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Abstract 

The non-covalent interactions of neutral π-conjugated cores, pertinent to organic semiconductor 

materials, are intimately related to their charge transport properties and involve a subtle interplay of 

dispersion, Pauli repulsion and electrostatic contributions. Realising structural arrangements that are 

both energetically preferred and sufficiently conductive is a challenge. We tackle this problem by 

means of charge penetration contribution to the interaction energy, boosted in systems containing 

large heteroatoms (e.g., sulphur, selenium, phosphorus, silicon and arsenic). We find that in both 

the model and ‘realistic’ dimers of such heteroatom-containing cores dispersion is balanced out by 

the exchange and interaction energy is instead governed by substantial charge penetration. These 

systems also feature stronger electronic couplings compared to the dispersion-driven dimers of 

oligoacenes and/or the herringbone assemblies. Thus, charge penetration, enhanced in the π-

conjugated cores comprising larger heteroatoms, arises as an attractive strategy towards potentially 

more stable and efficient organic electronic materials.   
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Many monomers of interest for organic semiconductor applications are π-conjugated neutral 

compounds, thus their intermolecular interactions 1 - 4  involve appreciable Pauli repulsion and 

attractive London dispersion.5,6,7 Their charge transport properties depend on the strength of the 

electronic coupling between adjacent cores, which in turn has been shown to correlate with the 

exchange component of the total interaction energy.6,8 While the highest coupling is expected for 

perfectly cofacial π-stacked monomers, this packing is hardly ever realised in practice precisely 

because the destabilising exchange in this configuration is also maximum.6 Numerous strategies 

exist to impose the energetically less favoured but more transport-efficient packing through side 

chain engineering.9 Regarding the bare cores, Pauli repulsion can be overcome by harnessing 

attractive dispersion in, for example, increasingly large oligoacenes, 10  which also involve 

substantial charge penetration.5 The latter occurs when diffuse electron clouds of the interacting 

entities overlap (interpenetrate) and the nuclei of one molecule (or fragment) become less shielded 

by its own electron density. As such, they experience Coulombic attraction towards the electron 

density of the other interacting species. Due to quantum nature of the electron, this electron-nuclei 

attraction is stronger than the electron-electron and nuclei-nuclei repulsions. At relatively large 

interaction distances this effect is virtually non-existent and electrostatic interaction is due to 

attraction or repulsion between their permanent multipoles, quantified by the multipolar expansion, 

i.e. the classical Stone’s distributed multipole analysis (DMA).11 However, at a sufficiently short 

range the classical multipole picture breaks down since electrostatics becomes dominated by 

stabilising charge penetration, independent on the polarity of interacting multipoles. 

Charge penetration might seem subtle at first, yet, as illustrated by Sherrill and co-workers,12 it 

is responsible for surprising electrostatic stabilisation of the substituted benzene dimers independent 

on the electronic nature of substituents. The crucial role of charge penetration has been 

demonstrated in the energetics of the benzene•••H2 complexes,13 dimers of polycyclic aromatic 

hydrocarbons14 and nucleobase pairs15,16 and isomerisation of paracyclophanes,17 and prompts the 

development of new schemes incorporating it into the modern classical force fields.18 This raises a 

question of whether the charge penetration is or can be made sufficiently large to dominate the non-

covalent interactions of organic semiconductors and ultimately promote the assemblies with 

improved charge transport characteristics. 

Both the charge penetration and the exchange depend on the extent of overlap between the total 

electron densities (all occupied orbitals) of the interacting species,6,19 while the electronic coupling 

is generally approximated from the relevant frontier orbitals, e.g. the highest occupied molecular 

orbitals (HOMOs) for hole transport.20-22 Dependence of charge penetration on the overlap between 



This document is the Accepted Manuscript version of a Published Work that appeared in final form 
in the Journal of Physical Chemistry Letters, copyright © American Chemical Society after peer 
review and technical editing by the publisher. To access the final edited and published work see 
https://pubs.acs.org/doi/abs/10.1021/acs.jpclett.6b02585. 

	 4 

electron densities suggests it should also be sensitive to the nature of atomic species, constituting 

the molecule. In this regard, many π-conjugated cores, found in organic semiconductor crystals, 

contain sulphur, nitrogen and other heteroatoms.23-25 The impact of heteroatom identity on the 

geometric and electronic structure of these cores is well appreciated.26 Beyond the monomer, 

heteroatoms affect the intermolecular interaction energies, molecular packing and charge 

mobility.27-33 For instance, the interaction energies in the dimers of nitrogen-containing heterocycles 

are different from the all-carbon analogues and depend on the position of the heteroatom(s). This is 

attributed to the contracted electronic density of nitrogen compared to carbon and results in reduced 

(in magnitude) exchange and weaker electronic coupling.6,34,35  

In the present work we explore how the stability of systems, relevant to the field of organic 

semiconductors, can be promoted by means of charge penetration and without sacrificing their 

charge transport characteristics. In this respect, we investigate a range of π-conjugated cores 

containing carbon, silicon, pnictogens and chalcogens from the 2-4 periods of the periodic table 

(Chart 1A). Syntheses, structures and charge transport properties for many of these or similar 

systems have been reported in the literature.23,32,36-40 Geometries of isolated monomer cores were 

optimised at the PBE0/def2-SVP level and their dimers were constructed from optimised monomers 

by translating one cofacial coplanar monomer with respect to another along the perpendicular and 

longitudinal axes, as shown in Chart 1B. For several cores, representative ‘realistic’ dimers were 

taken from reported crystal structures (see Ref. 5 in the Supporting Information). For each dimer 

geometry, the total interaction energy was evaluated using the method, considered a bronze 

standard for non-covalent interactions,41 – the zeroth-order symmetry-adapted perturbation theory 

(SAPT0) with jun-cc-pVDZ basis,42 which allows decomposing the total interaction energy Etot into 

the exchange Eexch, electrostatic Eelst, dispersion Edisp and induction Eind components. The distributed 

multipole analyses (DMA)11 computations were performed at the HF/6-311G** level. Charge 

penetration ECPen was evaluated as the difference between Eelst and the DMA electrostatic term 

EDMA. Finally, the electronic couplings were computed at the PBE0-dDsC43/DZP level of theory 

using ADF2014.44-46 For clarity, throughout the manuscript we only discuss the electronic couplings 

for hole transfer, V+; however, for pnictogen-containing materials the n-type transport is also 

relevant, thus we have verified the established trends for the electronic couplings for electron 

transfer, V–, in their dimers (see Figure S5C and D in the Supporting Information). In all 

computations, appropriate corrections were employed to account for relativistic effects in Se and 

As. A detailed description of these procedures is given in the Supporting Information.  
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Chart 1. (A) Investigated π-conjugated cores containing heteroatoms, as well as their common chemical 

names and abbreviations, used throughout this work. (B) Schematic representation of the dimer construction: 

interplanar separation d and longitudinal shift l varied with a 0.25Å step size.  

What are the relationships between the exchange, charge penetration and the electronic 

coupling? Figure 1 shows how the electronic coupling (A) and interaction energy terms (B) change 

with the longitudinal shift (at fixed interplanar distance of 3.50Å) in two representative systems, 

anthracene (antC) and pentathienoacene (PTA). The electronic coupling, V+, of both systems 

displays an oscillating behaviour with distinct extrema, corresponding to dimer geometries that lead 

to the most and the least effective frontier orbital overlaps between the monomers. In antC and PTA 

dimers (shown here, and other studied systems, for which the results are given in the Supporting 

Information), the induction component of the interaction energy is rather small (approx. 3% of the 

total energy in absolute terms); dispersion is the main stabilising interaction (~45-50%), decaying 

monotonously with increasing long-axis shift. The exchange is the main repulsive interaction (~33-

38%) and in both systems it decays with increasing shift in oscillatory fashion that is much more 

pronounced in PTA. Charge penetration is stabilising and is larger in absolute terms (ca. 15-18%) 

than the classical electrostatics (DMA, ~0-6%) in both antC and PTA, and, similarly to the 

exchange term, its oscillating behaviour is significantly amplified in PTA compared to antC. This is 

due to the fact that both energetic terms arise from the interactions between the total electron 
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densities of two monomers. The electron density is rather uniform in anthracene, but has a distinct 

structure in PTA (Figure 1A). Furthermore, x-axis positions (values of the longitudinal shift) of the 

minima and maxima of V+ do not match those of the exchange and charge penetration (and 

ultimately the total interaction energy) exactly. The reason is precisely the fact that the electronic 

coupling depends on the overlap of only the frontier orbitals, while the aforementioned interactions 

are due to the overlap of all occupied orbitals of the monomers. We also note that the exchange and 

charge penetration increase with increasing system size and in particular the increasing number of 

heavier heteroatoms in it (Figure 1C). Behaviour of the electronic coupling is more complex since it 

depends on the symmetry and spatial localisation of the frontier orbitals, distinctly different in the 

four considered cores (see Figure S2 and discussion in the Supporting Information), rather than the 

sum of all occupied orbitals. 
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Figure 1. Computed electronic couplings (A), total interaction energies and their components (B) for antC 

(left) and PTA (right) dimers with fixed intermonomer distance d = 3.50Å and varying longitudinal shift l (x-

axis). Also shown are plots of the monomer’s highest occupied molecular orbital (HOMO, isovalue = 0.02) 

and the total electron density, projected onto a cut plane at 1Å distance from molecular plane (10–5 to 1.0 

range, logarithmic scale). (C) Computed electronic couplings, exchange and charge penetration contributions 

to the total interaction energies for identical dimers (d = 4.00Å, l = 1.00Å for ETTDM-TTF and 0.00Å for 

other dimers) of four sulphur-containing monomers. Electronic couplings are computed at the PBE0-

dDsC/DZP level, interaction energies – at SAPT0/jun-cc-pVDZ level and DMA – at the HF/6-311G** level, 

orbital and density plots – at the PBE0/def2-SVP of theory. 

How does the type of heteroatom influence the charge penetration? Results in Figure 2A 

demonstrate that for the perfectly cofacial geometrically identical dimers (d = 3.50Å and l = 0.00Å) 

of several tricyclic π-conjugated heteroaromatic cores their ordering in terms of the magnitude of 

V+, Eexch and ECPen follows several trends. These trends arise from the properties of the heteroatoms, 

included in these otherwise fairly similar cores. We find that the electronic coupling, exchange and 

charge penetration increase down the group in the periodic table: from carbon to silicon in group 

14, N<P<As for pnictogens and O<S<Se for chalcogens. These relationships persist for increasing 

interplanar separation (Figure S3A in the Supporting Information) and are recognisably the trends 

of increasing atomic47 and van der Waals (vdW)48 radii of these elements.  
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Figure 2. (A) Computed electronic couplings, exchange and charge penetration contributions to the total 

interaction energies for the dimers of eight tricyclic cores in identical geometries (d = 3.50Å and l = 0.00Å) 

for each core depending on the location of the corresponding heteroatom in the periodic table (group and 

period). (B) Correlations between computed charge penetration contributions in identical dimers and atomic 

van der Waals radii48 (trendline of an exponential fit). (C) Correlations between computed charge penetration 

contributions in the local minima dimers of all studied cores (acenes are shown in dark grey, heteroatomic 

cores – in light grey) and their monomer scores (trendline of a linear fit). Electronic couplings are computed 

at the PBE0-dDsC/DZP level, interaction energies – at SAPT0 level with aug-cc-pVDZ (antAs and antiBDS) 

and jun-cc-pVDZ (other cores) basis sets, DMA – at the HF/6-311G** (ECP28MDF for heavy atoms) level 

of theory.  
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Overall, we find significant correlations between the amount of charge penetration in these 

similarly sized cores and the radii of their corresponding heteroatoms (Figure 2B, see also Table S2 

and Figure S3B in the Supporting Information). However, our analysis so far has been limited to 

cores that essentially differ only in two heteroatoms, and dimers having identical geometries. In 

order to encompass cores of more dissimilar sizes and atomic compositions, a simple score function 

can be employed: 

𝑆𝑐𝑜𝑟𝑒 = 𝑛!𝑍!!           Eq. 1 

where ni is the quantity of non-hydrogen atoms i (carbon, sulphur, nitrogen, etc.) in the molecule 

and Zi is the atomic number of atom i. Figure 2C illustrates the correlation between this parameter 

for all cores in Chart 1 and, additionally, several acenes (benzene to hexacene),10 and the extent of 

charge penetration in their local minima dimers. The latter are defined as minima on the computed 

potential energy surfaces in the ranges of 2.50-5.00Å for intermonomer distance d and 0.00-5.00Å 

for longitudinal shift l (fixed zero transversal shift and pitch, yaw and roll angles, see also Table S3 

in the Supporting Information). Obviously, systems, investigated in this work, are largely limited to 

flat π-conjugated cores (with the exception of ETTDM-TTF) and are assembled into co-parallel 

dimers, thus additional (most likely, geometric) factors would be necessary to predict the extent of 

charge penetration in more diverse systems. Nonetheless, our results unambiguously demonstrate 

that cores, containing larger atoms, benefit from greater overlap of electronic clouds at short 

interaction distances and, correspondingly, their dimers experience greater stabilisation from charge 

penetration. 

What is the contribution of charge penetration to the total interaction energy? In absolute 

terms, charge penetration is smaller (15-20%) than the exchange and dispersion (approx. 35-45% 

each, see representative examples in Figure 1, as well as Figure S4 in the Supporting Information). 

In order to elucidate the role that charge penetration plays in the interactions between the π-

conjugated heteroaromatic cores, we have examined the interaction energies for the local minima 

dimers of representative heteroatom-containing monomers (Chart 1). We have also included the 

oligoacene cores, recently studied using a very similar computational approach by Brédas et al.10 

Using the contributions from SAPT0 energy decomposition, we represent the total interaction 

energy as: 

𝐸!"! = 𝐸!"#$ + 𝐸!"!!!"#$ = 𝐸!"#$ + 𝐸!"# + (𝐸!"#! + 𝐸!"#$ + 𝐸!"#)   Eq. 2 
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Results in Figure 3 reveal several trends in the behaviour of total interaction energies, their 

components and the electronic couplings in the local minima dimers of various cores, which on this 

basis can be organised as follows: 

(A) oligoacene cores;  

(B) anthracene-like cores containing C, Si and pnictogens; 

(C) chalcogen-containing benzodiheterophene and pentaheteroacene cores. 

 

 

Figure 3. Computed interaction energy terms (as defined in Eq. 2) and the electronic couplings (A), as well 

as the non-electrostatic energy contributions (sans induction, B) for the local minima dimers of heteroatomic 

cores (see abbreviations in Chart 1A) in this work and oligoacenes from Ref. 10 (Bz – benzene, Ant – 

anthracene, Naph – naphthalene, 4A – tetracene, 5A – pentacene, 6A – hexacene, SAPT0/jun-cc-pVDZ 

method, see Table S3 in the Supporting Information for details). Electronic couplings are computed at the 
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PBE0-dDsC/DZP level, interaction energies – at SAPT0/aug-cc-pVDZ level and DMA – at the HF/6-

311G** (ECP28MDF for heavy atoms) level of theory. 

In all classes, charge penetration is the main stabilising contribution to Eelst. In systems, 

composed of more compact atoms (oligoacenes, antN, antiBDF), electrostatic contribution is 

smaller or roughly equal to the non-electrostatic contribution, which is driven by dispersion. Such 

systems lack appreciable direct overlap of their electronic clouds and thus comprise only moderate 

Eexch, ECPen and V+. Notably, the electronic coupling in oligoacenes gradually declines with an 

increasing size of the conjugated system (from naphthalene to higher acenes) due to decreasing 

energy difference between the HOMO-1 and HOMO and increasing in-plane delocalisation of the 

frontier electronic density.49 As we move to cores containing larger heteroatoms in increasing 

quantities (antP, antAs and antSi in class B, antiBDT, antiBDS and pentaheteroacenes in class C), 

the exchange interaction in their dimers intensifies and balances the dispersion out. As a result, their 

Etot is essentially governed by ECPen. Furthermore, large ECPen and Eexch in these systems are 

symptomatic of strong electronic coupling, which, however, can be impeded by unfavourable long-

axis shifts between the monomers in a dimer (e.g., low V+ in antiBDT compared to antiBDF in class 

C, for details see Table S3 and Figure S5A and B of the Supporting Information).  

Is charge penetration relevant to realistic systems? Since our primary aim is to investigate 

how including heteroatoms in π-conjugated monomers affects the extent of charge penetration 

between them, we have employed a simple co-parallel cofacial dimer model and only varied two 

structural parameters (d and l in Chart 1B). However, in practice organic semiconductor crystals are 

rarely, if ever, composed of such ‘well-behaved’ dimer units. Instead, they feature a variety of 

architectures (brickwork, herringbone, discotic, etc.),23 involve complex many-body interactions50-52 

that are not captured by SAPT0 analysis, and their charge transport properties are subject to 

energetic and structural disorder.53 Nonetheless, to obtain at least a crude idea of how relevant 

charge penetration is to the behaviour of bulk material, we have investigated interactions in the 

dimers, extracted from experimental crystal structures, reported in the literature for several of the 

cores, considered in this work (Figure 4).  
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Figure 4. Computed interaction energies and their components (defined in Eq. 2), as well as the electronic 

couplings for the dimer configurations, taken from X-ray crystal structures (see Ref. 5 and Table S4 in the 

Supporting Information for details). For each monomer (see abbreviations in Chart 1A), experimental crystal 

structure (studied dimers are in ball-and-stick representation) is shown in two projections. Electronic 

couplings are computed at the PBE0-dDsC/DZP level, interaction energies – at SAPT0/aug-cc-pVDZ level 

and DMA – at the HF/6-311G** (ECP28MDF for heavy atoms) level of theory. 

We find that when the cores are arranged in a herringbone manner (antiBDT, antC ant antiBDS), 

dispersion is the main driving force for stabilising their dimers, since in such geometries there is 

much less direct electron density overlap, i.e. less exchange and charge penetration, as well as lower 

electronic couplings. Within the antN crystal structure there exist co-parallel shifted dimers, 

however, the benefit from this arrangement for Eexch, ECPen and V+ is moderate due to the contracted 

electronic density of nitrogen. Only in the sulphur-rich cores (PTA and ETTDM-TTF) with 

appreciable π-stacking in their crystals the exchange and charge penetration are large enough to 

compete with dispersion. As expected, the electronic coupling in such dimers is also substantial. 

Importantly, as noted above, our analysis does omit a number of important bulk effects. To 

establish the relevance of the computed trends in Figure 4, they should be compared to 

experimentally measures properties (e.g., charge mobilities), however, the lack of data, measured 

under similar conditions, precludes such comparison. 

In summary, we show that charge penetration is the major stabilising component of 

electrostatic interactions in the dimers of π-conjugated monomers, containing various heteroatoms 

(N, P, As, O, S, Se, Si) and pertinent to organic electronics applications. Moreover, the larger the 
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heteroatoms, contained within a core, the greater (in absolute terms) are the charge penetration and 

the exchange contributions to the total interaction energy in its π-stacked dimer. Crucially, the 

exchange in these systems is considerable enough to balance the dispersion out and, at the same 

time, is indicative of potentially strong electronic coupling. In contrast, the non-covalent 

interactions in systems composed of compact C, O and N atoms (e.g., acenes and azaacenes)6,10 

and/or featuring the herringbone packing are driven by dispersion and afford only moderate 

electronic coupling, which decays with the increasing system size.49 Thus, instead of increasing the 

size (e.g. adding extra aromatic rings) of the π-system to yield the dispersion-driven aggregates, 

more stable and potentially more efficient organic semiconductor materials can be built from the 

charge penetration dominated assemblies, comprising larger heteroatoms in their cores.    
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