

The ET rate in the donor-acceptor configuration can be simply described by a simple 

generalized expression29,30 
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  (1) 

where  is the electronic transmission coefficient,  is an effective nuclear 

frequency along the reaction coordinate, is the ET activation free energy. The 

electronic transmission coefficient is given by  

   (2) 

     (3) 

  2𝜋𝛾 = <=/>|@AB|>

CDEFGHI
 (4) 

where  is the Landau-Zener transition probability for a single crossing event 

from the initial to the final diabatic state surface, is adiabaticity parameter, h is 

Planck’s constant, 𝐻67	 is the electronic coupling matrix element, and λ is the 

reorganization free energy. See section 2.1.3 for an explicit expression of the latter two 

parameters.  

ET activation free energy  in Eq 1 (when driving force is zero) takes the form 31  

 ∆𝐴67
L = FAB

M
− OP𝐻67P −

Q
FAB
P𝐻67P

RS (5) 

It is noted that the expressions Eqs. 1 and 5 are valid in both the non-adiabatic and 

adiabatic limits and any intermediate regimes. The first term on the right hand side of 

Eq 5 is the usual expression for non-adiabatic (Marcus) ET. The second term is a 
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correction that becomes important in the adiabatic regime, where electronic coupling 

is typically an order of magnitude smaller than reorganization free energy. 

From Eqs 1-5, we notice that, the ET rates within the hopping model is fully 

determined by the quantities 𝐻45, λ, (site energy difference in electric field free 

simulations) and . The explicit expressions and computational techniques for these 

parameters will be discussed in section 2.1.3. 

2.1.2 Adiabatic vs nonadiabatic limit 

In the adiabatic limit, the adiabatic electronic wavefunctions change slowly as the 

system reaches the transition state and cross the activation barrier gradually to the final 

potential well.32 In this case 𝐻45 is relatively large but still smaller than λ/2. As a 

result, adiabaticity factor >>1 in Eq 3, and Landau-Zener transition probability 

 approaches unity, thus electronic transmission coefficient  is close unity. It 

means that the system has very high probability of crossing transition state from initial 

state to final state.  

In the opposite, nonadiabatic limit where 𝐻45 << λ, the adiabatic electronic 

wavefunction changes suddenly at the transition state. Adiabaticity factor << 1, 

resulting in =  and = 2 . Therefore, the probability for a charge to 

cross form initial state is very low due to it is proportional to the electronic coupling. 

In this case, ET rate can be described with Marcus theory, originally developed by 

Rudolph A. Marcus in 1956.33,34  
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 𝑘U4 =
R<
ℏ
〈|𝐻45|R〉	IY𝐹𝐶\  (6) 

    (7) 

where 𝐹𝐶\  is the classical Franck-Condon factor and is the nonadiabatic 

activation free energy 

  (8) 

However, in the case where 𝐻45 > 𝜆/2	, the free energy barrier disappears and the 

transition state at ΔE = 0 becomes a minimum. In this case, localized states no longer 

exist and the polaron hopping model becomes invalid.  

These limits in terms of ratios 𝐻45/𝜆 are graphically illustrated in Figure 2-2 from 

ref 28. It shows ET free energy curves with increasing values of electronic coupling 

𝐻45	 and constant 𝜆 . At 𝐻45 = 𝜆/20	𝑎𝑛𝑑	𝜆/5  the ET can be classified as 

nonadiabatic and as adiabatic, respectively. For 𝐻45 = 𝜆/2 the free energy barrier 

disappears and the transition state at ΔE = 0 becomes a minimum.  
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Figure 2-2 ET free energy curves for large ratios 𝑯𝒂𝒃/𝝀. A diabatic and four adiabatic free energy 
curves are shown in blue and in red, respectively. The later curves have increasing values of electronic 
coupling 𝑯𝒂𝒃	at constant 𝝀 = 0.4 eV. ET is nonadiabatic at 𝑯𝒂𝒃 = 𝝀/𝟐𝟎	 and adiabatic at 𝑯𝒂𝒃 =
𝝀/𝟓. the free energy barrier disappears at 𝑯𝒂𝒃 = 𝝀/𝟐 The plot is from ref 28 

As we will see in later sections, the OSs materials that I investigate have large 

electronic coupling, described by Eq 1. Differently, many biological ET reactions 

mostly occur with typically very small electronic coupling, which can be well 

described by Marcus formula (nonadiabatic). 

2.1.3 ET parameters 

Electronic coupling matrix element 𝑯𝒂𝒃 

Electronic Hamiltonian in the diabatic representation  is given by 

  (9) 
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where 𝐸4 and 𝐸5 are site energies of diabatic electronic states a and b, respectively. 

The off-diagonal element of the electronic Hamiltonian (electronic coupling) 𝐻45 

are defined as the following.  

  (10) 

where and  are the N-electron wavefunctions of the initial and final diabatic 

states a and b, respectively, and  is the N-electron Hamiltonian operator for fixed 

positions of the nuclear coordinates and N is the total number of electrons of the 

system.  

Direct calculation of 𝐻45 using high level ab-initio methods will be desirable, such 

as multi-reference configuration interaction (MRCI) or N-electron valence state 

perturbation theory (NEVPT2).35 However, it is challenging to get the Hamiltonian 

directly for large systems since the computational demands of quantum chemical 

calculations increase rapidly with the system size. It would also be more 

computationally expensive if dynamic disorder is taken into consideration, in which 

case, the Hamiltonian will be calculated for each snapshot over a trajectory. 

Alternatively, 𝐻45  can be estimated indirectly by empirical or semi-empirical 

models. An ultrafast estimation method36 devised in our group has been used in this 

project. This method applied a well-known linear approximation between 𝐻45 and 
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the overlap 𝑆45 of the corresponding diabatic state wavefunctions (SOMO orbitals) 

for a given donor–acceptor pair  

    (11) 

C is obtained by calibration to explicit electronic structure calculations, C = 1.819 eV. 

A similar idea is used to describe intra-molecular -conjugation in organics in 

Hueckel theory,37 as expressed by the resonance integral beta. The difference here is 

that the electronic interaction measured by 𝐻45 is between two different molecules.  

In the computational protocol, firstly, the molecular orbital mediating charge transport 

(HOMO for hole transport, LUMO for electron transport) obtained from DFT are 

projected onto a minimum valence shell Slater-type orbital (STO) basis of analytic 

atomic orbitals with optimized Slater decay coefficients. Secondly, the 𝑝67 orbital are 

further projected onto the 𝑝<  orbitals in order to make the projection coefficients 

invariant to rotations of the same molecule. The calibration of this method has been 

done and it shows that analytic STO orbital overlap calculation makes the method 6 

orders of magnitude faster with respect to reference DFT calculations with little loss 

of accuracy in the ET calculation in organics.36 

Free energy difference DAij and site energies difference ∆𝑬𝒊𝒋 

The driving force DAij , appearing in the ET rate expressions, is the free energy 

difference between the two minima on the diabatic surfaces in Figure 2-1, which 

|ab a b abH C CSj j» =

p
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drives electron transfer. They are calculated from the mean energy gaps, DAij  = <DEij> 

- λ, where the brackets <….> denote averaging over the MD trajectory. 

The site energy difference ∆𝐸67	is defined as the total potential energy of the system 

with molecule j charged and all others neutral (𝐸7) minus the total potential energy of 

the system with molecule i charged and all others neutral (𝐸6), both energies evaluated 

at the same nuclear geometry.  

 ∆𝐸67(𝑅v) = 𝐸7(𝑅v) − 𝐸6(𝑅v) (12) 

where 𝑅v denotes the 3N dimensional configuration vector of all N atoms of the 

system. It indicates that these energies are dependent on the nuclear coordinates. The 

site energies 𝐸6 and 𝐸7	cancel each other out in perfect homomolecular crystals by 

the symmetric equivalence of initial and final states, but do not in disordered systems 

or crystals with inequivalent sites. 

The site energies, 𝐸6  and 𝐸7	respectively, are diagonal elements of the electronic 

Hamiltonian, which can be computed with a constrained electronic structure 

approach38. Nevertheless, for reasons of computational efficiency again, on-the-fly 

approach is used in this thesis, where Spencer et al. determined site energies purely 

form classical force field calculations.39 

In this approach, classical path method40 is a simple approximation to model the 

charge carrier propagation which has been used in this work. First a molecular 
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dynamics trajectory of a neutral crystal was pre-computed which ignores the presence 

of excess electrons. This trajectory was then used to populate the site energies by 

analyzing its energy for each case of a single excess electron localized on one of the 

molecules. This provided for each molecular timestep a set of site energy values and 

then the vertical energy gap ΔE can be simply obtained from the energy difference 

over the trajectory. 

Reorganization energy λ 

The reorganization energy (λ) is the free energy required to distort the equilibrium 

configuration of one diabatic state to the equilibrium configuration of the other 

diabatic state while remaining on the same diabatic free-energy surface. It consists of 

inner-sphere (or intramolecular) and outer-sphere (or intermolecular) contributions. 

The latter contribution takes into account rearrangements of the surrounding medium, 

such as solvent molecules (e.g. green molecules in Figure 2-1 ), which is normally the 

cases for biological reactions. The outer-sphere reorganization energy is usually very 

small in organic semiconductors due to the small dielectric constant and is neglected 

in this work.17 

The inner-sphere reorganization energy measures the energy required to rearrange the 

geometries of the two molecules involved in the charge transfer event. It can be 

obtained from the standard four-point formula41 
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   (13) 

where  represent the energy of the neutral and the charged states, respectively, 

and  represent neutral and charged geometries, respectively. 

To calculate λ in this work, the neutral and charged geometries of a single molecule 

in vacuum are optimized in density functional theory (DFT) calculations using B3LYP 

functional with basis set of 6-311G* associated with dispersion corrections. The two 

resulting geometries are then fixed and exchange electron sites to compute the total 

energies separately. This yields the four energies require in Eq 13. In order to save 

computational cost, classical force fields for the charged state is parameterised for 

given molecular systems to reproduce the DFT reorganizations energy.   

Effective nuclear frequency 𝝊𝒏 

The effective frequency 𝜐U	in Eq 1 was obtained according to Eq 14 

   (14) 

  (15) 

  (16) 

where J(ω) is the spectral density function. In Eq 14 each frequency coupling to ET 

is weighted proportional to its contribution to the reorganization energy, therefore Eq 
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14 can be considered as a finite temperature, non-harmonic extension of the weighting 

procedure by Huang and Rhys. The computational details can be found in ref 42.  

2.1.4 Charge carrier mobility  

Charge carrier mobility  characterizes how quickly an electron can move through 

a semiconductor. It can be obtained by either the Einstein relation for Brownian 

motion or the numerical derivative of the drift velocity with respect to the external 

field. These two definitions of charge mobility are discussed below. 

Without any external potential, a carrier purely diffuses. The charge mobility  can 

be generally derived from the Einstein-Smoluchowski equation with the diffusion 

coefficient D.  

  (17) 

where q is the electron charge, 𝑘z is the Boltzmann constant, and  is the 

temperature. 

The diffusion coefficient D in the three dimensional system can be obtained from the 

mean square displacements (MSD): 

  (18) 

µ

µ

µij = qDij / (kBT )

T

2Dijt = Ri (t) −Ri (0)( ) Rj (t) −Rj (0)( )
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where t is the time, Ri (t), i = x,y,z, is the successive Cartesian coordinates for the centre 

of mass of the molecule carrying the excess charge that were monitored along a kinetic 

Monte Carlo trajectory (see section 2.1.5).  

Thus, the mobility tensor can be computed as 

 𝜇67 =
|\}~��AB�
R�GHI

												   (19) 

Alternately, a carrier will drift in the material due to an external electric field. The 

mobility can also be defined as the the drift velocity response of a charge carrier 𝜈 to 

the external electric field 𝐸.43,44 Since this response is not generally linear, derivative 

of each velocity component, 𝜈6, 𝑖 = 𝑥, 𝑦, 𝑧 (t), is taken with respect to the external 

electric field 𝐸 in direction 𝑗,	𝐸7, 𝑗 = 𝑥, 𝑦, 𝑧 

 𝜇67 =
��A
��B

 (20) 

It is worth noticing that  is a 3*3 mobility tensor, since 𝜈  and 𝐸  are three-

dimensional vectors. 

2.1.5 Kinetic Monte Carlo simulation of mobility  

In order to derive macroscopic mobilities from microscopic charge hopping steps, 

electron diffusion within the organic molecular crystals was modeled as a random 

walk using a kinetic Monte Carlo (KMC) code developed recently in our group, in 

which the charge carrier hops were assumed to be infrequent events and the system 

has time to thermalise between each event. This state-to-state dynamics in this type of 

µ
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system corresponds to a Markovian walk,45 in which the transition probabilities for a 

previous state have no effect on the current state.  

In the KMC model, excess electrons introduced in the lattice diffuse via first nearest-

neighbor hops. The carrier can only occupy a single molecule at any one time. Thus, 

the mobility was studied by tracing the successive positions of the centre of mass of 

the molecule at a certain temperature. 

The electron is propagated using the Borz-Kalos-Leibowitz (BKL) algorithm which 

describes a no-rejection ‘residence-time’ procedure with Monte Carlo.46 This 

algorithm requires 2 random numbers per hop: one determines the hopping direction 

and the other determines the residence time at the current site. 

At each KMC step, a list of all possible hops is established, the rate of each hop is 

determined from Eq 1, and a hop is selected with a probability proportional to its rate, 

  (21) 

where  is the rate of the jth hop,  is a random number in (0,1).  is the sum 

of all the rates, 

  (22) 

Eq 22 shows the procedure for picking the reaction pathway to the next state. 
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A residence time ∆𝑡 is given by 

  (23) 

where  is a second random number in (0,1]. This time drawn from an exponential 

distribution, 

  (24) 

Similar KMC approaches have been used to model charge transport in organic 

disordered materials,47-49 doped semiconductors,50 in hematite51 and to model vacancy 

mobility in defected metals.52 

2.2 Band transport model 

The band transport, in the opposite of charge hopping regime where the charge carrier 

electron is assumed to be delocalized. It only applies at relatively low temperatures 

where electron-phonon coupling is small so that the mean free path of the charge 

carrier is significantly longer than the lattice spacing. There has been vast of literatures 

on the topic of band transport and semiconductor research over the years on 

inorganics53 54 and organic ultrapure crystal55,56. 

The band theory is based on Bloch’s theorem. The transport properties of the periodic 

system are determined by its band structure represented as a reciprocal space function 

of electronic eigenenergies, i.e., the dispersion relation.  
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2.2.1 Comparison between the bandstructure of inorganic and 
organic semiconductor 

Inorganic and organic are two cases in terms of energy-dispersion relationships. In 

inorganic semiconductors, electrons move freely, leading to a valence band and a 

conduction band with pronounced curvature, and a low effective mass (Figure 2-3a). 

Electrons and holes move with high mobility. By contrast, in organics, molecular 

orbitals are derived from delocalized 2p π�electrons the gap between HOMO and 

LUMO, like the gap between the valence and conduction bands (Figure 2-3b). 

However, the overlap of the orbitals of adjacent molecules is so small that the bands 

in the organic material are flat, with low dispersion and a large effective mass. 

Therefore, in the band model picture the charge mobility in OS is smaller than that for 

inorganic semiconductors.   

 

Figure 2-3 Comparison between the energy-dispersion relationships of typical inorganic and organic 
(calculated by DFT). (a) The bandstructure of Si. (b) The bandstructure of a rubrene single crystal. 
From ref 57. 
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2.2.2 Band transport mobility 

Band transport regime has two basic assumptions: (1) Charge carriers occupy only the 

lowest subbands, i.e. valence band maximum (VBM) and the conduction band 

minimum (CBM) for holes and electrons;	 (2) According to deformation potential 

theory, electronic energy dispersion is shifted by the crystal deformation due to 

acoustic phonon scattering carriers.58 

The carrier mobility μ is without any dependence on the applied electric field in the 

band theory. It is determined by two parameters: the effective mass along the transport 

direction 𝑚�  and on the relaxation time �̅� (Eq 25). The former is defined as the 

curvature of the respective band dispersion relation, and the latter is the average time 

between (elastic) scattering events that reset the carrier distribution in a band.   

  𝜇 = 𝑞 ��
��

 (25) 

Effective mass 𝒎𝒆 

The effective mass 𝑚� can be simply obtained from parabolic fit of the VBM and 

the CBM for holes and electrons, respectively, 𝜀(𝑘) with respect to k vector. Note 

that Eq 26 is a harmonic approximation valid only near the VBM or CBM. 

  𝑚� = ℏR ��
>�(G)
�G>

�
�Q

 (26) 

where ℏ is reduced Planck’s constant.  
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Relaxation time 𝝉� 

The relaxation time �̅� is not as straightforward to calculate. It can be determined 

within the relaxation-time approximation. In organic crystals, charge transport is often 

restricted to a lower dimensionality. The one-dimensional (1D) expression of 

relaxation time59 is of the form  

 𝜏̅ = ℏ>�
� 
>ER<|��|GHI

 (27) 

where ℏ is reduced Planck’s constant, 𝑘z is Boltzmann’s constant, temperature T, 

	𝐸¡ is deformation potential and C is elastic constant of the crystal. 

The elastic constant C, is a measure for the total energetic response to lattice strain, it 

is determined by the length a of the respective unit cell vector.  

 𝐶 = 𝑎¢
�>�£¤£
�4>

|4¥4¦  (28) 

The deformation potential constant 𝐸¡  describes the single electron response to a 

lattice deformation. It can be calculated from the response of the eigenenergy of the 

band in VBM or CBM at the extremal k-point (ke) to a lattice deformation along the 

transport direction.   

 𝐸¡ = 𝑎¢
��(G)
�§4

|4¥4¦  (29) 
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As you will see later, hole transfer mobility of 1D-chain anthracene has been 

computed from electronic band structure. Effective mass along the transport direction 

me is obtained from parabolic fit of the valence band minimum. The elastic constant 

of the crystal 𝐶 is obtained from parabolic fit of the total energy change with the 

lattice constant. The deformation potential 𝐸¡  is obtained from linear fitting of 

valence band minimum shift with the dilatation / contraction of the cell. The latter two 

constants yield the relaxation time 𝜏̅. 

2.3 Beyond hopping and band transport 

In the previous section, two regimes of charge transport and their limitations have 

been discussed. Nevertheless, there are cases beyond these two mechanisms, where 

charge carrier is neither localized at a site, nor fully delocalized in a carrier band.  

Recently, advanced simulation methodologies including mixed quantum-classical 

non-adiabatic molecular dynamics (MQC-NAMD) have been developed in first 

attempts to address this challenging problem20,39,60-63 (see Ref. 39 for a discussion of 

some of these works). Here the charge carrier is explicitly propagated in the time-

dependent potential created by the nuclei avoiding any a priori assumptions of the CT 

mechanism. For instance, Elstner and co-workers have simulated charge mobilities in 

1D chains of organic molecules using Ehrenfest MD with electronic Hamiltonians at 

the level of self-consistent charge density functional tight binding.62 Our group has 

developed a similar approach denoted fragment orbital-based surface hopping which 
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has been successfully applied to 1D chains and dimers of simple molecules.39 

Unfortunately, nonadiabatic MD simulations are computationally expensive even 

when combined with semiempirical electronic Hamiltonians, and applications to 

extended 3D materials investigated here are still impractical. In addition, MQC-

NAMD schemes are not straightforward to apply in practice. Several remedies have 

been suggested to cure a number of inherent problems such as electronic 

overcoherence64-69, trivial surface crossings61,70,71 and detailed balance72-75 but their 

effect on charge mobility calculations in realistic molecular systems is still under 

investigation. 
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3 Organic Single Crystals 

In the previous chapter, ET theory and computation approaches have been introduced. 

In this chapter, the methodology is applied on single crystals. The computational tool 

based on polaron hopping model is presented combining molecular dynamics with 

quantum chemical calculations to compute the key parameters that determine the 

charge transport. Kinetic Monte Carlo approach is used to compute hole mobilities, 

and temperature dependence of mobility are presented and compared with 

experimental values. Also, the ET parameters and validation of hopping model are 

discussed.  

Table 3-1 Lattice parameters of benzene, rubrene, pentacene, C60 and anthracene crystals 

 benzene 76 rubrene77 pentacene78 C60 79 Anthracene 80 

unit cell 
dimensions 

a(Å) 7.4 7.2 6.3 14.2 8.6 

b(Å) 9.4 14.4 7.8 14.2 6.0 

c(Å) 6.8 26.9 14.5 14.2 11.2 

α(deg) 90.0 90.0 76.7 90.0 90.0 

β(deg) 90.0 90.0 87.5 90.0 124.7 

γ(deg) 90.0 90.0 84.6 90.0 90.0 

lattice system orthorhombic orthorhombic triclinic 
cubic 
(FCC) 

monoclinic 

room temperature 
density (g/cm-3) 

0.88 1.2 1.3 1.65 1.25 

molecules per unit cell 4 4 2 4 2 

molecules per supercell 
(3*3*3 unit cell) 

108 108 54 108 54 

Material systems cover benzene, rubrene, pentacene, fullerene and anthracnene 

crystals. Benzene is simple and small and is a good candidate for testing the model; 
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rubrene, pentacene and fullerene are three popular and application-relevant OSs, 

which are recently reported high-performance materials;7,81,82 and anthracene is 

selected to compare hopping and band transport mobilities with experiments.  

A careful characterization of electronic couplings, charge trapping energies and site 

energies, as well as their thermal fluctuations, is required as a basis for the 

investigation of the CT mechanism in OSs. Here I present calculations of these 

quantities for rubrene, pentacene and C60. The molecules forming these three crystals 

exhibit an increasing degree of thermal motion. While rubrene molecules are “locked” 

to their lattice sites due to their bulky substituents, pentacene molecules fluctuate more 

freely but are still constrained by neighbouring molecules, whereas C60 buckyballs 

show unhindered rotational diffusion above 255 K83.   

3.1 Material systems 

3.1.1 Benzene crystal 

Benzene is liquid at room temperature. Below the transition temperature of 278.68K, 

the crystal lattice becomes face-centred cubic (FCC) and the benzene crystal structure 

has orthorhombic symmetry. There are four centro-symmetrical molecules in the unit 

cell, within two molecules in pairs roughly perpendicular to each other. The 

experimental lattice parameters are shown in Table 3-1 and Figure 3-1 shows a 

molecular dynamics snapshot of a crystalline benzene supercell at 150K, in which a 

herringbone structure can be seen.  
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Figure 3-1 The unit cell of crystalline benzene (left) and a snapshot of molecular dynamics at 150K 

(right). 

There are reasons that this benzene model has been selected to test the computational 

model even though benzene is not used in a device due to its low melting point and 

there is little experimental data to compare for its electron transfer behavior. Because 

the most organic semiconducting materials typically have benzene rings as the basic 

unit; benzene as the simplest and the smallest π-conjugated material is 

computationally cheap to test the simulation protocol in an early stage of the work, 

which will be implemented further to other material systems with larger molecular 

size and higher complexity. 

3.1.2 Rubrene crystal 

Rubrene is a derivative of tetracene, with four additional phenyl side groups that lie 

planes that are perpendicular to the plane of the tetracene backbone. At room 
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temperature it is FCC, similar to the packing of crystalline benzene, with 4 molecules 

per unit cell.  

Tetracene backbone in rubrene and pentacene (showed in the next section) have high 

planarity and rigidity, which facilitates strong intermolecular ordering, and their π -

conjugation over the whole molecule enables large intermolecular orbital overlap. 

While rubrene has less orientational disorder than pentacene because the former’s side 

groups lock the molecule tightly in the crystal. 

The modeling challenge of the rubrene crystal is that the four phenyl side groups 

increase the complexity of the classical force field by introducing a distinct C-C-C-C 

dihedral angle from the rest within backbone. 
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Figure 3-2 A schematic diagram of a rubrene molecule (left top), the unit cell of crystalline rubrene 

(left bottom) and a snapshot of molecular dynamics at 283K (right). 

3.1.3 Pentacene crystal 

Pentacene (C22H14) is a polycyclic aromatic hydrocarbon consisting of five linearly-

fused benzene rings. At room temperature, the crystal structure of pentacene has 

triclinic packing with 2 molecules per unit cell. Figure 3-3 is a snapshot of the crystal 

structure at 283K. 

Pentacene has a significantly lower reorganization energy than shorter oligoacenes 

molecules, such as benzene. Its triclinic crystal structure leads to a modeling challenge 

of molecular dynamic simulation and ET properties are expected to be anisotropic due 

to the long molecular axis.   
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Figure 3-3 The unit cell of crystalline pentacene (left) and a snapshot of molecular dynamics at 283K 

(right). 

3.1.4 Buckminsterfullerene C60 crystal 

Buckminsterfullerene (C60) has a cage-like fused-ring structure, made of twenty 

hexagons and twelve pentagons. C60 molecules adopt the face-centered cubic (fcc) 

motif, thus there are 4 molecules in a unit cell. They start to rotate freely at about 

255K.83 The covalent bonds between carbon atoms make buckyballs very strong so 

that buckyballs are used to strengthen materials. Buckyballs also have the interesting 

electrical property of being very good electron acceptors, and C60 crystal is an n-type 

semiconductor with a low activation energy of 0.1–0.3 eV. 
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Figure 3-4 A schematic diagram of a C60 molecule (left) and the unit cell of crystalline C60 (right). It 
is noted that each molecule reorients randomly at room temperature and there are no intermolecular 
rotational correlations.84 

3.1.5 Anthracene crystal 

Anthracene (C14H10) is a polycyclic aromatic hydrocarbon consisting of three linearly-

fused benzene rings. At room temperature, the crystal structure has 2 molecules per 

unit cell, like the case in pentacene, but differently, its group space is monoclinic with 

higher symmetry. It has a significantly higher reorganization energy compared with 

pentacene. Anthracene is a wide-bandgap organic semiconductor and it can operate at 

much higher temperatures, on the order of 300 ˚C, this makes them a suitable type of 

material for photovoltaic cells. 

Pentagon
Hexagon
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Figure 3-5 The snapshots of anthracene crystal within herringbone layer (left) and from side view 

(right). 

3.2 Computational details 

3.2.1 Workflow of polaron hopping simulation in molecular 
organics 

1) Download crystal structure from the Cambridge Crystallographic Data Centre 

(CCDC). 

2) Build the supercell with periodic boundary condition (PBC) and generate input 

files (configuration, coordinate, and topology files) to molecular dynamics 

package. Molecular dynamics simulations are carried out at a given 

temperature.  

 

herringbone	layer side view

Unit cell
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Figure 3-6 Workflow of polaron hopping simulation in OSs 

3) Do DFT electronic structure calculations to obtain ET parameters. To 

guarantee low computational cost and high accuracy of our charge hopping 

model, the diagonal elements of the electronic Hamiltonian were computed by 

molecular dynamics and the off-diagonal elements of electronic Hamiltonian 

were obtained by the ultrafast analytic overlap method (AOM). Parametrize 

the classical force field (FF) to reproduce DFT reorganization energy (λ). 

Take crystal structure from
CCDC database

Do molecular dynamics simulation
at a temperature T

Do DFT electronic structure 
calculations to obtain CT 

parameters

Calculate hopping rates for all the
possible hops on the structures 

sampled in MD  

Use kinetic Monte Carlo to compute 
the mobility from the set of hopping 
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4) Calculate hopping rates for all the possible hops on the structures sampled in 

MD trajectories. 

5) Compute mobility tensor from the set of hopping rates using KMC followed 

by diagonalization. The diffusion coefficient D in the three-dimensional 

system can be obtained from the mean square displacements. 

3.2.2 Force field parameterization 

Calculations were carried out using a combination of quantum chemical calculations 

and molecular dynamics (MD) simulation. Electronic structure calculations were 

carried out with the Gaussian programme package85 or CPMD86 and force-field 

calculations with the Amber programme package87. What has been done here was 

parameterizing the classical force field (FF) to reproduce reorganization energy (λ) for 

charge transfer between the corresponding dimers at infinite separation using density 

functional theory (DFT) calculations as a reference.  

The quantum chemical calculations were undertaken with DFT method. A hybrid 

functional in the form of B3LYP was used with a 6-311G* basis set. This functional 

and basis set were selected by considering a balance between accuracy and efficiency 

as well as keeping the same with our database set.36 The * denotes the addition of 

single first polarization functions to heavy atoms, this ensures that the contracted 

Gaussians (CGs) beyond the expected angular momentum for a ground state 

description is included. For example, d-functions are added for carbon atoms in a 
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polarized basis set. Atomic charges of the molecules were computed by fitting the 

restrained electrostatic potential (RESP) rather than the default setting of Mulliken 

population analysis, and they are used as atomic point charges in the force field 

description.  

Even though Mulliken population analysis is the simplest way to determine quantum 

chemical charges, it poorly reproduce electrostatic moments without taking any 

account of differences in atom type, coefficients, electronegativity. This method 

simply distributes the charge according to the atomic orbital occupation, and the 

overlap population between pairs of atoms is evenly divided between the two atoms. 

An alternative way is to fit electrostatic potentials (ESP), though ESP charges are 

known to overestimate the strengths of hydrogen bonded interactions. Thus, RESP-

charges are used by adding a restraint function during the fitting of the partial charges 

to the electrostatic potentials so that magnitudes of the charges may be attenuated. 

Table 3-2 Summary of reorganization energies from DFT and force field  

molecule 
λ from DFT (B3LYP/6-311G*) 

(meV) 
λ from optimized force field 

(meV) 

benzene 300.0 300.0 

rubrene 152.7 151.0 

pentacene 97.9 96.7 

C60 105.4 104.5 

anthracene 140.0 140.0 

In terms of force field parameterization, an Amber generalized force field (GAFF)88 

were used to generate the neutral charge state of the molecules and all the force field 

parameters for the charged molecule are the same as for the neutral molecule except 
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for the position of the minimum of the C=C harmonic bond potential, which was 

adjusted in order to match the reorganization energy at DFT level. λ was obtained 

from the standard four-point formula Eq 13. The charges are from the DFT 

calculations above. 

The bond lengths and atomic point charges used are summarized in Figure S1 and 

Figure S2 for each molecule and charge state, and the resultant reorganization energies 

at DFT and force field level are summarized in Table 3-2. 

The details of how the parameterization was done is in the protocol included in 

Support information.   

3.2.3 Molecular dynamics simulation 

Crystal structures were taken from the Cambridge Crystallographic Data Centre 

(CCDC). Each system was modelled by supercells containing 108 benzene,89 54 

pentacene,90 108 rubrene,91 108 C60,79 and 54 anthracene molecules80, respectively, by 

replicating the respective crystal unit cells three times along each crystallographic 

axes. MD simulations were carried out with the NAMD package. 92  

MD simulations of the crystals were carried out for the neutral system at five different 

temperatures (100, 200, 300, 400 or 500 K) and at a pressure of 1 bar applying periodic 

boundary conditions. After equilibration (less than 50 ps), a trajectory of length 1 ns 

was run in the isothermalisobaric NPT ensemble using a Langevin thermostat. This 
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trajectory was used for the calculation of ET parameters. The structure was stable 

during the finite temperature MD runs with RMSDs between 0.31–0.95 Å with respect 

to experimental crystal structures. The relative error with respect to the experimental 

density (where known) was between 1.4-2.7%.    

The time step was set to 1 fs amounting to approximately 10 integration timesteps per 

oscillation for the fastest vibration (10-14s for O-H stretch vibration). By monitoring 

the volume of the system over time, the lattice constant equilibrated after 

approximately 50 ps.  

3.2.4 ET parameters  

One thousand snapshots were taken in equidistant intervals of 1 ps for calculation of 

ET parameters (electronic coupling matrix elements Hij, site energy difference DEij 

and free energy difference DAij) and charge hopping rates kij between adjacent 

molecules (typically 300-1300 pairs per snapshot). Electronic-coupling matrix 

elements (Hij) were calculated using the ultrafast Analytical Overlap Method 

(AOM).36  

This method is based on a linear approximation Hij = CSij, where Sij is the overlap of 

the SOMO orbitals of charged donor and acceptor, and C is obtained by calibration to 

explicit electronic structure calculations, C = 1.819 eV.36 AOM gives couplings with 

small mean errors of about a factor of 1.9 over 4 orders of magnitude relative to DFT 

calculations, but saves 6 orders of magnitude of computational cost.36 
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The site energy difference DEij is computed as the total potential energy of the system 

with molecule j charged and all others neutral minus the total potential energy of the 

system with molecule i charged and all others neutral, both energies evaluated at the 

same nuclear geometry. The force field parameters for the neutral and charged 

molecules are used as explained above.  

Reorganization energy is obtained by four-point scheme (Eq 13) and assumed to be 

the same for each pair and equal to the intramolecular (or “inner-sphere”) contribution, 

λij = λ summarized in Table 3-2. The intermolecular (or “outer-sphere”) contribution 

is small and neglected in this work.  

Free energy differences DAij for charge hopping were calculated from the mean energy 

gaps, DAij  = <DEij> - λ, where the brackets <….> denote averaging over the MD 

trajectory. I found that DAij is vanishingly small for any hopping direction because the 

molecules i, j of the simulated crystals are chemically identical and interact with 

similar environments. Thus, I set this parameter equal to zero.     

3.2.5 ET rates  

The ET rates kij are obtained from the semiclassical expression, Eq 1. In the Eq 14, 

the spectral density function J(ω) is obtained from MD simulation for the neutral 

crystalline systems at 300 K. Trajectories of length 100 ps are run and the site energy 

difference for a selected donor acceptor pair, DE used for the calculation of the site 

energy time correlation function . This gives values /c = 1539 δΔE(0)δΔE(t) nu
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cm-1, 1399 cm-1  and  1624 cm-1 for pentacene, rubrene, and C60, respectively (c the 

speed of light). The difference in effective frequency for the different donor-acceptor 

pairs within the same crystal can be neglected.     

3.2.6 Charge mobility  

The microscopic rate constants for charge hopping were used to obtain macroscopic 

charge mobilities using an in-house developed kinetic Monte Carlo simulation 

programme that implements the Borz-Kalos-Leibowitz (BKL) algorithm46. The 

diffusion of only a single excess charge in the crystal is considered, hence the 

simulations correspond to the limit of low charge carrier concentration. For each of 

the 1000 structures sampled along the 1 ns MD trajectory KMC simulation of charge 

carrier diffusion is carried out (at fixed nuclear positions). The successive Cartesian 

coordinates Ri (t), i = x,y,z, of the centre of mass of the molecule carrying the excess 

charge were monitored along a KMC trajectory and the diffusion tensor Dij calculated 

from the mean square displacements (Eqs 18-19),  

where the bracket indicates averaging over about 1000 KMC trajectories per structure. 

The mobility tensor was obtained using the Einstein relation (Eq 17), 

, followed by diagonalisation. The eigenvalues of the mobility tensor 

thus obtained were averaged over all MD configurations. To validate of the model, 

the computed mobilities obtained from the hopping model need to be compared to 

experimental mobilities.  

2Dijt = Ri (t) −Ri (0)( ) Rj (t) −Rj (0)( )

µij = qDij / (kBT )
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3.3 Validation of simulation protocol: benzene  

3.3.1 Validation of force field for MD 

Before results on charge transport being presented, I would like to assess here the 

performance of the classical force field in describing structural and dynamic properties.  

Benzene is taken for validation. The computational densities of benzene are compared 

with experimental values ranging from 0 K to melting point, see Figure 3-7 and Table 

3-3 It shows that MD simulations predict slightly lower densities of benzene crystal 

by 2-10%, and provide a lower melting point by ~60K. The experimental densities are 

from different literatures and the characterize methods and samples may also vary. At 

150K, the MD density has the best agreement with experiential data. 

Table 3-3 Experimental and computational comparison of density vs. temperature 

temperature(K) experimental density (g*cm-3) MD density (g*cm-3) 

4 1.23 93 1.123 
15 1.207 94 1.117 
138 1.094 89 1.057 
150 1.05 76 1.038 
218 1.055 89 liquid 
270 1.024  

279 liquid  
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Figure 3-7 Experimental and computational comparison of density vs. temperature. 

3.3.2 Electronic couplings in benzene 

Only the electronic couplings between adjacent dimers have been taken into 

consideration since these have been reported to be sufficient to get quantitative 

results.95,96 Thus, a distance cut-off is implemented to guarantee the speed of 

calculations. In the case of the benzene model, the dimers in first and second major 

peaks in the radial distribution function (Figure 3-8) are taken in ET simulations.  

The values of the couplings span a large range of 5 orders of magnitude from ~10-3 to 

102 meV (see Table 3-4). The distinct spacing and orientational dimers, which are 

distinguished along various crystal directions using the crystallographic parameters 

presented in Figure 3-9, in which we observe the orientations and how the orbitals 

overlap between a molecule and its neighbours in the unit cell. 
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The largest electronic couplings, 58.26 meV, corresponds to the (0.5, 0, 0.5) directions 

in benzene (the first donor-acceptor configuration in Figure 3-9). The charge transfer 

rate is approximately proportional to the square of electronic couplings from Eq 5; the 

largest rates in benzene will be expected along the directions of this type of dimers. 

This dimer with closest separation will be under investigation specifically further. I 

note that in structures No. 3 the pairs have a longer average distance (5.90 Å) but 

stronger coupling than No.2 pairs (5.81 Å), probably because the former dimer has a 

higher orbital overlap than the latter. 

 

 

Figure 3-8 Radial distribution function g(r) of center of mass of benzene molecule as obtained from 1 
ns MD trajectory at 138 K. 

Table 3-4 Summary of rates constant and mean values of electric couplings for inter-molecular 
hole transfer in benzene.  
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dimers kij, Hz , meV  a b c 
Distance of center 

of mass, Å 

1 4.29E+12 58.26 0.5 0 0.5 5.02 
2 2.01E+11 21.10 0 0.5 0.5 5.81 
3 2.70E+11 23.60 0.5 0.5 0 5.90 
4 6.60E+10 14.34 0 0 1 6.81 
5 1.00E+10 6.79 1 0 0 7.39 
6 3.80E+06 0.06 0 1 0 9.42 
7 1.00E+08 0.33 0.5 0.5 1 9.07 
8 6.52E+07 0.25 1 0.5 0.5 9.40 

 
1                     2                          3 

 
4                    5                         6 

Figure 3-9 Spacing and orientation for selected donor-acceptor configurations (in pink) in a benzene 
unit cell. The index increases with the distance of center of mass for dimers and keep consistency with 
that in Table 3-4. Lattice parameters: a= 7.4 Å (red), b=9.4 Å (green), c=6.8 Å (blue). 

| |abH
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3.3.3 Site energy in benzene 

Thermal distribution of site energy ∆𝑬𝒊𝒋 

The vertical site energy gap ∆𝐸67 was calculated between all pairs of molecules in 

the crystal and the distributions were found to fit a Gaussian distribution centered on 

0 meV with a standard deviation of 88.58 meV. 

 

Figure 3-10 The distribution of site energy differences over the benzene molecular trajectory at 150K.  

Cosine transform of ∆𝑬𝒊𝒋 in benzene  

Here we wish to interpret the site energy fluctuations in terms of the vibrational modes 

of the molecules. We do so by analysing the spectral density function  (see Eq 

16), from molecular simulation as the cosine transform of the autocorrelation function 

 of the vertical energy gap. 

( )J w

( )c t
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Figure 3-11 Cosine Fourier transform of the autocorrelation function of the vertical energy gap for the 
excited state on one site in the crystal at 150K. 

Four main peaks were obtained in cosine transform of ∆𝐸67 in Figure 3-11 vibration 

modes from the experimental Raman spectrum97 of benzene in Figure 3-12 match 

along with each main peak. The figure shows the computed spectrum of benzene, 

where the peaks at 1828, 1254, 975, and 659 cm-1 represent its characteristic features. 

The peak at 1828 cm-1 possibly represents the C-C-C stretching vibration mode 

(Figure 3-13(a)), which is 15% higher than experimental counterpart. The peaks at 

1254, 975, and 659 cm-1 have good agreement with Raman spectrum with up to 10% 

difference, corresponding to C-H shear vibration mode (Figure 3-13(d)), the benzene 

ring breathing vibration mode (Figure 3-13(b)), and C-C-C deformation in plane 
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vibration mode (Figure 3-13(c)), respectively. It is noted that 3063 cm-1 and 2950 

cm-1 in the experimental spectrum, representing the C-H symmetrical and anti-

symmetrical stretching vibration mode, respectively, cannot be observed in the 

computed spectrum, since the C-H bond was constrained in MD simulations. 

 

Figure 3-12 Experimental Raman spectrum of benzene, in powder, with the main peaks marked. Data 
are from ref 97. 
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Figure 3-13 Illustration of vibration in benzene for: (a) C-C-C stretching vibration mode; (b) benzene 
ring breathing vibration mode; (c) C-C-C deformation in plane vibration mode; (d) C-H shear vibration 
mode. 

Table 3-5 Comparison of experimental Raman spectrum and computational spectrum by Eij 
frequency analysis for benzene and the corresponding vibration modes  

computational peaks 
from Cosine 

transform Eij (cm-1) 

experimental peaks 
from Raman spectrum 

(cm-1) 
difference vibration mode 

panel in 
Figure 
3-13 

1828 1586 15.3% C-C-C stretch a 

1254 1177 6.5% C-H shear d 

975 992 -1.7% 
the benzene ring 

breathing 
b 

659 606 8.7% 
C-C-C deformation 

in plane 
c 
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3.3.4 Frequency analysis for benzene crystal  

For calculation of the rate constants kij one needs to make a choice how to average 

over the ET parameters that appear in the rate equation Eq 1 (electronic couplings, site 

energies and reorganization energies).  

Here I use the thermal average of the site energies and reorganization energies to 

evaluate the rate with each instantaneous value of the electronic coupling (i.e. I do not 

average over the couplings). This results in a distribution of kij, shown in Figure 3-14 

in red. We see that the rates span 2-3 orders of magnitude ranging from 1011 to 1013 

Hz corresponding to an average hopping time of about 0.4 ps. Importantly, the rate 

distribution is well separated from the distribution of the site energy distribution 

(shown in blue). The latter is at frequencies 1-2 orders of magnitudes higher than the 

rates. Therefore, the electron will see an average site energy difference during the 

electron hop, justifying the use of the average energy level difference in the calculation 

of the ET rate.   

The situation is more complicated for the electronic couplings. The distribution 

obtained from the same MD trajectory is shown in Figure 3-14 in green. The coupling 

distribution strongly overlaps with the rate constant distribution. This means there is 

no time scale separation: ET occurs on the same time scale as the electronic coupling 

fluctuations. Therefore, strictly speaking, it is not justified to average over the 

couplings to calculate the rate constant, nor is it justified to calculate the rate constants 
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for different coupling values (as done here) and then average over the rate distribution. 

Our remedy to this problem is to carry out mobility calculations for both averaging 

procedures and investigate whether this makes any difference to the final result. 

 

Figure 3-14 Time scale of rates kij and cosine transform of the autocorrelation function of the vertical 
energy gap of the excited states ∆𝑬𝒊𝒋 and the electronic coupling between the excited states of the 

neighboring molecules in benzene at 150K. 

 

3.3.5 Mobility calculation and convergence of KMC 

In this KMC algorithm, generalised rate expression Eq 1 was used. The inputs of the 

method are the activation energies for all possible jumps, the electronic coupling 

matrix element between the molecules of interest, the reorganisation energy, and the 
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effective nuclear frequency along the reaction coordinate. The code also accounts for 

the nuclear motions in the crystal within MD trajectories. All these electron transfer 

parameters except for the effective nuclear frequency required to calculate hopping 

rates were computed in previous studies. The effective nuclear frequency can be 

obtained from MD simulation by spectral deconvolution of the reorganization free 

energy. The effective nuclear wavenumber is 1359.5 cm-1 (equal to 168.23 meV) for 

benzene. 

The convergence of the electronic mobilities was tested with respect to the number of 

KMC trajectories for benzene. The results show 105 – 106 are suitable numbers of 

KMC trajectories needed to reach convergence (a similar result is obtained for 

pentacene and C60). Mobilities are then calculated for each snapshot taken from the 

equilibrium trajectory and equidistantly spaced by 1 or 10 ps (use the spacing that 

applies to benzene here).  

Figure 3-15 shows the mobility value for each snapshot along the 100 ps trajectory for 

benzene at 150K by Einstein method. The continuous curves present the accumulated 

average of the mobility vs time snapshot. The simulation showed that 1×105 individual 

KMC trajectories for a single snapshot are enough to reach convergence. The 

fluctuation of mobilities is because of the fluctuation of corresponding electronic 

couplings. Anisotropic property is observed with high mobility in xy-plane and low 

mobility along z axis. The Einstein method predicts slightly higher mobility than 
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numerical derivative method. Unfortunately, there is little experimental mobilities for 

a benzene crystal to compare with.  

 

Figure 3-15 Mobilities computed by Einstein method. Each point is a mobility value for each snapshot 
equidistantly spaced along the 100 ps trajectory for benzene crystal at 150K. The continuous curves 
present the accumulated average of the mobilities vs time snapshot. 

3.4 Rubrene, Pentacene, and C60  

3.4.1 Thermal distributions of electronic couplings 

The thermal distribution of electronic couplings Hij are shown in Figure 3-16 1d, e 

and f for rubrene, pentacene and C60 at room temperature (300 K). They span about 5 

orders of magnitude from 10-3 to ~200 meV. For rubrene and pentacene the total 

distribution is broken down in distributions for nearest neighbour pairs along the 
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directions indicated in panels (a) and (b). The latter are very well approximated by 

Gaussian fit functions in Figure S3, P(|Hij|) = A exp[-(|Hij| - <|Hij|>)2/(2s2)], with R2 

values between 0.937-0.998 (see Table 3-6). Rubrene exhibits the strongest electronic 

coupling along the P (“Parallel”) direction (83.5 meV) due to almost perfect pi-pi 

stacking in this direction. The coupling between the T-shaped pairs (T) within the 

same herringbone layer is significantly smaller but still sizable. In pentacene there are 

no pairs that form ideal pi-stacking interactions as in rubrene but there are two T-

shaped motifs within the herringbone layer (T1 and T2) that exhibit large electronic 

couplings (66.3 and 41.4 meV, respectively). In both materials the width of the 

coupling distribution is of the same order of magnitude as the mean, which is a 

common characteristic of OSs. The mean coupling values obtained here from our 

ultrafast AOM method are in good agreement with values reported in previous 

investigations17,98-100 (see Table 3-6).  

Table 3-6 Mean values (<|Hij|>) and root-mean square fluctuations (s) for electronic coupling 
matrix elements for inter-molecular hole transfer in rubrene and pentacene and for electron 
transfer in C60.a 

crystal 
dimer 
type 

distance of 
center of 
mass (Å) 

<|Hij|>(meV) s (meV) 
correlation 
coefficient b 

<|Hij|> 
literature 

values 
(meV) 

rubrene 
P 7.2 ± 0.2 83.5 ± 0.3 17.2 ± 0.5 0.980 78 e, 107f 

T 8.0 ± 0.3 19.3 ± 0.2 11.6 ± 0.2 0.997 c 10 e, 21f 

pentacene 

T1 4.8 ± 0.1 66.3 ± 0.5 24.6 ± 0.9 0.937 96.7 g, 81f 

T2 5.2 ± 0.2 41.4 ± 0.7 22.5 ± 0.3 0.979 64.0 g,68f 

P 6.3 ±0.3 17.6 ± 0.3 12.1 ± 0.2 0.985 41.7 g,39f 

C60 P 10.0 ± 0.1 16.7 ± 0.1 3.9 ± 0.1 0.998 d 14 h 

a. All Hij values reported are obtained from the analytic overlap method (AOM) 36and averaged over a 1 ns MD trajectory at 
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300 K. Statistical uncertainties due to the finite length of the trajectories are obtained from block averages (blocksize = 200 ps). 

b. Fit to a single Gaussian P(|Hij|) =  A exp(-(|Hij| - <|Hij|>)2/(2s2) ), unless noted otherwise. 

c. Fit to two-Gaussians P(|Hij|) =  A1 exp(-(|Hij| - <|Hij|>1)2/(2s1
2) ) + A2 exp(-(|Hij| - <|Hij|>2)2/(2s2

2). 

d. Fit to a log-normal distribution (log(|Hij|) instead of |Hij|).  

e. Ref. 98. Hij values were obtained using a fragment orbital approach and Zerner’s intermediate neglect of differential overlap.  

f. Ref. 99. Hij values were obtained by the energy-splitting-in-dimer (ESID) method, where the electronic coupling is 

approximated to be half of the energy splitting between the HOMO and HOMO-1 in the dimer, in case where charge transfer 

from HOMO of molecule 1 to HOMO of molecule 2 is considered.  

g. Ref. 100.  

h. Ref. 17. Hij values obtained from fragment orbital density functional theory (FODFT).  

In contrast to rubrene and pentacene, C60 (panel f) exhibits only one single peak due 

to the free rotational diffusion of the buckyballs around their lattice sites at 300 K, 

averaging out any directional dependence. The distribution is better described by a 

log-normal distribution (R2= 0.998) than by a Gaussian (R2= 0.979) due to a long tail 

at larger coupling values. A similar observation has been made for the C60 derivative 

PCBM in Ref.15. We also note that the mean coupling value for C60 (16.7 meV) is 

much smaller than for rubrene and pentacene. This is a consequence of the large 

spatial extent of the SOMO orbital of C60- and the small orbital coefficients on any of 

the carbon atoms including the ones on donor and acceptor that are in van-der Waals 

distance and contribute most to the coupling. Evidently, the isotropy of electronic 

coupling and charge mobility in room temperature C60 (which is beneficial in actual 

devices) is paid for by the modest electronic coupling strength. 

The sensitivity of the coupling distribution with respect to a change of temperature is 

shown in Figure 3-16 g, h and i. We find three qualitatively distinct T-dependences 

for rubrene (panel g), pentacene (panel h) and C60 (panel i). The distribution for 

rubrene is found to be very robust in the wide temperature interval 100-500 K. The 
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qualitative features in the distribution are retained even at temperatures as high as 500 

K. The peaks just become slightly wider and shift to somewhat smaller values. By 

contrast, the peaks for pentacene gradually disappear and coalesce to a smooth 

distribution as the temperature is increased, whereas for C60 the peaks gradually merge 

in a single, broad peak.  

The different behaviour is due to the different packing structure and degree of 

orientational disorder of the molecules. Whilst the rubrene molecules are “locked” to 

their lattice sites by the bulky phenyl groups, the pentacene molecules undergo strong 

hindered rotations around their lattice sites as the temperature is increased. Hence, 

pentacene becomes structurally much more disordered than rubrene as the temperature 

is increased, resulting in a continuous, featureless coupling distribution at 500 K. The 

effect of thermal motion is even more pronounced in case of C60 (panel i). Below 255 

K rotation of the buckyballs around their lattice sites is hindered83 resulting in a peaked 

distribution. Above that temperature they have enough kinetic energy to rotate freely. 

The molecules are then orientationally fully disordered, resulting in a single smooth 

distribution.  
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Figure 3-16 (a)-(c) Orientation of nearest neighbour molecular pairs in pentacene (a), ruberene (b) and 
C60 (c) crystals. Arrows at the right bottom corner in each panel point in the direction of eigenvectors 
of the mobility matrix for each system. (d)-(f) Distribution of electronic coupling matrix elements |Hij| 
for hole transfer between nearest neighbor pairs in rubrene (d) and pentacene (e), and for electron 
transfer in C60 (f). The data are obtained from 1 ns MD simulation at 300 K. The overall distribution is 
shown in black and the decomposition in contributions from different directions is shown in colour. P 
and T denote parallel and transverse direction, respectively. (g)-(i) The overall distributions of 
electronic coupling matrix element for all nearest neighbor pairs at different temperatures for rubrene 
(g), pentacene (h) and C60 (i).   

3.4.2 Thermal distributions of site energies 

The thermal distributions of site energy differences between molecules, ∆Eij, are 

shown in Figure 3-18a. They are well described by Gaussian distributions centered at 

zero mean. The mean gap vanishes because the molecules i, j are chemically identical 

and interact with similar environments. The width of the distributions is significantly 

larger for rubrene than for pentacene or C60 in accordance with the larger inner sphere-

reorganization energy li for rubrene. In addition, we find that the width increases 
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linearly with temperature and the slope is approximately proportional to li (Figure 

3-18 b). This can be understood by the well known relation for Gaussian energy gap 

distributions,28 s2 = 2kBTl, implying that l is virtually T-independent. 

 

Figure 3-17 Temperature sensitivity of site energy difference distribution from 1ns-long MD 
simulation for nearest neighbours for pentacene. 

 

Figure 3-18 (a) Distribution of site energy difference from 1ns-long MD simulation for nearest 
neighbours at 300K. (b) Linear relationship between variance of site energy difference and temperature.  
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3.4.3 Timescales of fluctuations 

An analysis of the time scale of the fluctuations gives a complementary perspective 

on electronic couplings and site energy difference. Besides, it gives insight how those 

energies should be averaged for the calculation of ET rates. To this end I have carried 

out a frequency analysis of the fluctuations for a single CT event between two nearest 

neighbour molecules (Figure 3-19). For rubrene and pentacene the electronic coupling 

fluctuations extend from the nanosecond domain (lower limit of our simulation) well 

into the 0.1 ps regime (100 cm-1) typical of low frequency molecular motion (e.g. 

hindered rotations). Therefore, the coupling fluctuations strongly overlap with the 

spectrum for the site energy difference. The situation is different for C60. The coupling 

fluctuations (1-10 ps) are slower than for rubrene/pentacene due to slow rotations of 

C60 (high moment of inertia) correlating well with the orientational correlation time 

of C60 (10 ps) 83. There is no overlap with the spectrum for site energy fluctuations 

which is dominated by two high-frequency modes, the C=C stretch (1650 cm-1) and 

breathing mode (485 cm-1). This implies that in C60 electronic coupling can be 

considered as static on the time scale of the site fluctuations, whereas in rubrene and 

pentacene coupling and site energy fluctuations occur on the same time scale.  
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Figure 3-19 Frequency analysis of ET parameters electronic coupling (green) and site energy 
difference (blue) for rubrene (a) and C60 (b) at room temperature. The distributions for the 
corresponding inter-molecular charge transfer rates (Eq 1) are shown in red.  

3.4.4 Existence of small polaron 

Having characterized the magnitude and the thermal fluctuations of electronic 

couplings and site energy differences, we are now in the position to investigate 

whether small polarons can form in these materials. This is the case when the nuclear 

distortions in response to the charging of a molecule i create a sufficiently deep 

potential well so that the excess charge remains localized on the molecule. A 

necessary condition for small polaron formation to occur is that the activation free 

energy for charge transfer between the molecules i and its neighbours j, Eq 5, is finite, 

> 0. Eq 5 implies that the free energy barrier disappears, = 0 for |Hij| > λ/2. 

In this case, charge localized states no longer form and the rate formula Eq 1 for 

polaron hopping becomes inapplicable. (For two-state systems Rabi-oscillations occur 

instead, as discussed in ref 39)  
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I have calculated the activation free energies Eq 5 for rubrene, pentacene and C60 for 

the different electronic coupling values obtained from MD. Here, the distributions of 

activation free energies are compared with feeding instantaneous and averaged site 

energy differences in the calculations of ET rates, respectively. Because as we can see 

from Figure 3-19, site energy fluctuations and ET rates occur on the same time scale 

for rubrene and pentacene. I find that for a large fraction of configurations the 

activation free energies Eq 5 vanishes: 29.9% for rubrene and 28.9% for pentacene 

when rates are calculated for instantaneous site energies and 32.6 % for rubrene and 

50.9% for pentacene when average site energy differences are used. The latter has 

been used in my mobility calculations since I assume that the fluctuations of site 

energy differences determining λij and ∆Aij are much faster than for electronic 

coupling, and can thus be averaged over. Thus, the resultant distributions for 

activation free energy are shown in in Figure 3-20. 
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Figure 3-20 Distribution of activation free energy ( , Eq 5) when average site energy differences 

are used for inter-molecular charge transfer in rubrene, pentacene and C60. Note the peak at vanishing 

activation free energy ( = 0) for rubrene and pentacene. 

Unsurprisingly, in rubrene most of the activationless transitions are for the P pairs, 

and in pentacene for the T1 and T2 pairs, all of which exhibit high electronic couplings. 

For C60 no configuration with vanishing activation free energy was found due to the 

smaller electronic couplings in this crystal, but a large fraction of activation free 

energies is below the thermal energy, implying that small polarons would be thermally 

unstable in this system. These findings are very similar to the results obtained 

previously in the group for the fullerene derivative PCBM.101  
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3.4.5 Charge mobility  

The disappearance of an activation barrier for a significant number of configurations 

means that the charge carrier will delocalize and possibly form percolation paths. On 

the other hand, the thermal fluctuations of the site energies and couplings may lead to 

(temporary) re-localisation of the carrier. Therefore, a good theory for this problem 

should not make any a priori assumptions with regard to the degree of localisation of 

the charge carrier. In this regard, non-adiabatic molecular dynamics simulation 

techniques that explicitly propagate the charge carrier wavefuntion in the time-

dependent external (nuclear) potential may present a way forward to deal with this 

challenging problem.39,62,63,102-104 Our group has recently developed such a 

methodology based on Tully’s fewest switches surface hopping39 and successfully 

applied it to small model systems. Unfortunately, the calculation of charge mobilities 

for the 3D crystals studied here are still out of reach and will be a major objective of 

future work. Here I proceed with the calculation of charge mobilities assuming charge 

hopping even though we know from the above analysis that this model is problematic. 

Nonetheless, the results obtained for charge hopping are of interest because mobilities 

obtained from any improved theoretical approach (including non-adiabatic MD 

simulation) will be compared to hopping mobilities as this has been the most popular 

and widely used model in the literature for the last ten years. 

Hopping mobilities were calculated for rubrene, pentacene and C60 using Kinetic 

Monte Carlo (KMC) simulation as detailed in Section 2.1.5. The eigenvalues of the 
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charge mobility tensor obtained for the structures from 1ns MD are shown in Figure 

3-21 (for 300 K), and the averaged eigenvectors are indicated as arrows in Figure 

3-16a, b, and c. The calculations can reproduced experimental mobilities and 

anisotropy well (Figure 3-22 and Table 3-7).  

 

Figure 3-21 Charge hopping mobilities at room temperature as obtained from KMC simulation. 
Data points are instantaneous mobility values for snapshots equidistantly spaced along the 1ns 
trajectory and continuous curves present the accumulated average of the mobilities vs time. 
The corresponding eigenvectors of the mobility tensor are shown as arrows in Figure 3-16 (a)-
(c) using the same color code. The strong thermal fluctuations of pentacene molecules around 
their lattice sites cause significant fluctuations in instantaneous mobility, in contrast to rubrene 
where mobility is virtually independent on the structure used. The mobilities for C60 become 
converged only after about 300 ps due to the slow rotational diffusion of the buckyballs. 

Rubrene exhibits 2D conduction within the herringbone layer with the highest 

mobility along the parallel (P) direction (µ1 = 8.71 cm2 V-1 s-1) and a smaller mobility 

along the direction intersecting the two transverse (T) directions (µ2 =1.44 cm2 V-1 s-

1). The mobility along the long molecular axes, perpendicular to the herringbone 

layers, is nearly zero. Pentacene also exhibits 2D conduction, yet the highest mobility 

is slightly lower than in rubrene (µ1 = 4.07 cm2 V-1 s-1 along T1) and the anisotropy 

within the herringbone layer is smaller (µ2 = 3.19 cm2 V-1 s-1 along T2). For C60, the 

room temperature mobility obtained is somewhat smaller than for pentacene (µ = 3.30 

(a) (b) (c)
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cm2 V-1 s-1). Overall, the agreement with previously reported theoretical hopping 

mobilities is good (see Table 3-7). Within the hopping model used, mobility can be 

easily understood in terms of the electronic coupling strength along the respective 

hopping directions because all other ET parameters are the same for the different 

directions of a given OS or similar for the different OSs investigated.  

 

Figure 3-22 Comparison of computed mobilities with experimental mobilities and their anisotropy for 
rubrene(a), pentacene(b) at room temperature. 

Table 3-7 Comparison of computed mobilities from the literature and from current work with 
experimental mobilities at room temperature. All values are given in 𝐜𝐦𝟐/(𝐕𝐬). 

 rubrene pentacene C60 
 µ1 µ2 µ1 µ2 µ 

computed 
this work 

8.7 1.4 4.07 3.19 3.30 

computed 
literature 

8.1a, 3.1b, 43c  3.5b, 2.2f  3.0i 

experimental 20d , 10e 7.6d 2.3g, 11h 0.7 g 0.5 ±0.2j 
a Ref. 98, charge hopping model. 

b Ref. 99, charge hopping model.  

c Ref. 105, charge propagation using model Hamiltonian.  

d Ref.106 Field-Effect-Transistor (FET) mobility, surface of single crystal. 

e Ref. 107 Hall mobility, surface of single crystal.  
f Ref. 100, charge hopping model. 

(a) (b)
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g Ref. 108 FET mobility. 

h Ref. 109 Space-charge-limited current (SCLC) mobility as measured. Corrected to µ1 = 35 cm2/(Vs) using effective crystal 

thickness.  

i Ref. 17, charge hopping model. 

j Ref. 110, time-of-flight mobility. 

The computed mobilities in this work have very good agreement with the mobilities 

reported in the literature that use charge hopping model for all these three molecular 

crystals, while band mobilities are higher than hopping mobilities in general due to 

the electron delocalization assumption. In terms of experiments, there are various 

mobility characterization methods. Among these, time-of-flight is the most likely 

measurement to provide comparable mobilities to this work. Because both of them 

reflect intrinsic mobilities of bulk materials without imposing any external fields. But 

unfortunately, time-of-flight mobilites have not found in the literatures except for C60 

due to the difficulty of both preparations the ultra-pure samples and capturing the 

weak signal during the measurement. In contract, other approaches measure the 

mobilities on the surface of single crystal applying external fields. As a result, the 

concentration of charge carriers greatly enhanced so that the mobilities are higher than 

intrinsic mobilities.  

The room temperature mobilities predicted by the hopping model are in surprisingly 

good agreement with experimental values107-113 (see Table 3-7, deviation of about a 

factor of 0.09-6.4 depending on the experiment). However, the shortcomings of this 

model manifest themselves in the temperature-dependence of charge mobility (Figure 

3-23). The mobility decreases with temperature as T–n where n ~ 1 (n = 1.00 for 
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rubrene and n = 1.16 for pentacene), whereas in experiment n = 1.38 for rubrene107 

and n = 2.61 for pentacene109. As the hopping rates and diffusion constant obtained 

from KMC are almost temperature-independent because of the small or vanishing 

activation free energies for charge hopping, the T–1 dependence of charge mobility is 

simply due to the denominator in the Einstein Equation (Eq 17). Hence, the hopping 

model cannot explain the different exponents observed in experiments. This leaves us 

to conclude that the good agreement with experimental room temperature mobilities 

is likely to be fortuitous.  

 

Figure 3-23 Mobility decay with temperature for rubrene (a) and pentacene (b). Computed hopping 
mobilities are shown in blue and green symbols and experimental mobilities106-109 in black and red 
symbols, respectively. Best linear fits are show in solid lines.  
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Computed µ1	
FET, Ref. 55
Hall effect, Ref. 56
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FET, Ref. 57
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3.5 Band mobility of 1D-chain anthracene 

In order to further study charge transport mechanism, I calculate here band mobility 

as well as hopping mobility and compare calculations with experimental results. The 

material system I take for this comparative study is anthracene single crystal for which 

I compute hole mobility along the direction of the highest mobility (along b axes in 

Figure 3-24). Anthracene has been chosen because the hole mobility tensors of 

ultrapurifed highly perfect anthracene crystal as well as its temperature dependency 

of all tensor elements have been very well experimentally measured by the time-of-

flight method.114 I choose to model a one-dimensional chain along the experimental 

high mobility direction. This system is small enough to permit mobility calculations 

with non-adiabatic molecular dynamics simulation and comparison of the latter with 

the present band and hopping mobility calculations. The non-adiabatic MD 

simulations are not part of this thesis, however, they will be carried out by another 

group member in the near future.  

The hopping mobilities were computed with the same methodology as before. The 

band mobilities were calculated using the theory and formula presented in Section 

2.2.2. Next I will describe the details of band mobility calculations. 

3.5.1 Computational details 

The carrier mobility μ in the band theory depends on the effective mass along the 

transport direction 𝑚� and on the average scattering relaxation time 𝜏̅(𝐶, 𝐸¡, 𝑇). 𝑚�，
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𝐶  and 𝐸¡  were obtained by the following procedure using first principle band 

calculations. 𝑚� is obtained from a parabolic fit of the band structure along the b 

direction of the crystal. To calculate this band structure, 11 K-points along this axis 

were chosen.  

𝐸�}� and 𝐸~5� were calculated by dilatation / contraction of the unit cell along the b 

axes. In these calculations, only the center of mass (COM) of molecules were moved 

without changing the intramolecular geometry of the molecules. 𝐸�}�  and 𝐸~5� 

were plotted against the unit cell length along b, and fitted by quadratic and linear 

functions, respectively. Then, 𝐶  and 𝐸¡ . were obtained from Eqs 28 and 29, 

respectively. The first principle band calculations were carried out with the CPMD 

package,86 using DFT with planewave basis and pseudopotentials. A generalized 

gradient approximation (GGA) functional, Perdew, Burke, and Ernzerhof (PBE),115 is 

used for exchange-correlation energy. The Monckhorste-Pack scheme116 was used for 

the Brillouin zone sampling. 

The energy cutoff for the wave function is 90Ry. K-point sampling is carried out on a 

1*2*2 grid, and k-points ensure the convergence of total energies. The vdW-DF take 

van der Waals interaction into account. 

The DFT-D2 scheme117 is used for the dispersion correction, where Grimme's 

empirical correction was added to the exchange-correlation potential and forces. Then, 

the total energy is given by  
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 E®I� = 𝐸¯Y�®I + 𝐸±6²³  (30) 

where 𝐸¯Y�®I is the Kohn–Sham energy and 𝐸±6²³  is a dispersion correction. 

A periodic supercell of a 1D chain including 12 anthracene molecules was used for 

hopping mobility calculations. The alignment of the molecules remain similar to the 

one in the anthracene single crystal along b-axes (see Figure 3-24.). 

 

Figure 3-24 1D chain anthracene (highlight) from a single crystal along b-axes. 

For band mobility calculation, however, a periodic cell of 12 molecules is too 

expensive to be carried out, e.g. to run a single wavefunction optimization cycle on 

this system, it takes ~ 20min on the ARCHER high performance computing platform. 

Thus, the model is simplified to a periodic cell of 3 molecules (the band structure of 

the smallest system consisting only 2 molecules is too flat to fit a second degree 

polynomial curve.). And then, to eliminate system size effects 5- and 7- molecule 

systems have been tested.  

a

b
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3.5.2 Dispersion corrections for density functional theory 

Van der Waals (vdW) interactions play an import role for the relaxation time. Without 

vdW-correction, the errors in the lattice constants are large, leading inaccurate values 

for 𝐶 and 𝐸¡. Here, I will show the impact of vdW-correction for 𝐶 fitting.  

The total energy 𝐸�}� against unit cell volumes obtained from the GGA and vdW-

correction are shown in Figure 3-25. It is clear that the vdW-correction gives results 

consistent with the experiment (underestimated by approximately 3%, minima 

obtained at 0.97a), whereas the GGA functional overestimated the lattice constant (no 

minima observed). This overestimation of the equilibrium cell length is attributed to 

the absence of van der Waals interaction in GGA. 
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Figure 3-25 The total energy 𝑬𝒕𝒐𝒕 against periodic cell length (normalized with experimental length) 
a along 1D anthracene. Two curves are obtained with the GGA (green) and vdW-correction (blue), 
respectively. The insert plot is enlarged view of the block within dash line. The doted line indicates the 

experimental a. The energies at equilibrium points are shifted to be zero for both 𝑬𝒕𝒐𝒕 t plots. 

The elastic modulus 𝐶 is obtained as 0.152 eV/Å by fitting this parabolic curve from 

the total energy dependence on the lattice constant.  

3.5.3 Size convergence for 𝒎𝒆, 𝑬𝒍 

Although band mobility calculations are performed with period boundary condition 

(PBC), systems with different cell size will have different band structure due to the 

different number of states. Thus, the system convergence needs to be verified. 
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Figure 3-26 (a) HOMO band in 𝐛�𝟏 direction in 1D chain anthracene with different size of periodic 
cell. These periodic cells consist 3, 5 and 7 molecules, respectively. (b) converged curvature of HOMO 
band by rescaling them with the cell length for 3, 5- and 7- molecule systems.  

An increasing size of systems are tested for band limit calculation. The HOMO band 

structures of 3 -, 5 - and 7 - molecule systems are shown in Figure 3-26a. The larger 

the number of the molecules in a periodic cell, the smaller is the curvature of the band. 

After rescaling the band structure with the supercell length (3 , 5 and 7 times of unit 

cell lattice along b direction), the curves of 3 -, 5 - and 7 - molecule systems overlay 

in Figure 3-26b, thus the effective mass 𝑚� exhibits convergence, 1.43, 1.33, 1.30 

for 3 -, 5 - and 7 - molecule systems respectively. 

Besides, the convergence with 𝐸¡ also needs to be investigated. It is obtained from 

the linear fit of the valence band minimum shift with the lattice constant change. The 

𝐸~5� calculations here are with vdW-correction.  

π π π π

a b
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Figure 3-27 The 𝑬𝒗𝒃𝒎 against periodic cell length, normalized a, along the b direction of anthracene 
with different size of periodic cell. These periodic cells consist of 3, 5 and 7 molecules, respectively. 

3.5.4 Band, hopping and experimental mobilities  

Hopping electronic couplings  

Anthracene exhibits the strongest electronic coupling between P1 (“Parallel”) dimers 

(33.0 meV) due to its almost perfect pi-pi stacking in this direction and small 

intermolecular distance. Therefore, the highest mobility by time-of-flight method was 

found along the b-axes.114 The coupling between the T-shaped pairs (T) within the 

same herringbone layer is significantly smaller (18.0 meV) but still sizable.  
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Figure 3-28 Orientation of nearest neighbour molecular pairs in anthracene crystal within herringbone 
layer (a) and from side view (b). 

 

Table 3-8 Electronic coupling matrix elements for intermolecular hole transfer in anthracene 

dimer type distance of center of mass (Å) <|Hij|> (meV) 

T 5.2 18.0 
P1 6.0 33.0 
P2 8.6 0.3 
L 11.2 0.4 

T

P1

LP2

b

a

c

a

(a) herringbone layer (b) side view
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Figure 3-29 Mobility decay with temperature along the direction b. Band, hopping and experimental  
mobilities are compared.  

Anthracene exhibits the highest hole mobility along the parallel (P) direction (µ1 = 3 

cm2 V-1 s-1) and a smaller hop mobility along the direction intersecting the two 

transverse (T) directions (µ2 =1.5 cm2 V-1 s-1) via time-of-flight measurement at room 

temperature.114 The room temperature mobilities along the b-axes are predicted by the 

hopping model and band model to be 1.3 and 8.6 cm2 V-1 s-1, respectively.  

At low temperature, the band mobility is very close to experimental data, but it is 

getting higher and higher than experimental data as the temperature increase. In the 

T-0.50

T-1.24

T-1.03
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band model in this work, only acoustic modes have been taken into account, and 

phonons get more pronounced when the temperature is high. The hopping model 

underestimates the mobility because the charge carrier hop is constrained in this 1-D 

chain. Zigzag paths for charge carriers have been found when the dimension of the 

antracene expand to 2D. 

The mobility decreases with temperature as T–n where n ~ 1, 0.5 for hopping model 

and band model, respectively, whereas in experiment n = 1.24. As the hopping rates 

and diffusion constant obtained from KMC are almost temperature-independent 

because of the small or vanishing activation free energies for charge hopping, the T–1 

dependence of charge mobility is simply due to the denominator in the Einstein 

Equation (Eq 17). And in band model, T–0.5 dependence of charge mobility is simply 

due to the denominator in 𝜏̅ Eq 27.  

3.6 Summary 

In this work I have computed the parameters that determine CT in five different OS 

materials: electronic coupling, reorganization energy, and electron-phonon couplings. 

I evaluate the validity of polaron hopping model for some of the most popular organic 

semiconductors, pentacene, rubrene and C60. I find that for a significant fraction of 

conformations electronic coupling is so large in rubrene and pentacene that a small 

polaron cannot form. Similar results have been reported for fullerene derivatives by 

our group18 and other groups15,21 suggesting that this is a more general characteristic 
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of (crystalline) organic semiconductors. For C60 the coupling matrix elements are 

smaller and a small but finite barrier for charge transport exists in any transport 

direction. 

My present work substantiates the view that polaron hopping, the most widely adopted 

model in the chemistry community for the last ten years, is not sound for the 

description of CT in crystalline OS.16 The relatively good agreement between 

computed hopping mobilities and experimental results near room temperature that is 

often reported in the literature is likely due to a cancellation of errors. This becomes 

evident when considering the temperature dependence of mobility in the hopping 

model. The small activation energies lead to an almost T-independent charge diffusion 

constant at ambient temperatures, resulting in a T–1 dependence for any OS 

investigated. This is in contrast to the experimental T dependence, which decays faster 

and is specific to the OS considered.  

Furthermore, I delivered theoretical insight into another common-used charge 

transport mechanism, the band theory, from first principle calculations, on the case 

study of anthracene crystal. The relaxation time was calculated from the acoustic 

deformation potential model. The effective mass was simply obtained from parabolic 

fit of the VBM for holes. The computational results show that the band mobilities are 

approximately one order of magnitude higher than the hopping mobilities, and time-
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of-flight mobilities are in between. The mobility decreases with temperature as T–n 

where n ~ 0.5, 1 and 1.24, respectively. 

The discussion of charge transfer parameters and the validity of polaron hopping 

models in rubrene, pentacene and C60 described in this chapter has been published in 

H. Yang, F. Gajdos, and J. Blumberger, the Journal of Physical Chemistry C, vol. 121, 

pp. 7689-7696, 2017.  

https://pubs.acs.org/doi/10.1021/acs.jpcc.7b00618 
 

A paper on the methodology comparison of polaron hopping model, band model and 

non-adiabatic MD in anathracene is in preparation in the collaboration with Dr 

Antoine Carof from École Normale Supérieure, France.  
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4 Pentacene Thin Films  

In the previous chapter, I investigated charge transport in single crystalline organic 

semiconductor materials, and showed that crystalline rubrene and pentacene have high 

mobility within the herringbone layer. In this chapter, I will move from the intrinsic 

charge transport study of the three-dimensional perfectly crystalline systems to two-

dimensional thin films. I will present the computational research on modeling the 

experimental structure of few-layer crystalline pentacene thin films on hexagonal 

boron nitride (hBN). Charge transfer within and between layers are characterized and 

compared.  

The challenges of this work is the setting up of the structural modelling. On one hand, 

a periodic supercell needs to be built that consists of four different unit cells, one for 

each of the four layers: substrate layer hBN and three layers of pentacene with 

different tilt angles. Furthermore, some structural information has not been 

experimentally reported yet, e.g. the adsorption structure of the first pentacene layer 

(hereafter denoted wetting layer, WL) on hBN and how they stack. On the other hand, 

current force field could not reproduce tilt angle differences in the different thin film 

layers due to some remaining inaccuracies. The structural model of the different layers 

that includes thermal fluctuations were stabilized using collective variables (short for 

“colvar”) in molecular dynamics simulations.  
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After a structural model was obtained, thickness-dependent electrical transport in 

pentacene thin films was studied. The parameters determining electronic transport in 

pentacene thin films were calculated, in particular the interlayer and intralayer 

electronic couplings. Charge mobilities were computed using the hopping model, 

similarly as in the single crystal. Furthermore, the frequencies of charge hops within 

the layer and hops between layers are characterized. The results were then compared 

to calculations on the single crystals formed by the same material. 

4.1 Structure of thin film pentacene 

4.1.1 Experimental observation 

Highly ordered single-crystalline pentacene thin film were grown by Yuhan Zhang. et 

al. via van der Waals (vdW) epitaxy on hBN.118 The thickness of ultrathin films is 

varied from mono- to triplelayers in order to study how molecular packing and charge 

transport are modulated near the interface. The structures have been characterised by 

atomic force microscopy (AFM), selected-area electron diffraction (SAED) and 

transmission electron microscopy (TEM), see Figure 4-1 d-f. The molecular packing 

is schematically illustrated in Figure 4-1 a. The initial wetting monolayer of pentacene 

lies flat on the hBN with thickness as small as 0.5nm; The next layer, termed 1L, is a 

new polymorph, in which the molecules form herringbone stacking; The next (2L) 

and subsequent layers are structurally consistent with herringbone structure 

commonly in pentacene thin films. 
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Table 4-1 Experimental lattice parameters of pentacene bulk, thin film, 1L, 2L and WL motifs. 
Structural data of 1L, 2L and WL is from ref 118 

Lattice 
parameters 

bulk phase thin film phase a  1L 2L WL hBN 

a(Å) 6.3 6.0 6.23 ±0.07 5.98 ±0.09 8.9 2.46 

b(Å) 7.8 7.6 7.77 ±0.08 7.61 ±0.13 16.3 2.46 

c(Å) 14.5 15.6 14.2b 12.9b  6.70 

α(deg) 76.7 81.2 82 61  90.0 

β(deg) 87.5 86.6 91 88.25 ±1.22  90.0 

γ(deg) 84.6 89.8   60 120.0 

crystal 
system 

triclinic triclinic - - - hexagonal 

a CCDC code is PENCEN10, ref 119 

b The number is the vertical distances of the molecular skeleton rather than lattice parameters c 

Compared to bulk phase, pentacene thin film phase (2L) have similar unit cell 

parameters, as Table 4-1 shows, but molecules in thin film are more upright (87˚ to 

herringbone layer) than that in bulk (68˚ to herringbone layer). 2L and subsequent 

layers have upright configuration because interlayer interaction is weak, especially 

being far from BN layer. Differently, in the wetting layer, strong interaction forces 

drive pentacene molecules to lay flat on the surface with the long molecular axis 

pointing along BN [1 1 2�]. The most interesting but not unsurprising phenomenon is 

that 1L, a new polymorph, is a transition between WL and 2L thin film phase. The 

molecule in 1L tilt mainly along b axis to optimize interlayer and intralayer 

interactions. The tilting angles are 61° and 82° for the 1L and 2L molecules with 

respect to the b-axis; while they are close to 90° with respect to the a-axis, see Figure 

4-2(a)(b). Further leaning of the molecule in 2L along b introduces more repulsion 

between molecules and leads to their reorientation, the plane of the molecules further 
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parallel to the a axis, see Figure 4-2 (c). Thus, in 1L, the unit cell has longer distance 

along a axis than that in 2L. Experimental lattice parameters of pentacene bulk, thin 

film 2L, 1L and WL polymorph are summarized in Table 4-1. 

 

Figure 4-1 Epitaxial growth of 2D pentacene crystals on BN. (a) Schematic illustration of the 
molecular packing of WL, 1L, and 2L within b-c plane. (b) Histogram distribution of the thickness of 
WL, 1L, and 2L, each taken from over 10 samples. (c) Raman spectrum of the pentacene crystals on 
BN, taken from a 2L sample. (d)–(f) AFM images of WL, 1L, and 2L pentacene crystals on BN, 
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respectively. The layer numbers are marked on each image. Insets show the height profiles along the 
dashed lines. The scale bars are 2 μm. The plots from ref 118 

 

Figure 4-2 Molecular packing of 1L (lower panel in blue) and 2L (upper panel in pink) pentacene 
within (a) b-c plane (b) a-c plane (c-d) a-b plane. The plots from ref 118 

 

Figure 4-3 illustration of unit cell for (a) (c) bulk and (b) (d) thin film. a,b,c are lattice parameters. 
(a)(b) are b-c plane and (c)(d) are a-b plane. The herringbone angle is ~54˚.  

(a) (b)

(c) �d�
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4.2 Set up of simulations 

4.2.1 Periodic box size for thin film model 

To build the model of hybrid structure and keep it as simple as possible for the reason 

of computational efficiency, the strategy is to find the lowest common multiple of the 

unit cell parameters along the a and b axis for BN substrate, WL, 1L (and 2L) shown 

in Table 4-1 as periodic supercell, as well as to keep the mismatch of difference layers 

as small as possible. With this mismatch calculations, the periodic supercell of 

BN+WL+1L(+2L) consists of 69*24 BN unit cells, 11*9 WL unit cells, 22*10 1L unit 

cells (and 22*10 2L unit cells). There are two BN layers with the considerations of 

interlayer vdW interaction. In total, the 2L supercell includes ~50000 atoms. The 

molecular model for 1L and 2L supercell has a mismatch of less than 3%. The size of 

the periodic cell is schematically illustrated in Figure 4-4 (side view) and Figure 4-5 

(top view). 

 

Figure 4-4 The side view of periodic cell for (a) 1L model (b) 2L models. 

(a)

(b)
2L

1L
WL
BN

1L
WL
BN
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Figure 4-5 The top view of periodic cell for WL pentacene on the BN substrates. 

4.2.2 Structure and force field for pentacene layer on BN 

Structure model of pentacene layer WL on the substrate hBN 

WL suggests that the molecules adopt the face-on configuration similar to that of 

pentacene on graphite120 and on metal121. Following growth procedure in experiment 

and bottom up processing, the structure model was built firstly from wetting layer of 

pentacene on hexagonal boron-nitride (hBN). The hBN has a geometry similar to 

graphite, which is schematically illustrated in Figure 4-6. Both of them have covalent 

bonds of length 1.44 Å and intra-layer distance of 3.3 Å. 
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Figure 4-6 Similarity of geometry for (a)graphite and (b)hexagonal boron-nitride. Grey, red and blue 
balls represent C, B and N atoms, respectively 

Currently, there is no literature reporting accurate experimental favorable 

configuration of pentacene on hBN. But, the molecular packing in wetting layer can 

be analogous to that on graphite due to their similarity in geometry. The only 

difference is the intralayer bonds. The former has highly polar B-N bonds, whereas 

the latter has non-polar homonuclear C-C bonds. STM images for lying-down 

pentacene monolayer on graphite and schematic drawing of the pentacene on graphite 

are shown in Figure 4-7. On the other hand, some researchers have predicted that this 

configurable analogy in adsorption structures is correct based on FF and DFT 

calculations.118 122 

(a) (b)
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Figure 4-7 (a) STM images for lying-down pentacene monolayer on graphite. (b) Schematic drawing 
of unit cell of lying-down pentacene monolayer on graphite. Lattice parameters are from ref 123 : 
a=8.9±0.5 Å, b=16.3±0.5 Å, α=60 ˚± 2˚ 

Force field of hBN 

As there are no available parameters for hBN substrate in standard AMBER force 

field, I use here the force field parameters from Zhao’s work,124 in which the 

parameters of BN are fitted to reproduce the DFT results (see Figure 4-8c ). By 

analyzing the fitted results, The force field parameters are 𝜎z = 0.325	nm, 𝜀z =

2.32	kJ/mol, 𝜎v = 0.325	nm, 𝜀v = 7.11	kJ/mol. Some researchers also carried out 

DFT calculations to show the adsorption distance is 3.27 Å and the most energetically 

favorable configuration of WL pentacene molecules on BN is schematically illustrated 

in Figure 4-8(a). I tested those FF parameters by scanning the distance of a single 

pentacene between BN, and obtained the same potential as Zhao. He also states in the 

paper that the AMBER force field can provide a good description of the pentacene-

pentacene interaction on BN substrate.  

(a) (b)
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Figure 4-8 Generation of force field of hBN. (a,b) Top view and side view of pentacene on hBN. (c) 
parameterized FF to reproduce DFT potential of scanning the distance d in (b). Data from ref 125.  

In classical FF calculations, B and N atoms are fixed to the equilibrium positions to 

make the simulation cheap (only non-bond interaction are taken into consideration 

between pentacene molecules and BN substrate). Figure 4-5 shows top view of 

periodic cell for WL pentacene on the BN substrate. My simulations show that WL 

layer are stable with the determined force field and even with thermal fluctuations in 

MD.  

4.2.3 Restraining pentacene layers with collective variables 

In the previous section, the experimental thin film has been reproduced by my 

structural model successfully and it is good enough to investigate static properties of 

force field results, 
this work
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charge transport in this thin film system. However, it would be better to take thermal 

stability into account for more elaborate simulation.  

Unfortunately, the current force field could not reproduce tilt angle differences in the 

different thin film layers due to some remaining inaccuracies. As shown in Figure 4-9, 

the initial pentacene molecules have the same tilt angle as in experiment, but when 

minimizing the energy, the tilt angle of 1L changes from 61˚ to 65˚ along a (or “y 

axis”), from 92˚ to 101˚ along b (or “x axis”), and the one for 2L changes largely from 

82˚ to 65˚ along a, from 91˚ to 101˚ along b. 

To eliminate size effect as a possible cause for this artefact, the periodic cell was 

tripled along a axis to reduce the mismatch from 3% down to less than 1%. But, the 

results show the minimized structure still does not reproduce the experimental tilt 

angles for 1L and 2L. Thus, lacking accurate force field is the most likely reason to 

not reproducing the designated tilt angles. 
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Figure 4-9 The side view of periodic cell for double-layer pentacene system. (a) initial motif built 
based on experiment geometry (b) structure after minimization using current force field. 

To solve this issue, restraining potentials are used to restrain the tilt angles of each 

molecule in 1L and 2L to the experimental value. To be specific, I declared and used 

collective variables (short for colvars), distanceZ (projection of a distance vector on 

an axis) in NAMD. The cost of MD simulation of 2L model is 14hrs/ns with 12 cores 

and 8% overhead for the colvars. 

Restraint force constants have been tested for different values, 0.5, 1.0, 2.0 and 4.0 

kcal/mol/A2. The details are shown in Table 4-2 and Figure 4-10. The larger the 

constants, the closer the distribution of tilt angles to the experiment. But restrain force 

constant of 4.0 is too strong to keep molecule planar. Thus, a value of 2.0 was chosen 

for the following energy minimization and MD simulation. The lattice constants are 

in good agreement with experimental values within 1.5%.  

Minimization

(a)

(b)

2L

1L
WL
BN

2L

1L
WL
BN
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Table 4-2 Relation of restrain force constant for colvars and tilt angle pentacene. 

Restrain force constant 
(kcal/mol/A2) 

2L tilt angle 
along x (deg) 

2L tilt angle 
along y (deg) 

1L tilt angle 
along x (deg) 

1L tilt angle 
along y (deg) 

0.0 67.1 100.8 66.0 100.5 

0.5 71.8 84.7 63.5 86.7 
1.0 77.3 85.2 63.1 87.4 
2.0 79.9 86.0 62.6 87.8 

2.0 (minimization) 81.4 87.1 61.7 88.1 
experiment 82.0 91.0 61.0 92.0 

 

 

Figure 4-10 Restrain force constant for colvars v.s.tilt angle distribution of pantacene in 2L (top) and 
in 1L (bottom) in 1ns long NVT MD. Colour code, red, pink, blue and black are represented tilt angle 
of 2L molecule along x axis, along y axis, 1L molecule along x axis, along y axis, respectively. Dot, 
dash, solid curves are obtained with restrain force constant of 0.5,1, and 2 kcal/mol/A2, respectively. 
Vertical solid line shows the respective experimental tilt angles. 

4.3 Results and discussion 

4.3.1 Intralayer and interlayer electronic couplings 

Within herringbone layer 1L, Hij are 28.0 meV, 9.5meV and 1.0meV for dimer pairs 

ta, t1 and t2, which are inversely correlated with the inter-molecular distances of 5.0 Å, 

2L

1L
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6.3 Å, and 7.9 Å. The pair ta with the largest electronic coupling indicates that the 

[1/2, ±1/2] direction is the most likely direction for current flow. ta and t1 pairs within 

2L have the same intermolecular distance and similar orientation configuration, while 

their coupling values are 25-89% larger than that in 1L due to more constructive 

orbital overlap.  

 

Figure 4-11 (a-b) Orientation of nearest neighbour intralayer pairs t1, t2, ta (a) and interlayer pairs t1L-

2L and tWL-1L (b). (c-d) Distribution of electronic coupling matrix elements |Hij| for hole transfer between 
nearest neighbor pairs within herringbone layer (c) and across herringbone layer (d). 

tWL-1L has a range of values, corresponding to different dimer pairs between WL and 

1L. tWL-1L is comparable to the intralayer counterparts in 1L, suggesting strong WL-

(a) (c)

(b)

�d�
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1L electronic coupling. The transfer integral between 1L and WL has a similar 

magnitude to that between the adjacent 1L molecules. Thus, carriers can easily hop 

from 1L to WL. Due to the lack of π-π stacking in WL, the carriers can be further 

localized. While the transport in 2L is nearly unperturbed from 1L, ascribed to the 

much smaller transfer integrals between them. 

Table 4-3 Comparison of electronic coupling values for the similar orientational configirations of 
single crystal, thin film and amorphous pentacene. T1, T2 and P pairs are in the bulk. ta, t1 and t2 
pairs are in the thin film.The values in brackes are the corresponding center-to-center distance.  

 Bulk 
(100K) 

TF 1L 
(110K) 

TF 2L 
(110K) 

Amorphous 
(100K/300K) 

T1 / ta 
76.6 28.0 35.0  

(4.8 Å) (5.0 Å) （5.0 Å）  

T2 
43.2    

（5.2 A）    

P / t1 
18.4 9.5 18.0  

（6.3 Å） （6.3 Å） （6.3 Å）  

t2 
 1.0 0.5  

 （7.9 Å） （7.9 Å）  

Amorphous 
   24 
   （ 3-7 Å） 

The electronic couplings of the nearest neighbours in the thin film pentacene are 

compared with that with similar geometry in the bulk, see Table 4-3. Both the T1 pair 

in the bulk and the ta pair in thin films form a T-shape in each system with the same 

herringbone angle of 54˚. The T1 pair is more than 2 times stronger coupled than ta 

pair because the exponentially decay of the coupling with increasing intermolecular 

distance. On the other hand, the P pair in the single crystal and the t1 pair in TF 2L 

have the same coupling values. The t1 pair in TF 1L also have the same intermolecular 
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distance but the coupling is ½ smaller. The weaker orbital overlap of the t1 pair results 

from the fact of the reinforce tilting angle of 1L making the molecules reorient their 

shorter axis closer the a-axis (23° in 1L compared with 27° in 2L in Figure 4-2 c-d). 

4.3.2 Charge carrier hopping  

A charge carrier is initialized at an arbitrary molecular site in a KMC trajectory and 

the initial position follows a discrete uniform distribution. Thus, the probability of 

which layer the charge starts from is proportional to the number of pentacene 

molecules in that layer in the simulation box. There are 95, 440, and 440 molecules in 

WL, 1L, and 2L, respectively.  

 

Figure 4-12 Dynamic distribution of the holes before and after hopping for WL+1L system. 

Thus, Figure 4-12 shows that in the case of WL+1L model (Figure 4-4 a), a charge 

carrier has the probability of 82% initialized in 1L and 18% in WL. For the former, 

the electron will stay in 1L with the probability of 96% or will hop down to WL with 

hop to 1L 96%Stay in 1L 96%
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the probability of 4%; while for the latter, the electron will most likely hop up to 1L 

by 96% and less likely will stay in WL by 4%. Because the coupling between nearest 

neighbors within WL (the mean is 7 meV and the max is 12 meV) is much lower than 

interlayer couplings between WL and 1L (the max is 44 meV). As a result, the electron 

will be end up in 1L with the probability as high as 96% after KMC hop. 

 

Figure 4-13 Dynamic distribution of the holes before and after hops for WL+1L+2L system.  

In WL+1L+2L model (single snapshot) in Figure 4-4 b, an electron is initialized with 

a probability of 10% in WL (4% stay in WL, 62% finalize 1L, 34% finalize in 2L), 

45% in 1L (62% stay in 1L, 4% finalize down to WL, 35% finalize up to 2L), and 45% 

in 2L (58% stay in 2L, 40% finalize down to 1L, 2% finalize in WL). It is worth  

noticing that an electron initializes from 1L or 2L with the same rate, while the 

electron is more likely to end up in 1L than 2L by 7%. 

To study the impact of dynamic disorder, a probability analysis is carried out on 100 

snapshots taken from MD. The results show that all the rates are similar to the one 

obtained for a single snapshot above, which means the statistical error is small and 

hop to 1L 62% Stay in 1L 62% hop to 1L 40%
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dynamic disorder has little impact on electron propagation. According to the data, we 

can see that a charge carrier is more likely end up in 1L for both models. 

4.3.3 Charge mobility 

The mobility of WL+1L model within herringbone layer is as low as 2.9 cmR/(Vs) 

at 110K. This is the temperature of the thin film structure being characterized. 

WL+1L+2L system has slightly higher mobilities due to the less tilted molecular 

packing in 2L leading to stronger couplings between adjacent molecules. Overall, 

pentacene thin films have significantly smaller mobilities than a single crystal.  

Table 4-4 Comparison of computed mobilities of TF and single crystal from current work with 
experimental mobilities from the literature at 110K a 

 TF 1L TF 1L+2L single crystal 

µ from current work 2.9 5.2 14.0 

experimental µ from literature < 1 b 2.9-4.0 b  

a The structural characterization of the thin film is done at 110K. All values are given in cmR/(Vs). 
b FET mobilities from ref 118 

4.4 Summary 

In this work, I set up the models of few-layer crystalline pentacene thin films based 

on the experimental structure of FET device. Using a bottom-up approach, the 

structural model is comprised of hexagonal boron-nitride, wetting layer of pentacene, 

1L with a new polymorph and/or 2L with the common thin film polymorph. Despite 

of the limited experimental measurements and observations, in particular the lack of 
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information on the stacking of WL on the BN layer, I have successfully modelled the 

microstructure of these multi-layer structures.  

Electronic transport parameters and charge mobilities within and across layers have 

been computed with the same computational approaches. The T-shaped pairs have the 

strongest couplings in thin film pentacene for both the model of WL+1L and the model 

of WL+1L+2L, similarly as in the case in the single crystal presented in Chapter 3. In 

the former two systems, the coupling values are roughly half of those in the latter due 

to larger intermoleculear distances. Thus, the mobilities of thin films are significantly 

smaller than that in the bulk. Furthermore, the interlayer electronic couplings between 

WL and 1L is on the same order of magnitude as intralayer couplings, while couplings 

between 1L and 2L are ignorable. Thus, transport within 1L is affected by WL but 

transport within 2L is nearly unperturbed by 1L. 
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5 Pentacene Amorphous Solid 

In the previous two chapters, I discussed charge transport in the highly ordered single 

crystalline organics and in the few-layer crystalline pentacene thin films. In this 

chapter, the application of polaron hopping model will be expanded to amorphous 

organic molecular materials, which are in more common use than single crystals as 

they can be much more easily fabricated. In order to compare charge transport 

parameters and mobilities for distinct morphologies, the same molecule, pentacene, is 

used to study. Structures of amorphous pentacene will be generated by simulated 

annealing, i.e. melting of a crystal at high temperature followed by cooling to room 

temperature at different cooling rates. The structural characterizations include the 

cooling-rate effects on material volumes and morphologies, radial distribution 

functions and angle distributions for all the molecular pairs. The thermal distribution 

of electronic couplings and mobilities for the amorphous samples are presented, and 

are further compared with that in the ordered materials discussed in Chapter 3 and 

Chapter 4. 

5.1 Amorphous materials and controlling of the growth 

Charge transport in amorphous organic materials is of much interest because most 

OSs in real devices are amorphous instead of crystalline,126 even though recent studies 

on amorphous molecular materials have revealed that they exhibit lower mobility (10-
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4 to 1 cm2 V-1 s-1 ) compared with the organic crystals. An amorphous film is known 

to be formed when an organic material is vapor-deposited onto a substrate maintained 

at low temperature and fast deposition rate in vacuum. X-ray is one of the most 

common used techniques to characterize the morphology. The density is also an 

indicator due to its loose packing. However, the fabrication process is complicated 

and the molecular packing of amorphous solid is difficult to observe experimentally.  

It has generally been accepted that charge transport in organic disordered systems with 

small intermolecular electronic couplings takes place by a hopping process. Molecular 

simulations are often used to help understand the structure of amorphous materials 

and possibly reveal their charge transport properties. 

Different from thermally stable organic single crystal, the thin film phase is a 

metastable polymorph and it is more sensitive to the deposition process. Different 

thermal deposition parameters and substrate properties might lead to different 

organics structures resulting in different properties. Therefore, to improve the charge 

carrier transport properties, rational control of the processing conditions for enhancing 

intermolecular interactions and maximizing electron orbital overlap is crucial for 

further improvement of charge carrier mobility in OSs.  

The vapor deposition process is usually used for small organic molecules. Deposition 

rate and substrate temperature are two important parameters widely used to control 

the film growth mode as well as the solid microstructures. It is generally accepted that 
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low deposition rate and high substrate temperature are preferred to achieve large 

crystalline domains, leading to efficient charge carrier transport and high carrier 

mobility.127,128 For example, the diffraction and XRD spectra in Figure 5-1 show that 

the pentacene crystalline quality degrades with the decrease of temperature and 

increase of deposition rate. From the dynamic point of view, at higher substrate 

temperature, the deposited molecules have sufficient energy to overcome substrate 

interactions and thereby prefer to stand on the substrate (edge-on orientation) and 

make it possible to self-assemble into large domains, while lower deposition rate 

provides enough time for the molecules to rearrange themselves and form packing 

structures with high order.127      

 

Figure 5-1 (a) Diffraction spectra for as-grown pentacene films. the film-formation temperature ranges 
from 28K to 300K. (b) XRD spectra of the pentacene films fabricated by evaporating at rates of 1, 3, 
5, and 7 Å/s at 25 °C room temperature, and 7 Å/s at 60 °C. The data are from ref 127 and ref 128, 
respectively. In general, the crystalline quality degrades with the decrease of temperature and the 
increase of deposition rate.  

(a) (b)
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5.2 Disorder morphologies - structural modelling 

In a recent computational study, Jenny Nelson and co-workers129 generated the 

disordered C60 thin films simulated directly physical vapour deposition (PVD) process 

over a range of substrate temperatures. In their work, individual C60 molecules are 

released one at a time from the source at a random position above the substrate at a 

given temperature and molecules are moved consecutively by one Monte Carlo step 

at a time.  

In this work, I generate amorphous structures using molecular dynamic simulations. 

Although it does not strictly model the growth process, this method allows me to 

generate larger systems in a relatively short time. The disordered organic systems are 

generated by melting crystalline pentacene and cooling them down to room 

temperature over a range of cooling rates. The final equilibrium structures driven by 

intermolecular interactions during cooling and annealing process are compared and 

their mobilities are evaluated.  

5.2.1 Set up of quenching process  

Disordered pentacene systems are generated in classical MD simulations by melting 

crystalline pentacene at 800K and then quenching to room temperature. The periodic 

supercell contains 20*20*3 unit cells, i.e. 2400 molecules. The neutral charge state of 

the molecules is modeled with the generalized Amber force field (GAFF)130. The MD 

simulations are performed with the NAMD program package. 92   
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Figure 5-2 (a)Snapshots of crystalline pentacene melting to amorphouse phase at 800 K in the MD 
simulation. (b) The radial distribution functions g(r) of the center of mass of molecules when the MD 
simuations last 100, 200, 700, and 1000ps. The peaks of g(r) degrade gradually as the simuation lasts 
and converge after 700ps, which is an indicator of generating an amorphouse solid.  

First, the initial crystalline structure of the MD simulation melts to a complete liquid 

within a NVT ensemble MD under 800 K for 1ns (see Figure 5-2). The peaks in g(r) 

gradually degrade into a broad peak after 200 ps in panel b, and figures of 700ps and 

1ns nearly overlay, which means the system has reached equilibrium before the 

top view top view

side view side view

melting

at 800K for 1ns
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simulation lasting 700ps. Second, the melting simulations are followed by four 

quenching simulations from 800 K to 300 K in a NPT ensemble on the distinct time 

scales of 10ns, 1ns, 100ps and 10ps, respectively, see Figure 5-3 a and b. Here, a 

Nose ́–Hoover thermostat and barostat are used. Several configurations of arbitrary 

snapshots from the end of the melting simulations have been used as starting structures 

for quenching simulations in order to minimize the probability of the system relaxing 

into a local minima of the potential energy surfaces. Third, after quenching, the 

systems of MD simulations further relax within a NPT ensemble for several 

nanoseconds at a fixed temperature of 300 K. During the NPT simulations, the 

simulation cell shrank and finally reached a constant volume, see Figure 5-3 c and d. 

I note that although the current protocol covers 4 orders of magnitudes of quenching 

times, they are still several orders of magnitudes faster than in experiment. 



 

Chapter 5 Pentacene Amorphous Solid 

 121 

 

Figure 5-3 (a-b) Quenching simulations for melted pentacene from 800 K to 300 K in a NPT ensemble 
in the distinct time scales of 10ns, 1ns, 100ps and 10ps, respectively. (c-d) During the NPT simulations, 
the simulation cell shrank and finally reached a constant volume. (b) and (d) are in log scale. The 
vertical lines show the moment of halting the cooling.  

5.2.2 Structures – How amorphous are the disorder systems? 

The density of the disordered system depends on the cooling rate. The quenching 

simulations last a range of time scales: 10ps, 100ps, 1ns, and 10ns. As shown in Figure 

5-3 c, the material systems can be divided into two categories: the former two systems 

shrank to the same size of density (referred to as “fast cooling” or “low density” ), 

which is 22% larger than the latter two systems (referred to as “slow cooling” or “high 

density” ).  

(a) (b)

(c) (d)
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Figure 5-4 Schematic diagram of disordered pentacene obtained after quenching process. (a) High 
density system after fast cooling includes many (shift) cofacial configurations due to molecule self-
assembling. (b) Low density system after slow cooling is amorphous.  

How amorphous are the structures? Schematic diagram of these two systems are 

shown in Figure 5-4. From panel (a) for the high density system, we can see by eye 

many (shift) cofacial pairs; In the contrast, in panel (b), the low density system is very 

amorphous with all the molecules randomly distributed and oriented. Next, I will 

introduce the quantitative investigations by analyzing the densities, radial distribution 

functions, and distributions of angles between molecular pairs.  

Densities 

These disordered solids have densities of 1.11.and 0.91 g/cm3 for the materials cooling 

fast and slow, respectively. They compare with a density of 1.30 g/cm3 for crystalline 

pentacene experimentally and 0.88 g/cm3 for melted pentacene in my simulations. The 

(a) (b)fast cooling – high density slow cooling – low density
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ratio between melted and crystalline states is 0.68, close to the work of NaokiSato et 

al.,131 who find that this ratio for pentacene is ~0.75, and between 0.78 to 0.87 for 

anthracene, naphthalene and benzene. The ratios between the density of two 

disordered systems and crystalline pentacene are 0.85 and 0.70, respectively. It 

indicates that the high and low density amorphous solids generated in this work are 

midway between the crystal and the liquid, and the latter one is nearly complete 

amorphous phase. 

In Figure 5-3 d, it is interesting to see the former two systems are still turning to be 

more condensed when the temperature stops dropping and keeps constant at 300 K, 

which is different for the latter systems. It suggests that in the cases of fast cooling, 

the molecules have not enough time to reorganize themselves completely to adapt the 

rapidly changing environment, so that they have to reorganized themselves when the 

temperature remains constant. During the latter process at room temperature, the 

molecules assemble themselves to favorable configurations, thus form the 

polycrystalline phase. Differently, in the cases of slow cooling, the rate of temperature 

change is slow enough to let the systems reach equilibrium at each T change.  

Radial distribution functions 

The radial distribution function is another indicator for the packing in materials. In 

Figure 5-5, different from peaked distribution in the case of a single crystalline 

pentacene, a broad peak appears in the distribution curve and followed by a long and 
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smooth tail in the case of melted phase as well as in the case of the low density phase. 

It reflects loose packing in amorphous materials. By contrast, the high density phase 

has two higher peaks in the distribution, which can be interpreted as the 1st and 2nd 

neighboring molecules respectively. 

 

Figure 5-5 The radial distribution functions for the single crystal pentacene (in black), melted phase at 
800K (in blue), the high density phase relaxing with fast cooling (in green), and the low density phase 
relaxing with slow cooling (in green). The data are obtained from 1 ns MD simulation. 

Distributions of angles between molecular pairs.  

The structures have been further investigated by characterizing the thermal 

distributions of the angles between each molecular dimer. Here, three orthogonal 

vectors have been defined for each molecule (see Figure 5-6 a)：V1 is the direction 

along the long molecular axes; perpendicular to V1, V2 associate with V1 define the 

plane of the molecular backbone; V3 is the vector that orthogonal to this plane. The 
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thermal distribution of cosine of the angles between neighboring molecules for each 

of these three vectors are shown in Figure 5-6 b-d. The distance cutoff is 20 Å.  

The distributions are in good agreement with experimental observations for a single 

crystal. On one hand, the directions along the long molecular axes are all parallel 

leading a sharp peak at cosine value of -1 in the distribution of angles between V1 

vectors (panel b); on the other hand, the single crystalline pentacene has the 

herringbone angle of ~54˚,119 thus, the peaks around cosine value of ±0.7 are observed 

in panel c and d, respectively. The asymmetrical distribution only takes place for the 

case of crystal by initial definition of the vectors.  
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Figure 5-6 (a) Schematic diagram of three orthogonal vectors for each molecule in the disordered 
pentacene. V1 is along the long molecular axes; V1 and V2 form the the plane of the molecular 
backbone; V3 is orthogonal to this plane. (b-d) The thermal distribution of cosine of the angles between 
neighboring molecules for each of these three vectors. The data are obtained from 1 ns MD simulation 
at 300 K. 
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The low density amorphous sample (red curves) has almost the same features as the 

melted pentacene (blue curves) in panel b-d, which indicate that it is a complete 

amorphous solid. By contrast, the high density system has much higher peaks at cos(0˚) 

and cos(180˚) in all three angle distributions, especially for the one between V1 vectors, 

see the zoom-in plot in panel b. It shows that the molecules form favorably cofacial 

configurations, which explains the polycrystalline domains in Figure 5-4 a. 

5.3 CT Results and discussion 

5.3.1 Electronic coupling 

Electronic coupling matrix elements |Hij| are calculated using AOM method as 

described in previous chapter. Calculations are performed for all pairs with a centre-

to-centre distance within 20 Å. The coupling values versus the intermolecular distance 

plots are shown in Figure 5-7 (a) and (b) for the high density and low disordered 

systems, respectively. Panel c shows the distributions of the calculated |Hij| for hole 

transfer in pentacene. The former system has more pairs with strong couplings than 

the latter system due to the electronic coupling strongly depends on wave function 

overlap and decreases exponentially with increasing center to center distance. 

In terms of the comparable coupling values in the amorphous system, the 1st shell of 

neighbours are considered, i.e. the first board peak in g(r) in Figure 5-5 with a centre-

to-centre distance within 7 Å. The coupling values cover 7 order of magnitude ranging 

from 10-5 to ~100 meV because they are very sensitive to intermolecular distances and 
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orientational configurations. Furthermore, the mean |Hij| is 24 meV, which is on the 

same order of magnitude as the nearest neigoubour coupling in the bulk and thin films 

according to Table 4-3. The coupling values in the amorphous system are higher than 

my initial expectation but they turn out to be reasonable according to the geometry 

characterization. Figure 5-6 shows us a large portion of molecular pairs perpendicular 

to each other to some degree. 

 

Figure 5-7 (a-b) Electronic coupling matrix elements |Hij| versus intermolecular centre-to-centre 
distance for (a) the high density disordered pentacene and (b) the low density disordered pentacene. (c) 
Distribution of |Hij| for hole transfer between nearest neighbor pairs. The data are obtained from 1 ns 
MD simulation at 300 K. 

slow cooling – low densityfast cooling – high density(a) (b)

(c)
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5.3.2 Charge mobility  

Hopping hole mobilities were calculated using Kinetic Monte Carlo (KMC) 

simulation as before. The eigenvalues of the charge mobility tensor obtained for the 

structures from 1ns MD are shown in Figure 5-8 (for 300 K). The calculations show 

that low-density amorphous system has isotropy in mobilities (0.49 cm2/Vs), while 

high-density disordered system’s mobilities are slightly anisotropic: one is 0.55 

cm2/Vs for the direction along the most loose packing and the rest two eigenvalues 

are 0.64 cm2/Vs. Reliable estimation of material density is therefore critical for the 

accurate prediction of hole mobility in amorphous organic materials. The computed 

mobilties are in good agreement with experimental mobility (0.3 cm2/Vs) of 

amorphous thin-film transistors. 128  

Clearly, the amorphous pentacene has three-dimensional mobility, which is different 

from the crystal and the thin films have 2D charge transport within the herringbone 

layer discussed in previous two chapters. Furthermore, the mobility of the former is a 

factor of 8 smaller than for the latter. Because the molecules in the amorphous are 

positioned randomly with respect to each other and the overlap is much smaller than 

in the crystalline state, the carrier transport is significantly inhibited. Besides, the pairs 

with small couplings are frequently used as charge hopping sites although their 

coupling values are significantly smaller than the maximum. In amorphous organics, 

the pairs with weak couplings form effective charge transport paths that also largely 

contribute to the mobilities.  
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Figure 5-8 Charge hopping mobilities for disordered pentacene at room temperature as obtained from 
KMC simulation. Data points are instantaneous mobility values for snapshots equidistantly spaced 
along the 1ns trajectory. Three colors represent three orthorgal eigenvectors of the mobility tensor. 

5.4 Summary 

In conclusion, the application of hopping theory has been studied in details to predict 

hole mobility in the disordered (polycrystalline and amorphous) pentacene. I have 

demonstrated models that incorporates the microscopic structural and electronic 

details of disordered molecular pentacene. 

By simulating the process over a range of cooling rates, I have investigated the effect 

of morphology. Amorphous pentacene with relative low density and polycrystalline 

with relative high density are generated by fast cooling and slow cooling, respectively.  

By explicitly considering the molecular structure and the disordered intermolecular 

packing, the results reproduce well the experimental hole electron mobilities for 

pentacene FET without using any adjustable parameters. I find that large portion of 

molecular pairs have favorable (shift) cofacial configurations, so that the electronic 

slow cooling – low density
(a) (b)

fast cooling – high density
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couplings of the 1st shell neighboring molecules are sizable. The amorphous pentacene 

have isotropic charge mobilities and they are a factor of 8 smaller than the highest 

mobility in single crystal mobilities. In amorphous pentacene, molecular pairs with 

relatively small Hij are found to form effective paths for charge transport, thus, they 

largely contribute to μ. 

This work described in this chapter along with that in previous two chapters will be 

presented in a paper on the comparable study of CT in single crystal, crystalline thin 

films and amorphous pentacene. The paper demonstrates the structure-property 

relationship of charge transport for OS materials, via analysis of CT parameters, 

especially coupling distributions, in different polymorph  
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6 Conclusion and Outlook 

6.1 Conclusion 

Although OS have already revolutionized the semiconductor market in form of 

OLEDs and OFETs, there is still enormous potential for rational improvement of their 

properties, especially their charge carrier mobilities. The current upper limit in organic 

molecular crystals is an order of magnitude smaller even in highly purified single 

crystalline samples when when compared to inorganic semiconductors (the order of 

100 cm2/Vs). In order to improve the efficiency of OSs, much research has been 

investigated in the last few decades to obtain a better understanding of CT in OS in 

the single crystalline, polycrystalline, thin films and amorphous.129,132,133 

In this thesis, I have demonstrated detailed analysis of the computational 

characterization of the charge transport properties for a number of application-relevant 

organic semiconductors. I not only discussed theoretical insight into possible charge 

transport mechanism, but also delivered some insights into how solid state order 

impacts on charge transport properties using solids formed by the same molecule: 

from single crystals, to experimentally characterised ordered thin films to fully 

disordered amorphous samples.   

A computational protocol to predict mobilities for organic molecular materials has 

been presented. It is the application of the commonly assumed polaron hopping model. 
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This model is based on the assumption that the charge carrier is localized, i.e. forms a 

polaron that hops from one molecule to the next. A combination of first principle 

calculations, molecular dynamics and Kinetic Monte Carlo simulations are used. First 

principle calculations identify the orbitals relevant for charge transport and explain 

the electronic couplings vs molecular alignment; molecular dynamics simulation help 

to get access to realistic molecular motion so that both static and dynamic 

disorder are taken into consideration for detailed analysis of CT parameters; 

Kinetic Monte Carlo simulations provide the map of the charge carrier’s pathways and 

then the mobility tensors. The validation of the computational approaches has been 

done in the case of benzene crystal. 

Despite the theoretical problems surrounding the polaron transport model, I find that 

mobilities based on this model (as obtained from Kinetic Monte Carlo simulation) 

reproduce very well the room temperature experimental mobility and anisotropy in 

pentacene and rubrene. However, it fails to reproduce the correct temperature 

dependence of mobility, predicting a too shallow decay with temperature compared 

to experiment.  

The band mobilities have been also investigated for the case of anthracene crystal. 

The relaxation time is calculated from the acoustic deformation potential model, and 

the effective mass is simply obtained from parabolic fit of the valence band maximum 

(VBM) for holes. I find that van der Waals interaction significantly contributes to the 
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accurate relaxation time calculations. The computational results show that the band 

mobilities are approximately one order of magnitude higher than the hopping 

mobilities, and time-of-flight mobilities are in between. The mobility along the 

direction with the most likely current in anthracene crystal decreases with temperature 

as T–n where n ~ 0.5, 1 and 1.24, respectively. The results call for further development 

of more advanced simulation approaches, such as non-adiabatic molecular dynamics 

simulation and their scale-up to large, application-relevant systems. 

I built the model of few-layer crystalline pentacene thin film, restraint tilt angle, and 

stabilized them on hexagonal boron nitride in molecular dynamics. The electronic 

coupling and hops within and across layers have been characterized. The T-shape pairs 

have the strongest couplings in thin film pentacene like the case in the single crystal, 

but the averaged couplings are roughly ½ smaller, which lead to significantly smaller 

mobilities in the thin films compared with that in the single crystal. The transport WL 

has impact on that within 1L due to horizontal orientation of molecules in the wetting 

layer, but the transport in 2L is nearly unperturbed from 1L. 

With increasing degree of disorder, the amorphous pentacene has low mobility by a 

factor of 8 smaller than that in the case of a single crystal. Because a large number of 

molecular pairs have smaller wave function overlap and bigger center to center 

distance, which essentially leads to weaker electronic coupling. The molecules in 1st 

neighbouring shell (within center-to-center distance of 3-7 A) large range of electronic 
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couplings that cover 7 order of magnitudes. The molecules’ thermal average coupling 

values and orientational configurations are comparable with the nearest P pairs in a 

single crystal of pentacene. I find that in amorphous organics, even the pairs with weak 

couplings contribute to the mobilities because they can form effective charge transport 

paths. 

6.2 Outlook 

More advanced simulation approaches are necessary to describe the problem of CT in 

OS such as nonadiabatic molecular dynamics simulation. First in-roads have been 

made in this regard20,39,62,63, but these methods need to be made more efficient for 

application to CT in real 3D systems. In addition, several issues of more fundamental 

nature need to be addressed and their influence on charge mobility calculations 

investigated. This includes the type of coupling scheme used for nuclear and electronic 

motion (Ehrenfest vs surface hopping), the correction schemes used for electronic 

overdecoherence, the problem of trivial surface crossings, and the questions of internal 

consistency of quantum amplitudes and detailed balance. Our group currently working 

on these issues within the framework of our recently developed FOB-SH approach 

and are confident to apply this methodology in the near future to the systems 

investigated here. A follow-up project has been in process which assesses the 

application of FOB-SH protocol on small organic molecular system, such as 
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anthracene. The CT parameters presented in this work provide a sound basis for these 

future simulations. 
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(c) 

 
(d)  

Figure S1. Atomic charges of carbon for the molecules simulated in this work, in neutral and charged 

states: (a) neutral rubrene (b) [rubrene]+ (c) neutral pentacene (d) [pentacene]+. Each atom in neutral 

C60 has zero charge and in C60- -0.01667e (not shown). 
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       rubrene            pentacene  C60 

Bond type Neutral Charged  Bond type Neutral Charged  Bond type Neutral Charged 

1 1.387 1.366  1 1.387 1.377  hex-hex 1.401 1.405 

2 1.387 1.406  2 1.387 1.397  hex-pent 1.458 1.454 
3 1.387 1.411  3 1.387 1.387     

4 1.387 1.387  C-H 1.087 1.087     

C-H 1.087 1.087         

 

Figure S2. The bond lengths for (a) rubrene (b) pentacene (c) C60 in neutral and charged states.  
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Figure S3 The points show the distribution of electronic coupling matrix elements |Hij| for hole transfer 
between nearest neighbor pairs in rubrene (a) and (d), pentacene (b) and (e), and for electron transfer 
in C60 (c) and (f). The data are obtained from 1 ns MD simulation at 300 K. The information of the 
corresponding pairs can be found below in Figure 3-16 (d)-(f). The red solid lines are Gaussians fitting 
for each set of |Hij| values at linear scale in (a)-(c) and log scale in (d)-(f). 

 
Protocol of parameterize amber force field to reproduce DFT 

reorganization energy 

1. Download an experimental single crystal structure from CCDC. The structure 

file is normally a Crystallographic Information File (cif), e.g. rubrene.cif, 

which is a standard text file format for representing crystallographic 

information.  

2. Covert *.cif to a target format using MERCURY (also from CCDC), e.g. 

*.mol2, *.pbe, *.xyz . Now, a file includes a single molecule is used for the 

parameterization.  

If a unit cell or crystal structure is needed later on, MERCURY can also 

generates them. A unit cell structure can be duplicated to crystal structure in 
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MERCURY by calculation => packing (up to 10*10*10 unit cell). 

Alternatively, a simple python code can generate crystal structure for the 

desired size. 

3. Calculate DFT reorganisation energy using 4-point scheme, and extract key 

parameters including equilibrium bond lengths and point charges. 

• Do geometry optimization calculations for a neutral molecule and a charged 

molecule. And then, extract the total energies of GnEn and GcEc, respectively. 

• Extract optimized coordinates from these two outputs and then calculate the 

energies of GnEc and GcEn. 

• Reorganization energy = GnEc + GcEn - GnEn - GcEc (It is the 

reorganization energy for a pair with infinite distance) 

• Extract information of key parameters form these DFT simulations and 

calculate point charge differences and bond length differences (growing/ 

shrinking/ unchanged) for later usage.  

4. Change the equilibrium bond lengths and point charges in the charged 

molecule in the force field to reproduce the differences between the charged 

and neutral molecule calculated by DFT that from the last step in the point 3. 

When a charge has been put in a neutral molecule, the equilibrium C-C bond 

will grow, shrink or unchanged (Figure S4 takes the rubrene as an example). 

Adjust the equilibrium bond distances slightly in the charged molecule force 

field until the force field can reproduce DFT reorganization energy.   
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Figure S4. A schematic diagram of rubrene with bond lengths in the neutral state (rn) and bond length 
changes ( rc - r n ) compared with the charged state in the unit of Å. The equilibrium C-C bond will grow 
(“+”), shrink (“-”) or unchanged compared with the neutral state. In AMBER force field, two C atoms 
have been identified, Ca (blue) and Cp (yellow). These two C atoms are not chemically identity in 
rubrene: The former is a sp2 aromatic carbon in general and the latter is a sp2 aromatic carbon linked to 
an aromatic ring.  
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