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1. INTRODUCTION

Supramolecular assembly of molecular building blocks allows
the generation of materials with novel properties. In this ap-
proach, small molecules interact noncovalently with each other to
form the supramolecular structure. The most frequently applied
tools as driving forces for self-assembly areπ-stacking interactions
through conjugated aromatic units and hydrogen bonds intro-
duced via functional groups.1 Control over the supramolecular
organization can also be established by two additional parameters:
local phase separation between molecular fractions of different
density andmolecular shape of the building blocks.2 For instance,
phase separation occurs for alkyl-substituted conjugated mole-
cules between the soft aliphatic and rigid aromatic parts. For
sufficiently long substituents, distinct thermotropic phases can
arise.3 When such alkyl side chains are introduced around a disk-
shaped aromatic core, the molecules assemble into columnar
stacks, which can serve as one-dimensional charge carrier
pathways.4 Hydrophilic/hydrophobic interactions between these
substituents can induce an additional phase separation in the
columnar periphery, resulting in more-complex superstructures,
including tubular fibers and helical packing.5 In contrast to a disk
shape, rigid rodlike conjugated oligomers with flexible chains
typically organize in two-dimensional layered structures, which
ensures higher charge carrier mobilities over macroscopic dimen-
sions when compared to columnar stacks.6 The substitution
variety of a rigid rod is larger since the chains can be attached at
both lateral and terminal positions of themolecule, which impacts

the assembly and thermal properties.7 Even more diverse organi-
zations, such as columnar, layered, or cubic phases, originate from
amphiphilic rodlike segments including t-shaped facial amphiphi-
lic and bolaamphiphilic molecules with terminal hydroxy func-
tionalities capable of forming hydrogen-bonded networks.8 On
the other hand, polycatenarmesogens carrying longer alkyl chains
at each end arrange predominantly in columnar assemblies.9

Recently, it has been shown that the organization of the poly-
catenar nanostructure is dependent on the number and length of
the terminal alkoxy chains, leading to smectic and cubic phases.10

Time-of-flight charge transport experiments further revealed the
largest carrier mobilities for layered organizations, which were
attributed to a higher dimensionality of the charge transport, in
comparison to a cubic arrangement.

Thiophene- and phenylene-thiophene-based oligomers are
well-known organic semiconductors that are potential materials
for applications in organic electronics.11 As a great advantage,
these molecules are solution-processed into thin film devices by
controlling their solubility, thermal properties, and order by the
flexible side chains.12 As described previously, for some of the
cases, such substitution leads to two-dimensional (2D) layered
structures and to charge carrier mobilities above 0.1 cm2/(V s)
over macroscopic dimensions.13 The introduction of functional
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groups capable of forming hydrogen bonds or cross-links further
stabilize the molecular packing in such layers.14

Our study focuses on the variation of the supramolecular
organization with changing the substitution pattern of 1,4-phe-
nylene-2,5-thienylene (referenced in the text as phenylene-
thienylene)-based oligomers (1-4). The solid-state assembly
of these oligomers with attached terminal ω-hydroxyalkyl and
lateral alkoxy side chains is compared. Thereby, the terminal
substituents carry additional hydroxy groups for hydrogen bond-
ing at the core periphery. Structure analysis based on fiber X-ray
scattering indicates a tendency toward a columnar organization
when increasing the alkyl mantle density around the rigid
aromatic rod. This trend is attributed to a more pronounced local
phase separation between the rigid and soft fractions for oligo-
mers with longer side chains. The hydroxy groups do not play a
role in the molecular arrangement. Furthermore, the side chains
have a strong affect on the morphology formation during deposi-
tion from solution and thermal processing.

2. RESULTS AND DISCUSSION

Materials. Four phenylene-thienylene-based oligomers con-
taining laterally and terminally attached side chains of different
lengths have been synthesized utilizing a synthetic method
similar to that which has been previously described for EDOT-
containing analogues (see the Supporting Information for ex-
perimental details and full characterization).15 For this study, the
aromatic rod consisting of four 2,5-thienylene units and two 1,4-
phenylene units is maintained unchanged, while the substitution
pattern is varied. As noted by the structures of the oligomers
presented in Figure 1, compound 1 carries alkoxy chains only at
the lateral positions of the rigid rod, while compound 2 is
substituted additionally by ω-hydroxyalkyls at the termini.
Compounds 3 and 4 possess the same terminal ω-hydroxyalkyl
substituents, but longer lateral alkoxy chains.
Thermal Properties. In the first step, the influence of the

substitution pattern on the thermal behavior of oligomers 1-4
was determined by differential scanning calorimetry (DSC)
(see Table 1). Except for the cold-crystallization peaks for 1

and 2, which originate from a too-rapid cooling and a suppressed
crystallization during the first cooling, all oligomers reveal only
one phase transition during heating, which is related to the
isotropization temperature (Ti) (see Figure 2). The incorporation
of the terminal side chain containing the hydroxy group reduces
the Ti value for 2, in comparison to 1. Surprisingly, both 3 and 4
with longer lateral solubilizing groups possess a considerably
higher Ti (∼124 �C) than 1 and 2. Typically, an increase of the
side chain length decreases the phase temperature.7 Because of
the low Ti value of 2, in comparison with that of 1, the effect of
hydrogen bonds via the hydroxy functions on the thermal proper-
ties of 3 and 4 is minimal. The unusual behavior of 3 and 4 is
attributed to their supramolecular organization, which differs
from that of 1 and 2 and is discussed in detail in the sections
below. Interestingly, 3 and 4 show identical organizations (see the
Structural Analysis section below), being in agreement with
similar phase transition temperatures and enthalpy values for
the two compounds.
Morphology from the Isotropic Melt. Based on the above-

described thermal data, themorphology after cooling oligomers1-
4 from the isotropic melt was studied. The solidification process
and morphology formation during cooling provides information
about the intermolecular interactions of the building blocks during
self-assembly. In this case, the samples were processed as thin films
sandwiched between two glass slides, while the morphology was
investigated using cross-polarized optical microscopy (POM). All
four compounds display highly birefringent optical textures when
solidified from the isotropic state at a cooling rate of 1 �C/min, and
significant differences in the type of textures between the films are
obvious (see Figure 3). Compound 1 shows a poorly defined
morphology (see Figure 3a), whereas oligomer 2 with additional
terminal side chains shows small, but distinct, spherulitic domains
growing under the same processing conditions (see Figure 3b).
The incorporation of longer lateral substituents onto the aromatic
rod results in even larger domains. Macroscopic spherulites are
obvious for 3, indicating a pronounced self-assembly of the
molecules (see Figure 3c). These domains are highly anisotropic
and show an extinction along the polarizer directions, as expressed
by the Maltese cross. The application of a λ-plate exhibits a
distinctive red-blue color distribution in the quarters of the
spherulite, which is characteristic for an optically negative material
where the refractive index parallel to the radial direction of the

Figure 1. Structures of the phenylene-thienylene-based oligomers
investigated.

Table 1. Phase-Transition Temperatures from Solid to
Isotropic Melt of Oligomers 1-4 (Second Heating by 10 �C/
min)

compound phase transition (�C) [enthalpy (J g-1)]

1 97 [30.6]

2 68 [30.6]

3 124 [42.6]

4 123 [46.9]

Figure 2. Differential scanning calorimetry (DSC) scans for oligomers
1-4 during a second heating at a rate of 10 �C/min.
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spherulite is smaller than that perpendicular to it. This optical
behavior has been reported for columnar discotic molecules, which
are long-range-aligned in an edge-on arrangement toward the
substrate.16 In contrast to the trend observed for 1-3, only small
crystals arise for 4, which remain unchanged, even at other cooling
rates. The long hexadecyloxy chains of 4 are most likely too
sterically demanding and hinder the assembly of the molecules,
leading to only small domains.
To conclude this section, the POM study implies a close

relationship between domain order and size and the substitution
pattern of the molecules. Comparing 1, 2, and 3, a more
pronounced long-range organization, and, hence, macroscopi-
cally larger domains, are observed as the length of the side chains
increases. Most probably, this is a kinetically driven process
controlled by the steric hindrance of the side chains as for disklike
systems.17 Longer chains reduce the attractive π-stacking inter-
actions and cause a slower self-assembly of the molecules into the
macroscopic textures with extended sizes. However, the very
long hexadecyloxy substituents have a negative effect on the
morphology formation of compound 4, which is no longer driven
by strong intermolecular π-π interactions.
Morphology from Solution. Analogous to the processing

from the melt, self-assembly on a surface upon solution deposi-
tion provides further insight into the molecular interactions and
the effect of side-chain length and position.
Thin films were prepared by drop-casting a 0.5 mg/mL

toluene solution on a silicon surface, and the topography was
inspected by atomic force microscopy (AFM). Usually, longer
alkyl chains hinder the molecular interaction, resulting in less-
defined structures on the surface. In the case of oligomers 1-4, a

more defined morphology appears for the derivatives with longer
side chains (Figure 4). For 1, a relatively rough surface consisting
of globular structures is obvious in the AFM image (see
Figure 4a), while 2 forms single short fibrous or rodlike structures
with lengths between 500 nm and 2 μm (see Figure 4b). These
long cylindrical features of uniform height of ca. 200 nm are
randomly distributed over the substrate, which might imply
their initial assembly in solution. Compounds 3 and 4 reveal a
completely different morphology, in comparison to 1 and 2. Both
assemble into a dendritic morphology (see Figures 4c and 4d),
but the dendritic domains of 4 (mainly above 1 μm) are
significantly larger than those of 3 (mainly below 1 μm). This
tendency can be put into correlation with the textures obtained
after thermal processing (see the previous section). While 1
precipitates rapidly from the solution, because of strong molec-
ular interactions, compound 2 with additional substitutes at the
termini forms anisotropic fibrous micro-objects. Furthermore,
oligomers 3 and 4 create larger dendritic structures, because of
the larger alkyl mantle, which reduces the kinetics of the assembly
process. This hypothesis is in agreement with the structural
analysis of the bulk organization in which 3 and 4with longer side
chains showing higher structural order, as indicated by a larger
numbers of reflections in the X-ray patterns (see the following
section).
Structural Analysis of the Supramolecular Organization.

The effect of the alkyl substitution pattern on the packing of the
oligomers 1-4 was investigated by X-ray scattering, using a 2D
detector. The samples were prepared by fiber extrusion, which
induces a macroscopic orientation in the specimen. To to ensure
reproducibility, the compounds were extruded at different

Figure 3. Cross-polarized optical microscopy images of (a) 1, (b) 2, (c) 3 (inset with a λ-plate), and (d) 4. All images were taken at 30 �C after cooling
the samples (1 �C/min) from the isotropic melt between two glass slides.
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conditions, changing the draw speed, temperature, and sample
thickness. In all cases, the observed organization was insensitive
to the processing parameters.
The experiment was carried out with the fiber sample vertical

to the 2D detector. This allows for a direct comparison of the
molecular alignment toward the orientation, which is coinci-
dent with the extrusion direction. Figure 5a shows the 2D wide-
angle X-ray scattering (2D-WAXS) pattern for 1 recorded at
30 �C, which did not change within the temperature range of
the solid state being in agreement with the investigation of the
thermal properties. The pattern can be separated into a
meridional and equatorial plane in which the reflections are
located. For 1, only two distinct equatorial reflections, assigned

as I and II, are obvious (see Figure 5a). Figure 5b shows the
schematic model for the molecular organization of 1 in the
extruded fiber. For all samples, the packing parameter a is
defined along the short oligomer axis and b as the long axis,
while c is related to the π-stacking period. Scattering intensity
reflection II, in the midangle range corresponding to a d-spacing
of 1.0 nm, is attributed to the interlamella distance, taking into
account interdigitation of the heptyloxy chains (see Figure 5b).
The wide-angle reflection I, correlating to 0.42 nm, is assigned
to the intralamella packing period (see Figure 5b). The equa-
torial position of these two reflections clearly indicates an
alignment of the molecules with their long axis along the fiber
axis and thus along the extrusion direction. This alignment is

Figure 4. AFM height images of (a) 1, (b) 2, (c) 3, and (d) 4. All samples were prepared by drop-casting a 0.5 mg/mL toluene solution onto a silicon
substrate.

Figure 5. (a) Fiber 2D-WAXS of 1 at 30 �C and (b) schematic illustration of the molecular organization within the extruded fiber. The black arrow
indicates the extrusion direction with respect to the 2D pattern and the arranged oligomers.
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characteristic for molecules with a high aspect ratio, such as long
rigid rods or conjugated polymers.18

When compared to 1, the 2D pattern of 2 displays a slightly
different distribution of the reflections. Themain equatorial small-
angle reflection, assigned in Figure 6a as II, is attributed to the d-
spacing of 3.44 nm along the b-axis being in good agreement with
the calculated molecular length19 and the terminally attached
chains, which increase the distance between molecules. Higher-
order 200 and 300 reflections suggest improved order, in com-
parison to 1. The wide-angle scattering intensity reflection I in the
same plane of the pattern is attributed to the packing period of
0.41 nm of the π-stacked oligomers and is identical to that of
compound 1. The position of both discussed reflections for 2 in
the equatorial plane of the pattern implies that the molecules are
oriented with their short molecular axis along the fiber axis. This
stands in contrast to compound 1. The distance of 1.24 nm along
the short molecular axis coincides with the fiber axis and is
represented by the off-meridional reflections (denoted as III).
Additional meridional reflections (denoted as IV) are related to a
spacing of 0.62 nm and are assigned as high-order 020. From the
structural analysis for 2, a rectangular unit cell has been derived
with a = 1.24 nm and b = 3.44 nm. The parameter a is slightly
larger than that for 1, because of the additional lateral side chains
and, thus, a denser alkyl mantle around the aromatic core. The
organization in the 1D stacks of 2 is schematically illustrated in
Figure 6b. Note that the crystal axes a, b, and c are defined in the
same way as for 1. The orientation of 2 with its long axis
perpendicular to the fiber direction is correlated to the additional
side chains at the terminal position of the rigid rod, in comparison
to 1. Again, this specific molecular alignment is independent of
the processing conditions, such as temperature, drawing rate, or
fiber diameter, and therefore can be related only to the terminal
side chains. These additional substituents change the aspect ratio
of the compound and induce a self-assembly into quasi one-
dimensional stacks with a rigid core surrounded by flexible chains.
To confirm the negligible role of the terminal hydroxy units
on the packing, compounds 3 and 4 were investigated in the
same way.
Compounds 3 and 4 carry longer lateral dodecyloxy and

hexadecyloxy chains, respectively, while the terminal substituents

are unchanged. The 2D patterns of both systems show the same
reflection distribution, indicating an identical supramolecular
arrangement of the molecules (see Figures 7a and 7b). In both
cases, the appearance of a large number of higher-order reflec-
tions is characteristic for high structural order. The off-meridio-
nal (I) and meridional (II) scattering intensities are assigned to a
tilting of the molecules, which are packed in one-dimensional
(1D) stacks. For 3 and 4, reflection I corresponds to a stacking
distance of 0.40 nm and a molecular tilt angle of∼30� toward the
stack axis (see Figure 7c). Meridional reflection II is related to an
intrastack period of 0.48 nm of the tilted units (see Figure 7c).
Such an intrastack packing of tilted molecules is characteristic for
crystalline discotics.20 The equatorial reflections are due to the
arrangement of the stacks, which are aligned along the extruded
fiber. For both compounds, the same type of monoclinic unit cell
with an angle of γ = 75� between a and b was derived from the
positions of the reflections. The parameters are a = 2.26 nm, b =
3.18 nm for 3 and a = 2.72 nm, b = 3.98 nm for 4 (see Figure 7c).
The unit-cell size thereby is dependent only on the length of the
side chain. The parameter b is in agreement with the long
molecular axis, while a, being approximately twice the value
found for 1 and 2, suggests a correlation between every second
rigid rod along the a-plane, which originates from a herringbone
arrangement, as illustrated in Figure 7c. The increase of the alkyl
mantle density results in a gradually larger distance between
molecules along the b parameter.
The assembly of 3 and 4 into tilted one-dimensional stacks

(which, in contrast to 1 and 2, are oriented in the extrusion
direction of the fiber specimen) is analogous to the behavior of
discotics.4 These stacks are based on the π-interactions between
the aromatic cores and the local phase separation between
flexible chains and rigid aromatic units. Indeed, the homoge-
neous decoration of the rigid rod with alkyl substituents induces a
disklike character in 3 and 4. Because of the small aspect ratio of
the building block on one hand, and the high aspect ratio of the
self-assembled 1D stack on the other, these supramolecular
structures align along the orientation (extrusion) direction. This
is not the case for 1 and 2, for which the alkyl mantle around
the aromatic core is less dense. Compound 1, with only lateral
side chains and, hence, a much larger molecular aspect ratio,

Figure 6. (a) Fiber 2D-WAXS pattern of 2 at 30 �C and the equatorial integration (dashed line), as a function of the scattering vector s. Reflections in the
plot are indexed by the Miller’s indices (hkl). (b) Schematic illustration of the organization of 2 in the fiber sample; d-spacings are labeled according to
the 2D pattern.
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behaves as a typical rigid rod, which arranges in lamella structures
oriented along the shearing direction.

’CONCLUSIONS

For a series of phenylene-thienylene-based oligomers, we
have shown that, by controlling the alkyl substitution pattern, we
can tune the thermal behavior, solubility, and the solution-
processed self-assembly on surfaces. The morphology formation
during deposition from solution and thermal processing is a
kinetically driven process dominated by the steric hindrance of
the side chains. Furthermore, we have shown that side chains
change the supramolecular arrangement from lamellar to colum-
nar. The rational choice of the chain length and substitution
position at the aromatic rigid rod influences the density of the
alkyl mantle and the molecular aspect ratio, changing the
molecular character from a typical rigid rod to a disklike building
block, as indicated by the structure study on aligned samples. An
influence of hydrogen bonds, based on terminal hydroxy func-
tionalities, cannot be detected. This opens a straightforward
opportunity to modify and optimize the properties of organic
semiconductors based on the same aromatic core simply by
adjusting the alkyl mantle.

3. EXPERIMENTAL SECTION

Differential Scanning Calorimetry (DSC). Thermal transition
temperatures were determined by differential scanning calorimetry
(DSC) (Mettler Toledo, Model DSC822e). Each sample was weighed,
using aMettler M3microbalance, in standard 40 μL aluminum pans and
immediately sealed by a press. The samples underwent a temperature

cycle with first heating, first cooling, and second heating at a rate of
10 �C/min (atmosphere, N2; flow, 35 mL/min) in a wide temperature
range (-100 �C to 300 �C). An empty pan was used as a reference. The
instrument determined the temperatures of the components and the
total heat transferred in any of the observed thermal processes. The
enthalpy change associated with each thermal transition was obtained by
integrating the area of the relevant DSC peak.
Polarized Optical Microscopy (POM). The optical textures

were investigated using a Zeiss West Germany polarizing optical
microscopy (POM) device that was equipped with a digital temperature
control system (UNKAM TMS 591). Each sample was sandwiched
between glass slides to form a thin film and, afterward, was heated above
the melting point (see Table 1), using a heating stage. The images were
recorded at a temperature of 30 �C between cross-polarizers.
Wide-Angle X-ray Scattering (2DWAXS). The 2D WAXS

experiments were performed by means of a rotating anode (Rigaku 18
kW) X-ray beam with pinhole collimation and a 2D Siemens detector. A
double graphite monochromator for the Cr KR radiation (λ = 0.154)
was used. The samples were prepared as a thin filament of 0.7 mm in
diameter via filament extrusion, using a home-built mini-extruder. The
sample was positioned perpendicular to the incident X-ray beam and
vertical to the 2D detector, as determined by Bragg’s law (s = (2 sin θ)/λ,
where the λ is the wavelength of radiation (λ = 0.154 nm) and 2θ the
scattering angle).
Atomic Force Microscopy (AFM). The morphology of the

compounds was examined using an AFM system (Veeco Digitals
Instruments) in the tapping mode at room temperature. The thin films
of the samples were prepared by different concentrations of drop-cast or
spin-coated films on silicon wafer. The height and phase images were
recorded simultaneously while operating the instrument in the
tapping mode.

Figure 7. Fiber 2D-WAXS patterns of (a) 3 and (b) 4, both recorded at 30 �C. (c) Schematic illustration of the organization of 3 and 4, showing the
inside and top view. The reflections are assigned to the corresponding periods in the illustration.
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