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A carbon side-chain analogue to the high-performance organic semiconductor triethylsilylethynyl
difluoroanthradithiophene has been synthesised and characterized. Atomic substitution of carbon for
silicon results in subtle changes to opto-electronic properties, which are rationalised by density functional
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how the silylethynyl substituents used for the last two decades contribute to successful employment of
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Introduction

Since 2001," silylethynyl substituents have been a mainstay in the
functionalisation of organic semiconductors to impart solubility
and stability.>™* Control of the size of the silyl group has allowed
for the engineering of solid-state packing favourable for multi-
dimensional charge transport as well as a multitude of optical
effects.” While originally considered as a space filling effect,
further research has looked at the stabilising non-covalent inter-
actions between side chains as a means to rationalise the crystal
packing in such substituted systems.® Substitution of silicon by its
downstairs neighbour germanium on the same chromophore
results in polymorphism which is closely linked to the electron
density in the solubilising groups.” The missing group 14 element
is of course carbon, prompting us to investigate the synthesis of
isostructural side chains built only of carbon and hydrogen atoms
to determine the specific contribution of silicon (and germanium)
in these systems.

Results and discussion
Synthesis

Alkynyl sidechains containing only carbon and hydrogen atoms
are known in the literature, and many are even commercially
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functionalised polycyclic aromatic hydrocarbons as organic semiconductors.

available, but are mostly limited to linear alkyl chains.® Intro-
duction of a tertiary substituent’ to the alkynyl group is
expected to give sufficient bulk for the functionalized materials
to adopt desirable & stacking interactions in the solid state. In
particular, triethylsilyl ethynyl (TES) and triethylgermyl ethynyl
(TEG) groups have been attached to the difluoro anthradithio-
phene (FADT, Fig. 1) acene core to yield 2D brickwork packing
and high p-type charge mobility.’® Therefore, we set out to
synthesise the triethyl all-carbon equivalent side chain, which
was achieved in three steps that should be applicable to the
synthesis of a wide range of alkynes containing a quaternary
carbon centre (Scheme 1). Deprotonation of acetonitrile with
lithium diisopropylamide (LDA) and reaction with ethyl bro-
mide introduced the tertiary carbon group in nitrile 1 in a
one-pot reaction. The nitrile group then underwent a single
addition of methyllithium, resulting in an imine intermediate
that could be hydrolysed to the corresponding ketone 2.'*

| X=C: TEC-FADT
X=Si: TES-FADT
X=Ge: TEG-FADT

Et—X—Et
Et

Fig. 1 Chemical structure of FADT molecules bearing carbon, silicon or
germanium side chains. Anti isomer is shown in full, but materials dis-
cussed here are a mixture of anti and syn isomers.
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Scheme 1 Synthesis of TEC-FADT. (a) 3.5 eq. iPr,NLi, 3.2 eq. EtBr, THF 0 °C,
95%; (b) MelLi, Et,O, 0 °C; (c) sat. NH4Cl (aq), THF, 41%; (d) 1.1 eq. iProNLi, 1.12
eq. (EtO),P(O)CL, 2 eq. iProNLi, THF, =78 °C to rt, 75%; (e) nBulLi, THF, 0 °C
then FADT quinone; (f) SnCl,-2H,0, HCl, acetone, MeOH, 40%.

This hydrolysis was quite sensitive to acid concentration, with
potential for carbocation rearrangement and further reactions
of the ketone.'” A more consistent hydrolysis was achieved with
saturated ammonium chloride, albeit at a much increased
reaction time and lower yield. Unreacted imine could be easily
recovered after each hydrolysis attempt and the process
repeated. Methyl ketone 2 then underwent a one-pot elimina-
tion through the action of LDA and diethyl chlorophosphate.*?
Although the yields are somewhat low, influenced perhaps by
the volatility imparted by the short alkyl substituents, this
represents a general synthetic scheme to the preparation of
branched alkyl acetylenes with further substrates under inves-
tigation for detailed structural evaluations. Following literature
procedures,'® alkyne 3'* was deprotonated with butyllithium
and FADT quinone added, with aromatisation by tin(u) chloride
yielding the final TEC-FADT product as a mixture of syn and
anti isomers of the thiophene ring orientation.

Molecular properties

Upon isolating the carbon side-chained FADT, the colour was
noticeably more yellow than the TES equivalent. Solution
absorption spectra revealed an 11 nm (0.04 eV) blue-shift by
introducing carbon in place of silicon, as well as a change in the
relative intensities of the vibronic peaks. These spectral
features were well reproduced by time-dependent density func-
tional theory (TD-DFT, see Fig. S17, ESIY), suggesting a change
in electronic structure rather than any kind of aggregation
effects. TD-DFT indicated that the lowest energy transitions
were indeed HOMO to LUMO excitations. The changes in
absorption spectra were mirrored in the emission spectra,
where both a shift in peak position (by 11 nm or 0.05 eV) and
a change in band shape were observed (Fig. S15, ESIf). The
vibronic pattern is more defined in the case of TEC-FADT,

Table 1 Opto-electronic properties of TEC-, TES- and TEG-FADT
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Table 2 Hirshfeld charge of group 14 element (gx) and NBO perturbation
stabilisation energies for electron donating hyperconjugation (c—n*),
electron withdrawing hyperconjugation (n—c*), and electron withdrawing
(n—d) interactions in the FADT series of molecules. Interactions between
alkynyl and C/Si/Ge based NBOs only. NBO energies in kcal mol™?

*

o-m* -0 n-d
gx a.u. Electron donation
TEC-FADT 0.03 15.48 9.99 1.02 4.47
TES-FADT 0.37 7.99 10.76 1.6 —4.37
TEG-FADT 0.41 8.95 10.1 0.15 -1.3

whereas broadening is observed for emission spectra of TES-
FADT. A larger Stokes shift in TES-FADT (by 53 cm ') suggests a
larger reorganisation energy with the heavier group 14 element.
Perhaps surprisingly, TEG-FADT exhibited optical properties
intermediate between TES-FADT and TEC-FADT despite resid-
ing further down the group. These properties more closely
resembled TES-FADT than TEC-FADT.

The redox properties of the FADT derivatives were compared
using cyclic voltammetry in solution, all showing reversible
oxidation and reduction peaks within the solvent window
(Table 1). TES-FADT exhibits redox potentials around 0.1 eV
more positive than TEC-FADT, with estimated HOMO and
LUMO energies being pushed to lower energy. As with the
optical properties, TEG-FADT appears to have oxidation and
reduction potentials in between those of the other two FADTs,
and closer to TES-FADT. Trends in the DFT calculated ionisa-
tion potentials and electron affinities agree well with these
experimental values.

The trend in molecular electronic properties can be
explained by considering the electron donating and withdraw-
ing effects of the group 14 elements. Silicon and germanium
are more electropositive than carbon and thus the C° -X°*
bonds are polarised and provide a small inductive electron
donating effect, which is about the same for both elements.
This is seen in Hirshfeld atomic charges of the DFT optimised
structures of the FADT series (Table 2). However, this effect
would be expected to raise the energy of the frontier orbitals,
and so the effect is considered to be small.

Previous studies have highlighted the ability for both silicon
and germanium to accept electrons by resonance due to the
presence of empty d-orbitals.'>'® This effect is expected to be
weaker for germanium due to an elongated C-Ge bond and a
mismatch in size and energy of the available d-orbitals with the

Stokes Estimated Estimated
2305 mm (eV)®  Jgmc/nm (eV)*  shift*em™  Eo’V  Eed’ V' Fuomo® €V Eiomo’ €V IPrag’ €V EAae” €V
TEC-FADT 517 (2.40) 530 (2.34) 474 0.45 —~1.88 —5.25 —2.92 5.09 2.16
TES-FADT 526 (2.36) 541 (2.29) 527 0.55 -1.73 —5.35 —3.07 5.24 2.37
TEG-FADT 524 (2.37) 538 (2.30) 497 0.51 -1.77 —5.31 —3.02 5.17 2.31

@ Measured in CH,CI, at 298 K at a concentration of 10° M. ? Determined by cyclic voltammetry half-potentials in 0.1 M nBu,PFg in CH,Cl,
relative to ferrocene oxidation. ¢ Estimated from cyclic voltammetry redox potentials, assuming Exomo for ferrocene = —4.8 eVv. 4 Obtained using

tuned ®B97XD/6-31G* in CHCl; PCM.
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alkynyl orbitals. Natural bond orbital (NBO) calculations hint at
these resonance effects, made up of multiple small energetic
stabilisations into numerous Rydberg states, which possess
mostly d-orbital character (Table 2, n—d). Surprisingly, these
are also present and comparable in energy in TEC-FADT, where
the Rydberg states are made of contributions from both p and d
vacant atomic orbitals based on carbon. While this effect is
strongest for silicon, it does not fully explain the differences in
molecular properties of the FADT system.

The alkyl chains attached directly to the group 14 element
can also participate by hyperconjugation; their bonding orbi-
tals can donate electron density into the two n* orbitals of the
alkyne, while the alkyl 6* antibonding orbitals can accept electron
density from the alkyne m orbitals. For carbon, the electron
donating hyperconjugation heavily outweighs the electron with-
drawing effects, while for silicon and germanium the electron
withdrawing effects are stronger. This may be related to the bond
polarisation of the C°"—X°" bonds at the start of the alkyl chains,
where Si or Ge can more readily accept electron density from the
alkyne (m-c*) due to the partial positive charge at these atoms. In
contrast, the electron density in the alkyl C-X bonds is skewed
towards the carbon atom and further away from the alkyne, so
electron donation (c-n*) is weaker for Si and Ge. Notably, these
trends are not confined to the FADT (or acene) systems explored
here, but simple model substituted benzenes show the same
trends in molecular properties and NBO delocalisation (see Table
S5, ESIT). An NBO comparison of tert-butyl benzene, trimethylsilyl
benzene and trimethylgermyl benzene reveals that the silyl group
is the most electron withdrawing for the same reasons as dis-
cussed here. The result of this is that silicon can be considered the
strongest electron withdrawing group of the series, while germa-
nium is weakly electron withdrawing and carbon is electron
donating (Table 2). The electron withdrawing effects are further
corroborated by the downfield shift of aromatic protons in the
'H NMR spectrum of TES-FADT relative to either TEC- or TEG-
substituted systems.

Photostability

Acene materials are known to be sensitive to light, undergoing
reaction with photogenerated oxygen species or photocycloadditions

View Article Online
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to give dimer species. The alkynyl groups are known to help stabilise
the acene core against these reactions by adding steric bulk, lowering
LUMO energies, which reduces the amount of reactive oxygen
species generated, and allowing reversibility of these reactions by
directing oxidation to only the centremost ring."” Since the mole-
cular optoelectronic properties are changed upon substitution of the
group 14 element, we investigated whether the photostability is also
influenced. Acene photostability is affected by choice of solvent and
concentration,'® so all samples were made up to comparable
absorbance at A,y and then illuminated at close range with a high
powered 365 nm LED. All samples were photostable over several
hours in hexanes, but chromophore bleaching was observed in
toluene (Fig. 2). Photodecomposition was fastest for TEC-FADT, then
TEG-FADT, with TES-FADT being the most stable.

The most likely decomposition product is the endoperoxide,
as has been discussed for acenes in general.'® This reaction is
thought to occur through a number of reaction pathways. In
short, the acene excited state can react with dissolved O, to
form reactive oxygen species, which then react with ground-
state acene molecules. Thus, the energy level of the acene
LUMO will dictate the formation of the reactive oxygen species
and the energy of the acene HOMO will dictate the reaction of
the acene with reactive oxygen species. The photostability
follows the order of both the HOMO and LUMO energies, with
TEC-FADT showing the fastest degradation. Given the fairly
modest changes in orbital energies, the difference in photo-
stability is quite stark, with TEC-FADT exhibiting a half-life of
around 3 hours while TES-FADT did not reach 50% of its initial
absorbance during the experimental timeframe. TEG-FADT
exhibited photoreaction rates intermediate between TEC- and
TES-FADT, as might be expected from the trends in optoelec-
tronic properties in Table 1. Calculated reaction enthalpies (see
Table S6, ESIT) show that the endoperoxide formation is the
most favourable for TEC-FADT by 6.7 k] mol ™" over TES-FADT,
and that endoperoxide formation is more favourable than an
alternative photodimerization pathway in each case. The photo-
reaction was seen to be reversible since gentle heating returned
the FADT chromophore for all three derivatives.

NMR spectroscopy provides further information on the
photodecomposition reactions, since exposing the samples to

a)
2 1 1 1 ——TEC-FADT U A
00 ——TES-FADT b
15 9 1 ——TEG-FADT
2 0.8 T M FJ_;
= 1 0.7 - c
3 £ o
0.5 ' g ﬂ
0.5 1
\ L | JE,M,k
0 T = T T Ry 04 T T T T 2 g T T T T T T
300 350 400 450 500 550 0 60 120 180 240 300 90 85 80 75 70 6.
/nm t/ min o/ ppm

Fig. 2 Photodecomposition of FADT molecules. (Left) UV-vis absorption spectra of TEC-FADT over 5 hours. Initial spectrum in red, final spectrum in
blue, measured in PhMe at 298 K. (Middle) Normalised absorption at Zmax over time for TEC-, TES- and TEG-FADT. (Right) Aromatic region of *H NMR
spectra of TEC-FADT before (a) and after (b) light exposure, and TES-FADT before (c) and after (d) light exposure. Measured in CDCls at 298 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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light produced additional peaks in the aromatic region (Fig. 2).
Notably, only a single symmetrically substituted product is
formed, presumably the endoperoxide, with upfield shifts of
the benzenoid proton signals. After 5 days under identical
illumination for all samples, TEC-FADT mostly converted to
the endoperoxide, while the TES-FADT sample remained a
mixture of FADT and endoperoxide. The photoreaction is likely
slowed down due to the increased concentration for NMR
versus absorption spectroscopy.'® Very dilute NMR samples
showed almost complete photoconversion in much shorter
time (see Fig. S16, ESIT). While these reactions are more rapid
for TEC-FADT than either the silicon or germanium derivatives
in solution, the molecular stabilities of all three materials are
expected to greatly increase in the polycrystalline environment
of transistor devices, which is the main application of this class
of materials.

Additional molecular properties that are influenced by the
group 14 substitution are the molecular vibrations observed in
the IR spectrum (Fig. 3). A key vibration is the alkynyl C-C
stretch, occurring around 2200 cm ™. This peak is much more
intense in TES-FADT than in TEC-FADT, and comes with a
small change to lower vibrational frequency due to the
increased mass of the silicon atom. Other changes are observed
at lower frequencies, where many absorptions are stronger for
TES-FADT than TEC-FADT. Peaks around 700 and 1000 cm ™"
are almost completely absent for TEC-FADT. DFT computed IR
spectra largely agree with the experimental spectra, although
shifted to higher wavenumber. Visualisation of the vibrations
corresponding to the peaks at 700 and 1000 cm ' reveal a
complex mixture of core aromatic stretches as well as some
involvement from the alkyne and group 14 element (Fig. S20,
ESIY). It is likely that all of the vibrations are influenced by the
change in electron density of the FADT core by electron with-
drawing silicon, as well as an increased mass for vibrations
involving silicon directly. The polarisation of Si-C bonds also
leads to a larger change in bond dipole moment upon atomic
displacement, thus the absorptions are generally more intense
in TES-FADT than in TEC-FADT. The spectrum for TEG-FADT is
very similar to that of TES-FADT (Fig. S21, ESIY). Differences in
molecular vibrations could be particularly influential in the
impact of dynamic disorder in solid state organic semiconduc-
tors, where low-frequency vibrations cause large fluctuations in
the charge transport ability of the material.>

Solid state properties

Of prime interest to the development of the side chains built
only of carbon and hydrogen is the packing motifs found in
single-crystal structures of the functionalised acenes. Careful
choice of solubilising chains allows materials to be crystal
engineered such that orbital overlap between adjacent m sys-
tems is maximised for intermolecular charge transfer. TES-
FADT adopts a 2D brickwork pattern'® which makes for an
ideal charge transport pathway in thin-film transistor devices.
TEG-FADT adopts an almost identical packing configuration to
TES-FADT except for the rotation of one of the ethyl chains.*' In
contrast, TEC-FADT adopts a 1D slipped-stack pattern (Fig. 4),
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Fig. 3 Experimental FTIR spectra of TEC-FADT (top) and TES-FADT
(middle), and computed vibrational frequencies and intensities (bottom,
TEC-FADT in black and TES-FADT in red) using tuned ®B97XD/6-31G*.
Computed intensities for TEC-and TES-FADT are depicted with opposite
sign for clarity.

where side chains from one stack interdigitate into the side
chains of a neighbouring stack, preventing further n-m inter-
action. The 2D packing of TES-FADT by contrast has distinct
boundaries between side chains of adjacent stacks. While the
1D slipped stack still offers a network of molecules for charge
transport, it is also more likely to be affected by static and
dynamic disorder effects and presence of impurities. TEC-FADT
crystals contained disorder in the thiophene rings (a ratio of
65 :35% occupancies), due to the flipping of a molecule as well
as the presence of both syn and anti isomers.

Computational models of solid-state interactions

To rationalise the difference in packing between TEC and TES
FADT molecules, a series of density functional theory (DFT)
calculations were performed. First, the unit cells of TES-FADT
and TEC-FADT were optimised using plane-wave DFT, and then
the alkynyl substituent was swapped to create hypothetical TES-
FADT in 1D stacking and TEC-FADT in 2D stacking structures
which were further optimised. Binding energies (see Table S7,
ESIT) of the respective structures show that indeed TEC-FADT is
more stable in its 1D packing (—343.2 vs. —323.0 k] mol™ %),
while TES-FADT is more stable in a 2D packing (—337.2 vs.
—332.0 k] mol ). However these energies are close enough that
similar thin film polymorphs may be accessible, as in the case
of germyl substituted pentacene derivatives.

Symmetry adapted perturbation theory (SAPTO) calculations
were performed on close pairs of molecules in the relaxed
crystal structures. In the 1D packing, TEC-FADT was
more stable than TES-FADT in the alkyl-n interaction, as well
as the in-plane H-F interaction (See Table S8, ESIt). Of
more interest are the differences in pairwise interaction in
the desired 2D packing configuration (Fig. 5). The largest

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Crystal packing of TEC-FADT (orange, 1D, interdigitated side chains) and TES-FADT (red, 2D, interstack boundaries).
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Fig. 5 Difference in SAPTO interaction energies (E(TES) min E(TEC)) for
relaxed 2D packing structures.

differences are all within the brickwork stacks, whereas alkyl-
alkyl interactions between stacks are similar for both TES and
TEC. Within the n-stacking framework, three different mole-
cular interactions possess a larger stabilisation for the TES
groups of close to 1 kcal mol* each over the TEC equivalent
interactions. This is mainly due to an increased dispersion
stabilisation energy, larger than the difference in exchange
repulsion energy, therefore leading to an overall stronger
interaction. In one of the n stacking directions (Fig. 5, black),

© 2021 The Author(s). Published by the Royal Society of Chemistry

the exchange energy is actually smaller for the TES group due to
the increased Si-C bond length moving the alkyl atoms further
away from the neighbouring molecule. The more remote inter-
action (Fig. 5, red) provides 1 kcal mol~" more stabilisation for
TES than TEC even though the interaction involves only longer
distance alkyl-alkyl interactions. There is also some extra
stabilisation from electrostatics with the TES side chain for
each pairwise interaction, which might originate from the
polarisation of the Si°’~C°~ bond and interactions of these
partial charges with neighbouring molecules. The findings
from SAPTO calculations can also be rationalised by estimation
of the side chain size. The longest atomic distances within the
TEC side chain are found to be 0.3 A shorter than TES in both
DFT and crystallographic measurements. Intermolecular PM7
calculations (See ESIt for details) predict that the overall size of
the TEC group is around 5.2 A compared to around 5.8 A for
TES. While the maximum stabilisation at optimum intermole-
cular distance appears similar, longer range stabilisation is
slightly higher for TES due to increased size and electron
density. Therefore most of the differences in packing can be
summarised as follows: The TEC side chain is slightly smaller
than TES and has lower electron density. This results in lower
dispersion stabilisation at the distances needed for 2D packing.
Bond polarisation also offers some electrostatic stabilisation
with TES side groups that is not available in TEC-FADT.

The crystal packing of TEG-FADT is very similar to that of
TES-FADT, perhaps not surprising given that the germyl and
silyl side groups are similar in size - (maximum side chain
lengths are only 0.04 A different from X-ray analysis) and side
chain polarity (similar Hirshfeld atomic charges in Table 2).
One main difference between TES and TEG side chains is the
electron density due to the larger electron count of the heavier
element, which would be expected to increase the magnitudes

Mater. Adv., 2021, 2, 5415-5421 | 5419
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of both dispersion stabilisation and exchange repulsion, and
result in slight molecular re-alignment to maximise the overall
non-covalent binding. SAPTO analysis of relaxed 2-dimensional
packing (See Fig. S23, ESIt) reveal that one m-stack exhibits a
stronger non-covalent interaction in TEG-FADT by 0.4 kcal mol ™,
with the other remaining equally attractive for both TES and TEG
side chains. The third more distant sidechain-sidechain inter-
action is slightly more stabilised in TES-FADT (0.15 keal mol ")
due to reduced exchange repulsion. Overall, these differences in
pairwise interactions are much smaller than the difference
between silicon and carbon derived side chains.

Conclusions

To investigate the influence of the group 14 atom in alkynyl
substituted organic semiconductors, we have synthesised a car-
bon equivalent to the triethylsilyl (TES) group. Attaching to a
difluoroanthradithiophene core results in a © system which bears
subtle changes in its electronic structure from the silyl derivative.
Silicon and germanium act as electron withdrawing groups by
resonance and hyperconjugation, while carbon side chains are
slightly electron donating. This electron donation and adjustment
of molecular orbital energies results in decreased photostability
for TEC-FADT, or conversely, the inclusion of silyl groups in
organic semiconductor design over the last decade has aided
the photostability of these materials. The changes in electronic
structure and bond polarity also impact vibrational spectra,
hinting that the dynamic disorder in thin films for transistor
application may be affected. Despite the same ethyl substituents,
differences in overall solubilizing group size and changes in bond
polarisation affect the solid-state packing. All of our findings are
supported by theoretical calculations. Using a general synthetic
route outlined here, we are currently synthesising a range of
carbon alkynes to crystal engineer acene molecules into packing
that is desirable for charge transport, and to further investigate
how this atomistic substitution may play an important role on
bulk material properties.
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