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Abstract

Molecular materials are challenging to design as their packing arrangements, and

hence their properties, are subject to subtle variations in the interplay of soft intermolec-

ular interactions. Rational design of new molecular materials with tailored properties
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is currently hampered by the difficulty to predict how a candidate molecule will pack

in space and how to control the particular polymorph obtained experimentally. Here,

we develop a rapid screening approach to aid the material design process, which is

then applied to predict the charge-transfer properties of 1344 helicene compounds that

have potential as organic electronic materials. Our approach bridges the gap between

single-molecule design, molecular assembly, and the resulting charge-carrier mobilities.

We find that fluorination significantly improves electron transport in the molecular

material by over 200%, while side groups containing triple bonds largely lead to improved

transfer integrals. We validate our screening approach through the use of full crystal

structure prediction for the most promising compounds, to confirm the presence of

favourable packing motifs that maximise charge mobility.

1 Introduction

Organic molecular materials hold promise as low-cost organic semiconductors (OSCs) due

to their favourable magnetic, electrical, and optical properties. Development of OSCs offers

technologies with new functionality, including as flexible, ultra-thin displays, biodegradable

electronics, and energy-harvesting smart materials. OSC performance depends on the ease

with which charge-carriers can move across the π-stacked systems of the component molecules,

which is predominantly influenced by how they are arranged within the solid material,1,2 as

well as the energies of their frontier orbitals. The soft intermolecular interactions in molecular

materials typically give rise to many isolable solid forms, or polymorphs, within a small

energy window, the structures of which are difficult to predict from first principles. Changes

in molecular packing between different polymorphs can result in large variations in physical

properties.

Materials scientists are continually searching for organic semiconducting molecules with

solid forms that give rise to high charge-carrier mobilities and good processability.2,3 Previous

methods to screen small molecules for potential suitability as OSCs include data mining,4,5
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atomistic substitutions,6 and machine-learning approaches.7,8 For example, Kunkel et al.

screened the Cambridge Structural Database (CSD) to obtain statistically significant structure-

property relationships, with certain scaffolds (side groups) leading to consistently improved

charge-transport properties.4 Also, atomistic substitution leading to a modified polymorph

landscape, and thus changed charge-transport behaviour, has been experimentally investigated

by Sorli et al.6 From a computational perspective, Pulido et al. combined crystal structure

and property prediction to build energy-structure-function maps that describe the possible

polymorphs of a candidate molecule and their respective transport properties.9,10

Recently, crystal structure prediction (CSP) has found increasing use in the materials

community.11–14 First-principles CSP refers to the computational prediction of the likely

crystal structures of a molecule, starting from nothing more than the atom connectivity. The

most common strategy is a multidimensional search of the crystal-energy landscape for local

minima corresponding to different crystal structures.15,16 All tentative crystal structures are

then ranked by their lattice17 or free energy to determine the thermodynamically most stable

structures using classical force fields.18 The lowest-energy crystal structures can be re-ranked

more accurately, for example using periodic dispersion-corrected DFT calculations at 0 K.19,20

Finally, thermal free-energy corrections can be applied to the lowest-energy candidates.21,22

The relationship between molecular structure, crystal packing, low-frequency vibrations and

charge transport still poses many open questions and there would be significant value in

developing a framework to design these materials.23,24

We are particularly interested in chiral helicene molecules as potential OSCs. Helicenes

are axially fused benzene rings, as shown for [6]helicene in Figure 1a. Due to the chirality

present, a [6]helicene molecular crystal can either contain only one chiral form (enantiopure)

or molecules of both handedness (racemic). Small-molecule chirality can be used in organic

semiconductors to provide added opportunities from chiral composition-dependent changes

to bulk properties,25 chirality-driven crystallisation of racemic over enantiopure candidates,26

and the control of spin for usage in chiral-induced spin selectivity (CISS) filters.27 Helicenes
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Figure 1: (a) Structure of the M -[6]helicene backbone, which is mono- and symmetrically
di-substituted with different functional groups in all positions (1-16) during screening. (b)
The experimental crystal structure of [6]helicene (front view), with the circled translational
motif in the plane of the page. (c) The translational motif of the functionalised [6]helicene
(side view) for the particular case of monosubstitution in the 3-position.

have already been successfully tested for applications as chiroptical switches,28 in circularly

polarised (CP) OLEDs,29 in CP light photodetectors,30 and as transistor materials.31 This

suggests future usage of helicenes in a large range of potential applications. For example, in

OLED screen development, chiral materials have generated interest for use in the preparation

of CP-OLEDs. CP-OLEDs provide a means to address energy losses by commonly used

antiglare filters, which eliminate glare from external light sources (e.g. sunlight).25

Previously, we performed CSP studies to predict the carbo[6]helicene and aza[6]helicene

crystal-energy landscapes and found that the chirality of the crystal (enantiopure vs. racemic)

can drastically affect the corresponding charge-carrier mobilities.31,32 For carbo[6]helicene, we

structurally classified polymorphs into recurring packing motifs. A particular ‘translational

motif’ (Figure 1c) was found with the highest probability across the entire crystal-energy

landscape, being observed in 63% of the hypothetical low-energy polymorphs.32 Most recently,

Salerno et al. studied the effect of the nitrogen substitution position on charge transport

for the most commonly observed [6]helicene crystal structure (CSD code: HEXHEL, Figure

1b),33 and found that this same ‘translational motif’ gave rise to the highest electron-transfer

integrals across the majority of aza[6]helicene isomers.

While one may design a material that has promising properties, unless the thermodynamic
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viability and thus the synthetic route to the material has been considered, then it is unlikely

that the material will actually be obtained.34 Instead, one must screen thousands of potential

materials, considering their viability and then their properties.35 Thus, in the case of organic

semiconductors, if we wish to ‘design’ a molecule with a target property, we must consider

the solid-state packing. In practical terms, to include the effect of packing within a high-

throughput computational study, as we attempt to do here, it is essential to make some

approximations and consider a subset of possible structural degrees of freedom.

In this work, we leverage the ubiquity of the translational motif for helicene molecules to

screen for high charge mobility across∼1300 molecules. We focus on investigating the helicenes

as n-type semiconductors, examining their electron mobilities, because [6]helicenes tend to be

better electron-transporting than hole-transporting materials based on our computational

predictions.32 Since CSP is too computationally exhaustive to screen for large numbers of

new molecular materials, the computed transport across a translated-dimer model serves

as a proxy to predict charge transport in the solid material. Computational screening via

the simplified dimer model, based on one of the most common [6]helicene dimer motifs,

elucidates (i) a molecule’s tendency to adopt the chosen translational motif, (ii) its suitability

to maximize charge mobility, (iii) effects of substitution position for a given functional

group, and (iv) whether asymmetric or symmetric disubstitution is preferable. For the most

promising compounds, we perform a full CSP search and compute the electron mobilities for

the lowest energy polymorphs, validating our approach. The overarching goal of this research

is to uncover structure-property relationships to aid the design of new electronic materials

with tailored properties.
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2 Experimental Section

Compound Screening

Functional-group selection and dimer generation

The M -[6]helicene backbone was systematically monosubstituted in all 16 possible hydrogen

positions (1-16, as shown in Figure 1a), and disubstituted in all 8 possible symmetric

configurations (1,16-, 2,15-, 3,14-, 4,13-, 5,12-, 6,11-, 7,10-, and 8,9-disubstituted), to study

the effect of terminal functionalisation on electron transport. We selected a range of common

functional groups, such as halogens, alcohols, esters, ethers, carboxylic acids, phenyl groups,

and alkyl groups, with the full set of substituents shown in Figures S3-S4. We focused on

side groups of small to medium size compared to the size of the [6]helicene backbone, such

that interactions involving the [6]helicene backbone are still the main factors determining

molecular assembly. The total numbers of substitution patterns (24) and functional groups

(56) resulted in a total of 1344 (24 × 56) compounds studied.

To screen 1344 synthetically unknown [6]helicenes for their suitability as OSC materials,

we first assume that the electronic coupling observed across one single translational dimer is

sufficient to qualitatively assess the relative transport properties of the candidate molecular

materials. The translational motif (Figure 1c) in [6]helicenes was first identified by Rice

et al. and is more common than other dimer motifs, such as the interlocked dimer, the

herringbone dimer, or the back-to-back dimer (Figure S1).32 The translational dimer is, as the

name suggests, a purely homochiral (M - or P -handedness only) motif, where one molecule is

translated with respect to the other along a vector perpendicular to the plane of the helix, and

is characterised by good π-π overlap of the adjacent [6]helicene backbones (Figure 1c). This

translational motif was chosen due to its common occurrence in previously studied [6]helicene

polymorphs31–33 and across [6]helicene molecules deposited in the CSD (see Section S1.2,

Table S1 and Figure S2) - indeed, it is the most commonly occurring 1-dimensional motif in

these systems. It is, therefore, an informed guess that a new hypothetical [6]helicene might
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Figure 2: Overview of the screening procedure. A side group of choice is attached to
the helicene backbone (top left) and the molecular geometry optimized. The substituted
[6]helicene is then mapped back onto the unit cell, with the translational dimer shown
along the c-axis, in the plane of the page. An intermolecular distance scan for this dimer
is performed by modifying the c-axis length. The transfer integral (J) is computed at the
minimum-energy distance for the dimer, while the inner reorganisation energy (λinner) is
computed from only the optimised single-molecule geometries for the neutral and anionic
states. The ratio of these quantities is calculated as one measure of OSC suitability.

contain the translational packing motif in low-energy, synthetically achievable, polymorphs

(somewhere in its crystal-energy landscape). We test this assumption later in our work by

performing full CSP searches to determine the packing motifs observed in the polymorphic

landscapes of the most promising candidate molecules. The choice of translational dimer is

further supported by previous work on TIPS-Pn thin films in which the strongest vibrational

mode corresponds to the translational vibration of the pentacene backbone along the main

stacking axis (a translational motif).36

The generalised screening procedure is illustrated in Figure 2. A single M -carbo[6]helicene

molecule was extracted from the experimental carbo[6]helicene crystal structure (CSD code:

HEXHEL, Figure 1b) and either monosubstituted or symmetrically disubstituted with a new

side group. A short molecular dynamics (MD) simulation with the OPLS3e force field37

was performed to obtain a realistic starting geometry for density-functional theory (DFT)

optimisation, which is important in the case of flexible side groups that can adopt multiple
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conformers. The full MD details and sampling information can be found in Section S2.1. The

geometry of the substituted [6]helicene molecule was then optimised at the B3LYP38/6-31G(d)

level of theory using Gaussian16.39 The optimised molecular geometry was superimposed back

onto the original [6]helicene position inside the experimentally observed HEXHEL crystal

structure using a python open-source toolkit for cheminformatics, (RDKit).40

Translational dimers, based on those observed in the experimental carbo[6]helicene

crystal structure, were extracted for each of the substituted [6]helicene molecules. As

the intermolecular distance for the unsubstituted [6]helicene is not necessarily appropriate for

the functionalised molecules, we performed a one-dimensional intermolecular distance scan

along the c axis of the crystal (Figure 3) from 6 Å to 14 Å, in 0.1 Å increments, for each

compound. The resulting minimum-energy distance was then used in all further property

computations. The semi-empirical tight-binding method GFN-xTB41 was chosen as a cheap,

but powerful, compromise to perform the distance scans. High-level DLPNO−CCSD(T),42 or

even conventional DFT with large basis sets and a Grimme-D3 dispersion correction,43 is too

computationally costly to apply to 1344 molecules. Thus, we benchmarked the accuracy of

the semiempirical GFN-xTB and the OPLS3e force field, compared to DLPNO−CCSD(T),42

for the potential energy scan of carbo[6]helicene (Figure 3) and two terminally substituted

[6]helicenes (Figures S7 and S8). We found that the minimum energy distances, dmin, at the

DLPNO-CCSD(T) and GFN-xTB levels of theory consistently varied only by around 0.1 Å,

validating the choice of GFN-xTB.

Property prediction

For each molecular dimer at its minimum-energy separation, we computed the transfer

integrals by projecting the computed orbitals of the dimer onto the unperturbed localized

orbitals of the individual molecules.32,44 The transfer integral is a measure of the electron (or
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Figure 3: Intermolecular distance scans for the carbo[6]helicene translational dimer at three
different levels of theory: the DLPNO-CCSD(T) reference, the GFN-xTB semi-empirical
method, and the OPLS3e force field. A rigid scan along the c-axis of the HEXHEL crystal
structure (as shown by the arrow) was performed, with the lowest-energy dimer highlighted
in dark grey.

hole) coupling between two adjacent interacting molecules:

Jelec = 〈i|F̂|j〉, (1)

where F̂ denotes the Fock matrix of the dimer system, while |i〉 and |j〉 represent the orbitals

localized on the molecules i and j, respectively. All transfer integrals were computed with

B3LYP/6-31G(d) using Gaussian16.39 This level of theory has been proven successful in ade-

quately describing the transfer integrals for [6]helicenes32 and other organic semiconductors.44

For full details of the transfer integrals and how they are employed using non-adiabatic,

semi-classical Marcus theory, see Section S3.4.

A concern with using the translational dimer model as a proxy to screen for high bulk

charge mobility is the distance dependence of the computed properties. It is commonly un-

derstood that transfer integrals exponentially decrease with the intermolecular distance, and
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this is seen in this work as well for the three test cases of [6]helicene, 2,15-dicyano[6]helicene,

and 2,15-diethynyl[6]helicene (Figures S6, S7b, and S8b). This raises the question of whether

the transfer integrals should be normalised by the distance, to enable comparison across com-

pounds and deconvolute the impact of substitution from the distance dependence. However,

the optimized dimer separations are our best approximation to the realistic intermolecular

distances found in the bulk materials, and these will necessarily vary with molecular size and

charge distribution, depending on the side groups. Thus, we do not normalise the transfer

integrals, and only compare results at each dimer’s minimum-energy separation.

In addition to computing the transfer intergrals, the inner electronic reorganisation energy

λelecinner was computed for each individual molecule using four-point-method:45

λelecinner = E−n − E−c + E0
n − E0

c . (2)

Here, single-point energies were computed for the anionic or neutral states (− or 0, as

indicated by the the superscripts) at either the charged or neutral optimized geometries (c or

n, as denoted by the subscripts). The reorganisation energy is a quantitative measure of the

ability of a single molecule to accommodate a negative charge, and the energetic penalty for

conversion between the charged to the neutral geometries.

For a total of 56 of the 1344 molecules (4%), at least one of the single-point energy

calculations required to compute the inner reorganisation energy did not converge. These

examples were excluded from the subsequent analysis. However, to make sure that we do not

miss any promising molecules, we used machine-learning regression methods to predict the

missing inner reorganisation energies based on our existing data. We compared both regression

using Xgboost46 and kernel ridge regression techniques47 on Morgan radial fingerprints48 and

managed to describe up to 90% of the variance using the latter (see Section S2.4).

There are several ways that the OSC suitability of a candidate molecule can be assessed

based on the properties we have computed. Some approaches focus more on variance of
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J rather than the inner reorganisation energy, or vice versa.4 To combine the intra- and

intermolecular aspects of charge transport in a single parameter, we choose the ratio Jelec/λelecinner

to quantify the relative trends and identify promising candidate molecules. The higher the

ratio, the higher the suitability of the molecule as an electron-transporting OSC. The same

methodology could also be applied to hole transport, but for the purpose of this study we

focus on electron transport only.

As an alternative screeening metric, we also consider the electron mobilities, µ, obtained

from non-adiabatic Marcus theory in the low-field limit. While a number of theoretical models

for describing charge transport in different regimes exist, Marcus theory49,50 is one of the most

popular methods to describe charge transport in OSCs.24 It expresses charge hopping between

weakly coupled sites with localised charges (hopping regime, |Jij|<<λ) and complements band

transport theory, which instead assumes delocalised charges in the low-temperature limit

(band regime).24 Assuming a periodic one-dimensional array of helicenes, regularly spaced

along the axis that defines the translational dimer, the charge-carrier mobility along the chain

can be calculated as an approximation to the mobility in the bulk material. In the low-field

limit, the mobilities can be obtained from the transfer integral (J), the reorganisation energy

(λ), and the intermolecular centre-of-mass distance (a), as

µ =
|J |2

~

√
π

λkBT

(
ea2

kBT

)
exp

(
− λ

4kBT

)
, (3)

with more detail given in Section S2.5.

The absolute value of the mobility depends on the reorganisation energy, one component

of which, the outer-sphere reorganisation energy, cannot in general be calculated explicitly

for the structure of the individual molecule. We have used a conservatively low value of

0.3 eV for the outer-sphere reorganisation and computed the inner reorganisation energy in

the gas phase for each molecule (Eq. 2). As reorganisation energies should not be strongly

dependent on morphology,51 we have used this simplified, constant outer reorganisation energy
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across all crystal morphologies. The value of our calculated mobilities is uncertain to within

approximately the same factor for all systems, as the outer-sphere reorganisation energy is

in essence a scaling parameter that would affect all systems to a similar degree, and thus

not change any relative trends. In the screening, we only consider the inner reorganisation

energy (λ = λelecinner) in our J/λ values, so those ratios will be overestimates of the true values.

We note that, whilst we cannot expect the absolute values to be correct, we can compare

relative trends between systems for which the same outer reorganisation value is used. While

the assumption of weak coupling (hopping regime) may not be valid in every case, it is most

likely to be valid for low J and, hence, low J/λ, so the screening methods should still be

good at eliminating unpromising structures. We will discuss with care in the results section

those systems that may not be adequately described by the hopping regime, but we always

consider high J values to be a necessary condition for high mobility.

Crystal Structure Prediction

For the four most promising compounds with high Jelec/λelecinner ratios and electron mobilities,

full CSP searches were performed to study the low-energy polymorphs observed on the crystal-

energy landscape. This allowed validation of our assumption that the translational motif used

for screening will occur in low-energy polymorphs of the candidate molecules. CSP also allows

us to verify our dimer-model results by more sophisticated computational determination of

the charge-carrier mobilities for the lowest-energy solid forms. Computational investigation of

the polymorphic landscape and the associated charge mobilities rapidly provides information

for new helicene compounds that could only be attained experimentally by a lengthy synthesis

of the material, followed by (re)crystallisations and single-crystal mobility measurements.

The polymorphic energy landscapes of the top four candidate molecules identified in the

screening process were generated using CrystalPredictorII,16 assuming a single molecule in the

asymmetric unit (Z′=1) and searching the most common chiral and achiral space groups (see

Section S3.1 for details). The energies of the putative crystalline structures were subsequently
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reranked using distributed multipole analysis (DMACRYS52). For all unique crystal structures

within 15 kJ mol−1 of the energy minimum, single-point energies were computed using

dispersion-corrected density-functional theory. Specifically, the SIESTA53 implementation

of the B86bPBE54,55 functional and the exchange-hole dipole-moment (XDM) dispersion

correction56 was used with the double-zeta plus polarization (DZP) basis set.57 Single-point

energies from B86bPBE-XDM/DZP have been shown to rapidly provide improved crystal-

energy landscapes compared to distributed multiple analysis,20 while full projector augmented-

wave calculations using XDM are highly accurate for the intermolecular interactions within

helicene crystals.31,32 Costly periodic relaxations of the crystals with DFT-XDM were omitted,

due to time and computational cost constraints. Any future in-depth computational study of

any of the screened polymorphs identified as interesting should begin with a full relaxation

of the crystal structures before calculation of charge mobility properties. A more detailed

description of the CSP methodology can be found in Section S3.

For the 10 lowest-energy DFT-ranked crystal structures of each compound, the charge-

carrier mobilities were computed using non-adiabatic semi-classical Marcus theory, as de-

scribed in Section S3.4. In contrast to the low-field limit mobility calculations based on a

single dimer performed in the screening section, we computed the charge transport routes

across the material in all three dimensions, for all dimers within a 15 Å cutoff, thereby allowing

a penalty for the outer reorganisation energy, to yield a much more realistic representation of

the charge-carrier mobility. Thus, in this second half of the discussion, we computed µ based

on the CSP-generated crystals (Figure S32), and we included an outer reorganisation energy

of λouter = 0.3 eV as explained above. Finally, when comparing crystal mobilities obtained

for our new candidates with previous helicene results by Rice et al.32, we recomputed the

mobilities using a λouter = 0.3 eV, to ensure that our mobilities can be qualitatively compared.
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3 Results and Discussion

OSC Suitability Screening

The transport properties of 1344 mono- and di-substituted helicene molecules were screened

for potential OSC suitability using two different assessment criteria: (i) the straightforward

Jelec/λelecinner ratio (hereafter referred to as J/λ) and (ii) the charge-carrier mobility, µ, along

the translational chain in the low-field limit. Both approaches contain the transfer integral

and inner reorganisation energy; the mobility also explicitly considers the intermolecular

centre-of-mass distance of the dimer. In general, we aim to maximise the charge transfer

integral, Jelec, while minimising the inner reorganisation energy, λelecinner, to yield optimal charge

transport.

We note that we are assuming a hopping regime, which requires low J/λ values to be valid.

If anything, our approach, with λ only accounting for the internal reorganisation energy, is

likely to overestimate J/λ, as an additional outer reorganisation energy to the denominator

would decrease the J/λ values. Nevertheless, it appears likely that some of our systems with

higher J/λ values would no longer be within a hopping regime. If not in the hopping regime,

we would expect the systems to be in a ‘transient localisation’ regime rather than in a band

transport regime. However, in either case, the mobility should increase with the power of

J so that high J values remain a necessary condition for good charge transport and, thus,

remain a useful screening parameter.58 Figure S16 shows the distribution of J values across

the systems.

This screening provided insight into the impacts of side groups and substitution position(s)

on electron transport. The calculated J/λ ratios are shown in Figures 4 and 5. The raw

data is also available at https://data.hpc.imperial.ac.uk/resolve/?doi=7858. Notably,

there is no side group which consistently outperforms the carbo[6]helicene example. This is

likely due to the steric hindrance of the translational dimer for some substitution positions.

The J/λ ratio generally increases towards the limiting value for the bare helicene (from left
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to right, Figure 4), because some substitution positions along the backbone are consistently

disadvantageous for charge transport (independent of the side group attached), while in some

positions, if the correct side group is attached, the terminally substituted [6]helicene has a

larger intermolecular electronic coupling integral and thus a higher J/λ ratio. Hence, the

unfavourable substitution positions tend to be poor for any side group. However, for the better

substitution positions, if a more favourable side group is attached, the J/λ ratio increases in

some, but not all, positions (thus there is a larger spread of J/λ values). Only a minority

(0.4%) of the J/λ ratios computed for substituted [6]helicenes exceed the [6]helicene reference.

This finding is of value in suggesting that, while it may seem intuitively promising, the

functionalisation of [6]helicenes to improve electron transport is not often a fruitful approach

in practice. This emphasises the complexity of the multivariable problem of optimising charge

transport in organic semiconductors.

Overall, both screening metrics revealed three largely similar classes of terminal sub-

stituents, two of which give rise to electron transport: (i) small electronegative side groups

(e.g. halogens, CN), that give the best transport across all substitution patterns; (ii) moder-

ately sized acyclic side groups with unsaturated bonds (diacetylene, triacetylene) that give rise

to good transport for some substituent positions, usually manifesting as large outliers; and

(iii) bulky alkyl substituents, cyclic or acyclic, that result in very poor transport. The same

trends are observed for µ as for the simpler J/λ ratio, but are less pronounced. Across all

substitution patterns and positions, we observe that smaller side groups, which do not heavily

perturb the geometry of the [6]helicene backbone, perform better than bulky substituents

(Figure 4). Bulky substituents are more likely to alter the inner strain and interplanar angle

(the dihedral angle between the two terminal rings) of the [6]helicene backbone, and thus

affect electron delocalisation across the backbone.

Despite their larger size, side groups containing double or triple bonds result in transfer

integrals that are higher than expected from the general trend of an exponential decrease with

increased molecular separation (Figure S15). In particular, triple bonds lead to favourably low
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Figure 4: Boxplots illustrating the OSC suitability of functionalised [6]helicene molecules, using
Jelec/λ

elec
inner as the target property to be maximized. Results are shown for monosubstitution

(top, red) or symmetric disubstitution (bottom, yellow) of the [6]helicene backbone. For each
side group, 16 (monosubstituted) or 8 (disubstituted) data points were obtained, corresponding
to all possible backbone sites. The size of the box is the interquartile range, containing 50% of
the ratios, and the horizontal line inside each box is the median value. The whiskers indicate
the range of ratios obtained outside the middle 50% of data points, with the exception of
some large outliers, shown as grey diamonds. The dashed line is the unsubstituted [6]helicene
reference. Figures S9 and S16 show the different components (λ, J) of this data separately.
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Figure 5: Boxplots illustrating ranges of the computed Jelec/λelecinner ratios spanning all 56 side
groups. Results are shown for the 8 symmetrical disubstitution patterns of the functionalized
[6]helicene molecules, sorted in order of ascending median, and the colouring ranges from
good charge transport (red) to no charge transport (blue). Significant outliers are shown
as grey diamonds and the dashed line is the unsubstituted [6]helicene reference. Analogous
results for the monosubsituted [6]helicenes are shown in Figure S22.

inner reorganisation energies, which shows that the ability to accommodate a negative charge

is enhanced for these substituted [6]helicenes. This behaviour is suggested by the LUMO

being delocalised over the extended π-system introduced by the triacetylene unit (Figure

S27).We find that this trend increases with the number of triple bonds per side group used for

disubstitution (Figure S9 bottom). Functionalisation strategies involving the inclusion of the

triple-bonded 6,13-bis(triisopropylsilylethynyl) (TIPS) functional group to fine tune electronic

properties have been used previously for other well-studied OSC molecular cores, such as

pentacene59 or dinaphtho-fused s-indacenes.60 TIPS side groups can increase a molecule’s

solubility, as well as directing the molecular packing, but without losing intermolecular

electronic coupling at the same time. Molecular packing can be controlled by modifying

the shape and size of the triple-bond-containing substituents. Depending on the ratio of

the diameter of the side group to the pentacene backbone, different packing arrangements

with altered intermolecular interaction strengths are observed.61,62 Triple-bond containing

side groups (e.g. TIPS-Pn, TMTES-Pn, diF-TESADT) can influence the distribution of

intermolecular and intramolecular vibrational modes to minimise non-local electron-phonon
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coupling processes along the π-π stacking direction (translational motif) that reduce the

overall mobility.36 A longer discussion of the effect of π-system size on λinner can be found in

Section S2.6.1.

Fluorine substituents outperform any other side group for both mono- and disubstituted

[6]helicenes when considering J/λ ratios. This finding is consistent with previous research in

leveraging electron-withdrawing halogens to lower the LUMO energy and the electron-injection

barrier, such that electron and hole transport occurred simultaneously.63–65 Fluorination has

been previously applied to enhance transport in other organic semiconductors, e.g., arylene

diimides,66,67 naphthalene,68 or functionalised acene derivatives,61 such as pentacene69–71

or TIPS-pentacene.71 The impact of fluorination on reducing intermolecular spacing has

been investigated for many OSC molecules, including carbon diimides,72 naphthalene,68 and

benzene.73

Overall, we found that asymmetrical monosubstitution results in higher mean, median, and

maximum transfer integrals than symmetrical disubstitution. Monosubstitution of [6]helicenes

has been less experimentally investigated, because the quickest and most common synthetic

route to [6]helicenes is photocyclisation,74 which gives symmetrically disubstituted products.

The best side-group placements ranked by median were found to be the 3,14- and 4,13-

positions for disubstitution and the 3-, 9-, and 13- positions for monosubstitution across all

the side groups assessed (Figures 5 and S22).

The top-ranked helicenes for OSC performance, obtained from both metrics, are given in

Table 1. As stated above, the fluorine substituent consistently gives the highest mean screening

metrics, with 15-fluoro[6]helicene and 4,13-difluoro[6]helicene being the best performers

for mono- and di-substitution, respectively (13-fluoro[6]helicene is the second best mono-

fluorination position). The other top-ranked cases consist of large outliers from the general

trends shown in Table 1, and Figures 4 and 5. Across both screening metrics, the top

three performing disubstituted helicenes were 7,10-dialdehyde, 3,14-diethynyl, and 4,13-

difluoro[6]helicene. Similarly, both measures gave 6-triacetylene and 7-diacetylene and 2-
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chloro[6]helicene as the best monosubstituted helicenes using the J/λ ratio, and the maximum

low-field mobility. Giving consideration to the fact that the 6-triacetylene system with a

high J/λ value may no longer be in the hopping regime, we note that that system still has a

high J value (see Table 1 and Figure S16) that would be promising for charge transport in a

‘transient localisation’ regime. Thus, the selection of systems for further investigation would

remain the same. In an ideal world, for systems where the hopping regime may no longer be

valid, one would want to fully consider the factors that would be important in the ‘transient

localisation’ regime. Namely, one would want information on the disorder in J resulting from

thermal fluctuations, the degree of anisotropy in these fluctuations, and the consequent effect

on reducing mobility.75 It could, for example, be true that there are large thermal fluctuations

in the 6-triacetylene system, causing anisotropic transport and thus reduced mobility. To have

a better insight into this, we would ideally want to calculate the intermolecular vibrational

modes in each system, but this requires computationally demanding calculations where the

full crystal structure is known, and is thus clearly beyond this screening study of over 1300

systems where the crystal structures are not a priori known.

Please refer to the supporting information, section S2.6, for an extended discussion of the

screening results, covering how molecular structure affects electron transport (S2.6.1), the

separation dependence of transfer integrals (S2.6.2), whether terminal substitution improves

transfer integrals (S2.6.3), and whether triple bonds are good for transport (S2.6.4).

Analysis of the CSP results

From the initial screening of OSC suitability, fluorine was found to be the best side group

overall, independent of the substitution pattern and the exact functional group position.

Thus, the highest performing disubstituted fluoro[6]helicenes, 4,13-difluoro[6]helicene, and

the second highest and structurally related monofluorinated [6]helicene, 13-fluoro[6]helicene,

were selected for CSP analysis. Additionally, the two extreme outlier cases in Table 1, 7,10-

dialdehyde[6]helicene and 6-triacetylene[6]helicene, were also selected for CSP. The structures
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Table 1: Top three candidates for the mono- and disubstituted [6]helicenes according to both
OSC measures: Jelec/λelecinner ratio and low-field limit charge-carrier mobility. The electron
mobility µelec is given in ×10−3cm2 V −1 s−1. The relevant Jelec values are stated in meV.

Rank by Jelec/λelecinner Monosubstition Jelec/λelecinner Disubstitution Jelec/λelecinner

1 6-triacetylene 1.11 7,10-dialdehyde 0.81
2 7-diacetylene 0.58 3,14-diethynyl 0.46
3 2-chloro 0.44 4,13-difluoro 0.45
6 15-fluoro 0.42
12 13-fluoro 0.42

Rank by µelec Monosubstitution µelec Disubstitution µelec

1 6-triacetylene 1.46 7,10-dialdehyde 0.75
2 7-diacetylene 0.38 3,14-diethynyl 0.28
3 2-chloro 0.26 4,13-difluoro 0.27
8 15-fluoro 0.24
14 13-fluoro 0.24

Rank by Jelec Monosubstitution Jelec Disubstitution Jelec
1 6-triacetylene 251 7,10-dialdehyde 191
2 7-diacetylene 135 7,10-diacylfluoride 118
3 15-fluoro 74 5,11-diacylfluoride 79
4 14-propylether 73 4,13-difluoro 78
29 13-fluoro 71

of these four compounds are shown in Figure 6. For each of these candidate molecules, no

solid-state structure has ever been synthesised, nor have mobilities been measured. However,

our previous work has shown that CSP can provide predictions of experimentally realised

helicene crystal structures and we can qualitatively compare crystal mobilities using hopping

theory, including explaining experimentally obtained properties.31,32 We note the caution

with the application of the hopping regime to the 6-triacetylene case mentioned already above.

To investigate further the capability of our approach to identify promising OSC molecular

materials, we generated the low-energy crystal packings for the four selected candidates

using CSP. The crystal-energy landscapes and resulting low-energy polymorphs are shown in

Figure 7. In general terms, the lower in energy a polymorph is, the more likely it should be

synthetically achievable.

As seen in Figure 7, the translational motif was repeatedly found in the crystal-energy

landscape of the 13-fluoro[6]helicene and 4,13-difluoro[6]helicene molecules, with 68% and
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Figure 6: Four promising OSC molecular material candidates identified by computa-
tional screening. From left to right: 4,13-difluoro[6]helicene, 13-fluoro[6]helicene, 7,10-
dialdehyde[6]helicene, and 6-triacetylene[6]helicene.

46% frequency, respectively. For the cases with bulkier side groups, 7,10-dialdehyde and

6-triacetylene[6]helicenes, the translational motif was observed less frequently (18% and 22%,

respectively). Amongst the 10 lowest-energy crystals in each CSP landscape, the translational

motif was observed 100% (4,13-difluoro), 70% (13-fluoro), 30% (6-triacetylene) and 30%

(7,10-dialdehyde) of the time, compared to the [6]helicene reference (90%). Fluorination does

not affect the overall shape of the molecule and, thus, similar packing motifs (translational in

one plane and back-to-back in the other plane) are observed as for [6]helicene. However, for

the flexible dialdehyde and the large asymmetric triacetylene side group, the single-molecule

geometry is significantly different from the [6]helicene backbone. Thus, it is not surprising

that other motifs are accessed, with the translational motif seen less frequently. Additionally,

due to the altered single-molecule geometry, the exact overlap angle of the translational motif

and other motifs is changed slightly. It is, unfortunately, not the case that the translational

dimer motif is guaranteed to be found, but it is plausible that a structure containing the

motif can be found via a targeted experimental polymorph screening, and it does remain a

frequently occurring 1-dimensional packing motif in the helicene systems. From our previous

CSP studies with helicenes, motifs frequently occurring in the calculated CSP landscapes

are observed in experimentally obtained crystal packings32 and explain the experimentally

observed properties of these systems.31
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Figure 7: Top: Crystal-energy landscapes for 13-fluoro[6]helicene (A), 4,13-difluoro[6]helicene
(B), 6-triacetylene[6]helicene (C) and 7,10-dialdehyde[6]helicene (D). Data points are shown
in blue (red) if they do (do not) contain the translational dimer motif. Low-energy crystals
are numbered in order of ascending relative energy from the global minimum. The electron
mobilities for the 10 lowest-energy polymorphs are reported in Figures 8, 9 and S32. Bottom:
low-energy crystal packings, corresponding to the labeled structures above. Labeled crystal
packings not shown here can be found in Figure S30. Oxygen atoms are shown in red, and
fluorine in light blue.
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Figure 8 shows the electron mobilities across the 10 lowest-energy polymorphs of the

global minimum for the CSP landscapes for the 4 molecules (i.e. those the most likely

to be experimentally obtainable). Notably, in the case of fluorination, the translational-

dimer motif gives rise to either the highest or second-highest transfer integral in the crystal

polymorphs. Additionally, for both fluorinated [6]helicene CSP landscapes, the majority of

the lowest-energy crystals contain the translational motif, while this motif is less prevalent

in the higher-energy crystals. Across all 4 molecules, the translational motif coincides with

comparably high mobilities. The distributions of the electron mobilities across the 10 lowest

energy polymorphs (in all planes of each polymorph) for each of the 4 CSP systems and for

carbo[6]helicene are given in Figure 9. Both 6-triacetylene and 7,10-dialdehyde[6]helicene

have a mean and maximum electron mobility significantly lower than the bare backbone.

This suggests that neither of these modifications to the backbone are likely to enhance charge

transport. In contrast, both fluorination examples have a higher mean and maximum electron

mobility than for the bare backbone. Thus, it is the fluorinated systems where we are most

hopeful of the synthesis of a polymorph with an increased charge-carrier mobility compared

to the bare [6]helicene backbone.

4,13-difluoro[6]helicene

For 4,13-difluoro[6]helicene, CSP found two polymorphs that are significantly lower in energy

than the remaining candidate structures on the crystal-energy landscape (crystals 1 and 2 in

Figure 7B), and both contain the targeted translational motif. In fact all 10 lowest-energy

crystals contain the translational motif. The dimer model predicted a minimum-energy

separation of 7.2 Å for 4,13-difluoro[6]helicene, with a transfer integral of Jelec=78 meV. These

properties are in excellent agreement with the CSP results, where the translational dimer gave

rise to Jelec=77 meV at an intermolecular distance of 7.3 Å for both low-energy polymorphs.

This transfer intergral is of the same order of magnitude as the [6]helicene reference dimer

(78 meV). For the lowest-energy crystal (1), the translational dimer gave rise to the highest
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Figure 8: Minimum, maximum, and average electron mobilities, µ, computed for each of
the 10 lowest-energy polymorphs identified from the CSP searches. Data for structures with
(without) the translational motif are shown in blue (red). Results for the reference [6]helicene
crystal (HEXHEL) are shown on the far left. The equivalent plot showing the 10 lowest
energy polymorphs for each system is in Figure S32.

transfer integral observed. Conversely, in crystal 2, the back-to-back dimer (Figure S1 VI,VII)

produced a higher transfer integral, of 133 meV, giving rise to a much higher overall electron

mobility for this material (Figure S32). This compound is a particularly promising OSC

candidate, as both low energy polymorphs give mobilities higher than the unsubstituted

[6]helicene reference. While form 2 gives a significantly higher mobility than form 1, these

polymorphs are predicted to be nearly degenerate and form 2 could potentially become the

more stable were a higher level of theory used for energetic reranking of the CSP polymorphs.

13-fluoro[6]helicene

Monofluorination gave rise to 176 low-energy polymorphs within 15 kJ mol−1 of the global

minimum for 13-fluoro[6]helicene (Figure 7A), which is over three times as many as found for

4,13-difluoro[6]helicene. The asymmetry of 13-fluoro[6]helicene, relative to the symmetrically

24



Figure 9: Distribution of the calculated electron mobilities observed across the ten lowest
energy crystals for each molecule where CSP was carried out ([6]helicene results as previously
reported in Ref. 32). Maximum and average electron mobilities are indicated with dashed
lines. Fluorination has the potential to improve charge transport in [6]helicenes, whereas
6-triacetylene and 7,10-dialdehyde[6]helicene perform worse than [6]helicene. The mobility
plots for individual crystals can be found in Figures 8 and S32.

disubstituted molecule, stochastically increases the number of permutations of homo and

heterochiral crystalline packings possible. The majority of 13-fluoro[6]helicene chiral crystals

contained the translational motif (Figure S31 I). Seven of the ten lowest-energy polymorphs

contained the translational motif at an average separation of d̄=7.35 Å. For the two lowest-

energy crystals containing the translational motif, 2 and 5, the intermolecular distances (7.3

Å) and maximum transfer intergrals (72 meV) for this motif are again in excellent agreement

with the dimer screening prediction (dmin=7.3 Å and Jelec=71 meV).

The mobilities of the ten lowest-energy crystal structures for 13-fluoro[6]helicene reveal

the influence of the translational motif on electron transport. The averaged maximum

transfer integral of the polymorphs containing the translational motif (crystals 2, 5-10,

J̄elec=80 meV) is significantly higher than the average obtained for the crystals without the
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translational motif (crystals 1, 3 and 4, J̄elec=24 meV). Similarly, the averaged maximum

electron mobilities are significantly improved if the translational motif is present, with µ̄max

computed to be 0.452 and 0.05 cm2 V−1 s−1 for crystals with and without the translational

motif, respectively. The crystal with the highest mobility is polymorph 6, which has Jmax=128

meV and µmax = 0.96 cm2 V−1 s−1, leading to a 231% increase in the charge-carrier mobility

compared to the [6]helicene reference structure33 (0.29 cm2 V−1 s−1). While form 6 is not the

thermodynamically most stable of the polymorphs considered in the mobility calculations, this

polymorph is <2 kJ mol−1 above the energetic minimum and may be isolable experimentally.

Higher levels of theory, or inclusion of thermal free-energy corrections, could also substantially

reorder the low-energy structures.

6-triacetylene[6]helicene

In this case, we can observe how our dimer screening model performs for helicenes with an

altered overall molecular shape due to a large asymmetric perturbation to the backbone. In

our initial screening, the 6-triacetylene[6]helicene translational dimer was found to have the

shortest intermolecular distance (5.7 Å) of all compounds considered. CSP confirms this

abnormally short intermolecular distance, predicting values of 5.5 Å for forms 2 and 5 (Table

S3). However, due to the large side group, the translational dimer motif was present at a

much lower frequency, occurring in 22% of the crystal structures. Where present, this motif

did lead to promising charge-mobility, with transfer integrals of Jelec= 125 meV for form 2

and Jelec= 126 meV for form 5, 76-77% higher than the [6]helicene reference (65 meV). This

increase is potentially caused by the parallel π-π stacking of the triacetylene side groups and

helicene backbone at short intermolecular distances.

Crystal structures 5 and 2, containing the translational dimer, produce the highest µmax

and µ̄ across the 6-triacetylene polymorphs (Figure 9). The translational motif in crystal 6

gives rise to a lower mobility; however, as noted above, this crystal contains a heterochiral

stacked dimer, with the side groups attached to opposite ends of the backbone, pointing in
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opposite directions. Despite the short intermolecular distances, only form 5 gives a maximum

mobility (0.39 cm2 V−1 s−1) higher than the [6]helicene reference, and this is significantly

lower than the results obtained for both the mono- and difluoro[6]helicenes. Consequently,

crystal mobilities indicate poor electron transport for this screening candidate.

As discussed earlier, the high J/λ values for this system are suggestive of the fact that

it may not operate in the hopping regime, but more likely in the ‘transient localisation’

regime. Ideally, to understand the charge transport in this system, we would need to calculate

the intermolecular vibrational modes to get an insight into thermal fluctuations that may

reduce charge mobility. However, given there are already indications that this system is not

promising at this point, the fact that these calculations are computationally demanding, and

the CSP suggests multiple plausible low-energy polymorphs that would need to be considered,

we do not believe this is a worthwhile effort, and certainly beyond the scope of this study.

7,10-dialdehyde[6]helicene

The CSP search for the flexible 7,10-dialdehyde[6]helicene molecule resulted in new packing

motifs, most noticeably back-to-back dimers with the backbones overlapping to generate

more of a network-type architecture (shown for form 1 in Figure 7D). Also, the 7,10-

dialdehyde[6]helicene is altered by the orientation of the carbonyl oxygens with respect

to the initial gas phase dimers. Thus, the translational motif is slightly altered, but still

found in 18% of the crystal structures and 30% of the 10 lowest-energy structures. None

of the ten lowest-energy crystals lead to improved results compared to [6]helicene. The

7,10-dialdehyde[6]helicene crystals perform even worse than the 6-triacetylene[6]helicene

crystals, with lower average and maximum mobilities observed (Figures 9 and S32). Whilst

the vast majority of crystals do not show any measurable electron transport, the translational

dimer is only observed across polymorphs that exhibit some weak transport, with e.g. crystals

5 and 4 having maximum mobilities of 0.14 and 0.17 cm2 V−1 s−1, respectively, compared to

crystals 1, 2, and 3, which have very low mobilities in the range of 0.01-0.06 cm2 V−1 s−1.
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4 Conclusions

In this work, 1344 monosubstituted and symmetrically disubstituted [6]helicenes were screened

to assess their potential as organic semi-conducting (OSC) materials. The initial screening

was based on properties of a specific homochiral translated molecular dimer, which is the

most common motif found in low-energy polymorphs of carbo[6]helicene, and is also prevalent

in other helicene structures present in the Cambridge Structural Database. This dimer-

based approach is orders of magnitude cheaper computationally than performing full crystal

structure prediction (CSP) workflows for all candidates. However, due to the simplifications

required in a screening approach for a complex multivariable problem such as this, it could

misclassify systems that do not present with the assumed packing motif, or it may lead to

incorrect ranking of systems that lie outside the assumed hopping regime of charge transport.

Nonetheless, the fluorine side group, predicted by the screening to be the most promising

substituent to maximise OSC performance metrics overall, was found to have promising

electron mobilities when the predicted crystal polymorphs were analysed.

In the 10 lowest-energy polymorphs of the CSP landscapes for the four most promising

systems, the translational motif was found in 100% (4,13-difluoro), 70% (13-fluoro), 30%

(6-triacetylene) and 30% (7,10-dialdehyde) of the structures. This is encouraging for the use

of our dimer-based model, in that we could hope an experimental polymorph screening study

could lead to the targeted motif. The intermolecular distances for the translational motif found

in the lowest-energy crystal polymorphs were found to closely match the minimum-energy

distances obtained from semi-empirical calculations on the isolated molecular dimers. Even

the unusually shorter intermolecular distance (5.7 Å) in the 6-triacetylene[6]helicene dimer was

confirmed through CSP. Although the translational-dimer motif did not necessarily yield the

maximum transfer integral in the molecular crystals, its occurrence in low-energy polymorphs

was strongly correlated to good electron transport properties. We accept that using J and

J/λ as metrics for charge carrier mobility is a simplification and will be inadequate for

strongly coupled systems. However, it serves as a first indicator of structures with promising
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transport properties. To fully characterise structures identified as promising from the screening

approach, a phonon calculation of the relevant crystal structure would be an obvious next

step. The dimer assumption is not perfect, and the frequency with which it was found for

different systems does underline that there is still work to be done in finding a more general

screening approach that is computationally viable for screening more than 1300 molecular

systems, while also trying to factor in the complex interplay between molecular structure,

solid-state structure, and charge-transport properties in the area of organic semiconductors.

We do propose, however, that our approach is an improvement upon completely ignoring

solid-state packing effects and performing computational screening only at the single-molecule

level.

Comparing the present results to those for other [6]helicene OSCs, where we have used

the same methodology to calculate electron transport indicators,31,32 one can clearly see that

terminal substitution best improves the suitability of [6]helicenes for electron transport, while

nitrogen substitution in aza[6]helicenes favours hole transport over electron transport. The

maximum electron mobility calculated in aza[6]helicene crystals using our approach did not

exceed 0.30 cm2 V−1 s−1 (4-aza[6]helicene: 0.26 cm2 V−1 s−1).33 Here, computational screening

resulted in the identification of new candidate molecules with maximum electron mobilities

more than three times greater than this limit using the same approach. Notably, some,

but not all, 13-fluoro and 4,13-difluoro[6]helicene polymorphs outperform the unsubstituted

carbo[6]helicene reference structure, with maximum mobilities of 0.96, and 0.97 cm2 V−1 s−1

respectively. Generally, of the four compounds carried forward from screening to CSP, the

lowest-energy 4,13-difluoro[6]helicene polymorphs most consistently exceeded the reference.

The symmetric 4,13-difluoro[6]helicene is our most promising identified OSC compound, with

both low-energy polymorphs identified from the CSP posessing high electron mobilities; its

synthesis should be feasible via a Wittig procedure starting from 2-fluorobenzaldehyde. Future

work could include varying the degree of fluorination (tetra-, hexa- and octafluorination etc.)

to see if this would further increase charge-carrier mobilities, similar to pentacenes.70
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Overall, our screening approach to guide the design of new organic semiconducting

molecular materials shows promise, even though it is short of a ‘universal solution’ in organic

semiconductor screening. Structural classification of the intermolecular packing into motifs

was shown to be a powerful tool in the design of new functionalised materials, capable of

providing observable crystal structure-mobility relationships. We hope that this approach can

be developed further to aid in the extremely complex problem of accelerating the discovery

of molecular materials with targeted properties.
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