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The influence of nitrogen position on charge carrier mobility in 
enantiopure aza[6]helicene crystals 

Francesco Salerno,a,c Beth Rice,b,c Julia A. Schmidt,a Matthew J. Fuchter,a,c Jenny Nelson,b,c and Kim E. Jelfs*a,c 

The properties of an organic semiconductor are dependent on both the chemical structure of the molecule involved, and 

how it is arranged in the solid-state. It is challenging to extract the influence of each individual factor, as small changes in 

the molecular structure often dramatically change the crystal packing and hence solid-state structure. Here, we use 

calculations to explore the influence of the nitrogen position on the charge mobility of a chiral organic molecule when the 

crystal packing is kept constant. The transfer integrals for a series of enantiopure aza[6]helicene crystals sharing the same 

packing were analysed in order to identify the best supramolecular motifs to promote charge carrier mobility. The 

regioisomers considered differ only in the positioning of the nitrogen atom in the aromatic scaffold. The simulations showed 

that even this small change in the chemical structure has a strong effect on the charge transport in the crystal, leading to 

differences in charge mobility of up to one order of magnitude. Some aza[6]helicene isomers that were packed interlocked 

with each other showed high HOMO-HOMO integrals (up to 70 meV), whilst molecules arranged with translational symmetry 

generally afforded the highest LUMO-LUMO integrals (40 - 70 meV). As many of the results are not intuitively obvious, a 

computational approach provides additional insight into the design of new semiconducting organic materials. 

Introduction 

Organic molecules are finding increasing application as 

semiconductors in commercial electronic devices, from field-

effect transistors to light-emitting diodes. The first requirement 

for these molecules is the effective transport of charge carriers 

when the molecules are processed into thin films. In this regard, 

the influence of solid-state packing on charge mobility is well 

known, but difficult to predict.1,2 Charge mobility in small 

molecule-based electronic devices is generally improved by π-

stacking interactions between aromatic cores of neighbouring 

units. The relative arrangement of the molecules in the solid-

state is indeed a central aspect to consider. In turn, the 

supramolecular packing is influenced by the chemical structure 

of the single unit. These two intertwined aspects have been 

studied over the years, experimentally and theoretically, 

particularly for some typical classes of ‘flat’ molecules, such as 

pentacenes.3,4  

Molecules that have ‘twisted’ or ‘skewed’ aromatic scaffolds 

potentially can have more complex structure-property 

relationships than ‘flat’ molecules. Helicene molecules are 

ortho-fused polycyclic aromatic molecules that are particularly 

interesting because of the helical nature of the core, which is 

intrinsically chiral. A chiral molecule exists in opposite forms, 

called enantiomers, which have the same molecular properties 

but interact differently with other chiral objects. Chirality has 

recently proven to be useful in organic electronics and 

spintronics.5,6 Helicenes have always been a popular 

representative in chirality research for their helical shape and 

remarkable chiroptical properties, such as optical activity and 

circular dichroism.7 Helicenes have been studied for application 

in asymmetric catalysis, liquid crystals, chemosensors and as 

stereoselective charge transfer complexes.7–9 In the last decade, 

their use as organic semiconductors has been rather limited,10–

18   but is increasing and includes growing interest in extended 

twisted aromatic structures.19 

Potentially, chirality adds a further variable that can 

influence the properties of organic semiconductors. Ensembles 

made from different compositions of the two enantiomers can 

form a variety of solid-state packings and the implications for 

electronic devices can be considerable, as recently shown for 

helicene-based organic field effect transistors (OFETs).14 In 

another example involving an azaborahelicene,15 the authors 

observed a charge carrier inversion whereby the hole mobility 

was high in the enantiopure crystal and the electron mobility 

high in the racemic crystal. This was a result of completely 

different solid-state packing in the enantiopure and racemic 

materials. To design new helicenes to be employed efficiently in 

optoelectronic devices, one of the aspects to understand is the 

relationship between chemical structure, chiral composition14 

(i.e. proportion of each enantiomer present), molecular packing 

and charge mobility. 

So far, chemists have been guided mainly by their chemical 

‘intuition’ in the design of new helicenes with defined 

supramolecular assemblies, using molecular structure to drive 

the molecules towards desired arrangements via 

intermolecular interactions.20–23 However, the solid-state 

structure of aromatic organic molecules often depends on the 

interplay of weak van der Waals forces and thus the crystal 

packing can be hard to predict a priori, particularly beyond ‘flat’ 

arene molecules. In this regard, crystal structure prediction 

(CSP) of the solid-state packing of organic molecules can play a 

decisive role. CSP allows one to determine the most 

thermodynamically stable polymorphs given the chemical 

structure of the single molecule.24 CSP has been combined with 

the prediction of optoelectronic properties to develop energy-

structure-function (ESF) maps.25–27 These maps have been 

applied, for instance, to understand the impact of different 
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packing on the charge mobility of unknown azapentacene 

derivatives.26 The data confirmed that packings which 

maximized the π-π stacking interactions (sheet-like 

arrangements) also improved the charge transport and that 

these packings can be induced by C-H···N bonding. We have 

recently applied CSP to assist in the structure determination of 

1-aza[6]helicene thin films, and explain the observed 80-fold 

difference in charge mobility between enantiopure and racemic 

material.14 In a purely computational study, we explored the ESF 

map of the unsubstituted [6]carbohelicene using CSP.28 We 

found that adjacent translational chains and herringbone 

translational homochiral chains of [6]helicenes were 

particularly efficient to promote high electron and hole mobility 

respectively. Whilst this prior study allowed us to unravel the 

influence of helicene crystal packing alone on charge mobility 

(as we used the same molecule throughout), here we focus on 

the influence of the molecular structure – specifically the 

position of the nitrogen atom within the ring –  given the same 

crystal packing structure.  

One of the aspects that emerged from our previous CSP 

studies is that a particular enantiopure polymorph is lowest 

energy for [6]helicenes, including [6]carbohelicene and 1-

aza[6]helicene. A search of the Cambridge Structural Database 

(CSD)  showed that other  enantiopure aza[6]helicenes, namely 

2-aza[6]helicene29 and 6-aza[6]helicene30 (where a nitrogen 

substitutes the C-H vertex in position 2 and 6 respectively) were 

found to crystallize in the same P212121 space group, with 

identical packing features. Four molecules are contained in the 

unit cell. The crystal packing of 6-aza[6]helicene (CSD code 

PIHDOB) is shown in Figure 1. These observations support the 

assumption that the nitrogen position does not strongly 

influence the solid-state packing of the enantiopure [6]helicene 

crystal. However, the bulk optoelectronic properties should in 

principle vary depending on the different localization of the 

frontier orbitals, which are polarized by the electronegative 

nitrogen atom. 

In this work, we computationally study the effect of the 

nitrogen position on the transfer integrals and charge mobility 

for this specific helicene packing. We generate hypothetical 

packings of the low energy P212121 enantiopure aza[6]helicene 

polymorph with different nitrogen positions. For each of these 

cells, the closest helicene pairs were analysed in order to 

identify the supramolecular motifs that contribute the most and 

the least to high transfer integrals and charge mobility in the 

crystal. We have attempted to rationalise our data guided by 

the principle that higher transfer integrals between two 

molecules derives from higher overlap of the frontier orbitals 

(HOMO-HOMO or LUMO-LUMO, for hole or electron transfer). 

The correlation between integrals of specific motifs and charge 

mobility of the whole cell is not always intuitive and will be 

discussed on a case by case basis. We found that some dimer 

motifs are particularly sensitive to the nitrogen position and 

tend to favour electron over hole mobility or vice versa. This 

knowledge could be exploited in crystal engineering to develop 

helicene systems with improved charge transport. 

Methods 

General procedure. Eight regioisomers of monoaza[6]helicene 

were considered in this study, each one corresponding to the 

substitution of a C-H vertex with a nitrogen atom. For 

comparison, we also added two additional chemical structures, 

the carbo[6]helicene and the 1,16-diaza[6]helicene. A further 

level of complexity arises from the pseudo-C2 symmetry of the 

monoaza[6]helicenes. In a recent paper,31 the authors observed 

a certain degree of occupational disorder in the crystal structure 

of the enantiopure 1-aza[6]helicene due to the position of the 

nitrogen. Therefore, we included in our calculations the cases 

with ‘opposite’ occupancy, where every helicene in the cell is 

rotated by 180° around its pseudo-C2 symmetry axis (see Figure 

1). Therefore, 16 different crystalline cells of 

monoaza[6]helicene isomers were considered. The geometry of 

each [6]helicene was manually created starting from the 

structure of the 6-aza[6]helicene in the crystal structure 

PIHDOB. Each helicene was then relaxed in vacuum with the 

semi-empirical AM1 method32 followed by hybrid density-

functional theory (B3LYP33 with a 6-31G* basis set) with 

Gaussian09.34 These geometries were projected back onto the 

crystallographic positions of the unit cell by the space group 

symmetry operations and translated by the lattice units to form 

a 3 × 3 × 3 supercell. For all of the structures in this work, the 

same experimental unit cell parameters of PIHDOB (6-

aza[6]helicene) were used. The standard deviation of the cell 

lengths a, b and c for the isomers 1/2/6-aza for carbo[6]helicene 

in the CSD (codes: BAGLIH, BAGLED, PIHDOB and HEXHEL) are 

0.0552, 0.0745 and 0.1834 Å respectively (see Table S1 for the 

complete list of cell lengths and Figure S1 to visualise the 

similarity between the cells). Therefore, supercells obtained by 

parameters of these isomers were expected to give reasonably 

close results. 

Figure 1. Top: two views of the crystal packing of (M)-6-aza[6]helicene (CSD code: 

PIHDOB). Carbons are shown in grey, nitrogens in blue and hydrogens omitted. Bottom: 

numbering of the carbon positions in the helicene scaffold considering the non-

equivalence in the crystal cell after C2 rotation.  
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Transfer integrals. The transfer integral J (also known as 

hopping integral or electronic coupling) represents the 

interaction energy between two molecular units associated 

with the charge transfer. We calculated the transfer integrals 

between each molecule in the central unit cell and all the other 

molecules in the supercell, subject to a distance cut-off of 15 Å. 

The transfer integrals were obtained with hybrid DFT molecular 

pair calculations and the projective method, which involves 

projecting the orbitals of the pair onto a basis set defined by the 

unperturbed orbitals of the individual molecules.35 The Fock 

Matrix is rewritten in a new localised basis set using the orbital 

energies of the molecules pairs. The Fock matrix is then 

diagonalized to give the transfer integrals J. Molecular orbitals, 

energies and atomic orbital overlaps are obtained at the 

B3LYP/6-31G* level. 

Reorganization energy. The reorganization energy is generally 

given by the sum of two terms: the inner (λin) and the outer 

reorganization energy (λou).36 The former reflects the energy 

cost associated with the geometrical relaxation of the single 

molecule undergoing reduction/oxidation, while the latter 

takes into account the modification of the surrounding crystal 

lattice. In this work, the outer reorganization energy is 

estimated at 0.3 eV for all the aza[6]helicene isomers. The inner 

part was computed for each aza[6]helicene isomer geometry 

optimised in the gas-phase at the B3LYP/6-31G* level in the 

neutral and the charged states through the 4-point method.37 

The total reorganization energy always remains higher than the 

transfer integrals, so we can apply the Marcus equation in the 

hopping regime. 

Charge mobility prediction. Marcus theory is an established 

model of charge transport in organic small molecule 

semiconductors.3 In this framework, the charge carrier is 

localised on a single molecule and moves to one of its 

neighbours by a ‘hopping’ mechanism, influenced by any local 

variations in site energy and electric fields. The charge transfer 

rate between two molecules, from which mobility is obtained,  

is related to the electronic coupling between the orbitals 

participating in the charge-transfer event, or transfer integraI. 

In the approximation of frozen orbitals, the transfer integral is 

proportional to the overlap between the sole frontier orbitals 

of the two molecules, (HOMO or LUMO, respectively for hole 

and electron transfer). Larger charge-carrier mobilities are 

expected to result from large values of the transfer integral, but 

mobility is also affected by local variations in transfer integral, 

site energy and dimensionality. Here, the charge transfer rates 

between two units were calculated in the weak coupling limit (J 

<< λtot) under an electric field of 104 V cm-1 using the Marcus 

equation.14,38  The angular-dependent charge-carrier mobility 

was obtained through a master equation approach. Further 

details can be found in the SI. 

Results and Discussion 

Analysis of transfer integrals in typical packing motifs 

In our analysis, neighbouring helicene pairs that showed 

transfer integrals lower than 1 meV were discarded, as it is 

reasonable to assume they do not contribute significantly to the 

charge transport. The remaining pairs could be grouped into 5 

main packing motifs (shown in Figure 2): T-shape (back), 

Interlocked, T-shape (front), Translational, Back-to-back. In 

general, C-H···π interactions are more prevalent than π···π 

interactions. The shortest (~3 Å) and longest (~3.9 Å) C···C 

intermolecular distances are found for the interlocked and T-

shape (front) motifs, respectively. Every helicene in the cell is 

involved exactly twice in each of the five packing motifs. As the 

J values in each instance are similar, the data shown here refer 

to the average of the two values.   

Eighteen supercells were considered: sixteen mono-

aza[6]helicene regioisomers (the nitrogen position is indicated 

by numbers from 1 to 16 as in Figure 1 and referred to here 

onwards as x-aza), carbo[6]helicene and 1,16-diaza[6]helicene. 

It is important to stress that while the C2-related isomers (1-

aza/16-aza, 2-aza/15-aza and so on so forth) are of course 

chemically identical, in the packing considered here, the 

interaction between the single helicene units is not the same. 

The handedness is not modified by rotation around the pseudo 

C2 axis, so all the helicenes have the same chirality (M, left-

handed). For each regioisomer of the series, the HOMO-HOMO 

and LUMO-LUMO transfer integrals of the five motifs are shown 

in Figure 3. The results have also been plotted separately for 

each motif in Figure S9.  The highest transfer integrals were ~70 

meV, lower than the transfer integrals calculated for stacked 

pentacenes, triphenylenes and other flat molecules.39 On 

average, the energy of the transfer integrals is well below the 

total reorganization energy, which supports the use of a 

hopping model to describe the system. 

In this work, we assume that the intermolecular distances 

for a given packing motif remain relatively unchanged 

regardless of the isomer considered. This is equivalent to saying 

that the relaxed geometry of the aza[6]helicenes is fairly rigid 

across the isomers series (small variations in pitch lengths are 

shown in Figure S2). However, since the transfer integrals are 
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known to scale exponentially with the intermolecular 

distance,36 even small changes in the position of different 

isomers could in principle affect our analysis. To confirm 

whether allowing intermolecular changes would have 

significantly changed our results, we plotted the transfer 

integrals against the shortest intermolecular distances (C···C or 

C···N) of each interlocked pair, one of the most significant motifs 

for our analysis and the one with the highest variation in 

transfer integrals across systems. As we did not observe an 

exponential-like correlation (Figure S8), we consider the 

HOMO/LUMO distribution to play the dominant role in 

determining the charge transfer integrals. The intermolecular 

distance will be mentioned as a factor where applicable in the 

discussion of results. 

The charge transfer is now discussed separately for each 

dimer motif:  

Interlocked. With regard to the hole transfer (HOMO-HOMO J), 

the interlocked motif (blue dots in Figure 3) immediately stands 

out as having the highest values. The crystal 16-aza showed the 

highest value of all the isomers considered (70 meV), for 

transport along the b-axis. The high coupling of this motif also 

leads to a particularly anisotropic hole transport, as can be seen 

in the angular-dependent hole mobility plots for 16-aza in 

Figure 4. The second preferred direction in 16-aza is the a-axis, 

along which holes can be transferred ‘zig-zag’ only through pairs 

of interlocked pairs.  

The interlocked motif showed generally very high J values 

(55-70 meV) for the second half of the series from 11-aza to 16-

aza, whereas they are quite low in the first half (with the 

exception of 7-aza). This trend could be rationalised by 
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observing how the HOMOs of the single unit and the interlocked 

pairs are distributed for the different isomers (Figure S3).  

The isomers from 1-aza to 6-aza present a similar situation; 

normally, the HOMO is mainly localized far from the ring 

bearing the nitrogen since this acts as an electron withdrawing 

group, reducing the electron density on the ring. An anomaly 

was found in 7-aza where the HOMO distribution is almost 

inverted (i.e. it is localized close to the ring containing the 

nitrogen). The isomer 8-aza shows a HOMO rather evenly 

distributed over the whole helicene scaffold due to the position 

of the nitrogen close to the pseudo C2-axis of the molecule. The 

consequence is that in one case (for instance, 1-aza) the HOMOs 

of two interlocked helicenes are further apart, resulting in poor 

hole transfer (J ≈ 5 meV). Whereas, for the same isomer but 

opposite occupancy, 16-aza, the different nitrogen position 

allows a better HOMO-HOMO overlap and much higher transfer 

integral (J ≈ 70meV). The HOMO distribution of the interlocked 

pairs for 1-aza and 16-aza is shown in Figure 5, where the 

difference can be appreciated. The strong localisation of the 

HOMO in 1-aza might be explained by the asymmetric 

arrangement of the molecules. It is known in literature that 

polarisation effects can cause an uneven distribution of the 

MOs when the molecules are not arranged symmetrically.35,40 

In this case, 1-aza might experience a polarisation stronger than 

16-aza because of the proximity of the nitrogen atoms the 16-

aza pair (~5 vs. ~8 Å), leading to the greater degree of orbital 

asymmetry for 1-aza than 16-aza observed in Figure 5. 

In line with the interpretation discussed above, the hole 

transfer integral for the interlocked pair of carbo[6]helicene 

(entry C in Figure 3) is about four times higher than in the 1,16-

diaza[6]helicene. However, in this case, a visual inspection of 

the frontier orbitals does not provide further insight. 

Interestingly, the highest HOMO-HOMO integral of the cell of 

each isomer follows a similar trend to the transfer integrals of 

the interlocked helicene (see Figure S4a), supporting the 

importance of this motif in the crystal packing. 

According to the discussion above, LUMO-LUMO integrals 

were expected to be higher in the first half of the isomer series, 

mirroring the hole transfer integral behaviour. In fact, electron 

transfer in the interlocked pairs was the highest for the isomer 

1-aza (J ≈ 52 meV), followed by 1,16-diaza (J ≈ 40 meV), while 

the lowest values could be found from 11-aza to 16-aza (< 5 

meV). Even the best LUMO-LUMO transfer integrals found were 

always lower than the highest HOMO-HOMO values.  

 From our analysis, we might expect that the HOMO-HOMO 

(LUMO-LUMO) transfer integral increases (decreases) with the 

nitrogen-nitrogen distance. However, Figure S7 does not show 

a clear trend between these two quantities, suggesting that 

other factors play an important role as well. In general, 

interlocked helicenes seemed to be particularly sensitive to the 

position of the nitrogen and the effect of the occupancy, 

possibly a consequence of the shortest intermolecular contact 

distance in the cell.  It should also be highlighted that the 

interlocked motif is a quite common motif and present in the 

most thermodynamically stable polymorphs of [6]helicenes.28  

Translational. This motif showed the highest LUMO-LUMO 

integrals for almost every isomer (between 30 and 75 meV) and 

reasonable but lower values of HOMO-HOMO integrals (where 

1,16-diaza was the best with 36 meV). This pair configuration 

was already found to be promising for electron transport in 

enantiopure crystals of [6]helicene,28 and here we observe that 

this tendency seems not to be affected by the substitution of 

one or even two C-H vertex by nitrogen atoms. Furthermore, 

this motif lead to a very anisotropic charge transport with 

mobility of both charge carriers maximised along the a-axis due 

to the ‘translated’ arrangement of the helicenes (see Figure 4). 

For instance, 8-aza, which shows the most efficient electron 

transfer in this motif (more than 30 meV higher than the other 

motifs), also has the highest anisotropy factor (Table S2 in SI).  

T-shape (front). This arrangement of [6]helicene pairs has one 

of the lowest calculated J values  (< 10 meV) for hole transfer 

(together with the back-to-back motif), regardless of the isomer 

considered. The LUMO-LUMO values were also the worst of all 

the motifs studied here. This might be due to the long 

intermolecular distances of these pairs (the shortest C···C 

distance being ~3.9 Å) as well as poor frontier orbital overlap. 

The latter is indeed expected to decrease for a T-shaped 

interaction between aromatic systems, compared to face to 

face π-π stacking motifs.41,42 When optimising helicene organic 

semiconducting materials, it would be desirable to have 

helicene crystal packings that do not include this motif, if 

possible, if one wants to maximise charge carrier mobility in all 

dimensions. 

Back-to-back. This motif was one of the worst in terms of hole 

transfer integrals but showed the second-best values for 

electron transport. No clear trend related to the position of the 

nitrogen in the aromatic scaffold was observed. The shortest 

C···C distance in this motif is found to be ~3.4-3.6 Å, an 

intermediate case between the interlocked and T-shape(front) 

case. This shows again how, for a given arrangement and 

distance between two helicenes, transfer integrals for hole and 

electron can be very different because of the frontier orbitals’ 

spatial organisation.  

T-shape (back). Transfer integrals for this motif were found in 

the range between 10 and 30 meV for both charge carriers. 

Differences between opposite occupancy could be observed, 

however the effect here is much less pronounced than in the 

interlocked motif, probably due to the longer intermolecular 

distances. 

 

Overall, the substitution of a C-H vertex with a nitrogen 

atom (or even two) in the aromatic scaffold of the [6]helicene 

was not found to provide particular advantages in terms of 
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electron or hole transfers. For all the motifs, hole transfer was 

generally lower in the aza[6]helicenes than in the 

carbo[6]helicene. The only significant exception lies in the pair 

of interlocked helicenes, which can show improved transfer 

integrals (HOMO-HOMO or LUMO-LUMO) as long as the 

nitrogen occupancy is ‘correct’ - i.e. the nitrogen atoms of 

neighbouring helicenes are positioned on rings close or far from 

each other depending on the charge carrier. From an 

experimental viewpoint, these observations indicate that the 

device mobility could potentially be tuned by the occupational 

order in the crystal, that is the nitrogen position with respect to 

the pseudo-C2 axis of the hexahelicene. However, building 

crystal structures with a targeted occupancy pattern is 

currently, to the best of our knowledge, nearly impossible. 

Therefore, an average value between those of the two opposite 

occupancies would most likely be achieved.  

 

Charge mobility 

The transfer integrals calculated were applied in the Marcus 

equation to obtain the orientation-dependent charge mobility 

of holes and electrons in the supercells (as models of the 

corresponding single crystal) for all isomers. It is important to 

keep in mind that the absolute values of charge mobility depend 

on the total reorganization energy employed to describe the 

system. Therefore, we focused on analysis across the series of 

aza[6]helicene isomers. Since the reorganization energy acts as 

a scaling factor and we used a consistent method, we can 

analyse the comparison of the charge mobility values between 

the crystalline cells across the aza[6]helicene series. A 

comparison with experimental values is not possible due to the 

absence of literature data for these systems.  

In general, high transfer integrals do not imply necessarily 

good charge mobility, as the former is defined for a molecular 

pair and the latter depends on a preferential pathway across a 

complete unit cell of pair interactions. If J for a dimer is too high 

compared to the surrounding dimers, the charge can be 

kinetically trapped, not achieving the best possible transport. 

However, in this study, we found that the maximum transfer 

integrals correlate quite well with the maximum and average 

charge mobility (see Figures S5a and S5b). A relationship could 

be found between the HOMO-HOMO (LUMO-LUMO) transfer 

integrals of the interlocked (translational) and the average or 

maximum hole mobility (Figures S6c and S6d). This supported 

the central role of these two packing motifs for hole and 

electron transport respectively. 

The average hole mobility graph (Figure 6a) shows a 

comparable trend to that we explored above: a quite significant 

disparity between isomers from 1-aza to 7-aza and their C2-

related isomers from 10-aza to 16-aza (see Figure S5a and S5c 

to visualise more clearly). In the first half of the series, the 

calculated average hole mobility is lower than 0.05 cm2 V-1 s-1 

while in the second half it goes from 0.07 to 0.12 cm2 V-1 s-1. The 

only exceptions are, again, given by the pair 7-aza/10-aza, 

where the tendency is inverted, and the pair 8-aza/9-aza, where 

the values are very similar to each other. The average hole 

mobility of this crystal packing seems mainly driven by the 

efficiency of the hole transfer in the interlocked motif. This is 

important, as it helps to create rules for the chemical design of 

novel helicene structures with improved hole mobility.  

The trend in the hole mobility discussed so far did not apply 

for electron mobility. The results suggest the occupancy is not a 

critical factor, since C2-related isomers present similar values of 

average and maximum electron mobility (Figure S5b and S5d). 

The only exception is the 1-aza/16-aza pair, for which a 75% 

difference in the average electron mobility for 1-aza compared 

to 16-aza was found against a difference lower than 23% in the 

other opposite occupancy pairs (Figure S5d). 

The information shown so far were obtained in order to 

elucidate the relation between nitrogen substitution pattern 

and charge transport in enantiopure [6]helicenes crystals. To 

assist with the visualization of the data, we constructed polar 

plots, shown in Figure 7. The anisotropy here is calculated as the 

normalised standard deviation of the direction-dependent 

mobility values (i.e. divided by the maximum value). In the plots, 

the four characteristics (maximum mobility, average mobility, 

anisotropy and reorganization energy) are converted into a 

normalised fitness parameter spanning linearly from 0 (worst 
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value) to 1 (best value), assuming one tries to maximise the 

highest and average mobility and minimise anisotropy and 

reorganization energy. For applications as field-effect 

transistors, a low anisotropy is normally advisable to achieve 

more reproducible performances as controlling the orientation 

of the crystalline domains in thin film is challenging. All the 

calculated values can be found in the supporting information 

file (Table S2).  

At first sight, none of the candidate [6]helicenes analysed 

here seems to be endowed with all the best characteristics at 

the same time. The isomers showing high average and 

maximum mobility are also characterized by strong anisotropy. 

The preferred mobility directions are, almost invariably for any 

isomer, the a and b-axis, respectively for electron and hole 

transport (an important exception being 1,16-diaza where the 

a-axis is preferred for both carriers). One could in theory take 

advantage of this feature to achieve orthogonal ambipolar 

charge transport by orienting properly the crystal or thin film on 

the transistor substrate.   

For hole transport, average mobility seems to correlate only 

weakly with the reorganization energy, while these quantities 

correlate quite well for the electron transport. The effect of 

multiple nitrogen substitution on the reorganization energy has 

been previously studied in pentacene.43 λin was found to 

increase with the number of nitrogen substitutions. In our case, 

despite only a low degree of substitution being considered, the 

effect on the reorganization energy is not monotonic. The 

substitution of a single nitrogen atom increased the 

reorganization energy, regardless of the position, whilst two 

nitrogen atoms lead to the lowest value in the table for both 

hole and electron transfer. 1,16-diaza also showed the highest 

average electron mobility (0.158 cm2 V-1 s-1), although only 

slightly above the carbo[6]helicene, which would make it an 

interesting electron transport target material.  

Conclusions 

We have studied the relationship between the chemical 

structure of a series of aza[6]helicenes and the charge carrier 

mobility in a crystal cell. The packing chosen is one of the most 

thermodynamically stable for enantiopure [6]helicenes. The 

simulations showed that, for the same solid-state packing, the 

position of the nitrogen in the aromatic scaffold can be crucial 

in determining the semiconducting properties of the material. 

Moreover, through studying the transfer integrals, we were 

able to identify supramolecular motifs which are promising or 

have a central role in promoting high hole and electron 

transport, the interlocked and translational motifs respectively. 

For both motifs, transfer integrals can reach values as high as 70 

meV. This can cause a difference in the charge mobility between 

the best and the worst crystal cells of up to one order of 

magnitude. These results can hopefully contribute to the 

understanding of the semiconducting properties of helical 

organic molecules.  

While the trend in the interlocked hole transfer integrals can 

be explained partially by the visualization of the HOMO orbitals, 

the strong impact on the hole mobility could not be easily 

foreseen. From the experimental point of view, the synthesis 

and characterisation of several helicene derivatives would be an 

extremely demanding task. The much shorter time required for 

calculations allows one to obtain more detailed information on 

structure-property relationships in these systems, which is 

useful for the design of new helicene-based materials.  
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