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ABSTRACT: The morphology arising from the self-assembly mfconjugated poly(diethylhexyloxp-
phenylenevinylene) rod homopolymers (PPV) and poly(diethylhexyfegienylenevinylene)polystyrene (PPV

PS) rod-coil block copolymers is described. Two PPYS block copolymers, one with low rod volume fraction
(~17%) and the other with high volume fractior§0%), 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 recoil 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-PBV diblock. Furthermore, the long-range order of the
clusters as well as their volume fraction could be greatly increased when the symmetraoilddPV—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 fyds(bgtretching

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 {€30well beyond the orderdisorder transition
temperature of the clusters (130), suggests that the (i) aggregation of the rods is mediated-byinteractions

and (i) 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 fraction of the block copolymét,beyond which macrophase

A large number of experimental and theoretical studies have S€Paration occurs.
been devoted during the past 25 years to the understanding of Rod—coil block copolymers are a different class of block
microphase separation of flexible diblock copolymers, also copolymers in which the polymer forming one of the two blocks
known as coit-coil block copolymers, yielding to an extensive has a persistence length of the order of the end-to-end distance
knowledge of their phase diagram? In the case of a coit or greater. The long persistence length can be provided either
coil block copolymer, the equilibrium microseparated phase, by the formation ofa-helices, such as in the case of polypep-
which can either be spherical, hexagonal, bicontinuous gyroid, tides, or byzz-electronic cloud delocalization over many carbon
or lamellar, will depend on the volume ratio of the two blocks atoms in the case of-conjugated polymers. Similarly to the
as well as on the segregation parameter, expressed as the Flory polypeptides, studies on redoil block copolymers with
Huggins interaction parameter times the polymerization degree z-conjugated blocks have been expanding by remarkable
(xN). Conformational asymmetry between the two blocks has advances on the synthetic routes followed to design this class
also been shown to h{:\ve an effédt.is also well-known that of block copolymers. In the divergent way, copolymers are
the structure of coitcoil block copolymer may be changed by  gptained starting from a conjugated macroinitiator by living
swelling either phase upon blending the diblock with limited  ,5lymerization of the coil block. The use of a conjugated
amounts of any of the corresponding homopolyniétswever, macroinitiator has been already successfully used for the
this route to control the morphology has severe restrictions, 8Sgynthesis of roetcoil copolymers with polyg-phenyl-
the homop(_)lymer must have a I(_)w_ molecular weight and the enevinylene) - polythiophené®! polyfluorenei21® poly-
amount which can be added is limited to a very low volume e jenevinylene}? or oligomersis.6 An alternative route

consists of successively polymerizing by living anionic polym-
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polymer and the rod bloék22 or by quenching a living coil
polymer, synthesized by anionic polymerization, on an end-
functionalized conjugated oligomét:2> This last approach
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Scheme 1. Main Steps Followed for the Synthesis of PPMWPS
Block Copolymer

X

n-BuLi  + n 30°C

leads to very-well controlled block copolymer since anionic
living polymerization is an established technique to yield well-
defined homopolymers and block copolyméfs.

The phase diagram of recoil 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 roe-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 phadéEquivalently, an
isotropic rod-coil diblock may retain orientation of the rod and
thus provide birefringency to the materflt has been reported
that at low rod weight fraction phases typical of eodoil
systems can be observed for recbil block copolymerg?-31
At large rod weight fraction, when liquid crystallinity dominates,
nematic and smectic phases are the most frequently encountere
phaseg’3233However other phases, which strongly differ from
coil—coil block copolymer systems, have been theoretically
postulated&* or observed experimentalfy:3® In general, the
rigidity of the rod block and ro¢rod interactions, both being

Toluene

PPV

PPV-b-PS

g1e rod and coil domains forming these structures, and we argue
n the energetic driving force allowing the formation of these
structures.

Experimental Section
Materials. Butyllithium (1.6 M in hexane), used as initiator for

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{-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

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
elsewheré® 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
photovoltaic devices, such as PPR(S-CMSGyg) used in solar number-average molecular weight,, and number of unitaj were

cells! Semiconducting polymers for photovoltaic applications yetermined by nuclear magnetic resonance (NMR) & 3400

require that the material on the one hand is able to generateg/mol,n = 9). PPV was dried by iterative azeotropic distillation in
charges upon light exposure and on the other can support bipolarried toluene just before use.
charge transport, allowing the extraction of the generated charges GPC and NMR Characterizations. !NMR spectra were re-
via the electrodes. Considering the low dielectric constant corded on a Bruker 300 UltrashieldTM 300 MHz NMR spectrom-
difference in organic materials, excitons rather than free chargeeter, with an internal lock on the 2H signal of the solvent (CDCI
carriers are created by photoexcitatidiThese excitons explore ~ OF acetoned). ) .
a space of the order of a nanometer, associated with their GPC measurements were performed in THF (HPLC grade) with
lifetime, before decaying to the ground state. The separation of WO PL-gel 5u mixed-C, a s 100 A, and a & Guard column in
these excitons in charges is promoted at the interface betweer. Shimadzu LC-10AD liquid chromatograph equipped with a
g P "Shimadzu RID-10A refractive index detector and a Shimadzu SPP-
electron acceptor and electron donor phases. Moreover, theyj10a diode array (UV) detector.
average size of the microphases needs to be of the order of a Rod—Coil Block Copolymer Synthesis. Anionic. Anionic
nanometer to achieve quantitative and efficient exciton dis- polymerization with convergent route was followed in order to
sociation. Therefore, in order to achieve the highest efficiency synthesize PPW-PS block (PS17K-PPV) copolymer. Well-
in the charge separation process, it becomes crucial to finely defined aldehyde end-functionalized FPWas used as a quencher
control the interface, and hence the whole microstructure of the for the anionic polymerization of styrene (Scheme 1). This method
photovoltaic active media. This is in principle possible to be S Well-knowr?*?*and leads to well-defined block copolymers. In
realized by electron doneelectron acceptor block copolymers order to prevent a remaining fraction of PPV homopolymer in the

3 . S final product, an amount of PPV corresponding to less than the
2?I;;rsosiggl1blymg into structures such as cylindrical, lamellar, stochiometric ratio (0.95) was used as a quencher.

In a Schlenck flask sealed with a rubber septum, 1.4 mL of

In view of photovoltaic systems with a block copolymer as styrene (1.35 mmol) and 10 mL of toluene were added under argon.
active material, where one block act as acceptor of charges andlhe solution was degassed by three fregzemp—thaw cycles.
the other as donor, this paper provides the understanding and3utyllithium solution was added dropwise until the appearance of
the control for the creation of interfaces and ordered lamellar w-gsriﬂ (fgéorAthQfgblng?nLaﬁfggylgtggﬂkfﬁlfflos%oﬁgﬁ gf‘”;%'{/
microphases by blending donarconjugated PPV rods and - ’ .

. : : (0.09 mmol) in 2 mL of dry toluene was added. After 10 min, the

PPV—PS rod-coil block copolymers which, alone, are either . !
sufficiently asymmetric to form a fully isotropic phase or a reaction was quenched with 2 mL of methanol and then 1 mL of

. . : acidified methanol. Organic phase was washed three times with
nonpercolating disordered cluster-like structure. In what follows, \yater, and then the copolymer was separated from residual

we present an original morphology based on clustered lamellar homopolymer by chromatography on a silica gel (cyclohexane/
structures occurring upon blending PBPV and PPV ho-  dichloromethane: 40/60). Finally, the block copolymer was pre-
mopolymer. We discuss in detail the molecular organization of cipitated in methanol (with 10% of water) and characterized by
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GPC with PS standards. An average total number molecular weight,
M, 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 PS17ARPYV in the following)

was measured at 1.34.

Atom Transfer Radical PolymerizatioRPV was modified with
bromomethylpropionyle bromide to form a macroinitiator. 61 mg
(0.43 mmol) of copper bromide (I) were complexed by 145
(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 Preparatiorf-or con-
sistency, all experiments on each specific system were performed™
on the same synthesis batch. PPV homopolymer used for the blend

was obtained from the same batch used for the block copolymer . . T
! " domains is performed using a home-developed software, which yields
synthesis. Densities of PPV and PS were 0.988 and 1.05°g/cm g histogram curve of the contrast over a desired area (here shown in

respectively. _ dark gray). Maximum and minimum of this curve are automatically
Three distinct solutions of 2 wt % of PS1APPV, PS3K-PPV, determined from the histogram and correspond to the center of PPV

and PPV were prepared in choloroform (Acros 99 puriss) and then and PS domains, respectively. The domain boundaries are defined at

mixed in various proportions. The mixture was sonicated for 1 h. the half-value of the contrast difference.

TEM samples were prepared by evaporating the solvent 4C20

under vacuum (1G bar). was precurd 1 h 30 min at 80°C before embedding the sample.
Annealing ProcedureOwing to the moderate contrast to small- The sample was finally embedded in the precured epoxy resin,

angle X-ray scattering and the low concentration of clusters (in which was then let curing fo8 h at 60°C.

the case of PS17KPPV), the orderdisorder transition temperature The samples were ultramicrotomed on a Reichert-Jung micro-

of the clusters observed could not be directly established by X-ray tome at room temperature. 60 nm thick sections were collected on

diffraction. Thus, a well-defined thermal cycle was followed in order 300 hexagonal mesh copper grids (EMS G300H-Cu).

to eras.e the thermal hlstory Of the Samp|es a.nd to maintain the Staining of the PPV phase was achieved by exposing collected

blend in the temperature region comprised between the glasssections to vapors of Os@0.5 wt % salt in water) for 3 h.

transition temperature of PS, 10C, and the potential order Transmission Electron Microscopy (TEMBright field imaging

disorder transition temperature of mesophases. All samples wereyyas performed on a CM100 Philips TEM operated at 80 KV

annealed in a high vacuum (6 10-*? bar) oven according to the  (emjssion 2). All images were acquired on a SIS Morada CCD
following procedure: 2 h at 22€C, 12 h at 18C°C, 12 h at 160 camera.

°C, 12 h at 140°C, and finally 12 h at 120C. Image Processing and Data TreatmenBomain widths and

%:igure 1. Determination of period and widths of both PPV and PS

The order-disorder transition temperature of the clustdiso() overall periods in heterogeneous phases were measured from TEM
was determined following the following prpcedure: samples were images by using a specially home-developed software enabling
annealed every 20C at temperatures ranging from 180 to 170 high-precision measurements. In order to correctly measure periods

for 48 h at 5x 107% bar; then, while maintaining the annealing  anq width of individual domains, contrast histograms were recorded
temperature, the oven was filled by nitrogen up to atmosphere norhengicularly to domain interfaces, as shown in Figure 1. Domain
pressure and opened. The samples were then rapidly quenched iy, ndaries were defined to be the points at which the contrast values
liquid nitrogen, collected, and investigated by TEM to establish ¢4 respond to the half of the difference between the maximum and
whether the clusters were molten or not at all the specific yinimum contrast values in the histogram (Figure 1). Average
temperatures investigated. Since temperatures below the glassgjues were extracted only from high-contrast and sharp regions

transition of the system are rapidly achieved, this procedure ot c|ysters, which correspond to clusters orthogonally oriented to
quenches the morphology in the thermodynamic state reached atne microtomed section. Tilt experiments of the sections further

the annealing temperature and proved to be the most efficient way confirmed the orthogonal alignment of the measured clusters to
to detectTopr in all the blends investigated. the observation plane. Tilt series alignments while operating TEM

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS \yere performed and controlled by the EM3D software developed
Small- and wide-angle X-ray scattering (SAXS, WAXS) diffrac-  at Stanford University?

tograms were acquired on a Anton-Paar SAXSess instrument. About

10 mg of blend was solvent-cast on a mica sheet. For measurementResults and Discussion

relative to high temperatures, in order to avoid oxidation of the ) . . .

polymer and attain thermodynamic equilibrium, the sample was _ The first system studied was the highly asymmetric PS17K

previously annealed at fixed temperature (190, 200, 230, and 250PPV, where the rod fraction was present in a relatively low

°C) in the vacuum-annealing column. Then, samples were rapidly weight fraction, i.e., 0.17, which corresponds to a volume

quenched in liquid nitrogen as described above. Finally, the samplefraction of 0.18. At this volume fraction in an equivalent eeoil

was transferred to SAXSWAXS facilities for the diffraction coil system, provided thg¢N is high enough, one can expect

measurements. _ _ isotropic, body-centered spheres or hexagonal phase, depending
Cross-Polarized Optical Microscopfhe polymer was solvent 5, the exact value ofN. On the rod-coil system considered,

cast on a glass substrate from dichloromethane solution. The samplehowever the expected phase will depend not only on the volume

was observed with cross polarizers on a Leica DM IRD optical fraction e;nd)gN but also on the MaierSaupe constani, which

microscopes, using a 40magpnification. the roetod steri Isi - th
Ultramicrotomy.All samples were embedded in a standard four- €XPresses the regod sterc repulsion or more simply on the

component epoxy resin (46 wt % Epon 812, 28 wt % (dodecenyl- ratlo_a)/x. At very large values ofu_/x, the liquid cr_ystalllnlty _
succinic anhydride) DDSA, 25% (nadic methyl anhydride) NMA, ~Provided by the rod blocks may drive the system into a smectic
1% 2,4,6-tris(dimethylaminomethyl)phenol) catalyst. In order to phase®? Theoretically, for values ofN below 30 and forw/y
avoid diffusion of the resin components into the sample, the resin below 8, the system is expected to be in either an isotropic
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Figure 2. OsQy-stained TEM micrograph of a blend of 95 wt % PS-  Figure 3. OsQ-stained TEM micrograph showing the structure of a

b-PPV block copolymer and 5 wt % of PPV homopolymer rods, blend formed by 90 wt % polystyrene homopolymer and 10 wt % PPV.

showing the onset of lamellar clusters formation. The elongated shape of the dark PPV domains suggests that nucleation
and growth occurs via subsequent stacking of PPV rods, rather than

phasé320r a nematic phasg These findings have been already  /lowing an isotropic radial growth.

experimentally supported in PP\polyisoprene systents, Size of PS and PPV domains
where, at large rod volume fraction, an increase of temperature
(and thus decrease i) 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. _ s
The presence of an isotropic phase at large coil volume fraction £ s
is also confirmed in the present system, where a TEM ] 72
micrograph for the synthesized PS1#RPV rod-coil block %
copolymer shows no microsegregated morphologies (not shown s
here). Cross-polarized optical microscopy has allowed ruling- s
out the presence of a birefringent nematic phase, thus confirming U a—

that the synthesized PS17RPV forms a fully isotropic Figure 4. Variation of widths of PS and PPV domains measured by
homogeneous phase. TEM as a function of blend’s composition. Neither the cluster period

Figure 2 shows a TEM micrograph of the PSEHRPV nor the widths of PPV and PS domains vary significantly with respect

diblock. blended with 5% Welght fraction of PPV rod ho- to the Welght fraction of the homopolymer PPV in the blend, although
’ . - . ... the number of clusters is increasing with PPV homopolymer volume
mopolymer. Elongated dark rodlike objects with characteristic ¢ action.

length of typically one to several micrometers appear in the

blend. They are mostly composed of PPV, since Ps€ec- cording to this scenario, while the clear phase is essentially
tively stains PPV. However, no distinction can be made at this formed by PS, the PPV dark domain would be made of both
point between the homopolymer and the block PPV. Further- homopolymer PPV and rod PPV, intercalated and strongly
more, each PPV-rich domain appears to be aligned with severalinteracting.

other (typically 4-5) and organized in the form of clusters In order to confirm this hypothesis and to better understand
characterized by a specific and well-defined pattern period. The the exact structure of these PPV clusters in a PPV/PPW17K
appearance of these clusters is clearly related to the addition ofPS blend, a number of parameters were varied and additional
PPV homopolymer, although the blending of PPV homopolymer experiments performed.

to a PS homopolymer leads to very different morphologies. Increasing PPV homopolymer fraction in the blend did not
Indeed, as shown in Figure 3, the droplets of PPV macrophaseaffect the shape, the characteristic length of the domains, the
separating from the PS matrix have not the typical spherical cluster period, and the domain size, within measuring accuracy
shape found in heterogeneous blends formed by nucleation andas shown in Figure 4. Cluster density was, however, increased
growth (NG), but rather an elliptic-like shape with a large aspect by raising the volume fraction of PPV. As homopolymer fraction
ratio and a termination angle. This suggests that the (i) the was approaching 50 wt %, clusters became more disordered
minimization of the total free energy of the systems accounts and started to coexist with macrophase-separated PPV domains
not only for the interfacial free energy associated with PPV/PS (Figure 5).

interfaces, but also additional contributions play a role, and (i)  On the basis of the clusters pattern such as that shown in
that droplets originate by NG by subsequent stacking of PPV Figure 6 and available literatifen the field of rod-coil block

10.5

[R—-Y
——PFYV

10 20 30 40 50 60

rods, which infer the observed angle. The overlaprafonju- copolymers, one can imagine essentially three different types
gated planar bonds, which is known as being an important of structures for these clusters: rods, hockey pucks, and
interaction in systems containimgconjugated polymer®,can lamellae.

provide an attractive potential controlling the NG mechanism  Because TEM images are two-dimensional projections of the
observed in Figure 3. Similarly, when blending PPV homopoly- real three-dimensional structure, the exact structure of the
mer to PP\*-PS block copolymer, ther-mediated roe-rod clusters cannot be worked out by using single TEM micrographs.
attraction can lead to an aggregation of rod homopolymers andAttempts have been made to use small-angle X-rays scattering
rod blocks, increasing the effective volume fraction of the rod to determine the form factor of the clusters, but owing to the
in the block copolymer and thus driving the system into the low volume fraction of the clusters, combined with the very
microsegregated region of the phase diagram. Therefore, ac-similar chemical composition of PS and PPV, and thus similar
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Figure 5. TEM micrographs showing the loss of order in the clusters
when the fraction of homopolymer PPV is increased to 40%.
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Figure 8. Wide-angle X-ray scattering diffractograms showing a single
peak at 6.3 nmt corresponding to the rod-to-rod distance. (a) The inter-
rod peak is stable up to to 25, 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.

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 technigques, which, provided the contrast is sufficient,
2 ! | would yield only the overall lattice space of the clusters.
. U i i Wide-angle X-ray scattering, shown in Figure 8a, was
' e R performed to provide more insight into the way rods are packed

Figure 6. OsQy-stained TEM micrograph showing lamellar clusters  within the dark PPV domains. While the PS1#RPV block
in a blend of 90 wt % P®-PPV block copolymer and 10 wt % of  copolymer alone showed no peaks in WAXS diffractograms, a
PPV homopolymer rods. peak located at 6.53 nmh appeared on PPV/PS17PPV
.20° 10° 0° 10° 20° 30° blends. Moreover, the reerod distance characteristic peak was

: . sharp at 190C and is still present at 25TC. 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, arstacking
interactions. The most efficient way for the rods to pack

) . ) fulfilling these requirements is to align along a common director,
Figure 7. Electron microscopy tomographic sequence of a PPV/PS- h iding liquid llinitvy behavi he PPV d -
b-PPV cluster as a function of tilt angle (tilt axis is parallel to the vertical thus providing _IQUI crystallinity behavior to t _e omains.
axis of the micrographs). The progressive loss of contrast as a functionA temperature increase up to 280 could not disrupt the roe
of tilt angle demonstrates the lamellar structure of the clusters over rod interaction but certainly initiated the degradation of some

possible cylindrical or hockey puck shapes. of the PPV double bonds. This degradation is evident in Figure
8b: the WAXS characteristic peak of redod interactions
scattering lengths, contrast in SAXS was too low to provide started disappearing at 23C and was not recovered when
any valuable information on cluster ordering. Therefore, TEM cooling the sample to 198C.
tomography was performed to determine the structure. By tilting  The order-disorder transition temperature of the clusters,
the microtomed sections of the sample, one has access to thdopr, was obtained by TEM quenching experiments and was
projection corresponding to virtually any desired angle, as shown found to be completely independent of the +ta@dd interactions.
in Figure 7 where the TEM image of one cluster is observed at Figure 9a shows a TEM picture taken on a sample annealed at
six different tilting angles in a blend of 5 wt % PPV in the 180°C and rapidly quenched. As can be noted, PPV aggregated
PS17k-PPV matrix. On the basis of the evidence that strong domains are visible, as confirmed by WAXS scattering data,
contrast is lost as soon as the structure is not perpendicular toalthough the ordered lamellar clusters have been completely
the projection plane, this allows one to conclude that the clustersmelted. As temperature is progressively lowered, the number

-

o4 WO o
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Figure 9. Determination of the lamellar clustefspr by TEM analysis
on samples rapidly quenched from the annealing temperature down togiqre 10. Possible molecular structures for the clusters observed in
room temperature. Samples were annealed at the following tempera-ppy//psp-pPPV blends. The PPV block of ASPPV block copolymer

tures: (348 h at 180°C; (b) 48 h at 160C; (c) 48 h at 140C; (d) is represented as dark red rods, whereas the PPV homopolymer is in
48 h at 120°C. Based on the lamellar ordering appearing between 140 ¢jear red. The ratio of PPV homopolymer/PPV block in the scheme is
and 120°C, theTopr is located at~130°C. arbitrary. S1A; smectic A monolayer, §A, smectic A bilayer, §Cy

smectic C monolayer, &, smectic C bilayer.

of aggregates start first to increase (Figure 9b, 16), and
then to organize in a rough lamellar organization (Figure 9¢, domain. Given the delocalized bonds and considering the
140°C), until when ordered lamellar domains are fully recovered limited molecular weight, the persistence length of the PPV
at about 120°C (Figure 9d). Therefore, according to these molecule is assumed to be larger than its contour length. In
experiments, th@opr of the clusters can be located between order to evaluate the phenylenevinylene monomer length, a
140 and 120°C, that is~130 °C, which is lower than the  conformational energy minimization using MOPAC algorithm
melting temperature of the redod interactions by more than ~ was performed on a PPV trimer. The characteristic unit length
100°C. These results are important since demonstrate that the(lu), expressing the size of a PPV monomer, is then assumed
lamellar clusters are a thermodynamically stable phase whichto be the length obtained in the simulation for the trimer central
is not induced by the crystallization of the PPV rods. unit. The rod length is calculated as the unit lendtipdy =

Although WAXS data strongly support the alignment and 0-660 nm) times the number of unitsefy = 9), determined
close packing of homopolymer and rod PPV, no direct informa- BY NMR, plus the end group sizé(s= 0.425 nm). Thus, the
tion is provided on the way layers of PPV and PS are organized PPV contour length is defined as
within the clusters. Consistently with the TEM images and

organization of rods, four different smectic phases can be lppy = Mepdtppy T leng @)
envisaged to interpret the cluster structure: smectic A bilayer . .
(SwA>), smectic C bilayer ($C,), smectic A monolayer ($A1), By using eq 1, the PPV domain size is calculated to be 6.37

and smectic C monolayer (&1). Figure 10 sketches the NM for the Aand 12.7 nm for the A, phases. For the rod

different structures for each of these phases. The first structurediamfter the experimtoantal WAXS rod-to-rod distance is taken,
arises in strongly segregated mesophases, where the higtProd = 0-96 nm= 1.4% (uncertainty margins are based on a

interfacial energy associated with redoil interfaces (given by ~ normal distribution with 95% confidence). _
a high ) has to be minimized by reducing the ceibd The width of the PS domairDeg) in the strong segregation

interfacial area. This leads to a high energy of stretching of regime can be calculated on_the basis of the law e;xpressing the
coil brush, partially released by the intercalated homopolymer dependence of lamellae spacing and mozlecular weight for a poly-
rods, which essentially decreases the brush density. The las{Styreneb-2-vinylpyridine) copolymer:

structure, the $C,, can only arise in a very weakly segregated 0.6

regime. In this case, the interfacial energy is not minimized due . 0.34(M, p9™

to a tilt angle and to the presence of intercalated homopolymer PS™ 2 @)

rods, but for the same reasons, the stretching energy of the coil

brush is greatly lowered by having low density of anchor sites. This procedure was successfully applied in other PS-based rod
The other two structures correspond to weakly segregatedcoil systems to estimate the thickness of the PS coil polymer
regime, where, however, both interfacial area and coil stretching domain3®

energy play a role. The specific model which suits best the  To estimate the polystyrene size domain in the limit of weakly
cluster structure can therefore be assessed by calculating thesegregated regime, one can take the exact half of the lattice
thickness of the PS polymer brush in both weakly and strongly parameter of a lamellar phase, formed by a symmetric block
segregated regime as well as the thickness expected for the PP\¢opolymer, in which one block is an identical PS block and the
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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 (%A2) and Smectic A Monolayer
(SwA1) Configuration

PS PPV
SSR 13.2nm single layer (A1) 6.4 nm
WSR 9.6 nm double layer (8\2) 12.7 nm
exptl size:eps 9.0 Nm measured Siz&ppy 7.45+ 0.1 nm

other block is made of a polymer having the same statistical
segment length as PS. Following Leidleand Bates and
Fredricksor? the period of the lamellar phase in such a case is
Dps = 3.23y, whereRy 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 Figure 11. Schematic representation of the organization of the PPV

P . s rods within PPV cluster domains as resulting from WAXS data,
that the depth of the PS domain in the fexbil PPV-PS molecular size calculation, and PPV width measured by TEM. The tilt

lamellae in a weakly segregated regime is angle of 54 corresponds to a shift of the rods of two diethylhexyloxy-
p-phenylenevinylene units along the rod axis.
3.2
Dps= 7%92 (3)

where Ry 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 B

R’ _
M.~ 0.0724 (4)

90
80
a size of 9.6 nm is obtained for the PS domain in the clusters 7

in the hypothesis of weakly segregated regime.
Table 1 summarizes the expected thickness of PS domains

kel

=60
=3
@

E

I £

in the lamellae for weakly and strongly segregated regimes anda® f / = Titangle B

also reports the thickness of the PPV domains in the case of§40 ’ y + Domain thickness 8 §

SvA1 and A, (Figure 10). F a0 = + 3 5

Comparison of the experimentally measured thickness of the J . P

PS domains (9 nm) agrees well with the PS width calculated in I v owm g " 5 *

the weakly segregated regime (9.6 nm).

The measured value of the PPV domains in the clusters (7.4 ° . 2 ; ('5 ,'3 100

nm) is comprised between the theoretical value of monolayer

SwA1 (6.4 nm) and that of bilayery@\, (12.7 nm). It may then _ T i o

be concluded that the rods are organized ins&Sstructure, F'gul“? 12f- Q“ﬂ”t'zat'on of the tilt angle and PPV domain W'dtfh
hich is the onlv one out of those sketched in Figure 10 aivin I’ESL! tlng _rom ther—n optlmum interactions. Upon m.lnlmIZatIOI') (0)

whic y one gure U gVING  the interdistance between diethylhexylopsphenylenevinylene units,

values of PPV domains betweep/; and $1A2 and which is only discrete tilt angles and PPV widths are allowed.

also in accordance with a weakly segregated regime. Further-

more, tilted &C, organization of the rods together with the allowed values, which can be more formally expressed as
presence of homopolymer rods in the PPV domains offers an

rod position shift (number of units)

additional route to decrease the density of anchor sites for the Nlupp,)
PS brush and thus the stretching energy of the chains. tilt angle= arctar(D—) neN
The fact that the two blocks are weakly segregated is not rod
surprising, since PS and PPV have rather similar chemical D;oq
structures, and a thus very loy is expected. The weakly €py = 2ppy (6)
segregated hypothesis is also supported by the low erder «/(nIuPPV)Z—F Dmd2

disorder transition temperatures reported before.

As shown in Figure 11, the tilt angle of theuS; can be A quick calculation based on experimenEahs and monomer
easily determined on the basis of the measured PPV doma|n|ength unit obtained by simulations shows that, by takiregjual

thickness grpy, and the calculated PPV contour lengthy: to two PPV units, one recovers by eq 1 tilt anglg = 53.7,
o which is exactly the experimentally determined angle in the
— PV _ o SuC; clusters: 53.9t 1.5°. In Figure 11, the quantization of
angle= arcco$-—|=53.9 £ 1.5 5 2 ; ) ' ;
9 {ZI va) ®) the allowed angle is outlined by the overlap of thetacking,

while Figure 12 illustrates the corresponding discrete widths
In order to minimize the distance of-stacking interactions, of the PPV domains according to eq 6.
only a limited number of positions will be allowed, that is, those ~ On the basis of the above considerations, the energetic driving
positions at which two PPV units are facing each other. As a force leading to the formation of the observed clusters can be
consequence, also the tilt angle will have a discrete set of identified as being made of three main contributions.
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The first two contributions are the energy associated with E§
the stretching of PS polymer chains anchored at the PPV &
domains interface and the interfacial tension associated with s
the PPV/PS interfaces in the clusters. As discussed already by,
Halperin? 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 b
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 they, the larger will be the tilt angle, since the system
can afford a greater increase of interfaces to relax the PS chain-(d]
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 | iy ; i X ;
will also have an influence on the energy gainedibstacking. = N N
Very large tilt angles, leading to a lom-interaction exchange = . HNCNTE R
area, will reduce the energetic gain contribution associated with Figure 13. (a) TEM micrograph of PS3KPPV showing disordered

s-interactions. The energetic gain obtainedsbgtacking will aggregates of PPV sparsely dispersed in an isotropic A8/

; ; P continuous phase. (b) When 5% PPV homopolymer is added to 95%
also have to be accounted as _the th'r.d main co_ntrlbutlon to the PS3K-PPV localized lamellar clusters start to appear, although these
total free energy, together with chain stretching energy and remain disperse in a continuous isotropic phase. When (c) 10 wt %
interfacial energy. Finally, introducing free rods in the PPV (inset has 200 nm edge) and (d) 25 wt % (inset has 200 nm edge) PPV
domains also has an effect on the PS brush density, and byhomopolymer are added to the blend, however,_ lamellar clusters with
diluting the surface density of anchor sites, it constitutes an 'ong-range order percolating throughout the entire sample are formed.

dditional way to decrease the entropic penalty associated WithUpon further increase on volume fraction of the PPV homopolymer,
a y 10| ntropic p Yy macrophase separation starts to occur, as shown in (e), where the
stretched PS chains. A formal minimization of total free energy morphology of a 40% PPV 60% PS3#PV is shown.

of the clusters leading to equilibrium tiltedy8S; is presented
in the Appendix. temperature range from 120 to 18G. This indicates that (i)
Similarly to the asymmetric PS17KPPV, the symmetric  the tilt angle is temperature independent of this system and that
PS3Kk—PPV exhibited an isotropic phase where, however, (i) the order-disorder temperature of the clusters in PS3K
disordered aggregated PPV domains could occasionally bePPV:PPV is well above the temperature region which can be
observed, as shown in Figure 13a, driven by the larger PPV explored without thermal degradation of either block. Similarly
content. When the PS3KPPV block copolymer was blended to the clusters observed in the PS17RPV:PPV blend, also
to PPV homopolymer of the same molecular weight of the rod in this case the clusters were found to be organized in@S
block, nicely ordered lamellar clusters appeared, with long-range topology with a tilt angle of 51.8t 2.3°, which is very close
order maintained over several micrometers. Figure 13 showsto the one observed in PS17#RPV:PPV clusters. These results
the shape of lamellar clusters for a blends of PS8RV and are at first sight counterintuitive as one would expect a lower
PPV at various concentrations of the PPV homopolymer rod. tilt angle based on the shorter PS brush, as compared to the
For low fraction of PPV homopolymer (5%, Figure 13b) the PS17K-PPV case. However, in the PS3IRPV block copoly-
lamellar clusters are still dispersed in a homogeneous PS3K mer, the PPV rods being shorter, the negatiwstacking
PPV matrix and are thus unsuitable for optoelectronics applica- contribution to the total free energy, which tends to stabilize
tions requiring percolating interfaces and long-range order. lower tilt angle is reduced compared to PSI7RPV, which
However, upon blending of additional PPV homopolymer, in can explain values of the tilt angle comparable for the PS17K
concentration between 10% and 25% (Figure 13c,d) lamellar PPV:PPV and PS3KPPV:PPV blends.
clusters gain long-range order and percolate throughout the entire )
samples, thus fulfilling the requirement for optimal exciton Conclusions
dissociation at the interfaces. Further increase in PPV volume The self-assembly behavior in blendszetonjugated poly-

fraction leads to progressive macrophase separation of PPV andgiethylhexyloxyp-phenylenevinylene) rod homopolymers (PPV)
PS3K—PPV, as the contrlbunon of the interfacial tenspn of and poly(diethylhexyloxyp-phenylenevinylene)polystyrene
free rods homopolymer in the clusters becomes too high to (ppvh-PS) rod-coil block copolymers has been described.
stabilize the clusters and the system better minimizes the tma'AIthough the rod-coil alone forms a homogeneous isotropic
free energy by macroscopic phase separation. phase, ordered clusters of PPV domains alternated by PS

The long-range order in these blends for optimal PPV domains appeared upon blending of PPV and BPFRS. The
homopolymer volume fraction can be understood considering exact structure of the clusters was assessed by tomographic
the high equivalent volume fraction of PPV in the blend. Owing electron transmission microscopy, which allowed determining
to the large volume fraction of the clusters in PS3RPV:PPV the lamellar nature of the clusters by tilting microtomed sections
blends the structure period could be determined by SAXS. This of the blend at different angles. Wide-angle X-ray scattering
was found to be 11 nm for blends of 10 wt % homopolymer revealed the presence of retbd order in the PPV domains
90% block copolymer without significant variation in the with inter-rod distance of 1 nm.
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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 bilayersy), 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 84¢orresponds to a systematic
shift of rod alignment of two diethylhexyloxg-phenylenevi-
nylene units. The morphology observed for thgCs lamellar
clusters suggested that these structures originate as a result o
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
m-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 o
PS polymer brush and increases thstacking energy gain at
the expenses of PPWS interfacial energy. Equivalently, the
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Figure 14. (i) PS/PPV interfacial energy, (ii) stretching energy of PS
chains, and (iiiyz-stacking energetic gain as a function of the tilt angle.

PPV intercalation can be viewed as increasing the equivalent The total free energy is illustrated based on (i) plus (ii) contributions

volume fraction of the rod in the block copolymer, thus driving
the equilibrium structure of the rettoil block copolymers from

and (i) plus (ii) plus (iii) contributions. Including ther-stacking
energetic gain in the classical energetic calculation (performed by
Halperin), shifts the minimum of the total free energy toward lower

an isotropic fluid to a lamellar morphology. These concepts were tilting angles of the rods.

used to ultimately design long-range order lamellar clusters

percolating throughout the entire samples when PPV homopoly-where A is a negative constant dependent on the strength of

mer rods were blended with symmetric-PBPV 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-

s-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 of) the sum of (A1), (A2), and (A3) contributions,
once all prefactors are known. In plotting Figure 14, we have

assembly of roetcoil block copolymers, and this study has also fixed for y and AL values yielding a minimum of total free

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

energy at 54
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