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Here we have investigated the influence of the molecular length and structure of a series of BTl-based
semiconductors on the stabilization of charged states in solution by in situ UV/Vis/NIR spectro-
electrochemistry and in the solid state, at the active interface of operational OFET devices, by charge
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modulation spectroscopy (CMS). Interestingly, we found that charge stabilization in the shortest system
of the series (BTI2) is strongly favored via a m-dimer formation which, in addition to higher thin film
microstructural ordering, results in a greater electron mobility in organic field effect transistors (OFETSs).

The experimental results were interpreted using TD-DFT and DFT quantum chemical calculations at

rsc.li/materials-c different levels of theory.

Introduction

Organic semiconductors have aroused an ongoing interest
for their use in electronic devices such as organic field-effect
transistors (OFETs)," organic solar cells (OPV)>” and organic
light-emitting diodes (OLEDs),"® driven by the advantages
of low-cost, light-weight, and mechanical flexibility.””® The
electronic performance of these organic devices is mainly
determined by the chemical structure of the m-conjugated
material, its purity, supramolecular organization and film
morphology.” ™" Therefore, an adequate understanding of the
molecular structure-transport property relationship is required
in order to develop new high mobility semiconductors.>”"*?
Ladder-type molecules with highly planar backbones and well
delocalized m-conjugation have attracted intensive attention as
organic semiconductors due to their excellent performance in
electronic devices."®> The most promising ladder-type organic
semiconductors are large acenes, such as pentacene which
show extraordinary hole mobility in OFETs.'* Nevertheless,
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larger acenes, such as hexacenes and heptacenes show poor
ambient stability due to their high-lying HOMO energy levels,
which dramatically limits their application in organic
electronics.>'® Another kind of ladder-type semiconductor,
the [n]thienoacenes,">™"” exhibits improved air stability com-
pared with large acenes; however a significantly lowered hole
mobility was obtained in this case. Therefore, the combination
of acenes and [n]thienoacenes gives rise to ladder-type benzo-
thiophene heteroarenes such as benzothienobenzothiophene
(BTBT)'*?° and dinaphthothienothiophene (DNTT),>' which
exhibit remarkable mobility with excellent OFET stability. It is
well known that most ladder-type molecules typically exhibit
electron-rich characteristics (hole-transporting semiconductors);
however, the synthesis of the electron-deficient analogues
(electron-transporting semiconductors) is far more challenging
given the existence of a high-density n-electron cloud within
the aromatic skeleton. Previous studies have suggested that
the substitution of hole-transporting semiconductors with
electron-withdrawing groups (F, CN)**** is an efficient
approach to obtain electron-transporting organic semiconduc-
tors; however this remains a great challenge mainly due to the
reduced chemical reactivity and unfavored steric hindrance
created by typical electron-withdrawing substituents."® Therefore,
it is essential to develop electron-deficient ladder-type n-conjugated
systems in order to obtain donor-acceptor semiconductors.
Imide-functionalized arenes are highly promising n-conjugated
materials.>”® The bithiophene imide (BTI) was first synthe-
sized as an electron-deficient unit by Marks et al,”” and its
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BTI5

Fig. 1 Chemical structures of the imide-functionalized ladder-type heteroarenes BTI2-BTI5 with varied conjugation lengths.

incorporation into polymers affords a series of semiconductors
with remarkable performance in OFETs"*'" and OPVs.>® However,
the relationship between device performance and the specific
chemical structure is not yet fully understood owing to the limited
knowledge of charge transport mechanisms in organic materials.
The latter is indeed essential in the pursuit of new materials with
improved structure-property relationships.

New organic materials based on imide-functionalized
ladder-type heteroarenes (BTI2-BTI5, Fig. 1) with high field-
effect electron mobilities (x), close to 0.1 cm> V' 57, were
recently synthesized.'®'! Ladder-type heteroarenes present
highly planar backbones with large m-conjugation lengths,
which leads to reduced bandgaps. These characteristics result
in enhanced intrinsic intramolecular charge transport and
closer m-stacking between neighboring molecules, which
further benefits intermolecular charge transport.”® Despite
the high planarity and encouraging electron mobility of these
BTI-fused heterocycles in OFETs, a significant decrease of the
charge transport properties occurred upon increasing the
building block length, which was an unexpected result. One
of the reasons for this behavior could be related to the reduced
molecular mobility in the solid-state as the repeated unit is
extended, leading to poorer self-assembly and lower degree of
film crystallinity.">"

Herein, we further investigate the reason for the decreasing
electron mobility on going from BTI2 to BTI5 by studying the
charge transport mechanism through these ladder-type all-
acceptor heteroarenes. This mechanism is found to be strongly
influenced by n-dimerization reactions of radical ions which
are well-suited as models to study intermolecular spatial charge
delocalization in conjugated materials.>*! Up to now, the
n-dimerization reactions of radical cations have been well
investigated;*** nevertheless studies related to the intermole-
cular dimerization of radical anions are still limited.*" In order
to address the latter, we investigate the n-dimerization process
of the BTI2-BTI5 radical anions in both solution and solid-
state, and its effect on charge transport mechanisms. As a
result, we show how intra- and interchain interactions between
charged extended m-systems are affected by the length of the
BTI unit and hence play a crucial role in the charge transport
properties of the corresponding thin films.

15760 | J Mater. Chem. C, 2020, 8, 15759-15770

To this end, we made use of a combined experimental/
theoretical approach that links in situ spectroelectrochemistry
(UV/Vis/NIR) and charge modulation spectroscopy (CMS) with
density functional theory (DFT) calculations. Time-dependent (TD)
DFT calculations successfully provide a reliable assignment of the
electronic absorption spectra of the n-dimerization products, thus
greatly facilitating the identification of their nature and structure.>*

Results and discussion
Optical properties of the neutral species

The optical properties of these ladder-type small molecules
were investigated by measuring their ultraviolet-visible (UV-Vis)
absorption spectra (Fig. 2),">'" which highlight the tendency of
these fused molecules to form aggregates, both in solution and
film states. The aggregation processes play a very important
role in the charge transport mechanism.***” Therefore, under-
standing how these highly planar molecules organize in the solid
state and how this affects the charge transfer processes and
stabilization of charged states in organic thin-layers, could help
us to shed light on charge transport mechanisms in electronic
devices.

The UV-Vis optical absorption spectra of the bithienoimide
compounds BTI2-BTI5 in 2-methyl tetrahydrofuran at room
temperature are displayed in Fig. 2a. The spectra show a two
structured peak profile with different relative intensities
depending on the chain length. The maximum absorption peak
(Amax) is bathochromically shifted as the chain length increases
on going from 445 nm for BTI2 to 532 nm for BTI5, in line with
the extension of the m-conjugation core in BTI5. The same
applies to the spectra recorded at low temperature (Fig. 2b), at
373 K (Fig. 2¢) and recorded for thin films (Fig. 2d). In the film
state, all the compounds show a red-shifted absorption peak
in comparison with their solution, but also a broadened
absorption band, suggesting more extensive aggregation.

The detailed analysis of the relative intensities of the two
recorded absorption peaks shows similar spectral profiles for
the four compounds at 373 K (Fig. 2c), the low energy band
being the most intense in all the systems, whereas a much
broader absorption profile with the reverse intensity pattern is

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 UV/Vis spectra of BTI2-BTI5 in (a) 2-methyl tetrahydrofuran at room temperature and (b) low temperature, (c) chlorobenzene at 373 K, (d) films
(3 mg ml~* in chloroform) deposited by spin-coating. (e~h) Heating and cooling down processes of BTI2-BTI5 in 2-methyl tetrahydrofuran.

recorded for BTI4 and BTI5 at room temperature (Fig. 2a),
indicating the formation of aggregates. The temperature depen-
dent electronic absorption spectra (Fig. 2e-h) recorded in
2-methyltetrahydrofuran help us to further understand the
molecular aggregation. In this case, significant changes in the
absorption spectra were observed for the BTI3 semiconductor;
a relative intensity swap of the absorption bands was found, as
well as a slightly red-shifted broadening of the band upon
cooling, highlighting the high tendency of BTI3 to form aggre-
gates at low temperature, even in diluted solutions. On the
contrary, the spectrum of BTI2 shows only a slightly red-shifted
broadening of the band with the temperature, remaining
basically unaltered throughout the whole temperature range
analyzed, which means that BTI2 does not tend to easily form
aggregates in low-concentration solutions. The absorption
spectra for the longest systems, at low temperature, also show
a noticeable broadening of the band and the appearance of a
low-energy shoulder similar to that registered in thin film
spectra, thus being in agreement with the formation of aggre-
gates. In this case the spectrum at low temperature is quite
similar to that at room temperature, indicating that aggregates
are easily formed in these compounds even at low concentra-
tions and room temperature.'®>®

Experimental and theoretical study of charged species in
solution

In order to analyze charge species and their aggregation, Fig. 3
shows, as an example, the evolution of the UV/Vis/NIR spectra
obtained by progressive spectroelectrochemical reduction of a
low concentration solution of BTI2-BTI5 in the presence of a
high excess of supporting electrolyte ((#-Bu),NPFy).

The UV-Vis absorption of all parent neutral species (black
curve) progressively vanished in time, giving rise to two sharp
peaks (blue curve) at higher wavelengths, with clear isosbestic
points. The two peaks of the blue curve could represent the
gradual formation of the isolated and n-dimer radical anions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 UV/Vis/NIR spectral changes upon electrochemical reduction of
BTI2—BTI5 within an OTTLE cell in dichloromethane at room temperature
in the presence of the 0.1 M (n-Bu)4NPF¢ supporting electrolyte. The black,
blue and red curves represent the neutral, radical anion and m-dimer
dianion bands, respectively. (@) indicates the BTIn n-dimer radical anion
([BTIn], ™) and (¢) indicates the BTIn isolated radical anions (BTIn™).

As shown in the UV/Vis/NIR spectra (Fig. 3), the BTIn molecules
exhibit a progressive redshift in the radical anion absorption
bands with the increase of the building block unit, as we
expected since the m-conjugation length increases on going
from BTI2 to BTI5. However, an unexpected behavior of
the higher energy band (1654 nm, ¢) for the shortest building
block (BTI2) is observed, which consists in a 26 nm redshift
compared with the next building block unit (BTI3), whose band
appears at lower wavelength (1628 nm). This trend is theoreti-
cally predicted (Fig. S8, ESIT) and can be understood considering
that the charge delocalization over the conjugated skeleton for
BTI2 and BTI3 is similar, and both extended over ~5 rings
despite the longer BTI3 conjugated skeleton (Fig. S9, ESIt), and
with higher delocalization over the external thiophene rings in
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BTI2. Upon further increasing the reduction potential, the
radical anion is converted to a new species (red curve, Fig. 3),
which exhibits a strong absorption in 1300-1900 nm (BTI3),
except for the smallest monomer (BTI2) of this series of
compounds. This new species could be assigned to the
n-dimer dianion, formed by two radical anion monomers. It is
noteworthy that for BTI2, although the presence of m-dimer
radical anions is recorded (®), the increase of the applied
potential does not lead to the introduction of an extra electron
in the dimeric form. The spectroelectrochemical results as well
as the theoretical results for all compounds under study are
summarized in Table 1.

In order to analyze in depth the different species formed
during the first step of the spectroelectrochemical reduction,
we first carried out a comparative experimental study of the
impact of the chain length on the spectroelectrochemical
behavior (Fig. 3). Thus, comparing the BTI2-BTI5 spectra, we
can observe that the band at higher wavelength (1300-2200 nm,
@), corresponding to the blue curve, exhibits a higher energy
shoulder (1300-1613 nm, @®). This shoulder increases in inten-
sity upon increasing the chain length. Taking into account that
the tendency to form aggregates increases with the building
block unit, we assign this shoulder band (®) to a n-dimer
radical anion. Thus, the isolated radical anions coexist with the
n-dimer radical anions. Consequently, the red curve represents
the n-dimer dianion, which is also more favored for the longest
systems; note that the most intense band is recorded for BTI5.
On the contrary, the red curve registration is not feasible for
BTI2 under these conditions. In order to understand this, an in
depth theoretical study was performed.

Density functional theory (DFT) calculations were conducted
for the monomeric species as well as the [BTIn],  n-dimer
anions and [BTIn ], n-dimer dianions (Fig. 4). The solution
environment in all cases is described by a polarizable conti-
nuum model (PCM) using dichloromethane as the solvent. Two
configurations for the spatial disposition of the two monomers in
the n-dimer formation were considered: (1) parallel r-stacking,

Table 1 UV/Vis/NIR data of the BTI2-BTI4 as neutral, anion and dianion
species and the TD-DFT calculations at the ®B97XD/6-31G** level. All
calculations are carried out in a continuous solvent environment (PCM)
using dichloromethane as the solvent. BTIn, BTIn~, syn-[BTInl,~ and
syn-[BTIn"], are the neutral, radical anion, nt-dimer radical anion and the
n-dimer dianion species, respectively

Compound Jmax [NM] Acale [NM]
BTI2 421 (sh), 445 375

BTI2™ 645, 1654 526, 1191
syn{BTI2],~ 412, 584, 1342 360, 417, 956
BTI3 473 (Sh), 506 414

BTI3~ 715, 1628 571, 944
syn-{BTI3],~ 376, 643, 1362 420, 575, 951
syn{BTI3 ], 409, 1118 (sh), 1331 393, 501, 888
BTI4 503, 560 (sh) 437

BTI4~ 704 (Sh), 781, 1847 617, 1263
syn{BTI4],~ 558, 1197 (sh), 1430 430, 472, 622, 1168
syn-[BTI4™ ], 442, 1197 (sh), 1411 453, 941

15762 | J. Mater. Chem. C, 2020, 8,15759-15770
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Fig. 4 LC-wPBE-GD3BJ/6-31G**-calculated molecular structures of
BTI2, BTI3 and BTI4 rw-dimer radical anion (a) and n-dimer dianions (b)
with a syn configuration. AG¢° values are given in kcal mol™.

which represents the N atom in distinct monomers in a syn
configuration and (2) antiparallel n-stacking with the respective
N atoms in an anti configuration. The impact of the orientations
of the branched side chains relative to the ring plane on the dimer
stability was also tested, the configuration with the branched side
chains out of the plane being the most stable one in each case.
Lateral and top views of the optimized structures are given in
Fig. S4 and S5 of the ESL{ Both parallel and antiparallel config-
urations were found to be stable against dissociation, with the
parallel conformer being slightly more stable than the antiparallel
one (more negative free energy of formation values, AGf’) espe-
cially in the case of the largest monomers (see Fig. 4 and Table 2).
Therefore, the nearly isoenergetic anti and syn configurations may
co-exist in solution.

Owing to the planarity of BTI molecules, both the binding
energy and the interaction energy of the corresponding
n-dimers are very similar. The Gibbs free energy is about
20 kecal mol ™" lower than the binding and interaction energies

Table 2 Interaction energies (Ei.), Binding energies (Ening) and free
energies of formation (AG°) at 298 K of the [BTInl,~ and [BTIn"],
n-dimers in anti and syn configurations. All calculations are carried out
in a continuous solvent environment (PCM) using dichloromethane as the
solvent at the LC-wPBE-GD3BJ/6-31G** level

AGE c
(keal mol ™)

Eiind”
(keal mol )

a
E int

Molecule Configuration (kcal mol )

n-dimer radical anion

[BTI2],~ syn —40.4 —36.4 —14.1
anti —40.4 —36.3 —13.5
[BTI3],” syn ~75.7 —64.5 -38.8
anti 71.4 —63.6 —38.7
[BTI4],~  syn —88.1 —86.4 —55.4
anti — — —
n-dimer dianion
[BTI2 ], syn -30.9 -19.3 4.4
anti —33.2 —21.0 4.9
[BTI3"], syn —53.3 —42.6 —14.7
anti —54.5 —42.4 —15.6
[BTI4™], syn —84.1 —70.6 —35.5
anti — — —

@ Eine- © Epina and ¢ AG¢° calculated as shown in the ESL

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 DFT-calculated charge delocalization in BTIn n-dimer radical
anions at the LC-wPBE-GD3BJ/6-31G** level.

due to the entropic factor. These values are found to be more
negative upon elongation of the building block units, indica-
ting the greater tendency towards n-dimer formation for the
longest systems (see Table 2). Although both types of n-dimers
are stable against dissociation for BTI3-BTI5, the BTIn n-dimer
dianions show lower AGy® energy values than the corresponding
n-dimer radical anions. However, in the case of BTI2, the
formation of m-dimer dianions is unstable with a AG¢® of
4.4 kcal mol . In this case, the instability of the dianion
n-dimer is in accordance with the experimental results shown
above in Fig. 3 and may be understood in terms of charge
delocalization over both monomer conjugated skeletons in the
n-dimer radical anion forms. Fig. 5 shows the charge sum over
each molecule of the radical anion n-dimer of molecules
BTI2-BTI4.

Whereas the charge density of the BTI3 and BTI4 n-dimer
radical anions is delocalized on one single molecule, in the case
of BTI2 an additional molecule is needed to facilitate charge
delocalization, with the two molecules bearing approximately
half of the injected charge. This may be the main reason why
the injection of another electron into the BTI2 n-dimer radical
anion is not feasible due to charge repulsion, while n-dimer
radical anions built up with BTI3-BTI5 molecules are able to
accommodate one extra charge.

In addition, while in [BTI2],” the injected charge is deloca-
lized over ~8 rings, considering the two molecules of the
n-dimer, charge delocalization in [BTI3],” is extended over
~7 rings (see Fig. $10, ESIt). This similar charge delocalization
extension may explain the modest displacement of the n-dimer
radical anion absorptions (1342 vs. 1362 nm) on going from
BTI2 to BTI3 (Fig. 3) in comparison with the displacement
observed for longer molecules.
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In order to further prove this, time-dependent (TD) DFT
calculations were then used to interpret the evolution of the
electronic spectra of the reduced species. Different functionals
were tested, i.e., M06-2X and ®B97XD and LC-oPBE functionals
were used over the previous M06-2X-GD3 and LC-oPBE-GD3B]J-
optimized structures, respectively (see Table 1 and Fig. S7, S8,
ESIT). The three functionals show the same trend of the vertical
transitions in the absorption spectra; thus, for simplicity
reasons, only the data calculated at the ®B97XD/6-31G**//-LC-
®PBE-GD3B]/6-31G** level will be further considered in
this study. TD-DFT calculations show that the n-dimers, both
radical anion ([BTIn],”) and dianion ([BTIn"],) and also
the isolated radical anions (BTIn™) exhibit two red-shifted
transitions compared to the neutral band, the most intense
one at lower wavelengths and the less intense one at higher
wavelengths, which is in good agreement with the experimental
observation (see Fig. 6).

As seen in Fig. 6b, two intense electronic transitions were
computed for the BTI2 radical anion (BTI27) at 526/1191 and
for the BTI3 radical anion (BTI3™) at 571/944 nm, which
correspond to the experimental absorption bands measured
at 645/1654 nm for BTI2 and 715/1628 nm for BTI3 (Fig. 6a). For
the syn-[BTI2],” and syn-[BTI3],  n-dimer radical anions, three
bands are theoretically predicted at 360, 417 and 956 nm for the
former and at 420, 575 and 951 nm for the latter (Fig. 6b),
which are in good agreement with the three experimental
bands associated with the formation of the n-dimer radical
anion (412, 584, 1342 nm for [BTI2],~ and 376, 643, 1362 nm
for [BTI3],, Fig. 6a). The three main intense bands of these BTI
radical anion n-dimers, on going from lower to higher wave-
numbers are associated with the HOMO — SOMO, SOMO —
LUMO and HOMO — LUMO transitions, respectively (see
Fig. S6, ESIT). The red-shift of the bands corresponding to the
n-dimer radical anion compared to the neutral species, are
presumably due to an effective through-space electronic inter-
action within the dimer.

Upon further increase of the applied voltage, a new spectral
profile was recorded for BTI3-BTI5 semiconductors (red spectra
in Fig. 3 and 6a), which are theoretically ascribed to the formation
of m-dimer dianions (Fig. 6b). The bands recorded for these
species are blue-shifted regarding those of the n-dimer radical
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the supporting electrolyte. (b) TD-DFT/wB97XD calculated vertical transition
dianion of BTI2 and BIT3.
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Fig. 7 UV/Vis/NIR spectral changes at room temperature upon electrochemical reduction of BTI2 and BTI3 within an OTTLE cell in dichloromethane
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Fig. 8 UV/Vis/NIR spectral changes at room temperature upon electrochemical reduction of (a) 3 x 10~ M and (b) 8 x 10~8 M concentration solutions
of BTI3 within an OTTLE cell in dichloromethane in the presence of 0.1 M (n-Bu)4NPFg¢ as the supporting electrolyte.

anions, probably due to the inherent destabilization by increased
electrostatic repulsion in the double charged n-dimer. Therefore,
the TD-DFT calculations have reproduced reasonably well the
experimental absorption spectra and give evidence of the for-
mation of both isolated radical anions and n-dimer radical anions
for BTI2, and even n-dimer dianions during the electroreduction
processes of BTI3.

In order to further study the nature of the different charged
species, the spectroelectrochemical reduction processes were
recorded as a function of the nature of counterions (Fig. 7) and
the concentration of semiconductor solution (Fig. 8).

The impact of the size of counterions on the formation of
n-dimer species has been analyzed by inspecting the spectral
changes recorded in the course of one-electron electrochemical
reduction of BTIn semiconductors in the presence of tetra-
butylammonium hexafluorophosphate, (n-Bu),NPFg, or tetra-
hexylammonium hexafluorophosphate (n-Hex),NPF, supporting
electrolytes. As seen in Fig. 7 and Fig. S2, S3 (ESIt), similar spectral
profiles were obtained regardless of the size of the counterions;
however, the extension of the counterions alkyl chains from butyl
(Bu,') to hexyl (Hex,") chains slightly destabilizes the formation of
n-dimeric species, probably due to steric hindrance effects. This is
particularly evident in the formation of n-dimer dianions, which
are clearly favored in the presence of the (n-Bu),NPF, supporting
electrolyte.

In parallel, we studied the impact of the BTI concentration
on the formation of the m-dimers (Fig. 8). As we can see in
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Fig. 8b, using a very low concentration of BTI3 solution, upon
increasing the reduction potential, the spectral profile is
similar to that obtained at higher BTI3 concentrations at the
first applied potential (blue curve, Fig. 8a); however, the
shoulder located at around 1300 nm (Fig. 8a), which was
ascribed to m-dimer radical anion, basically disappears due
to the low molecular concentration (Fig. 8b). Further increase
of the applied potential does not modify the spectral profile at a
low concentration of BTI3 (Fig. 8b); however at a high concen-
tration of BTI3 a new band appears at around 1300 nm (red
curve, Fig. 8a), which was ascribed to the formation of n-dimer
dianions. These results support the n-dimeric nature of both
the red spectra and the shoulder peak at around 1300 nm of the
blue spectra, as previously indicated by theoretical calculations.

Experimental studies of charge species in solid state

In the previous sections we have demonstrated the predomi-
nance of aggregates both in the neutral and charged states in
these BTI semiconductors even in diluted solutions, due to
their rigid and planar structures. Molecular aggregation is key
in thin film devices since charge carriers need to be stabilized
and transported through the device active channel.*®*°

To better understand how charge is transported in solid
state films based on these promising ladder-type BTI2-BTI5
molecules, we first fabricated and characterized top-gate, bottom-
contact OFETs (see fabrication of OFETs in the Experimental
section). As previously reported, a remarkable decrease in field

This journal is © The Royal Society of Chemistry 2020
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Table 3 Top-gate/bottom-contact OFET performance of BTI2—-BTI5

Me,sat (sz V71 Sil) Vt (V) Ion/loff
BTI2 0.074 2 10*
BTI3 0.017 4 10*
BTI4 0.014 9 10*
BTI5 0.0019 15 10°

effect mobility is found as the BTI unit gets longer, with one order
of magnitude drop for BTI5 with respect to the shortest members
of the series (see data in Table 3). This has been ascribed to
different facts: (i) the degree of crystallinity was reported to
decrease as the length of the BTI unit increased, with BTI2
showing the highest degree of order. Indeed, X-ray diffraction (XRD)
measurements show that BTI2 exhibits the most pronounced
lamellar scattering but larger grain size in AFM topographies.""
Nevertheless, other effects may also be considered, such as (ii) the
injected charge density is confined in the three internal fused BTI
units in BTI3-BTI5 (see Fig. S9, ESIT), so that longer fused BTI
systems than BTI3 are, in principle, not necessary in terms of
conjugation and charge stabilization; and (iii) processability issues
are found in the longest members of the series due to the strong
aggregation even at low concentration solutions, which is ultimately
related to poor film formation and thus to a lower degree of order.

However, despite these indications, the remarkable increase
in field-effect mobility observed for the shortest member of the
series, BTI2, may not be solely understood under these terms.
Thus, in order to shed light on the charge transport mechanism
of BTI-fused systems, we have performed charge modulation
spectroscopic (CMS) measurements in semi-transparent OFETS.
CMS is a powerful technique which allows us to study the
molecular nature of the charge carriers present in the OFET
accumulated channel.**™*? In this experiment, we modulate the
charge density in the thin semiconducting film, at the interface
with the dielectric, by modulating the applied gate bias in a
semitransparent OFET, and then measure the variation in light
transmission (A7), normalized to the total transmission (AT/T).
The AT signal is associated with the formation of new intragap
states, owing to the modulation of mobile charges, while immo-
bilized charges cannot be observed in the CMS spectrum since
they cannot be modulated.

The CMS spectra of BTI OFET in full accumulation, mea-
sured at an applied gate voltage (V) of 60 V with a modulating
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voltage (V,c) of £20 V, are shown in Fig. 9. In these spectra, the
AT/T < 0 region is associated with sub-band gap states induced
by localized, polaronic charges present in the accumulation
layer, while the positive signal is related to the bleaching of the
neutral absorption. Bleaching of BTI2 could not be measured
since the neutral absorbance of this molecule peaks below
450 nm, a value where our CMS experimental set-up is not
sensitive enough. Some similarities are present in all CMS
spectra: (i) the bleaching of neutral states exhibits highly
pronounced vibronics, better resolved than their UV-Vis absorp-
tion counterpart. This is commonly observed, as charge carriers
are located in the most ordered regions of the films. (ii) The
charge absorption regions exhibit two distinct contributions.
One at low wavelengths, immediately next to the bleaching and
another at higher wavelengths. (iii) A high similitude between
the sub-gap features attributed to charged species obtained by
spectroelectrochemical and CMS experiments is observed.
Yet, the CMS spectra show no fingerprint of dianion formation,
which is probably related to the lower charge carrier density
achieved in the channel of an accumulated transistor when
compared to that of spectroelectrochemistry, upon strong
reduction. The charge absorption signals fit well the peaks of
radical anions, although some changes in the peak positions
are present, probably because of differences in polarization
between the solid state and solution.

We hence employ the radical anions spectra in solution
as a reference to interpret the CMS spectra. The comparison
between CMS and spectroelectrochemistry data for BTI2 is
shown in Fig. 10. In particular, our spectroelectrochemistry
reference shows the presence of two peaks at high wavelengths
(1000-1900 nm), the peak at lower wavelengths related to
n-dimer radical anion and at higher wavelegths related to
the isolated anion. In BTI2 CMS spectra, at low gate voltage,
the spectral shapes also show two contributions peaking
at ~1400 nm and ~ 1200 nm, with a similar relative intensity.
Thus we interpret them as those of the isolated anion and the
n-dimer radical anion respectively. Upon increasing the gate
voltage, the shoulder at 1400 nm decreases and vanishes, while
the peak at 1200 nm becomes more pronounced. Thus, CMS
spectra suggest a stronger contribution coming from the
n-dimer radical anion than from the isolated anion at increasing
charge density. In particular, in full accumulation, charge carriers
in BTI2 systems are likely stabilized within two consecutive
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Fig. 9 Evolution of the CMS spectra of semitransparent OFETs with BTI2, BTI3 and BTI4 semiconductors as the active materials at T = 300 K.
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Fig. 10 Comparison between UV/Vis/NIR spectral changes at room
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0.1 M (n-Bu)4NPFg as supporting electrolytes (top) and the evolution of the
CMS spectra of semitransparent OFETs with BTI2 semiconductors as the
active material at T = 300 K (bottom).

molecules, as predicted by DFT calculations (Fig. 5), therefore
improving charge transport, where the hopping process within
the active channel may be seen as charge transfer between
neighboring n-dimers. In BTI3 the scenario is different and
transitions associated with the isolated anion become domi-
nant (Fig. S12, ESIt). Indeed, BTI3 CMS spectra exhibit a strong
signal at ~1600 nm that matches well the isolated anion peak
(1628 nm) observed in spectroelectrochemistry, while at lower
wavelengths (1000-1300 nm) only a broad feature is present,
probably indicating a lower contribution of the n-dimer radical
anion. V, dependent spectra show only minor changes as
voltage increases; in particular the peak at ~600 nm - asso-
ciated with the isolated radical anion in solution - reduces in
intensity. Therefore, despite a dominant signal coming from
the isolated anion, an increase of voltage seems to reduce the
confinement of charge carriers on a single molecule. We would
like to note that our CMS experimental set-up is not sensitive
enough above 1600-1700 nm, therefore the reduction of inten-
sity above those wavelegths is an artefact associated with the
limitations of the measurement. Similarly, in BTI4, above
1500 nm the intensity increases and reaches a maximum at
1700 nm. This is again an artefact due to the limited resolution
at those wavelengths, hence we could only detect the onset of
a strong charge absorption signal, probably related to the
isolated anion peak. At lower wavelengths, between 1000 and
1500 nm, only a broad and low intensity signal is detected. The
charge absorption spectra next to the bleaching show sharp
vibronics at ~600 nm and 850 nm, in a spectral range where
the isolated anion was shown to exhibit two peaks. These sharp
vibronic transitions, together with the higher wavelength spec-
tra suggest that the charge carriers are mainly localized on an
single molecule.

In conclusion, as the BTI length is increased, CMS suggests
that charge carriers tend to be localized on isolated molecules,
while BTI2 shows spectra suggesting charge relaxation within
two molecules, in a n-dimer configuration. This is promoted by
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the more efficient crystal packing of the BTI2 semiconductor
and the fact that charge stabilization is improved in the BTI2
n-dimer radical anion due to delocalization over the two inter-
acting molecules.

Conclusions

Formation of aggregated species are determinants in the charge
transport processes in electronic devices. The marked propen-
sity toward n-dimerization shown by the radical anions of the
BTI2-BTI5 series in dichloromethane was investigated in detail
by using a combined experimental and theoretical approach.
The stability, nature and spectroscopic characteristics of the
ultimate radical anion and dianion n-dimeric species were
analyzed as a function of the BTI concentration and the nature
of counterions.

We found that molecular aggregation is enhanced in
solution upon increasing the BTIn chain length, both in neutral
and charged states. In the case of charged species, both radical
anion and dianion n-dimers were easily observed for BTI3-BTI5
semiconductors, while only n-dimer radical anions were regis-
tered for BTI2, which in this case is related to the delocalization
of the injected charge over the two neighboring molecules, thus
preventing the introduction of an extra electron due to the
increased electrostatic repulsion. In good agreement with this
result, in the solid state, the injected negative charge in BTI2 is
also stabilized in the through-space between two adjacent
molecules. This through-space charge delocalization, evidenced
by CMS experiments and supported by quantum chemical calcu-
lations, does not apply to BTI3-BTI5, where charges seem to be
localized on single BTI molecules. Thus, the more efficient charge
transport process found in BTI2, with an electron field effect
mobility ~40x times higher than BTI5, which has previously
been correctly ascribed to enhanced thin film crystallinity, is also
related to charge relaxation over two molecules, in a n-dimer
configuration.

Experimental section
Materials synthesis

The ladder-type BTI building blocks were synthesized following
a previous published procedure (Angew. Chem., 2017, 129,
10056).

Spectroelectrochemical experiments

In situ UV/Vis/NIR spectroelectrochemical studies were con-
ducted at 300 K by using an optically transparent thin-layer
electrochemical cell positioned in the sample compartment of a
Cary 5000 spectrophotometer. In this cell a Pt gauze was used
as the working electrode, a Pt wire was used as the counter
electrode and an Ag wire was used as the pseudo-reference
electrode. A C3 epsilon potentiostat from BASi was used for the
electrolysis using a thin layer cell from a demountable omni cell
from Specac. The spectra were collected at constant potentials, being
the potentials changed at intervals of 10 mV. The electrochemical

This journal is © The Royal Society of Chemistry 2020
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medium used was 0.1 M tetrabutylammonium hexafluorophosphate
((n-Bu),NPFs) and 0.1 M tetrahexylammonium hexafluorophosphate
((n-Hex),NPF,) in CH,Cl,, at room temperature.

Charge modulation spectroscopy

For the OFETs used for the charge modulation spectroscopy
measurements, we adopted a top-gate, bottom-contact (TG/BC)
architecture. Thoroughly cleaned 1737F glass was used as the
substrate. Interdigitated Au 20 nm thick contacts with channel
length L = 40 um and channel width W = 2 cm, were defined
by a lift-off photolithographic process with a 2 nm thick Cr
adhesion layer. To reduce the contact resistance, a thin layer of
cesium fluoride (CsF) was spin-coated from 2-methoxyethanol
solution onto the Au S/D electrodes to facilitate electron
injection.”* A chloroform solution of BTI2-BTI5 (3 mg ml ")
was then deposited by spin-coating at 1000 rpm for 60 seconds,
yielding an ~40-60 nm thick film. The semiconductor was
then annealed for 20 min at 80 °C on a hot plate in a nitrogen
atmosphere. A 400 nm CYTOP dielectric layer was then spin-
coated on top at 4000 rpm for 60 s. After the dielectric deposi-
tion, the devices were annealed in nitrogen, on a hot plate,
at 100 °C for 30 min. Finally, a 7 nm thick Al, followed by 4 nm
Au electrode was thermally evaporated as the gate contact to
complete the device fabrication. The transistor fabrication was
carried out in a nitrogen-filled glovebox.

Computational details

All calculations were carried out at the density functional theory
(DFT) level by using the Gaussian 16 program.** Different
functionals, such as M06-2X,*® ©B97XD*® and LC-wPBE*"™*°
were employed together with the 6-31G** basis set.’”! These
functionals were chosen taking into account their ability to
describe n-m interactions and estimate the energies of weak
intermolecular interactions more efficiently than the B3LYP
functional does.’** The empirical dispersion correction GD3>*
and GD3BJ*° were used together with M06-2X and LC-wPBE
functionals, respectively. The polarizable continuum model
(PCM)*>"~> for solvation was used. The PCM considers the solvent
(dichloromethane) as a continuous medium with a dielectric
constant (& = 8.93) and represents the solute by means of a cavity
built using a number of interlaced spheres. All calculations on
radical anions were spin-unrestricted. The 2-octyldodecyl chains
on the N-imide group of BTI2-BTI5 were replaced with isopropyl
chains in order to simplify the calculations. On the basis of the
resulting ground-state geometries, harmonic vibrational frequen-
cies were calculated at the same theoretical level corroborating
that the optimized geometries are minima (zero imaginary
frequencies).

The vertical transition energies and oscillator strengths
between the initial and final states were computed by using
the time-dependent (TD) DFT approach®® with the LC-oPBE
and ®B97XD functionals over the previous LC-oPBE-GD3BJ-
optimized structures and with the M06-2X functional over the
previous MO06-2X-GD3-optimized structures. Gibbs energy
changes associated with the formation of the dimer (AGy°) are
computed based on the energies of the vibrational analysis of
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the neutral and radical anion monomers, as well as the n-dimer
radical anion or dianion, taking into account the thermal
corrections.
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