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The computational assessment of materials through the prediction of molecular and crystal prop-

erties could accelerate the discovery of novel materials. Here, we present calculated energy-
www.rsc.org/journalname structure-function maps based on crystal structure prediction for a series of hypothetical organic
molecular semiconductors, to demonstrate their utility in evaluating molecules prior to their syn-
thesis. Charge transfer in organic semiconductors relies on the degree of w-conjugation and
overlap of the w-systems of neighbouring molecules in the solid state. We explore the effects of
varying levels of nitrogen substitution on the crystal packing and charge transport properties of
aza-substituted pentacenes, in which C-H- - -N hydrogen bonding is predicted to favour co-planar
molecular packing in preference to the edge-to-face herringbone packing seen for pentacene.
The charge mobilities of predicted structures in the energy range of expected polymorphism were
calculated, highlighting the important balance between intra- and intermolecular properties when
designing novel organic semiconductors. The use of predicted landscapes to rank molecules
according to their likely properties is discussed.
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1 Introduction
(ESF) maps for each molecule. The ESF map represents the pre-
A broad goal of crystal engineering is the design of crystalline dicted landscape of possible crystal structures, their associated

materials with targeted properties. In the domain of molecu- lattice energies and predicted properties - in this case, the elec-
lar crystals, advances in this field rely on our understanding of tron mobilities predicted using Marcus theory. The ESF mapping
structure-directing intermolecular interactions and on the rela- approach was recently demonstrated by its use in the discovery of
tionship between a material’s crystal structure and its properties. a series of highly porous molecular crystals with potential for gas
Crystal structure prediction (CSP) has been developing rapidly storage or selective adsorption 2.
over the past decade as a computational tool for crystal engi- Organic field effect transistors (OFETs) are a driving force be-
neering, with the aim of accurately predicting the possible crystal hind the development of organic electronics. The ability to de-
structures available to a given molecule. posit organic films on a wide variety of substrates has led to flex-
When supplemented by the prediction of properties, CSP be- ible displays, printable circuits and plastic solar cells.®# Organic
comes an integrated tool for computer guided material design, semiconductors can be broadly split into two categories: conju-
and can be used to investigate the sensitivity of materials’ prop- gated polymers and small molecules. Organic molecular semicon-
erties to changes in molecular structure. Since no experimental ductors typically contain extended 7-conjugated systems, which
input is required for either crystal structure or property predic-  3)jow effective charge delocalisation, leading to good charge
tion, the methods can be used in advance of molecular synthesis, transport properties. Furthermore, the availability of high energy
to help prioritise a set of possible synthetic targets. Here, we in- HOMO or low energy LUMO orbitals allows for injection of charge
vestigate the use of predictive calculations to evaluate a series of into the semiconductor across hetero—interfaces. Thus, polycyclic
previously proposed N-heteroacenes! as possible n-type semicon- aromatic hydrocarbons (PAHs) and their derivatives have been

ductors. This is achieved by calculating energy-structure-function widely studied. The sensitivity of charge mobility to the fine de-
tails of molecular arrangement in crystals makes design of small
molecule organic semiconductors an attractive target for the ap-
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where kp is the Boltzmann constant, % is the reduced Planck con-
stant, T is the temperature and ¢;;, the transfer integral between
molecules i and j, describes the intermolecular electronic cou-
pling which depends on the relative positions and orientations of
the molecules in the crystal structure®. A. is the reorganisation
energy (A, for hole transport or A_ for electron transport), which
is made up of two contributions: a vertical ionisation (neutral to
charged), followed by a relaxation to the optimum charged geom-
etry and the reverse process when the charge carrier leaves. While
A can be sensitive to the detailed crystal structure, it has been
shown that gas phase reorganisation energies for single molecules
can approximate the value in a crystalline environment®.

Therefore, from Eq. 1 we see that the design of organic molec-
ular semiconductors with high charge carrier mobilities relies on
the simultaneous optimisation of the molecular electronic prop-
erties (A) and the arrangement of molecules in their crystal struc-
ture, which dictates the transfer integrals, 7. Predictive computa-
tional methods can facilitate the optimisation of materials proper-
ties systematically by exploring the chemical and crystal packing
landscapes of different PAHs. In this way, the potential risks of
material discovery based on laborious trial-and—error laboratory
synthesis can be minimised.

Pentacene is one of the most widely studied of the PAHs, whose
promising electronic properties’® have been attributed to its
small A. Pentacene crystallises in a herringbone arrangement 10,
which is characterised by tilted edge-to—face C-H- - -7 interactions
(Fig 1a). However, the electronic coupling between molecules is
known to vary strongly with the interplanar angle and is max-
imised in a co—facial molecular arrangement!!. Thus, the her-
ringbone packing seen in many PAHs is not optimal for charge
transport and there have been efforts to modify molecular pack-
ing by introducing substituents to pentacene 2. As well as her-
ringbone packings, the crystal packing of PAHs is usually dis-
cussed in terms of three other packing types1© (see Fig 1): sand-
wich herringbone, in which pairs of co-facial molecules make up
the herringbone motif; ¥, a flattened herringbone featuring stacks
of parallel, translationally related molecules; and sheet-like pack-
ing of molecules, sometimes referred to as the  packing type.

Electronegative susbtituents open up the possibilities of mod-
ifying the crystal packing of pentacene by replacing the edge-
to-face C-H---& interactions with other intermolecular interac-
tions that could enhance the overlap between molecular wave-
functions. Many substitution schemes have been investigated,
such as halogenation, 1314 the use of large spacer moeities 1> and
heteroatom substitution, 16 which allows for the possibility of hy-
drogen bonded networks. Azaacenes offer a way to favourably
modify electronic properties and crystal packing. In particular,
the possibility to form N---H-C hydrogen bond networks, which
could promote sheet-like packing in the crystal phase. Interest
in azaacenes has increased over recent years due to this potential
control and intriguing theoretical results. 17-20

In a 2012 review8 of 7-conjugated systems, n-type semiconduc-
tors were greatly outnumbered by p-type semiconductors (such
as pentacene) which have been easier to obtain and thus exten-
sively researched.2! However, electron transporters are required
for complementary circuit design and the production of p-n junc-
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Fig. 1 The four main packing types seen in crystal structures of
polycyclic aromatic hydrocarbons: a) herringbone; b) sandwich
herringbone; c) y and d) sheet ().

tions. 2223 Chen and Chao2* investigated a series of azaacenes as
n-type semiconductors, focused on lowering the internal reorgan-
isation energy. They showed that too much nitrogen substitution
(10N substituted pentacene) increased A_ due to perturbation of
the LUMO, increasing its non-bonding character. This leads to
stronger orbital interactions between neighbouring atoms, result-
ing in a larger geometry change when the molecule accepts an
electron. However, deca-aza (10N) substitution did result in a
large increase in electron affinity (a property needed for a good
n-type material?®2) so penta-aza (5N) substitution was also in-
vestigated and showed good (0.149-0.167 €V) A_ that was tun-
able through the substitution pattern. Winkler and Houk! also
examined a series of azapentacenes, calculating reorganisation
energies for varied levels and patterns of nitrogen substitution,
including 5N where their A values agree with those of Chen
and Chao. There have also been promising results with N sub-
stitution into already 6,13-substituted pentacene derivatives, al-
though thorough examination of the crystal packing was not per-
formed. 2>

While the reorganisation energy can be calculated from gas
phase optimisations of the molecule, calculation of the transfer
integral requires a knowledge of the crystal structure of a given
molecule, which is unavailable for newly proposed molecules. In
their theoretical study, Winkler and Houk stated that ‘A most inter-
esting question is how substitution of CH by N modifies the solid-
state structures (and hence transfer integrals) of azaoligoacenes’;
this is the central focus of our present work. CSP allows the pos-
sible crystal structures of a molecule to be predicted by search-
ing the lattice energy landscape for local minima. From here, by
calculating the transfer integrals for a range of predicted crystal
structures, the energy—structure—function map can be produced
for each molecule under investigation.

In this paper, six hypothetical azapentacene molecules, each
with different numbers and/or patterns of N-atom substitutions
were investigated as potential semiconducting materials in the
crystalline phase. For each molecule studied in this paper, CSP
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Fig. 2 The validation (a,b) and hypothetical (c-h) molecules studied.

methods are applied to understand the influence of N-substitution
on packing preferences of the molecules. The relationship be-
tween charge mobility and crystal structure is explored by the
calculation of charge mobilities on low energy structures. This
method allows the assessment of hypothetical molecules as novel
organic semiconductors before synthesis, as a tool to guide syn-
thetic priorities. Our results show that the low—energy landscapes
of all six molecules studied here are dominated by y and/or
sheet-like packings, whereas the distributions of charge mobili-
ties showed large variations even within a type of crystal packing.
This demonstrates the necessity of acquiring detailed atomistic
structures of molecular crystals (for instance, via experiments or
CSP) in order to achieve accurate predictions of charge mobilities
in crystalline organic semiconductors.

2 Models and Methodologies

2.1 Choice of Molecules

Calculations have been performed on a total of eight molecules.
Two molecules with known crystal structures (pentacene and
5,6,11,12-tetraazatetracene, hereafter referred to as TT, Fig 2a,b)
were chosen for validating our underlying methodologies. Pen-
tacene exists in several known polymorphs, three of which have
had their structures determined. These are often referred to as the
“bulk”2627 “single crystal”2® and thin film2® forms, differing in
their d (o) spacing - the distance between herringbone layers. 30
The first two of these, which we will refer to as PI (bulk) and
PII (single crystal) are most important for validation of the CSP
methodology; the “thin film” (PIII) phase is not stable as a bulk
phase? and does not correspond to a separate local minimum on
the lattice energy surface31.

TT is an n-channel semiconductor characterised in 201232,
which we include to verify our structure prediction methods and
energy models on aza-substituted acenes.

The aim of this work is to demonstrate the ESF mapping ap-
proach on a series of hypothetical azapentacenes (Fig 2 c-h). A
number prefix (5/7) in our molecular labelling refers the num-
ber of nitrogen atoms in the molecule, while the letter refers to
the substitution pattern. Four of these (5A, 5B, 7A, 7B) were
taken from Winkler and Houk! to investigate the effects of dif-
fering amounts and arrangements of nitrogen substitution on
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crystal packing and properties. The two long edges of each of
these molecules have complementary arrangements of N and C-
H, which is expected to facilitate hydrogen bonding into sheet-like
packing, providing co-facial molecular arrangements between
sheets. To explore less regular substitution patters, we include
molecules 5C and 7C, whose long edges lack complementarity,
so were expected to less readily pack into sheet-like structures.
7A/B were explicitly designed to have an electron affinity above
3.0 eV! at the expense of a slight increase in electron reorgan-
isation energy compared to pentacene (0.131 to 0.18-0.2 eV).
This is an ideal test case to see if high reorganisation energy in
molecules could be compensated by co—facial packing to achieve
higher charge mobility.

2.2 Crystal Structure Prediction

CSP involves the global exploration of the lattice energy surface
of the molecule to locate all possible crystal structures. The geom-
etry of each molecule was kept rigid throughout the crystal struc-
ture calculations, at the optimised structure from a density func-
tional theory (DFT, B3LYP33/6-311G**) calculation using Gaus-
sian 0934, Trial crystal structures were then generated in a wide
range of space groups, considering 1 and 2 molecules in the asym-
metric unit (Z' = 1 or 2), using a quasi-random sampling of the
crystal packing variables (unit cell lengths and angles, molecular
positions and orientations). Searches were performed using the
Global Lattice Energy Explorer (GLEE) software.3% 4000 lattice
energy minimised crystal structures were generated in each of the
23 most commonly adopted space groups for organic molecules 36
(PZ]/C, P4,2,2, P2,2,24, P2,2,2, PT, Pc, P2, P34, Pbca, P44,
C2/c, Fdd2, Pna2,, Pccn, Cc, P2/c, C2, P6y, Pca2;, I4,/a, P1,
R3, Pbcn), all with one molecule in the asymmetric unit (Z'=1).
For Z'=2, 10000 structures were generated in each of 12 space
groups (PZ]/C, C2/C, P2]2|21, P]., PCQZ], PI, Pna2|, PZ], C2,
Pbca, Pc, Cc) — a larger number due to the higher dimensional-
ity of the Z’ = 2 energy landscape. Thus, a total of 212,000 trial
structures were lattice energy minimised for each molecule; each
of these is a unique starting structure, but leads to a smaller num-
ber of unique crystal structures after optimisation and removal of
duplicates (see below and reference 35).

All lattice energy minimisations were performed in
DMACRYS®7, using the W9938 exp-6 model potential for
all intermolecular atom-atom interactions. Electrostatic inter-
actions were described using atomic multipoles derived from
a distributed multipole analysis3® of the calculated molecular
electron density. Ewald summation was used for charge—charge,
charge—dipole and dipole-dipole interactions, while all higher
order electrostatics and repulsion-dispersion interactions were
summed to a 25 A cutoff. Lattice energy minimisation was
initially performed within the space group of the generated
structure. The stability of all structures was assessed from the
Hessian eigenvalues. In cases where a saddle point was reached,
lattice energy minimisation was continued after removing the
space group symmetry operators that allowed minimisation from
the saddle point. This process led to some structures of higher Z’
in the final structure sets.
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Clustering was performed to identify and remove duplicate
crystal structures. An initial screen was performed using the clus-
tering method described in reference 35 within individual space
groups. An overall clustering across all space groups was then
performed using the COMPACK“*° method.

2.2.1 Classification of Predicted Crystal Structures

Packing motifs of the predicted crystal structures were cate-
gorised according to the intermolecular angles between a ref-
erence molecule and the nearest neighbours in its coordina-
tion sphere. First, we classified all dimers formed between the
molecule in the asymmetric unit and all molecules within a 20 A
distance cutoff using the angle between the vectors normal to the
molecular planes. Crystal structures in which all intermolecular
angles are below 9° are classified as sheet structures ( packing).
For structures where some dimers are not co-planar, the packing
type is assigned using the four nearest neighbour molecules (mea-
sured by their centre-of-mass separations). Structures in which
none of the four nearest neighbours are co-planar to the central
molecule are classed as herringbone packing. Where only one of
the nearest neighbours is co-planar, the structure is classified as
sandwich herringbone. Two or three co-planar neighbours indi-
cates a stack of molecules, so these structure were classed as the y
packing type. This last category contains traditional y structures
and more sheet like structures, where parallel sheets are tilted
along the short axis of the molecule (usually by 3-10°). While the
co-planar molecules in most ¥ structures have significant overlap
of their aromatic faces, the stacks are slipped in some 7 structures
to an extent that the co-planar molecules are further from the
reference molecule than the non-co-planar neighbours. The con-
tact between r-faces in these structures is negligible, so we class
separately as slipped-7.

Schematics of the four main packing types are shown in Fig
1. The set of rules used for classification should be good enough
to uncover trends in properties between these broad families of
packing types. The classification of borderline cases would be
affected by a change in the angle bounds, which were taken from
an initial analysis of crystal structures by eye. Faster and more
rigorous methods of classifying predicted crystal structures into
structural families would facilitate the analysis of crystal energy
landscapes, and are currently being developed.

2.3 Transport Property Calculations
Charge carrier hopping rates were modeled via Marcus theory
[Eq. 1]. Nearest-neighbour molecular dimer electronic coupling
matrix elements were calculated using subsystem DET 4! as imple-
mented in the Amsterdam Density Functional*?> (ADF) package,
in which the monomer densities were calculated at PW9143/DZ
level of theory, and the non-additive kinetic energies were mod-
eled with PW91k/DZ. For each molecule, we extracted all unique
predicted crystal structures within 7 kJ/mol of the global mini-
mum. 95% of known polymorph pairs are separated by approx-
imately 7 kJ/mol or less, so we take this as the relevant energy
range on our predicted energy landscapes**; higher energy struc-
tures are unlikely to be observed.

For each crystal structure, the nearest-neighbouring dimers
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were extracted based on the criterion that at least one intermolec-
ular atom-atom distance was less than the sum of van der Waals
radii plus 1.5 A. Where the energy minimized crystal structures
contain more than one symmetrically inequivalent molecule, the
nearest-neighbour dimers were extracted for each independent
molecule. In this way, we ensured that all dimers with contribu-
tions to the electron transport properties in a given crystal struc-
ture have been included. To reduce the total number of DFT
calculations required, coupling matrix elements for equivalent
molecular dimers in a given crystal were not calculated explicitly.
Duplicate dimers were identified based a root-mean-squared-
deviation (RMSD) of atomic positions between two dimers be-
ing less than 0.1 A, and allowing for translation or rotation of
the dimer. Reorganisation energies were calculated for the iso-
lated molecules using Gaussian 0934 at the B3LYP/6-31G** level
of theory.

The Einstein relationship was used to calculate the charge car-
rier mobilities at 7 = 300 K:

e

T T @

u
where e is the electron charge. The diffusivity (D) was evaluated
from the intermolecular transfer rates (k;;, Eq. 1) as*s:

Iy
D= 2kiiP 3)
i
2nM = o}

where N; is the number of nearest-neighbour dimers for the i-th
molecule, r;; is inter-centroid distance and n is the dimensionality
of diffusion (n =3 here). The outer summation is over indepen-
dent molecules in the asymmetric unit, M. F;; is the probability
for the charge carrier to hop between molecule / and j, which we
calculate from the transfer integrals, #;;:

2
kij 1

Plj = N = N . (4)
i i 42

Yimikij it

3 Results and discussion

3.1 CSP
3.1.1 Validation Molecules

We first evaluated the structure prediction methods on the two
validation molecules, pentacene and TT.

For comparison with the predicted structures, the experimen-
tally determined polymorphs were lattice energy minimised us-
ing the same energy model and molecular geometry used in the
CSP calculations. Comparison of these lattice energy minimised
structures to the CSP structures shows that PI corresponds to the
global lattice energy minimum — the lowest energy predicted crys-
tal structure of pentacene. PII was also located in the CSP set,
as a low energy predicted structure ~6 kJ/mol above the global
minimum. The experimental and predicted versions of PI and PII
are compared in Table 1, which shows excellent geometric agree-
ment of the predictions with experimental structures. This is also
shown in Fig 3a — an overlay of the predicted global minimum
and the structure of polymorph PIL

This journal is © The Royal Society of Chemistry [year]



Table 1 Matches from CSP to the experimentally determined crystal structures of pentacene and tetraazatetracene (TT). RMSDsy is the deviation in
atomic positions of a cluster of 30 molecules taken from predicted and unoptimised experimental structures, excluding hydrogen atoms. All structures
were converted to their reduced unit cell for comparison. Cambridge Structure Database reference codes for the experimental structures are given.

Fig. 3 Overlays of the CSP global minimum predicted crystal structure
(red) with the experimentally determined structure for a) pentacene (bulk
polymorph, Pl, RSMD3y = 0.393 A ) and b) TT (RSMD3, = 0.355 A).

As observed by Della Valle and co-workers,3! we found that
both the bulk (PI) and thin film (PIII) phases converge to the same
structure upon energy minimisation. This observation highlights
the fact that PIII is a distorted version of the bulk phase and is
in agreement with the observation that PIII is a substrate-induced
structure that is only observed at thin film thicknesses (< 50 nm
at 300 K) near the substrate29.

The tetracene azaderivative TT adopts a 7y crystal packing ar-
rangement in space group P2;/c. So far, no further polymorphs
have been discovered. The experimentally observed crystal struc-
ture for TT was located as the global minimum from CSP, and the
geometric agreement between predicted and experimental struc-
tures is shown in Fig 3b and Table 1.

The low—energy regions of the lattice energy landscapes for
both validation molecules are shown in Figs 4a,b. It is clear that
the favoured packing types are different for these two molecules.
As expected, herringbone packing dominates the low energy re-
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Crystal Structure Cell lengths / A Cell angles / degrees RMSD3g / A
a b c o B Y
PI (bulk, PENCEN, Room Temp.) expt | 6.060 | 7.900 | 14.884 | 96.74 | 100.54 | 94.20 -
pred | 5.889 | 8.215 | 14.847 | 97.87 | 99.10 | 93.64 0.393
PII (single crystal, PENCENO4, T=90K) | expt | 6.239 | 7.636 | 14.330 | 76.98 | 88.14 | 84.42 -
pred | 5973 | 8.015 | 15.219 | 77.11 | 83.93 | 86.22 0.526
TT (P2, /c, YEBMEZ) expt | 4.710 | 14910 | 7.652 | 90.00 | 94.70 | 90.00
pred | 4.881 | 14.328 | 7.841 | 90.00 | 96.32 | 90.00 0.355
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Fig. 4 Predicted lattice energy landscapes for (a) pentacene and (b)
TT. Each point corresponds to a distinct crystal structure and is coded
with respect to its crystal packing type. Structures corresponding to the
experimentally known crystal structures are marked with red circles.

gion of the pentacene landscape (Fig 4a). Pentacene structures
with y packing occur at 4 kJ/mol above the global minimum
and sheet-like packing is particularly disfavoured, occuring at 9
kJ/mol or higher above the global minimum energy packing. Fur-
thermore, these sheet-like packings are not perfectly planar and
might be better described as flattened herringbone packing. Iso-
lated cases of sandwich herringbone packings are found on the
pentacene landscape, albeit at even higher lattice energies.

In contrast, the low energy predicted structures of TT all have
¥ packing up to about 6 kJ/mol from the global minimum, above
which sheet-like packing is found (Fig 4b), and herringbone
packing is clearly disfavoured. These differences in structural
landscapes clearly demonstrate the impact of nitrogen substitu-
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Fig. 5 Predicted crystal structure landscapes for the 5N azapentacenes (a,d) 5A, (b,e) 5B and (c,f) 5C. Each point corresponds to a distinct crystal
structure. (a-c) are categorised by crystal packing type. Colouring and the size of circles in (d-f) correspond to the magnitudes of calculated electron

mobilities (in cm?/Vs). Legends are shown in (a) and (f).

tion on PAH packing.

The insight provided by the comparing the entire landscapes
of available structures for each molecule demonstrates the value
of CSP in evaluating the impact of chemical changes on crystal
packing preferences. Furthermore, the results from the valida-
tion studies are encouraging for applying CSP to the hypotheti-
cal molecules in this paper. The global minima of both validation
searches match a known experimental structure and the observed
structures are reproduced accurately (Table 1, Fig 3).

3.1.2 Hypothetical Molecules

Having validated the CSP methodology, we now evaluate how
the degree and pattern of aza-substitution impacts on the crystal
packing preferences.

Substitution of pentacene with five nitrogens has a marked im-
pact on the crystal energy landscapes. Herringbone packing — the
dominant packing arrangement for pentacene — is completely ab-
sent from the low energy regions of the landscapes of all three
5N molecules studied here, leaving landscapes dominated by y
and sheet packings (Fig. 5). This change in packing preference
with respect to unsubstituted pentacene results from the forma-
tion of C-H---N hydrogen bonds between the long edges of the
molecules, replacing the C-H- - -7 edge-to-face interactions in the
favoured herringbone structures of pentacene. The complemen-
tary long edges of molecules 5A and 5B allow these interactions
to repeat, forming infinite hydrogen bonded tapes (Fig. 6a,b)
which are present in all of the low energy structures for both 5A
and 5B. The lack of strongly directional interactions at the short
edge of the molecules allows these tapes to arrange into y pack-
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ing (Fig. 6d,f) or into sheets (Fig. 6e). Either type of packing
leads to substantial 7-w overlap between neighbouring molecules
along the direction of the stack (in y structures) or perpendicular
to the sheets, which could lead to high electron mobilities. Some-
what surprisingly, we found that 5C also reliably formed hydro-
gen bond tapes (Fig. 6¢), despite the reduced complementarity of
the long edges of the molecules.

The crystal landscapes of the three 5N pentacenes are broadly
similar: while sheet-like packing leads to slightly higher density
structures, the lowest energy crystal structures have y packing
for all three molecules. However, the balance between sheet and
Y packing depends on the arrangement of aza-substitution. The
energetic difference between sheet-like and y packing is predicted
to be less than 1 kJ/mol for 5A, but over 3 kJ/mol for 5B and 5C.

The 7N substituted pentacenes have the same substitution pat-
terns as the 5N molecules, with the addition of two nitrogens at
the ends of the molecules. The predicted landscapes of crystal
structures (see Fig. S1, Supplementary Information) show that
these additional nitrogen atoms have a dramatic influence on the
expected crystal packing of these molecules. The landscapes of
all three 7N azapentacenes feature almost exclusively sheet-like
packing with only a few y structures far above the global minima.
The predominance of sheet-like packing is due to the hydrogen
bonds formed by the additional nitrogen atoms, linking the tapes
that were seen in the 5N pentacenes into 2-D sheets; the sheets
found in the global minima predicted crystal structures of 7A-C
are shown in Fig. 7.

This journal is © The Royal Society of Chemistry [year]



Fig. 6 Planar, hydrogen bonded tapes from the global minima predicted
crystal structures of (a) 5A, (b) 5B and (c) 5C. C-H- - -N hydrogen bonds
are shown as dashed blue lines. These tapes are found in most of the
low energy structures of the three molecules. (d) and (f) y packing in the
global minima crystal structures of 5A and 5B, respectively, where the
tapes are directed into the page. (e) Sheet packing in 4" ranked 5A
structure, (0.7 kd mol~! above the global minimum.)

3.2 Energy-Structure-Function Maps

The predictions for pentacene and the hypothetical azapen-
tacenes demonstrate that hetero-atom substitution has an im-
portant impact on crystal packing. However, the packing mo-
tif itself is not a target property in the development of new or-
ganic semiconductors; charge carrier mobility is the key parame-
ter, which depends in turn on both the intermolecular electronic
couplings (which are determined by crystal packing) and the in-
trinsic molecular properties (reorganisation energies of individual
molecules). Thus, each possible crystal structure of each molecule
encodes an electron mobility, which we approximate here using
Marcus theory. The result of combining the predicted structures,
their calculated relative energies and predicted mobilities is an
energy-structure-function (ESF) map (Fig. 8 a for pentacene,
Figs 5 and S1 for the 5N and 7N azapentacenes, respectively),
which displays the likely properties that could result from each
molecule. We can interpret these maps using the basic assump-
tion of lattice energy based CSP - that the most likely observable
structures are those with the lowest energies. Indeed, due to their
cost, we restricted mobility calculations to structures within the
expected energetic range of polymorphism. 44

While our calculated reorganisation energy, A, for hole trans-
port in pentacene (0.096 eV) is in good agreement with pre-
vious calculations and experiment*®, the fragment-orbital ap-
proach used here with a GGA DFT functional is known to un-
derestimate the intermolecular coupling relative to higher level
calculations by between 28 — 37 %. 4647 Given the quadratic de-
pendence of hopping rates on intermolecular coupling, it is un-
surprising that our calculated hole mobility of the bulk form (PI)
of pentacene (0.636 cm2V—!s~1) is very low. Nevertheless, the
approach has been shown to correctly produce relative values for
the electronic coupling when comparing different geometries and
different molecules. 46:47
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Fig. 7 Hydrogen bonded sheet motifs in the global minima predicted
crystal structures of (a) 7A, (b) 7B and (c) 7C. C-H- - -N hydrogen bonds
are shown as dashed blue lines. The second layer of molecules is
displayed in light grey to aid clarity.

The results for pentacene (Figs. 8) show that significant varia-
tions in charge mobility can be observed among a given packing
type. Nevertheless, we see the expected trends between packing
types (Fig. 8b): v structures have the highest mobilities due to
extensive m-7m overlap in one direction; slipped-y structures have
reduced 7-7 overlap and lower mobilities and herringbone struc-
tures show the lowest mobilities. The highest mobility structure,
with y packing, has a predicted mobility ~ 7x that of the global
energy minimum (polymorph PI).

Table 2 summarises the gas-phase electron reorganisation ener-
gies for all six azapentacene molecules investigated. The increase
in A_ of approximately 30 meV from the 5N to 7N azapentacenes
is just over kgT at room temperature; without considering differ-
ences in intermolecular electronic couplings, this increased reor-
ganisation energy would lead to a ~ 25 % decrease in the elec-
tron hopping rates (Eq. 1) of the 7N substituted azapentacenes
relative to the 5N counterparts. This is borne out in the electron
mobility calculations: u is almost universally lower in the ESF
maps of the 7N azapentacenes than for 5N azapentacenes.

For 5N-substituted pentacenes, sheet-like and y are the two
competing crystal packings in the low lattice energy regions of
the landscapes. Both packing types exhibit -7 stacking and the
range of predicted charge mobilities for these two packing types
are comparable (Fig. 9). The variability of predicted electron mo-
bility within each packing type is large and most likely related to
the lateral offset of co-facial molecules between sheets or along
the y stack.
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Fig. 8 (a) ESF map of hole mobilities for all pentacene crystal structures
within 7 kd/mol of the global minimum (structures above this threshold,
which did not have the corresponding hole mobilities calculated are
shown in light grey). The size of the circle is proportional to the
calculated hole mobility, and colour-coded according to the mobility
range that each structure falls into (see legend, in cm?/Vs). (b) Box plot
showing the distributions of hole mobilities for pentacene structures as a
function of crystal packing type. The black line indicates the median
carrier mobility observed across the set of structures of a given packing
type. The box limits represent the 15t and 3@ quartiles. The whiskers
show the range of the calculate charge mobilities within 1.5 x the
interquartile range of the box limits and outliers are denoted by a cross.

3.3 Ranking of molecules

The azapentacenes results illustrate how a set of potential syn-
thetic targets can be assessed in silico by combining crystal struc-
ture and property predictions. These combine to produce ESF
maps which provides a means of assessing a series of molecules
for their likely properties. This assessment can be made using a
knowledge of the likely lattice energy range for observable crystal
structures and the variation in calculated charge carrier mobilities
within this range. In this way, a user can make a molecule-by-
molecule assessment of a library of candidates. The approach
has previously been applied in the area of porous molecular crys-
tals, leading to the discovery of the least dense molecular crystal
known to date?.

ESF maps could be used, for example, in the manual assess-
ment of small sets of candidates or for high-throughput auto-
mated screening studies. In either case, it is valuable to assign a
single measure to each molecule as an assessment of its promise
for leading to the target materials property. We examine several
options for calculating the measure of molecular fitness.

The simplest approach to ranking molecules is to trust the CSP

8| Journal Name, [year], [vol.],1—11

12 : ‘ ‘ 12 ‘

100 | _ SA fiof 7A
’J" | ! |
> 8 | 18
E 6l ! | R
L 4t 4 T T
= 2 2 - - E
of - -~ of
et A A LA N
o e
12— ‘ ‘ 12 ‘
10} 5B |10} /B
0
3 8 8
N6 - 6 T T
€ _ : ; | |
L 4 I 4 I I
IR RIET I
o - - - o L L

6\(\66" A P‘\\ 6\(\26" A P‘\\
12— ‘ 12— ‘ ‘
10} 5C 110} 7C

[%2]
g s 8
Ng j T T - j’
< 2 . B 2l j — é
o — B - of
6‘(\66‘ P\\\ 6‘(\66‘ P‘\\

Fig. 9 Distribution of charge mobilities for the predicted crystal
structures of each azapentacene, categorised according to the different
types of crystal packing in the predicted lattice energy landscapes. The
black line indicates the median carrier mobility observed across the set
of structures of a given packing type, whereas the box limits represent
the 15t and 3™ quartiles. The whiskers show the full range of the
calculate charge mobilities across the sets.

methods to provide a perfect ranking of the predicted structures
and assume that the molecule will crystallise with the global en-
ergy minimum crystal structure. Thus, molecules can be com-
pared based on the predicted charge mobility, ugy, in their global
lattice energy minimum structure. However, a perfect, error-free
model for lattice energies does not exist*® and the effects of en-
tropy that have been ignored can lead to mis-ranking of struc-
tures*®. Furthermore the existence of polymorphs demonstrates
that other low energy predicted structures may correspond to
synthesisable materials. Therefore, an alternative approach is to
compare the maximum charge mobility, tmax, for each molecule
from its predicted crystal structures within the known energetic
range of polymorphism 4. Table 2 lists gy and pmay for each of
the azapentacenes, along with the energy of the structure with the
highest charge mobility relative to the global lattice energy min-
imum, AE (Umax). The crystal structure with high charge mobility
does not correspond to the global lattice energy minimum for any
of the molecules studied (Figs 5 and S1, Table 2). This is under-

This journal is © The Royal Society of Chemistry [year]



Table 2 Summary of the charge transport parameters for the azapentacene
molecules. A_ is the calculated electron reorganisation energy (in eV). ugy is the
predicted electron mobility (in cm?/Vs) for the global lattice energy minimum crystal
structure. Umax is the maximum predicted electron mobility among the low energy
predicted crystal structures. AE (umax) (in kd/mol) is the lattice energy gap from the
predicted global minimum to the crystal structure with the highest charge mobility.
(1) is the ensemble-averaged electron mobility across all crystals with calculated
mobilities (see text). The best rank using each measure is highlighted in bold.

Molecule A HeM  Mmax  AE(Umax) (W)

5A 0.151 5.36 114 5.62 3.27
5B 0.165 398 6.12 7.00 2.86
5C 0.157 3.78 6.40 4.05 4.27
7A 0.180 2.10 4.22 4.69 2.52
7B 0.198 0.62 6.56 6.05 1.81
7C 0.184 201 3.16 598 1.91

standable: dimers with the largest electronic couplings are those
with co-facial n-stackings with good spatial overlap between the
interacting molecular orbitals, the energetic stabilities of which
could be penalised by the relatively large exchange-repulsion in-
termolecular interaction.

The ranking of the six hypothetical azapentacenes is similar
based on either ugy and pq; molecule 5A has the global en-
ergy minimum crystal structure with largest electron mobility as
well as the highest w,.y. Thus, ugy and . are both highest
for the molecule with the lowest reorganisation energy. The high
predicted electron mobility of the global lattice energy minimum
of 5A makes this a promising synthetic target, especially consid-
ering the known, systematic underestimation of charge transfer
rates with the methods used here.

The largest discrepancy between the two rankings is for
molecule 7B, which has the lowest pgy, of all six molecules, but
the second highest p,,,. The high value of p,,,,, for 7B shows that
the high penalty to electron hopping rates caused by reorganisa-
tion energy of can be overcome by favourable crystal packing.

The results for 7B illustrate the danger of assessing a molecule’s
fitness based on a single predicted crystal structure - there are 50
distinct crystal structures for 7B within 7 kJ mol'! of the global
lattice energy minimum structure and a very wide range of pre-
dicted electron mobilities amongst these structures (Fig. 9). All
of these structures are energetically feasible, so there is a large
uncertainty in the electron mobility that will be obtained for this
moelcule.

Thus, we suggest that a more probabilistic approach should be
taken to the development of a ranking of hypothetical molecules,
considering the calculated properties of the whole ensemble of
low energy structures. A possibility is a Boltzmann-like average
over the calculated electron mobilities of the predicted structures:

Y piexp(—AE;/B)
YV exp(—AE;/B)
where y; is the electron mobility of the i—th crystal structure and

AE; is the lattice energy difference of this structure to the pre-
dicted global minimum. In place of a real temperature, we fit the

()

(u) =
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decay constant to the probability of observing a pair of molec-
ular crystal polymorphs with a difference in lattice energy AE;,
using data from Ref. 44 (see Supplementary Information), giving
B =2.70 kJ/mol.

In effect, (u) assigns a probability to each structure based on
its energy with respect to the global minimum on its landscape
and takes into account the calculated mobilities of all of the low
energy predicted structures. We find that this measure provides
quite a different ordering of the molecules compared to pgy, or
Wnax- Molecule 5C comes out as the molecule with the highest
likelihood of producing a crystal structure with the highest elec-
tron mobility of the six azapentacene molecules investigated in
the present study (Table 2).

4 Conclusions

We have demonstrated the use of CSP to evaluate the effect of
small chemical changes on crystal packing and its knock-on influ-
ence on charge mobility in a set of azapentacenes that are pro-
posed as potential molecular organic semiconductors. We find
that the substitution of nitrogen atoms into the pentacene ring
system has a dramatic effect on the entire crystal energy land-
scape. The resulting C-H---N hydrogen bonds favour crystal pack-
ing motifs with co-facial m—stacking, which is expected to lead to
high charge mobilities. 5N azapentacenes show a disruption of
the typical herringbone packing of pentacene with y being the
most favourable type of crystal packing. The higher level of sub-
stitution in 7N azapentacenes leads almost exclusively to sheet-
like crystal packing in which all edge-to-face interactions are dis-
rupted and replaced by C-H- - -N hydrogen bonds.

The charge transport properties were approximated using Mar-
cus theory and the calculated mobilities, combined with the rela-
tive stabilities of the predicted crystal structures, were combined
to produce energy-structure-function maps of the set of azapen-
tacenes, as well as pentacene itself. These maps provide a vi-
sual representation of the spread in the target property within
the low energy potential crystal structures of each molecule. A
large range in electron mobility is found amongst the low energy
crystal structures for all molecules studied here, demonstrating
the important impact of crystal packing on charge transport prop-
erties. This can be partly understood in terms of differences be-
tween packing motifs: herringbone crystal packing typically leads
to lower mobilities than either y or sheet-like packing (Fig. 8).
However, the variability in mobility within each structural class
is very large — the fine details of the intermolecular arrangement
are critical in determining to the resulting mobility. Thus, the
ability to predict crystal structures with high accuracy could ac-
celerate the development of organic molecular semiconductors by
enabling in silico screening of synthetic targets. The reliability of
structure prediction methods is developing rapidly, particularly
with increased use of periodic®® or fragment-based®! electronic
structure methods and free energy calculations*® for structure
ranking.

With in silico screening in mind, we discuss various measures to
rank the molecules based on the calculated properties of their pre-
dicted crystal structures. In terms of maximum charge mobilities,
5A was found the be the best performing molecule - its landscape
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contains the crystal structure with the highest electron mobility
of all molecules studied. However, 5A’s landscape also contains
many low-mobility crystal structures. Taking a more probabilistic
view, we suggest a weighted average over the calculated mobili-
ties of low energy crystal structures which, of the azapentacenes
studied here, suggests molecule 5C as the most promising target.
Given that the deliberately chosen asymmetric N-substitution pat-
tern in 5C leads to a more favourable property landscape than the
more symmetric azapentacenes that were previously suggested
as promising molecules, it is clear that the computer—guided de-
sign of novel organic semiconductors would benefit from a wider
search of chemical space, using either high-throughput or evo-
lutionary methods, where the computer could explore chemical
changes and evolve the molecular structure to optimise the tar-
geted property - in this case, charge mobility. The work presented
here provides a basis for further developments towards computa-
tional screening of organic solids with targeted properties.
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