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ABSTRACT: The morphology arising from the self-assembly ofπ-conjugated poly(diethylhexyloxy-p-
phenylenevinylene) rod homopolymers (PPV) and poly(diethylhexyloxy-p-phenylenevinylene)-polystyrene (PPV-
PS) rod-coil block copolymers is described. Two PPV-PS block copolymers, one with low rod volume fraction
(∼17%) and the other with high volume fraction (∼50%), were synthesized by convergent anionic polymerization
and atom transfer radical polymerization, respectively. In the first case, given the low volume fraction of the rod
block, the pure asymmetrical rod-coil block copolymer formed an isotropic homogeneous phase. However, ordered
clusters of alternating PS and PPV domains with characteristic length of the order of several micrometers appeared
when PPV rod homopolymers were blended to the PS-PPV diblock. Furthermore, the long-range order of the
clusters as well as their volume fraction could be greatly increased when the symmetric rod-coil PPV-PS was
blended to PPV homopolymer. Tomographic reconstruction from transmission electron micrographs allowed
demonstrating that the clusters were organized in lamellar phase with well-defined width for both the intercalated
PS and PPV domains, while wide-angle X-ray scattering showed that within the PPV domains the PPV blocks
and PPV homopolymer rods were closely packed. The study of the spacing widths of the PPV and PS domains
showed that clusters are organized in a smectic C configuration with large tilt angles of the rods (54°) and stretching
of the coil blocks which is typical of weakly segregated block copolymers organized in a lamellar phase. The
stability of the rod-to-rod interaction peak at high temperatures (190°C), well beyond the order-disorder transition
temperature of the clusters (130°C), suggests that the (i) aggregation of the rods is mediated byπ-π interactions
and (ii) the clusters are thermodynamically stable structures. The energetic driving force toward the formation of
these clusters is discussed in the last part of this work.

Introduction

A large number of experimental and theoretical studies have
been devoted during the past 25 years to the understanding of
microphase separation of flexible diblock copolymers, also
known as coil-coil block copolymers, yielding to an extensive
knowledge of their phase diagram.1-3 In the case of a coil-
coil block copolymer, the equilibrium microseparated phase,
which can either be spherical, hexagonal, bicontinuous gyroid,
or lamellar, will depend on the volume ratio of the two blocks
as well as on the segregation parameter, expressed as the Flory-
Huggins interaction parameter times the polymerization degree
(øN). Conformational asymmetry between the two blocks has
also been shown to have an effect.4 It is also well-known that
the structure of coil-coil block copolymer may be changed by
swelling either phase upon blending the diblock with limited
amounts of any of the corresponding homopolymers.5 However,
this route to control the morphology has severe restrictions, as
the homopolymer must have a low molecular weight and the
amount which can be added is limited to a very low volume

fraction of the block copolymer,6 beyond which macrophase
separation occurs.

Rod-coil block copolymers are a different class of block
copolymers in which the polymer forming one of the two blocks
has a persistence length of the order of the end-to-end distance
or greater. The long persistence length can be provided either
by the formation ofR-helices, such as in the case of polypep-
tides, or byπ-electronic cloud delocalization over many carbon
atoms in the case ofπ-conjugated polymers. Similarly to the
polypeptides, studies on rod-coil block copolymers with
π-conjugated blocks have been expanding by remarkable
advances on the synthetic routes followed to design this class
of block copolymers. In the divergent way, copolymers are
obtained starting from a conjugated macroinitiator by living
polymerization of the coil block. The use of a conjugated
macroinitiator has been already successfully used for the
synthesis of rod-coil copolymers with poly(p-phenyl-
enevinylene),7-9 polythiophene,10,11 polyfluorene,12,13 poly-
(thienylenevinylene),14 or oligomers.15,16 An alternative route
consists of successively polymerizing by living anionic polym-
erization two coil blocks where one is a precursor of the rod
segment.17 This way is however very restrictive for the choice
of the rod block, and some permanent defects in the conjugation
can occur. Most of the conjugated rod-coil copolymers have
thus been obtained by convergent way, either by a simple
condensation reaction between an end-functionalized coil

* To whom correspondence should be addressed: e-mail raffaele.
mezzenga@unifr.ch, Tel+ 41 26 300 9066, Fax+ 41 26 300 9747; e-mail
raffaele.mezzenga@rdls.nestle.com, Tel+ 41 21 785 8078, Fax+ 41 21
785 8554.

† University of Fribourg.
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polymer and the rod block18-22 or by quenching a living coil
polymer, synthesized by anionic polymerization, on an end-
functionalized conjugated oligomer.23-25 This last approach
leads to very-well controlled block copolymer since anionic
living polymerization is an established technique to yield well-
defined homopolymers and block copolymers.26

The phase diagram of rod-coil block copolymers is by far
less universal and less well-understood than that of the coil-
coil block copolymers, and no systematic studies have been
reported for rod-coil plus rod blends. The presence of a rigid
block introduces liquid crystalline behavior, which can compete
with the classical microseparation mechanisms encountered in
coil-coil block copolymers. Within a segregated phase of the
rod component, rods may be aligned along a common director,
forming for example layered smectic phases.27 Equivalently, an
isotropic rod-coil diblock may retain orientation of the rod and
thus provide birefringency to the material.28 It has been reported
that at low rod weight fraction phases typical of coil-coil
systems can be observed for rod-coil block copolymers.29-31

At large rod weight fraction, when liquid crystallinity dominates,
nematic and smectic phases are the most frequently encountered
phases.27,32,33However other phases, which strongly differ from
coil-coil block copolymer systems, have been theoretically
postulated34 or observed experimentally.35,36 In general, the
rigidity of the rod block and rod-rod interactions, both being
intimately related to the nature of the rod considered, are
expected to have great influence on the molecular packing and
thus on the structure of the thermodynamically stable phases.

The rod block involved in the present work, poly(diethyl-
hexyloxy-p-phenylenevinylene) (PPV), is studied not only from
a fundamental point of view but also as a precursor for rod-
coil block copolymers to be used in the field of polymeric
photovoltaic devices, such as PPV-P(S-CMSC60) used in solar
cells.7 Semiconducting polymers for photovoltaic applications
require that the material on the one hand is able to generate
charges upon light exposure and on the other can support bipolar
charge transport, allowing the extraction of the generated charges
via the electrodes. Considering the low dielectric constant
difference in organic materials, excitons rather than free charge
carriers are created by photoexcitation.37 These excitons explore
a space of the order of a nanometer, associated with their
lifetime, before decaying to the ground state. The separation of
these excitons in charges is promoted at the interface between
electron acceptor and electron donor phases. Moreover, the
average size of the microphases needs to be of the order of a
nanometer to achieve quantitative and efficient exciton dis-
sociation. Therefore, in order to achieve the highest efficiency
in the charge separation process, it becomes crucial to finely
control the interface, and hence the whole microstructure of the
photovoltaic active media. This is in principle possible to be
realized by electron donor-electron acceptor block copolymers
self-assemblying into structures such as cylindrical, lamellar,
or gyroidal.

In view of photovoltaic systems with a block copolymer as
active material, where one block act as acceptor of charges and
the other as donor, this paper provides the understanding and
the control for the creation of interfaces and ordered lamellar
microphases by blending donorπ-conjugated PPV rods and
PPV-PS rod-coil block copolymers which, alone, are either
sufficiently asymmetric to form a fully isotropic phase or a
nonpercolating disordered cluster-like structure. In what follows,
we present an original morphology based on clustered lamellar
structures occurring upon blending PS-PPV and PPV ho-
mopolymer. We discuss in detail the molecular organization of

the rod and coil domains forming these structures, and we argue
on the energetic driving force allowing the formation of these
structures.

Experimental Section

Materials. Butyllithium (1.6 M in hexane), used as initiator for
anionic polymerization, was purchased from Aldrich.

Styrene (Aldrich) was distilled on calcium hydride just before
use. Toluene was distilled on sodium/benzophenoe just before use.

PPV was synthesized according to a procedure published
elsewhere.38 Afterward, PPV was purified by column chromatog-
raphy on a silica gel (cyclohexane with 5% of dichloromethane),
and its polydispersity index (PID) was measured at 1.2 on gel
permeation chromatography using polystyrene standards. The
number-average molecular weight,Mn, and number of units (n) were
determined by nuclear magnetic resonance (NMR) (Mn ) 3400
g/mol,n ) 9). PPV was dried by iterative azeotropic distillation in
dried toluene just before use.

GPC and NMR Characterizations. 1NMR spectra were re-
corded on a Bruker 300 UltrashieldTM 300 MHz NMR spectrom-
eter, with an internal lock on the 2H signal of the solvent (CDCl3

or acetone-d6).
GPC measurements were performed in THF (HPLC grade) with

two PL-gel 5µ mixed-C, a 5µ 100 Å, and a 5µ Guard column in
a Shimadzu LC-10AD liquid chromatograph equipped with a
Shimadzu RID-10A refractive index detector and a Shimadzu SPP-
M10A diode array (UV) detector.

Rod-Coil Block Copolymer Synthesis. Anionic. Anionic
polymerization with convergent route was followed in order to
synthesize PPV-b-PS block (PS17K-PPV) copolymer. Well-
defined aldehyde end-functionalized PPV38 was used as a quencher
for the anionic polymerization of styrene (Scheme 1). This method
is well-known23,25 and leads to well-defined block copolymers. In
order to prevent a remaining fraction of PPV homopolymer in the
final product, an amount of PPV corresponding to less than the
stochiometric ratio (0.95) was used as a quencher.

In a Schlenck flask sealed with a rubber septum, 1.4 mL of
styrene (1.35 mmol) and 10 mL of toluene were added under argon.
The solution was degassed by three freeze-pump-thaw cycles.
Butyllithium solution was added dropwise until the appearance of
the red color. Then, 100µL of butyllithium solution (0.16 mmol)
was added. After 30 min at 30°C, a solution of 307 mg of PPV
(0.09 mmol) in 2 mL of dry toluene was added. After 10 min, the
reaction was quenched with 2 mL of methanol and then 1 mL of
acidified methanol. Organic phase was washed three times with
water, and then the copolymer was separated from residual
homopolymer by chromatography on a silica gel (cyclohexane/
dichloromethane: 40/60). Finally, the block copolymer was pre-
cipitated in methanol (with 10% of water) and characterized by

Scheme 1. Main Steps Followed for the Synthesis of PPV-b-PS
Block Copolymer
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GPC with PS standards. An average total number molecular weight,
Mn, of 22 200 g/mol was measured, corresponding to a PS block
of 16 600 g/mol and PPV block composed of 9 units. The PDI of
the diblock copolymer (identified as PS17K-PPV in the following)
was measured at 1.34.

Atom Transfer Radical Polymerization.PPV was modified with
bromomethylpropionyle bromide to form a macroinitiator. 61 mg
(0.43 mmol) of copper bromide (I) were complexed by 145µL
(0.53 mmol) of 1,1,4,7,10,10-hexamethyltriethylenetetramine in 5.5
g of toluene. 5.5 g of styrene and 1.0 g of PPV-Br were then added
to the solution. The polymerization was performed in a freeze-
dried sealed tube. The diblock copolymer obtained (referred as
PS3K-PPV) had an average total number molecular weight of 6400
g/mol and PDI) 1.45 and a PPV block made up of an average of
6.5 units. More details will be provided in an upcoming article.

Morphological Investigation. Samples Preparation.For con-
sistency, all experiments on each specific system were performed
on the same synthesis batch. PPV homopolymer used for the blends
was obtained from the same batch used for the block copolymer
synthesis. Densities of PPV and PS were 0.988 and 1.05 g/cm3,
respectively.

Three distinct solutions of 2 wt % of PS17K-PPV, PS3K-PPV,
and PPV were prepared in choloroform (Acros 99 puriss) and then
mixed in various proportions. The mixture was sonicated for 1 h.
TEM samples were prepared by evaporating the solvent at 20°C
under vacuum (10-3 bar).

Annealing Procedure.Owing to the moderate contrast to small-
angle X-ray scattering and the low concentration of clusters (in
the case of PS17K-PPV), the order-disorder transition temperature
of the clusters observed could not be directly established by X-ray
diffraction. Thus, a well-defined thermal cycle was followed in order
to erase the thermal history of the samples and to maintain the
blend in the temperature region comprised between the glass
transition temperature of PS, 100°C, and the potential order-
disorder transition temperature of mesophases. All samples were
annealed in a high vacuum (5× 10-12 bar) oven according to the
following procedure: 2 h at 220°C, 12 h at 180°C, 12 h at 160
°C, 12 h at 140°C, and finally 12 h at 120°C.

The order-disorder transition temperature of the clusters (TODT)
was determined following the following procedure: samples were
annealed every 20°C at temperatures ranging from 180 to 120°C
for 48 h at 5× 10-12 bar; then, while maintaining the annealing
temperature, the oven was filled by nitrogen up to atmosphere
pressure and opened. The samples were then rapidly quenched in
liquid nitrogen, collected, and investigated by TEM to establish
whether the clusters were molten or not at all the specific
temperatures investigated. Since temperatures below the glass
transition of the system are rapidly achieved, this procedure
quenches the morphology in the thermodynamic state reached at
the annealing temperature and proved to be the most efficient way
to detectTODT in all the blends investigated.

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS).
Small- and wide-angle X-ray scattering (SAXS, WAXS) diffrac-
tograms were acquired on a Anton-Paar SAXSess instrument. About
10 mg of blend was solvent-cast on a mica sheet. For measurements
relative to high temperatures, in order to avoid oxidation of the
polymer and attain thermodynamic equilibrium, the sample was
previously annealed at fixed temperature (190, 200, 230, and 250
°C) in the vacuum-annealing column. Then, samples were rapidly
quenched in liquid nitrogen as described above. Finally, the sample
was transferred to SAXS-WAXS facilities for the diffraction
measurements.

Cross-Polarized Optical Microscopy.The polymer was solvent
cast on a glass substrate from dichloromethane solution. The sample
was observed with cross polarizers on a Leica DM IRD optical
microscopes, using a 40× magnification.

Ultramicrotomy.All samples were embedded in a standard four-
component epoxy resin (46 wt % Epon 812, 28 wt % (dodecenyl-
succinic anhydride) DDSA, 25% (nadic methyl anhydride) NMA,
1% 2,4,6-tris(dimethylaminomethyl)phenol) catalyst. In order to
avoid diffusion of the resin components into the sample, the resin

was precured 1 h 30 min at 80°C before embedding the sample.
The sample was finally embedded in the precured epoxy resin,
which was then let curing for 8 h at 60°C.

The samples were ultramicrotomed on a Reichert-Jung micro-
tome at room temperature. 60 nm thick sections were collected on
300 hexagonal mesh copper grids (EMS G300H-Cu).

Staining of the PPV phase was achieved by exposing collected
sections to vapors of OsO4 (0.5 wt % salt in water) for 3 h.

Transmission Electron Microscopy (TEM). Bright field imaging
was performed on a CM100 Philips TEM operated at 80 kV
(emission 2). All images were acquired on a SIS Morada CCD
camera.

Image Processing and Data Treatments.Domain widths and
overall periods in heterogeneous phases were measured from TEM
images by using a specially home-developed software enabling
high-precision measurements. In order to correctly measure periods
and width of individual domains, contrast histograms were recorded
perpendicularly to domain interfaces, as shown in Figure 1. Domain
boundaries were defined to be the points at which the contrast values
correspond to the half of the difference between the maximum and
minimum contrast values in the histogram (Figure 1). Average
values were extracted only from high-contrast and sharp regions
of clusters, which correspond to clusters orthogonally oriented to
the microtomed section. Tilt experiments of the sections further
confirmed the orthogonal alignment of the measured clusters to
the observation plane. Tilt series alignments while operating TEM
were performed and controlled by the EM3D software developed
at Stanford University.39

Results and Discussion

The first system studied was the highly asymmetric PS17K-
PPV, where the rod fraction was present in a relatively low
weight fraction, i.e., 0.17, which corresponds to a volume
fraction of 0.18. At this volume fraction in an equivalent coil-
coil system, provided thatøN is high enough, one can expect
isotropic, body-centered spheres or hexagonal phase, depending
on the exact value oføN. On the rod-coil system considered,
however, the expected phase will depend not only on the volume
fraction andøN but also on the Maier-Saupe constant,ω, which
expresses the rod-rod steric repulsion or more simply on the
ratio ω/ø. At very large values ofω/ø, the liquid crystallinity
provided by the rod blocks may drive the system into a smectic
phase.32 Theoretically, for values oføN below 30 and forω/ø
below 8, the system is expected to be in either an isotropic

Figure 1. Determination of period and widths of both PPV and PS
domains is performed using a home-developed software, which yields
a histogram curve of the contrast over a desired area (here shown in
dark gray). Maximum and minimum of this curve are automatically
determined from the histogram and correspond to the center of PPV
and PS domains, respectively. The domain boundaries are defined at
the half-value of the contrast difference.
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phase25,32or a nematic phase.33 These findings have been already
experimentally supported in PPV-polyisoprene systems,25

where, at large rod volume fraction, an increase of temperature
(and thus decrease inøN) drives progressively the system from
lamellar phase to nematic and isotropic phases, while at low
rod volume fraction the system is always in the isotropic phase.
The presence of an isotropic phase at large coil volume fraction
is also confirmed in the present system, where a TEM
micrograph for the synthesized PS17K-PPV rod-coil block
copolymer shows no microsegregated morphologies (not shown
here). Cross-polarized optical microscopy has allowed ruling-
out the presence of a birefringent nematic phase, thus confirming
that the synthesized PS17K-PPV forms a fully isotropic
homogeneous phase.

Figure 2 shows a TEM micrograph of the PS17K-PPV
diblock, blended with 5% weight fraction of PPV rod ho-
mopolymer. Elongated dark rodlike objects with characteristic
length of typically one to several micrometers appear in the
blend. They are mostly composed of PPV, since OsO4 selec-
tively stains PPV. However, no distinction can be made at this
point between the homopolymer and the block PPV. Further-
more, each PPV-rich domain appears to be aligned with several
other (typically 4-5) and organized in the form of clusters
characterized by a specific and well-defined pattern period. The
appearance of these clusters is clearly related to the addition of
PPV homopolymer, although the blending of PPV homopolymer
to a PS homopolymer leads to very different morphologies.
Indeed, as shown in Figure 3, the droplets of PPV macrophase
separating from the PS matrix have not the typical spherical
shape found in heterogeneous blends formed by nucleation and
growth (NG), but rather an elliptic-like shape with a large aspect
ratio and a termination angle. This suggests that the (i) the
minimization of the total free energy of the systems accounts
not only for the interfacial free energy associated with PPV/PS
interfaces, but also additional contributions play a role, and (ii)
that droplets originate by NG by subsequent stacking of PPV
rods, which infer the observed angle. The overlap ofπ-conju-
gated planar bonds, which is known as being an important
interaction in systems containingπ-conjugated polymers,40 can
provide an attractive potential controlling the NG mechanism
observed in Figure 3. Similarly, when blending PPV homopoly-
mer to PPV-PS block copolymer, theπ-mediated rod-rod
attraction can lead to an aggregation of rod homopolymers and
rod blocks, increasing the effective volume fraction of the rod
in the block copolymer and thus driving the system into the
microsegregated region of the phase diagram. Therefore, ac-

cording to this scenario, while the clear phase is essentially
formed by PS, the PPV dark domain would be made of both
homopolymer PPV and rod PPV, intercalated and strongly
interacting.

In order to confirm this hypothesis and to better understand
the exact structure of these PPV clusters in a PPV/PPV17K-
PS blend, a number of parameters were varied and additional
experiments performed.

Increasing PPV homopolymer fraction in the blend did not
affect the shape, the characteristic length of the domains, the
cluster period, and the domain size, within measuring accuracy
as shown in Figure 4. Cluster density was, however, increased
by raising the volume fraction of PPV. As homopolymer fraction
was approaching 50 wt %, clusters became more disordered
and started to coexist with macrophase-separated PPV domains
(Figure 5).

On the basis of the clusters pattern such as that shown in
Figure 6 and available literature34 in the field of rod-coil block
copolymers, one can imagine essentially three different types
of structures for these clusters: rods, hockey pucks, and
lamellae.

Because TEM images are two-dimensional projections of the
real three-dimensional structure, the exact structure of the
clusters cannot be worked out by using single TEM micrographs.
Attempts have been made to use small-angle X-rays scattering
to determine the form factor of the clusters, but owing to the
low volume fraction of the clusters, combined with the very
similar chemical composition of PS and PPV, and thus similar

Figure 2. OsO4-stained TEM micrograph of a blend of 95 wt % PS-
b-PPV block copolymer and 5 wt % of PPV homopolymer rods,
showing the onset of lamellar clusters formation.

Figure 3. OsO4-stained TEM micrograph showing the structure of a
blend formed by 90 wt % polystyrene homopolymer and 10 wt % PPV.
The elongated shape of the dark PPV domains suggests that nucleation
and growth occurs via subsequent stacking of PPV rods, rather than
following an isotropic radial growth.

Figure 4. Variation of widths of PS and PPV domains measured by
TEM as a function of blend’s composition. Neither the cluster period
nor the widths of PPV and PS domains vary significantly with respect
to the weight fraction of the homopolymer PPV in the blend, although
the number of clusters is increasing with PPV homopolymer volume
fraction.
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scattering lengths, contrast in SAXS was too low to provide
any valuable information on cluster ordering. Therefore, TEM
tomography was performed to determine the structure. By tilting
the microtomed sections of the sample, one has access to the
projection corresponding to virtually any desired angle, as shown
in Figure 7 where the TEM image of one cluster is observed at
six different tilting angles in a blend of 5 wt % PPV in the
PS17K-PPV matrix. On the basis of the evidence that strong
contrast is lost as soon as the structure is not perpendicular to
the projection plane, this allows one to conclude that the clusters

are formed by lamellae. Furthermore, because one can tilt the
section as much as needed to attain the maximum contrast, and
thus orientation of the lamellae orthogonal to the projection
plane, the spacing of both the clear PS and dark PPV domains
can be accurately measured. This is another advantage over
diffraction techniques, which, provided the contrast is sufficient,
would yield only the overall lattice space of the clusters.

Wide-angle X-ray scattering, shown in Figure 8a, was
performed to provide more insight into the way rods are packed
within the dark PPV domains. While the PS17K-PPV block
copolymer alone showed no peaks in WAXS diffractograms, a
peak located at 6.53 nm-1 appeared on PPV/PS17K-PPV
blends. Moreover, the rod-rod distance characteristic peak was
sharp at 190°C and is still present at 250°C. This peak, which
in real space corresponds to a distance of 1 nm, was attributed
to the interspacing between rods, which need to optimize space-
filling requirements, side-chain steric hindrance, andπ-stacking
interactions. The most efficient way for the rods to pack
fulfilling these requirements is to align along a common director,
thus providing liquid crystallinity behavior to the PPV domains.
A temperature increase up to 200°C could not disrupt the rod-
rod interaction but certainly initiated the degradation of some
of the PPV double bonds. This degradation is evident in Figure
8b: the WAXS characteristic peak of rod-rod interactions
started disappearing at 230°C and was not recovered when
cooling the sample to 190°C.

The order-disorder transition temperature of the clusters,
TODT, was obtained by TEM quenching experiments and was
found to be completely independent of the rod-rod interactions.
Figure 9a shows a TEM picture taken on a sample annealed at
180°C and rapidly quenched. As can be noted, PPV aggregated
domains are visible, as confirmed by WAXS scattering data,
although the ordered lamellar clusters have been completely
melted. As temperature is progressively lowered, the number

Figure 5. TEM micrographs showing the loss of order in the clusters
when the fraction of homopolymer PPV is increased to 40%.

Figure 6. OsO4-stained TEM micrograph showing lamellar clusters
in a blend of 90 wt % PS-b-PPV block copolymer and 10 wt % of
PPV homopolymer rods.

Figure 7. Electron microscopy tomographic sequence of a PPV/PS-
b-PPV cluster as a function of tilt angle (tilt axis is parallel to the vertical
axis of the micrographs). The progressive loss of contrast as a function
of tilt angle demonstrates the lamellar structure of the clusters over
possible cylindrical or hockey puck shapes.

Figure 8. Wide-angle X-ray scattering diffractograms showing a single
peak at 6.3 nm-1 corresponding to the rod-to-rod distance. (a) The inter-
rod peak is stable up to to 250°C, at which temperature it starts to
decrease due to thermal degradation. (b) The intensity is not recovered
over cooling due to PPV chemical degradation at high temperatures.
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of aggregates start first to increase (Figure 9b, 160°C), and
then to organize in a rough lamellar organization (Figure 9c,
140°C), until when ordered lamellar domains are fully recovered
at about 120°C (Figure 9d). Therefore, according to these
experiments, theTODT of the clusters can be located between
140 and 120°C, that is≈130 °C, which is lower than the
melting temperature of the rod-rod interactions by more than
100 °C. These results are important since demonstrate that the
lamellar clusters are a thermodynamically stable phase which
is not induced by the crystallization of the PPV rods.

Although WAXS data strongly support the alignment and
close packing of homopolymer and rod PPV, no direct informa-
tion is provided on the way layers of PPV and PS are organized
within the clusters. Consistently with the TEM images and
organization of rods, four different smectic phases can be
envisaged to interpret the cluster structure: smectic A bilayer
(SMA2), smectic C bilayer (SMC2), smectic A monolayer (SMA1),
and smectic C monolayer (SMC1). Figure 10 sketches the
different structures for each of these phases. The first structure
arises in strongly segregated mesophases, where the high
interfacial energy associated with rod-coil interfaces (given by
a high ø) has to be minimized by reducing the coil-rod
interfacial area. This leads to a high energy of stretching of
coil brush, partially released by the intercalated homopolymer
rods, which essentially decreases the brush density. The last
structure, the SMC1, can only arise in a very weakly segregated
regime. In this case, the interfacial energy is not minimized due
to a tilt angle and to the presence of intercalated homopolymer
rods, but for the same reasons, the stretching energy of the coil
brush is greatly lowered by having low density of anchor sites.
The other two structures correspond to weakly segregated
regime, where, however, both interfacial area and coil stretching
energy play a role. The specific model which suits best the
cluster structure can therefore be assessed by calculating the
thickness of the PS polymer brush in both weakly and strongly
segregated regime as well as the thickness expected for the PPV

domain. Given the delocalizedπ bonds and considering the
limited molecular weight, the persistence length of the PPV
molecule is assumed to be larger than its contour length. In
order to evaluate the phenylenevinylene monomer length, a
conformational energy minimization using MOPAC algorithm
was performed on a PPV trimer. The characteristic unit length
(lu), expressing the size of a PPV monomer, is then assumed
to be the length obtained in the simulation for the trimer central
unit. The rod length is calculated as the unit length (luPPV )
0.660 nm) times the number of units (nPPV ) 9), determined
by NMR, plus the end group size (lend ) 0.425 nm). Thus, the
PPV contour length is defined as

By using eq 1, the PPV domain size is calculated to be 6.37
nm for the SMA1and 12.7 nm for the SMA2 phases. For the rod
diameter the experimental WAXS rod-to-rod distance is taken,
Drod ) 0.96 nm( 1.4% (uncertainty margins are based on a
normal distribution with 95% confidence).

The width of the PS domain (DPS) in the strong segregation
regime can be calculated on the basis of the law expressing the
dependence of lamellae spacing and molecular weight for a poly-
(styrene-b-2-vinylpyridine) copolymer:41,42

This procedure was successfully applied in other PS-based rod-
coil systems to estimate the thickness of the PS coil polymer
domain.36

To estimate the polystyrene size domain in the limit of weakly
segregated regime, one can take the exact half of the lattice
parameter of a lamellar phase, formed by a symmetric block
copolymer, in which one block is an identical PS block and the

Figure 9. Determination of the lamellar clustersTODT by TEM analysis
on samples rapidly quenched from the annealing temperature down to
room temperature. Samples were annealed at the following tempera-
tures: (a) 48 h at 180°C; (b) 48 h at 160°C; (c) 48 h at 140°C; (d)
48 h at 120°C. Based on the lamellar ordering appearing between 140
and 120°C, theTODT is located at≈130 °C.

Figure 10. Possible molecular structures for the clusters observed in
PPV/PS-b-PPV blends. The PPV block of PS-b-PPV block copolymer
is represented as dark red rods, whereas the PPV homopolymer is in
clear red. The ratio of PPV homopolymer/PPV block in the scheme is
arbitrary. SMA1 smectic A monolayer, SMA2 smectic A bilayer, SMC1

smectic C monolayer, SMC2 smectic C bilayer.

lPPV ) nPPVluPPV + lend (1)

DPS)
0.34(2Mn,PS)

0.64

2
(2)
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other block is made of a polymer having the same statistical
segment length as PS. Following Leibler1 and Bates and
Fredrickson,2 the period of the lamellar phase in such a case is
DPS ) 3.23Rg, whereRg is the gyration radius of the whole
block copolymer. Since the block copolymer is symmetric and
PS makes up only half of its molecular weight, we can conclude
that the depth of the PS domain in the rod-coil PPV-PS
lamellae in a weakly segregated regime is

where Rg2 is the gyration radius of a block copolymer with
molecular weight equal to the double of the one of PS. Since
PS gyration radius is given by43

a size of 9.6 nm is obtained for the PS domain in the clusters
in the hypothesis of weakly segregated regime.

Table 1 summarizes the expected thickness of PS domains
in the lamellae for weakly and strongly segregated regimes and
also reports the thickness of the PPV domains in the case of
SMA1 and SMA2 (Figure 10).

Comparison of the experimentally measured thickness of the
PS domains (9 nm) agrees well with the PS width calculated in
the weakly segregated regime (9.6 nm).

The measured value of the PPV domains in the clusters (7.4
nm) is comprised between the theoretical value of monolayer
SMA1 (6.4 nm) and that of bilayer SMA2 (12.7 nm). It may then
be concluded that the rods are organized in a SMC2 structure,
which is the only one out of those sketched in Figure 10 giving
values of PPV domains between SMA1 and SMA2 and which is
also in accordance with a weakly segregated regime. Further-
more, tilted SMC2 organization of the rods together with the
presence of homopolymer rods in the PPV domains offers an
additional route to decrease the density of anchor sites for the
PS brush and thus the stretching energy of the chains.

The fact that the two blocks are weakly segregated is not
surprising, since PS and PPV have rather similar chemical
structures, and a thus very lowø is expected. The weakly
segregated hypothesis is also supported by the low order-
disorder transition temperatures reported before.

As shown in Figure 11, the tilt angle of the SMC2 can be
easily determined on the basis of the measured PPV domain
thickness,ePPV, and the calculated PPV contour length,lPPV:

In order to minimize the distance ofπ-stacking interactions,
only a limited number of positions will be allowed, that is, those
positions at which two PPV units are facing each other. As a
consequence, also the tilt angle will have a discrete set of

allowed values, which can be more formally expressed as

A quick calculation based on experimentalDrod and monomer
length unit obtained by simulations shows that, by takingn equal
to two PPV units, one recovers by eq 1 tilt angle(n)2) ) 53.7°,
which is exactly the experimentally determined angle in the
SMC2 clusters: 53.9( 1.5°. In Figure 11, the quantization of
the allowed angle is outlined by the overlap of theπ-stacking,
while Figure 12 illustrates the corresponding discrete widths
of the PPV domains according to eq 6.

On the basis of the above considerations, the energetic driving
force leading to the formation of the observed clusters can be
identified as being made of three main contributions.

Table 1. Experimental and Theoretical Width of PS Domains, in the
Weakly Segregated Regime (WSR) and Strong Segregated Regime

(SSR); Experimental Width of PPV Domains Compared with Values
Expected in a Smectic A Bilayer (SMA2) and Smectic A Monolayer

(SMA1) Configuration

PS PPV

SSR 13.2 nm single layer (SMA1) 6.4 nm
WSR 9.6 nm double layer (SMA2) 12.7 nm
exptl size: ePS 9.0 nm measured size:ePPV 7.45( 0.1 nm

DPS) 3.23
2

Rg2 (3)

Rg
2

Mw
) 0.0724 (4)

angle) arccos( ePPV

2lPPV
) ) 53.9° ( 1.5° (5)

Figure 11. Schematic representation of the organization of the PPV
rods within PPV cluster domains as resulting from WAXS data,
molecular size calculation, and PPV width measured by TEM. The tilt
angle of 54° corresponds to a shift of the rods of two diethylhexyloxy-
p-phenylenevinylene units along the rod axis.

Figure 12. Quantization of the tilt angle and PPV domain width
resulting from theπ-π optimum interactions. Upon minimization of
the interdistance between diethylhexyloxy-p-phenylenevinylene units,
only discrete tilt angles and PPV widths are allowed.

tilt angle) arctan(nluPPV

Drod
) n ∈N

ePPV ) 2lPPV

Drod

x(nluPPV)
2 + Drod

2
(6)
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The first two contributions are the energy associated with
the stretching of PS polymer chains anchored at the PPV
domains interface and the interfacial tension associated with
the PPV/PS interfaces in the clusters. As discussed already by
Halperin,44 rod may tilt, creating extra interfacial energy with
subsequent increase in the interfacial energy contribution. At
the same time the grafting density of PS chains is decreased by
tilting, and thus, the stretching energy of PS brush is partially
relaxed. The equilibrium conditions are those which minimize
the total free energy based on these two contributions. In general,
the lower theø, the larger will be the tilt angle, since the system
can afford a greater increase of interfaces to relax the PS chain
brush.

The presence of free rods in our case leads to a modification
of the model first described by Halperin. First, the attractive
stacking of free homopolymer rods to PPV block rods indicates
that there is an enthalpic energy gain by close-packing the PPV
rods. This gain will be proportional, in a first approximation,
to the pair of PPV monomers in contact. Because the number
of contacts is a function of the angle, as shown by eq 6, the tilt
will also have an influence on the energy gained byπ-stacking.
Very large tilt angles, leading to a lowπ-interaction exchange
area, will reduce the energetic gain contribution associated with
π-interactions. The energetic gain obtained byπ-stacking will
also have to be accounted as the third main contribution to the
total free energy, together with chain stretching energy and
interfacial energy. Finally, introducing free rods in the PPV
domains also has an effect on the PS brush density, and by
diluting the surface density of anchor sites, it constitutes an
additional way to decrease the entropic penalty associated with
stretched PS chains. A formal minimization of total free energy
of the clusters leading to equilibrium tilted SMC2 is presented
in the Appendix.

Similarly to the asymmetric PS17K-PPV, the symmetric
PS3K-PPV exhibited an isotropic phase where, however,
disordered aggregated PPV domains could occasionally be
observed, as shown in Figure 13a, driven by the larger PPV
content. When the PS3K-PPV block copolymer was blended
to PPV homopolymer of the same molecular weight of the rod
block, nicely ordered lamellar clusters appeared, with long-range
order maintained over several micrometers. Figure 13 shows
the shape of lamellar clusters for a blends of PS3K-PPV and
PPV at various concentrations of the PPV homopolymer rod.
For low fraction of PPV homopolymer (5%, Figure 13b) the
lamellar clusters are still dispersed in a homogeneous PS3K-
PPV matrix and are thus unsuitable for optoelectronics applica-
tions requiring percolating interfaces and long-range order.
However, upon blending of additional PPV homopolymer, in
concentration between 10% and 25% (Figure 13c,d) lamellar
clusters gain long-range order and percolate throughout the entire
samples, thus fulfilling the requirement for optimal exciton
dissociation at the interfaces. Further increase in PPV volume
fraction leads to progressive macrophase separation of PPV and
PS3K-PPV, as the contribution of the interfacial tension of
free rods homopolymer in the clusters becomes too high to
stabilize the clusters and the system better minimizes the total
free energy by macroscopic phase separation.

The long-range order in these blends for optimal PPV
homopolymer volume fraction can be understood considering
the high equivalent volume fraction of PPV in the blend. Owing
to the large volume fraction of the clusters in PS3K-PPV:PPV
blends the structure period could be determined by SAXS. This
was found to be 11 nm for blends of 10 wt % homopolymer-
90% block copolymer without significant variation in the

temperature range from 120 to 180°C. This indicates that (i)
the tilt angle is temperature independent of this system and that
(ii) the order-disorder temperature of the clusters in PS3K-
PPV:PPV is well above the temperature region which can be
explored without thermal degradation of either block. Similarly
to the clusters observed in the PS17K-PPV:PPV blend, also
in this case the clusters were found to be organized in a SMC2

topology with a tilt angle of 51.8( 2.3°, which is very close
to the one observed in PS17K-PPV:PPV clusters. These results
are at first sight counterintuitive as one would expect a lower
tilt angle based on the shorter PS brush, as compared to the
PS17K-PPV case. However, in the PS3K-PPV block copoly-
mer, the PPV rods being shorter, the negativeπ-stacking
contribution to the total free energy, which tends to stabilize
lower tilt angle is reduced compared to PS17K-PPV, which
can explain values of the tilt angle comparable for the PS17K-
PPV:PPV and PS3K-PPV:PPV blends.

Conclusions

The self-assembly behavior in blends ofπ-conjugated poly-
(diethylhexyloxy-p-phenylenevinylene) rod homopolymers (PPV)
and poly(diethylhexyloxy-p-phenylenevinylene)-polystyrene
(PPV-b-PS) rod-coil block copolymers has been described.
Although the rod-coil alone forms a homogeneous isotropic
phase, ordered clusters of PPV domains alternated by PS
domains appeared upon blending of PPV and PPV-b-PS. The
exact structure of the clusters was assessed by tomographic
electron transmission microscopy, which allowed determining
the lamellar nature of the clusters by tilting microtomed sections
of the blend at different angles. Wide-angle X-ray scattering
revealed the presence of rod-rod order in the PPV domains
with inter-rod distance of 1 nm.

Figure 13. (a) TEM micrograph of PS3K-PPV showing disordered
aggregates of PPV sparsely dispersed in an isotropic PPV-PS
continuous phase. (b) When 5% PPV homopolymer is added to 95%
PS3K-PPV localized lamellar clusters start to appear, although these
remain disperse in a continuous isotropic phase. When (c) 10 wt %
(inset has 200 nm edge) and (d) 25 wt % (inset has 200 nm edge) PPV
homopolymer are added to the blend, however, lamellar clusters with
long-range order percolating throughout the entire sample are formed.
Upon further increase on volume fraction of the PPV homopolymer,
macrophase separation starts to occur, as shown in (e), where the
morphology of a 40% PPV 60% PS3K-PPV is shown.
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By resolving the width of PS and PPV domains in the clusters
and by calculating the expected width of the PS domain in both
weakly and strongly segregated regime, it was possible to
determine the exact molecular organization of the lamellar
clusters, which was shown to be consistent with weakly
segregated smectic C bilayers (SMC2), in which the PPV
domains are formed by intercalated homopolymer and block
rods, tilted by 54° with respect to the normal to the lamellar
plane. Calculation on the molecular packing of the PPV rods
indicated that the tilting angle of 54° corresponds to a systematic
shift of rod alignment of two diethylhexyloxy-p-phenylenevi-
nylene units. The morphology observed for the SMC2 lamellar
clusters suggested that these structures originate as a result of
the minimization of the free energy based on three major
energetic contributions: the interfacial energy between PPV rods
and PS chains, the stretching energy of the PS chains, and the
π-stacking enthalpic energy gain arising from PPV rods
interactions. In practice, the presence of PPV homopolymer rods
in the PPV clusters domains decreases the stretching energy of
PS polymer brush and increases theπ-stacking energy gain at
the expenses of PPV-PS interfacial energy. Equivalently, the
PPV intercalation can be viewed as increasing the equivalent
volume fraction of the rod in the block copolymer, thus driving
the equilibrium structure of the rod-coil block copolymers from
an isotropic fluid to a lamellar morphology. These concepts were
used to ultimately design long-range order lamellar clusters
percolating throughout the entire samples when PPV homopoly-
mer rods were blended with symmetric PS-PPV rod-coil block
copolymers. Therefore, the blending procedure of rod ho-
mopolymer/rod-coil block copolymer described on this paper
is bound to have an impact for the fine control and design of
interfaces in organic optoelectronic devices based on self-
assembly of rod-coil block copolymers, and this study has also
relevance for those synthetic routes for which potential structural
effects may arise owing to residual presence of conjugated
homopolymer in the block copolymer synthetic batch.
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Appendix

The energy contributions related to the PS/PPV interfacial
tension and the stretching of PS chains have been already
discussed in the literature and are expressed respectively as44

wherea is the styrene typical size,d is the diameter of a PPV
rod, N is the number of PS units, andγ the PS/PPV interfacial
tension. The calculation of the energy gain arising from
π-stacking interaction is a very complex task since this
interaction is not pairwise but is delocalized to many stacked
layers.45 In order to illustrate the influence of this contribution,
as a first, very rough approximation one can estimate this energy
as being directly proportional to the exchange surface area in
the PPV domains. In this case, it can be written

whereA is a negative constant dependent on the strength of
π-stacking andL is the characteristic length of the cluster
lamellae perpendicular to the section of Figure 11.

The equilibrium tilting angle can be obtained by minimizing
as a function ofθ the sum of (A1), (A2), and (A3) contributions,
once all prefactors are known. In plotting Figure 14, we have
fixed for γ and AL values yielding a minimum of total free
energy at 54°.
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