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Abstract In this work we consider the stability of
columnar liquid crystals formed by discotic molecules
differing only in one core substituent. In particular we
concentrate on the 1-substituted 2, 3, 6, 7, 10, 11 hexa-
alkyloxy triphenylene family, and more specifically on
the methoxy derivatives, studying the effects of seven
α-substituents (H, Br, CH3, Cl, F, NH2, NO2) on the
shape and electronic properties, calculated at density
functional level, and relating them with the phase behav-
iour of the corresponding hexyloxy derivatives. In a sec-
ond step, we use the optimized structures and the atomic
charges in a simplified Monte Carlo simulation of sys-
tems of molecules arranged in a columnar fashion, to try
to shed light on the consequences of functionalization
on the stacking behaviour.

Keywords Monte Carlo simulation · DFT ·
Discotics · Columnar phase · Electrostatic potential

1 Introduction

Since their discovery in 1977, discotic liquid crystals
[1] have been the subject of intensive study because
of their unique features resulting from the combina-
tion of self assembling, leading to columnar phases, and
their interesting physical properties, such as negative
birefringence, already exploited in optical compensating
films [2]. Another feature of great interest of columnar
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systems is their strongly anisotropic (quasi-one-dimen-
sional) charge transport [3], potentially useful in the
realization of molecular wires and for other organic
electronics applications [4]. Unfortunately, most of the
desired physical properties cannot be obtained at the
same time, and the final characteristics of a material
often come from a delicate balance between competing
effects [5]. Simulation techniques are potentially helpful
for this required optimization task, but until now their
application has been limited either to generic models [6]
or to very small systems [7–9]. The difficult is due to the
relatively large size of this class of molecules and to the
fact that large samples of hundreds of molecules must be
considered to obtain an equilibrium columnar phase by
spontaneous self-assembly upon cooling from an isotro-
pic phase. Thus, at the moment, the task of realistically
simulating the various mesophases formed by discotics,
including their self-assembly in columnar phases, is over-
ambitious. On the other hand, the problem is often not
that of understanding the formation of these columns
but rather their stability and the changes of the colum-
nar structure induced by even minor substitutions, and
this is the task we would like to address here.

Among the discotic mesogenic core families, triphen-
ylene is the most studied because of its richness of
derivatives and applications [10,11]. The majority of
triphenylene derivatives are symmetrically substituted
with alkyl chains in the 2, 3, 6, 7, 10, 11 positions, but
the functionalization of the less reactive 1- or α-position,
initially performed to induce chirality in the mesophase,
has emerged as a tool to modify the mesophase stability,
probably in the hope of exploiting their dipolar interac-
tion. In this sense, the stabilizing effect of electron-with-
drawing substituents has already been recognized [12],
while the extent of the distortion of the aromatic plane
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Fig. 1 Experimental transition temperatures for α-substituted
hexahexyloxy triphenylenes; the compounds are ordered accord-
ing to the temperature range �Tcol of their columnar phase
[12–14]

and of the conformational chirality and their effect on
the columnar structure have still to be clarified.

In this paper we examine first the effect of seven
different substituents in α-position (hydrogen, fluorine,
chlorine, bromine, methyl, amino, nitro) on the molec-
ular properties of hexamethoxy triphenylenes, and the
relationship with the phase behaviour of the correspond-
ing hexyloxy derivatives (Fig. 1); secondly, we study the
properties of ideal stacks of the same compounds and
we draw some indications on their stability.

2 Molecular properties

With the exception of some attempts in the past [12,13]
with semiempirical methods, there is a lack of knowledge
on the geometry and the charge distribution of triphen-
ylenes; here we try to gain more insights through density
functional methods [15], with the additional purpose of
deriving some parameters required for the molecular
simulations described in Sect. 3.

2.1 Computational details

In order to make the computation possible and to
reduce the number of conformational degrees of free-
dom, we have limited the alkyl chains to a single methyl
group. Even if we are not interested here on the effect
of the length of the side chain, we find that at least one
methyl group is needed to reproduce the intermolec-
ular spacing along the column and to give a realistic
twisting tendency. All the molecular geometries were
optimised at quantum mechanical level with the fol-

lowing scheme: (1) geometry optimization with AM1
semiempirical method following the Hessian eigen-
values, in order to avoid local minima; (2) geometry
optimization at B3LYP/3-21G level with gradient meth-
ods; (3) geometry optimization at B3LYP/6-31G level
with gradient methods; (4) frequency calculation at
B3LYP/6-31G level to test the correctness of the optimi-
zation; (5) final geometry optimization at B3LYP/
6-311++G(d,p) level with gradient methods. Once
obtained the molecular geometry, a single point B3LYP/
6-311++G(d,p) calculation has been performed to cal-
culate the electrostatic molecular properties, and an
atomic point charge fit of the electrostatic potential and
of the molecular dipole has been carried out, following
the ESP scheme [16]. We have also calculated the dipole
moments at the same level and the molecular polariz-
ability at B3LYP/6-31G level.

2.2 Molecular shape

To quantify the distortion of the aromatic plane intro-
duced by the substituent, we have determined the three
bay dihedrals ωi (Fig. 2, Table 1), which represent the
angles between the pairs of interconnected aromatic
rings. We find that the values range from −10◦ to +20◦
(taking the first angle as positive) and that the sum of
three dihedrals never gives zero, thus indicating that the
conjugation spreads out the distortion over the whole
triphenylene plane and that phenyls are not perfectly
coplanar. The value of ω1 obtained for the nitro com-
pound is in good agreement with the X-ray experimental
value of 8.5◦ reported by Bushby et al. [17] for the crystal
of the hexaethyl homologue, confirming that previously
reported semiempirical calculations values overestimate
the distortion effect [13] and are not quantitatively reli-
able for conjugated compounds, and in turn supporting

Fig. 2 Nitro-substituted triphenylene with the definition of plane
distortion conformational angles ωi (single dashed lines), φi (con-
tinuos lines) and γ (double dashed line)
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Table 1 Ring distorsion angles ωi, substituent angles φi and γ calculated at B3LYP/6-311++G(d,p) level (cfr Fig. 2)

Compound ω1 ω2 ω3 〈|ωi|〉 φ1 φ2 φ3 γ

HMOT 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HMOT-Br +19.8 +4.9 −9.9 11.5 +20.5 −4.2 −8.1 −103.1
HMOT-CH3 +20.4 +4.7 −9.2 11.4 +16.4 −9.3 −2.1 +116.9
HMOT-Cl +18.0 +3.7 −9.1 10.3 +16.6 −2.2 −7.5 −103.4
HMOT-F +2.1 0.2 −0.8 1.0 +1.1 −4.3 3.4 +107.5
HMOT-NH2 +17.8 +1.9 −7.7 9.1 +10.2 +1.8 −6.6 −110.8
HMOT-NO2 +12.3 −2.0 −2.5 5.6 +5.4 −5.1 −0.2 +115.6

the choice of a higher level theoretical approach. We
introduce as a convenient distortion index 〈|ωi|〉, the
average of the absolute values of bay dihedrals, which
can as well be considered a measure of the bulkiness
of the substituents; in Table 1 we see that this index is
remarkably low for fluorine and quite surprisingly for
nitro (as this group has proven to lay with the two oxy-
gens perpendicular to the molecular plane, hence lim-
iting the steric repulsion), while it is around 10◦ for Cl,
Br, NH2 and CH3 substituents. As the distortion of the
aromatic rings is expected to limit the stacking capabil-
ity of the molecules and consequentially to depress their
columnar phase range, and as the nitro and the fluoro
compounds present the highest mesophase stability and
the lowest 〈|ωi|〉, this index is probably a good measure
of the destabilization brought by a substituent to the
columnar phase (cf Fig. 1).

The ring asymmetric distortion is indicative of con-
formational chirality, which is evidenced by the values
of the bay angles ωi, but also by the dihedrals φi in close
proximity of the substituent (Fig. 2, Table 1); despite
this, there are no experimental proofs of chiral colum-
nar phases shown by this class of compounds. The func-
tionalization in position 1 also has a strong influence
on the conformation of the methoxy chain in position
2, with the O-methyl bond being forced by the steric
repulsion to orient almost perpendicularly to the aro-
matic plane; this behaviour is evident from the values of
the dihedral angle γ shown in Table 1. On the contrary,
the conformation of the substituent in position 3 is only
marginally influenced by the 1-substitution, which con-
serves the molecular core coplanarity, in disagreement
with the output of semiempirical calculations [13].

2.3 Electrostatic potential

Moving now to the analysis of the electrostatic proper-
ties, we see from Table 2 that, as expected, the sub-
stitution determines the onset of a dipolar moment,
whose magnitude depends on two factors: the differ-
ence in electronegativity between the substituent and
the aromatic carbon, and the bulkiness of the substituent

Table 2 B3LYP/6-311++G(d,p) dipolar moments (|µ|, Debye)
and their components parallel and perpendicular to the molecular
plane (µip,µop); B3LYP/6-31G diagonal static polarizabilities αiso

(au3) and their components in (αip) and out (αop) the molecular
plane (αiso = (2αip + αop)/3)

Compound µip µop |µ| αip αop αiso

HMOT 0.00 0.00 0.00 411 116 312
HMOT-Br 2.81 2.04 3.47 426 130 328
HMOT-CH3 1.88 0.56 1.96 419 135 324
HMOT-Cl 2.80 2.03 3.35 423 127 324
HMOT-F 3.13 1.13 3.33 411 118 313
HMOT-NH2 1.12 0.43 1.20 418 126 320
HMOT-NO2 5.79 0.53 5.81 422 138 328

that breaks the planar symmetry of the molecule. We
have separated the dipole moments in two contribu-
tions: in–plane and out-of-plane (ip and op in Table 2):
as a general trend, we find that the in-plane component
is larger than the out-of-plane one. It is remarkable that
compounds exhibiting a reduced or null tendency to
columnar organization (i.e. NH2 and CH3 substituted)
present smaller dipoles than the others. On the other
hand, the top stable compounds (nitro and fluorine)
exhibit the strongest in-plane dipole moment, suggesting
that this plays an important role in columnar stability,
while only the two bulkier substituents (Br, Cl) hold
a strong out of plane dipole moment. We also report
in Figs. 3, 4 the electrostatic potential maps (top and
bottom views) drawn at the molecular van der Waals
surface. We notice an almost indistinguishable pattern
between halogenated compounds, especially for Cl and
Br, which suggests us that substituent bulkiness is per-
haps the major feature depressing columnar stability. On
the other hand, apart from the substituent region and its
close neighborhood, the overall qualitative shape of the
charge distribution does not dramatically differ all over
the considered compounds. The substitution also deter-
mines an increase of the overall molecular polarizability,
also shown in Table 2, which as expected is larger in the
molecular plane than out of plane. However, we cannot
devise hints on columnar stability by looking at polariz-
abilities alone, which are in all cases very similar to each
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Fig. 3 Electrostatic potential maps (e/Å) at the molecular van der Waals surface of the compounds studied (top view; the top side is
defined as the one towards the 1-substituent is bent). The columnar phase range is indicated in parenthesis

Fig. 4 Electrostatic potential maps (e/Å) at the molecular Van der Waals surface of the compounds studied (bottom view, see Fig. 3 for
details)

other and essentially vary according to the volume of
the substituent.

2.4 Transition temperatures and molecular features

As we mentioned in the introduction, determining tran-
sition temperatures from scratch via atomistic simula-
tions is not yet feasible for discotics. However, it is
interesting to try and relate the observed transitions to

the molecular properties we have just determined. We
observe first that the combination of the two contrast-
ing effects of dipole and out-of-plane distortion seems
sufficient in itself to qualitatively explain the trend in
columnar temperature range, i.e. Br < Cl < F < H. More
generally, it seems that an interplay between electro-
statics and shape must be considered to interpret the
columnar temperature range trend. To test the hypoth-
esis that the columnar phase range is proportional to
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Fig. 5 Ranges of the columnar phase for each substituent: exper-
imental (filled circles, black) [12–14], fitted using a linear depen-
dence from dipole moments and 〈|ωi|〉 values (empty circles, green,
fit A), fitted excluding the methyl substituted compound (triangles,
blue, fit B)

electrostatic potential distortion, measured by the
dipole moment, and inversely proportional to the dis-
tortion from planarity, we have attempted a least square
fit of the phase ranges �Tcol using the empiric equation
�Tcol = T0 + kµµ + kω〈|ωi|〉 (Fig. 5), obtaining a stan-
dard deviation of 12.0 K when considering the methyl
compound (fit A: T0 = 28.2 K, kµ = −3.6 K/D, kω =
16.1 K/deg) and a deviation of 7.8 K when excluding it
(fit B: T0 = 29.4 K, kµ = −2.6 K/D, kω = 14.6 K/deg).
In our opinion the agreement is satisfactory and the
effects considered are sufficient to rationalize the colum-
nar temperature range trend.

3 Stacking properties

3.1 Simulation settings

The molecular geometries and the point charges
obtained by the DFT calculations have been used as
input of a Monte Carlo simulation approach to evaluate
the effects of geometry and charge distribution on single
columns constituted by 50 molecules at the temperature
of 350 K, employing periodic boundary conditions along
the column direction in order to avoid boundary effects
at its ends. The molecules have been assumed to be
rigid, i.e. the structures have been kept fixed, while the
intermolecular energy as been modelled as a sum of
Lennard–Jones (OPLS [18]) and Coulomb contribu-
tions between DFT ESP fitting atomic charges. In a
columnar phase molecules are partly kept in place by the
action of the other surrounding columns; to somehow
model this effect we have arbitrarily introduced an effec-
tive restoring potential by adding a harmonic spring with

strength kR = 1 kcal/(mol Å) that acts on the molecules
whose center of mass lies at distance rA,⊥ > rR = 5 Å
from the column axis Z; this distance represents about
the 40% of the diameter of the molecules under study.
The energy expressions used are:

Utot =
∑

A

∑

B

(UAB
LJ + UAB

q ) +
∑

A

UA
R (1)

ULJ = 4
∑
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∑

j∈B

√
εiεj

[(
σi + σj

2rij

)12

−
(

σi + σj

2rij

)6
]

(2)

Uq = 1
4πε0

∑

i∈A

∑

j∈B

qi qj

rij
(3)

UR =
∑

A

{
0 if rA,⊥ ≤ rR

kR(rR − rA,⊥)2 if rA,⊥ > rR
(4)

where A and B are two different molecules, i and j
are two atoms of A and B at distance rij, σi and εi are
Lennard–Jones parameters of the atom i, qi is its atomic
charge, ε0 is the electric permittivity of free space, rA is
the position of molecule A and rA,⊥ = rA − Z(Z · rA) is
its projection perpendicular to the column axis. We have
adopted a cutoff scheme based on molecules, i.e. the pair
energy between molecule A and B is calculated only if
they are at maximum five molecules apart from each
other along the column; in practice this corresponds to
a distance of about 18 Å. While the use of a cutoff for
LJ potential is very common, the choice of a simple cut-
off method for the electrostatic potential is justified by
the fact that the interaction energy between two neutral
molecules decreases monotonically with the intermolec-
ular distance [19,20], and by the fact that we are dealing
with a single isolated column.

The Monte Carlo evolution of molecular positions
and orientations was achieved performing alternatively
rotational, translational, rototranslational moves and
random scaling of the overall column length. The exis-
tence of two conformational isomers (with barriers ≈
1–10 kcal/mol [12]) and two possible orientations of the
out-of-plane component of the molecular dipole may
in turn stabilize a chiral or an antiferroelectric arrange-
ment in the column; to not rule out the formation of
these types of columns, we have also attempted moves
that invert the molecular chirality (through a mirror
reflection with respect to the molecular plane) and
moves that invert the out-of-plane molecular dipole
(through a rotation of 180◦ about the molecular x axis
of inertia). For all compounds, the starting configura-
tion was a perfect column with all the molecules laying
parallel with the same orientation at the intermolecu-
lar distance of 6 Å. The columns were equilibrated for
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Fig. 6 Snapshots of a 20-molecules segment of the simulated columns (top and side views)

about 106 cycles, followed by production runs of the
same length.

3.2 Simulation results

To start the analysis of the simulation outcomes, a glance
to the column portions reproduced in Fig. 6 can give a
qualitative impression of the effects of substitution: with
the exception of fluorine, the stacking becomes more
irregular, with an increasing tendency of molecules to
tilt and to move laterally with respect to the column
center, and the onset of possible defects especially for
bulkier substituents such as bromine and methyl.

An inspection of the average energies (reported in
Table 3) reveals that the stacking is dominated by the
Lennard–Jones (i.e. dispersive) interactions and that
the strongest intermolecular interaction is registered for
the unsubstituted compound. This finding is not easy to
relate to the greater columnar stability of most of the
substituted compounds, and might be due either to the
fixed geometry approximation, which of course affects
in greater extent the substituted compounds, or to a
destabilization of the attendant crystal phase. The com-
parison of the various contributions with respect to the
HMOT-H values underlines the stabilizing effect of the
electrostatic energy induced by the substituent, which is

Table 3 Average column properties calculated from simula-
tion: total (〈Utot〉), Lennard-Jones (〈ULJ〉), electrostatic (〈Uq〉)
and restoring (〈UR〉) energies per molecule (kcal/mol), lateral dis-
placement 〈r⊥〉 and intermolecular distance projected along the
column axis, 〈r‖〉 (Å)

Column 〈Utot〉 〈ULJ〉 〈Uq〉 〈UR〉 〈r⊥〉 〈r‖〉
HMOT-Br −21.1 −21.4 0.3 0.06 2.97 3.88
HMOT-CH3 −22.0 −22.2 0.2 0.01 2.55 3.89
HMOT-Cl −23.8 −24.7 0.9 0.00 2.55 3.72
HMOT-F −26.6 −26.7 0.1 0.00 2.43 3.54
HMOT-NH2 −24.3 −25.0 0.6 0.00 2.49 3.73
HMOT-NO2 −24.3 −23.4 −1.0 0.02 2.75 3.75
HMOT-H −27.4 −28.7 1.3 0.00 0.86 3.46

maximum for NO2, and the decrease of the Lennard–
Jones energy, proportional to the encumbrance of the
moiety in position 1. Looking to the effects on the col-
umn geometry, it is apparent from the average of r⊥ and
r‖ in Table 3 that substitution depresses the regularity
and the stacking capability of the molecules, which are
forced by steric interaction to reduce the cofaciality and
to increase the intermolecular distance. The values of r‖
for the H- and nitro-substituted can be compared with
the experimental data available: 3.46 Å for hexabuthyl-
oxy derivative in the columnar phase [17] and 3.54 Å
of nitro-hexaethyloxy derivative in the crystal phase
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Fig. 7 Distribution of the tilt angle between the molecular plane and the column axis (a) and of the twist angle between to neighbouring
molecular plane and the column axis (b)

[21]. The comparison with the simulation of HMOT-H is
surprisingly good, while this distance appears to be
slightly overestimated for the nitro compound. Another
important factor for the design of good molecular wires
is the possibility of tuning the angle between the molec-
ular plane and the column axis (tilt), and the variation
of angle of rotation about the molecular axis between to
adjacent molecules (twist); in particular the latter have
been shown to be fundamental for controlling the orbi-
tal overlap and the related charge transport capability
[5]. Here we see that the 1-functionalization of the tri-
phenylene core determines a broadening of the tilt angle
distribution (Fig. 7a) and more interestingly the asym-
metrization of the twist angle distribution (Fig. 7b), hint-
ing at the possibility of selecting a specific substituent
with the aim of obtaining a determined value of the
twist angle.

4 Conclusions

This density functional study on hexaalkyloxy triphenyl-
enes indicates that introducing an electrowithdrawing
function in position 1 is an effective way of stabilizing
the columnar phase only if the molecular planarity can
be retained. On this basis, we have derived an empiri-
cal equation to calculate the columnar phase range of a
given substituent from the calculated dipole moments,
which is a measure of the electro-withdrawing strength,
and the average bay dihedrals < |ωi| >, which account
for the distortion from planarity.

The Monte Carlo simulations, performed on ideal
columns with the DFT molecular geometries, indicate
that the 1-substitution increases the positional and ori-
entational disorder of the stack, and noticeably desym-
metrizes the twist angle distribution. This effect could

be possibly exploited to maximize the orbital overlap
between the column neighbours in order to improve
one-dimensional conductivity. This type of functional-
ization instead does not seem instead a good strategy to
achieve an overall column chirality or ferroelectricity.

The column simulating scheme derived here, possibly
combined with semiempirical calculations of mobility
along the column [22] could be employed as a system-
atic tool for comparing and selecting different cores in
view of optimizing the charge transport prior to eventu-
ally proceed to the actual synthesis.
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