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2-dimensional brickwork packing is a desirable motif for high performance organic semiconductors. We
have synthesised new acene derivatives that adopt this packing without the use of heavier group 14
elements (Si and Ge) to investigate substituent effects on bulk transport properties.
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Abstract

Fluoroanthradithiophenes are well known organic semiconductors, where alkynyl substituents featuring
silicon and germanium exhibit hole mobilities in excess of 5 cm?/Vs. A key feature to achieve these
performance levels is the 2-dimensional brickwork packing of triethylsilyl and triethylgermyl side chains,
which direct solid-state packing, increase molecular stability, and increase solution processability for
cheap and large scale fabrication. We have recently reported side chains utilising carbon in place of the
other group 14 atoms, resulting in less favourable 1-dimensional molecular packing. Here we present the
synthesis of new derivatives which adopt 2-D brickwork packing without the use of silicon or germanium
to determine substituent effects on charge carrier mobility.

Design, System, Application



Polycyclic aromatic hydrocarbons are widely used as organic semiconductors in a range of electronics
devices. Charge transport in these materials can be assessed by fabrication of transistor devices,
extracting the figure-of-merit charge carrier mobility. Acenes are a class of polycyclic aromatic
hydrocarbons that have found great success in organic electronics, where functional groups can direct
solid state packing to affect the bulk material charge transport properties. A trend seen in the best
performing acene materials is a 2-dimensional brickwork motif, allowing multi-directional charge
transport pathways, which has been achieved with side chains containing silicon or germanium. In this
work, we expand on our previous success in synthesising similar side chains using only carbon and
hydrogen by following a logical design process to achieve the desirable 2-D packing. From device
fabrication we aim to understand how this change in chemical structure affects solid-state charge
transport properties.

Introduction

Silyl groups have become synonymous with the design of many molecular organic semiconductors, where
their size can play a pivotal role in determining solid state packing as well as providing solubility for
increased processability of materials from solution. They further impart molecular stability through steric
blocking of radical sites* and Diels-Alder dienes, as well as promoting reversal of endoperoxide formation.?
While commonly employed on many polycyclic aromatic hydrocarbons,? they have appeared most often
on acenes and heteroacenes,* notably pentacene® and fluoroanthradithiophene® (FADT, Figure 1) which
has resulted in high hole mobility semiconductor materials.”

In particular, high charge mobilities have been recorded in materials where the acene cores adopt a two-
dimensional brickwork packing, a lamellar motif which allows for multi-directional charge transport.® This
is achieved with the triisopropylsilyl side group for pentacene and the triethylsilyl side chain for FADT. In
the simplest model, the size and shape of the alkylsilyl groups control the packing through a space filling
effect. If the side chain is too large or too small for the rest of the packing motif to form, the 2D brickwork
polymorph becomes unstable, and other packing configurations are preferable (Figure 1). In cases where
the silyl group is smaller, 1D slipped stacks form with interdigitation between stacks and alkyl-t
interactions being formed. In this type of packing, the acene cores remain parallel to one another. When
the alkyl silyl groups are too large, the 1D stacks interact with one another through alkyl-it interactions
resulting in herringbone-like interactions and non-parallel acene cores. Both 1D slipped stack packings
generally result in poor quality thin films,® which on top of the limited directionality of charge transport
and inability for charges to bypass trap sites by orthogonal hopping, result in low charge carrier mobilities.

In addition to the size and shape of the solubilising groups, more recent work has investigated the
stabilising forces between molecules within the crystal structures.!® Notably, stabilisation in the
interaction of two “m-stacking” molecules is only about 1/3 from direct interaction of the acene cores,
while the interactions involving side chains can have a dramatic stabilising effect through dispersion
forces.



It is worth considering that along with the desirable 2D brickwork packing, we also need good electronic
communication between adjacent molecules such that charges can be transported through the bulk
material. It is here that the consideration of small changes in chemical structure, and therefore
intermolecular interactions, can play a large role. Furthermore, these intermolecular interactions will
likely influence the relative vibrational motions of adjacent molecules, which results in temporal variation
in the electronic communication.!! Thus, we are interested in synthesising materials that adopt the 2D
brickwork pattern without the use of silyl side chains to determine the effects of atomic identity on charge
transport properties.
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Figure 1. Alkynyl functionalised fluoroanthradithiophene (FADT) extensively researched as an organic semiconductor. TES-FADT
adopts a 2D brickwork packing (blue molecules) while TEC-FADT adopts a 1D slipped stack packing (red molecules).

Literature reported organic semiconductors with alkynyl side groups without silicon consist of aryl-ethynyl
groups,*271* which affect the electronic properties of the acene by extended conjugation, and have very
different crystal packings due to the planar aryl rings. We recently developed a synthetic reaction scheme
to furnish alkynes made of only carbon and hydrogen.® Importantly, they bear a branching point adjacent
to the triple bond, mimicking the silyl acetylenes that have been extensively used in the synthesis of
organic materials. The branching is expected to impart enough steric bulk to prevent acene-acene
photodimerization as well as tune the arrangement of molecules in the solid state. We previously
synthesised a triethyl carbon alkyne, which we attached to a fluoroanthradithiophene core resulting in 1D
slipped-stack packing (TEC-FADT, Figure 1), whereas silyl” and germyl'® equivalents adopted the preferred
2D brickwork arrangement. This structural change was rationalised by the smaller side group size due to
shorter C-C bond length relative to Si-C, a lower electron count resulting in weaker dispersion forces, and
slightly polar Si-C bonds contributing some electrostatic stabilisation. We surmised that larger alkyl chains
would be needed to gain the desired packing with carbon side chains. Here, we have utilised variations
on our previous synthesis to reach four target alkyl ethynyl anthradithiophenes shown in Figure 2.
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Figure 2. Chemical structures of FADT derivatives explored in the present study. Synthetic routes are provided in the Supporting
Information.

Functional group selection, synthesis, and structural analysis

An obvious first synthetic target was the tri-n-propyl derivative TnPC-FADT. The alkyl acetylene was
synthesised analogously to our previous triethyl derivative (see Supporting Information), and was then
reacted with FADT quinone according to our established procedure® to provide TnPC-FADT in good yield.
Optoelectronic properties of TnPC-FADT measured in solution were identical to the previously synthesised
TEC-FADT, assuring us that the choice of alkyl chains does not affect single molecule properties. Single
crystals suitable for X-ray analysis were grown from acetone as thin orange needles. The FADT cores form
a 1D slipped stack arrangement (Figure 3), although the overall packing is quite different from TEC-FADT.
In the current case, the alkyl side chains that interact with the FADT mt surface do so at an orthogonal
angle, resulting in the herringbone arrangement when viewed along the c axis, albeit with no FADT-FADT
contact. In contrast, all of the FADT cores in TEC-FADT lay in parallel planes to one another. This change

in packing suggests going from too small of a side chain with TEC to too large of one with TnPC.

Figure 3. Crystal packing of TNPC-FADT with views along (from left to right) a, b, and c crystallographic axes.

Realising that the TnPC group is too large for a 2D brickwork packing, we took advantage of the flexibility
of the synthetic route to carbon alkynes to form a smaller asymmetrically substituted derivative. By
starting with commercially available butyronitrile, addition of two propyl chains yielded the ethyl di-n-
propyl nitrile which could ultimately be converted to an alkyne. After adding the alkyne to FADT quinone
following the procedure described before, the change in solid state packing was dramatic: the crystal
packing of ethyldi(n-propyl)ethynyl (EDnPC) FADT shown in Figure 4 exhibits a number of interactions
found in the desired 2D brickwork packing. Each molecule forms 1 stacking interactions with two other
molecules on one side (as per the 2D brickwork) but only one molecule on its other face (as per a 1D slip
stack). The result is that electronic communication is limited to only one direction along the molecular



stack, confined within narrow channels which are two molecules wide (i.e. pink molecules in Figure 4). In
place of the final it stacking molecule is an alkyl-rt interaction as observed in TnPC-FADT, where the
adjacent FADT stacks are orthogonal and shielded by alkyl chains. Additionally, each molecule only has
one nearest in-plane neighbour stabilised by S-F and H-F interactions, compared to the two found in a 2D
brickwork packing. The desirable pairwise interactions involve the longer n-propyl chains, which all align
within the 1D slipped stack of FADT molecules. The ethyl chains are found on the outside of this stack (see
Supporting Information), and appear to be too small to sustain further parallel FADT interactions, recalling
that the side chains contribute a large amount of stabilising forces to the “m-stacked” interactions.™
Instead, non-parallel alkyl-rt interactions are found which disrupt the possibility for a 2D brickwork
packing. The observed crystal packing with asymmetric side chains is reminiscent of silylethynyl acenes

with asymmetrically substituted aromatic cores.’/8

Figure 4. Crystal packing of EDnPC-FADT, where molecules of the same color are electronically communicative with one another.

In order to access side chains intermediate in size between TnPC and EDnPC, we explored the use of
cycloalkanes, effectively tying up two of the alkyl chains together. Starting from cyclohexane carbonitrile,
a further n-propyl chain was added, before following a similar synthetic route as the previous carbon
alkynes to vyield cyclohexyl-n-propyl alkyne. This alkyne, abbreviated as cXPr alkyne, was used to
synthesize the corresponding FADT. Crystals grown from dichloroethane revealed a 2D brickwork packing
motif desirable for solid state charge transport (Figure 5).

Figure 5. 2D brickwork packing in single crystals of cXPr-FADT, viewed along the a, b, and c crystallographic axes, respectively.
cXOEt-FADT adopts a very similar packing motif.



An analog of the cXPr side chain was also synthesised where the propyl chain was replaced with an ethoxy
group (cXOEt). This was accessible by the addition of trimethylsilyl acetylide to cyclohexanone, followed
by trapping of the hydroxyl anion with diethyl sulfate. Removal of the silyl protecting group furnished the
terminal acetylene, which could be added to the FADT core as per the general synthetic route. The cXOEt-
FADT adopted a very similar crystal packing as the n-propyl derivative, suggesting that the general size
and shape of the side chain was an important factor in gaining the 2D brickwork packing.

Computational analysis of the structures

Symmetry adapted perturbation theory (SAPT0)' analysis of pairwise interactions in the crystal structures
of cXPr- and cXOEt-FADT (Table 1) revealed strong pairwise interactions between the main overlapping
stacked molecules, with stabilisations of around 30 kcal/mol. Interestingly, cXPr-FADT has some
asymmetry within this stack, where a slight rotation of the n-propyl chain results in a slightly increased
intermolecular spacing. This is evident when comparing the unit cells of the two materials, as cXOEt-FADT
contains one molecule per unit cell whereas cXPr-FADT contains two. The increased molecular spacing
results in a decreased SAPTO interaction energy (-28.0 vs -29.1 kcal/mol) compared to the closer packed
neighbours, which appears to be mostly due to a reduced dispersion stabilisation. Comparing the
decomposed SAPTO energies for these strongest interactions in the two different derivatives, there is an
increased electrostatic stabilisation for cXOEt-FADT (-10.7 kcal/mol) compared with cXPr-FADT (-8.5
or -8.9 kcal/mol). This is likely originating from the partial charge on the oxygen of the ether chain
interacting with adjacent alkyl chains through a non-traditional hydrogen bond. Other interactions within
the crystals include the second nt-stacking direction which is symmetrical for both cXOEt- and cXPr- FADTS,
with SAPT energies around -10 kcal/mol. Further interactions within and between stacks of molecules
appear similar in both crystal structures.

Table 1. Centre-to-centre molecular distances (R), SAPTO
interaction energies (SAPTO/jun-cc-pvdz) and hole transfer
integrals (B3LYP/6-31G*) for pairwise interactions in crystals
of cXPr-FADT and cXOEt-FADT. “Three values were calculated
from the three possible different interactions due to
thiophene atom positional disorder.

R/A Esapto / ty / meV?

kcal mol*




cXPr a 6.5 -29.1 35/80/127

b 6.9 -28.0 18/70/124
c 103 -10.8 16/6/0
cXOEt a 6.7 -29.4 37/96/155
b 6.7 -29.4 37/96/155
c 10.2 -10.9 26/14/5

Computed transfer integrals for the m-stacking interactions show similar magnitudes for electronic
coupling in the two materials (Table 1). Due to the presence of two isomers, and the relatively symmetrical
shape of the FADT molecules, different disordermers?*2® are possible due to different positions of the
thiophene atoms in the solid state. Both cXPr- and cXOEt-FADT exhibit around 65 % occupation of the
major atomic positions and 35 % of the minor positions. The highest couplings are found in the a direction
(see Table 1), where the most abundant disordermer interaction exhibits hole transfer integrals of 35 and
37 meV for cXPr and cXOEt-FADTSs respectively. This coupling increases for minor disordermers due to
more overlap of the diffuse sulfur orbitals with the adjacent it system. The increased molecular distance
for contact b in cXPr results in lower electronic coupling for all disordermer pairs, whereas a and b are
equal for cXOEt-FADT. The transfer integrals in the alternative charge transport direction ¢ are much
smaller than in a or b directions, and exhibit the opposite disordermer dependence. These couplings are
also higher in cXOEt-FADT (26 meV) than in cXPr-FADT (16 meV). Based on the static molecular alignments,
cXOEt-FADT is expected to exhibit higher charge mobilities than cXPr-FADT.

Assessment of charge transport properties.

Heteroacenes exhibiting 2D brickwork m-stacking are typically well suited to organic field-effect transistor
(OFET) fabrication, and the calculated intermolecular electronic couplings suggest that, while outstanding
charge carrier mobilities are not to be expected, these molecules should yield reasonably functioning
devices to assess the impact of the removal of the Si atom on film-forming capabilities and device
properties. To that end, both cXOEt-FADT and cXPr-FADT were successfully used to form solution-cast
bottom-contact, bottom gate OFETs on Si/SiO; substrates and the charge carrier mobility was extracted.?*
We were quite surprised by the low solubility of these materials compared to TES-FADT: while appropriate
solution concentrations could be obtained, dissolution required chlorinated aromatic solvents and
extensive heating. Figure 6a shows the images of the CxPr-FADT films obtained by casting from a solution
of Chlorobenzene (CB), 1,2 Dichlorobenzene (DCB) and n-Butylbenzene (NBB), respectively. The DCB
solution was heated at 60 °C for 5 minutes before deposition to ensure that the starting material was
dissolved well, while the NBB solution was heated at 160 °C for 15 minutes. All samples were annealed
100 °C for 10 minutes prior to testing to remove any residual solvent. At least 30 devices of each type
have been analysed from both spin-casted and drop casted samples. Electrical characterisation was
performed in ambient atmosphere and typical transfer (drain current Ip versus gate-source voltage Ves at



constant drain-source voltage Vps) and transport curves (lp versus Vps at constant Vegs) are illustrated in
Figure 6b, along with the schematic of the device structure included in the inset. All contacts were treated
with pentafluorobenzene thiol (PFBT) to improve injection.” The mobility was extracted from the transfer
curve using standard procedures,® and we found that it varies greatly depending on the processing
conditions, with values between p = 10° cm?/Vs and u = 102 cm?/Vs being recorded for CxPr-FADT and
between p = 108 cm?/Vs and p = 103 cm?/Vs for CxOEt-FADT samples. The lack of uniformity in the
morphology of the films was reflected in high variations in charge carrier mobility even on the same
substrate. Additionally, the current-voltage curves point to the fact that the contact effects are not
negligible in these OFETs, thus we expect that higher mobilities are possible with further improvements
of the interface between the semiconductor and source/drain electrodes.
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Figure 6: a) From left to right, top view image of the OFETs based on CxPr-FADT films obtained by casting
from a solution of Chlorobenzene (CB), 1,2 Dichlorobenzene (DCB) and n-Butylbenzene (NBB),
respectively. b) Transfer (left) and transport (right) plots measured to characterise the OFETs, with the
device structure in the inset.

Conclusions

While the use of silylethynyl functional groups to impart solubility and stability to organic semiconductor
chromophores has been widespread for nearly twenty years, very few reports of similar carbon alkynes
can be found in the literature. We previously reported synthesis of the hydrocarbon analog of diF TES
ADT, and showed that it adopted a completely different crystal packing compared to the silyl and germyl
derivatives.!®> Here, we have followed a logical design process, synthesizing a series of carbon-based
substituents to arrive at two derivatives with 2-dimensional crystal packing suitable for transistor studies.
In both derivatives, hole mobility was low and device fabrication was hampered by poor solubility.
Optimisation of fabrication conditions may yet yield consistently high performing devices from these



materials which may need drastically different approaches, for example blending with binder polymers,?
to overcome their low solubilities. While the use of an all-carbon functional group allows for a much wider
array of structural modifications to be explored, the beneficial properties of the silicon atom (higher
electron density, weak electron-withdrawing characteristics, and length and flexibility of the C-Si bond)
may outweigh the synthetic advantages. Future small molecule organic semiconductor design should
consider the solubility and processability of the material in addition to obtaining desirable crystal packing
structures with good charge transport networks. The new alkylethynyl side chains can clearly be adapted
in many ways to control the size, shape, and functional group incorporation that can influence solid state
packing, and may be more suitable for other organic semiconductors whose electronically active cores
have higher intrinsic solubilities than fluoroanthradithiophene.
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