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A general synthetic method has been used for the condensation of the 7-azaindole substructure at both
extremes of centrosymmetric fused polyheteroaromatic systems. Four different aromatic spacers
(benzene, naphthalene, anthracene and pyrene) that modify the molecular geometry and the
n-conjugated surface have proved the ability of 7-azaindole to work as a building block that can control
the crystal packing through reciprocal hydrogen bond interactions. Two possible self-assembled
columnar arrangements have been observed as a result of the n—n interactions between hydrogen-
bonded ribbon-like supramolecular structures. A detailed comparative analysis of the molecular
organisation driven by hydrogen bonding and m-stacking, in combination with DFT calculations, has
revealed an interesting evolution of the charge transport parameters. Organic thin-film field-effect
transistors have been fabricated with the hydrogen-bonded semiconductors, reaching mobilities that
demonstrate the potential of this supramolecular approach to control the molecular organisation and
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Introduction

Organic semiconductors have recently gained much attention
owing to their utility in the fabrication of electronic devices,"?
where organic light-emitting diodes (OLEDs),** organic and
hybrid photovoltaics (OPV and HPV)>® and organic field-effect
transistors (OFETs)”’® are the most representative applications.
The technically appealing properties of this new generation of
devices, namely lightweight and flexibility,”** confer an added
value on the innovation and development purposes for the
electronics industry. Nevertheless, there are still important
challenges to tackle before organic semiconductors can become
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promote the electronic communication between the organic building blocks.

real competitors of their inorganic counterparts. One of the main
difficulties, intrinsic to organic semiconductors, originates from
the fundamentals of the charge transport process.'”*° Differently
from inorganic semiconductors, constituted by highly ordered
solid networks of covalently bonded atoms that give rise to wide
electronic band structures, organic semiconductors are molecular
solids whose order in the solid state is governed by weak non-
covalent intermolecular interactions.>"** As a consequence, the
charge transport mechanism that generally takes place in organic
semiconductors consists in a charge carrier hopping between a
manifold of localized states. This hopping mechanism makes
charge percolation through the semiconductor more difficult than
in the case of band-like transport. Therefore, the solid-state
arrangement has a critical impact on the charge transport proper-
ties of organic materials.>*** Nevertheless, given the weakness of
these non-covalent interactions, and despite the progress of com-
putational methods, it is still very intricate to control and predict
the packing in the solid state from the molecular structure
only.*®?® This becomes particularly problematic because most of
the organic semiconductors consist of fused polyaromatic or
polyheteroaromatic structures, whose solid-state packing is mainly
driven by n—m interactions. Although these are essential to sustain
charge hopping, their low energy makes the adjustment and
orientation of n-r interactions a difficult task.>’** Thus, achieving
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highly ordered organic semiconductors in an extended scale
becomes a challenging goal to improve the charge transport in
electronic devices.>** This circumstance is ideally attained in the
case of single crystal OFETs which, in spite of representing a
perfect benchmark for research purposes,®*® cannot currently be
considered a suitable option for industrial development where
high throughput fabrication methods based on thin films are
desired for organic electronics.>***

Numerous synthetic approaches have been explored to study
the effect of structural alterations on the crystal packing, the
tuning of n-n interactions and the subsequent semiconductor
performance. Focusing on fused polyaromatic and polyhetero-
aromatic molecules, the peripheral functionalisation has been
commonly investigated using rigid substituents, aromatic rings
or alkyl chains.***” The modification of the geometry of
fused rings and the study of isomerism has also enabled a
better understanding of the structure-property correlation.**™>?
Additionally, the expansion of the m-conjugated surface has
been usually employed to modulate the intermolecular
interactions.”*"*

In this context, the molecular organisation in n-conjugated
systems could be further controlled by virtue of the cooperative
effect of stronger non-covalent interactions. Among them,
hydrogen bonding represents an appropriate tool,>>™” as it is
evidenced by biological systems in which the combination of
n-stacking and hydrogen bonds determines the macrostructure
of proteins or nucleic acids, just to mention well-known examples.
From a chemical perspective, the wide diversity of functional
groups that can interact through hydrogen bonds offers a plethora
of synthetic possibilities for the construction of novel materials.’®
Moreover, the energy and directionality of hydrogen bonds provide
the essential means to design an approach that enables certain
control or predictability of the molecular arrangement. This
supramolecular strategy has been successfully applied within
the disciplines of crystal engineering,*® surface self-assembly®®
and organic frameworks,®! validating the method of hydrogen
bond-induced organisation in the solid state.

Concerning the application of this approach in organic
electronics, hydrogen-bonded pigments have shown promising
charge transport properties when employed as semiconductors
in thin-film transistors. In this regard, it is worth highlighting the
excellent results reported for quinacridone and epindolidione.®* **
Moreover, structurally related molecules such as indigo and
diketopyrrolopyrrole derivatives have also offered good perfor-
mances as organic semiconductors.®>*® Analogously, chlori-
nated perylene diimides have shown good electron mobilities in
transistors.®® Looking at the structural features of these mole-
cules, it is interesting to notice how even with short conjugation
lengths they present good charge transport, attributed to their
ability to self-assemble through (N-H- - -O=C) hydrogen bonds.

Inspired by these precedents, we have recently reported the
synthesis of small conjugated molecules that self-organise
through hydrogen bond interactions. The structural particularity
of these compounds lies in the fusion of the 7-azaindole building
block that enables the integration of the hydrogen bonding
sites within the conjugated skeleton itself.”’””> Additionally, the
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resulting fused polyheteroaromatic molecules present a fully
conjugated structure that differs from the conjugation of some
of the above-mentioned indigoid systems. Interestingly, the use
of hydrogen-bonded rigid centrosymmetric structures can induce
a supramolecular expansion of the m-surface that also favours a
concomitant n-stacking. Based on these results, we have considered
some of the previously mentioned structural modifications in
organic semiconductors, such as molecular geometry and con-
jugation length, and we report a comparative study of four fused
7-azaindole systems, namely benzodi-7-azaindole (BDAI), naph-
thodi-7-azaindole (NDAI), anthradi-7-azaindole (ADAI) and
pyrenodi-7-azaindole (PDAI). Structure-property correlations
are analysed in terms of their electronic structure, solid-state
packing, thin-film morphology and charge transport in OFETs
along with theoretical calculations. We have corroborated the
excellent directing ability of our hydrogen bonding unit, producing
similar molecular packing in all cases. However, these analogous
structures show an interesting range of dissimilar charge transport
properties that even improve the results of other hydrogen-bonded
semiconductors in thin-film transistors.

Results and discussion
Synthesis

All the compounds were synthesized following a two-step
methodology for the integration of the 7-azaindole substructure
into the fused polyheteroaromatic systems with C,;, symmetry
(Scheme 1).”° Initially, the corresponding diamines, namely
p-phenylenediamine, 1,5-diaminonaphthalene, 1,5-diamino-
anthracene’ and 1,6-diaminopyrene,”” reacted with 2,3-dichloro-
pyridine using standard palladium-catalysed conditions for a
Buchwald-Hartwig reaction.”® The resulting bis(pyridyl) aromatic
diamines, 1, 2, 3 and 4, led to the respective polyheteroaromatic
products BDAI, NDAI, ADAI’° and PDAI, via photochemical
carbon-carbon coupling in good yields. All the intermediate and
final products were structurally characterised by NMR spectroscopy
and mass spectrometry (Fig. S1-S4, ESI}). In the particular case of
BDAIL,’" a mixture of two isomers was obtained and the desired
centrosymmetric product was isolated after purifying the mixture by
gradient sublimation. Analogously, in order to get highly pure
materials, all the final products were purified by sublimation. As
can be anticipated from this purification protocol, these materials
show a high thermal stability. This was confirmed by thermogravi-
metric analysis (TGA) revealing that they all have very high degrada-
tion temperatures, BDAI (373 °C), NDAI (462 °C), ADAI (496 °C) and
PDAI (534 °C), corresponding to a 5% mass loss (Fig. S5, ESI%). The
stability of the molecules is attributed to the hydrogen bond inter-
actions that govern the solid-state structure as discussed below. The
robustness of these molecules is also verified by differential scanning
calorimetry (DSC) where no evidence of any phase transition was
detected during the heating and cooling cycles (Fig. S5, ESLt).

Optical and electrochemical characterisation

The electronic structure of the four compounds was char-
acterised by electrochemical and spectroscopic methods (Fig. 1).

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthesis of 7-azaindole-fused polyheteroaromatic molecules. (i) Pd(OAc),, (4)-BINAP, ‘BUOK, 1,4-dioxane, A; (i) '‘BuOK, DMSO, hv.
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Fig. 1 (a) Absorption spectra in DMF solution (2.5 x 10> M, continuous plot) and as solid thin film (dashed plot). (b) Cyclic voltammetry (10~ M in DMF,
0.1 M TBAPFg). (c) HOMO and LUMO energies estimated from: Eyomo (eV) = —(Eonset ox. — Eonset Fc/Fc+) + Eriomo rer ELumo = Eromo + Eopk.; Eonset Fe/Fe+ =
0.44 V; Eiomo re = —4.8 eV. The topology of the frontier molecular orbitals (isocontours of +0.03) was computed at the B3LYP/6-31G** level.

Energy (eV)

The cyclic voltammetry of BDAI, NDAI, ADAI and PDAI show at1.00,1.17,1.01 and 0.94 V, respectively (Table 1). The energies of
irreversible voltammograms with oxidation onsets (Eonser) detected  the highest occupied molecular orbital (HOMO) were estimated
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from these onset values taking the ferrocene/ferrocenium redox
couple as a reference to set the energy with respect to the vacuum
level.”’® The identical angular catacondensation of NDAI and
ADAI shows how the extended conjugation from the naphthalene
to the anthracene spacer causes an increase in the HOMO energy
of ADAI as previously observed for similar phene-like poly-
heteroaromatic molecules.*>>”*#* This effect is also exhibited
by the molecule with the larger pyrene spacer, PDAI, whose HOMO
has a slightly higher energy. Coincidentally, BDAI and ADAI
displayed similar HOMO energies. Despite the shorter conjugation
length of the former, the pseudolinearity of BDAI structure causes
the raise of the HOMO energy when compared to the angular
structure of ADAI and NDAL*>**

To gain a deeper understanding of the electronic structure,
the frontier molecular orbitals of BDAI, NDAI, ADAI and PDAI
were computed after geometry optimisation at the density
functional theory (DFT) B3LYP/6-31G** level including solvent
effects in dimethylformamide (DMF) within the polarizable
continuum model (PCM) (see the ESI for full computational
details). As shown in Fig. 1c, the HOMO spreads over the whole
conjugated structure being more concentrated over the acene
core. The HOMOs of NDAI (—5.39 eV), ADAI (—5.12 eV) and
PDAI (—5.30 eV) actually preserve the topology of the HOMOs of
the naphthalene (—5.92 eV), anthracene (—5.36 eV) and pyrene
(—5.47 eV) cores, respectively (Fig. S6, ESIt), but are shifted to
higher energies due to the antibonding interactions with the
pyrrole nitrogens of the 7-azaindole end-capping moieties.
These interactions are stronger for PDAI than for ADAI and
the HOMO of PDAI is predicted higher in energy in accord with
the experimental estimates (Table 1) and in contrast with that
found in passing from anthracene to pyrene. The HOMO of
BDAI receives a larger contribution from the 7-azaindole units
and spreads over the whole molecule in a more extended way,
justifying the high energy calculated for this orbital.

All the studied molecules have analogous UV-vis spectral
features displaying two differentiated absorption regions that
remind the spectra of isoelectronic polyaromatic molecules.®**>
In DMF solution, intense absorptions ascribed to the p bands
are located in a narrow range (337-343 nm) for all the com-
pounds, indicating that these transitions are not very sensitive
to the changes in the molecular structure. Weaker bands located
at longer wavelengths (o bands) are ascribed to the HOMO —
LUMO transitions and are sensitive to the conjugation length.
This is evidenced by the red-shifted wavelengths of the absorption
onsets (Laps. onser) that follow the trend NDAI (403 nm) < ADAI
(434 nm) < PDAI (482 nm) showing how the optical energy gap
becomes narrower. Again, BDAI displaces its absorption onset to
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longer wavelengths (432 nm) than a priori expected. The low-
energy absorption onsets were used to estimate the HOMO-
LUMO energy gap which, added to the previously calculated
HOMO energies, leads to the determination of the LUMO
energies (Table 1).

The optical findings are supported by time-dependent DFT
(TD-DFT) calculations in DMF (Table S1, ESIZ). For all the four
systems, calculations predict a first weak n-n* electronic transition
(So — Si), mainly associated with the HOMO — LUMO mono-
excitation, with wavelengths calculated at 378, 366, 423 and
439 nm (3.28, 3.39, 2.93 and 2.82 eV) for BDAIL, NDAI, ADAI and
PDAL, respectively. As observed experimentally, the first transition
of BDAI appears at lower energy than that calculated for NDAI. At
shorter wavelengths, an intense n-n* electronic transition, mainly
due to the HOMO—1 — LUMO monoexcitation, is computed for
BDAI (S, — S,), ADAI (S, — S;) and PDAI (S, — S,). These
transitions give rise to the experimental p bands, and are
calculated close in energy at 329, 331 and 334 nm (3.77, 3.75
and 3.71 eV), respectively, in very good accord with the experiment.
For NDAI, calculations also predict the S, — S, transition domi-
nated by the HOMO—1 — LUMO monoexcitation at similar
energies (330 nm, 3.76 eV), but now it shows a significant lower
intensity (Table S1, ESIt). Instead, the highest intensity corresponds
to the S, — S, transition associated to the HOMO — LUMO+1
excitation, which is calculated at higher energies (299 nm, 4.14 €V).
The vibrational structure of the HOMO — LUMO S, — S; transition
is clearly observed for NDAI and PDAI (Fig. 1a).

The optical characterisation was completed by measuring
the absorption spectra of solid thin films. All the samples experi-
enced a bathochromic shift when compared to the measurements
in solution owing to the intermolecular interactions that are more
favoured in the solid state. In the case of BDAI, NDAI, ADAI and
PDALI, the intermolecular interactions (mainly of t—r character) are
additionally reinforced by hydrogen bonds.

In summary, the electronic characteristics of the materials
resulting from the fusion of the 7-azaindole unit to different
aromatic cores makes them suitable for their study as hole
transporting materials.

Organic field-effect transistors

The evaluation of the semiconducting ability of BDAI, NDAI,
ADAI and PDAI was investigated by fabricating thin-film tran-
sistors with a bottom-gate top-contact architecture. Given the
relevance that interfaces have on OFETs performance,®® Si/SiO,
substrates were spin-coated with a thin film of polystyrene that
is part of the hybrid dielectric architecture.’””*® This treatment is
intended to precondition the dielectric/semiconductor interface

Table 1 Optical and electrochemical characterisation of BDAI, NDAI, ADAI and PDAI

BDAI NDAI ADAI PDAI
Eonsec (V) 1.00 1.17 1.01 0.94

Jabs. onset (M) 432 403 434 482

Erumo® (eV) —2.55 —2.45 —2.50 —2.73
Eromo” (V) —5.36 [—5.38] —5.53 [—5.39] —5.37 [-5.12] —5.30 [—4.93]

“ The theoretical energies calculated at the B3LYP/6-31G** level for the HOMO are included within brackets.
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Fig. 2 Transfer and output characteristics of thin-film OFETs.

Table 2 Thin-film OFETs characterisation?

Hmax (sz V71 Sil) /Javg (sz V71 Sil) Von (V) Ion/loff

51x 104 +29x 10 % —24 10°
3.2 x107°+0.6 x 107> —52 10°
2.6 X107 2+0.1 x 1072 —22 5 x 10*
1.2 x10°*4+ 02 x 107* —51 10>

BDAI 1.3 x 1073
NDAI 4.6 x 107°
ADAI 2.7 x 102
PDAI 1.4 x 107*

¢ ftmax: best hole mobility; piaye: average hole mobility and standard
deviations obtained from six devices; V,,: switch-on voltage; Ion/Iog: on-
off current ratio.

by smoothing the surface roughness, blocking the interfacial
dipoles and improving the subsequent organic semiconductor
deposition. Then, the semiconductor was evaporated under high-
vacuum conditions. Concerning the semiconductor/top-contact
interface, MoO; was deposited through a shadow mask previous
to the electrode evaporation. The high work function of molyb-
denum oxide may have a contact doping effect and reduce the
contact resistance.**° Electrical characterisation of the transistors
was performed at dark and in the air. The transfer and output
characteristics are depicted in Fig. 2. The OFETs parameters were
calculated from the transfer characteristics in the saturation
regime and are summarised in Table 2. The best hole mobilities
(#tmax) measured for the different materials increase from BDAI
(1.3 x 10 em®> V' s7') to NDAI (4.6 x 10> em®> V' s7') and
reach the maximum value for ADAI (2.7 x 107> cm> V' s7 ).
These results suggest that the expansion of the conjugation in the
linear acene spacers improves the charge transport properties of
the self-assembled materials. At this point, it is worth highlighting
that these mobilities improve the results previously reported for
other hydrogen-bonded semiconductors in thin-film transistors
fabricated under analogous experimental conditions (Si/SiO, sub-
strate, thin-film sublimation and without annealing or substrate
heating).”""** Nevertheless, a lower mobility was measured in the
transistors fabricated with PDAI (1.4 x 10~ * cm® V' s ") despite
its larger conjugated surface. Since molecular packing, thin-film
morphology and crystallinity play a critical role for the charge
transport properties of organic semiconductors, these aspects were
investigated in detail.

This journal is © The Royal Society of Chemistry 2021
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Crystal structure and theoretical calculations

The crystal packing of the different molecules was determined
by X-ray diffraction. Concerning the purpose of investigating
the control of the molecular organisation through hydrogen bond
interactions, we could satisfactorily check that the molecular
design based on the incorporation of the 7-azaindole building
block into the conjugated systems led to striking similarities in
the solid-state arrangement of the different molecules. Thus, all
the centrosymmetric conjugated systems set reciprocal N-H- - -N
hydrogen bonds between the donor site at the pyrrole ring and
the acceptor site at the pyridine ring. Shorter hydrogen bond
distances (1.9 A, H- - -N distance) are observed in BDAI, due to its
pseudolinear structure, that enables molecules to come closer
than in the case of NDAI (2.1 A), ADAI (2.1 A) and PDAI (2.3 A)
molecules. This can be explained by the little steric hindrance
occurring between the CHs in the central aromatic spacer and the
pyridine rings of neighbouring molecules in the crystal (Fig. 3).
Hydrogen-bonded molecules are not perfectly coplanar but
define low steps (height: 0.3-0.7 A) that improve crystal packing.
Moreover, as a result of this hydrogen bond-directed self-
assembly, the symmetry of the molecules enables the formation
of ideally infinite ribbon-like supramolecular structures (Fig. 3).
This non-covalent expansion of the conjugated surface addition-
ally favours the stacking of molecules in parallel planes (inter-
planar distance: 3.4-3.6 A) defining a slipped columnar
arrangement. This packing pattern is adopted by all the four
molecules exhibiting different geometries and conjugation
lengths. Therefore, the X-ray diffraction results reinforce our
supramolecular approach to induce self-organisation in conju-
gated small molecules. When the crystal network is extended, the
slipped columnar packing is maintained in BDAI and ADAI
(Fig. S8, ESIf) reminding the crystal structure of the alpha I poly-
morph of quinacridone.®® Nevertheless, a second orientation of
the columnar packing is observed for NDAI and PDAI (Fig. S8,
ESIt) where the molecules in differently oriented columns form
angles of 49.6°and 53.2°, respectively.

Face-to-face m-stacking represents the intermolecular inter-
action that intuitively defines the more favourable direction for

J. Mater. Chem. C, 2021, 9,10819-10829 | 10823
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Fig. 3 X-ray diffraction. Solid-state packing. Left column: Ribbon-like structure of hydrogen-bonded molecules (red dotted lines represent hydrogen
bonds). Central column: projection across the long molecular axis showing hydrogen-bonded molecules and n—n stacked molecules adopting a
columnar packing. Right column: top view of n—n stacked molecules; red spots represent the molecular centroids that serve as a guide for the eye to
identify the pitch shifts (along the long molecular axis) and roll shifts (along the short molecular axis).

charge transport due to the more optimal orbital overlap.
Nevertheless, stacked molecules must slip with respect to each
other to attenuate the electrostatic repulsion between the
n-electron densities. The intermolecular shift can occur along
the long or short axis of the molecules (pitch and roll shifts,
respectively)®® resulting in a more or less favoured m-surface
intersection. It was interesting to observe how dissimilar pitch
and roll shifts occurred within the series of studied molecules
(Fig. 3 and Fig. S9, ESI). Thus, using the longest molecular axis
as a spatial reference (longest diagonal connecting two atoms
through the centre of inversion), BDAI experiences both long-
itudinal (1.4 A) and transversal (1.5 A) shifts. NDAI basically
shifts transversally (1.5 A) along the short side of the molecule
with only a minor shift along the long side (0.7 A). This type of
intermolecular displacement is also observed in PDAI (roll
shift: 1.5 A and pitch shift: 0.6 A). Contrariwise, ADAI shows a
large longitudinal slippage (3.0 A) and a very short transversal
shift (0.1 A). As it will be discussed later, these different
n-stacking dispositions have important effects on the electronic
communication between molecules.

The extent in which the different intermolecular inter-
actions intervene in the solid-state packing can be analysed
by calculating the Hirshfeld surfaces (Fig. 4).°°°° The region
where m-conjugated surfaces intersect between stacked mole-
cules is depicted by a white “footprint” at both sides of the
Hirshfeld surface that, according to the colour code, represents
contacts around the van der Waals separation. The decomposition
of the different atom-to-atom contacts (Fig. S10, ESI%) shows how
C. - -C contacts, which are the most representative contacts in face-
to-face n-m stacking, increase with the extension of the conjugated
surface. It is worth highlighting how the Hirshfeld surfaces also

10824 | J. Mater. Chem. C, 2021, 9, 10819-10829

evidence the strength of hydrogen bonding by the red spots
located at the donor and acceptor sites that denote shorter
contacts. In agreement with the previously discussed (NH- - -N)
hydrogen bond distances, these perfectly match the (H---N)
contribution to the intermolecular interactions in the Hirshfeld
surface, whose representativeness decreases following the trend
BDAI > NDAI > ADAI > PDAI (Fig. S10, ESIf). This indicates
that edge-to-edge interactions, which normally are negligible in
the molecular packing of m-conjugated systems, gain much
relevance when hydrogen bonds control the solid-state arrange-
ment. Additionally, some other weak interactions are attributed
to C-H---H-C contacts depicted as white spots around the
peripheral region of the Hirshfeld surface.

To gain a better insight into the charge transport process at
the molecular level, theoretical calculations were performed to
estimate the transfer integrals (¢,,) between neighbouring
molecules in the crystal and the reorganisation energy () (see
the ESIi for full computational details). Transfer integrals are
related with the degree of orbital overlap and quantify the
electronic communication between spatially close molecules
a and b. The reorganisation energy accounts for the energetic
cost of intermolecular charge transfer in terms of the structural
rearrangement that the molecules experience upon donating/
accepting an electron. Both ¢, , and / are relevant parameters to
describe the charge transport in organic semiconductors and
are key factors to evaluate the electron-transfer rate constant
using the popular Marcus rate expression.'®

To screen the preferred transport directions in the crystal,
hole transfer integrals were computed for all the intermolecular
contacts found in the crystal structure (Fig. 4 and Table 3). Based
on the ¢, ; values, the main charge carrier path corresponds to the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Hirshfeld surfaces and close contacts in the crystal packing. Black molecules correspond to hydrogen-bonded and n-stacked molecules with
respect to the central molecule. Grey molecules complete the close contacts around the Hirshfeld surface. Numbers are included to identify the

molecules for the transfer integral calculations.

n-stacking direction since most of the studied molecules (BDAI,
NDAI and PDAI) exhibit the highest transfer integrals between
n-stacked dimers (¢, , = ¢, 3). However, the values of these transfer
integrals do not follow the expected trend according to the
n-surface extension of the molecules. BDAI, the smallest mole-
cule, displays the largest transfer integral between m-stacked
molecules (71.5 meV), whereas ADAI shows a noticeable low
electronic coupling (11.1 meV). Although this result may seem
counterintuitive, this is due to the high dependence the transfer
integral has on the orbital overlap, which strongly varies with the
intermolecular shift of the neighbouring molecules.* This is
evidenced in the 2D maps (Fig. S11, ESIi) representing the theore-
tical variation of the transfer integral values when n-stacked mole-
cules are shifted with respect to each other from the relative position
in the crystal. Small displacements along the long and short
molecular axes cause huge variations on the value of the ¢;, = ¢, 3
transfer integral. Thus, in the case of ADAI, the HOMO orbitals of
the m-stacked molecules do not efficiently overlap for the specific
intermolecular location found in the crystal (Fig. S11, ESI}). This
also applies to the low transfer integral obtained for n-stacked PDAI
dimers compared to the smaller molecules BDAI and NDAI. These
results contrast with the hole mobilities measured for OFET devices
(Table 2), which increase in passing from BDAI to NDAI and ADAI
and significantly decrease for PDAL On the other hand, as it has
been previously anticipated, the edge-to-edge interactions set
through hydrogen bonds provide remarkable values for ¢, 4 = ;5
transfer integrals in the 7-14 meV range (Table 3). In contrast to
n-stacked dimers, for which many different relative dispositions
are accessible, in hydrogen-bonded dimers the relative disposi-
tion is restricted to keep the hydrogen bonds and similar values
are obtained for the electronic couplings of the four molecules.
Contacts between molecules packed in adjacent columns,
immediately above or below the hydrogen-bonded dimer, also

This journal is © The Royal Society of Chemistry 2021

Table 3 Hole transfer integrals (t,5, in meV) computed at the B3LYP/
6-31G** level for the different molecular dimers with close intermolecular
contacts found in the crystal. Molecular pairs (a,b) are labelled according to
the numbering used in Fig. 4

tas BDAI NDAI ADAI PDAI
t1p = t13 (n—stack) 71.5 56.1 11.1 28.8
tia=t5 (H-bOl’ld) 14.2 11.4 8.3 7.2
t16=1t1,7 6.7 19.1 16.8 23.9
t18=t1,0 9.3 1.5 12.1 1.9
ti,10 =t 1.6 1.5 0.4 1.9
t1,12 = 1,13 0.2 0.0

display significant transfer integrals (¢, ¢ = t;, ;) with values above
16 meV for all compounds except for BDAI (6.7 meV). Non-
negligible transfer integral values for dimers t; g = t; o belonging
to adjacent hydrogen-bonded ribbons are also predicted for
BDAI and ADAI. The estimated transfer integrals therefore
suggest that a 2D charge transport along the n-stacked
hydrogen-bonded ribbons, reinforced by diagonal (t;6 = t7)
and edge-to-edge (¢, 4 = t; 5) intermolecular interactions, mainly
occurs for all systems with further inter-ribbon electronic com-
munication for BDAI and ADAL

To understand the apparent dissonance between the trans-
fer integrals evaluated for single molecular pairs at the crystal
structure and the hole mobilities experimentally measured, the
fluctuation of the transfer integrals (dynamic disorder) owing
to thermal motions was evaluated using a computational pro-
tocol which combines quantum-chemical calculations (DFT)
and molecular dynamics simulations (see the ESIi for details).
Note that dynamic disorder turned out to be important to
accurately describe charge and energy transport phenomena
in molecular aggregates and crystals.'®™'% Table 4 gathers the
Marcus-like charge transfer rate constants computed for the
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Table 4 Hole-transfer rate constants (k) estimated for the most relevant dimers (see Fig. 4) of BDAI, NDAI, ADAI and PDAI. The computed average
squared transfer integrals (tz) and reorganisation energies 4 are also included

Dimer Property BDAI NDAI ADAI PDAI
/. (meV) 233 250 182 239
12 =13 () (meV?) 3612.5 7030.3 3340.8 5702.0
k(s 1.3 x 10" 2.1 x 10" 2.2 x 10" 1.9 x 10"
14 =15 () (meV?) 87.3 55.9 17.0 20.1
k(s 3.1 x 10" 1.6 x 10" 1.1 x 10" 7.6 x 10"
1-6 =17 () (meV?) 32.9 191.3 356.7 63.4
k(s 1.2 x 10" 5.6 x 10" 2.4 x 10" 2.1 x 10"
1-8 =19 () (meV?) 764.4 18.5 194.7 21.4
k(s 2.7 x 10" 5.5 x 10" 1.3 x 10" 7.2 x 10"

most relevant dimers of the studied compounds taking into
account the dynamic disorder by the average squared transfer
integral (£*) (see the ESIt and Table $3 for further details)."*®
Table 4 also includes the reorganisation energies 4 needed to
calculate the rate constants. Whereas similar / values in the
230-250 meV range are computed for BDAI, NDAI and PDAI,
ADAI exhibits a significantly smaller value of 182 meV. Table 4
clearly confirms that the most favourable charge-transport
channel in all the studied compounds occurs through the
n-stacking direction with similar rate constants in the range
of 1.3-2.2 x 10" s™'. Nevertheless, ADAI exhibits, in general,
more efficient secondary channels for efficient charge migration
with significant charge-transfer rates of 2.4 x 10" and 1.3 x
10" s7' for 1-6 intra-ribbon and 1-8 inter-ribbon molecular
pairs, respectively. These secondary charge transport pathways
increase the charge carrier hopping probability in different
directions and can explain the better mobilities registered
for ADAI in OFET devices compared to the other organic semi-
conductors BDAI, NDAI and PDAI.

Thin-film morphology and crystallinity

With the aim of getting further experimental support that explains
the observed charge transport properties, the semiconductor

o

L

>

§7)

o

2

S 5 10 15 20 5 10 15

26 (degrees) 26 (degrees)

Fig. 5 (a) AFM images. (b) X-ray diffraction of thin films.
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surface thin-film morphologies were analysed by atomic force
microscopy (AFM) (Fig. 5a). Even though the molecules showed
a very similar solid-state packing, clear differences are mani-
fested in the AFM images. Thus, BDAI forms tangled turnings
that densely cover the substrate surface. Similar but thicker
turnings are observed in the NDAI films. Conversely, ADAI
presents a granular morphology with a very homogeneous grain
size distribution and compact coverage. Likewise, PDAI also
exhibits a granular morphology. These outcomes bring to light
how subtle changes in the molecular structure, despite showing
analogous crystal packing features, can cause remarkable
changes on the mesoscopic scale, as revealed by the different
morphology of the four identically processed thin films with
comparable molecular materials.

Additionally, X-ray diffraction measurements were performed
on the deposited films (Fig. 5b). BDAI films did not show an
evident crystallinity, since no peak could be clearly detected in
the diffractogram. Conversely, the crystallinity of NDAI, ADAI
and PDAI was confirmed by the detection of out-of-plane
diffraction peaks, which are coincident with the simulated
diffractograms obtained from the previously discussed X-ray
structures, indicating that the molecular packing is preserved in
the thin films.

2000 PDAI
2000
1000 . (002)
0
5 10 15 20 5 10 15 20
26 (degrees) 26 (degrees)
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The analysis of properties such as morphology and crystal-
linity, in the mesoscopic scale, explains the lower hole mobility
in BDAI despite its similar rate constant compared to the other
compounds. Nonetheless, it is worth emphasizing the notice-
able mobility reached by BDAI considering its apparent lack of
crystallinity."® This can be explained by the presence of optimal
secondary charge transport pathways for BDAI similarly to ADAI
with remarkable estimated hole-transfer rate constants (Table 4).
Regarding the measured diffractograms, a better crystallinity was
detected for ADAI that showed sharper and more intense peaks
and up to second order reflections, indicating that a single
crystalline phase is mainly detected in the thin film. Moreover,
the only presence of reflections belonging to the (00]) family
clearly indicates that the crystalline film has been grown with a
strong preferred orientation, with the ab crystalline planes
being parallel to the film surface. The same preferred growth
orientation has also been obtained for the cases of both NDAI
and PDAI films. The crystalline domains play a critical role in
the quality of the charge transport of organic semiconductors
since they define how extended the molecular order is present
in the crystallites that form the film. Thus, the average crystallite
size was calculated using the Scherrer equation by fitting the
dominant peaks in the diffractograms.'®” The crystalline films
displayed the following crystallite sizes: ADAI (21 nm), NDAI
(18 nm) and PDAI (10 nm). In agreement with this, a more
extended crystalline order was confirmed for ADAI and, in turn,
it was better for the NDAI film when compared to PDAI

From the overall analysis of the different properties affecting
the charge transport in the OFETs fabricated with BDAI, NDAI,
ADAI and PDAI, it can be concluded that the thin film crystal-
linity or, in other words, the degree of molecular order within
the film, becomes a very important feature for the performance
of this series of hydrogen-bonded semiconductors. Additionally,
the molecular disposition governed through hydrogen bonding
contributes to define several pathways for efficient charge
migration. The favourable convergence of all these properties
on ADAI demonstrates the suitability of this and other novel
self-assembled molecular materials to be investigated as organic
semiconductors.

Conclusions

A straightforward synthetic strategy has been optimised for the
integration of the 7-azaindole substructure in fused polyhetero-
aromatic systems. The rational design of centrosymmetric con-
jugated molecules, with hydrogen bond donor and hydrogen
bond acceptor sites incorporated to the aromatic structure,
validates the suitability of the 7-azaindole building block to
induce the hydrogen bond self-assembly in the solid state. The
reproducibility of the molecular packing motif observed in the
X-ray crystal structure of the series of centrosymmetric molecules
BDAI, NDAI, ADAI and PDAI, with different geometry and con-
jugation length, reinforces our supramolecular approach for the
challenging task of gaining certain control on the solid-state
arrangement of organic semiconductors. The thin-film OFETSs

This journal is © The Royal Society of Chemistry 2021
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fabricated on commercial Si/SiO, substrates without any thermal
treatment have demonstrated an improved hole mobility of ADAI
within the context of hydrogen-bonded organic semiconductors.
The structure-property correlation within the series of hydrogen-
bonded molecules has enabled a combined study of parameters
in the nanoscale (transfer integrals and reorganisation energies)
and the mesoscale (thin film morphology and crystallinity). This
analysis has revealed the significant contribution that thin-film
crystallinity has on the charge transport properties of conjugated
small molecules. In summary, the reported results consolidate
the fundamentals for future investigations that will further
develop the topic of supramolecular organic electronics.
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