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ABSTRACT  

Coexistence of high local charge mobility and an energy gradient can lead to efficient free charge 

carrier generation from geminate charge transfer states at the donor-acceptor interface in bulk 

heterojunction organic photovoltaics.  It is, however, not clear what polymer microstructures can 

support such coexistence.  Using recent methods from density functional theory, we propose that 

a stack of similarly curved oligothiophene chains can deliver the requirements for efficient 

charge separation.   Curved stacks are stable because of the polymer’s strong π-stacking ability 

and because backbone torsions are flexible in neutral chains.  However, energy of a charge in a 

polymer chain has remarkably stronger dependence on torsions.  The trend of increasing planarity 

in curved stacks effectively creates an energy gradient that drives charge in one direction.  The 

curvature of these partially ordered stacks is found to beneficially interact with fullerenes.  The 

curved stacks, therefore, are identified as possible building blocks for interfacial structures that 

lead to efficient free carrier generation in high-performing organic photovoltaic systems. 
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Introduction 

One of the least understood processes in organic photovoltaics (OPV) is how free charge 

carriers are generated from the geminate charge transfer (CT) states at the donor-acceptor 

interface
1
.  Due to its low dielectric constant, electron-hole pairs in organic materials are strongly 

bound.  However, experiments have shown that charge separation can be efficient with little 

excess energy in the initial CT states
2,3

, i.e., formed by direct excitation instead of exciton 

dissociation.  For efficient electron-hole separation, charge delocalization is shown to play 

important roles both energetically and dynamically.
4-6

  Long-range exciton dissociation can also 

reduce the Coulomb barrier.
7,8

 However, a suitable inherent driving force is still needed to 

complete the charge separation. Electrostatics considerations have offered several possible 

reasons
9
; though they are not specific for conjugated polymers, the most commonly used donor 

materials in OPV.    Recent coarse-grained simulations
10

 suggest that high local charge mobility 

and an energy cascade are sufficient for high quantum efficiency in bulk heterojunction (BHJ) 

OPV; however, detailed atomic-scale structural information is not available from such 

simulations.  In general, the energy cascade is attributed to the fact that charges have lower 

energies in the crystalline polymer domain than the disordered interface with acceptor materials.
7
  

High charge mobility in the mixed phase, on the other hand, is thought to exist within the planar 

segments of otherwise disordered polymer chains.  It is, however, not clear how the energy 

driving force and high charge mobility can be found simultaneously in the same region, as 

required for efficient charge separation from the CT states.
10

 Identifying polymer microstructures 

to support both requirements will supply a missing link at the molecular level to the 

understanding of charge generation mechanisms and thus provide potential design guidance for 

new OPV materials. 
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3

    Structures and electronic properties of conjugated polymers strongly depend on the 

collective effects of π-π stacking and backbone torsion, both of which have low energy barriers to 

structural changes and, therefore, are responsible for the formation of numerous microstructures 

in polymer materials.
11

  To improve device performances will certainly require more knowledge 

of how these microstructures work together at larger length scales
12,13

.  On the other hand, most 

of these microstructures are not yet well characterized experimentally, except for the highly 

ordered crystalline structure, i.e. when the strong π-stacking dominates and torsion angles 

become uniform.  However, interesting optoelectronic properties of polymers are often due to 

non-crystalline structures,
14

 which are difficult to be determined experimentally.  Ab initio 

calculations and molecular mechanics simulations have been used to fill in the unknown 

structural information.  Quantum methods, such as those from density functional theory (DFT), 

are especially important because they can connect molecular structures with optoelectronic 

properties.  Unfortunately it is still impossible to explore all microstructures in polymeric 

materials because the polymer conformation space is too large, not to mention the high 

computational cost of quantum methods.   Hence our strategy is to focus on identifying those 

structures that are mechanistically significant and therefore can be used as building blocks in 

further understanding or simulation of device performances.   

In this work we use the most advanced development from DFT to explore a particular 

microstructure of conjugated polymers that is able to provide an energy gradient for charge 

redistribution and support high charge mobility at the same time.   Specifically, our focus is the 

curved stacks.  They resemble the ordered π-stacking structure but their backbones are not planar.  

However, they are energetically stable, and each polymer chain is curved in a similar pattern so 

that multiple chains still form π-stacks.  Using oligothiophene as our model, we will show that 

curved stacks have an inherent bias for charge distribution, and it comes from the nonuniform 
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torsions and the strong energy dependence of the charged state on the backbone planarity.  The 

curved stacks also to a large extent maintain local orders and thus can have high local charge 

mobility.  Therefore, they are good candidates for interfacial structures that support efficient 

charge separation, which is further augmented by the fact that their curvature matches that of a 

fullerene molecule, the most common acceptor materials in OPVs.    

Theoretical basis and computational methods 

All our calculations are performed with the Q-Chem 4.2 package
15

 using the ωB97X-D 

functional
16

 in the 6-31G* basis set and SG-1 grid.  All charged systems are treated with the 

unrestricted Kohn-Sham scheme.  We choose the long-range corrected ωB97X-D functional to 

meet two specific challenges when DFT methods are applied to organic electronic materials, 

namely charge localization and dispersion interactions.
17

 In a recent work, we systematically 

investigated the charge self localization behavior as predicted by long-range corrected hybrid 

functionals
18

.  We recommend the range parameter to be 0.2 bohr
-1

 for such functionals for its 

capability of properly describing charge localization in polymer chains without causing excessive 

spin contamination.  The range parameter in ωB97X-D is 0.2 bohr
-1

. 
16

  This functional further 

incorporates empirical dispersion corrections, 
19,20

 and it is optimized for both covalent and 

noncovalent interactions.  Therefore, ωB97X-D is particular suited for our studies. 

We have chose polythiophene as our system.  The torsion angle that is central in our discussion 

is defined as the inter-ring dihedral angle measured by the atoms S-C-C-S.  Except for the 2D 

torsion potential energy surface scan of the trithiophene molecule (T3), we use octathiophene (T8) 

in its all-trans conformation (Figure 2a) as our model of a polythiophene chain.  T8 is large 

enough to fully localize a charge, but still small enough that we can computationally afford to 
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study a stack of five T8 chains with our DFT method.  In the following results and discussion, we 

will refer to a stack of n T8 chains simply as n-stack, where n ranges from 2 to 5.   

Results 

Potential Energy Surface Scan of Trithiophene Torsions 

Before we go into results for stacks, we demonstrate in this subsection how the energies of 

neutral and charged polymers depend differently on the backbone planarity.  This difference is 

the key to understanding later results.  Previous work on torsions has mostly focused on the 

torsion effect on charge transfer integral and the consequent charge localization along a polymer 

chain, i.e. so called torsional defect. 
21-23

 We will carefully avoid these defects by exploring the 

backbone torsions that only deviate slight from planar.  Nonetheless, a small torsion deviation in 

neutral chains can have significant consequences when charges are introduced. 

We use the small molecule trithiophene (T3) for illustration because it is amenable to a 

thorough potential energy surface (PES) scan around its two torsion angles.  We perform the scan 

near the trans-planar conformation, in which both torsion angles are 180°.   These angles are then 

changed from 135° to 225° at an interval of 5°.  That is, the largest deviation from 180° is 45°.  

At each point, the geometry of the molecule is fully relaxed except for the torsion angles, and we 

do geometry optimization only for the non-charged state.  With energies of all the optimized 

geometries we produce a 2D-map that shows the potential landscape of the neutral T3 (Figure 1, 

top).  We then do single-point calculations of the cation at each geometry.  All the cation 

energies are collected to make the same 2D-map (Figure 1, bottom).  In both maps, we have 

adjusted the zero to be their respective lowest energy point, and we use eV as the energy unit 

throughout this work. 
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6

 

Figure 1.  Top: neutral T3 molecule energy (in eV) dependence on the backbone torsion angles; 

Bottom: T3 cation energy (in eV) dependence on the same torsion angles.  In both plots, the 

crosses represent actual calculation results, while interpolated data are used to produce a smooth 

map.  (Plots are made with gnuplot.) 

Comparison in Figure 1 reveals important differences between the landscapes of neutral and 

charged molecules.  As the top figure reveals, the neutral molecule actually prefers the torsion 

angles to deviate slightly from the planar 180°, indicated by the dark color on either the top-left 

or lower-right part of the neutral map.  By having the deviations on neighboring torsion in 

opposite directions but similar magnitude, the backbone remains linear.  A more important 

feature in the neutral map is that the energy difference is very small, with the highest point being 

0.027 eV.  Therefore all these torsion angles can be explored rather freely in a neutral chain.  On 

the other hand, the cation map has a dark center, meaning the charged molecule undoubtedly 

prefers a planar backbone with all torsion angles at 180°.  More significantly, the energy range in 
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the cation map is much wider than that of the neutral map.  Its highest energy reaches 0.416 eV.  

This enhanced energy gradient of a cation in a fairly flat PES of the neutral molecule creates a 

structure-based driving force for charges to move away from less planar polymer segments. 

While this fact is known, its manifestation in specific polymer microstructures is much less 

explored and will be the focus of the following subsections. 

Formation of a curved stack 

In highly ordered π-stacks, polymer chains are in a parallel-displaced (PD) configuration, 

which means instead of being cofacial, atomic positions in neighboring chains have offsets along 

the long axis.  The preference of PD over sandwich (S) configuration in π-π stacking is already 

seen in the benzene dimer, and its origin has undergone careful theoretical studies with high-level 

calculations.
24

  Figure 2b shows our optimized result of a parallel-displaced T8 2-stack, 

confirmed to be the most stable configuration.  However, our calculations also find a stable 

curved configuration of the 2-stack as shown in Figure 2c that is only 0.065 eV (1.5 kcal/mol) 

higher in energy than the PD configuration.  The curved stack results from a geometry 

optimization that uses the planar sandwich configuration as the starting point.  Low barrier 

backbone torsions allow the chains to curve up without much energy penalty.  The tendency to 

remain π-stacked, on the other hand, forces both chains to curve in a similar pattern so that they 

remain close to be parallel.  For convenience of following discussions, we have defined the back 

and front of a curve stack as shown in Figure 2c. 
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Figure 2.  (a) all-trans octathiophene (T8);  (b) Parallel-displaced configuration of T8 2-stack;  

(c) curved configuration of T8 2-stack. 

Table 1.  Comparison of backbone torsion angles in the PD and curved 2-stacks.  The angles are 

listed by their deviation from 180° (or -180°), in the order from left to right that matches their 

positions shown in Figure 2. 

PD top 8.7 -7.0 6.4 -6.5 5.9 -6.1 4.0 

 bottom 4.0 -6.1 5.9 -6.5 6.4 -7.0 8.7 

Curved back -25.2 29.9 -37.9 41.7 -37.9 29.9 -25.2 

 front -13.3 20.0 -28.2 33.4 -28.2 20.0 -13.3 

 

The bond lengths and bond angles are almost identical between the PD and curved stacks.  

Their structural difference originates from the backbone torsion.  We list all the backbone torsion 

angles in Table 1.  Not surprisingly, the two chains in the PD stack are identical.  All their 
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9

torsions deviate from 180° (or equivalently -180°) only slightly by less than 9°.  Deviations in 

both chains have matching signs and nearly constant magnitude, keeping the chains linear and 

parallel.   Torsions in the curved stack have at least three differences.  Firstly, they have larger 

deviations, though they are still small enough – all less than 45° -- to keep the energy low.  

Secondly, the deviation magnitude in each chain increases from the ends to the center, effectively 

creating the curvature.  Thirdly, the same torsion always deviates more in the back chain than in 

the front chain, but the sign remains the same.  Therefore, while the two chains manage to be 

parallel-like, they do not have identical curvatures.  These features can also be seen in Figure 3, 

where the middle three torsions in the curved 2-stack are highlighted. 

 

Figure 3. Close examination of the middle three torsions in the curved 2-stack. 

To understand how the strong π-stacking ability might be responsible for the curvature, we 

compare the highest occupied molecular orbital (HOMO) plots of the PD, curved and sandwich 

configurations in Figure 4.  The geometry of the sandwich configuration is constructed without 

further optimization by shifting the optimized PD configuration so that conjugated rings become 

cofacial.  The PD preference in π-π interaction is often analyzed in terms of energies. 
24

 But 

chemical insights and intuitions have also been gained from orbital analysis
25

, i.e. how orbitals 

from individual chains interact and form delocalized orbitals of the stack.   Such interactions 
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strongly depend on the lateral displacement and can have strong effects on the electronic 

coupling parameter in charge transport
26

.  Similar to what has been shown before,
25

 the symmetry 

of individual oligothiophene HOMO is such that, when two T8 chains are placed cofacially as in 

the sandwich configuration, phase mismatch causes a nodal plane in the dimer HOMO, which is 

the antibonding combination of T8 HOMO.  Lateral displacement in the PD configuration, 

however, shifts individual HOMOs from being out of phase to be in phase, thus decreases the 

antibonding character of the dimer HOMO.  Though the corresponding bonding combination is 

also weakened by the displacement, previous analysis
25

 has shown that the net result is actually 

an increase of overall bonding, which explains why the PD configuration is more stable than the 

sandwich configuration.  If we turn our attention to the curved configuration, we see a similar 

phase shifting that removes the nodal plane in the dimer HOMO.  That is to say, by using slight 

backbone torsions that cost little energy, the curved stack creates lateral displacements in 

opposite directions and becomes stable because of the strong π-stacking preference.  In fact, the 

curved stack may be effectively viewed as two smaller PD stacks placed against each other at 

some angle.    It is thus understandable why the curved configuration is stable while the sandwich 

configuration is not.    
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Figure 4.  The highest occupied molecular orbital (HOMO) plot for the sandwich (top), parallel-

displaced (center), and curved (bottom) configurations of the 2-stack.  The isosurface value is 

0.001  (Plots are made with IQmol.) 

Curved stacks of larger sizes 

We have extended our calculations to 3, 4 and 5-stacks and found stable curved configurations 

in all of them.  In Table 2 we list energies of the curved stacks relative to the optimized PD stack 

of the same size.  While the total energy difference (Eup) increases with the stack size, the energy 

difference per pair of neighboring chains -- there are n-1 such pairs, -- only varies slightly. 

 

Table 2.  Energy differences between optimized PD and curved configurations in T8 stacks.  Eup 

is the relative energy of the curved configuration to the PD configuration of the same size. 

Stack size 2 3 4 5 

Eup (eV) 0.065 0.142 0.213 0.292 

Eup/(n-1) (eV) 0.065 0.071 0.071 0.073 
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Figure 5.  The absolute deviation from 180° for every backbone torsion angle in the curved 2-, 3-

, 4- and 5-stacks.  Chains are numbered from the back to the front of a stack.  Within a chain, 

torsion angles are numbered from end to end as 1 to 7, which is used as the x coordinate.  (Plots 

are made with gnuplot.) 

We next examine the torsion angles in curved stacks by comparing their absolute deviations 

from 180°.   As shown in Figure 5, there is a general trend of decreasing deviation from the back 

to the front of the stack.  Such a trend is very clear in the 2- and 3-stacks.  For 4- and 5-stacks, 

the increased system size makes geometry optimization more difficult; hence the torsion angle 

differences have some variations, especially for torsions near chain ends.  However, the same 

trend of increasing planarity for chains on the front is still true.   

Charge distribution in cation curved stacks 

Because the cation energy depends strongly on the torsion angles, the fact that chains in a 

curved stack become increasingly planar from back to front suggests that there is an energy 
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gradient for charge distribution when a hole is created in the curved stack, a point that we will 

probe in this subsection.  We performed single point cation calculations of every curved and PD 

stack.  That is to say, a hole is injected into each optimized neutral stack structure without 

relaxing the geometry.  In Table 3 we compare charge distributions in curved and PD stacks 

using the Mulliken charge population of each chain.  For curved stacks, the order is from back to 

front as defined in Figure 2c.  PD stacks are ordered correspondingly.  For stacks of more than 2 

chains, there is a difference between surface and bulk chains.  The former are exposed to vacuum 

and the latter are sandwiched by other chains.  Charges will be more stabilized in bulk due to 

additional polarization.  Such preference is clearly seen in the 3-stacks, where more than 75% of 

the charge is on the bulk chain in both curved and PD stacks.  To isolate the effect solely due to 

molecular structures, we should compare chains positioned similarly in the stack.   Therefore, in 

the 2-stack where both chains are on surface, the front chain in the curved stack takes 66% of the 

charge population, as compared to 50% in a PD configuration.  In the 4- and 5-stacks, where 

there are 2 and 3 bulk chains, respectively, a clear preference for the charge to be on the front 

side is also observed in curved stacks.  This difference between curved and PD stacks is further 

illustrated in Figure 6 using the electron density difference between the cation and the ground 

state of the curved 4-statck.   

Table 3.  Charge distributions (in percentages) of each chain in different cation stacks.  The 

total charge is +1 in every stack.  Numbers from left to right, separated by a dash, are ordered by 

the chain’s position from back to front in the curved stack. 

Stack size Curved Parallel Displaced 

2 34 - 66 50 - 50 

3 13 - 76 - 11 12 - 77 - 11 
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4 3 - 9 - 82 - 6 5 - 45 - 45 - 5 

5 3 - 4 - 30 - 50 - 13 4 - 20 - 44 - 26 - 5 

  

 

 

 

Figure 6. Isosurface plot (0.0005 bohr
-3

) of the density differences between the cation and the 

ground state of the curved (left) and PD (right) 4-stacks.  Red (blue) indicates where the cation 

has less (more) electron density than the ground state.  (Plots are made with Jmol.) 

To demonstrate that the biased charge distribution in curved stacks results from the potential 

landscape created by the increased backbone planarity, we extract the single chain structures 

from the curved 5-stack and use them to calculate T8 cation energies.   We find the cation in the 

back chain has the highest energy.  Cations in the other chains, from back to front in order, are 

lower in energy by 0.08, 0.10, 0.13, and 0.17 eV, respectively.  We note that this driving force is 

from pure conformational difference of consecutive chains in a curved stack.  While charge 
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delocalization and polarization in real materials may alter the energy gradient, they will not 

change the tilted potential landscape. 

Discussion 

On the neglect of polarons  

The biased charge distribution in cation curved stacks is not the same as charge localization.  

The cations are calculated self-consistently, and therefore include electronic relaxations due to 

the creation of a hole.  How electron relaxes depends on the molecular structure, and the 

preference of charge distribution is the result of existing torsion angles difference in curved 

stacks.  PD stacks have no such difference and so present no bias for charge distribution.  

Electronic relaxation is the fast component of polarization.  In a slower timescale, charges in 

conjugated polymers also cause molecular geometry relaxation that become the self-trapping 

polarons.
27

 Such traps will form regardless of the stacking motif.  For instance, when we relax 

the geometry of the PD cation 4-stack, the charge becomes localized on one of the bulk chains, 

and bond lengths in this chain become different.  Polaron localization by itself does not provide 

any bias for the charge to move in certain directions.  That is, the charge has an equal chance to 

form a polaron on the other bulk chain in the PD 4-stack.  Geometry relaxation in cation curved 

stacks also leads to charge localization.  But the inherent bias in curved stacks makes polarons 

prefer to be on the front.  

Another reason for not considering polaron effects is that charge generation at the donor-

acceptor interface is an ultrafast
28

 and temperature independent
29

 process, suggesting charges are 

not localized.  Curved stacks have a structure close to that of PD stacks, and therefore can 

support band-like charge mobility.  In fact, HOMOs in neutral curved statcks are completely 

delocalized.  Even the charge distribution in the cation 5-stack also shows significant 
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delocalization between the two bulk chains on the same side.  The gradual increase of planarity 

of a curved stack suggests it can smoothly transition into the crystalline domain. 

On the effects of side chains 

We have ignored side chains to save computational cost.  In real polymer materials, side chains 

are necessary for solubility and they can have strong effects on polymer conformations.
30

 

Including side chains in our calculations, however, is unlikely to qualitatively alter our 

conclusions.  Steric hindrance of side chains makes the parallel displaced stack more stable over 

the sandwich one,
31

  which is favorable for the curved stacks because they also have the parallel 

displaced configuration.  Moreover, the origin of the inherent driving force comes from the 

difference in energy dependence on backbone torsions between neutral and charged polymers.  

Side chains are not expected to affect this difference. 

On the significance in bulk heterojunctions 

The curved stacks have a curvature to spatially accommodate a fullerene molecule, which 

makes the curved stacks favorable at the interface or mixed region with acceptor materials. To 

demonstrate this point, we performed geometry optimization for the system of T8 2-stack/C60 and 

the resulted structure is shown on left side of Figure 7.  The oligomer chains are clearly curved 

in this structure, and the middle panel demonstrates conformation difference between the two 

chains.  We believe that in the presence of C60, the curved stacks will naturally form.  In fact, 

when we put a single T8 chain next to C60, geometry optimization leads to a curved T8 chain, 

which can serve as the seed for a curved stack.  It is then interesting to note that the fullerene sits 

on the back of the curved stack, while the bias is for the charge to go to the front because the 

front chain has smaller torsion deviations.  Calculations on extracted single chain structures from 

the 2-stack/C60 show the cation energy is 0.11 eV lower in the front chain.  This inherent bias in 
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curved stacks thus serves as a driving force for charge separation.  A system of two chains and 

one acceptor molecule is of course too small to study charge separation.  But one can imagine an 

interface structure as sketched on the right side of Figure 7, where a stack of polymer chains 

with decreasing curvature carries the hole away from the interface and smoothly into the 

crystalline domain.  We are doing quantum calculations of larger model systems so as to quantify 

the energy gradient effects.  A model with multiple donors and acceptors will also allow us to 

find out whether the interface CT states are delocalized and weakly bound, another factor 

contributing to efficient charge separation.
3
 

 

Figure 7.  Left: optimized structure of 2-T8/C60. Center: Absolute torsion deviation from 180° 

in the chain that is closer to (red diamonds) and away from (green squares) the fullerene. Right: 

proposed interface structure that supports high efficiency charge separation. 

We have focused on one mechanism for efficient charge separation in this work, and that is the 

coexistence of driving force and high local charge mobility.  Specifically, we have provided a 

molecular basis of such coexistence.  Our work does not exclude other mechanisms, including 

the role of electrostatics
9
 and long-rang exciton dissociation.

8
 All these effects probably have to 

work together in complex systems like OPV.  While our calculations have the apparent limitation 

of system size, they provide detailed molecular level understanding that cannot be gained in other 

ways.  Therefore our work should be viewed as the part of the smallest scale in a multiscale 

approach, and our results can be used as building blocks for other simulations.
7,10
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Conclusion 

DFT calculations have revealed a stacking motif for polythiophenes different from the most 

common parallel-displaced π-π stacking.  Low-barrier backbone torsions and polythiophene’s 

strong π stacking ability lead to stable curved stacks.  Our calculations further demonstrate that 

curved stacks possess properties that satisfy certain requirements for efficient charge separation 

in organic photovoltaics.  Their structures are sufficiently ordered to support high charge 

mobility.  At the same time, gradual increasing of the backbone planarity in consecutive chains 

provides an energy gradient for charges to move in a certain direction, one that is further shown 

to be away from the interface between curved stacks and fullerenes.  Curved stacks, therefore, 

may well be an important polymer microstructure in the donor/acceptor mixed region of high-

performing bulk heteorojunction OPV systems, where structural information has been difficult to 

obtain. 
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