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Abstract 

We investigate the influence of intra-chain and inter-chain interactions on the sub-

gap density of states in a conjugated polymer using a combination of atomistic 20 

molecular dynamics simulation of polymer film structure and tight-binding 

calculation of electronic energy levels. For disordered assemblies of poly-3-

hexylthiophene we find that the tail of the density of hole states is approximately 

exponential with a characteristic energy of 37 meV, which is similar to experimental 

values. This tail of states arises mainly from variations in the electronic coupling 25 

between neighbouring monomers, and is only slightly influenced by interchain 

coupling.  Thus, knowledge of the disorder in torsion between neighbouring 

monomers is sufficient to estimate the density of states for the polymer. However 

the intrachain torsional disorder is determined largely by the packing of the chains 

rather than the torsional potential alone. We propose the combination of methods as 30 

a tool to design higher mobility conjugated polymers.    
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Introduction 

Organic semiconductors are promising materials for electronic and optoelectronic 

applications such as transistors,1 light emitting diodes2 and solar cells.3-7 Among the 

key parameters of importance for these applications are the mobility of charge 

carriers and, in bipolar devices, the charge carrier lifetime. In most organic 5 

semiconductors charge transport is controlled by the molecular nature of the material 

such that charges are localised on individual molecules or conjugated segments and 

move between weakly coupled sites via a hopping process. The variability in 

molecular conformation and packing which naturally arises in these soft materials 

then gives rise to variability in the energy of the states on which charge carriers 10 

reside (so called ‘energetic disorder’), and variability in the separation and relative 

orientation of conjugated units (so called ‘configurational disorder’) both o f which 

tend to slow down transport by trapping charges 8, 9. Localized states in the electrical 

gap [of organic semiconductors] are also expected to increase the rate of non-

radiative electron - hole recombination in bipolar devices such as solar cells.10 15 

Energetic disorder can be described in terms of a density of (localised) states (DoS). 

In principle, both the charge carrier mobility and lifetime, and their charge density 

dependence, are functions of the DoS.11 In order to optimise and diagnose device 

performance and to develop materials of improved electrical properties it is essential 

to develop an improved understanding of the origin of localized states in organic 20 

semiconductors. 

 

A variety of experimental studies of organic semiconductors indicate the presence of 

a tail of states that extends into the electrical gap. Most commonly the dens ity N of 

localized states in disordered organic semiconductors is approximated by either a 25 

Gaussian distribution 9 or an exponential tail 12-14.  In the case of an exponential tail 

of electron states, the density of states N in energy interval dE is given by 

 

dE
E

EE
NdEEN  exp )(

ch

c
0 









 
 .   

 (1) 30 

where E is the energy, Ec is a reference energy at which electrons are free to move, 

which we will refer to as the mobility edge, N0 is the density of states at Ec and Ech 

is the characteristic energy of the tail. This characteristic energy is the key 

parameter controlling the influence of localized states on device performance, such 

that higher values of Ech lead to larger concentrations of deep lying states that can 35 

trap charges, slow down transport and facilitate recombination.15, 16 

 

These tails of states have been studied with a wide range of techniques, in unipolar 

devices such as transistor structures17 18 19, and especially in bipolar devices such as 

OLEDs and solar cells. Evidence for a roughly exponential tail of localized states in 40 

disordered polymer:fullerene blends used for organic solar cells comes from 

measurements of the absorption edge using quantum efficiency or spectral 
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photoconductivity methods,10, 20, 21 transient photocurrent measurements11, 22-24, 

transient absorption measurements,25, 26 charge extraction measurements27-30 and 

space charge limited current measurements.31 The largest body of experimental 

evidence exists for the blend poly (3-hexylthiophene) (P3HT): 1-(3-

methoxycarbonyl)propyl-1-phenyl-[6,6]-methano fullerene (PCBM). For that 5 

system, transient absorption measurements indicate tails states with Ech in the range 

of 35 meV to 70 meV, 32-34, transient photocurrent measurements also indicate Ech in 

the range of 35 meV to 65 meV .11 and sub-gap quantum efficiency measurements 

suggest Ech between 37 meV (at 300 K) and 32 meV (at 200 K).  20 Although the 

value of Ech varies between measurements and with different processing regimes 32, 
10 

33 the data converge on a consensus of approximately exponential behaviour with Ech 

in the range of 35 to 65 meV. Temperature dependent quantum efficiency and 

transient photocurrent measurements further suggest that the tail of states is 

temperature dependent.20  

 15 

Localised intra-gap (or trap) states in conjugated polymers may arise from chemical 

or physical defects.  Possible chemical defects include in-chain defects such as end 

groups, sp3 configured carbon atoms, or oxidised species as well as leaving groups 

or small molecular weight components remaining from synthesis. Physical defects 

may result from variations in the conformation of the conjugated backbone and in 20 

intermolecular interactions. Whilst chemical impurities can largely be eliminated by 

purification and fractionation of polymers and choice of end groups, disorder in 

conformation and packing cannot be avoided in an organic semiconductor film. 

Amongst the configurational parameters that can influence the energies of electron 

and hole states in conjugated polymers, the torsion angle  between consecutive 25 

units along the conjugated backbone is one of the most significant. For any 

compound the value of  in the geometrically relaxed structure results from 

competition between the dispersion of pi-electron states through consecutive units, 

which tends to planarise the chain, and steric effects which tend to deplanarise it. 

The potential energy profile for rotation of the units around this energetic minimum 30 

tends to be relatively soft, presenting a barrier of order 100 meV to chain rotation 
35,36 and thus allowing substantial thermal fluctuations in  at room temperature. 

Note that such fluctuations might be expected to make the DoS temperature 

dependent. In a solid polymer film at room temperature, torsion angles are further 

disrupted by steric effects in molecular packing and by chain folding. The net 35 

disorder in  results in disorder in the extent of conjugated segments and in the 

energy of the electronic states 36.  As well as this intrachain coupling, as controlled 

by , some contribution to the spatial extent and energy of electronic states may 

arise from electronic coupling between conjugated units in neighbouring chains. 

Such interchain coupling may be expected especially in crystalline materials with a 40 

strong degree of pi stacking. 

 

Whilst the concept that torsional disorder and packing disorder can give rise to 

disorder in electronic states energies is well known, attempts to derive the DoS for 

realistic molecular assemblies are limited to date. A number of studies report 45 

distributions of states for assemblies of small molecules such as fullerenes 

calculated using quantum chemical methods 37, 38 but these methods are limited to 

relatively small assemblies. The problem is more challenging for polymers where 

the effect of torsion on strong intrachain coupling and of position on weak intrachain 
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coupling must be included. Most studies of P3HT to date have addressed ordered 

systems. Cheung and co-workers have studied the variation in torsion distribution 

that results from dynamic chain fluctuations in crystalline P3HT and relate this to 

charge transport 39. Rivnay considered the effect of variations in chain spacing, as 

deduced from x-ray diffraction studies, on tail states in P3HT, assuming a Gaussian 5 

distribution of separations  40. More recently Poelking and co-workers derived a 

density of states for disordered crystalline P3HT of different regioregularity 

resulting from fluctuations in the intermolecular spacings 41. Whilst understanding 

of the DoS in the crystalline fraction of P3HT is certainly useful, charge transport in 

devices is likely to be rate-limited by trapping in gap states within the larger, non-10 

crystalline fraction of the polymer film.  

 

In this paper we will consider the relative importance of both inter- and intra-chain 

contributions to the density of states in highly disordered films of P3HT. We use 

atomistic molecular dynamics (MD) to model the morphology of an assembly of 15 

regioregular thiophene oligomers of length 16 (corresponding to a low molecular 

weight of ca 3 kDa). Including both inter- and intra-chain coupling we find that the 

tail of the DoS at room temperature is approximately exponential with a 

characteristic energy of approximately 37 meV, similar to the lower range of 

experimental values reported.20, 21 More importantly, we are also able to resolve the 20 

contributions of inter- and intra-molecular coupling to the density of states, finding 

that this deep tail results mainly from intra-chain coupling  and thus results mainly 

from torsional disorder of the polymer backbone rather than positional, packing, 

disorder. We also find that this deep tail is temperature dependent. Finally we show 

that models that rely on a Gaussian distribution of interchain separations are likely 25 

to invoke unphysically close minimum separations. We argue that one route to 

materials with lower energetic disorder is to design stiffer polymers with less 

torsional freedom. 

 

Methods 30 

The empirical forcefield used for molecular dynamics was derived from the 

parameters developed by Moreno et al.,35 supplemented with Optimized Potentials 

for Liquid Simulations (OPLS)42 as implemented in the GROMACS43 molecular 

dynamics package. The starting geometry of 40 independent extended (3-

hexylthiophene) hexadecamers were packed loosely into a 10 nm x 10 nm x 10 nm 35 

box with periodic boundary conditions using PACKMOL.44 For the room 

temperature assemblies, steepest descent energy minimisation with the empirical 

forcefield was followed by an equilibration molecular dynamics run of 1 ns, with 

initial atomic velocities drawn from a 300 K Maxwell distribution and using the 

leapfrog integrator with a Berendsen thermostat and barostat at 300 K and 1 atm 40 

respectively. This resulted in the compression of the simulation volume from 

1000 nm3 to 158 nm3 (density of 1.108 g/cm3). Molecular dynamics was continued 

for a further 50 ns, with simulation coordinates captured from snapshots taken every 

every 10 ps. Densities of states were computed from over 3000 such snapshots. A 

typical snapshot is shown in Figure 1. 45 
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Figure 1: Typical assembly of 3HT hexadecamers generated using molecular dynamics at 300K.  

The role of inter- and intra-molecular transfer integrals is assessed by looking at 

three different cases: (a) Intermolecular only where each oligomer is considered as a 

single charge transport unit with given energy. All intermolecular couplings are 5 

computed and the resulting tight-binding Hamiltonian is solved, to deduce the 

distribution of eigenvalues and hence, the density of states. (b) Intramolecular only, 

where each oligomer is decomposed into a set of monomers coupled only to its 

immediate neighbours via a  dependent transfer integral. A tight-binding 

Hamiltonian is solved for each oligomer and the set of results collected to give the 10 

average density of states, and (c) Inter and Intra-molecular where each monomer in 

the whole simulation box contributes to the basis set for the tight binding 

Hamiltonian. All inter- and intra- molecular couplings are computed between all 

monomers resulting in a large Hamiltonian which is diagonalised, yielding the 

density of states. 15 

 

Once an MD trajectory has been computed, we use the VOTCA charge transport 

toolkit (votca-ctp) 45, 46 to map conjugated segments on to the oligomers simulated 

with molecular dynamics. The inter-chain transfer integrals are computed using 

molecular orbital overlap 47 from semi-empirical INDO/S Highest Occupied 20 

Molecular Orbitals. In the case of the inter-chain only computation (case (a)), 

orbitals for relaxed hexadecamers are mapped on to the oligomers generated by MD 

and used to compute the transfer integrals between different oligomers. In the case 

of the inter- and intra- chain coupling (case (c)), orbitals for relaxed monomers are 

mapped on to the coordinates of each monomer in the MD generated assembly and 25 

coupling between monomers located on different oligomers are computed using 

VOTCA. 

 

Intra-chain inter-monomer electronic coupling terms, needed for both cases (b) and 

(c) cannot be computed from molecular orbital overlap. In these cases the coupling 30 

is assumed to depend only on the torsion angle  between neighbouring monomers 
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according to the form 

 cos0intra JJ 
.   

   (2) 

We compute J0 by calculating the HOMO for planar thiophene oligomers of 

different number N of repeat units using DFT with a B3LYP functional and a double 5 

split 6-31g* basis set. We then fit the N-dependent trend in HOMO energy to the 

form expected from a tight-binding calculation for a chain of identical units coupled 

by J0.  This procedure yields a value of 0.8 eV for J0.  

 

Once all the electronic couplings are computed, we set up the Huckel Hamiltonian  10 

  
j

jijii ijtjiJiiH
*

,,

   
 (3) 

where the diagonal element i is set to a single value E0. Here we set E0 = -5.0 eV, in 

accordance with the approximate ionization potential for P3HT of 5.0 eV 48. We find 

the eigenvalues of this Hamiltonian using standard GNU Scientific Library solvers 15 

and the repeat the process for at least 3000 snapshots of the equilibriated oligomer 

assembly. The eigenvalues from all snapshots are stored and compiled into 

distributions representing the DoS functions for the different cases studied.  

 

To repeat the process to study the electron rather than the hole DoS, we would 20 

replace the J0 extracted from the length dependence of the HOMO as calculated by 

DFT with the value extracted from the oligomer length dependence of the LUMO.  

Results and Discussion 
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Figure 2. DoS for molecular assemblies equilibriated at a temperature of 300K calculated for the 

cases of intra-oligomer coupling only (circles), inter-mnomer coupling only (triangles) and both 

intra- and inter-monomer coupling (squares). Straight lines represent exponential fits to the tail of 5 

states. Energy is measured up from the energy of the thiophene HOMO used in the calculation (E0 = 

-5.0 eV). 

In Figure 2 the resulting DoS for the three cases for assemblies generated at 300K 

are compared. The DoS for case (a) including inter-chain couplings only (open 

circles) is very sharp, and an exponential fit to the tail reveals a characteristic energy 10 

of only 3.6 meV. In contrast, when intra chain couplings only are considered (open 

triangles) or when both inter- and intra-chain couplings are included (open squares) 

a much broader tail in the DoS is obtained. The deep part of this tail can be fit to an 

exponential tail, with a characteristic energy of  35 meV for the case of only intra-

chain couplings (case b) and around 37 meV for case (c), with both types of 15 

coupling. These values are in good agreement with values of Ech obtained from 

subgap quantum efficiency measurements on P3HT:PCBM solar cells20, 21 and with 

the lower values obtained from transient photocurrent and transient absorption 

studies. However, our results show that, in contrast to some previous studies 20, 40, 

interchain interactions alone cannot explain the breadth of the density of localised 20 

hole states in P3HT. The interchain interactions do affect the tail of the DoS slightly, 

possibly because tail states will tend to result from planarised segments and 

interchain couplings will tend to be strongest between neighbouring, cofacial planar 

segments. 
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Figure 3: Calculated DoS due to both intra- and inter-monomer coupling, as a function of 

temperature. Straight lines represent exponential fits to the tail of states. The slope of the deep part 

of the tail is insensitive to temperature. Energy is measured up from the energy of the thiophene 5 

HOMO used in the calculation (E0 = -5.0 eV). 

Figure 3 shows the DoS obtained from both intra and intermolecular coupling for 

assemblies generated at different temperatures. We would expect the range of 

torsion angles present in the ensemble to broaden with increasing temperature as 

increasing kT increases the probability of configurations further from the energetic 10 

minimum. The range of torsional angles does indeed broaden (see Figure S1(a) in 

the supporting information) and, accordingly, the DoS becomes broader with 

increasing temperature. However the value of Ech obtained from an exponential fit to 

the deep tail of the DoS is relatively invariant with temperature.  It should be noted 

that the tail is not perfectly exponential and a fit to the DoS higher in the tail would 15 

yield values that slowly increase with temperature. The effect of temperature on the 

interchain-only DoS is also very weak (Figure S2 in Supporting Information). 

The close agreement between the DoS obtained in cases (b) and (c), when the 

coupling between monomers on different chains are excluded and included, suggests 

that the DoS for the disordered polymer film may be explained solely by the 20 

distribution of inter-monomer torsion angles. This distribution will be influenced 

both by the size of thermally enabled torsional fluctuations and by chain distortion 

resulting from the dense packing of the chains and their mutual repulsion. To 

investigate the extent to which the thermal fluctuations alone control the DoS we 

implemented a simple, linear tight binding scheme whereby the torsion angle 25 

between neighbouring monomers was drawn from a thermally generated distribution 

of angles f(). We obtain f() by mapping a Boltzmann distribution of torsional 
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potential energies g(U()) =A exp(-U()/kT) on to , where we have approximated 

U() by U0 sin2(), with U0 = 0.126 eV, fitted to published torsional potential 35. The 

angular distributions generated this way are broader than those extracted from the 

MD and are more strongly temperature dependent (Fig S1(a) and (b) in Supporting 

Information). We then populate the off-diagonal elements of the Hamiltonian with 5 

coupling terms corresponding to the selected values of  using eq. (2), and solve for 

the eigenvalues.  
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Figure 4. DoS resulting from the linear chain thermodynamic model for chains of 106 monomers at 10 

different temperatures. Although the DoS is broad, tails are much sharper than from the torsional 

distributions generated by MD, meaning that long conjugated segments are more likely. The 300k 

DoS is calculated for a large chain of 108 monomers for comparison, showing that the DoS tail 

shape is insensitive to sample size over this range,  

The resulting temperature dependent eigenvalue distributions (Figure 4) show that 15 

the tails of states generated by this method are relatively sharp compared to those 

obtained from the MD generated torsional configurations, and are too narrow to 

explain the experimental DoS. This tells us that, whilst the DoS in the disordered 

film may be dominated by intramolecular torsional variations rather than 

intermolecular coupling, these torsional variations are controlled by factors other 20 

than the torsional potential between conjugated rings. In the MD generated 

assembly, the distribution of  is influenced also by the interactions between side 

chains, repulsive forces at close atomic separations that may constrain the molecule 

into thermodynamically unfavourable conformation (see Fig. S3 in the SI), and by 

face-on interactions with neighbouring conjugated segments, that will tend to 25 

planarise the chain. The atomistic MD exercise is necessary to capture these 

phenomena and so explain the breadth of the observed DoS. A comparison of the 

DoS tails for the simple thermodynamic model and the MD model suggests that the 

occurrence of long conjugated segments that act as traps is more rare in the realistic, 

MD case. 30 
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Figure 5. Radial distribution function for the closest approach of monomers located on different 

oligomers (black line) and a Gaussian fit to the first peak of the function. The Gaussian function is a 

poor fit at very small separations. 5 

Finally we use our findings to address the validity of the Gaussian disorder model 

for inter-molecular distances. Following early approaches to including disorder in 

electronic coupling into models of charge transport in organic semiconductors 9 

several groups have invoked a Gaussian distribution in interplane distances to 

explain electronic phenomena 20, 40. Figure 5 shows the probability distribution 10 

function of finding an intermolecular neighbour at a certain distance as calculated by 

molecular dynamics. Also shown is a fit to the tail of this probability density 

function with a Gaussian distribution. The Gaussian model appears to be a good 

approximation, except for at short distances (less than 0.4 nm) where the van der 

Waals repulsion becomes strong and the atoms must not overlap. In the atomistic 15 

MD simulation, small inter-chain distances are much less likely than in a Gaussian 

disorder model, meaning that large inter-chain integrals are also less likely and, 

therefore, fewer sub-band gap states are expected to result from intermolecular 

interactions. This observation can resolve the apparent contradiction between our 

findings and those of previous studies 20, 40. 20 

 

Conclusions 

Using a combination of atomistic molecular dynamics and a tight-binding 

calculation of hole state energies, we have found that the tail of the density of hole 

states in P3HT follows an exponential form with a characteristic energy of around 25 

35-40 meV. This value agrees well with values observed experimentally using sub-

gap quantum efficiency measurements and it lies at the lower end of the range of 

values observed using transient absorption and photocurrent measurements.  The 

breadth of the tail of states arises mainly from intra-molecular electronic couplings, 

which are generally much stronger than interchain couplings.  The tail states in this 30 

picture thus result from extended planar segments. The key conclusion is that 

intrachain torsional disorder can account for a significant fraction of the disorder 

observed experimentally whilst disorder in interchain coupling, at least in the non -

crystalline parts of the polymer film, cannot. Deeper tail state distributions often 

observed in practice for P3HT may be influenced by chemical defects, 35 

polydispersity, nanocrystallinity or other factors not included in our model.    
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The finding that the distribution of tail states is dominated by intra-chain coupling 

elements and the simple cos() torsional dependence of such elements means that, in 

general, the density of tail states for a conjugated polymer could be estimated from a 

representative distribution of torsion angles via a simple tridiagonal tight binding 5 

Hamiltonian. The generation of such a representative ensemble of torsional angles 

still requires some realistic – and therefore time consuming – simulation of the 

polymer chain assembly. We have shown here for the case of 3HT oligomers that the 

disorder in intrachain torsion responsible for the distribution of tail states results 

from the way in which the chains are packed in the solid film and cannot be 10 

predicted solely from knowledge of the torsional potential barrier in the conjugated 

backbone. This reflects the fact that the molecular microstructure within polymer 

films is normally far from equilibrium. 

 

Regarding practical routes to narrow the distribution of tail states in conjugated 15 

polymers, this work suggests that a central focus should be on designing stiffer 

polymers with higher potential barriers to oppose torsional disorder. However to 

make the most of such planarising structures, process routes should allow the chains 

to find configurations where chain conformation more closely reflects the built -in 

potential. Improving the organization and crystallinity of a polymer is also likely to 20 

affect the density of states, but mainly as a consequence of the increase in intra-

chain order.  
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