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Abstract

We address the calculation of charge carrier mobility of liquid-crystalline colum-
nar semiconductors, a very promising class of materials in the field of organic elec-
tronics. We employ a simple coarse-grained theoretical approach and study in par-
ticular the temperature dependence of the mobility of the well-known triphenylene
family of compounds, combining a molecular-level simulation for reproducing the
structural changes and the Miller-Abrahams model for the evaluation of the trans-
fer rates within the hopping regime. The effects of electric field, positional and
energetic disorder are also considered. Simulations predict a low energetic disorder
(=~ 0.05 eV), slightly decreasing with temperature within the crystal, columnar and
isotropic phases, and fluctuations of the square transfer integral of the order of 0.003
eV2. The shape of the temperature-dependent mobility curve is however dominated
by the variation of the transfer integral and barely affected by the disorder. Overall,
this model reproduces semi-quantitatively all the features of experimentally mea-
sured mobilities, on one hand reinforcing the correctness of the hopping transport
picture and of its interplay with system morphology, and on the other suggesting
future applications for off-lattice modeling of organic electronics devices.
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1 Introduction

Discotic liquid crystals (DLCs) continue to attract considerable attention from
the organic electronics community because of their semiconducting, self assem-
bling and self healing properties, and their possible use as molecular wires.
However their potential has not been fully exploited so far, mainly because of
the competition with other materials such as organic crystals and polymers.
Conjugated polymers are usually considered the most promising candidates for
commercial devices because of their solution-processable nature, while small or-
ganic molecules are easier to synthesize and purify [1] and show superior charge
mobilities in single crystals (> 10 em?V~1s71). Columnar DLCs have, with
respect to crystals, the ability of self heal and avoid grain boundaries, but gen-
erally show lower mobilities (< 1 em?V~1s~!). The mono-dimensional nature of
charge transport in their columnar and crystal phases in fact results in a higher
- and unwanted - sensitivity of the mobility to thermal fluctuations and struc-
tural defects [2,3]. In the theory of charge transport, these two effects are most
often expressed in terms of the fluctuation of the electronic coupling between
neighbouring molecules (the so-called off-diagonal or positional disorder) and of
the energies of the molecules themselves (the diagonal or energetic disorder) [4].
The exploitation of DLCs in organic electronics devices requires then minimiz-
ing these two sources of disorder through improvements in chemical design, time
and temperature stability, processing and aligning methods on surfaces. [5-9]
Optimization has as prerequisite the understanding of the microscopic origin
of material and device behaviour. In this context, the combination of atom-
istic simulations to predict the morphology and of quantum mechanics (QM)
for evaluating charge transport represents the state-of-the-art approach for in-
vestigating specific systems [2,3,10-12]. Recent studies carried out with this
methodology underlined the validity the hopping picture of charge transport in
DLCs [13] and the limiting effect of positional disorder on the mobility of the
charge carriers in 1D systems [2,3]. In particular in references [3,11] it has been
shown that for phthalocyanines and perylenes the calculated mobility drops of
at least of one order of magnitude if a time-independent positional disorder is
included.

The main drawback of atomistic modeling is its computational cost, which
severely limits the system size and the time span of the investigation [14] and
makes this type of calculations not affordable for simulating an operating de-
vice. As a consequence, device modeling often resorts to rather crude approxi-
mations for the morphology of the system, usually described as a cubic lattice of
sites, where each site represents a nanometric size domain of the semiconduct-
ing material. While this level of description can be appropriate to amorphous
polymers [15-20], it could be judged too rough for molecular crystals or liquid
crystals because it neglects the molecular shape, the intrinsic anisotropy of the
morphology and the directionality of the charge transport that follows [21].

To bridge this gap here we employ an approach intermediate between the atom-
istic and the lattice ones, consisting in describing DLC molecules as soft ellip-
soids interacting via the Gay-Berne (GB) potential, commonly used in liquid
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crystal studies [22]. Because of its computational simplicity, this level of mod-
eling is suitable for simulating devices at the nano and micro scale [23], while
taking into account, at least in part, the molecular nature of the system and
the temperature dependence of its morphology. The choice of a molecular-level
model is important also to try and separate general effects, common to an entire
class of compounds [24], and very chemically-specific ones due to the interplay
of quantum and structural aspects.

The use of the coarse-grained GB model in combination with charge mobility
calculations was introduced by Goto, Takezoe and Ishikawa in [25] for nematics
and smectics, and then extended to biaxial-shape particles [26]. Here we slightly
modify their method and apply it to the study of charge transport on discotic
liquid crystals, focussing on the important family of triphenylene derivatives.
To our knowledge, despite a few theoretical studies of their morphology have
been published [27-29], atomistic studies of mobility are not available, while nu-
merous experimental observations awaiting a microscopic explanation exist. As
far as charge transport in triphenylene DLCs is concerned, a striking experimen-
tal observation (Figure 1) is that the mobility increases discontinuously going
from the insulating isotropic liquid to the columnar phase and from columnar to
crystal. Inside the columnar phase triphenylenes instead show a semiconducting
behaviour with a weak increase of mobility on cooling down. A further jump up
in mobility is then shown when these materials enter the highly ordered crys-
talline phase.

Here we aim to see whether our coarse-grained representation of triphenylenes
with GB disks, which was shown to reproduce qualitatively the phase diagram
of triphenylene DLCs [30], can be also used to predict the main features of their
charge mobility dependence on temperature and applied electric field, without
having to resort to detailed atomistic simulations and specific QM calculations.

2 Computational Techniques

Molecular level simulations, in which every molecule or monomeric unit is de-
scribed by a single interacting site, are known as an efficient tool for studying
liquid crystals [22,31]. Here we used Monte Carlo (MC) simulations in order to
obtain a set of molecular configurations suitable for the subsequent evaluation
of the charge mobility. This has been accomplished by means of a in-house For-
tran90 code, using the GB potential [32]. This potential has been extensively
used in the two last decades to simulate systems of both prolate and oblated
ellipsoids [24]. For the discotic particles considered here it was shown in [30,33]
that columnar phases are spontaneously formed either by cooling down from
the isotropic phase or by heating a columnar crystal. Going into the details of
the potential, we recall here its explicit, Lennard-Jones-like expression:
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and the parameters describing the interaction and the shape of the discotic
molecular model (4 =1, v = 0; €. = 9 and €;¢ = 60 kcal/mol; oc. = 19.25 and
ofr =3.75 A, where ee and ff stand for end-to-end and face-to-face dimer ar-
rangements). These values were derived in reference [30] with a coarse-graining
procedure consisting in fitting with the GB energy expression the Lennard-Jones
energy calculated from atomistic simulations in columnar phase for a small sam-
ple of hexa-thio-octyl triphenylenes.

Actually the GB potential depends only on the ratios of the sigmas and the
epsilons through the functions x and x':
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where the fj; is the intermolecular unit vector and u;, u; are the molecular
axes. The contact distance function is invaried with respect to the original
formulation [32]:
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The two parameters €y and og serve to scale the simulation energy and dis-
tance units [34]. The translation between simulations and real units is given in
the next section on the basis of the simulation results.

As far as the calculation of mobilities at room temperature is concerned,
these columnar systems are strongly unidimensional and the charge hopping
occurs between first neighbours in the same column. In the GB potential this
distance is determined by the parameter oy¢. As a consequence the intercolum-
nar distance, which instead depends on the value of ... is not very relevant as
the intercolumnar charge hopping is very unlikely. This confers more generality
to our model, which can be extended to any discotic aromatic core substituted
by non-polar chains. To increase its realism, the value of o.. can be tuned as to
obtain the desired intercolumnar distance (e.g. 19-25 A in triphenylenes [35]).

We ran simulations in the NPT ensemble for a N=4000 particle cell at a
fixed pressure P=2 €y /003, and increased the simulation temperature kT in a
sequence of runs from the initial value of 0.2 ¢y to 0.55 €. At first we created an
oriented crystal sample with the help of a potential aligning along the cartesian
axis Z (UF = —k(Z - u;)? with k = 3¢), then we switched off this potential
and heated and equilibrated the sample in the aforementioned range of tem-
peratures, adopting 3D periodic boundary conditions. The box shape was on
purpose chosen to be more elongated along the Z direction, i.e. parallel to the
column axes, in order to achieve a better phase sampling in the direction of the
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applied electric field during the calculations of mobility. After equilibration a
production run was performed for 1.5 to 3.0 millions of MC cycles depending
on the temperature.

For each temperature, we then extracted 150 configurations and used the
molecular coordinates to perform charge transport simulations and obtain the
mobility profiles through the crystal, columnar liquid crystal and isotropic
phases, as a function of various parameters. The charge transport rate con-
stants v;; between active sites were calculated via the Miller-Abrahams hop-
ping rate, based originally on the assumption of a vibrational-assisted tunneling
mechanism [36]:

exp|—AG/(kgT)|] if AG >0
Vij = o *’2<”f){ 1 Ac/ ket if AG <0 (5)
with  AG =U; —U; — ¢E - 7 (6)
and  J(r;;) = Joexp (=Ty;7i5) (7)

where 7;; is the distance vector between the centers of mass of molecules (sites)
i and j, qE - 755 is the work required for moving a charge ¢ of 7; in an electric
field E parallel to the column axes. U; and U; are the energies of the carriers
at sites ¢, j, J is the transfer integral, .Jy is the transfer integral at r;; = 0, I';;
is the inverse decay length and ag is a constant prefactor (here set to 1x10'°
s~! eV~2 in order to have mobilities in the range of the experimental values).

The values of the site energies U; were extracted from a gaussian distribution

of width 6. Here we have used both the arbitrarily chosen values § = 0,2,3 kgT
and temperature-dependent standard deviations calculated during the MC sim-
ulation. The positional disorder [4](i. e. the variation of the transfer integral
with the fluctuation of molecular positions) was instead included directly, like
in [25] and in atomistic studies, through the use of simulated configurations for
the calculation of the instantancous intermolecular distances r;; in Equation
7. This approach has on one hand the advantage of calculating the struc-
tural disorder, normally not accessible in QM studies [37], rather than using it
as an empirical parameter to fit experimental data [15,38-40]. On the other
hand the method retains the simplicity of Miller-Abrahams expression for the
square of transfer integral, instead of resorting to more complicated and accurate
schemes [11,21,26,37], that in this case are not justified, given the coarse-grained
modeling of molecules.
It should also be noted that an additional source of energetic disorder, deriving
from the rotational motion of molecules about the columnar axis [3,11,28,41], is
present in real discotic materials. This effect is neglected here due to the Doy
symmetry of the GB model, which does not allow to define a twist angle - all
angles are actually isoenergetic.

It is important to point out that our approach is different from the Gaussian
Disorder Model (GDM) that has been extensively used in the last two decades
for simulating and interpreting experimental mobility measurements for disor-
dered organic materials [15,38,42], as here the transfer integrals are calculated as
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a function of the molecular positions. The GDM neglects the spatial correlation
between the sites [43] and consists in extracting randomly both the site energies
U; and the transfer integrals .J from gaussian distributions of given width, as-
suming that their average values do not change with temperature. The method
is appealing as it allows predicting mobilities with analytical equations [44] once
the extent of the positional and energetic disorder is known, or alternatively to
extract the standard deviations of the two sources of disorder by fitting exper-
imental mobility trends. We will show in the discussion that while this model
could be appropriate for describing DLCs at a given temperature or in a given
phase, it is not applicable in the full temperature range explored in this study.
In the Miller-Abrahams equation, the transfer integral between two sites is as-
sumed to decay exponentially with characteristic length Fi’jl (Equation 7), with
its squared value appearing in the transfer rate (Equation 5). In our simula-
tions, we used four different parameterizations for the transfer integrals. Three
were obtained by fitting the value of the transfer integral at 7 = 0 (J2) and
its inverse decay length (I';;) to the radial dependence of the hole transfer in-
tegral for three differently substituted triphenylenes, as calculated ab initio by
Siebbeles and coworkers [45]. We label these parameterizations as H, OCHs
and SCHj3 as they correspond to calculations for cofacial triphenylene dimers
with six H, OCH3 and SCH3 groups attached in the 2, 3, 6, 7, 10, and 11 po-
sitions, respectively. The fitting parameters are reported in Table 1, while the
corresponding profiles are plotted in Figure 2 as well as the values calculated
in ref. [45], which are well fitted by Equation 7. We also evaluated the effect of
an arbitrary parameterization introduced to assess the effect of a longer decay
length of the transfer integral with respect to typical values for triphenylenes.
We called this set of parameters “long range” (LR) and we employed for it
I;; =05 A1 and Jy = 1 eV. All four parameterizations were applied to the
evaluation of the transfer integral for the same set of simulated trajectories, i.
e. we took advantage of the possibility offered by simulations to check the effect
of chemical differences in the idealized case that the structure of the system is
left unchanged.

Also in the case of the transfer integral, we neglect its dependence on the

twist angle between two neighbouring molecules [3,5,37,41,45], and we treat
the values in Figure 2 as effective, rotationally averaged quantities.
The charge occupation of the sites of each configuration was evaluated by solving
the Master Equation (ME), hence assuming that transport takes place via a
Markov process with time-independent hopping transition rate v;; of the charge
(hole) from site ¢ to j. In this case it is possible to use a linearized ME which
is valid in the limit of low charge carrier concentration [16,46]:

dP;

= = > WP —vi;Pj] = 0 (8)
i#£]

where the P; are the probabilities of finding a charge on a given site. Once the

charge occupations for each configuration were known, and once fixed the total
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charge ), P; to 1, we calculated the mobility p for cach snapshot as [16]:

2Py vi(ri - E) 9

The final value of the mobility is then evaluated as the arithmetic mean over
the configurations. A sufficiently large number of configurations is necessary as
the single values of the mobility are very scattered: this effect is related to the
necessity of averaging not only over the fluctuations of molecular positions but
also over the effect of the fixed energetic and positional disorder. In our case
the convergence of mobility was reached after approximately 50 configurations.

3 Results and discussion

The MC simulations for a system of N=4000 disks confirm the heating phase
diagram sketched in [30] for a smaller system composed of N=1000 molecules:
at P=2 €q/00>, upon heating, the system exhibits three phases: a rectangular
crystal (K), a hexagonal columnar liquid crystal (C) and an isotropic liquid (I);
this phase sequence corresponds to the most common one reported for real DLC
semiconductors, such as triphenylenes and hexabenzocoronenes [47]. From the
snapshots shown in Figure 3 it appears clear that with increasing temperature
the phase changes are accompanied by an increase of orientational and transla-
tional disorder which ends, in the isotropic phase, with the destruction of the
1D positional order. We note that a nematic discotic is not observed in the
simulations, in agreement with real systems. The internal energy (U/N) and
number density (N/V) profiles, also reported in Figure 3, allow to identify, in
correspondence with sharp discontinuities, the phase transition temperatures
(indicated with vertical dotted lines in the figures). It is also worth noting
that, with respect to real and flexible molecules, the density variations with
temperature are overestimated, and that this known limitation of rigid molec-
ular models may affect also the temperature dependence of the mobility, e. g.
through modulation of intermolecular distances.

The variations of positional order are evidenced at best by the radial dis-
tributions of molecular centers of mass g(r), plotted in Figure 4. In the K and
C phases, sharp peaks are present at ~0.4, 0.8, 1.2 ¢y, corresponding to the
first, second and third neighbour molecule along the column axes, respectively.
The main differences between the K and C phases are reflected in a general
broadening of the peaks in the latter, and in the peak at ~1.9 oy, representing
the intercolumnar distance, which is featureless in the C phase and splits in the
K due to the onset of a rectangular packing [3,30]. In the isotropic phase the
radial distribution becomes almost uniform except at short range, where the
tendency of disk-shaped molecules to stack in parallel dimers is witnessed by
the persistence of the peak at 0.4-0.5 0. The important variations of g(r) in the
different phases, in particular at short range, where the transfer integral is not
negligible, should produce remarkable differences in the charge mobility from
one phase to another.
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On the basis of these observables, it is now possible to establish a relation
between GB model units and real ones. Regarding the length scales, match-
ing the position of the simulated first neighbour peak of the g(r) (0.4 oy) with
the typical intermolecular distance in crystal phase (3.5-3.7 A [13,48]) gives a
simulation-to-real scaling o of roughly 9 A. For the temperature, assuming a
C—1 transition temperature of 400 K (cf Figure 1) and taking 0.5 ¢ as the
simulated one, gives a scaling factor of about 800 K for temperatures, which
tranlates in roughly 0.07 eV for energies. We then refer to these approximate
real units in the remainder of the article, as they were used in the calculations
of all the observables relying on Equation 5.

Focusing on the assessment of the mobility for our discotic systems, we com-
pare, among the several techniques employed in the last two decades [49-55],
with pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) mea-
surements. This technique in fact provides “local”, bulk phase mobility values
not dependent on the grain boundaries and their concentration, and it is less
sensitive to experimental parameters and setups with respect to other tech-
niques [4]. As mentioned earlier on, the measurements, performed mainly by
Warman and coworkers, demonstrated that for triphenylenes the phase tran-
sition from the K to the C phase is accompanied by a sudden drop of the
mobility [53] (Figure 1) of up to an order of magnitude, attributed to the in-
creased positional disorder, while in the two phases the temperature dependence
is surprisingly rather weak. The mobility drops to zero or to very low values
in the isotropic phase, where the material becomes essentially an insulator, and
its value is often not even reported in experimental studies.

Before proceeding to the evaluation of the mobility from the simulations, it is
interesting to monitor the most important parameter for charge transport, i. e.
the ensemble-averaged square transfer integral (J2), calculated with Equation 7
between the nearest neighbours (see Figure 4) and plotted against temperature
in Figure 5 for the SCH3 parameterization (all the other cases show qualita-
tively similar trends). First of all we note, comparing Figure 5 with Figure 2,
that, consistently with atomistic studies [3], thermal fluctuations determine av-
erage values which are much lower than it could naively be expected from the
optimal situation of a cofacial dimer at a separation of 3.5 A, with the effect
being particularly relevant for the C phase. Indeed the sequence of phases
and the ensuing structural change have a strong impact on (.J?), with sudden
changes at the phase transitions which are reminiscent of the drops in experi-
mental mobilities (Figure 1), but also are affected by the change of density of
the system (Figure 3). On the contrary, the standard deviations do not show
a marked temperature dependence, probably because the increase of positional
disorder corresponds to distributions of the square transfer integral more and
more shifted towards zero and hence narrower, as shown by the selected ex-
amples in the inset of Figure 5. In support to our results we observe that the
values obtained here for the mean square transfer integral (0.01-0.001 eV?) and
for its standard deviation (0.002-0.003 eV?2) are consistent with QM calculations
performed on atomistic molecular dynamics simulations trajectories of hexaben-
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zocoronene [2], phthalocyanine [3] and perylene derivatives [11].

Another important parameter in determining the final value of mobility is
the diagonal or energetic disorder, consisting in the fluctuations of the site (or-
bital) energies of the molecules due to thermal motion and intermolecular in-
teractions. We estimated these fluctuations by calculating, for each molecule 7,
the total intermolecular energy U; = Zj\;l Usj, its average distribution during
the MC simulation, and its standard deviation 6 [56]. The distributions, shown
in Figure 6a, become broader at increasing temperature, and shifted towards
more positive energies as expected; besides, in the K and C phases, they visibly
deviate from the standard gaussian shape, which is instead recovered in the
isotropic samples. The standard deviation of the distributions 6 grows linearly
with temperature in the K, C, and I phases, exhibiting steps only at the phase
transition, while 8/(kpT) is instead fairly constant with temperature, with a
weak counterintuitive tendency to decrease in any phase, maintaining however
the sudden small steps at the phase transitions shown by 8 (Figure 6b). Again
the calculated values are of the same order of magnitude of the values reported
in the literature by more detailed studies [2,11]; besides, the drop of 8/(kgT)
going from the K to the C phase has been reported also for n-dodecyl substi-
tuted hexabenzocoronenes by Andrienko and collaborators [2].

The extent of energetic disorder and the depth of the traps U; — U; are

fundamental in determining the electric field dependence of the mobility, and
consequently in the choice of the value of E to be used in Equation 5. For that
purpose, we plot in Figure 7 the mobility values calculated for a range of fields
and temperatures corresponding to K and C phases, with the diagonal disorder
extracted randomly from gaussian distribution with width 6/(kpT), as plotted
in Figure 6b. From the straight lines in the log-log plot it emerges that in the
range of fields we used, close to typical experimental values, the logarithm of
the mobility of the material roughly changes with the square root of the electric
field, and that in this case electric fields up to 1 x 108 V/em have a limited
influence over the temperature dependence of the mobilities. We chose a value
of E = 0.3 x 10° V/cm in the mobility calculations, corresponding then to a
regime of field-assisted detrapping with the depth of the traps of the same order
of magnitude of the thermal energy (Poole-Frenkel like behavior).
In Figure 8 we show the simulated trend of mobilities, to be compared with the
experimental ones in Figure 1. All the main experimental features are indeed
well reproduced: p(T') is clearly non-Arrhenius and nearly constant in K phase,
with sharp decreases associated both with the K—C and the C—I phase tran-
sitions, and drops to very small (zero) values in the isotropic phase [57]. On the
negative side, the slow decay of mobility in C phase reported for most tripheny-
lene compounds is overemphasized here; as already discussed, we attribute this
deficiency to the unrealistic density changes in the C phase obtained for this
rigid molecular model.
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With regard to the dependence of mobility on diagonal disorder, the simula-
tions predict a rather low value for the latter (0/(kgT) lower than 2, or § <50
meV if we refer to absolute units, Figure 6), but we calculated mobilities also
for 8/(kgT)=0, 2, 3, as shown in Figure 8. Surprisingly enough, the variation
of 8/(kgT) in practice scales the absolute value of the mobility, but does not
affect the shape of the p vs T curve; once again this behaviour is in agreement
with the results in reference [2]. In particular, the temperature-independence in
the K phase is retained for all 0/(kgT) values, indicating that the driving force
for this trend and the deviations from the predictions of the GDM evidenced in
reference [42] must be found in the morphology-related temperature dependence
of (J?).

Finally, in Figure 9 we analyze the effect of possible chemical substitution
at the tryphenylene core on mobility profiles (Table 1). The changes are very
similar to the ones induced by the diagonal disorder, even if in this case we
are varying the values of (J2) and of its standard deviation, suggesting the
difficulties of disentangling the two effects by fitting experimental data [16,42]
with the GDM equations. Besides, at least in the K phase, the temperature
independence is again retained by all parameter sets, a further confirmation
that the well ordered columns of the K phase do not change their structure in
this temperature range. Another aspect that emerges from varying the radial
parameters is the paramount importance of even small chemical changes to the
aromatic core, which may easily determine a variation of one or two order of
magnitude of mobility, even in the limiting case that they do not alter the
structure of the system, like assumed here. It is also worth noting how the
temperature dependence of mobility, in particular in the less ordered C and in
the disorderer I phase, can be weakened by increasing the spatial range of the
off-diagonal interactions. In other words, it strongly depends on the value of the
inverse decay length of the transfer integral I';; in Equation 5: smaller values
of I';;, like the ones used here for the LR and even the H parameterizations,
produce in fact weaker decreases of u at increasing temperature with respect to
the OCH3 and SCHj3 cases. Finally, we notice that the two latter sets yields to
very similar mobility values, as seen in experiments (Figure 1).

4 Conclusions

In this work, we employed molecular level Monte Carlo simulations to repro-
duce qualitatively the phase diagram and morphology of triphenylenes discotic
liquid crystals and evaluate their charge carrier mobility. Transfer rates were
calculated with the Miller-Abrahams approximation, with transfer integrals
parametrized on quantum chemistry values and evaluated directy from the sim-
ulated structures. Also the extent of energetic disorder was calculated from the
Gay-Berne intermolecular energies and introduced into the Miller-Abrahms rate
as a random gaussian disorder.

We estimated the energetic disorder to be rather small, of the order of 0.05 eV,

10
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while the fluctuations of the transfer integral are predicted to be around 0.003
eV2. Both values are in agreement with the results of more specific studies for
discotic liquid crystals [2,3,11].

We found a weak, Poole-Frenkel like dependence of mobility on the electric
field, while diagonal and off-diagonal disorders have similar, important effects,
which however scale only the absolute mobility values, barely changing its tem-
perature dependence, contrary to what normally happens in disordered amor-
phous materials or in systems with strong dipolar disorder. [15,38,42]. Here
this dependence in fact is dominated by the variation with temperature of the
average value of the squared transfer integral, which is constant in the crystal
phase and slowly decreasing in the columnar phase. These variations of the
transfer integrals are at the origin of the failure of the gaussian disorder model
for triphenylenes substituted with apolar chains (hence, with no sources of dipo-
lar energetic disorder) [42], despite the approximation of a gaussian shape for
site energy and transfer integral distributions seems to be valid.

On the computational side, we showed that a simple model is able to re-
produce essentially from first principles the typical behaviour of experimental
triphenylene mobilities with temperature. We believe that this methodology
has possible applications in the simulations of organic electronics devices.
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Table 1: Parameterization of the distance dependence of hole transfer integrals
to be used in eq.5, fitted to the values calculated in ref. [45] for hexa- H, OCHg
and SCHs-substituted triphenylenes. LR is a long range parameterization also
studied in this work.

H OCH; SCH; LR
Jo (eV) | 574 344 163 1.0
Iy (Ah) 112 161 124 05

H
<
1

mobility (cm2 V_ls_l)
S

—
S
@

10 20 30 40 50 60 70 80 90 100
T (°C)

Figure 1: Temperature dependence of charge carrier mobility of hexasubstituted
triphenylene discotic semiconductors in crystal and columnar phases as obtained
in pulse-radiolysis time-resolved microwave conductivity studies (R,= linear
alkyl chains of n carbons, data extracted from references [35,52,58]). Except
for SRg, which present an intermediate columnar helical phase [48], the values
at low T are measured in crystal phase and the values at high T in the columnar
hexagonal phase.
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Figure 2: A plot of the square of the hole transfer integral calculated at
DFT /triple-¢ level for model triphenylene dimers, extracted from ref. [45] (red
squares: unsubstituted, green circles: hexa -OCHj3 substituted, blue triangles:
hexa -SCHj substituted) and of their interpolation curves with Equation 7 (pa-
rameters are reported in Table 1). The curve obtained for a the long interaction
range parameterization (LR) used in this work is also shown.
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Figure 3: Top: snapshots of the 4000 molecules sample at three different tem-
peratures, corresponding to crystal (K), liquid-crystalline columnar (C) and
isotropic liquid phases (I). Bottom: internal energy (U/N) and number density
(N/V) profiles (simulation units). Vertical lines indicate the phase transition

temperatures.
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Figure 4: Radial distribution functions obtained by Monte Carlo simulations
for the K, C and I phase. The vertical line indicates the cutoff chosen for the
individuation of the first neighbours and the calculation of the transfer integral

distributions.
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Figure 5: Ensemble-averaged squared transfer integral, evaluated as the radial
part of the Miller-Abrahams formula for the nearest neighbour transfer rate as a
function of temperature, calculated for the SCH3-substituent parameterization.
In the inset: distribution of the squared transfer integral in the K, C, and I

phases.
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P(Uy) eV

Figure 6: Left: distributions of the site energies calculated with MC simulations.
Right: average values of site energies standard deviations 6 (blue) and 6/(kgT)
(red) evaluated from simulations. Vertical lines indicate the phase transition
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Figure 7: Effect of the electric field on the mobility profiles, evaluated at different
temperatures for the SCH3-substituent parameterization and with MC diagonal

disorder.
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Figure 8: The mobility (arbitrary units) profiles evaluated for different degrees
of diagonal disorder as a function of the reduced temperature for the SCHj3-

substituent parameterization.
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Figure 9: Mobility profiles of model triphenylenes calculated with 6/(kgT) =0
as a function of the reduced temperature and for different chemical parameter-
izations of the square transfer integral.
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