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Abstract

The p-type semiconducting properties of a triphenylene-fused triindole mesogen, have been
studied by applying two complementary methods which have different alignment requirements.
The attachment of only three flexible alkyl chains to the nitrogen atoms of this m-extended core
is sufficient to induce columnar mesomorphism. High hole mobility values (0.65 cm?*V-!s!) have
been estimated by space-charge limited current (SCLC) measurements in a diode-like structure
which are easily prepared from the melt, rendering this material a good candidate for OPVs and
OLEDs devices. The mobility predicted theoretically via a hole-hopping mechanism is in very
good agreement with the experimental values determined at the SCLC regime. On the other hand
the hole mobility determined on solution processed thin film transistors (OFETs) is
significantly lower, which can be rationalized by the high tendency of these large molecules to
align on surfaces with their extended m-conjugated core parallel to the substrate as demonstrated
by SERS. Despite the differences obtained with the two methods, the acceptable performance
found on OFETs fabricated by simple drop-casting processing of such an enlarged aromatic core
is remarkable and suggest facile hopping between neighboring molecular columns owing to the

large conducting/isolating ratio found in this discotic compound.

Introduction

The field of organic electronics has evolved impressively in the last few years and the first
device generation based on organic semiconductors has reached the market.> The major

contribution advancing this field have been associated to the development of organic



semiconductors exhibiting high charge carrier mobility. However finding organic
semiconductors with the proper balance between mobility and processability, remains
challenging. In this context discotic liquid crystals, constituted by an aromatic central core
surrounded by flexible alkyl tails, are among the most promising candidates.>> In the columnar
mesophases induced by discotic mesogens the aromatic cores are strongly interacting ensuring an
uniaxial pathway for efficient charge carrier transport while the soft and self-repairing nature of
these materials facilitates their easy processing and the realization of defect free domains over
large areas.®!® Due to their characteristic molecular structure consisting of a m-conjugated
conducting core surrounded by electrically insulating substituents, charge transport in discotic
liquid crystals is highly anisotropic and a precise control of the orientation of the columnar axis
on the substrate is therefore imperative to enable optimal charge transport.!'!: 12

This high dependence of the electrical performance on the degree of columnar alignment
represents a serious drawback for application of discotic mesogens in several opto-electronic
devices by simple solution-processing techniques. Although the uniform macroscopic orientation

of columns on different substrates has been successfully achieved via different strategies such as

13,14 12,15 16,17

the application of electric or magnetic fields'>'”, use of surface modifiers'™"’, and

confinement effects!®!°

among others, to date solutions vary from material to material and are
complicated by the fact that each type of device has different geometry requirements. Planar
alignment of columns (conducting channel parallel to the dielectric substrate) is needed in thin-
film transistors, whereas homeotropic alignment of columns (conducting channel perpendicular
to the electrodes) is required in photovoltaic cells or light-emitting diodes.”® At this stage, the

controlled alignment of columns represents a major challenge for the practical application of

discotic liquid crystals.



Heptacyclic 10,15-dihydro-5H-diindolo[3,2-a:3",2'-c]carbazole (triindole) has been widely
studied as a m-conjugated platform in the construction of high mobility semiconducting liquid
crystals.?®?* Especially remarkable is the record hole mobility values determined on
hexaphenyltriindole columnar mesophases (up to 2.8 cm?V-!s1)?! as a result of the favorable
synergy between the intrinsic properties of the platform and the high degree of supramolecular
order triggered by the bulky phenyl moieties that efficiently interlock the molecules within the
columns. Interestingly, three-fold oxidative cyclodehydrogenation of hexaphenyltriindole render
a significantly enlarged aromatic core, with structural characteristics of both triphenylene
moieties and triindole. In this m-extended discotic core, the attachment of only three flexible
alkyl chains to the nitrogen atoms is sufficient to induce mesomorphism.>* Thus compound 1
(Figure 1) functionalized with six peripheral methyl groups and three long flexible dodecyl
chains attached to the nitrogens shows an ordered mesophase in a broad range of temperatures.
In this compound the ratio of conducting versus isolating fraction is considerably enhanced
compared to triindole liquid crystals not only by enlarging the size of the central core but also by
reducing the amount of isolating peripheral chains.

In this manuscript we investigate the semiconducting properties of this aromatic platform with
the aim of lowering the dependence of alignment usually found on discotic liquid crystals.
Particularly, we explored the electrical properties of compound 1 via two complementary
methods: space-charge limited current (SCLC) measurements in a diode-like structure?* and
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field effect mobility measurements in a thin-film transistor device which could be easily

1

prepared by melt and solution processing, respectively. A hole mobility of 0.64 cm?V-!s!  could

be determined by SCLC method which is among the highest recorded for a hole-mobility liquid
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crystal.”> Measured field effect mobility values are 3 order of magnitude lower, which can be



ascribed to the different alignment requirements for both techniques. Despite the differences in
mobilities obtained with the two methods, the acceptable performance found on 1-based OFETs
fabricated by simple drop-casting processing of such an enlarged aromatic core is remarkable
and suggest that an increase of the dimensionality of the charge carrier pathway have been
achieved in this system as a result of the large conducting/isolating ratio found in this discotic

compound.

Figure 1: Structure of triphenylene-fused triindole 1 and triindole 2 cores under study.

Experimental Section

Raman measurements. Microscope Raman scattering spectra with excitation at A = 785 nm
were performed on Laser-Raman spectrophotometer (NRS-5100 JASCO). The operating power
for the exciting laser radiation was kept to 12.2 mW in all experiments. Samples were analyzed
as bulk or thin films by averaging 50 scans with 10 s of integration time. The thin films samples

prepared by spin-coating or drop-casting solutions were deposited on Au or SiO2 surfaces.



Space Charge Limited Current (SCLC) measurements. Cells for mobility measurements
consisted of two glass substrates with different electrodes. One substrate had several ITO stripes
with a 1 mm width, obtained via photolithography from uniformly ITO coated commercial glass
(UNAXIS, 110 nm ITO thickness). These substrate were cleaned by ultra-sonication, using a
sequence of lightly soapy water, distilled water, acetone and isopropyl alcohol. The clean glasses
were then dried overnight at 90 °C in a vacuum oven before being transferred to a glove box with
a nitrogen atmosphere (O2 < 0.1 ppm, H>O < 0.1 ppm). Glass substrates with gold electrodes
were instead prepared by thermal evaporation of gold on glass substrates cleaned as described
above. Cells were prepared by squeezing the melt at 150 °C between two substrates with
patterned electrodes, gold on one side and ITO on the other side. After cooling to room
temperature, samples were sealed with epoxy glue. Both thickness and SCLC measurements
were carried out outside of the glove box. The thickness (typically around 20 micrometers) was
obtained by observing the interference in the light transmission in the near-IR region, using an
AGILENT 8453 UV-Vis spectrometer. A Keithley 6517A electrometer was used to obtain the
Current/Voltage curves, while the capacitance of the cell was measured with an Agilent 4284A
LCR meter.

Field-effect transistor fabrication. The characterization of organic field effect transistors was
carried out in order to determine field effect charge carrier mobilities (urer). In this work,
transistors with bottom gate, top contact configuration were used. First, the gate/dielectric
substrates (S1/300 nm Si0;) were cleaned in an ultrasonic bath with acetone, hexane and ethanol
previous to drying under a flow of nitrogen. Next, the surface was functionalized with a self-
assembled monolayer of hexamethyldisilazane (HMDS) to minimize interfacial trapping

sites®»3*. Then, thin films of compound 1 were made by drop-casting (40uL of a Smg/ml in



chloroform solution) under nitrogen atmosphere. Finally, 30 nm gold source and drain electrodes
were thermal evaporated through a shadow mask. Devices were tested under vacuum by using an
Agilent B1500 semiconductor parameter analyzer and a customized vacuum probe station.

Computational details. The theoretical study was carried out in the frame of density
functional theory (DFT) using the B3LYP functional®¢ and the 6-31G** basis set’’® as
implemented in the Gaussian 09 program.*® The geometry optimizations of triphenylene-fused
triindole 1 and related triindole 2 were performed considering C3 symmetry constraints. The long
dodecyl side chains on the nitrogens of the compounds subjected to the experimental study, were
replaced with methyl groups in order to reduce the computational cost. Note that we have
recently found that N-alkyl substitution of triindoles slightly impacts their electronic properties at
the single-molecule level*’. Based on the resulting ground-state geometries, harmonic vibrational
frequencies were calculated analytically at the same theoretical level. The reorganization
energies, were calculated directly from the relevant points on the potential energy surfaces using
the standard procedure detailed in the literature.*!

The transfer integrals (electronic couplings) of two adjacent molecules were calculated at the
B3LYP/6-31G** level, according to the approach described by Valeev et al.*? with the
corresponding matrix elements evaluated with Gaussian 09. In this approach, the molecular
orbitals of the dimer are described using a basis set of localized monomer orbitals. The orbital
energies of the dimers are determined by the secular equation HC=SCE, where H is the system
Hamiltonian or Fock matrix , C is the eigenvector matrix, S is the overlap matrix of the
monomer molecular orbital basis, and E is the diagonal eigenvalue matrix. The electronic
coupling can then be calculated directly as the Hj; matrix element obtained from the secular

equation which is then orthogonalized using Léwdin’s symmetric transformation.*> Note that the



coupling values depend on the functional used and generally increase with the increasing

percentage of Hartree-Fock exchange in the functional.*?

Results and Discussion
The synthesis and mesomorphic properties of compound 1 were previously reported by our
group.* This compound shows an ordered columnar hexagonal mesophase which extends from
26 °C to 226 °C. A lattice constants of a = 24.2 A has been determined by X-ray diffraction
together with a clear 001 diffuse reflection corresponding to the regular stacking of the

molecules of 3.85A within the columnar mesophases.?*

We have performed a Raman spectroscopy comparative study on 1 and the parent N-
dodecyltriindole 2 in order to investigate the influence of the external triphenylene groups on the
n-conjugation. As seen in Figure 2 a good agreement is found between the theoretical and the
experimental Raman spectra. The Raman band associated to a C-C stretching mode (i.e., mode
8a of benzene**) localized on the external benzene rings shifts towards higher wavenumbers
upon increasing the molecular core (i.e., 1605 cm™ in 2 and 1614 cm™! in 1%°), whereas the same
C-C stretching mode located in the innermost benzene ring shifts towards lower frequencies (i.e.,
1567 cm™ in 2 and 1562 cm™! in 1). Thus, the insertion of external triphenylene groups results in
an enhancement of the pi-electron delocalization of the central triindole core; note that the
displacement of the C-C stretching vibrations towards lower frequencies is associated with an
overall relaxation of the structure upon core elongation. On the other hand, the Iisos/1is67
intensity ratio increases upon enlarging the core of the platform which is also in line with a more

efficient m-conjugation in the extended platform 1 when compared to related triindole 2.
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Figure 2. Raman spectra for drop-casted thin films of extended triindole 1 in SiOz (a) and gold
(b) surfaces and as a bulk (c). The Raman spectra of N-dodecyl triindole 2 as a bulk (d) is also

shown for comparison.

The extended triindole platform shows a high tendency to self-assemble in solution as
determined by a '"H-NMR study at variable temperature. In chloroform solution, the 'H-NMR
spectra of compound 1 are concentration dependent, with several aromatic proton signals of the
core shifting upfield with increasing the concentration (see Figure 3). This effect has been well
documented as symptomatic of aromatic interactions and reflects the magnetic anisotropy that an
aromatic system exerts on a proton in its close vicinity.***’ Study of self-aggregation by NMR

provides important information on the geometry of aggregates. In this particular case, the central



triindole protons and the protons labeled as a and b in the triphenylene unit are the most affected,
while those placed in the fiord region (labeled as d) remain nearly constant. A clear pronounced
upfield effect is also observed for the a—CH> (labeled as m) proton signals of the N-dodecyl
chains. The different extent of shielding effects observed in the different proton signals suggests
an alternated arrangement in which each molecule is rotated by 60° with respect to the next
molecular unit. Such arrangement would place Hd and Hd  protons out of the shielding cone of

the aromatic system, thus explaining their poor shifting.

90 85 80 75 70 65 60 55 50 45 40 3.5
ppm
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Figure 3.Variation of the aromatic and methylenic '"H-NMR signals of compound 1 upon
varying the concentration. Dashed lines have been added to facilitate the visualization of the
different shielding effects observed in the different proton signal (those less affected, in red).

Signals assigned to CHCI3 and residual CH>Cl» solvent are marked with asterisks.

Charge mobility measurements were performed initially by the Space Charge Limited Current
(SCLC) method on samples sandwiched between two electrodes. This method has been widely

20-23 and other discotic

used to measure the mobility of different triindole-based derivatives
mesogens.?** It should be noted that this technique measures the bulk mobility and it is very
sensitive to the degree of macroscopic orientational order (as it requires a conduction channel
perpendicular to the electrodes) and to the effectiveness of charge injection at the electrodes.

In a current/voltage measurement, at low fields the observed current is ohmic, depending linearly
on the field, while at higher fields the number of injected charges starts to be non-negligible and

a space-charge field is present, with the current following the Mott-Gurney equation:

9 V2

Ji =géofri 3 (1D

where J is the measured current density, &o s the free space permittivity, x is the charge mobility,
V is the applied voltage, ¢ is the relative dielectric constant of the material and d is the thickness
of the compound layer in the device. From the equation, since the relative dielectric constant &
and the sample thickness can be easily measured, it is possible to obtain the mobility. By using
this method, in order to extract meaningful information from experiments, materials have to be
sandwiched between two electrodes which are chosen in such a way that an ohmic contact is

obtained either with the HOMO level of the molecular semiconductor or with its LUMO level. In
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the first case hole mobility can be measured, while electron mobility is extracted in the second
case.

Considering that triindoles are well-known hole conductors, in order to obtain an ohmic contact
we selected gold as the positive electrode because its work function W(Au) = -5.1 eV matches
the HOMO value of 1 (- 5.12 eV). As a counter-electrode we used ITO because its work function
W(ITO) ~ - 4.6 eV is much lower than the estimated LUMO energy of 1 (-2.84 eV) and because,
being transparent allows us to check the orientation of the liquid crystal by Optical Microscopy.
In this particular case, Polarizing Optical Microscopy indicates that the sample is partially
aligned (see Figure S1): the alignment of the mesophase director (i.e. of the columnar axes) is
not uniform within the samples, but domains of different size and orientation are observed. Only
some areas the samples show the homeotropic alignment (director along the normal to the
electrodes) that, given the geometry of the SCLC samples, allows the measurement of the
component of the charge mobility tensor with the highest magnitude. Our sample preparation
method allows independent measurements in several different areas of the same sample and the
mobility values reported in the following were obtained only in the areas with good homeotropic
alignment. In other areas, with non-homeotropic alignment or with smaller domains of various
orientations, only an ohmic current regime with much smaller currents (three to five orders of
magnitude lower) was recorded, preventing the measurement of charge mobility. Figure 4 shows
a typical J/V curve, acquired by connecting the positive pole to the Au electrode and the negative
pole to the ITO. As it can be observed, the shift from the ohmic to the SCLC regime is quite
clear.*’ Different samples showed similar behavior and the resulting average value of hole

mobility is 0.65 £ 0.15 cm?*V-Is!,
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Figure 4. Current vs. Applied voltage for a 22 um thick sample of 1. The two continuous lines,
with slopes 1 and 2, are a guide to the eye and they respectively represent ideal ohmic and SCLC

regimes of the current as a function of applied voltage.

As a complementary method, we have measured the charge mobility of this semiconducting
mesogen in a field effect transistor device. In this technique charge transport relies on the first
few layers of molecules and its performance depends strongly on the molecular orientation of the
semiconductor at the dielectric-semiconductor interface. Thin-film transistors were fabricated in
a bottom gate, top contact configuration by drop-casting a chloroform solution of 1 on HMDS-
functionalized Si1/SiO, substrate, followed by evaporation of gold source/drain electrodes
through a shadow mask. Charge transport evaluation was carried out via analysis of the OFET
current-voltage response in the saturation regime with the hypothesis of conventional transistors

theory, following eqn:

W1
2L

Ip = Vg — Vth)2 (2)

Where W and L are the channel width and length, respectively, Cox is the capacitance per unit

area of the dielectric layer, u is the hole mobility and Vi, is the threshold voltage. Figure 5 shows
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both the transfer (measured at a fixed source-drain voltage of -80 V) and output curves of the
studied semiconductor. The output curves of 1 were measured at gate voltages from 0 to -80 V in
intervals of -20 V, the negative working gate voltage region indicating that 1 is a hole
transporting semiconductor (Figure 5b). The fundamental parameters dictating the transistor
performance were extracted from the transfer plot shown in Figure 5a following equation 2. A
hole mobility of 1.01x10™* cm?V-!s! with a threshold voltage close to -2 V could be determined
with this technique. An on/off ratio of only 7 was estimated for this transistor, which can be
ascribed to the low mobility measured in this configuration that results in a low on-current and a

relatively large off-current probably due to some oxidative doping.

Figure S. a) Transfer characteristics of 1 measured at a source-drain voltage of -80V. Linear plot
of the drain current versus the gate voltage. b) Characteristic transistor curves of 1 measured at

gate voltages from 0 to -80V in intervals of 20V.

Note that due to the uniaxial conduction found in discotic liquid crystals it is common to

observe charge transport differences of up to more than 5 orders of magnitude when comparing

14



carrier mobilities along different directions, performed by a different or even by the same
technique.’®*! In order to shed light on the origin of the lower OFET charge mobility when
compared to the SCLC mobility, we investigated the molecular orientation at the bottom
interfaces of thin films of compound 1 by Surface Enhanced Raman Scattering (SERS). SERS is
a very useful technique for the characterization of molecular features near the surface providing

valuable information of the interfacial layer in thin films>>>

as it allows for greatly enhanced
Raman scattering from molecules that have been adsorbed onto specially prepared metal
surfaces.*This surface enhancement (i.e., the surface signal overwhelms the bulk signal) is a
combination of a local enhancement of the electromagnetic field and contributions from the
chemical interactions between the molecules and the metal surface. We carried out Raman
measurements on drop-casted and spin-coated films of triindole 1 prepared on gold and SiO»
surfaces. Neither Raman enhancement of selected peaks nor appearance of new peaks is
observed when comparing the film spectra of 1 on SiO> and on gold surfaces (see Figure 2).
Similar results are found for the films prepared by either drop-casting or spin-coating (see
Supporting Information). Note that normal modes involving vibrations associated with a
component of the polarizability tensor which is normal to the surface should be selectively
enhanced due to the SERS effect. In the case of an “edge-on orientation”, these normal modes
would be the ones associated with a component of the polarizability tensor along the molecular
axis, such as the ones recorded at 1614 and 1562 cm™ (see corresponding eigenvectors in
Supporting information). However, no changes in Raman intensity are recorded for films
deposited on both substrates (SiO> and gold), thus suggesting that compound 1 takes a “face-on”

orientation with respect to the substrate, which would hamper transport parallel to the dielectric

as required in OFETs. This is consistent with the decrease in the mobilities values obtained when
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comparing the thin-film transistor devices and SCLC measurements in a diode-like structure

where, on the contrary, the charge-transport occurs through cofacially overlapped molecules.

In order to analyze in more detail the charge-transport parameters impacting the charge
mobility of 1 at the molecular level we have carried out DFT calculations of the reorganization
energy and electronic coupling of this n-extended core.

The charge-transport properties of a particular system is connected to the interplay between
charge localization effects due to electron-phonon coupling and a charge delocalization effect
due to the electronic coupling. The reorganization energy, A, measures the strength of the so-
called local electron-phonon coupling,® the smaller A, the larger the expected charge mobility.
Here we focus on the intramolecular reorganization energy associated with hole transfer () that
reflects the geometric changes needed to accommodate charge. As seen in Figure 6a, enlarging
the size of the central core by attaching external triphenylene groups results in smaller An values
(i.e., An decrease by 84 meV*’ when comparing 1 and 2 as expected with increasingly larger
conjugated backbones). This is consistent with the small participation of the external
triphenylene groups in the geometrical relaxation upon oxidation which is in line with their
minimal contribution to the HOMO wave functions (i.e., for both extended 1 and related
triindole 2, HOMO wave functions are mainly localized in the central triindole core, see Figure
6b). It is interesting to note that the calculated An value in triphenylene-extended triindole (i.e.,

147 meV in 1) is even smaller than that calculated for benchmarking hole-transport materials

such as rubrene (159 meV).>
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Figure 6. a) DFT-calculated reorganization energy values for holes (Aw) for triphenylene-
extended triindole 1 and related triindole 2 at the B3LYP/6-31G** level. b) B3LYP/6-31G**

molecular orbital energies and topologies for both derivatives.

The calculated hole

transfer integral for this dimer is found to be -52 meV. Therefore, the HOMO electronic coupling

1
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remains moderate for staggered dimers (60° rotated) highlighting the crucial role played by wave
function overlap in the central core of the triindole platforms. Note that slightly larger values are
obtained for an equivalent dimer made of two triindole molecules (see Supporting Information).
The calculated reorganization energy in the m—extended model is much larger than the electronic
coupling, this result suggests that charge localization takes place and transport is expected to
occur via a charge-hopping mechanism. In this case, the hopping rate can be estimated in the

context of the semi-classical Marcus theory as®

2
kpr = t° i exp\ — 3)
A’kpTA 4kpT

where A is the reorganization energy, ¢ the transfer integral, kg the Boltzman constant, T the
temperature and h the Planck constant.
At high temperature, the mobility can be expressed as®!
qd®
u= kB_T kgr “)
where d is the intermolecular distance between the molecules.
Rough estimates of the transfer rates and mobilities can be made by injecting in eqgs. 3

and 4 the calculated charge transport parameters for the m-extended aromatic compound 1.-
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Figure 7. Top and lateral views of a cofacial dimer of 2 in a staggered fashion, with a rotation
angle of 60° between the disks and an intermolecular distance of 3.8 A. The transfer rates (ker)

and mobilities () calculated for the model dimer are also shown.

Conclusion

In conclusion we have investigated the electrical properties of a discotic liquid crystal based on
a m-extended aromatic compound containing structural characteristics of both triphenylene and
triindole using two complementary methods: space-charge limited current (SCLC) measurements
in a diode-like structure and field effect mobility measurements in a thin film transistor device.
The mobility found on a diode type device is far higher than that determined on thin film

transistors, which can be rationalized by the tendency of these large m-conjugated molecules to
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align on metal and oxide surfaces with their extended core parallel to the substrate as
demonstrated by SERS. However the observation of field effect behavior in a discotic liquid
crystal processed by simple drop-casting suggests that the strategy of lowering the
conducting/isolating ratio in discotic mesogens successfully decreases the alignment dependence
of charge transport characteristic of these self-assembling materials by enabling hopping
between neighboring columns. The hole-mobility of this material theoretically predicted via a
charge-hopping mechanism is in very good agreement with the experimental values determined
at the space-charge limited current (SCLC) regime. The high mobility found for this compound

in a diode type configuration render it a good candidate for OPVs and OLEDs devices.
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The electrical properties of a triphenylene-fused triindole mesogen have been studied by
applying two complementary methods. The mobility found on a diode type device is higher than
that determined on thin film transistors, which can be understood by the high tendency of large

n-conjugated molecules to deposit on surfaces with their extended core parallel to the substrate

n=0.65cm Vs,

—

@ =0.0001 cm’V's™.
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