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Abstract: The influence of shear fields on the packing behavior and morphology orientation are
studied for two comb-like polymers viz. poly(1,4-phenylene-2,5-didecyloxy terephthalate) (PPDOT)
and poly(2,5-didecyloxy-1,4-phenylenevinylene) (DOPPV) with different rigid backbones having C =

10 alkyl carbons per side chain. Crystallographic analysis based on X-ray diffractometry measurements
shows that both PPDOT and DOPPV exhibit a long-range ordered layered structure with alternating
main chains and alkyl nanodomains and can be characterized by an orthorhombic and monoclinic unit
cell respectively. No measurable influence of processing on the unit cell of the individual polymers
is observed comparing diffraction data on isotropic (powder) samples and extruded fibers. The main
difference between the PPDOT and DOPPV is in the molecular orientation of the backbones in shear
aligned fibers as observed from the 2D diffraction patterns. While, for PPDOT the polymer backbones
align along the direction of extrusion (fiber axis), for DOPPV the backbones align perpendicular to the
extrusion direction. A possible relation between differences in backbone orientation under influence of
shear fields for DOPPV and PPDOT and differences in the packing state of the side chains, which are
in a crystalline state for DOPPV but in a disordered state for PPDOT, is considered.
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1. Introduction

Among the chemically synthesized functional materials, comb-like polymers with rigid backbones
and flexible side chains form an important class with applications in various fields ranging from
organic semiconductors [1, 2], light emitting diodes [3], biomedical applications [4], coatings[5] and
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light weight components in fiber reinforced composite materials with excellent mechanical properties
[6, 7]. The solubility and processability of these comb-like polymers is significantly improved by
attaching pendant side chains (containing long methylene sequences) which are otherwise difficult to
attain at standard conditions. Morphologically, comb-like polymers typically form layered structures
with periodicities in the 1–3 nm range wherein the side chains aggregate to form alkyl nanodomains
[7, 8]. A self-assembling process in such systems resulting in the formation of side chain and main
chain domains has been termed as nanophase separation [9, 10] and is observed in amorphous and
liquid-crystalline polymers with varying side chain lengths. The side chain packing within these alkyl
nanodomains can vary depending on various factors viz. the microstructure of the backbone, thermal
histroy as well as on the constraints (e.g., areal density in the interface, side chain distance) under
which structure formation occurs [10, 11, 12]. In most cases, the rigid backbones consist of ring-like
units which tend to form π − π stacks. It has been highlighted recently that the long range order within
the main chain domains and the performance of the materials can be influenced by the packing of the
side chains within the alkyl nanodomains [13].

Besides the inherent structural packing, an important aspect that plays a critical role in determining
the functional properties of these comb-like polymers is the molecular orientation. Various studies
have shown that a preferred molecular orientation can significantly influence the charge transport
[14, 15], optical [16, 17], and the mechanical properties [18]. Different techniques like adapted
molecular architectures [19], thermal processing [20, 21], epitaxy [22], nanoporous templates [23],
electric and magnetic fields (used for semi-crystalline polymers and block copolymers) [24, 25],
mechanical stretching [26], friction transfer [27], and high temperature rubbing [28] have been
employed to achieve molecular orientation. Despite the number of studies, the effect of shear fields
during extrusion on crystal orientation in comb-like polymers is limited. In most cases, oriented
comb-like polymers are prepared in ultra-thin supported films with nanoscopic dimensions by special
techniques [29, 30]. Otherwise, it is well known that polymer processing techniques like extrusion or
injection molding, where strong shear fields do commonly occur, can induce crystal orientation and
anisotropic mechanical properties in bulk samples [31]. This effect can seriously influence the
mechanical performance of components or semi-finished products. Some studies have been
performed on warm-drawn PPAOTs fibers containing oriented crystals [32] with the aim to
understand the effect of orientation on mechanical properties, morphology and crystal structure.
Recently, the influence of shear fields on the packing states and crystal structure of PPAOT fibers was
studied [13]. Similar studies on AOPPVs fibers could serve two purposes in parallel—for obtaining
materials with optimized properties but also for reaching a better understanding of crystal structure.

In this work, the structure and orientation of comb-like poly(1,4-phenylene-2,5-didecyloxy
terephthalate) (PPDOT) and poly(2,5-didecyloxy-1,4-phenylenevinylene) (DOPPV) with side chain
length (C = 10) is investigated. X-ray diffraction measurements on isotropic samples after thermal
treatment are combined with 2D scattering measurements on oriented fibers obtained by ram
extrusion. Main focus of this work is to study morphology orientation of comb-like polymers with
rigid backbones in shear fields.
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2. Materials and Method

2.1. Materials

Poly(1,4-phenylene-2,5-didecyloxy-terephthalate) (PPDOT) and poly(2,5-didecyloxy-1,4-
phenylene-vinylene)(DOPPV) with C = 10 alkyl carbons per side chain are studied. The chemical
structure of the investigated polymers is shown in Figure 1.
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Figure 1. Chemical structure of (a) poly(1,4-phenylene-2,5-didecyloxy terephthalate)
(PPDOT) and (b) poly(2,5-didecyloxy-1,4-phenylenevinylene) (DOPPV).

Details about the synthesis of PPDOT and DOPPV are described elsewhere [33, 34]. The molecular
weights and PDIs for both PPDOT and DOPPV as measured by GPC using polystyrene standards are
given in Table 1.

Table 1. Molecular weight parameters, unit cell parameters and fiber extrusion temperatures
Text for DOPPV and PPDOT.

Mw PDI Text a b c γ

(kg/mol) (◦C) (nm) (nm) (nm)
PPDOT 95 6.5 120 1.89 0.73 1.18 90◦

DOPPV 4.5 1.3 70 2.12 0.80 0.64 95◦

2.2. Fiber Preparation by Capillary Extrusion

Oriented fibers for the PPDOT member are produced using a home built ram extruder (Figure 2)
allowing processing of small amount of samples (≈ 200 mg) with defined temperature and shear rate
γ̇. The polymer was fed to a cylindrical reservoir which was heated to the required processing
temperature. The upper plate of the extruder unit (to which the ram is attached) was coupled to the
clamps of an universal testing machine (Zwick Z010) operated in compression mode with a defined
speed. The corresponding shear rate was then calculated based on the capillary dimensions and the
ram speed. Fibers were prepared using the ram extruder at given temperatures and shear rates: T =

120 ◦C; γ̇ = 600 s−1 and T = 70 ◦C; γ̇ = 100 s−1 for PPDOT and DOPPV, respectively. The choice of
processing temperatures for preparing fibers was based on the specific modifications present in
PPDOT and DOPPV. For PPDOT, the stability range of modification B ends within the temperature
range T = 75–100 ◦C. Above T = 110 ◦C only modification A is observed [13]. Modification A
transforms to a liquid crystalline state at about T = 170 ◦C followed by the complete melting between
T = 210–230 ◦C as revealed from the DSC and temperature dependent XRD measurements [13, 32].
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For DOPPV, modification B occurs in a wide temperature range but the major phase at room
temperature is modification A which disappears in the temperature range T = 50–100 ◦C. The melting
of modification B is completed at T = 210 ◦C. This isotropization temperature is taken from the
temperature dependent intensity of the qB

100 reflection in XRD measurements. Note that in both
samples fibers have been extruded starting from a state with pre-existing small fraction of tiny crystals
which probably guide the crystal growth during the subsequent processing procedure.

© Fraunhofer-Institut für Mikrostruktur von Werkstoffen und Systemen IMWS

4Figure 2. Schematic of the lab scale mini extruder used for preparing oriented fibers.

2.3. X-ray Scattering

X-ray diffraction measurements in reflection mode on isotropic samples were performed using an
Empyrean diffractometer (PANalytical) equipped with the temperature chamber TTK 450 (Anton
Paar). The emitted CuKα radiation is parallelized and monochromatized using a parallel beam mirror
(λ = 1.54 Å). The scattered intensity passes a parallel plate collimator (0.27◦) and is detected by a
Pixel detector with 19 channels of 0.055 µm size combined to be used as a receiving slit. The scan
range was 1.5 nm−1 ≤ q ≤ 20.0 nm−1, the step size 0.05◦ and the counting time per step 1 s.

X-ray diffraction measurement on oriented fibers are performed (i) in the intermediate scattering
vector range and (ii) in the WAXS range using a micro-focus radiation source and a PILATUS detector
in transmission. The samples were measured in such a way that the X-ray beam was perpendicular to
the extrusion direction/fiber axis. The complete scattering vector range was 1.5 nm−1 ≤ q ≤ 20 nm−1.
CuKα radiation was used (λ = 1.54 Å) and the calibration was performed using a silver behenate
standard.

3. Results

PPDOT. The 2D scattering patterns and the integrated scattering profiles for PPDOT extruded
fibers measured at room temperature in the intermediate and WAXS range are shown in Figure 3a and
b respectively. A Bragg reflection at a scattering vector qA

100 = 3.32 nm−1 along with higher order
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reflections qA
200 and qA

300 can be observed indicating a long range ordered lamellar state. The relevant
inter-planar spacing is dA

100 = 18.9 Å as calculated from the peak position of the first order peak qA
100

using Bragg’s equation, d = 2π/q. This lamellar structure corresponds to a periodic arrangement of
nanodomains formed by rigid backbones (comprising of aromatic rings) and aggregated side chains.
The obtained spacing is in good agreement with previously reported values for modification A in
PPDOT [7]. The scattering pattern for PPDOT has been indexed assuming an orthorhombic unit cell
[13]. The reflection indexed as qA

020 at q ≈ 17.3 nm−1 corresponds to an interplanar spacing dA
020 of

about 3.65 Å and is related to the distance between the aromatic rings within the stacks of main chains
(π − π spacing). The peak at q = 5.3 nm−1 with an interplanar spacing dA

001 of about 11.9 Å
corresponds to the periodicity (or side chain-to-side chain distance) in main chain direction. Presence
of a small fraction of modification B is revealed by the presence of a Bragg reflection at scattering
vector q, qB

100 = 4.6 nm−1 corresponding to the inter-lamellar spacing (dB
100 = 13.6 Å). The detailed

analysis can be found elsewhere [13]. Importantly, anisotropic intensity distribution is observed for
the above mentioned reflections indicating a preferred orientation. Intensity maximum along the
equatorial position for the qA

100 peak corresponding to the layered morphology and along the
meridional position for the qA

001 peak implying that the surface normals of the respective lattice planes
are orthogonal to each other (insets of Figure 3a and b). Further, the 2D WAXS pattern (inset Figure
3b) exhibits an intensity maximum along the equatorial position for the reflection at qA

020 ≈ 17.3 nm−1

corresponding to the π − π stacking. The observed 2D pattern indicate that the lamella related to the
qA

100 reflections have surface normal which are preferentially oriented perpendicular to the fiber axis
and that the polymer backbones align along the extrusion direction while the side chains align
perpendicular to the extrusion direction. Interestingly, the orientation of modification A and B
fractions in extruded PPDOT samples is practically identical. This is expected if modification B is
formed starting from modification A by a solid-solid transition [13].

DOPPV. The 2D scattering patterns and the integrated intensity profiles for DOPPV extruded
fibers measured at room temperature in the intermediate and WAXS range are shown in Figure 3c and
d respectively. In the intermediate scattering range, two Bragg reflections at scattering vectors q ≈
2.35 nm−1 (labeled as qA

100) and q ≈ 2.9 nm−1 (labeled as qB
100) can be observed suggesting probably

the presence of two polymorphic states, i.e., modifications A and B. The interplanar spacings are dA
100

= 26.7 Å and dB
100 = 21.6 Å as calculated from the peak positions of the first order peak. Interestingly,

higher order reflections qB
200 and qB

300 are only observed for the polymorphic state B indicating a
lamellar structure. The absence of higher order reflections (qA

200, qB
300) and a relatively smaller

coherence length lA
100 ≈ 75 Å (calculated using Scherrer’s equation; l = 2π/FWHM) as compared to

lB
100 ≈ 305 Å suggests that the polymorphic state A is not significantly long-range ordered. Previously,

the scattering pattern for the octyl member (C = 8) for AOPPVs has been indexed using a monoclinic
unit cell [35, 36]. The reflection indexed as qA

020 at q ≈ 13.5 nm−1 and qB
020 at q ≈ 15.5 nm−1

corresponds to an interplanar spacing dA
020 of about 4.65 Å and dB

020 of about 4.05 Å and is related to
the distance between the aromatic rings within the stacks of main chains (π − π spacing). A weak
shoulder at q ≈ 10 nm−1 with an interplanar spacing dB

001 of about 6.3 Å corresponds to the periodicity
(side chain-to-side chain distance) in main chain direction [36]. Similar to PPDOT fibers, anisotropic
intensity distribution is observed in the 2D scattering patterns for DOPPV fibers indicating a preferred
orientation. In clear contrast to the PPDOT fibers, the 2D scattering pattern of DOPPV fibers seem to
exhibit a different molecular orientation. The Bragg reflections qA

100 and qB
100 show intensity maximum
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along the equatorial position. Like in PPDOT the lamellae related to the qA
100 peak have surface

normals which are oriented perpendicular to the shear direction/fiber axis. The Bragg reflections
corresponding to the π − π stacking (qA

020 and qB
020) exhibit intensity maxima along the meridional

position supporting that the π − π stacks preferentially orient with the surface normals along the fiber
axis, i.e., the backbones are oriented perpendicular to the extrusion direction. Note that similar results
were obtained on the extruded fibers of other members of the AOPPVs series with varying side chains
having C = 8 and C = 12.
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Figure 3. 2D scattering patterns of the extruded fibers for PPDOT (a, b) and DOPPV (c, d)
in the intermediate (a, c) and WAXS (b, d) range along with the corresponding integrated
scattering profiles. Important Bragg peaks are marked. The fiber is placed in such a way that
it is vertical and lying in the plane of paper. The shear direction (fiber axis) is marked with
a yellow arrow. Intensity maximum is seen at the equatorial positions for the (100) Bragg
peaks for both DOPPV and PPDOT. However, meridinonal scattering is stronger in the case
of (020) Bragg peak for DOPPV while, for PPDOT the (020) Bragg peak shows intensity
maximum along the equatorial position indicating different backbone packing in DOPPV
and PPDOT. The black regions (rectangular stripes) in the images are due to the blind areas
of the detector.

An important aspect that needs to be investigated is whether there is any influence of processing
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on the overall structural packing. The scattering profiles of PPDOT and DOPPV on isotropic samples
at room temperature after cooling from the melt state are shown in Figure 4a and b respectively. A
comparison of the intensity profiles shown in Figure 3 and Figure 4 for PPDOT and DOPPV reveals
that there is no measurable influence of extrusion processing on the lamellar morphology with almost
constant interlamellar spacing for both PPDOT and DOPPV. The only major difference is that PPDOT
samples cooled from melt predominantly exhibit modification A with smaller qA

100 (modification B
with larger qB

100 is absent). However, it has been shown that long storage of PPDOT under ambient
conditions lead to a partial conversion of modification A to B [13]. The crystallographic structure
of both PPDOT and DOPPV can be analyzed in detail based on the X-ray diffraction pattern taken
from powder-like and oriented samples. The scattering pattern for PPDOT (Figure 4a) can be indexed
assuming an orthorhombic unit cell with lattice parameters a = 1.89 nm, b = 0.73 nm and c = 1.18 nm
while DOPPV (Figure 4b) can be indexed by a monoclinic unit cell with lattice parameters a = 2.12
nm, b = 0.804 nm and c = 0.64 nm and γ = 95◦.
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Figure 4. Scattering patterns for isotropic samples of (a) PPDOT (modification A) and
(b) DOPPV (preferentially modification B) measured at room temperature after a stepwise
cooling from the melt state along with peak indexing using an orthorhombic and a monoclinic
unit cell for PPDOT and DOPPV respectively. The Bragg peaks marked in red in (b)
corresponds to the polymorphic state modification A which is not really long range ordered.

4. Discussion

Based on the results shown in the preceding section, the most important facet of this study is that
molecular orientation can be achieved in extruded fibers of comb-like polymers with rigid backbones
(PPDOT and DOPPV) under the influence of shear fields with well defined processing conditions
(temperature and shear forces). Both PPDOT and DOPPV show two different polymorphic states
characterized by a lamellar morphology with alternating main chain and alkyl nanodomains (for
DOPPVs only modification B clearly exhibits a lamellar morphology). Such a behavior is obviously a
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general feature and has been observed for various series of comb-like polymers [8]. The interesting
finding in the investigated comb-like polymers is the different orientation of rigid backbones in the
shear fields despite of an uniform orientation of the (100) lamellae. This is supported by the
difference in the position of anisotropic intensity distribution between the (100) and (020) reflections
for PPDOT and DOPPV as observed in the 2D scattering patterns (Figure 3). While for PPDOT the
polymer backbones align along the extrusion direction (fiber axis), for DOPPV the polymer
backbones stack perpendicular to the extrusion direction. A schematic of the backbone packing in
PPDOT and DOPPV shear extruded fibers based on the results obtained from the 2D scattering
measurements is shown in Figure 5. The question arises what is causing a difference in the orientation
of the backbone packing under the influence of shear fields.

© Fraunhofer-Institut für Mikrostruktur von Werkstoffen und Systemen IMWS
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Figure 5. Schematic of preferred molecular orientation in extruded fibers of PPDOT and
DOPPV under shear fields. While for PPDOT the rigid polymeric backbones orient along
the extrusion direction, for DOPPV the polymeric backbones orient perpendicular to the
extrusion direction preserving the in plane lamellar morphology.

A major difference between PPDOT and DOPPV is that there are significant differences in the
packing state of the side chains within the alkyl nanodomains. The detailed crystallographic structure
analysis of both PPDOT and DOPPV on the basis of the X-ray diffraction pattern taken from
powder-like and oriented samples shows that there are significant differences in the lattice parameters
of PPDOT and DOPPV (Table 1). This can be understood as a first indication for differences
regarding the packing state of the side chains. Recently, a detailed model-free analysis to determine
the packing state of the methylene sequences in the alkyl nanodomains has been proposed based on
the calculation of the average volume per CH2 unit, VCH2, using the lattice parameters obtained from
scattering measurements [13, 35]. The results for PPDOT samples containing modification A reveal
that the side chains are amorphous/disordered within the alkyl nanodomains with the VCH2 values
close to that for amorphous polyethylene. On the contrary, the situation in DOPPV samples
containing modification B is quite different. Here, the average volume per CH2 unit is much smaller
and even below the value expected for crystalline polyethylene.[34] Such a high packing density of
the methylene sequences implies a high degree of crystallinity within the alkyl nanodomains. Figure 6
shows the unit cell packing with amorphous/disordered and crystalline packing of side chains within
the alkyl nanodomains for PPDOT and DOPPV respectively. We hypothesize that the
modification-dependent differences in the VCH2 value is a possible reason for a different orientation of
backbones under the influence of shear fields. Further, it is also known from studies on block
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copolymers that a general change in orientation can occur at a certain threshold in the shear rate
dependence [37, 38]. Although, experiments conducted with different shear rates on extruded PPDOT
fibers revealed no threshold shear rate for a possible orientation inversion, it will be interesting to see
whether the orientation in DOPPV fibers have any shear rate and temperature dependence.

© Fraunhofer-Institut für Mikrostruktur von Werkstoffen und Systemen IMWS

15

Y Y
γ

a

c
b

(b)Y Y Y

Y Y Y

Y

Y
OC O C C

O OO

OC O C C
O OO

(a)

a

c
b

Figure 6. Schematic of the unit cell structure of (a) PPDOT (disordered side chains) and (b)
DOPPV (crystalline side chains).

Irrespective of the mechanism, it is important to note that an oriented morphology can be achieved
in extruded fibers by shear fields in well reproducible and relatively easy way. Common approaches
like friction transfer [36], fiber spinning [39] or by magnetic fields [40] have often certain limitations.
From this perspective, achieving orientation in comb-like polymers by shear fields with well defined
processing conditions presents a simple, robust and efficient approach to obtain oriented crystals.

5. Conclusion

In summary, we have shown that both poly(1,4-phenylene-2,5-didecyloxy terephthalate) (PPDOT)
and poly(2,5-didecyloxy-1,4-phenylenevinylene) (DOPPV) exhibit a nanophase separated layered
morphology. 2D X-ray scattering results on extruded fibers exhibit a preferred morphological
orientation with the polymeric backbones orienting along (PPDOT) and perpendicular (DOPPV) to
the extrusion direction. Further, there is no effect of shear processing on the overall unit cell structure
and layered morphology as revealed by measurements on isotropic samples of individual polymers.
While, PPDOT packs on orthorhombic unit cell, the unit cell packing for DOPPV is monoclinic. The
different orientation of the backbones under shear fields could possibly be originating from the
different packing of the alkyl side chains within the alkyl nanodomains which are crystalline and
disordered for DOPPV and PPDOT respectively.
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