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Molecular packing analysis of the crystal smectic E phase of a benzothieno- 
benzothiophene derivative by a combined experimental / computational 
approach
Sebastian Hofer a, Wolfgang Bodlos a, Jiří Novák b, Alessandro Sanzonec, Luca Beverina c 

and Roland Resel a

aInstitute of Solid State Physics, Graz University of Technology, Graz, Austria; bDepartment of Condensed Matter Physics, Masaryk University, 
Brno, Czech Republic; cDepartment of Materials Science, University of Milano-Bicocca, Milano, Italy

ABSTRACT
The molecule 2-decyl-7-phenyl[1]benzothieno[3,2-b][1]benzothiophene has gained a lot of attention 
since high charge carrier mobility was observed in thin film transistors. Its thermotropic liquid 
crystalline states may play an important role in the thin film formation since the smectic A and the 
crystal smectic E phase (SmE) are claimed to be pre-stages of the final bulk structure. To understand 
the phase diversity, structural characterisation of solution processed thin films is performed by X-ray 
diffraction in the complete temperature range up to the isotropic state at 240°C. The diffraction 
pattern of the SmE phase is analysed in detail. Peak broadening analysis reveals that the crystal
lographic order across the smectic layers is larger than the order along the smectic layers. 
A combined experimental and computational approach is used to determine the molecular packing 
within the SmE phase. It leads to a number of different packing motifs. A comparison of the calculated 
diffraction pattern with the experimental results reveals that nano-segregation is present within the 
SmE phase. Energy consideration clearly favours a herringbone arrangement of the aromatic units. 
The nano-segregation within the SmE phase with herringbone packing of the aromatic units is 
accompanied with interdigitation of side chains from neighbouringherringbone layers.
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Introduction

The class of alkyl substituted benzothienobenzothiophene-type 
molecules gained considerable attention due to high charge 
carrier mobilities in organic thin film transistors. Values of up 
to 9 cm2V−1s−1 are observed [1,2]. The presence of alkyl chains 
symmetrically attached at the terminal ends of the molecule 
provides overall flexibility in device fabrication since thin films 
can be prepared by solution processing [3,4] as well as by 
physical vapour deposition [5,6]. Moreover, the thermotropic 

liquid crystalline state can be used in the thin film preparation 
procedure to obtain a defined structure within thin films [7,8].

Recently, a new asymmetric derivative of BTBT – the 
molecule 2-decyl-7-phenyl[1]benzothieno[3,2-b][1] 
benzothiophene (Ph-BTBT-10) – was introduced [9]. 
The asymmetry in the substitution pattern, featuring 
a phenyl residue on the 2-position of the BTBT core 
and a decyl chain on the 7-position, results in a more 
diverse phase behaviour [10]. Liquid crystalline states 
with high structural order appear. It is reported that 
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these states can be used as pre-stages of the final bulk 
crystallisation so that crystals with extended size can be 
prepared within thin films [11].

The asymmetry of the molecule causes crystallisation 
with a bilayer herringbone structure [9,10]. The structure 
is formed by stacked individual layers consisting of aro
matic units arranged in a herringbone manner and decyl 
chains formed by the terminal alkyls. Two herringbone 
layers stack directly on top of each other leading to double 
herringbone layers. The crystal structure can be described 
by a sequence of these double herringbone layers followed 
by double layers of the decyl chains. The lattice constants 
of the structure are a = 6.047 Å, b = 7.757 Å, c = 53.12 Å 
and β = 93.14° whereby c spans over two herringbone 
layers and two alkyl layers [12]. In summary, the molecules 
show a head-to-head arrangement (along the c-axis) since 
the aromatic units of molecules from neighbouring her
ringbone layers are antiparallel to each other. A phase 
transition to smectic E (SmE) with a head-to-tail arrange
ment of the molecules is observed at temperatures around 
144°C [9,10]. The presence of a SmE phase was concluded 
by polarised optical microscopy investigations [13]. 
Analysis of the molecular packing at elevated temperatures 
is already performed by molecular dynamics simulations, 
suggesting a structure built by stacked single-molecular 
sheets in a head-to-tail arrangement. However, the 
arrangement of the molecules within the SmE phase is 
still not clear [14–16].

Recent developments in the field of crystal structure 
solution from thin films allow the determination of the 
molecular packing within unknown crystal structures 
exclusively present within thin films [17,18]. Grazing 
incidence X-ray diffraction (GIXD) in combination with 
specular X-ray diffraction (XRD) is used for this purpose. 
Despite the limited information of only a few diffraction 
peaks, a combination of experimental performance and 
theoretical calculations can be suitable to determine the 
molecular packing [19]. Here, we will apply our knowl
edge on the crystal structure solution from thin film to 
the SmE phase of the molecule Ph-BTBT-10.

Experimental

Thin film preparation

The molecule Ph-BTBT-10 was synthesised according to 
the strategy shown in Scheme 1 that some of us recently 
published [20]. The commercially available [1]ben
zothieno[3,2-b][1]benzothiophene (BTBT) core was 
regioselectively acylated at the 2 position via a Friedel 
Crafts reaction with decanoyl chloride. The obtained 
ketone was converted to 2-decyl-[1]benzothieno[3,2-b] 
[1]benzothiophene (C10-BTBT) through reduction with 

a NaBH4/AlCl3 mixture in good yield. Bromination of the 
latter with bromine in chloroform afforded 2-decyl- 
7-bromo-[1]benzothieno[3,2-b][1]benzo-thiophene (Br- 
BTBT-10) after chromatographic purification. Finally, 
a Suzuki–Miyaura coupling between Br-BTBT-10 and 
phenyl boronic acid in a Kolliphore EL 2 wt%: toluene 
emulsion (9:1 v/v) in the presence of triethyl amine as the 
base and [1,1′-Bis(di-tert-butylphosphino)ferrocene] 
dichloropalladium(II) Pd(dtbpf)Cl2 as the catalyst gave 
10-BTBT-Ph in essentially quantitative yield.

Thin film samples were prepared via spin-coating or 
drop-casting from toluene solutions of varying concen
trations and spin speeds (0.2 up to 5.0 g/l and 500 up to 
3000 rpm) onto thermally oxidised silicon wafers. Powder 
samples were prepared by transferring a small amount of 
about 1 mg of polycrystalline material onto a silicon sub
strate and a subsequent flattening procedure.

Analytical methods

Specular XRD was carried out with a PANalytical 
Empyrean diffractometer in θ-θ geometry using CuKα 

radiation. On the incident side a parallel beam X-ray mirror 
was used for monochromatisation and collimation. At the 
diffracted beam path, an anti-scatter slit as well as a 0.02 rad 
Soller slit was used together with a PIXcel3D detector 
operating in either receiving 0D-mode or scanning 1D 
mode. Temperature-dependent in situ measurements 
were performed with a DHS 900 heating stage from 
Anton Paar Ltd. Graz [21]. The experiments were per
formed under nitrogen atmosphere. The data are 
converted into reciprocal space by q ¼ 4π

λ sin 2θ
2

� �
¼ 2π

dhkl 

with λ as the wavelength of the primary X-ray beam, 2θ the 
scattering angle and dhkl the interplanar distance of the 
(hkl) plane. In case of a specular scan, the total length of 
the scattering vector q has a contribution only in 
z-direction (perpendicular to the substrate surface).

Grazing incidence X-ray diffraction (GIXD) at ambient 
temperatures was carried out at the beamline XRD1 at 
Elettra Synchrotron Trieste with a radiation wavelength 
of 1.4 Å using an incidence angle of αi = 0.8° on a goni
ometer in kappa geometry [22]. A PILATUS 2 M detector 
was used to collect diffracted intensity. To improve statis
tics, the sample was rotated during measurement and six 
images with an exposure time of 30 s each were collected 
during one full sample rotation. Temperature-dependent 
in situ GIXD was performed using a Rigaku SmartLab 
9 kW equipped with a Cu rotating anode, collimating 
parabolic multilayer mirror and pinhole optics. A HyPix 
3000 2D detector was utilised for collecting GIXD mea
surements. Because of low signal, a series of 40 images was 
measured for 1 h each and summed up to improve the 
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signal-to-noise ratio. A DHS 1100 commercial high- 
temperature stage from Anton Paar, covered by a carbon 
dome and filled with a nitrogen atmosphere, was used 
during heating [23].

Data from GIXD are presented as reciprocal space maps 
with the out-of-plane (qz) and in-plane component (qxy) of 
the scattering vector q as an orthogonal basis, with the qz 
component parallel to the surface normal and the qx / qy 
plane parallel to the substrate surface. The scattering vector 
components are determined for each detector pixel from 
the incident angle αi and the outgoing angle αf in the sample 
coordinate system and from a calibration measurement on 
an LaB6 film, to determine additional parameters, e.g. the 
distance from the sample to the detector. Resulting data was 
evaluated with the use of the in-house developed software 
package GIDVis [24]. The resulting reciprocal space maps 
are corrected based on geometrical correction factors, i.e. 
Lorentz and polarisation factors.

For analysing the films in terms of paracrystallinity, 
the peaks were fitted with a Gaussian function in both 
in-plane (qxy) and out-of-plane (qz) directions. For the 
resulting peak widths ∆qxy and ∆qz a linear regression 

based on Δqð Þ
2
¼ 4 π

Dhkl

� �2
þ

π3g2m2

dhkl

� �2
� �

is calcu

lated, where m and dhkl denote the order of the diffrac
tion peak in terms of its Laue index (h, k or l) and the 
inter-planar spacing of the diffraction peaks, respec
tively. This allows determining the crystallite size Dhkl 
and the amount of paracrystallinity g of the sample in 
two individual directions. No correction for the instru
mental peak broadening was used.

Computational method

Determination of the molecular packing within the SmE 
phase was performed by an experimental/computa
tional approach. In the first step, the lattice constants 
were determined by indexing of the GIXD pattern. The 
crystallographic unit cell was used as an input for mole
cular dynamics (MD) simulation revealing the molecu
lar packing. These simulations were carried out with the 
LAMMPS software package [25] using the CHARMM 
general force field version 3.0.1 [26]. Several thousand 
trial structures are generated by placing two randomly 
oriented molecules in an expanded (120%) unit cell. 
During the simulation run, the starting configuration 
was relaxed and reduced to the experimentally deter
mined unit cell size. The resulting structures are then 
clustered based on similarities of the packing motifs. 
Each selected packing motif appeared multiple times at 
the respective total energy. The obtained packing motifs 
are judged by a comparison of observed (Fobs) and 

calculated structure factors (Fcalc) taken from the dif
fraction intensities on the basis of a reliability fac

tor R ¼
P

Fobs �j jFcalcj jj jP
Fobsj j

.

Experimental results

A series of specular XRD measurements were performed 
on a spin-coated (5 g/l, 3000 rpm) film in the temperature 
range from room temperature up to 240°C. Figure 1(a) 
shows XRD scans at selected temperatures. At room 
temperature (25°C), a dominant peak series at qz ¼

0:118 � lð ÞA
�� 1 (with l as the Laue index) is observed 

which can be assigned to the 00l diffraction peaks of the 
bulk crystal phase of the molecule Ph-BTBT-10 [12]. The 
interplanar distance of the 001 plane at 52.3 Å clearly 
reflects the bilayer structure of the known bulk phase. 
The absence of hkl reflections with h ≠ 0 or k ≠ 0 reveals 
a strong preferred orientation of the crystallites with the 
(001) plane parallel to the substrates surface. At 
a temperature of 149°C, the peak sequence changes to 
qz ¼ 0:216 � lð Þ A� � 1 which corresponds to the charac
teristic 00l peak series of the SmE phase with an inter
planar distance of 29.1 Å of the (001) plane. With 
increasing temperature up to 215°C, the peak position 
gradually shifts to lower qz values due to thermal expan
sion. A sudden shift in the peak positions as well as in the 
peak intensities is observed at 220°C. This peak series is 
observed at qz = (0.223 � l) Å−1 corresponding to an 
interplanar distance of 28.1 Å and is assigned to the 
smectic A (SmA) phase [9,13]. At 240°C, the diffraction 
peaks disappear which is assigned to a transition to the 
isotropic state. Figure 1(b) shows a waterfall plot of the 
specular diffraction pattern in the temperature range 
from 130 to 240°C. Each scan was measured for 10 min 
at a fixed temperature which was increased in steps of 2°C 
in the vicinity of the phase transition temperature and in 
steps of 10°C at more remote temperature ranges. The 
phase transition temperatures between the bulk phase 
and the SmE phase are observed at 149°C, the transition 
to SmA occurs at 220°C, and the final melting starts 
at 235°C. These phase transition temperatures 
are in quite good agreement with literature [9,10].

The phase transition at 149°C exhibits the vanishing 
of odd-numbered (00l) peaks from the bulk phase and 
a shift of the leftover even-numbered peaks to smaller 
q-values. The doubling of peak distances in q-space 
indicates a reduction of the interplanar distance by 
a factor of approximately two which means that the 
bilayer structure changes to a single-layer structure 
[14]. Please note that the molecular layer thickness 
corresponds approximately to the length of a single 
molecule which means that a single molecular sheet is 
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composed of upright standing molecules. Therefore, we 
can conclude that the SmE phase as well as the SmA 
phase are formed by single sheets which are stacked 
upright onto each other parallel to the substrate surface.

Figure 2 shows a series of diffraction patterns as 
a function of temperature measured on a powder sample 
at higher values of q. Selected diffraction patterns are 
depicted in Figure 2(a), while a waterfall plot in 
a selected temperature range is given in Figure 2(b). A 
clear phase transition is visible at 153°C, a temperature 
slightly larger than observed at thin films. A continuous 
shift of the peak pattern is visible also before and after the 
phase transition due to thermal expansion. To study the 
evolution of the lattice constants as a function of tem
perature, the exact peak positions of all observed peaks of 
the bulk phase (T < 153°C) were determined (namely 00l, 
010, 011, 100, 101, 110, 111, 020, 021, 120, 012, 102, 112). 
The lattice constants a, b, c and the monoclinic angle ß 

were determined as a function of temperature; the result 
is depicted in Figure 3. Within the bulk structure (tem
perature range from 60 to 153°C) the lattice constants 
a and c do not change significantly, but the lattice con
stant b increases and the monoclinic angle ß decreases.

The diffraction pattern at elevated temperatures 
(T > 153°C) is characteristic for a SmE phase with dominant 
peaks at 1.29, 1.52 and 1.85 Å−1 [27,28]. The refinement of 
the unit cell parameters after the phase transition resulted in 
a monoclinic angle very close to 90°, independent of tem
perature. An orthorhombic unit cell was concluded, a result 
which is comparable to other SmE phases [29–31].

At the transition temperature of 153°C, a clear shift in 
the lattice constants b, c and ß is observed, while a roughly 
continuous behaviour is observed for the lattice constant a. 
The volume of the crystallographic unit cell changes dis
continuously from 2488.1 Å3 (corresponding to 622 Å3 per 
molecule) for the bulk crystal phase to 1462.0 Å3 (731 Å3 

per molecule) for the SmE phase.

Figure 1. (Colour online) Specular X-ray diffraction of a Ph-BTBT 
-10 thin film as a function of temperature. Single scans of a film 
at selected temperatures (a) and a series of scans in the region 
between 120° and 240°C in a waterfall plot including the three- 
phase transitions: bulk phase/SmE at a temperature of 149°C, 
SmE/SmA at 220°C and SmA/isotropic state at 235°C (b).

Figure 2. (Colour online) Selected powder diffraction scans at 
different temperatures (a) and the complete series of X-ray pow
der diffraction scans in the temperature region between 100°C 
and 220°C illustrated in a waterfall plot (b). The phase transition 
from the bulk phase to the SmE phase is around 153°C.
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A more detailed crystallographic study was per
formed by GIXD. In the first step the bulk structure of 
Ph-BTBT-10 was investigated for a drop casted film at 
room temperature. Figure 4(a) presents an experimental 
diffraction pattern taken at room temperature, and cal
culated peak positions are given by green spots and peak 
intensities by the area of the surrounding circles. The 
characteristic diffraction features of the bulk structure 
can be clearly identified as enhanced intensities along 

the 11 l, 02 l and 12 l rod. Moreover, characteristic 
packing features of the individual bulk structure of Ph- 
BTBT-10 can be identified by the enhanced intensities 
of the 112 and 115 peaks.

In a subsequent step, the SmE phase was investigated 
by GIXD at a temperature of 160°C. A spin coated thin 
film from a 5 g/l solution was used. The corresponding 
result is shown in Figure 4(b–d). A quite different dif
fraction pattern is observed in comparison to the bulk 
phase. Only a few diffraction peaks are observed, and 
they are arranged in two sequences at different qxy 
values. Peaks along qz = 0 (in-plane direction) reveal 
crystallographic order along the substrate surface, and 
these peaks represent crystallographic order within 
a single smectic plane. The peak series at qz ~ 0.22 Å−1 

reveals an onset of long-range (positional) order per
pendicular to the substrate surface (z-direction). These 
peaks reveal an onset of three-dimensional crystallo
graphic order due to stacking of smectic planes, which 
justifies the term crystal smectic phase. This diffraction 
pattern is in agreement with previous studies on SmE 
phases of other molecular materials showing a clear 
absence of peaks, corresponding to 10 l and 01 l peak 
series and six dominant peaks between q = 1.3 and 
1.9 Å−1 (with Laue indices 110, 111, 020, 021, 120, 
121) [32]. Additionally, small intensities are found for 
the 200, 201 and 112 peaks (compare Figure 4(b–d)). 
The peak indexation is based on the results presented in 
Figure 3 using the following lattice constants of the 

Figure 3. (Colour online) Lattice constants as a function of 
temperature of the bulk phase below a temperature of 153°C 
and of the smectic E phase between 153°C and 215°C. In case of 
the lattice constant c, the half of the lattice constant (c/2) is 
plotted for the bulk phase, while for the SmE phase the full 
length (c) is plotted.

Figure 4. (Colour online) Grazing incidence X-ray diffraction pattern of Ph-BTBT-10 thin films at room temperature (a) and at 
a temperature of 160°C (b–d) with logarithmic scaling of the intensity. Additionally, calculated diffraction patterns are shown with 
points and circles representing positions and intensities of the calculated Bragg peaks, respectively. Different packing motifs are 
selected: the crystallographic bulk phase (a), SmE with mixed layers (b), SmE with nano-segregated layers possessing a herringbone 
arrangement (c) and a stacked arrangement (d). The insets give the different packing motifs relative to the crystallographic unit cell.
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orthorhombic unit cell at a temperature of 160°C: 
a = 6.051 Å, b = 8.303 Å and c = 29.10 Å.

Since only a limited number of peaks are observed, 
the long-range order of the molecules within the SmE 
phase is far from perfect. But in several cases higher- 
order diffraction peaks are observed so that an analysis 
in terms of a paracrystalline model can be applied [33]. 
Figure 5 shows fits of the paracrystalline model for five 
families of diffraction peaks (11l, 02l and 20l, h20, 1k0) 
in terms of their in-plane peak widths ∆qxy and out-of- 
plane peak widths ∆qz, respectively, with a summary of 
the fit parameters in Table 1. Although the number of 
data points is limited (two or three), the complete set of 
data gives a clear trend for the two different directions. 
A crystallite size of about Dz = 100 Å and a paracrys
tallinity gz = 10% is found for the out-of plane direction 
while values Dxy = 50 Å and gxy = 4% is found for the 
in-plane direction. A g-value of less than 10% is classi
fied as diffuse scattering from a disordered state [34].

In a next step, the molecular packing within the SmE 
phase is analysed. The sudden change of the lattice con
stant c at the phase transition temperature from 54.2 Å 

for the bulk phase to 28.9 Å in the SmE phase (compare 
Figure 3) reflects the transition from a bilayer structure 
with head-to-head arrangement to a single-layer structure 
with head-to-tail arrangement. The transition can happen 
by lateral and vertical displacements of the molecule that 
avoid an energy demanding complete flip of the whole 
molecule [14,16]. As a consequence, the single-sheet 
structure is formed by antiparallel molecules with an 
alternating orientation of the aromatic cores giving the 
alkyl chains a parallel and antiparallel alignment to the c*- 
axis (perpendicular to the smectic layers).

The molecular dynamics simulations are based on the 
crystallographic unit cell containing two molecules. 
A number of different candidate packing motifs are 
found. Three of them show antiparallel molecules, 
which were selected for further considerations. Their 
respective molecular packings are shown as insets of 
Figure 4(b–d). In case of the first packing motif (denoted 
as mixed layers, Figure 4(b)), the individual layers are 
composed of blended decyl chains and aromatic units. In 
case of the second and third packing motif (denoted as 
nano-segregated), the structure shows a separation of the 
molecular parts into layers of aromatic units and layers of 
decyl chains. Within the nano-segregation further differ
entiation is found for the packing of the aromatic units (i) 
tilting relative to each other (herringbone arrangement, 
Figure 4(c)) or (ii) parallel stacking upon each other 
(stacked arrangement, Figure 4(d)). The respective crys
tallographic information files (cif – files) of these three 
packing motifs are given in the Supporting Information.

In a subsequent step, the three different packing motifs 
were used to calculate structure factors and compare them 
with experimental values. In the first step, R-factors were 
calculated for all observed Bragg peaks (compare Figure 4 
(b–d)); the results are shown in Table 2. The largest 
R-factor is found for the mixed layer system, both nano- 
segregated structures show considerably smaller R-values. 
From this point of view, the mixed layer motif seems to be 
the least matching molecular packing within the SmE 
phase. However, it cannot be concluded which type of 
nano-segregated structure is present.

Our molecular dynamics simulations reveal that 
the three different packing motifs are associated 
with characteristic energies. Therefore, we use 

 

Figure 5. (Colour online) The square of in-plane peak width 
(∆qxy

2) and of the out-of-plane peak width (∆qz
2) plotted as 

a function of the fourth order of the Laue indices h,k,l. The linear 
regression is based on the paracrystalline model. The inset 
shows the range between h,k,l = 0 and h,k,l = 1.

Table 1. Crystallite sizes Dz and Dxy and degrees of paracrystalli
nity gx and gxy for five sets of diffraction peaks determined on 
the basis of the paracrystalline model for the smectic E phase of 
Ph-BTBT-10.

Laue indices Dz (Å) Dxy (Å) gz (%) gxy (%)

1 1 l 96.7 - 12.3 -
0 2 l 103 - 9.01 -
2 0 l 91.8 - 11.2 -
h 2 0 - 51.5 - 5.6
1 k 0 - 61.5 - 3.5

The respective values for the in-plane direction (along the smectic layers) 
and for the out-of-plane direction (across the smectic layers) are denoted 
by the subscripts z and xy, respectively.

Table 2. Comparison of the reliability factors for X-ray diffraction 
(R-factors) and of the total energies obtained from molecular 
dynamics calculations for the three different packing motifs.

Packing motif R Energy (%)

Mixed layer 1.53 130.7
Nano-segregated 

herringbone
0.67 100

Nano-segregated stacking 0.65 159.5

The energies are given relative to the lowest obtained energy.
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these energies as a criterion for assigning a specific 
packing motif to the SmE phase. Since the obtained 
total energies are less meaningful, we decided to 
give fractional values relative to the lowest energy 
state (Table 2). Our calculation reveals that the 
herringbone packing is the lowest energy state and 
the difference with respect to the other two pack
ings is comparably large. Please note that the higher 
energies for the two other packing motifs (mixed 
layer/nano-segregation with parallel stacking) is 
a consequence of squeezing the molecules into 
a given crystallographic unit cell. Therefore, the 
given energy values are not representative for 
a relaxed state of these two packing motifs.

Based on the comparison of the experimental and the 
calculated diffraction pattern together with energy con
siderations of the molecular dynamics simulations, we 
conclude that nano-segregation with herringbone 
packed aromatic units is present within the SmE phase 
of the molecule Ph-BTBT-10. The result that herring
bone packing is present within the SmE phase is in 
accordance with the literature [26,28,34]. Please note 
that the negligible intensities of the 10 l and 01 l peaks 
in the experimental diffraction pattern (compare Figure 
5(c)) is a characteristic feature of herringbone packing, 
frequently observed even for alkyl terminated conju
gated molecules [17,35].

The analysis of the molecular packing for the nano- 
segregated herringbone structure in terms of molecular 
conformation reveals that a planar conformation of the 
aromatic unit is obtained. This can be expected since the 
antiparallel alignment of neighbouring the molecules 
causes that the phenyl and the BTBT units are next to 
each other. Thus, an integration of both units into an 
intermolecular herringbone arrangement makes 
a planarisation reasonable. A herringbone angle of 54° is 
obtained which is comparable with an angle of 50° 
observed for the bulk phase. The bent angle of the decyl 
side chain relative to the aromatic unit is 40°; this value is 
comparable to the 35° bent angle observed within the 
bulk phase.

Discussion

Asymmetric molecules which are composed of aromatic 
units and aliphatic chains show often combined SmE 
and SmA phases [27,29]. In the case of the molecule Ph- 
BTBT-10, we found a stacking distance of 28.1 Å for the 
SmA phase which is in quite good agreement with 
atomistic modelling by molecular dynamics [15].

Previous analysis of the molecular packing within the 
SmE phase of the molecule Ph-BTBT-10 was based on the 
transition from the bulk phase to the SmE phase. A bilayer 

structure showing head-to-head arrangements of the mole
cules is transferred to the SmE phase with a single-layer 
structure with head-to-tail arrangement. A mechanism for 
a defined transition from a head-to-head arrangement to 
a head-to-tail arrangement is possible by collective transla
tional movement of the molecules [14,16].

Our approach with molecular dynamics simulation is 
based on the experimentally observed crystallographic 
unit cell of the SmE phase. Starting from random 
arrangements of the molecules, the system is reduced to 
the actual unit cell size. The obtained packing motifs are 
analysed in terms of energy and in accordance with the 
experimental diffraction pattern. Please note that the 
presented results consider rigid aromatic units and alkyl 
chains. Thermal movements, molecular disorder and dis
placement of the molecules (and atoms) are not included. 
It is stated in the literature that the alkyl chains are in 
a molten state within the SmE phase and the molecular 
packing is determined by the rigid character of the aro
matic units [36,37]. We found that the packing of the 
aromatic units appears in herringbone arrangement. This 
is in agreement with the general expectation for the SmE 
phases as well as with recent findings [30,31,38].

Our results reveal that the molecular packing of the 
molecules is rather nano-segregated which means that 
the phenyl-BTBT units and the decyl units form sepa
rated layers within a molecular sheet. This is in agree
ment with the already published concepts for SmE 
[39,40]. The nano-segregated structure, together with 
the antiparallel alignment of the molecules, results in 
an interdigitation of the decyl chains originating from 
two aromatic layers of neighbouring layers. One further 
important result is related to the conformation of the 
molecule. It is found that the alkyl chains are bent 
relative to the aromatic core by an angle of 40°, which 
is in excellent agreement with the predicted angle of 43° 
for the ‘bent-form’ smectic phases [41]. Moreover, the 
appearance of clearly detectable 00l Bragg peaks series 
from stacking of the smectic layers (in difference to 
a single 001 Bragg peak) supports the simple approach 
to assign a ‘bent-form’ smectic phase to the crystal 
smectic E phase [41].

Conclusion

Thin films of the molecule Ph-BTBT-10 are investigated 
in terms of their molecular packing as a function of 
temperature. A phase transition from the bulk state to 
a SmE phase and finally to a SmA phase is observed by 
XRD experiments. Sharp transitions from the bulk crystal 
phase to the SmE phase and further to SmA phase are 
observed at 149°C and 220°C, respectively. The transition 
to the SmE phase is associated with a change from 
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a monoclinic to an orthorhombic unit cell with 
a discontinuous change of the lattice constants. The avail
able space of a single molecule increases substantially 
from 622 Å3 in the bulk phase to 731 Å3 in the SmE 
phase. Analysis of the peak width by a paracrystalline 
model reveals that the in-plane order is reduced (crystal 
size of 50 Å and 4% paracrystallinity) in comparison to 
the out-of plane order (100 Å / 10%). Based on the 
crystallographic lattice constants, obtained from GIXD 
analysis, molecular packing analysis was performed by 
molecular dynamics calculations. A comparison of calcu
lated and experimental diffraction patterns, together with 
energy considerations, reveals nano-segregation of the 
decyl units from the aromatic unis, together with her
ringbone arrangements of the aromatic units. The specific 
conformation of the molecules with a defined bent angle 
between the aromatic units and the decyl chains 
reveals that the crystal smectic E phase of the molecule Ph- 
BTBT-10 is of ‘bent-form’ type.

Associated content

Crystallographic information files for the three consid
ered different molecular packings. Structures formed by 
(i) sheets of blended decyl chains and aromatic units 
(mixed_layer.cif), sheets of nano-segregated decyl 
chains and aromatic units with (ii) herringbone 
arrangement of the aromatic units (nanoegregated_her
ringbone.cif) and (iii) with parallel stacking of the aro
matic units (nano-segregated_stacking.cif).
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