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Abstract  We set up a model for discotic liquid crystal
dimers and study, by means of Monte Carlo simulations, their
phase behaviour and self—assembling properties, in compari-
son with the simpler monomeric case. Each discotic dimer is
described by two oblate Gay—Berne ellipsoids connected by
a flexible spacer, modelled by a harmonic “spring” of three
different lengths. We find that dimerization in general yields
produces a significant change on the phase behaviour, with
an increase of the columnar—nematic transition temperature,
a widening of the nematic region and the apparent suppres-
sion of the crystalline phase in favour of the columnar phase
up to very low temperatures. Longer spacers prove to ease
the formation of columns and to increase the orientational
order.

Keywords Monte Carlo - Triphenylenes - Gay—Berne -
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1 Introduction

Disc-shaped molecules, consisting of a flat or nearly flat rigid
core surrounded by a variable number of aliphatic chains,
organize in a wide variety of mesophases [1-3] with differ-
ent types of structures, e.g. nematic, columnar and lamellar.
However, the vast majority of discotic liquid crystals (DLC)
only form columnar phases, probably due to packing and
to the synergic effect of the strong w—m interactions of the
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polyaromatic cores and of the weaker interactions between
the aliphatic chains [4]. In the columnar phases the discs are
stacked one on top of the other, thus generating columns, i.e.,
one-dimensional ordered structures [5], whereas the discotic
nematic phase features an orientationally ordered arrange-
ment of discs with no long-range translational order.

Among the many mesogenic units used as cores for DLCs,
the tris-annulated benzene system “triphenylene” has been
the focus of great attention from material scientists, because
of its thermal and chemical stability, symmetry, easily tai-
lored chemical synthesis, and finally the ability to organize
in a variety of mesophases. The triphenylene-based discotics
possess an electron-rich core that makes them suitable for
doping with electron acceptors [6], thus becoming organic
semiconductors; they have been studied for their peculiar
physical properties such as one-dimensional charge [7] and
energy transport, electroluminescence, and, last but not least,
alignment and self-assembling capabilities into anisotropic
structures on surfaces [8].

An important way of creating new families of liquid
crystals (LC) with modulated functional properties is that
of joining mesogens to yield dimers, oligomers and even-
tually polymers. Unfortunately, even though the chemistry
of selected discotic based dimers, oligomers and polymers
has already been examined, the number of reported discotic
dimers [9] or liquid crystalline polymers containing disc-like
mesogens, either as side groups or within the main chain, is
relatively small. Thus, the chemical and physical behaviours
of this family of mesogens have not yet been thoroughly
investigated, and fully understood [10].

Our aim is to model a discotic dimer system, in order to
find out possible variations of the phase diagram and self-
assembling properties with respect to the monomeric mes-
ogen. In particular, we intend to verify to which extent, in
the presence of dimerization, the discotics still retain their
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ability to form columnar phases. We shall employ Monte
Carlo MC) computer simulation techniques, already suc-
cessfully applied to the investigation of calamitic liquid—
crystalline dimers [11-14] and polymers [15, 16], that offer
a tool for establishing a relation between molecular struc-
ture and the macroscopic behaviour of mesogens [17]. This
approach first entails some assumptions and simplifications
about the molecular shape; second it requires the specifica-
tion and parameterization of a suitable interaction potential.

2 Discotic monomer and dimer models

We model discotic monomers as oblate uniaxial ellipsoids
interacting with the pairwise attractive-repulsive Gay—Berne
(GB) potential (see, e.g. [17-19])

Ugs = 4eoe V) (2,2, Bij)
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where r;; is the vector joining the centres of discs, i and j, and
Z;,Z; are unit vectors along their axes (see Fig. 1). The analyt-
ical expression for the interaction strength € “**) (@;, @ i Tij)
and for the range function o (Gi;, @}, ¥;;), in terms of the disc
thickness and diameter osf, oy, and well depths €7, €y,
as well as the parameters p, and v that define the details
of the model are introduced in [17,18,20]. Here, instead of
the widely diffused parameterization proposed by Emerson
etal. [19,21], we employed a more realistic one, specifically
derived from a fit of the intermolecular energies and the pair
distributions calculated from the trajectories of an atomistic
simulation of hexaoctyl thio triphenylene [22], where oy =
0.375 09, 055 = 1.925 0y, €y = 0.3 €, €55 = 2.0 €,
and u = 1, v = 0. Here, and in the rest of the paper, we
give all the lengths in units and the energies in units of oy
and €q, roughly corresponding for a triphenylene monomer
to 10A and 30kcal/mol.

Considering the dimer model, we notice that most discotic
twins have a structure similar to that in Fig. 2, where the two
oblate units are connected by a flexible spacer [10], even
though some examples of rigid linkers are also known [9].
We thus represent the DLC dimer by two GB oblate discs
connected by a spring as in Fig. 1. The discotic monomer is
assumed to have a bonding site [15] placed on the disc border,
at (o55/2, 0, 0). The bond cannot break during the simulation
(differently from a H-bond driven dimerization process [ 14]),
but we assume that it can to some extent stretch and bend.
Thus, besides the GB interaction between a connected pair of
monomers as in Eq. 1, a suitable energy contributions involv-

ing the separation between two linked bonding sites rBND and

@ Springer

Fig. 1 Sketch of the discotic dimer model and of the axis system used:
as indicated, the bond is along the x direction, and the z axis, used for
computing the order parameter, is perpendicular to the monomer disc
plane

RO

RO

Fig. 2 Molecular structure of the experimentally characterized dis-
cotic dimer DHAT5-C14 (R = —CsHjy) [23] superimposed to the
top-view sketch of a coplanar dimeric model

the bending angle 6;; (i.e., the angle between molecular axes
x; and x;) are added (Eq. 2). For both the effects we assume
a harmonic form with specific equilibrium separation ry4, and
bend angle 6, for the dimer:

Usnp=¢€0 D ka(rFNC—ra)>+e0 D ka(0ij—0a)*. (2)

bonds angles

In this case, a torsional term was not included as we intend to
model an alkyl spacer linking the two discs long enough to
allow each one to rotate quite freely, like, e.g., for the dimer
DHATS5-C14 [23] (Fig. 2). Therefore, the total energy of the
dimer system consists only in the sum of GB plus stretching
and bending contributions.

3 Monte Carlo simulations

We have performed MC NPT simulations for four different
systems: a monomeric one (M) and three dimer systems with
different spacer lengths (DO, D1, D2). The samples consisted
of N = 2,000 monomer discs (either bonded or not) con-
tained in an orthorhombic box. The reduced pressure in all
cases was P* = 3, the cutoff radius r. = 2.8 09, and 3D peri-
odic boundary conditions were used. We run a sequence of
computer experiments at different temperatures 7™ in steps
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Table 1 Average simulation values for the dimensionless Gay—Berne energy Uy, elastic energy Upyp, number density po* and for the second
rank order parameter (P ), for dimer models DO, D1, D2. Statistical averages are +0.01 for all quantities

T* DO DI D2

(Ugp) (Ugnp? (p™) (P2) (Ugp) (Ugnp) (p*) (P2) (Ugp) (Ugnp? (p™) (P2)
0.10 —2.65 0.22 0.78 0.92 —291 0.08 0.80 0.93 -3.10 0.08 0.83 0.98
0.15 —2.57 0.28 0.77 0.92 —2.81 0.12 0.79 0.93 -2.99 0.12 0.81 0.95
0.20 —2.48 0.34 0.76 0.92 —2.71 0.16 0.78 0.93 —2.88 0.15 0.80 0.95
0.25 —2.39 0.40 0.74 0.92 —2.59 0.19 0.76 0.93 —2.76 0.19 0.78 0.95
0.30 -2.29 0.46 0.73 0.92 —2.49 0.23 0.74 0.93 —2.64 0.23 0.77 0.94
0.35 -2.19 0.52 0.72 0.92 —2.38 0.27 0.73 0.93 —2.51 0.26 0.75 0.94
0.40 -2.09 0.58 0.70 0.92 —2.25 0.30 0.71 0.92 -2.39 0.30 0.73 0.93
0.50 —1.89 0.70 0.68 0.91 —2.05 0.38 0.68 0.92 —2.16 0.37 0.69 0.93
0.60 -1.70 0.82 0.65 0.91 —-1.95 0.46 0.65 0.92 —1.84 0.45 0.65 0.92
0.63 —1.65 0.86 0.64 0.91 —1.81 0.48 0.64 0.91 —1.88 0.47 0.64 0.92
0.67 —-1.12 0.90 0.59 0.88 —-1.79 0.51 0.63 0.92 —1.80 0.50 0.63 0.92
0.70 —1.09 0.94 0.59 0.87 —1.31 0.53 0.59 0.87 —1.33 0.53 0.58 0.87
0.80 —0.95 1.06 0.56 0.86 —1.17 0.61 0.56 0.85 —-1.17 0.60 0.55 0.86
0.90 —0.85 1.18 0.53 0.85 —1.07 0.69 0.53 0.84 —1.07 0.68 0.53 0.83
1.00 —0.78 1.30 0.51 0.83 —0.98 0.77 0.51 0.81 —0.99 0.75 0.50 0.83
1.10 —0.70 1.42 0.49 0.81 —-0.91 0.85 0.49 0.82 —0.91 0.83 0.49 0.82
1.20 —0.64 1.54 0.47 0.79 —0.85 0.93 0.47 0.79 —0.86 0.90 0.46 0.78
1.30 —0.59 1.66 0.45 0.76 —-0.79 1.01 0.45 0.78 —0.80 0.98 0.45 0.78
1.40 —0.54 1.78 0.43 0.74 —0.74 1.09 0.44 0.74 —0.76 1.06 0.43 0.75
1.50 —0.50 1.90 0.42 0.71 —-0.70 1.17 0.42 0.72 -0.72 1.13 0.41 0.72
1.60 —0.47 2.02 0.40 0.68 —0.66 1.25 0.40 0.68 —0.68 1.21 0.40 0.68
1.70 —-0.43 2.14 0.38 0.60 —0.62 1.34 0.39 0.63 —0.65 1.29 0.38 0.63
1.80 —0.40 2.25 0.36 0.33 -0.59 1.42 0.37 0.56 —0.62 1.36 0.37 0.55
1.85 -0.39 2.31 0.35 0.33 —0.58 1.46 0.36 0.50 —0.61 1.40 0.36 0.49
1.90 —0.38 2.37 0.34 0.16 -0.57 1.50 0.34 0.17 —0.60 1.44 0.34 0.26
2.00 —0.34 2.49 0.33 0.15 -0.53 1.59 0.33 0.10 —0.57 1.52 0.33 0.13
2.10 —0.30 2.61 0.32 0.10 -0.49 1.67 0.32 0.07 —0.53 1.60 0.32 0.08
2.20 -0.27 2.73 0.32 0.08 —0.46 1.75 0.32 0.06 —0.50 1.67 0.31 0.06

of 0.1 or less, starting from 7* = 2.2 and cooling down to
T* = 0.1, arange wide enough not only for both isotropic—
nematic and nematic—columnar transitions, but also for the
columnar-solid to take place. In this set of simulations, the
starting configuration for each dimer system was obtained
taking two monomers and binding them with harmonic con-
stant kg = 1, 0000, 2, bond angle 6; = 180°, bending har-
monic constant kg = 17.5 rad_z; hence, the resulting dimer
was replicated 1, 000 times. We considered three different
bond lengths r4: in particular we employed ry = 0 (model
D0), ry = 0.10¢ (model DI), ry = 0.20¢ (model D2).
The different bond lengths, representing the difference of
length between the five alkyl chains attached to the triphen-
ylene core and the linker, were scanned to study the effect of
linker length on the phase behaviour. Regarding the simula-
tion details, first we have equilibrated for 2, 000 MC kcycles

each of the three dimeric samples at 7% = 2.2, and then we
have performed production runs of 500kcycles in order to be
able to calculate the observable values we were interested in.
Then the next, lower temperature, case was studied, using as
starting configuration an equilibrated one resulting from the
previous computation at higher temperature, and so on for
the remaining temperatures to be investigated.

3.1 Simulation results

We have determined from the simulations various useful
physical quantities: average of dimensionless internal ener-
gies (Ugy) = (Ug)/€o and (Ugyp) = (UsNp)/ €0, number
density (p*) = (agN / V), and orientational order parameter
(P>) reported in Table 1.
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Fig. 3 Enthalpy (H*) per particle of the three dimeric systems (DO,
D1, D2), and the monomer (M) as a function of the dimensionless tem-
perature 7*. In the inset a zoom on the region 7* = 0.3-0.7

Regarding the computed (Ugyp), we see that DO differs
from both DI and D2, being definitely higher. As a matter of
fact, in the case of the dimer with spacer length equal to zero,
the equilibrium distance corresponds to the two monomers
touching each other, thus any attempt to increase this distance
results in negative values of the GB energy and positive ones
of the binding energy to compensate. This effect is not pres-
ent in the case of the two other dimers where the assumed
equilibrium distance falls in the attractive region of the GB
monomer—monomer potential.

Here we have performed constant pressure calculations
and then we concentrate on the enthalpy H* = Ufg +
Ujnp + P*/p* (Fig. 3). The enthalpy curve does not present
relevant differences in the behaviour between models DO,
DI and D2, except for the fact that DO displays a jump at
lower temperature compared to the other two, i.e., T7* = 0.63
instead of T* = 0.70 (see the inset of Fig. 3), indicating
a shift of the transition at a slightly lower temperatures.
The most notable dissimilarity is between the dimers and
the monomer, which, apart from exhibiting a first jump on
cooling at a considerably lower temperature than DO, also
presents two other jumps, a smaller one first, and then a more
significant one at a lower temperature (7* = 0.35), which
cannot be interpreted considering only the enthalpy. In Fig. 4
we report typical snapshots for three state points inside the
different regions. These instantaneous configurations show
at once that the phases obtained on cooling correspond to
isotropic, nematic and columnar.

In particular, the DO model undergoes a jump at T* ~
0.63, corresponding to the first-order nematic—columnar tran-
sition [24], while the DI and D2 model show a transition
at T* ~ 0.7. On the other hand, the monomer M displays
three phase transitions at 7* = 0.35, T* = 0.55, and a
change in slope at about 7* = 0.8 — 0.9. From these data it
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seems clear that for the dimers the transition occurs at higher
temperatures with respect to the monomers. However, it is
useful also to examine the orientational order behaviour, cer-
tainly more specific for liquid crystalline systems.

Here, we have measured the orientational order of the
constituent disc particles, both in the case it refers to a whole
molecule as for the monomer, or to one of the two units mak-
ing the dimer, through the second rank average Legendre
polynomial (P>) = ((3(; - Z)*> — 1)/2);, where % is the disc
axis (cf. Fig. 1) and Z the preferred direction (the director)
of the phase.

Examining Fig. 5, it is clear that the behaviour of the sys-
tems generally corresponds to the changes of organization
already hinted by the jumps in the enthalpy graph discussed
above. In addition a steep increase in (P>) values is visible at
about 7* = 1.9 for the dimers DO, DI, D2 and between
T* = 1.1 — 0.9 for the monomer M, in correspondence
of the isotropic—nematic transition, barely visible from the
enthalpy plots, because of its very weak first-order character.
The dimeric systems exhibit a sharp transition from isotro-
pic to nematic discotic at a much higher temperature than the
monomer, which in turn shows a more gradual increase of
(P,), reaching, at T* ~ 1.1 the same type of organization,
however, considerably less ordered than that of the dimer.
We can conclude that the binding of two monomers creat-
ing a dimer favours a higher degree of order in the system
with respect to the monomer alone, making it easier to orga-
nize the molecules into a more regular system. Regarding
the second transition, that is the nematic discotic—columnar
one, the only relevant distinction lies in the fact that, as for
the previous one, the monomer displays an increase in ori-
entational parameter at lower temperature than DO, DI, D2
(inset of Fig. 5), but this time, the degree of order reached is
roughly the same, with no additional increase of the dimers
plots. We notice that the monomer shows another small but
distinguishable step at 7* = 0.35 that most likely corre-
sponds to the columnar—solid crystalline transition.

Even though the snapshots already shown clearly indicate
the molecular organization formed, we should stress that they
correspond to istantaneous configurations. A more quantita-
tive information, averaged over all runs, can be obtained from
the radial distribution function g (r)=1/(47r2p) (8 (r —7ij)); i
which estimates the probability of finding other monomers
at a given radius from each monomer composing the system,
averaged on all the possible configurations. From the plots in
Fig. 6, where for each dimer the contribute from the linked
monomer has been subtracted, it is possible to observe a big
increase going from 7% =2 to 7* =0.25 in the peak at r =
0.470¢, corresponding to the face-to-face stacking, which
indicates an increase in the degree of structuring along the
columnar axis. The enhancement of this peak goes together
with the appearance of two other smaller ones at distances
equal to multiples of 0.47 oy, corresponding to the second and
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(a) (b)

(d) (e)

(c)

Fig. 4 Snapshots at T* = 2.0 (a—c, isotropic), 1.0 (d—f, nematic discotic), 0.25 (g—i, hexagonal columnar). From left to right: DO, D1, D2. The
orientation of the molecules, with respect to the director, is rendered using a color coding ranging from yellow (parallel) to blue (perpendicular)
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Fig. 5 Average orientational parameter of a disc (P>) for the three
dimeric systems (D0, DI, D2) and the monomer M as a function of the
dimensionless temperature 7*. In the inset a zoom on the region 7* =
03-0.7

third neighbours along the column. All the g(r) plots show
another characteristic peak atr ~ 1.9 o, which corresponds
to the monomer side-to-side interactions between two differ-
ent dimers, and, for the plots of the sample in the columnar
phase, Figs. 6c¢, d also reveal a possible degree of regularity
between the columns, that assemble themselves generating a
“supraorganization”, such as the hexagonal columnar Coly
structure reported by most of the researchers dealing exper-
imentally with discotic systems [1-5,10,25-29].

We now go back to the observation, already made, of the
lack of crystallization for the dimers, that could be connected
to the formation of glassy systems. To test this, we have cal-
culated and we report in Fig. 7 the values of the average mean
square displacement after 25 MC kcycles (Ar?) for the discs
as a function of temperature as an indicator of mobility.

From Fig. 7 it is once more apparent that the monomer M
behaves differently from all the three dimers DO, DI, D2:
while the dimers displacements decrease abruptly around
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Fig. 6 Radial distribution functions g(r) for the three dimeric systems (D0, D1, D2) and the monomer M, measured at 7* = 2.0 (a), 0.8 (b),

0.6 (¢), 0.25 (d)

T* = 0.65 — 0.7, in coincidence with the nematic—colum-
nar transition, the monomer curve displays a marked drop at
about 7* = 0.55, still indicating not only the same kind of
transition, but also another one around 7* = 0.35, probably
representing a columnar to solid transition. Moreover, the
value of mobility reached by M at this first change of slope
is at least three times higher than those pertaining to DO, D1,
D2 at higher temperature at which they convert from nematic
to columnar; the latter value on the other hand is more or less
equal to the mobility typical of M at the lowest temperature
transition (7* = 0.35).

This indicator thus leads us to a more detailed interpreta-
tion of the different structures our systems organize into: first
M turns from nematic to columnar hexagonal phase, charac-
terized by a certain freedom of movement of the particles,
then the system freezes into a solid state in which the particles
change their organization, by interdigitating one another. On
the contrary, the dimers mobility greatly reduces already at
the nematic to columnar transition, with similar features to
the experimental results given by Kranig etal. [23]: oligomers
made up of two units, when cooled down to lower tempera-
tures, result in highly ordered anisotropic glasses. In fact, the
resulting columns are interlinked and form networks, thus
limiting the particle diffusion. These interconnections can
be clearly seen in the snapshots shown in Fig. 8: it is the
single discs forming the dimers that line up constituting the
columns, but one cannot distinguish any long-range regular
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Fig. 7 Total mean square displacement (Ar?) plots (ag units) at the
various temperatures 7* simulated for the three dimeric systems DO,
D1, D2 and the monomer M, calculated after 25 MC kcycles

piling up of the linkers joining the two monomers together.
This interconnected network confers significant rigidity to
the system, making it more similar to a polymeric system,
rather than to a monomeric one.

4 Conclusions

We have studied the physical properties of the simplest liquid
crystalline discotic dimer, composed by two identical moie-
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Fig. 8 Top views of instantaneous configurations in the columnar phase
(T* = 0.25): system DO (a), D1 (b), D2 (c). The red cylinders represent
the bonds connecting two monomers

ties attached via a flexible linker and compared with the ones
of the constituting monomer, by MC simulations. In agree-
ment with experimental evidence [10], this study underlines
that dimerization produces dramatic changes in the transi-
tion temperatures and in the phase behaviour. In particular,
with respect to the monomer, we found an increase in the
clearing temperature and the columnar—nematic transition
temperature, a broadening of the nematic phase range and an
enhancement of the order. We have also found a suppression

of the crystalline phase in favour of a wider columnar phase,
formed by columns of stacked monomers and characterized
by low translational diffusion.

The investigation of the effect of the spacer length lead to
the observation that very short spacers (D0) limit the dimer
capability of assembling in columns, with an attendant reduc-
tion of the columnar phase range and of the degree of the
orientational order.

We believe that the present GB model dimers represent
a good starting model also for the study of phase organiza-
tion of more complex discotic polymeric structures at coarse
grained level and we plan to extend the study in this direction,
e.g. to investigate the conditions for the formation of lamellar
or columnar phases, until now still poorly understood.
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