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Abstract
We have investigated, using atomistic molecular dynamics simulations, the
high temperature molecular organization of the linear oligothiophene α-sexithienyl
(T6), well known for its organic electronics applications. We have found a smectic and a nematic liquid crystalline phase in the same temperature range where
they had been experimentally reported but not fully characterized. We have microscopically characterized the phases and connected the change of mesophase
and of order to changes in the T6 conformation and eﬀective shape. T6 phases
obtained by rapid cooling from the ordered melts have also been simulated.
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Introduction

Oligothiophenes represent a class of materials of considerable interest for organic electronics [1] as semiconductors of high mobility [2,3] in organic thin ﬁlm transistors and
organic photovoltaic cells [4]. In this context an important role as p-type materials
is played by their conjugated nature that can confer good charge (hole) mobility between molecular units when they are packed in an appropriate morphology. An ideal
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represented by a defect less crystal with aromatic units closely packed [5], while the
reality consists, even in cases where such a crystalline phase exists, of a reduced mobility due to grain boundaries [6,7]. It is thus of interest to consider the possibility of
liquid crystalline phases formed by oligothiophenes, since these could be expected to
ensure good parallelism between the molecules with the advantage of annealing out
defects due to their ﬂuidity [8, 9].
In order to explore the possibility of oligothiophene liquid crystal (LC) morphologies,
α-sexithiophene (or α-sexithienyl, T6, ﬁgure 1) is particularly interesting for a theoretical study. In fact, on one hand its relatively simple structure without alkyl chains
makes it relatively easy to model. On the other, a few experimental studies [10, 11]
indicate that T6 forms at least a LC phase at high temperature, above 585 K, even if
the nematic or smectic nature of this mesophase has been questioned. The material
itself, beyond being a prototype for more complex substituted oligothiophenes, is not
only of academic interest. Indeed good mobilities for an organic semiconductor in
the range ∼ 0.15 cm2 /Vs in single crystal [12] and 0.01 − 0.03 cm2 /Vs in thin ﬁlm
and high current on/oﬀ ratios (∼ 104 ) have been reported [3,13–15]. T6 mobility has
also been widely studied in thin ﬁlms [16] and T6 ﬁlms have been examined with
several techniques such as IR [17], AFM [18], XRD [19] to determine their molecular
organization. Other investigations have dealt with the possibility of aligning T6 in
a nematic host investigating its polarized photoluminescence [20] or its structure in
solution using NMR [21].
The crystalline phases of T6 have also been characterized and diﬀerent polymorphs
have been found according to preparation conditions. In particular a “low temperature” (LT) process with a prolongued sublimation at low pressure and T comprised
between 493 K and 513 K produces a monoclinic (P 21 /n) structure with Z = 4, i.
e. 4 molecules per unit cell [22], while a “high temperature” (HT) controlled melt
growth (T between 553 K and 588 K) leads to a P 21 /a structure with Z = 2 [23].
Both structures are available from the Cambridge Crystallographic Data Centre [24].
Much less attention has been paid to the mesogenic behaviour of sexithiophene. In
fact, after a pioneering study by Taliani et al. [10], where it was reported that LT
T6 forms a nematic liquid crystal phase when heated above 585 K, and the clearing
point was not observed for temperatures up to 623 K, only Destri et al. [11] observed
the formation of a mesophase from HT T6 crystal heated up to 578 K, but they were
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knowledge the high temperature liquid crystal phase of the sexithiophene was not
experimentally investigated any further, even if recently similar all-aromatic compounds have attracted some interest for their mesogenic [25, 26] and semiconducting
behaviour [27].
Since a lot of eﬀort has been devoted to bulk crystals and thin ﬁlms, it is surprising
that the nature of the liquid crystal phases of T6 and their properties have not been
investigated, e. g. in view of optimizing the intermolecular alignment. Part of the
reason can be connected to the diﬃculty of performing detailed experimental investigations at temperatures around or above 600 K. However, theoretical studies of the
mesophases are also lacking, while it has recently been shown [28–32] that predictive
atomistic simulation can reproduce the nematic–isotropic phase transition temperature of low molecular mass LC such as a cynnamates [28] or cyanobiphenyl homologue
series [29–31] to within a few degrees and predict a variety of physical properties such
as density, orientational order, NMR dipolar couplings to a few percent error.
In this paper we thus wish to provide an atomistic model of T6, taking into account
its ﬂexibility through soft thiophene–thiophene torsional potentials, and use it to perform molecular dynamics simulations over a wide set of temperatures to determine its
mesophases. We aim at comparing, where possible, simulated and experimental values
as well as to predict static and dynamic observables susceptible to be experimentally
determined, such as order parameters and diﬀusion coeﬃcients. We also investigate
the changes in the eﬀective molecular shape that take place in correspondence of the
diﬀerent phases.

2

Force ﬁeld derivation and testing

The accuracy and predictive capability of a simulation study strongly depends on the
quality of the description of the molecular geometry and of intermolecular interactions, which in atomistic simulations are introduced through the molecular mechanics
force ﬁeld (FF) expression and parameters employed. The task of modeling liquid
crystal molecules [33] is particularly challenging as the diﬀerent mesophases are generated by a subtle entropy-enthalpy balance which is reﬂected in a strong dependence
of the transition temperatures on small changes in the FF details, e. g. van der Waals
parameters [31] and also on the system size as it will be shown in the following.
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[34 37]), and following a standard procedure [37] we have complemented them with
atomic partial charges and thiophene-thiophene torsional potential obtained with
quantum chemistry methods. In particular atomic charges have been derived with the
electrostatic potential ﬁtting method [38] from Gaussian03 calculations performed [39]
at the equilibrium geometry of T6 optimized at the B3LYP//cc-pVTZ level of theory.
The issue of the inter–ring torsional potential and of the attendant equilibrium geometry of oligothienyls has been investigated for a long time [40, 41] also, examining
its dependence on the surrounding medium [42]. The two diﬀerent sexithiophene
(T6) X-ray crystal structures mentioned earlier present perfectly ﬂat geometries: this
can be easily understood considering the crystalline packing of the structures and its
ﬂattening eﬀect on dihedral angles as also seen for polyphenyls and other oligothiophenes [41, 43]. 2, 2 dithienyl (T2) has been studied as a solute in condensed LC
phases by 1 HNMR [21] and a detailed maximum entropy analysis [44] has shown a
preference for a torsional angle of 180◦ . On the other hand quantum chemical calculations on T2 [45–47], subsequently used by Raos and Marcon for crystal cell simulation
of T4 and T6 [48], suggest that the minima energy geometry for T2 in vacuum is at
a dihedral angle of about 145◦ (ﬁg. 2), rather than 180◦ .
However, the barrier proﬁle obtained theoretically was also shown to depend on the
level of the Quantum Mechanics (QM) calculations [46,48]. To keep into account this
issue, in our modelling of T6, aimed at determining the geometry, torsional barriers
and charge distribution, we performed several optimizations, using the Gaussian03
software [39] with diﬀerent methods and basis sets. First we obtained optimized
structures with the Hartree-Fock and B3LYP density functional approaches using
the STO-3G, 3-21G, 6-31G, cc-pVDZ and cc-pVTZ basis sets. In all cases the equilibrium angle was found to be of 180 degrees, diﬀerently from dithiophene [46, 48].
We proceeded then to relaxed scans of the central torsional angle U (ϕ1 ) of T6 with
B3LYP//cc-pVDZ and cc-pVTZ calculations (ﬁg. 2, black empty squares and cyan triangles). These conﬁrmed the ﬂat geometry for T6, in agreement also with B3LYP/631G** calculations on T6 and other ﬂuoroarene-oligothiophene semiconductors [49].
The potential energy surface is indeed very shallow around the minima, both for the
SS-anti (ϕ1 = 180◦ ) and for the SS-syn conformation (ϕ1 ≈ 22◦ ), which is predicted
to be less stable of only 0.68 kcal/mol, hence relatively easy to be populated by increasing temperature. The anti-syn barrier is located at about 90 degrees and needs
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be very weak (approximately 0.1 kcal/mol above the most stable SS syn geometry).
We have evaluated also the energy proﬁle for the terminal thienyl-thienyl torsion ϕ3
(ﬁg. 2, black circles), ﬁnding it rather similar to the ϕ1 curve with the exception of
the anti-syn barrier which decreases to 3.2 kcal/mol.
In the simulation, we used the U (ϕ) = U (ϕ1 ) potential for describing all the
thienyl-thienyl dihedrals, independently from their position along the T6 molecule.
To introduce correctly within the force ﬁeld the ab initio potential it is necessary
to evaluate the torsional contributions of the other force ﬁeld terms and substract
them from the QM proﬁle [50, 51]. These contributions UC (ϕ1 ) have been calculated
from the logarithm of the nonbonded torsional angle distribution PC (ϕ1 ) obtained
from a separate MD simulation of an isolated T6 molecule at 600 K, in which the
explicit FF torsional potential term UF F (ϕi ) (fourth column in table 1) was ﬁxed
to zero. The diﬀerence between the QM and the nonbonded torsional potential
UF F (ϕ1 ) = UV T Z (ϕ1 ) + kB T ln PC (ϕ1 ) has then been ﬁtted with a truncated Fourier
series expansion that has been used as the new eﬀective FF torsional potential, whose
parameters are reported in table 1.
For a ﬁrst validation of the force ﬁeld we veriﬁed, like in reference [48], its capability of reproducing the crystalline cells of the two diﬀerent monoclinic polymorphs
of T6. We built the diﬀerent crystallographic cells with the speciﬁc tool in Mercury
1.4.2 software [52], and through the replica of a single cell in three dimensions we obtained two small T6 crystals, used as starting conﬁguration for Molecular Dynamics
simulations. The simulated LT T6 crystal is a 3×6×3 replica of the single cell (108
molecules), while the HT T6 cell is replicated 1×5×7 on each single cell dimension
(140 molecules). The LT and HT initial samples used in the MD simulation were
equilibrated with the NAMD [53] software with simulation time 10 ns and temperature set to 292 K and 295 K respectively. As shown in table 2, the properties of the
simulated cells are comparable with the experimental ones, and despite the relative
simplicity of our potential energy function, the force ﬁeld demonstrates performances
comparable to the ones speciﬁcally obtained by Marcon et al. [48] and Della Valle et
al. [54] for these crystalline phases.
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3.1

Liquid crystal phases

Our ﬁrst aim is to investigate if anisotropic phases exist between the crystalline and
the isotropic one and to classify them. To this end we started heating progressively
a LT sample composed of 140 molecules at T > 570 K up to 700 K with a typical
production time of 60 ns and a time step of 1 fs. Every sample was equilibrated
by simulations in N P T condition (P =1 atm) using periodic boundary conditions
(PBC), Berendsen thermostat and anisotropic Berendsen barostat [55]. Electrostatic
contributions were evaluated with the Particle Mesh Ewald method [56] using 1.2 for
each box side and 3rd order splines; the scaling factors for 1–4 electrostatic Lennard
Jones and intramolecular interactions were set to 5/6 and to 1/2 respectively [36]. It
is important to remind here that the FF torsional parameters reported in table 1 are
valid only for this choice of the 1–4 scaling factors.
For these N = 140 molecules samples we found a large (∼ 20%) change in density
at T ∼ 580K, possibly corresponding to a crystal to smectic transition. However we
had diﬃculty in assessing the smectic character and even in locating the isotropisation
temperature, due to the small sample size. For a more detailed investigation we thus
prepared and employed larger samples of N = 1120 T6 molecules (49280 atoms) by
replicating the small samples at each temperature twice along each dimension and
re-equilibrating these for 5 ns; we then performed production runs for further 20 ns.
In addition we heated the larger sample at 650 K to even higher temperatures to
locate the nematic-isotropic transition temperature, reaching a total production time
of ∼ 20 ns. For all these runs we have characterized the phases obtained in terms
of density, order parameter, radial distribution function, energy and translational
diﬀusion coeﬃcient, and studied their variations with temperature. Starting with
the density as a function of temperature in ﬁg. 3 we see evidences of several phase
transitions: a ﬁrst large jump of about 0.2 g/cm3 between 575 K and 580 K, and at
higher temperatures an almost monotonical decrease with two small humps around
T = 605 K and 665 K. To characterize the nature of the phases we proceeded to
examine the orientational order parameter P2 , that measures the average degree of
alignment of a molecular axis u along the preferred direction n (the director):


3
1
2
(u · n) −
(1)
P2  =
2
2
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to give an istantaneous P2 (t) and a time average of this. The choice of the reference
molecular direction u is not unique and here we have chosen for the prolate molecule
T6 the eigenvector of the instantaneous T6 inertia tensor corresponding to the lowest
eigenvalue. Following a well-established procedure in LC simulations [57] the scalar
order parameter P2 at time t can be determined for each conﬁguration by setting up
and diagonalizing the ordering matrix, Q:
Q(t) =

N


[3ui (t) ⊗ ui (t) − I]/(2N )

(2)

i=1

where ui (t) is the axis of molecule i, I is the identity matrix and the sum runs over all
the N molecules of the sample. The instantaneous order parameter P2 (t) corresponds
to the largest eigenvalue of Q(t), while the related eigenvector is the instantaneous
director n(t). Examining the ensemble-averaged orientational order parameter P2 ,
(ﬁg. 4) we see two small but appreciable jumps approximately located at 577.5 K
and 607.5 K and a more signiﬁcant and well deﬁned drop between 665 K and 670 K,
where the order parameter reaches eﬀectively isotropic values (P2  < 0.2) and the
clearing transition occurs. It is also interesting to note the system-size eﬀects which
determine, except for the ﬁrst phase transition at the 577.5 K, that these transitions
are less pronounced and appear at a temperature of about 15 K higher for the small
sample than in the larger one.
From the analysis of the density and order parameter temperature trends, three
diﬀerent phase transitions then appear: the one at lower temperature corresponds to
the melting of the crystal into a less dense and ordered phase; this phase eventually
changes to a slightly less ordered one at about 607.5 K and ﬁnally at 665 K (clearing
temperature) an isotropic phase appears. To better characterize the nature of the
phases obtained, especially the ones intermediate between the crystal and the isotropic
one, a knowlegde of the positional order and structure can be helpful and we have
acccessed it as customary through the calculation of the radial distribution function
(rdf):
V
δ(r − rij )ij
(3)
g(r) =
4πr2 N
where rij is the distance between T6 centers of mass of molecules i and j, N is the
total number of molecules, V is the volume. From the rdf plots (ﬁg. 5) we note, as
expected, a very structured distribution corresponding to the crystal phase at 575 K,
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phase we observe the presence of various peaks indicating signiﬁcant positional or
der at long range and suggesting the presence of layers, typical of a smectic phase.
Increasing the temperature we see instead at 625 K and 675 K that the rdf is more
liquid-like and only one or two short range peaks representing correlated shells of
molecules are visible: considering that at 625 K we have also orientational order
(ﬁg. 4) is then possible to classify the corresponding phase as a nematic one; we veriﬁed that in all ordered phases the short range peak at about 5 Å corresponds to ﬁrst
neighboring molecules in herringbone conﬁguration, with the molecular planes not
lying parallel but making an angle of about 60 degrees. The phase that appears at
the highest temperature is instead devoid of orientational and positional order - only
the ﬁrst peak of the rdf survives - consistently with an isotropic liquid phase.
Simulations allow to compute enthalpies as function of temperature via the textbook equation H(T ) = U (T )+pV (T ), where U (T ) and V (T ) are the average
value of the force ﬁeld energy and of the box volume at a given temperature and p
is the external pressure. From the calculated values of enthalpy we estimated the
transition enthalpies (ΔHtrs ) and entropies (ΔStrs ), reported in table 3. We notice
that the transition entropy value is signiﬁcant for the crystal–smectic transition corresponding to a strong ﬁrst order character, while for the other two transitions it is
within our the experimental uncertainity. These values have been compared with the
experimental data presents in literature for substituted liquid crystalline oligothiophenes [58, 59], ﬁnding a qualitative agreement with experiment for these diﬀerent
but related compounds. Moreover, the available experimental data for T6 crystalmesophase transition enthalpy [11], 10 − 11 kcal/mol measured with DSC, is in good
agreement with our simulated value of 12.1 kcal/mol.

3.2

Characterization of the smectic phase

The presence of the layered molecular organization typical of smectics is conﬁrmed
by the typical sinusoidal trend of the density distribution function ρ(z), where z is
the projection of the intermolecular vector along the normal to the layers. The scaled
ρ(z) can be expanded in a Fourier series [60–62]:
ρ(z) = ρ0 [1 + τ1  cos (qS z) + . . . + τn  cos (nqS z)]
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(4)

parameters, qS = d is the wavefactor of the density wave, d the interlayer distance.
From ﬁgure 6 we can notice that indeed the linear density ρ(z) from T=580 K to
T=605 K follows the oscillatory behaviour predicted by equation 4, characteristic of
a smectic A phase [62]. To obtain an estimate of the ﬁrst non–vanishing smectic
parameter τ1  and of the layer spacing d we ﬁtted the ρ(z) shown in ﬁgure 6 with
equation 4 truncated at the ﬁrst two terms, obtaining the values reported in table 4.
The low root mean square errors of the ﬁt indicate that the ﬁrst order approximation is very good for this speciﬁc system and that the ﬁt parameters are physically
meaningful. The layer spacing appears to be constant with temperature, as indicated
also by the positions of the peaks of ρ(z) in ﬁgure 6, and its value of 26.2 Å is comparable with the SS-trans molecular length of 26.5 Å. The good agreement between
the periodicity of ρ(z) and the molecular size indicates a negligible intergiditation
between the layers. Finally the smectic order parameter τ1  decreases gradually
with temperature, conﬁrming a second order or very weak ﬁrst order transition from
the smectic to the nematic phase already indicated by the low transition enthalpy in
table 3). A further conﬁrmation of the ﬂuidity and of the anisotropic nature of the
high temperature phases obtained can be veriﬁed by the translational diﬀusion tensor
components:
(ri (0) − ri (t))2 
(5)
Dii = lim
t→∞
2t
where ri is the component along the axis i=x,y,z of the director frame (the eigenvectors
of Q, eq. 2) of the molecular center of mass position vector for each molecule. The
limit for t → ∞ in equation 5 has been in practice approximated with the value for
t=5 ns, and the diﬀusion coeﬃcients parallel and perpendicular to the director shown
in ﬁgure 7, correspond respectively to Dzz and (Dxx + Dyy )/2, while Diso is calculated
as (Dxx + Dyy + Dzz )/3.
As expected for a solid phase, the diﬀusion coeﬃcient is negligible below the
melting temperature, and increases with small but clearly visible jumps at the cry–
sm, sm–nem and nem–iso transitions. In particular it exhibits a faster diﬀusion in
the direction parallel to the phase director, not only in the nematic but also in the
smectic phase. This dealing, somehow unexpected within the folklore of a smectic as
a collection of independent two dimensional layers, but instead typical of the nematic
phase, has been nevertheless reported in other smectic phases, such as the double
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produced by suspensions of rod like viruses [64]. Such a behaviour has been related to
the extent of positional order and the rigidity of the smectic layers and maybe more
interestingly, to the order of the smectic-nematic phase transition which is generally
present at higher temperature [65,66]: if this transition is weak (like here), the smectic
is believed to exhibit a “nematic-like” diﬀusional behavior, as it seems the case for
T6.
To verify that the positional order is not a legacy of the original crystal starting
conﬁguration and more generally the thermodynamic stability of the smectic phase,
we have attempted also to prepare a smectic sample by cooling from a nematic state
point. We thus started from a previously equilibrated conﬁguration at 610 K and
we cooled instantaneously at the temperature of 600 K, hence below the smecticnematic transition temperature obtained by heating runs. After 20 ns, smectic order
was achieved, demonstrating that the smectic–nematic transition is reversible and not
monotropic and conﬁrming the satisfactory equilibration of previous heating runs. In
fact the obtained mesophase shows ρ(z), orientational order parameter, density and
diﬀusion coeﬃcients very similar to the ones obtained in the heating run (table 5).

3.3

Molecular Shape

The molecular shape is an important parameter in understanding LC phase stability and the change in transition temperatures induced by small chemical modiﬁcations [28, 31]. For instance we have shown by atomistic simulations that the
odd-even eﬀect in the transition temperature of the homologue series of cinnamate
[28] and n-alkyl cyanobiphenyl series [31] is related to the eﬀective average molecular length/breadth ratio: its increase leads to an enhancement of the ordered phase
stability and thus of the nematic-isotropic transition temperature. The diﬃculty
in using this concept as a predictive tool lies in the need of employing the actual
shape of the molecule and in the fact that this will be determined by several possible conformations, diﬀerently populated as temperature changes. In T6 the eﬀect is
particularly interesting given the relatively weak inter-ring torsional barrier (ﬁg. 2)
and that an occasional syn–anti conversion around one of the bonds connecting two
thiophene moieties can lead to a signiﬁcant geometrical change, and aﬀect the relaxation energies of the neutral and charged molecules which are so relevant for the
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note that the probability of ﬁnding thiophene molecules with a central dihedral angle
values diﬀerent from 180◦ (linear planar shape) increases with temperature, and that
at high T almost all torsional angles become populated.
For purely geometrical reasons, given that the thiophene-thiophene bonds are not
parallel to the long molecular axis, the torsional disorder is expected to reduce the
molecular dimensions. To quantify them we consider the sides rl (l = x, y, z) of
the minimal rectangular box containing the molecule rotated in its inertial frame
as molecular size indicators, so the average molecular length is deﬁned as rz  and
molecular breadth as (rx + ry )/2 [28, 31]. The average molecular length (ﬁg. 9 left),
having a value of ∼ 27 Å in the crystal, suddenly lowers to ∼ 26.6 Å at the smectic
transition, and thereafter continues to decrease with a marked temperature dependence, clearly related to the average value of the cosine of central thiophene–thiophene
dihedral (inset of ﬁg. 8). The distribution of the aspect ratio (length/breadth, ﬁg. 9,
right) reﬂects this behaviour, highlighting the conformational change from a linear
to a bent shape. In fact the most probable conformation (peak of the distribution)
shifts towards lower values, and the distribution itself gets wider with increasing temperature. In the crystal phase the aspect ratio is ∼ 4.5; increasing the temperature
a contraction of the eﬀective size anisotropy and a broadening of the distribution is
observed.
The conformational disorder has as further consequence the breaking of the molecular
symmetry and the increase of the molecular dipole: this eﬀect, which here is induced
by the temperature increase only, has also been attributed to be the driving force
for T6 adsorption energy on clean gold surfaces [68]. In ﬁg 10 we report the average
value of dipole moment of T6 molecule as function of the simulated temperatures
and we note that this quantity nearly doubles at the crystal-smectic transition. The
prevalent component is the one perpendicular to the long molecular axis (| |⊥ , about
1 Debye in the high temperature phases), suggesting a negative dielectric anisotropy
and susceptivity both in the smectic and in the nematic phases, and the possibility
of aligning T6 liquid crystalline phases with external electric ﬁelds.
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Given that T6 would be inevitably employed in potential organic electronic applications at room temperature, the bent conformations just discussed seem diﬃcult to
reconcile with the ﬂat conformations that would be optimal for high mobility. We
have thus simulated T6 cooling and examined if the bent structures can be trapped
by glass formation and to test this the hard way we have chosen a very fast cooling
that should enhance the conformational trapping. We have cooled from the high
temperature LC phases of T6 directly to room temperature (298 K) using as starting
conﬁgurations the equilibrated samples respectively in nematic (from T6 simulated
at 650 K) and in the smectic phase (from T6 at 590 K); the samples have been equilibrated for 40 ns and the observables have been calculated during a further 10 ns run.
Both samples reached well ordered conﬁgurations with very similar properties (see
tab. 5), even if less packed and more disordered than the original crystal structure, as
it can be noticed by comparing the radial distribution functions in ﬁgure 11, and from
the lower value of density (1.44 of the “glassy” samples vs 1.53 g/cm3 for the crystal). Nevertheless the snapshots (ﬁgure 11) reveal a substantial rearrangement of the
molecules in a crystal-like packing, suggesting that with more realistic (i.e. slower)
cooling rates well formed crystals could be obtained starting from T6 LC phases; the
fact that the conformational disorder obtained is very low cos ϕ1  = 0.94 − 0.95 and
comparable to the one of the crystal strengthens this hypothesis.

4

Conclusions

The high temperature phase behaviour of sexithiophene was studied with atomistic
Molecular Dynamics simulations, by performing progressive heating a crystalline sample of 1120 molecules of the ”low temperature” polymorph. We detected a phase
transition from crystal to liquid crystal at about 580 K, in agreement with experiment [2, 10, 11]; the latter phase shows positional order and can be classiﬁed as a
smectic. The transition is associated to a relevant density variation (from 1.4 to
1.2 g/cm3 ) and to strong conformational changes of T6, namely the molecule in the
liquid crystal phase easily assumes a bent shape, deviating from the planar structure
typical of the crystal phase. The reversibility of the smectic–nematic transition was
assessed as we obtained smectic ordering also by cooling a nematic sample. At 610 K
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values for the order parameters, diﬀusion coeﬃcients and the average molecular dipole
of T6 - connected to molecular deformations - as a function of temperature and we
hope these ﬁndings will stimulate future experimental determinations.
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Table 1: Fitting parameters for the T6 torsional potentials expressed as a Fourier
8
series U (ϕi ) =
n=1 Kn cos(nϕi ): central thiophene-thiophene dihedral calculated
at B3LYP//cc-pVTZ level (ϕ1 VTZ), end dihedral calculated at B3LYP//cc-pVDZ
level (ϕ3 VDZ), central dihedral as implemented in the molecular mechanics force
ﬁeld after the removal of the non-bonded contribution(ϕ1 FF).
Kn [kcal/mol]
n ϕ1 VTZ ϕ3 VDZ ϕ1 FF
1 +0.295 +0.338 +0.465
2
-1.669
-1.340 -2.333
3 +0.090 +0.084 +0.131
4 +0.502 +0.487 +0.387
5
0.000 +0.020 -0.001
6
-0.026
-0.018 -0.048
7 +0.016
0.000
0.000
8 +0.030
0.000
0.000

Table 2: Simulation results for LT and HT polymorphs of T6. (a) Data from reference [22], (b) data from our simulation, (c) data from reference [54] (d) data from
reference [48] and (e) data from reference [23].

T6
ρ (g/cm3 )
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
T (K)

expa
1.553
44.708
7.851
6.029
90
90.76
90
292

LT polymorph
simb
simc
1.509 1.579
45.650 45.001
7.804 7.682
6.113 6.023
89.70
90
89.52 89.97
89.79
90
292
292
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simd
1.515
45.509
7.972
5.974
90
88.43
90
298

HT
expe
1.55
9.1404
5.6843
20.672
90
97.78
90
295.65

polymorph
simb
simc
1.52
1.61
8.401 8.248
5.983 5.798
21.527 21.499
90.23
90
93.86 95.81
90.10
90
295
295

Table 3: Values of transition temperature Ttrs (in K), ΔHtrs (in kcal/mol) and ΔStrs
(in cal/(mol K)) for T6 transitions.
Transition
Ttrs ΔHtrs ΔStrs
iso
- nem 667.5
0.4
-0.5
nem - sm
607.5
0.2
-0.3
sm
- cry 577.5
12.1 -20.8

Table 4: Smectic order parameter τ1 and interlayer distance d with relative standard
deviation obtained by ﬁtting the density distribution functions with the ﬁrst two
terms on the right hand side of Eq 4.
T (K)
580
585
590
595
600
605

τ1
0.82
0.79
0.63
0.51
0.21
0.03

d (Å)
26.2
26.2
26.2
26.2
26.2
26.4

rms
0.06
0.05
0.03
0.02
0.00
0.00

Table 5: Density, order parameters and translational diﬀusion coeﬃcients values
conﬁrm the reversibility of the smectic–nematic transition for a sample of 1120 T6
molecules at 600 K obtained from heating and cooling runs.

heating
cooling

ρ (g/cm3 )
1.15 ± 0.01
1.15 ± 0.01

P2 
0.83 ± 0.02
0.82 ± 0.02

τ1 
0.21
0.18
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d (Å)
26.3
26.2

D⊥ (m2 /s)
9 ×10−10
9 ×10−10

D (m2 /s)
25 ×10−10
25 ×10−10

Table 6: Density, order parameter and molecular shape properties from structures
derived from the smectic–room transition (sm-amb) and the nem–room transition
(nem-amb) with respect to the crystal phase.
T (K)
298 (sm-amb)
298 (nem-amb)
292 (cry)

ρ (g/cm3 )
1.44
1.44
1.51

P2 
0.97
0.97
1.00

cos ϕ1 
0.95
0.94
0.97
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length (Å)
26.99
27.03
27.12

length/breath
4.50
4.58
4.84

X
Y

Z

Figure 1: Chemical sketch of the α-sexithiophene molecule (T6), and of the molecular
reference frame. The three diﬀerent typologies of thiophene-thiophene torsion are
indicated as ϕ1 , ϕ2 , ϕ3 .
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Figure 2: Torsional potential U (ϕ) for thiophene-thiophene rotation for dithiophene
and sexithiophene calculated at diﬀerent levels: T2 MP2/aug-cc-pVTZ (red line)
and B3LYP//aug-cc-pVTZ (blue dotted line) from reference [46]; T2 MP2/cc-pVTZ
(blue squares); T6 terminal dihedral ϕ3 with B3LYP//cc-pVDZ (black dotted line and
empty circles) T6 central dihedral ϕ1 with B3LYP//cc-pVDZ (black empty squares)
and B3LYP//cc-pVTZ (empty cyan triangles).
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Figure 3: Density of N=140 and N=1120 T6 samples as function of temperature,
showing that density is essentially unchanged by the increase in sample size.
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T = 575 K
T = 685 K

T = 590 K

T = 650 K

Figure 4: Orientational order parameter for the N=140 and N=1120 T6 samples as
function of temperature, showing the importance of suﬃciently large system size for
locating the phase transitions. The snapshots of the diﬀerent phases correspond, from
the left to the right, to simulations at 575, 590, 650 and 685 K respectively. Molecules
are color-coded according to the orientation of their reference axis u with the respect
to the phase director n, ranging from from blue (parallel) to red (perpendicular)
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Figure 5: Comparison of the radial distribution function of T6 in the diﬀerent phases:
in the main plot, smectic (cyan) versus nematic (blue) and isotropic (red dashed line);
in the inset, smectic (cyan) versus crystal phase (black).
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Figure 6: Scaled density probability along the alignment direction z showing the
existence of smectic layers.
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Figure 7: Translational diﬀusion coeﬃcients as functions of temperature for the
N=1120 samples: isotropic (Diso = (Dxx + Dyy + Dzz )/3, red squares), perpendicular
(D⊥ = (Dxx + Dyy )/2, green circles) and parallel (D = Dzz , blue triangles) to the
phase director.
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Figure 8: Distribution of the dihedral ϕ1 between the central rings of the simulated
phases. The average cosine of the angle versus temperature is plotted in the inset.
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Figure 9: T6 average length of the simulated temperature (left) and distribution of
molecular length to breadth ratio for the simulated phases (right). The space ﬁlling
representation of three conformers extracted from the simulation is also shown.
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Figure 10: Average of the absolute value of total molecular dipole | | (red squares),
and of its components perpendicular (| |⊥ , green circles) and parallel (| | , blue triangles) to the long molecular axes, as function of temperature for the N=1120 samples.
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Figure 11: Radial distribution function of the cooled structures with respect to the
crystal phase simulated at 570 K (red) and the smectic phase simulated at 580 K
(black). The trends of the new morphologies (green and blue) are similar. The initial
and ﬁnal snapshots of cooling simulation at room temperature obtained from the
nematic (top) and smectic phase (bottom) are shown as inset.
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