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1. Introduction

Molecular dynamics simulation of a-unsubstituted
oligo-thiophenes: dependence of their high-
temperature liquid-crystalline phase behaviour on
molecular lengthf

*acC

Flora D. Tsourtou, 2@ Stavros D. Peroukidis 2 2° and Vlasis G. Mavrantzas
Despite that o-unsubstituted oligo-thiophenes (x-nTs) have been synthesized a long time ago and
studied for many years, their phase behavior (which governs electronic performance, and thus their
application in thin-film transistors) is still not fully understood. Here, we employ molecular dynamics
simulations to study the high-temperature phase behaviour of a-nTs with n = 5-8 as a function of their
molecular length using a recently proposed fully-flexible, united-atom model. We follow a methodology
already developed for simulating the liquid-crystalline behaviour of a-sexithiophene, which we extend
here to three other members of the family of a-nTs characterized by n = 5 (a-quinquethiophene), n = 7
(a-septithiophene) and n = 8 (a-octamer). Upon cooling fully pre-equilibrated bulk structures of these
molecules from their amorphous, isotropic (Iso) phase at a high enough temperature down to lower
temperatures, successive spontaneous phase transitions are observed leading to liquid crystalline phases.
For n > 5, we observe first the formation of a nematic (Nem) phase and then the formation of two
different types of smectic (Sm) phases. For n = 5, on the other hand, only one type of smectic phase is
observed (no Nem was detected). We find that the type of the Sm phase formed is determined by the
parity of the molecule: odd-numbered a-nTs display an orthogonal smectic A (SmA) phase whereas
even-numbered ao-nTs display both SmA and smectic C (SmC) phases, demonstrating a unique odd—
even effect for these systems. In the SmC phase, the direction of the tilt angle is uniform, characteristic
of a synclinic structure. The odd—even effect is also evident in the simulated crystalline phases of the
studied a-nTs but also in other properties such as the density and the tilt angle which are found to alter-
nate between high and low values for even- and odd-numbered a-nTs, respectively. It is interpreted
here in terms of intra-molecular configurational changes taking place at the phase transition points.

(OTFTs),"”” light-emitting diodes (OLEDs)*° and photovoltaic
cells.’”™ A key factor controlling performance in such devices

Poly-thiophenes (PTs) and their finite oligomers, a-conjugated
oligo-thiophenes (OTs), have received considerable attention
over the years due to their remarkable optical and electrical
properties which render them promising candidate materials
for application in devices such as organic thin film transistors
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is the molecular ordering of thiophene molecules (denoted
here as nTs, with n being the number of thiophene rings per
molecule) affecting directly charge carrier mobility. In nT-based
thin film transistors, in particular, carrier mobility increases
with the chemical purity of the layer, number of thiophene
rings and structural ordering."'*" Liquid crystalline (LC)
behaviour of a-unsubstituted nTs (e.g., see chemical structure
of a-6T in Fig. 1) enhances self-organization, which could be an
efficient avenue for obtaining defect-free lower-temperature
crystalline states, accompanied by improved charge properties.
The higher the degree of ordering in the smectic layer, the
higher the charge mobility exhibited.'*

Interestingly, there are several experimental studies in the
earlier and recent literature where evidence for mesophase
behaviour in o-nTs was reported. Taliani et al.'> carried out
differential scanning calorimetry (DSC) and polarized optical
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Fig. 1 Chemical structure of an a-6T oligomer. Sulfur atoms are shown in
yellow, carbon atoms in grey, and hydrogen atoms in white.

microscopy (POM) measurements and observed that the o-6T
(a-sexithiophene) crystal forms a nematic (Nem) phase when
heated above 585 K, but determination of the clearing point (or
isotropization temperature) was not successful. Using X-ray
diffraction (XRD) and differential scanning calorimetry (DSC),
Destri et al.'® detected a mesophase above 578 K upon heating a
high-temperature (HT) 6T crystal, but they could assign this
neither as a Nem nor as a smectic (Sm) one. For 6T films
deposited on substrates at room temperature, two different
liquid crystalline (LC) phases are typically observed: a Sm phase
near the substrate and a Nem phase in the bulk.'” Optical
micrographs of the Nem phase of o-6T have also been
reported.”® According to Kuiper et al.," o-5T exhibits only a
crystal-to-isotropic (Iso) transition at 525 K while its decom-
position at high temperatures renders its crystallization unfeasible
upon cooling down from the Iso phase. Furthermore, DSC mea-
surements and optical microscopy observations by Mellucci et al.*°
did not provide evidence for LC behaviour for o-5T. On the other
hand, experimental studies based on Scanning Force Microscopy
(SFM) measurements® and Fourier-Transform Infrared (FTIR)
spectroscopy'” have reported that 5T at room temperature
substrates self-organizes, most probably, into a Sm phase.
Polarizing microscopy and DSC measurements for o-3T have
verified that it does not exhibit a LC behaviour.>> The DSC
analysis of Destri et al.'® have further indicated that differences
in the enthalpies associated with the two processes, Crystal-to-
mesophase transition (5-15 kcal mol™') and mesophase-to-Iso
transition (0.1-0.5 kcal mol™ "), are relatively small. With
respect to this, Facchetti et al.>® have reported that their DSC
measurements for a-nTs with n = 2-6 did not show any second
peak that could indicate the presence of a mesophase. For o-7T
and o-8T, we further mention that, despite that they have not
been widely studied, their melting points have been measured
and found oddly high.>*?" still, though, no clear evidence of LC
behaviour has ever been reported for them. Only in the case of
0-8T, Fichou et al.>* have reported a second endothermic DSC
peak below its melting point that most likely corresponded to a
structural transition (either solid-to-solid or solid-to-LC).

To exploit the advantages offered by LC phases and over-
come several of the issues described above, functionalized
thiophene-based compounds have been synthesized favouring
the formation of mesophases.'®**?*** For example, end-
functionalization of nTs (n = 3-7) with alkylamide, alkyl or branched
alkyl groups favours liquid crystallinity.>** Nevertheless, func-
tionalization may subvert the preferred molecular orbitals for
achieving the desired electrical and optical properties; moreover,

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry C

the accurate characterization of the phase behaviour of functio-
nalized compounds is not easy. The POM and DSC analysis of
Ponomarenko and Kirchmeyer,** for example, has demonstrated
that 4T, 5T and 6T with terminal alkyl-substituents display high
temperature-ordered Sm phases, whose type, however, is not
easy to identify.

Clearly, the accurate experimental detection and charac-
terization of LC phases exhibited by nTs is a very challenging
task. In this respect, computer simulations can play an impor-
tant role, since they can address issues related with self-
organization and molecular ordering rather efficiently because
of the relatively high temperatures involved, rendering possible
the robust exploration of phase space. Pizzirusso et al.,** for
example, used all-atom Molecular Dynamics (MD) simulations
to address the phase behaviour of o-6T by starting from its
low-temperature (LT) crystal phase and gradually heating it to
observe the following phase sequence: (a) LT crystal-to-smectic
A (SmA), (b) SmA-to-Nem, (c) Nem-to-Iso. Their findings were
verified recently by large-scale MD simulations by our group®®
using an optimized, fully flexible, united-atom model. Our
simulations demonstrated the spontaneous formation of several
ordered phases by cooling a bulk model of a-6T from its Iso phase
down to lower temperatures. They also revealed the possibility of
Sm phase polymorphism. In particular, the following phase
sequence was obtained: (a) Iso-to-Nem, (b) Nem-to-SmaA, (c) SmA-
to-SmC, and (d) SmC-to-crystal. The SmC phase, in particular, was
observed not only in the MD simulations but also in simulations
with a state-of-the-art Monte Carlo (MC) algorithm using a stiff
version (fixed bond lengths and angles) of the developed united-
atom model.

In the present study, we extend the simulations reported in
ref. 35 for a-6T to three other members of the family of a-nTs
characterized by n = 5, 7 and 8, our aim being to understand the
dependence of phase behaviour and the type of LC phases
formed on the molecular length of the o-nT molecule. As we will
see below, our study will reveal that it is the parity of the
molecule (i.e., the odd or even number of thiophene rings per
molecule) that mainly determines phase behaviour in these
systems, pointing to an important odd-even effect.

In the literature, odd-even effects have been reported for
alkanes,® liquid crystals (here the parity refers to the number
of carbon atoms in the alkyl chains),’”*® crystal phases®® and
films of nTs.'” In alkanes, the number of carbon atoms in the
chain affects their packing pattern, thus also their physical
properties such as melting point.*® In LC polymers, flexible
molecules (e.g., flexible methylene spacers) link mesogenic
units (e.g., phenyl rings) along the chain which can significantly
impact phase behaviour.*”® Both melting (7y,) and isotropiza-
tion (7;) temperatures decrease in a non-monotonic, zig-zag
manner as the molecular length of the spacer increases.
In particular, the zig-zag pattern of the T; temperature is related
to the parity in the number of carbons in the alkyl spacer. In LC
dimers,*”? the odd-even effect has been observed for molecules
comprising two rod- or disk-like mesogenic units linked via an
alkyl chain. Quite recently, a new Nem, phase (consisting of
chiral domains) was experimentally identified in symmetric LC
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dimers*® with an odd number of alkyl spacers. The same LC
dimers with an even number of alkyl spacers exhibit only the
typical Nem phase. Hence, the odd-even effect is reflected not
only in the phase transition temperatures but also in the type of
phases manifested. An odd-even effect associated with the
parity in the number of terminal units has also been observed
for Sm phases.’”®

In all of the above-mentioned cases, the odd-even effect is
related to the length of the alkyl chains (either spacers or
terminal groups) rather than to the number of rings of the
mesogenic groups. In our work, we will report another type of
odd-even effect which, to the best of our knowledge, has never
been mentioned before referring to the dependence of the type
of the Sm phases formed by o-nT molecules (that consist solely
of thiophene rings) on the parity in the total number of
thiophene rings in the molecule. This new odd-even effect is
different, for example, to the effect reported in the literature for
the density of the crystalline states of OTs and its alternation
with the parity in the number of thiophene rings.** The same
phenomenon is supported by XRD patterns of OT films depos-
ited at low temperature substrates. It is found that, overall,
even-numbered OT films self-organize in well-ordered structures
showing large carrier mobility, while in odd-numbered OT films
two different crystalline polymorphs co-exist, which lowers carrier
mobility."” Also dependent on the parity in the number of thio-
phene rings in crystalline OTs are their emission properties: for
odd-numbered OTs, the purely electronic emission is absent,
which should be contrasted with the corresponding behaviour
for even-numbered OT crystals.’® This feature has been interpreted
in terms of the different point groups between odd- and even-
numbered nT chains. Another odd-even effect reported recently is
related to the excited state properties of a series of thiophene-
based compounds with truxene as end-capping units in solution,*"
and has been attributed to the different symmetry properties
characterizing odd- and even-numbered molecules.

Clearly, investigating and understanding the relationship
between molecular ordering of a-nTs and parity in their number of
thiophene rings is important for controlling, improving or opti-
mizing their optoelectronic properties for several technological
applications nowadays.'>*°

The rest of our paper is organized as follows: Section 2
describes in detail the molecular systems studied in this work
and the simulation methodology followed. Results from the MD
simulations concerning phase transitions and self-organization in
the simulated a-nTs as a function of temperature (with emphasis
on the detailed characterization of the LC phases formed) are
reported in Section 3. The paper concludes with Section 4
summarizing the most significant results of our work and briefly
outlining future plans.

2. Simulation methodology and details

Our MD simulations were carried out with bulk systems of o-nT
molecules characterized by n = 5, 7 and 8. Large cubic simula-
tion cells were utilized (subject to periodic boundary conditions
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along all three space directions) containing a big number of
a-nT molecules (7040 molecules for o-5T, 11200 molecules for
a-7T, and 2000 molecules for o-8T) in order to minimize errors
due to finite system size effects. In all cases, the initial
configuration of the system was constructed using the Amor-
phous Builder module*” integrated in the Scienomics MAPS
software.*® This was subjected to a potential energy minimiza-
tion for removing undesired atom-atom overlaps, followed by a
long MD simulation in the isothermal-isobaric (NPT) ensemble
at a high enough temperature (e.g., T = 900 K in the case of
®-8T) and P =1 atm to fully relax structural and conformational
properties. The final structure from the NPT MD simulation
was used as initial configuration for the subsequent cooling
MD simulations at progressively lower temperatures. For the
a-6T system, all simulation data were borrowed from our
previous study**” where a very large simulation cell (it contained
8960 o-6T molecules) had also been used.

The MD simulations were carried out with GROMACS**
using the Nosé-Hoover thermostat®® coupled with the Parrinello-
Rahman barostat*® (with corresponding time constants equal to
10 fs and 350 fs) to maintain the temperature and pressure constant
at their desired values. The equations of motion were integrated
with the leap-frog algorithm, with an integration time step equal to
1.0 fs. In our simulations, we utilized the fully flexible united-atom
(UA) model reported recently,*®* based on the standard Dreiding
force field.”” To calculate van der Waals interactions, a uniform
cutoff of 12 A was used, together with standard tail corrections for
the energy and pressure. Typical conformations of o-8T and o-7T
molecules in the united-atom representation adopted in our MD
simulations are provided in Fig. 2.

To quantify orientational order in the mesophases observed
in our simulations we made use of the orientational order
parameter (S') corresponding to the largest eigenvalue of the

ordering matrix defined as®*”
1 &
Qab = ﬁz [3uiauib - 5(41)] (1)

In eqn (1), N is the total number of o-nT molecules in the
system, a and b denote the x, y and z Cartesian components,
and u;, is the a Cartesian component of the local principal
molecular unit vector u; of chain 7. The u; is the eigenvector that
corresponds to the smallest eigenvalue of the instantaneous
mass inertia tensor of chain i. The eigenvector associated with
the largest eigenvalue S* (after diagonalization of the Q matrix
defined in eqn (1)) is the director n of the phase. In our
simulations, the mean value of S* is calculated as an ensemble
average over all equilibrated molecular configurations for the
system under study.

Molecular structure within each phase with respect to
positional order was examined by using a set of three special
pair correlation functions of the chains’ centers-of-mass (CoM).
The first is the usual radial distribution function

N-1 N
; ]_;_5(”—'”17)
g(r) :W (2)
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Fig. 2 (a) Schematic illustration of an «-8T chain in the united-atom
representation adopted in this work and the corresponding direction of
the end-to-end vector (green dashed line). (b) Typical atomistic configu-
ration of a c—t—-t—t-t-t conformational group corresponding to an a-7T
chain, with inter-ring bonds denoted according to their local index
(ie., 1% 2" and ). (c) Schematic illustration of two a-5T chains in the
united-atom representation adopted in our MD simulations showing the
definition of unit vectors ka and ij that appear in egn (6). In all panels,
sulfur (S) atoms are shown in yellow, carbon (C) atoms in grey, and end-
carbon (C) atoms in red.

where r; is the distance between the centers-of-mass of o-nT
molecules iandj, g = N/V denotes the number density and AV is
the volume of the corresponding spherical shell. The second is
the longitudinal pair correlation function

]_vf évz_‘s("\l L)

i=1j>i
al) == N "1an

3)

used to extract information about ordering in the smectic
phases, with AV, denoting the volume of a differential cylindrical
slice. This function measures the chains’ CoM distribution along
the layer normal vector 1, with |i~ry-| being the projection of the
intermolecular vector r; onto 1. For the calculation of the layer
normal vector I, see ref. 35h. To examine the phase transitions
from either an Iso or Nem phase to Sm phase, the layer normal
vector 1 can be replaced by the director f. The third special pair
correlation function is the perpendicular correlation function
g1(r1) used to obtain information about positional ordering
within the smectic layers. It is defined as

i=1j
g(N — 1)AV;

(4)

gL(’l) =

where now AV; denotes the volume of a differential cylindrical
shell.

To further analyze structural order in the liquid crystalline (LC)
and crystal (Cry) phases of the simulated o-nTs, we calculated the
inter-molecular pair correlation function of the thiophene rings’
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centers-of-mass (CoM-ring):

N-1 N n =n
i—1 E /\X:I | 5(’4 - ri/(://r1)
CoM-ring _ = J>ik=1m= 5
& ") n*q(N — 1)AV )

where r; ; denotes the distance between the center-of-mass of the
k-th thiophene ring belonging to the i-th o-nT chain and the center-
of-mass of the m-th thiophene ring belonging to the j-th «-#T chain
(i # J). Also, g = N/V denotes again the average number density
of thiophene chains and AV the volume of the corresponding
differential spherical shell.

We have also examined directional preferences in the
layered conformations of the simulated o-nT systems by calcu-
lating the following quantity:

=

—1

M:

S(rf

rfk:/r11) (Q"k : Q/m)

\/Mz

g?oM-ring(r) _ i=1j

(6)

ik=1m
1

N
2pop

M7
i Mx L

2:: ( =T /)

1 ik

Il
.

where the various symbols have the same meaning as above
but, in addition, the unit vectors V; and ¥; appear referring to
the i-th and j-th o-nT molecules, respectively; these are defined
as shown in Fig. 2c.

3. Results and discussion

3.1. Mesophase behaviour of a-nTs

For each of the o-nT systems with n = 5-8 studied in this work,
phase behaviour was examined by performing cooling MD runs
under isobaric conditions at progressively lower temperatures
starting from their Iso phase at a high enough temperature.
The phase transitions were identified from the discontinuities
(abrupt jumps) in the density (p) and order parameter (S)
curves as a function of temperature. The p-vs.-T and S-vs.-T
diagrams obtained from our simulations are shown in Fig. 3a
and b, respectively. Error bars on the simulation data smaller
than the size of the symbols are not shown (in general, these
error bars are very small owing to the large simulation cells
utilized in our work).

For all a-nTs, there exists a range of (high enough) tempera-
tures where the order parameter S" is less than 0.2, indicative of
complete lack of any long-range orientational order. In addition, in
this temperature regime, the radial pair correlation function g(r)
(see Fig. 4a-d) is structureless at long intermolecular distances
confirming the uniform distribution of the centers-of-mass of the
simulated o-nT systems. Clearly, all systems at this high tempera-
ture range live in their amorphous, Iso phase.

As the temperature is lowered, spontaneous phase transitions
occur resulting in the formation of several mesophases. The range
of temperatures where each of these mesophases appears is
illustrated with different colours in the p and S" plots of Fig. 3a
and b. Color alteration in these plots is typically accompanied by a
discontinuity in p and S'. Representative simulation snapshots
showing how o-nT molecules are organized at temperatures close
to the discontinuity points are shown in Fig. 5, 6 and Fig. S5 (ESIt).

J. Mater. Chem. C, 2019, 7, 9984-9995 | 9987
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Fig. 3 MD predictions for: (a) the density (p), and (b) the order parameter
(S*) versus temperature (T) for the simulated o-nT systems with n = 5-8, at
P =1 atm. The data for a-6T have been borrowed from the simulations of
ref. 35b with the 8960-chain system discussed there. Squares, triangles,
circles and diamonds refer to a-5T, a-6T, a-7T and a-8T, respectively.
Colour codes for p and S* branches (with the type of the phase shown in
parenthesis) are as follows: magenta (Iso), blue (Nem), red (SmA), green
(SmC) and gray (Cry).

Overall, o-nT molecules appear to have an overall rod-like shape
(even in the Iso phase), to be oriented along a common direction,
and/or to organize in layers within the ordered phases.

Upon cooling from the Iso phase, o-nTs with 7 = 6-8 undergo
an Iso-to-Nem phase transition as is evident from the jump in
the value of §* shown in Fig. 3b; this is also accompanied by a
smooth increase in the mass density p (Fig. 3a) of the system,
characteristic of a weak first order phase transition. In the Nem
phase, the maximum values of S* are between 0.6 and 0.7,
whereas the calculated g(r) as well as the longitudinal g(r))
graphs confirm the lack of any long range positional order (see
Fig. 4 and Fig. S1, ESIt). Characteristic configurations of the
various a-nT systems in their Nem phase from the simulations
are provided in Fig. 5. Molecules adopt a rod-like shape and
exhibit a tendency to align along a common direction as
defined by the vector n representing the average direction of
the long molecular axis of a-nT oligomers. From Fig. 3b and 4,
but also by visually examining several simulation snapshots, it
is found that o-5T does not form a Nem phase. Therefore, o-6T
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Fig. 4 Radial pair correlation function g(r) of the chains’ centers-of-mass
for: (a) a-5T, (b) a-6T, (c) a-7T, and (d) «-8T chain system, as obtained from
our NPT MD simulations at various temperatures (in K) and P = 1 atm.
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Fig. 5 Characteristic atomistic snapshots of the Nem phases observed
in our MD simulations with: (a) a-6T at T = 630 K, (b) a-7T at 710 K, and
(c) @-8T at 780 K. In all cases, P = 1 atm. Sulfur, carbon and end-carbon
atoms of thiophene rings are represented with yellow, white and red
colour, respectively. The vector f indicates the unit vector along the phase
director.

can be considered as the shortest a-nT molecule exhibiting a
Nem phase.

By further lowering the temperature, an abrupt change in
the density p is observed for the systems with n = 6-8. At the
same time, S* jumps to a value between 0.8 and 0.9 indicating a
rather high degree of orientational order. By further examining
the characteristic configuration snapshots shown in Fig. 6, we
understand that these o-nTs self-organize into periodic layers
expanding all over the simulation cell. o-5T, on the other hand,
exhibits a direct Iso-to-Sm transition. For this system, the
values of the pair (p, ') shift abruptly from (1.09 g cm?,
0.08) at T=540 K to (1.14 g cm >, 0.88) at T' = 535 K, indicating
clearly (Fig. 6e) the emergence of a layered structure. This
particular behaviour of the o-5T system is difficult to verify
experimentally, because it might be preceded by sample decom-
position at high temperatures.'®>**** Indeed, experimentally,
Sm phases of «-5T at room temperature have been observed

This journal is © The Royal Society of Chemistry 2019
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(a) a-6T, SmA

{b) a-6T, SmC

Fig. 6 Characteristic atomistic snapshots of: (a) a-6T at T = 620 K (SmA),
(b) a-6T at T = 610 K (SmC), (c) a-8T chain system at T = 740 K (SmA),
(d) «-8T at T = 730 K (SmC), (e) «-5T at T = 535 K (SmA), and (f) a-7T at
T = 690 K (SmA). In all cases, P = 1 atm. Sulfur, carbon and end-carbon
atoms of thiophene rings are represented with yellow, white and red
colour, respectively. The vectors 1 and A indicate the unit vectors along
the layer normal and the phase director, respectively.

only on substrates.””** Kuiper et al.,'® on the other hand, have
reported a direct Cry-to-Iso phase transition but they could not
detect signs of crystallization of a-5T upon further cooling,
most likely because of earlier sample decomposition at the
higher temperature molten state. Baker et al*® have also
contended that some p-phenylene oligomers can decompose
before the Nem-to-Iso transition.

To thoroughly characterize the structure of «-5T in the LC
phases, we make use of several pair correlation functions. One
of these is g|(r;) monitoring the formation of layers and their
spacing by computing the distance separating successive peaks
in the corresponding diagram (see, e.g., Fig. S1, ESIT). For all
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Tablel Average square end-to-end distance (Ree>) for all a-nT systems studied here (n = 5-8). In all cases, P = 1 atm. Separate results are shown for the
different LC phases at the different temperatures. The simulation data for the a-6T system have been borrowed from ref. 35b

o-5T o-6T o-7T o-8T
Phase T (K) (Ree?) (A2) T (K) (Ree?) (A2) T (K) (Ree?) (A2) T (K) (Ree?) (A2)
Iso 540 300.0 £+ 0.2 700 423.0 + 0.5 730 572.0 £ 0.7 800 733.0 + 2.6
Nem — — 640 434.0 + 0.3 720 578.0 £ 0.7 790 747.0 £ 2.1
635 435.0 + 0.3 700 590.0 £ 0.4 750 773.0 £ 1.4
SmA 530 309.0 £+ 0.3 630 452.0 + 0.2 690 619.0 £ 0.2 740 801.0 £ 1.4
520 309.0 £+ 0.1 620 456.0 + 0.2 660 633.0 £ 0.3
SmC — — 610 459.0 £+ 0.2 — — 730 811.0 £ 1.0
710 829.0 £ 0.9
Cry 510 310.0 + 0.2 600 462.0 + 0.1 650 641 £+ 0.2 700 848.0 £ 0.6
500 310.0 + 0.1 590 463.0 + 0.1 640 642 + 0.2 690 851.0 £ 0.5

the o-nTs studied here, computed values of the layer spacing
come out to be close to the corresponding molecular lengths as
estimated from the square root of the average square end-to-
end distance (R..”) plus the van der Waals radii of the two end
carbon atoms. This means that no inter-digitation of molecules
takes place, which agrees with previous simulation studies.****
The (Re.>)-vs.-T results for the simulated o-nTs are presented in
Table 1. The calculation of the end-to-end distance has been based
on the magnitude of the vector connecting the end carbon atoms
along an o-nT molecule (see Fig. 2a). Additionally, the g (r,)
correlation function is observed to be structureless at long inter-
molecular distances (see Fig. S2, ESIf), which confirms the
absence of any long-range positional correlations within the Sm
phase layers.

Visual inspection of snapshots (compare, e.g., Fig. 6¢ and d
for o-8T) suggests that, at the low temperature Sm phases, the
long molecular axes of even-numbered a-nTs organize in such a
way that leads to a distinctive tilt with respect to the layer
normal vector 1. The magnitude of the tilt is quantified by
computing the average value of the corresponding tilt angle
through (6) = (cos~*(I-A)). Numerical results for the variation of (6)
with temperature for the o-5T, o-7T and o-8T oligo-thiophenes are
reported in Table 2.

Values of (0) equal to 1° with a standard deviation of the
same order indicate the formation of orthogonal Sm phases
denoted as SmA, while values of (0) considerably larger than 1°
indicate the formation of a SmC phase comprised of oligo-
thiophenes with a distinct tilt with respect to the layer normal
vector. Actually, our calculations (see Fig. 6) indicate this to be
synclinic tilt, because o-nTs in all Sm layers are inclined
towards the same direction with respect to the unit normal-
to-the-layer vector. From the data reported in Table 2a-c and
Table 3 of ref. 35b it appears that o-5T and ¢-7T form only a
SmA phase at low temperatures, in contrast to o-6T and o-8T
that form both a SmA and a SmC phase.

It is a remarkable result that the type of the Sm phase(s)
formed by o-nTs depends on their parity, suggesting a struc-
tural odd-even effect. To the best of our knowledge, this is the
first report of such a unique phenomenon for the LC phases
formed by such rather stiff (rod-like) molecules consisting
solely of ring moieties. As we already discussed in the Introduction,
in typical systems of liquid crystals functionalized with alkyl chains

9990 | J. Mater. Chem. C, 2019, 7, 9984-9995

Table 2 MD predictions for the average tilt angle (at P = 1 atm) as a
function of temperature for: (a) a-5T, (b) o-7T and (c) a-8T

Phase T (K) 0) ()

(a)

SmA 535 0.63 £+ 0.23
SmA 530 0.54 + 0.24
SmA 520 0.77 £ 0.47
Cry 510 7.96 £+ 0.17
Cry 500 8.78 £+ 0.16
(b)

SmA 690 0.96 £+ 0.09
SmA 680 0.15 £+ 0.08
SmA 670 0.34 £+ 0.16
SmA 660 0.14 £+ 0.08
Cry 650 11.76 £ 0.11
Cry 640 12.43 £+ 0.12
(©)

SmA 740 2.01 £+ 0.91
SmC 730 3.87 £ 1.52
SmC 720 7.20 £ 0.61
SmC 710 7.49 + 0.50
Cry 700 13.9 £+ 0.18
Cry 690 18.0 £+ 0.30

(either as spacers or as terminal groups), the odd-even effect is
related to the parity in the number of carbon atoms of these
chains that appears to control the clearing temperatures and/or
the structure of the Nem and Sm phases.*”*® We discuss again
the particular odd-even effect identified in the present study in
Section 3.2.

At even lower temperatures, o-nTs undergo a phase transi-
tion from the Sm (either SmA or SmC depending on the parity
of the system) to the Cry phase. Representative snapshots of the
crystalline states formed by the simulated o-nT systems are
depicted in Fig. S5 (ESIt). The SmA/SmC-to-Cry phase transi-
tion is accompanied by a sharp jump in the value of p and S*
(see gray branches in Fig. 3a and b). The crystalline character of
this phase was further confirmed through calculations of
relevant pair correlation functions which revealed long-range
positional correlations within the layers (see Fig. 4, Fig. S1 and S2,
ESIY).

At this point, we recall the structural odd-even effect
observed experimentally for the Cry phases of «-nTs,* mani-
fested as an alternation in the density of the Cry phase between

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 MD results (blue symbols) concerning the dependence of: (a) mass
density, and (b) average tilt angle on number of thiophene rings (n) per
molecule in the Cry phase of a-nT molecules at different temperatures
(at P = 1 atm). Some experimental data at around room temperature
(red symbols) are also shown in (a).2*>°

large and small values depending on the parity of the o-nT
molecule (see Fig. 7a). Interestingly, our simulations (see Fig. 7a)
are in full support of this observation, especially for the second
crystalline state point observed in the p-vs.-T plot. A similar
alternation is observed in the magnitude of the average tilt angle
with respect to the number of thiophene rings shown in Fig. 7b.
Even though our model cannot precisely reproduce the structure
of the ideal o-nT crystals formed at low temperatures (such as the
herringbone arrangement of the molecules and the density),"***°
it is capable of qualitatively describing their odd-even effect.

Our MD predictions for the phase behaviour of a-nTs with
n = 5-8 are summarized in Fig. 8. For n =5, 7 and 8, it is the first
time (to our knowledge) that their mesophase behaviour is
reported and quantitatively analyzed. In the past, clear evidence
of structural transitions and manifestation of mesophases have
been provided only for o-6T,'*'%3*3% together with a report
for an undefined structural transition for o-8T from DSC
analysis.>*

In our simulations, the Nem phase is observed only for o-nTs
with n = 6-8 (not for n = 5), and its temperature range widens
as the number of thiophene rings increases. At the same time,
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Fig. 8 Phase transition diagram describing the overall behaviour of a-nTs
with n = 5-8 from the current NPT MD simulations, at P = 1 atm. The data
for a-6T have been taken from ref. 35b.

the range of temperatures for which the SmC phase is observed
(only for even-numbered o-nTs) is broader for o-8T. In the
literature, dependence of the temperature range of mesophases
on the number of thiophene rings has been reported also for
other all-aromatic compounds.'®*®* 1t is also important to
note that all phase transitions in our simulations occurred
spontaneously upon gradually cooling the system from its Iso
phase at a high enough temperature down to lower temperatures.
In the literature, mesophase formation through simulations is typi-
cally studied by employing heating runs starting from a well-ordered
or crystal structure and gradually increasing the temperature. From
a methodological point of view, employing cooling and not heating
simulations to study phase behaviour is very challenging, because
there is always the possibility that the system can freeze to inter-
mediate amorphous/glassy states as the temperature decreases.
Fig. 9 shows the LC phase transition temperatures that are
found from our MD simulations for all a-nT systems addressed
here showing a clear dependence on the number of thiophene
rings. The melting points and the clearing temperatures increase
as the number of thiophene rings increases. Interestingly, the
clearing temperature can be described as a linear function
with respect to the number of thiophene rings. A similar trend
has been reported by Ponomarenko and Kirchmeyer for
a,0-didecyloligothiophene chains consisting of 7 = 4-6 thiophene
rings.*® The united-atom approximation employed in this work
seems to be capable of capturing fairly well the transition points
from the Sm phase to the Cry phase (ie., the melting points)
compared to the experimentally measured melting points, parti-
cularly for the shorter -5T and o-6T molecules. For example, Fig. 9
shows that the predicted melting point of o-5T is 510 K while the
corresponding experimentally estimated value is 525 K.**° It is
also interesting that the experimental melting point is close to
the Iso-to-SmA transition point (535 K) predicted from the
simulations. Similar reasonable deviations (on the order of 50 to
60 K) between simulation and experimental data are noticed
for the melting points of o-7T and o-8T. An explanation for
these deviations is that the calculated melting points from the
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Fig. 9 Liquid crystalline phase transition temperatures as a function of the
number of thiophene rings (n) from the present NPT MD simulations (P = 1
atm). The Iso-to-Nem, Nem-to-SmA, and SmA/SmC-to-Cry transitions
are marked with filled squares, circles and triangles, respectively. The
Iso-to-SmA phase transition in o-5T is shown with a star. The open
triangles (green, red and blue) illustrate experimentally measured melting
points.2>72° The simulation data for a-6T have been taken from ref. 35b.

simulations are obtained by gradually cooling the sample from
higher to lower temperatures. Moreover, the crystal structure from
the simulations is not identical to the ideal crystal structure of o-nT
(typically characterized by a herringbone arrangement of chains
within the layers). On the other hand, the experimental melting
points are obtained by melting such ideal crystal structures.
Therefore, not only the process (heating vs. cooling) but also the
starting structures for the calculation of the melting points
between our simulations and the experiments are different, which
offers an additional explanation for the deviations between the two
approaches. Overall, however, and taking into consideration that
even independent experimental measurements®** from different
research groups show similar differences (see Fig. 9), the compar-
ison is quite favourable. We further note that the experimental
observations indicate a saturation of the melting point with
increasing n. Our simulations also suggest that the melting points
approach a constant value with 7 but with a smaller rate.

3.2. Interpretation of the phase behaviour based on detailed
structural and conformational analysis

To further analyze molecular organization in the observed LC
phases of the o-nTs addressed in our work, we carried out a
detailed investigation of their conformational properties based
on the sequence of characteristic values for the inter-ring
torsional angle along their backbone.

The type of conformational state of successive thiophene
rings along an o-nT molecule can be categorized based on
the calculation of the inter-ring dihedral angle ¢s.cc-s, as
follows:*® if ¢s c_c.s € [-90° 90°], then two successive rings
along the molecule are considered to be in the syn-SS-parallel
configuration denoted as a c-state; if, on the other hand,
¢s-c-c-s € [—180°, —90°) U (90°, 180°], then, the two successive
rings are considered to be in the anti-SS-parallel configuration
denoted as a t¢-state (see Fig. 2). Consequently, different
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conformations of a-nT chains can be distinguished by counting
the number of ¢ and c-states of successive thiophene rings
along inter-ring bonds of the chain. Each group consists of a
number of conformations that occur by mutual permutation of
the constituent c¢- and ¢-states. For a molecule with n rings,
n conformational groups can appear. For example, an o-7T
molecule has seven (7) different conformational groups; one of
them, the c-t-t-t-t-t group, is illustrated in Fig. 2b. Calculated
percentages of the possible conformational groups appearing
in the studied o-nT systems as a function of temperature are
reported in Fig. 10. Several conclusion can be drawn from the
data shown in Fig. 10: (a) the relative population of conforma-
tional groups containing at least one c-state is very high in all
mesophases formed (Iso, LC and Cry); (b) the percentage of the
all-trans (all t-states) conformational group increases with
decreasing temperature, especially in the well-ordered phases;
(c) the percentage of the conformational groups that contain two
c-states increases as the number of thiophene rings increases;
nevertheless, it becomes very small below the first positionally
ordered phase formed; and (d) conformational groups that contain
more than two c-states are the least probable.

An important characteristic of a-nTs is that ¢-states are
dominant over the entire range of temperatures studied. This
is confirmed by calculating the total percentage of ¢- (or ¢-states)
irrespective of the conformational group they belong to, by
using the formula®>® LZ (pi x 100) x N,;, where Nyutes =

states /

n — 1 denotes the total number of conformational groups
(equal to the number of rings per a-nT molecule), the index ¢
runs over all conformational groups, p; x 100 is the percentage
of the i-th conformational group and N, ; denotes the number of
t-states in the i-th conformational group. According to Fig. 10,
for all o-nT molecules studied, the total percentage of ¢-states
increases with decreasing temperature, with the corresponding
total percentage of c-states decreasing accordingly.

The above conformational analysis is clearly related to the
phase behaviour of the molecules, because the transition from
the Iso to ordered phases is accompanied by significant
changes in their conformational properties. In particular, for
a-nTs with n = 6-8, the percentage of the all-trans group exhibits
a smooth increase at the Iso-to-Nem phase transition whereas
that of groups containing more than two c-states decreases.
Interestingly, more striking conformational changes for o-nTs
with n = 6-8 are observed at the Nem-to-SmA phase transitions
(see Fig. 10) where a distinct jump shows up in the percentage
of the all-trans group. In the case of o-5T, a small jump
is discernible also at the Iso-to-SmA phase transition for the
all-trans group. Increased all-trans populations together with
reduced conformations containing two or more c-states facilitate
chain packing of o-#T molecules, thus also their self-assembly into
layers. This happens because conformational groups with at least
two c-states contain a mixture of different molecular configura-
tions (in terms of the exact location of ¢- and t-states along the
chain) which favours structural defects thereby facilitating dis-
order. It appears therefore that conformational changes occurring
at the intra-molecular level play a key role in the formation of

This journal is © The Royal Society of Chemistry 2019
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ordered phases. For example, the increase in the population of
all-trans conformations is related to the extension of the molecule,
with the values of (R..”) increasing as the temperature decreases
(see Table 1) revealing a strong tendency for more elongated
structures; obviously, this promotes macroscopic orientational order.

To investigate even further structural ordering in the LC
and Cry phases of o-nTs, we calculated the g°™™"8(r) and
g9OMTINg(1) pair correlation functions of the thiophene rings’
centers-of-mass (see eqn (5) and (6)) in the simulated systems.
Characteristic plots of g“°™"8(r) and g{°™™"¢(r) at the first
stable SmA and Cry phases formed are shown in Flg. S3 and S4
(ESIT), respectively. In the SmA phase, gf®™""¥(r) is nearly flat
implying that neighboring thiophene rings between different
chains exhibit either an inter-SS-antiparallel configuration
where successive sulfur (S) atoms are pointing to opposite
directions or an inter-SS-parallel configuration where all sulfur
S atoms are pointing to the same direction. SS-antiparallel and
-parallel conformations appear randomly, which prevents one
or the other to dominate (see Fig. S3, ESIt). On the other hand,
in the Cry phase, the non-vanishing positive values of

g9°MTN8(r) for values r corresponding to the peaks in the

g°°MTNg(F) plot indicate that there is a slight tendency of
inter-molecular neighboring thiophene rings to point to the same
direction (inter-SS-parallel configuration) (see Fig. S4, ESIT).

The above detailed analysis demonstrates that o-nTs with
n = 5-8 share many common structural and conformational
characteristics irrespective of their parity (odd or even number
of thiophene rings). In particular, conformational groups con-
taining a mixture of ¢- and ¢-states contribute practically equally
to self-organization (in the corresponding phases) for all mem-
bers in the family. Nevertheless, there is a striking difference:
the internal symmetry of the all-trans conformation in even-
numbered o-nTs is not the same as the corresponding all-trans
conformation in odd-numbered o-nTs, because the former
possess a C,p, point group and the latter a C,, point group.>**°
The main difference lies in the fact that even-numbered o-nT
molecules exhibit a center of inversion located at the CoM of the
molecules (i.e., at the middle point of the central inter-ring bond)
while odd-numbered ones possess a mirror plane that intersects
the central thiophene ring.*® This molecular symmetry renders
even-numbered o-nTs in the all-trans group sterically non-polar as
successive pairs of rings follow an anti-SS-parallel arrangement
along the chain; odd a-nTs, on the other hand, are sterically polar,
since they contain always one thiophene ring that remains
un-paired along the chain. This difference favours chain inclina-
tion within layers (which promotes the formation of SmC phases)
and results in larger tilt angles in the Cry phase for even-
numbered o-nTs than for odd-numbered ones.

4. Conclusions

Our work offers the first systematic computational study of the
mesomorphic behaviour of a-unsubstituted thiophene-based
oligomers (o-nTs) with the help of a validated, fully flexible
united-atom model. Our MD simulations indicate that o-nTs
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with n = 5-8 exhibit a rich phase behaviour characterized by the
appearance of a nematic phase and of two types of smectic
phases (SmA and SmC). In the SmC phase, the tilt-direction is
uniform between adjacent layers, which points to the develop-
ment of a synclinic structure.

Moreover, our simulations demonstrate that it is mainly the
parity of the molecule (the even or odd number of thiophene
rings) that determines the type of smectic phases formed. Even-
numbered o-nTs form both SmA and SmC phases whereas
odd-numbered o-nTs form only a SmA phase. This points to a
unique odd-even structural phenomenon for chain molecules
consisting solely of rings, which occurs in positionally ordered
liquid crystals (herein, the smectic phases). Such a phenomenon
appears also in the Cry phases: depending on the parity of the
molecule, o-nTs are characterized by density values that alternate
between large (for even-numbered) and small (for odd-numbered)
values; even-numbered chains are thus self-organizing into more
dense states. A similar trend has also been observed in some
experiments.*® Additionally, in the same phase, the value of the
calculated tilt angle (the angle between the layer normal vector
and the director of the phase) alternates in a zig-zag manner:
even-numbered o-nTs exhibit larger tilt angles while odd-
numbered ones exhibit smaller tilt angles.

A detailed analysis of chain conformations revealed that
t-states in o-nT oligomers (corresponding to an anti-SS-parallel
configuration of successive thiophene rings) are the dominant
ones. The total number of ¢-states is always higher than the
total number of ¢-states for all temperatures studied (extending
from the Iso to the Cry phases), with their difference increasing
as the temperature is decreased.

Configurations of a-nT oligomers were further categorized
into groups according to their number of ¢- and ¢-states along
the molecule. It was observed, then, that significant changes in
the percentage of all conformational groups occur at the phase
transition points. The group, in particular, that contains one
c-state is the most abundant one at all temperatures studied.
The percentage of the all-trans conformational group is also
significant, exhibiting distinct jumps at the transition points.
In contrast, conformational groups that contain two or more
c-states are the least probable. Variations in the intra-chain
conformation as a function of temperature are accompanied
by non-negligible variations in the average end-to-end distance
of the molecule, which tends to increase as the temperature is
decreased.

The observed intra-chain conformational changes with
decreasing temperature are common to all a-nTs studied here,
and appear to be the main driving force for their self-assembly
into ordered phases. We also mention that the all-trans configu-
ration of even-numbered o-nTs has a different internal molecular
symmetry than that of odd-numbered ones, giving rise to a
unique, structural odd-even effect.

The melting points predicted by our MD simulations are in
good agreement with experimentally measured ones, especially
for the shorter a-nTs (a-5T and o-6T) studied. It appears that
a-nTs are characterized by relatively short LC temperature ranges
and high transition temperatures, similar to other all-aromatic
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molecules;'”*** moreover, their clearing temperature increases
linearly with number of thiophene rings in the molecule.*®

We hope that our work will stimulate new experimental
studies of these molecules, particularly as far as the detailed
characterization of their mesophase behaviour is concerned.
We also hope that the structural changes and transitions
demonstrated by our study for short o-nT molecules will
motivate additional studies for other type of rod-like molecules
(such as liquid crystals consisting of rings). Extending the
present study to significantly longer (i.e., higher molecular
weight) o-nT molecules would also be very important.
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