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ABSTRACT: Fullerene-grafted rod-coil block copolymers, designed for being used as active polymer layers
in donor–acceptor bulk heterojunction photovoltaic devices, have been synthesized. The copolymer synthesis
was monitored by 1H nuclear magnetic resonance, size exclusion chromatography and infrared absorption
spectroscopy, while the material properties were explored by X-ray diffraction, atomic force microscopy, UV–vis
absorption, and photoluminescence spectroscopy. Structural properties of bulk materials and thin films were
investigated to study the influence of the coil block molecular weight as well as that of the grafted fullerenes on
the molecular self-assembling process. The results show that the rod homopolymer is in the crystalline state at
ambient temperature and undergoes a phase transition into a smectic-type liquid-crystalline phase at 55 °C. The
rod-coil microphase separation enhances interlamellar ordering but destabilizes the intralamellar order, leading
to the appearance of a liquid-crystalline phase for the non-fullerene-grafted copolymer at ambient temperature.
Adding the fullerene moieties considerably affects the polymer assembling through the growth of fullerene
nanocrystals. The latter hinder the formation of the lamellar phase by pinning the coil segments. The identification
of the major driving forces that control the molecular self-assembling process allows us to suggest different
alternative strategies that can be used as guidelines for the design of new photovoltaic polymer self-assembling
materials.

Introduction

Semiconducting conjugated polymers are promising materials
for the development of low-cost optoelectronic applications.1

A lot of efforts have in particular been devoted in recent years
to the design of polymer materials for solution-processed
photovoltaic devices.2–10 Relatively high-energy conversion
efficiencies (above 5%) were achieved by using blends of
poly(phenylenevinylene)s or poly(alkylthiophene)s with fullerene
derivatives as photoactive layer. In these systems, the electron-
donating polymers and electron-accepting fullerenes form an
interpenetrated network, or donor–acceptor bulk heterojunction,
with nanometer-sized domains. The resulting large donor–
acceptor interface assists exciton dissociation into free charge
carriers while the continuous but separate pathways through both
domains allow the photogenerated electrons and holes to reach
the electrodes.11 The long-term stability of such devices is,
however, inherently restricted by the macrophase separation of
the blend constituents. Improving the control over the active
layer morphology on the nanometer scale is therefore among
the present key issues that need to be addressed to further
improve the photovoltaic performances.12 A possible way
toward this goal is to use donor–acceptor functionalized di-
block copolymers as active layer instead of donor–acceptor

blends.13–21 It is indeed known that diblock copolymers mi-
crophase separate into well-ordered nanostructures with lamella-,
cylinder-, or gyroid-like morphologies or into hexagonally close-
packed spheres.22 By using a semiconducting electron-donor
polymer block and a second electron-accepting block, it is
possible to combine the self-assembling ability of diblock
copolymers with the functionality of conjugated molecules. This
gives the challenging opportunity to form thermodynamically
stable, nanostructured donor–acceptor films whose morphology
can be optimized for photovoltaic applications.

Rod-coil donor–acceptor diblock copolymers based on a
poly[(2,5-(1,4-dioctyloxy)phenylenevinylene] (DO-PPV) rodlike
block and a polystyrene coil block grafted with fullerene
moieties have been previously synthesized and used as active
layer in photovoltaic devices by one of the author’s group.13

Similar approaches using diblock copolymers bearing electron-
donating and electron-accepting moieties have been reported
by Lindner et al.16,19 and Sun et al.15 Although the experimental
results confirm in all cases a gain in efficiency when using
diblock copolymers as active layer instead of the corresponding
homopolymer blends, the overall efficiency remained low. These
initial studies put a significant effort into the challenging
syntheses of complex donor–acceptor molecules. Yet, a more
profound comprehension of the resulting nanostructures is
needed before the remarkable properties of these polymers can
contribute to improve photovoltaic device performances.
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The self-assembling mechanism and physical properties of
diblock copolymers including conjugated segments are far less
understood than those of more common coil-coil copolymers.
While Gaussian models apply to coil-coil systems for which
microphase separation dominates molecular self-assembling,
conjugated rod blocks bring in rigid hard-core constraints
modulating the local molecular arrangement.23 Anisotropic
interactions of rods give rise to liquid-crystalline and crystalline
phases which influence the material thermodynamics and lead
to equilibrium structures differing significantly from those of
coil-coil systems. Therefore, theoretical models which have
been developed successfully to describe coil-coil block co-
polymer phase separation generally do not apply to the complex
“photovoltaic” diblock copolymers. Recently, Olsen et al.
investigated the structure and thermal properties of weakly and
moderately segregated rod-coil polymers consisting of poly[(2,5-
di(2′-ethyl)hexyloxy)-1,4-phenylenevinylene] (DEH-PPV) rod
blocks and polyisoprene coil blocks.24–26 However, since the
coil block did not possess an electronic function, the corre-
sponding copolymer cannot be used as such in photovoltaic
devices.

In the present work, we investigate rod-coil systems based
on DEH-PPV rod blocks with functionalized poly(butyl acrylate-
stat-chloromethylstyrene) coil blocks. The higher solubility of
the DEH-PPV block, with respect to DO-PPV, allows access
to good thin film properties. Also, the lower glass transition
temperature of poly(butyl acrylate-stat-chloromethylstyrene), in
comparison to the previously investigated polystyrene coil block,
leads to a higher molecular mobility, while its chemical structure
enhances segregation. Together, both factors are expected to
assist microphase separation both kinetically and thermody-
namically.27 The chloromethylstyrene units allow the grafting
of C60 molecules onto the coil block and the achievement of
donor–acceptor diblock copolymers. The major goal of this work
is to study the influence of the coil block fullerene functional-
ization on the self-assembling process and to outline experi-
mental conditions which may lead to an appropriate thin film
nanostructure for photovoltaic applications. We therefore per-
formed a comparative study of the structure and phase behavior
of respectively rodlike homopolymers, rod-coil diblock co-
polymers without grafted C60 molecules, and rod-coil diblock
copolymers with a fixed amount of fullerene moieties. Both bulk
and thin film properties have been investigated.

Experimental Results

Copolymers Synthesis and Functionalization. The rod-coil
copolymers were synthesized using poly[(2,5-di(2′-ethyl)hex-
yloxy)-1,4-phenylenevinylene] (DEH-PPV) end-capped with
2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl nitroxide (TIPNO)
as initiator for the nitroxide-mediated radical polymerization
(NMRP) of the coil block (see Scheme 1). The molecular
properties of representative polymers obtained by using different
butylacrylate (BA)/chloromethylstyrene (CMS) ratios, polymer/
monomer feed ratios, and polymerization times are summarized
in Table 1. The copolymers are labeled from 2a to 2g following
an increasing coil weight fraction. The homopolymer 1 molec-
ular weight (Mn,rod) of 3.3 kg/mol corresponds to 9.25 monomer
units and a total block length of ∼6.5 nm (estimated by
assuming a planar homopolymer conformation). We used this
polymer as macroinitiator for most copolymers, except for 2b
and 2e, for which a homopolymer with a molecular weight of
4 kg mol-1 and a polydispersity index of 1.3 was used.27 The
coil-block degree of polymerization (DPn) was estimated from
the 1H NMR spectra. By comparing the OCH2 proton peaks of
the DEH-PPV side chains ((4n + 4)H) at δ ) 4.0 ppm or, in
case of peak overlap, the aromatic peaks of the DEH-PPV, to
BA CH2 aliphatic chain peaks and CMS CH2Cl peaks, an

estimation of the number of BA and CMS monomers incorpo-
rated into the copolymer could be performed. The resulting
copolymer composition shows that the BA/CMS built-in ratio
is lower than the feed ratio. This is due to a higher reactivity of
the CMS monomer, implying a preference in adding CMS
instead of BA into the copolymers. The copolymer composition
can be controlled by adjusting the feed ratio. Different poly-
merization times were tried. For a short duration of 7 min, no
coil block could be detected, indicating an inhibition time which
can be attributed to the presence of impurity-related radical traps
in the conjugating macroinitiator. During this period, formed
radicals are destroyed by consuming the impurities. Its effect
on the reaction kinetics is therefore more visible for short
reaction times. For a given polymerization time, the starting
solution composition determines the reaction kinetics. For
instance, using two different BA/CMS ratios, coil block
molecular weights (Mn,coil) of 6.2 (2c) and 23.1 kg mol-1 (2f)
(corresponding to a conversion of 5% and 30%, respectively)
have been obtained after 40 min of polymerization. At even
longer polymerization times, the high conversion leads to very
high degrees of polymerization (2g). The linear increase of Mn,coil

with conversion confirms the “living” character of the NMRP
copolymerization. It leads from low to moderate polydispersities
of the P(BA-stat-CMS) block.

The block copolymer with an average of 2.55 CMS units
per molecule and with a coil-block weight ratio close to 50%
(2d in Table 1) was used for the subsequent C60 grafting reaction
(Scheme 2). Note that copolymers with larger amounts of C60

(up to 30 fullerenes per molecule) have also been synthesized
but were not further investigated.

The FTIR spectra obtained on homopolymer 1, on copolymer
2d, before and after fullerene grafting, and on the intermediate
compound DEH-PPV-b-P(BA-stat-N3MS) revealed several ab-
sorption bands which are due to the coil block (the spectra can
be seen in the Supporting Information). An absorption band at
2097 cm-1, which is only observed in the intermediate
compound and in the fullerene grafted copolymer with signifi-

Scheme 1. Synthesis of Butyl Acrylate-Based Rod-Coil
Copolymers 2 and 3 by NMRP from DEH-PPV-TIPNO

Macroinitiator (1)
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cantly lower intensity, can be attributed to the C-N3 bond
stretching. Its intensity is strongly reduced in the fullerene
grafted copolymer 3 due to the replacement of N3 by C60. The
residual amplitude indicates that the conversion reaction may
not be complete. Accordingly, the unreacted C60 present in our
material after synthesis corresponds to at most 10% of the total
fullerene content. To reduce the amount of free C60, the reaction
product was additionally purified by evaporation of the DCB
under reduced pressure, solubilization in chloroform, and
filtration to eliminate free C60 aggregates.

A comparative 1H NMR analysis of compound 3 and of the
intermediate compound, DEH-PPV-b-P(BA-stat-N3MS), before
purification, showed that the peak corresponding to the protons
of the CH2-N3 (4.3 ppm) dissappears after fullerene grafting.
The residual azide groups seen by FTIR are however below
the detection limit of our NMR equipment.

Structural Properties. Homopolymer. The wide-angle X-ray
diffraction pattern of the homopolymer 1 at ambient temperature
is shown in Figure 1. A large number of diffraction peaks are

found, which, with the exception of the peak at s ) 0.206 Å-1,
can be indexed to a monoclinic unit cell whose corresponding
d-spacings are summarized in Table 2. The correlation length
for the crystalline phase was estimated to 45 nm using Scherrer’s
equation. By considering the unit cell of the crystalline phase
of DEH-PPV to contain only one chain and by taking into
account the average molecular length of 6.5 nm, the material

Table 1. Molecular Properties of Synthesized Products Characterized by (a) 1H NMR and (b) GPC

DEH-PPV-b-P(BA-stat-CMS) (2)

sample label DEH-PPV 1 2af,g 2be,h 2ce,g 2df,g 2ee,h 2ff,g 2gf,g

monomer/polymer molar
feed ratio

512 515 517 512 515 513 515

BA/CMS molar feed ratio 22.3 33.3 27.69 22.3 33.3 9.5 29.2
BA/CMS polymer composition none 12.0 7.10 8.90 10.5 1.44 8.4
polymerization time (min) 7 40 40 195 80 40 195
conversion Pa,b 0.038 0.033 0.049 0.089 0.292 0.534
coil block degree of

polymerization, DPn
a

0 21.5 16.6 25.2 46.1 142.1 272.0

Mn
a (kg mol-1) 3.3 3.3 6.8 6.2 6.9 10 23.1 39.0

Mn
c (kg mol-1) 3.2 6.2 6.9 4.8 9.8 23.6 26.6

PDIc 1.5 1.6 1.3 1.5 1.6 1.8 1.3
coil (wt %)d 36 41 47 56 84 90
observations WAXS SAXS AFM AFM WAXS AFM WAXS/SAXS AFM WAXS AFM WAXS

a Determined by 1H NMR. b P ) Mn,coil/Mn,coil,max; Mn,coil ) Mn
a - Mn,rod+TIPNO. c Determined by GPC measurement; RI signal with polystyrene standard.

d Defined as Mn,coil/(Mn
a - Mn,rod+TIPNO). e Sealed tube. f Pressure tube. g Mn,rod ) 3.3 kg mol-1. h Mn,rod ) 4 kg mol-1.

Scheme 2. Grafting of C60 on Butyl Acrylate/PPV-Based
Rod-Coil Copolymer: (i) NaN3 in DMF for 24 h at 50 °C; (ii)
C60 in Dichlorobenzene at 60 °C for 24 h and 120 °C for 1 h

Figure 1. WAXS diffractograms of DEH-PPV (1) measured at room
temperature, at 65 °C, and at 130 °C. The inset shows the variation of
the a parameter of the DEH-PPV unit cell with temperature. The line
is a guide for the eye.

Table 2. Experimental and Calculated d-Spacings Found from
2D WAXS Measurements on Samples 1 and 2d

DEH-PPVa (1) DEH-PPVb (1)
DEH-PPV-P

(BA-stat-CMS)a (2d)

hkl dexp, Å dcalc,
c Å dexp, Å dcalc,d Å dexp, Å dcalc,e Å

100 9.49 9.53 9.69 9.82 9.83 9.79
110 6.11 6.28 6.16 6.28
1–10 5.89 6.05

4.84 ?
200 4.78 4.76 4.91 4.91 4.87 4.89
210 4.38 4.19 4.41 4.22 4.42 4.23
2–10/020 4.18 4.05
120 3.85 3.78 3.89 3.80 3.84 3.84
1–20 3.74 3.68
300 3.21 3.26

a Measurements performed at ambient temperature. b Measurement
performed at 65 °C. c Indexation has been performed to a monoclinic unit
cell with a ) 9.53 Å, b ) 8.1 Å, and γ ) 88°. d Indexation has been
performed to a rectangular unit cell with a ) 9.82 Å and b ) 8.14 Å. e Index-
ation has been performed to a rectangular unit cell with a ) 9.79 Å and b
) 8.36 Å.
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density can be estimated to be of the order of 1.09 g/cm3, which
is a reasonable value for polymers. It is noteworthy that no
diffraction peak induced by a molecular π-π stacking (expected
around s ) 0.3 Å-1) has been observed.

The thermal behavior of the sample was studied with
temperature-resolved X-ray scattering during sample heating at
10 °C min-1. The WAXS curves measured at 65 and 130 °C
are also shown in Figure 1. It can be seen that at 65 °C several
diffraction peaks have disappeared, while others are slightly
shifted to smaller values of the scattering vector (i.e., to larger
distances). We attribute this behavior to a phase transition from
a crystalline state to a smectic-like liquid crystalline phase
(TK-LC). The temperature evolution of the lattice parameter a,
given in the inset of Figure 1, reveals indeed a rapid increase
with an inflection point at the phase transition temperature,
which can be estimated to 55 °C. The tentative assignment of
the high-temperature structure to a smectic-like LC phase is
based on the presence of multiple sharp reflexes in WAXS.
Above ∼105 °C, the amplitude reduction of all diffraction peaks
indicates further that the material undergoes another transition
into a disordered isotropic state (cf. Figure 1).

The SAXS pattern of homopolymer 1 (shown in Figure 2) is
featureless even after thermal annealing at 105 °C. This negative

result hinders us to determine the structure along the c-axis. It
also points out that the crystalline order is limited mostly to
directions a and b, leading to the formation of randomly
distributed lamellar-shaped crystals with poorly defined thick-
nesses. This behavior agrees with previous observations done
by Olsen et al. on similar materials with various molecular
weights.28 Their results showed in particular that, for molecular
weights of 4 kg mol-1 or less, polydispersities higher than 1.1
introduce significant interfacial broadening.

The tapping-mode AFM phase images obtained on either as-
deposited or annealed thin films of homopolymer 1 are reported
in Figure 3A,B. In phase images, the image contrast is essentially
due to the difference in the tip–sample interaction: soft coil-
rich domains appear dark, while brighter regions are associated
with harder crystalline domains. For the as-deposited homopoly-
mer 1, a disordered assembly of elongated objects with an
average length of 80 nm and a thickness of the order of 10 nm
can be observed. After annealing at 90 °C for 1 h, these
structures grow into a disordered mesh of lamellar-type struc-
tures of micrometer length and a thickness of roughly 15 ( 5
nm. These observations corroborate the conclusion of the X-ray
diffraction experiments that the homopolymer 1 forms lamellar-
shaped crystals characterized by a significant lateral disorder
and nonuniform thickness.

Fullerene-Free Copolymers. The WAXS diffraction patterns
of the fullerene-free copolymers with various coil weight
fractions were measured at ambient temperature and are given
in Figure 4. Sharp diffraction peaks are visible only for samples
with relatively small coils (i.e., 2c and 2d) whereas broad
amorphous halos are seen for the two other materials (2f, 2g).
The d-spacings corresponding to the most ordered copolymer
2c are reported in Table 2. They are close to the values observed

Figure 2. Top: SAXS curves corresponding to DEH-PPV (1), DEH-
PPV-b-poly(BA-stat-CMS) (2d), and DEH-PPV-b-poly(BA-stat-
C60MS) (3) measured at RT. Bottom: one-dimensional SAXS correlation
function corresponding to sample 2d.

Figure 3. AFM phase images of (A) as-deposited homopolymer 1, (B)
homopolymer 1 after 1 h at 90 °C, (C) as-deposited copolymer 2c, (D)
as-deposited copolymer 2e, (E) copolymer 2e after 1 h at 90 °C, and
(F) copolymer 2b after 15 min at 90 °C. The color scale corresponds
to phase changes of 10° for (A), 20° for (B), 10° for (C), 5° for (D, E),
and 35° for (F).
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for homopolymer 1 in the LC state and are consistent with the
previously reported electron diffraction pattern obtained on
copolymer 2b thin films, where similar diffraction lines were
seen.27 The diffraction pattern disappears upon annealing for
all copolymers, with a WAXS clearing temperature, TLC-I, that
decreases with increasing coil fraction. For samples 2d, TLC-I

equals 90 °C, which is appreciably lower than that of pure
homopolymer 1 (105 °C), while for 2f and 2g, the material
remains isotropic down to a temperature of at least -50 °C.

The copolymer 2d SAXS profile (Figure 2) displays a ripple
at about s ) 0.08 Å-1. Such a pattern is related to the form
factor of a lamellar-type structure and reveals certain shape
uniformity along the normal to the lamellar basal plane.
Importantly, the SAXS signal remains visible up to temperatures
as high as 166 °C, which is well above the WAXS clearing
temperature.

By analyzing the SAXS curve with the classical approach of
one-dimensional SAXS correlation (CF) function,29 γ(l), the
characteristic size of the structure can be deduced (Figure 2,
bottom). This corresponds to the first minimum of the CF located
at 12.3 nm. It is noteworthy that the stacking period, which
corresponds to the first subsidiary maximum of the CF, is not
well-defined, indicating that there is a rather broad distribution
of nearest-neighbor distances. Possible reasons for such poor
organization of copolymers in the bulk will be discussed in the
following.

The X-ray results point out that increasing the coil block
length weakens the DEH-PPV structure (as exposed by the
reduced TLC-I) and introduces disorder into the DEH-PPV
assembly (less WAXS diffraction lines). For the copolymer 2d,
whose coil weight fraction is of medium size, the SAXS results
show that microphase separation between both blocks enhances
the structural order along the c-axis of the liquid-crystalline rod
phase and gives rise to lamellae which are visible by SAXS.
The SAXS pattern persistence at high temperature further reveals
that microphase separation operates even when the rod block
is in its disordered state.

The AFM morphology of the copolymer films before an-
nealing differs significantly from that of homopolymer 1 (Figure
3C,D). Stacks of linear fibril-like structures (some of which are
indicated by dashed lines) with a remarkably uniform thickness
and up to 200 nm in length, surrounded by featureless domains,
can be seen. The bright phase contrast points out that these
structures are formed by the rod block and are separated by
soft, coil-rich domains. This is corroborated by the fact that
the separation between fibrils within the stacks tends to be larger
for the longer coil block (Figure 3D). The piling up into parallel

aligned fibrils, with almost no fibril crossing, suggests that these
structures actually may have a significant lateral dimension
(along the vertical direction) and form two-dimensional lamellae
oriented edge-on rather than one-dimensional fibers. The bend-
ing of some fibrils induced by neighboring structures (see arrow
in Figure 3D) further substantiates this description. Also, a
preliminary transmission electron microscopy investigation,
reported in ref 27, supports the 2D nature of these structures.
The featureless domains may correspond to lamellae oriented
parallel to the substrate, similar to what has been reported on
other rod-coil block copolymers.24,30

For a coil block weight fraction of 84% (copolymer 2f), no
similar structure could be observed. Interestingly, this result is
in agreement with the phase behavior of DEH-PPV-polyisoprene
block copolymers for which Olsen et al.25 found a liquid crystal
to isotropic state transition at a coil volume fraction of ∼0.85.
Although the differing coil chemical structures do not allow a
quantitative comparison between both sets of data, the same
qualitative behavior seems to hold for both block copolymers
systems.

Annealing at 90 °C leads to a significant growth of the
structures in the films of copolymers 2c and 2e (Figure 3E).
The major features described above (parallel stacking, no
crossing, bending) are enhanced and confirm the lamellar nature
of the structures. The featureless domains also increase upon
annealing and may be attributed to the growth of the horizontal
lamellae. A similar behavior can be seen for the copolymer 2b,
with the lowest coil weight fraction (Figure 3F). In this case,
however, both the lamellar thickness and the intralamellar
distance are reduced (note the reduced image scale), and the
proportion of edge-on lamellae has increased.

To investigate in more details the influence of the coil block
length on the morphology and to allow a comparison with the
results obtained by SAXS, we have performed a quantitative
AFM image treatment based on reciprocal space analysis. To
this end, one-dimensional power spectral density (PSD) func-
tions were calculated (Figure 5) from the AFM images of as-
deposited films, as described earlier.31,32 Using appropriately
modified scaling laws adapted for the case of a 2D space, the
SAXS-type one-dimensional correlation and interface distribu-
tion functions have been calculated for the PSD functions of
the AFM phase images. The results are summarized in Table
3. The most probable lamellar core thickness (Lc) for the
fullerene-free copolymer 2e, determined from the first maximum
of the IDF (Figure 5C), was found to be 10.5 ( 0.5 nm, whereas
the lamellar stacking period (LB), corresponding to the first
secondary maximum of the CF (Figure 5B) or to the first
minimum of the IDF, is 21.6 ( 0.5 nm. The interlamellar
distance (La ≡ LB - Lc), or lamellar shell thickness, is thus
estimated to 11.1 ( 1.0 nm. A similar analysis of the 2c phase
image yields 9.9 ( 0.5 nm for Lc. The corresponding LB value
cannot be evaluated with certainty given the insufficient statistics
of the AFM image: it can be seen that the PSD curve of sample
2e (Figure 5A) exhibits a much more pronounced Bragg peak
located at about 0.005 Å-1. Nevertheless, the corresponding IDF
indicates that the most probable nearest-neighbor distance is
19.4 ( 0.5 nm. An estimate of La for this sample gives then
9.5 ( 0.5 nm. It is however well-known that the reciprocal space
treatment can result in confusion of the two distances33 (i.e., Lc

and La) due to the Babinet principle. Therefore, the values for
the lamellar thickness have been also cross-checked by perform-
ing particle analysis of the images as described in ref 33 (the
apparent lamellar thickness distributions of Figure 4C,D are
shown in the Supporting Information). The values of the most
probable lamellar thickness for the copolymers (2c and 2e) are
found to be equal to 10.9 ( 0.5 nm. They are almost identical
for the two copolymers and close to twice the rod-block length.

Figure 4. WAXS patterns of DEH-PPV-b-poly(BA-stat-CMS) copoly-
mers 2c, 2d, 2f, and 2g measured at RT.

Macromolecules, Vol. 41, No. 7, 2008 Rod-Coil Block Copolymers 2705



In the case of the copolymer with the lowest rod-coil weight
ratio (2b) however, a similar analysis of the AFM phase image
(Figure 3F) leads to a lamellar core thickness of only 6.2 nm,
slightly lower than the rod length (estimated to 7.8 nm for
copolymer 2b). These results suggest that lamellae may be
formed either of rod-block monolayers or bilayers, depending
on the copolymer molecular structure. The conditions needed
to achieve either of these structures appear to depend critically
on the rod-coil block ratio and on the rod-block polydispersity
index, which was lower in the case of copolymer 2b. However
our investigations are not sufficient to allow us to identify the
conditions (in terms of molecular structure), which lead to either
single- or double-layer lamellar phase or to an amorphous
structure. This would require a more systematic investigation,
which is beyond the scope of the present work.

Fullerene-Grafted Copolymers. The WAXS patterns of the
fullerene-grafted copolymer 3, before and after annealing, are
shown in Figure 6. Also shown are the patterns obtained on an
as-deposited blend of homopolymer 1 with an amount of free
C60 molecules equivalent to the fullerene content of 3 and those
of the poly(butyl acrylate-b-C60MS) (PBA-C60) copolymer 4,
before and after annealing. The results obtained on 3 show
several broad diffraction peaks as well as a number of smaller
relatively narrow peaks, whose amplitude increases upon
annealing. These peaks differ significantly from those charac-
teristic of the copolymer structure which appear in the diffrac-
togram of the annealed sample 2d (also shown in Figure 6 for
comparison). On the other hand, the peak positions are close to
those found either on copolymer 4 or on the blend of ho-
mopolymer 1 and free C60. The three major peaks observed in
the blend coincide with those expected for pure C60 crystals
according to ref 34 except for the peak at 0.106 Å-1 which
corresponds to the homopolymer crystalline structure. The
broadening of the peak at 0.122 Å-1 can be induced by
the broad diffraction halos observed for the homopolymer 1
(Figure 2). The peaks of 3 and 4 can be indexed to a monoclinic
lattice differing slightly from that of pure C60 crystals. The
corresponding d-spacings are given in the Supporting Informa-
tion. Interestingly, the corresponding lattice parameters are very
close to those found for the crystalline lattice of the fullerene
derivative [6,6]-phenyl-C[61]-butyric acid methyl ester (PCBM)
reported elsewhere.35

The good agreement between the diffraction pattern of the
blend and that of pure C60, establishes that fullerene nanocrystals
have been formed in the blend. On the other hand, the successful
indexation of the diffraction peaks of 3 and 4 to a monoclinic
structure similar to that of PCBM strongly suggests that distorted
C60 nanocrystals are formed in these materials even though the
fullerenes are covalently bonded to a polymer backbone. The
observed trend toward larger lattice parameters, illustrated by
a shift to smaller angles of the diffraction peaks when comparing
free C60 with polymer 4 and with copolymer 3 (see Supporting
Information), reflects the influence of the C60-polymer covalent
bond on the fullerene crystallization. The indexation of the C60

related diffraction peaks reveals a distortion of the C60 cubic
phase and the formation of a less dense crystalline structure.
This behavior is most pronounced in the case of the copolymer
3. The average size of C60 crystallites in 3 and 4, deduced from
the peak shape, is ∼90 ( 30 nm.

Figure 5. (A) Power spectral density functions calculated from the AFM
images in Figure 3C,D. (B, C) One-dimensional SAXS-type correlation
and interface distribution functions calculated for the image given in
Figure 3D.

Table 3. Lamellar Shell and Core Thickness Obtained by the
Correlation Method on Either AFM or SAXS Results for

Various Nongrafted Copolymers

copolymer 2b 2c 2d 2e

lamellar core thickness
Lc (nm)

6.0 ( 0.5 9.9 ( 0.5 13.0 ( 0.2 10.5 ( 0.5

lamellar shell thickness
La (nm)

6.2 ( 0.7 9.5 ( 0.7 10.1 ( 0.7

method AFM AFM SAXS AFM

Figure 6. WAXS curves of a blend of DEH-PPV (1) and C60; fullerene-
grafted copolymer 3 before annealing with enlarged fragment (dashed
line); fullerene-grafted copolymer 3 after 4 h annealing at 90 °C;
poly(butyl acrylate-stat-C60MS) (4) before annealing; poly(butyl acry-
late-stat-C60MS) (4) after 4 h annealing at 90 °C; and DEH-PPV-b
poly(BA-stat-CMS) (2d) after 4 h annealing at 90 °C.
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The absence of the rod-block-related diffraction peaks (observed
in the material before fullerene grafting, i.e., in copolymer 2d) in
the spectra of 3 points out that no ordered rod phase could form.
This is further corroborated by the fact that the SAXS pattern of
3, shown in Figure 2, is featureless. Both WAXS and SAXS
data therefore point out that the presence of C60 moieties
impedes the self-assembling process for the copolymer. The
situation is different for the blend with C60, for which the
crystallization of fullerene does not interfere with the rod-block
crystallization in the blend, as suggested by the presence of the
DEH-PPV diffraction peak. On the other hand, grafting the
fullerene onto the polymer does not hinder the formation of
fullerene nanocrystals. Only the crystal growth is slowed down
by the presence of the rod and coil blocks since no structures
are observed in 3 and 4 prior to annealing. Note that the
annealing temperature was below the highest temperature used
during the fullerene grafting procedure (120 °C). Therefore,
thermally induced dissociation of the polymer-fullerene bond
and subsequent crystallization of released C60 molecules can
be excluded. Inclusion of some residual free fullerene molecules
into the observed crystals is possible but should be much lower
than 10% of the total amount of C60 (i.e., nonreacted C60 before
the purification step, estimated from the residual azide groups
seen by FTIR).

The AFM morphology of the fullerene-grafted copolymer 3,
shown in Figure 7, differs significantly from that of the
homopolymer and the fullerene-free copolymers. Before an-
nealing, no lamellar structures can be identified on the phase
image (Figure 7A). The nevertheless significant phase contrast
may be due to either local variations in composition or roughness
induced phase changes (the rms film roughness deduced from
topographical images was estimated to 0.4 nm). After 1 h
annealing at 90 °C, the formation of nanoparticles, best seen in
the topographical image (Figure 7B), occurs. Interestingly,
similar particles are present in an as-desposited film of the
fullerene-grafted polymer 4 (Figure 7C). These results agree
with the X-ray diffraction data. The absence of lamellar-type
structures in the AFM image of copolymer 3 are consistent with
the featureless SAXS data. Furthermore, the formation of
nanoparticles in thin films of both fullerene-grafted materials
(3 and 4) can be related to the WAXS diffraction peaks seen in
the corresponding bulk materials. A reasonable matching is also
found between the average size of the particles estimated from
WAXS and AFM measurements. Both results suggest that
grafted C60 molecules strongly tend to form nanocrystals, thereby
hindering significantly the copolymer self-assembling process,
which otherwise would lead to a lamellar-type morphology.

Optical Properties. An additional insight into the intermo-
lecular interactions resulting from the block copolymer self-
assembling process can be gained from the optical thin film
properties. Figure 8 displays the UV absorption spectra of the
homopolymer and copolymers. The absorption spectra of the

homopolymer in solution and that of a soluble C60 derivative
([6,6]-phenyl-C[61]-butyric acid methyl ester, or PCBM) in
either solution or solid state are shown for comparison. The
absorption band around 450 nm, observed in all copolymer films,
is due to DEH-PPV π-π* transitions. A 20 nm blue shift of
the absorption maximum is seen when going from solution to
the film. This behavior points out that for both homopolymer
and copolymer films π-π stacking interactions, which should
red-shift the π-π* absorption band, are insignificant and is
consistent with the absence of a characteristic π-π stacking
signature in the homopolymer WAXS profile. The additional
disorder in the LC state (fullerene-free copolymer) or in the
amorphous state (fullerene-grafted copolymer 3) does not modify
the rod-block interactions significantly enough to affect its
optical properties. On the other hand, the absorption band
induced by the fullerene HOMO–LUMO gap is significantly
altered when going from solution to thin films. The 6 nm red
shift in the case of 3 is due to C60 aggregation and corroborates
the X-ray diffraction data, which revealed the presence of C60

nanocrystals. The red shift is less pronounced than for pristine
C60 films (about 25 nm) and can be linked to the less dense
packing of grafted C60 (as revealed by the X-ray diffraction
data).

The thin film photoluminescence (PL) spectra of homopoly-
mer 1 and of copolymers 2d and 3 have also been measured
(the PL results can be seen in the Supporting Information) and
revealed a significant PL quenching in the fullerene-grafted
material. This suggests that efficient exciton dissociation takes
place at the C60/DEH-PPV interface, although the existence of
nonradiative recombination mechanism cannot be excluded. It
is worth noticing that a relatively small amount of grafted C60

(2.5 fullerene moieties per molecule, which corresponds to ∼21

Figure 7. (A) AFM phase image of as-deposited fullerene-grafted copolymer 3 (color scale: 25°). (B) AFM topography of 3 after 1 h at 90 °C
(color scale: 20 nm). (C) Drop-casted polymer 4 (color scale: 20 nm).

Figure 8. Absorption spectra of 1, 2d, and pristine C60 thin films. The
inset shows the absorption spectra of a soluble C60 derivative (PCBM)
and of the homopolymer 1 in chloroform.
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wt % ratio) is sufficient for an efficient luminescence quenching.
This result puts forward a large donor–acceptor interface, which
in turn is related to the nanometric size of the grafted fullerene
nanocrystals.

General Discussion. The results obtained on both bulk
materials and thin films allow a better understanding of the self-
assembling process of the fullerene-grafted rod-coil copoly-
mers. Three major driving forces for the self-assembly, which
may either be in competition or act in conjunction, can be
identified: (i) the π-system-mediated rod-rod interactions,
which are responsible for the formation of liquid crystalline and
crystalline lamellae, (ii) the microphase separation between the
rigid conjugated block and the flexible coil block, which for
low enough coil weight fractions can trigger the formation of a
lamellar morphology with intralamellar order, and (iii) aggrega-
tion of grafted C60 molecules which leads to the formation of
fullerene nanocrystals.

Their relative strengths will determine the thin film morphol-
ogy and make it more or less appropriate for the photovoltaic
applications. Ideally, rod crystallization and microphase separa-
tion should both lead to the formation of well-defined nan-
odomains of lamellar shape and restrict the fullerene crystalli-
zation within the coil-rich domains, giving rise to interpenetrated
donor–acceptor nanoscale networks. The molecular ordering
within the domains will determine the electronic quality of the
resulting morphology, as efficient charge transport generally
relies on strong intermolecular π-π interactions.

In the case of the copolymers investigated in this work, the
rod-block interactions turn out to be the weakest driving force.
The higher SAXS clearing temperature, with respect to the
WAXS data, indicates indeed that, on cooling, the microphase
separation occurs prior to the formation of the smectic LC phase.
The lower LC-I transition temperature of the fullerene-free
copolymer, with respect to the conjugated homopolymer, and
the absence of a crystalline phase at room temperature also point
out that the coil block significantly destabilizes the rod-rod
interactions within the lamellae. The weak rod-rod interactions
are related to the large intermolecular distances of the DEH-
PPV in its crystalline phase, which, according to the WAXS
data, are estimated to be of the order of the lattice parameter
(8.1 Å) and to the absence of π-π stacking interactions. For
nongrafted copolymers with sufficiently low coil weight frac-
tions, this process leads to a smectic-like liquid-crystalline state
rather than to a crystalline state.

The missing evidence for the formation of a well-ordered
lamellar stacking in the bulk, which should have been revealed
by a series of sharp Bragg peaks in SAXS curves, as was the
case for the rod-coil copolymers studied in ref 24 is puzzling.
Indeed, lamellar structures with uniform thickness are clearly
visible in the AFM images, and in some cases, such as that of
2e, the lamellar stacking in 2D is clearly observed. A possible
reason for poor lamellar ordering in the bulk could be due to
their small lateral dimensions, which in the thin film configu-
ration is below the film thickness (between 80 and 100 nm).
Furthermore, in a recent paper,36 it was shown that copolymers
with rather long coils form morphologies different from lamellar.
Therefore, we can speculate that the lamellar stacking, which
is sometimes clearly developed in the edge-on oriented lamellae
in thin films, can display different order in 3D.

The absence of any lamellar signature in the case of the
fullerene-grafted copolymer shows that the fullerene aggregation
dominates the molecular assembling of our material. Small C60

crystals are able to form despite the fact that the fullerene
moieties are covalently linked to the coil block. Given the high
stability of C60 crystals (as revealed by the WAXS pattern at
high temperature), we hypothesize that the C60 aggregation starts
while the rod segments are still in their isotropic state. The

formation of these crystals is likely to impede the copolymer
microphase separation during cooling or solvent evaporation.
In other words, even if the thermodynamic equilibrium config-
uration of the fullerene-grafted molecules corresponds eventually
to a lamellar morphology, the fullerene aggregation introduces
a kinetic barrier that impedes the formation of rod and coil
nanodomains.

The resulting thin film morphology is unfortunately still far
from the target nanostructure and leads to photovoltaic devices
with poor performances.37 Although the significant photolumi-
nescence quenching suggests the presence of a large donor–ac-
ceptor interface, insufficient charge transport across the disor-
dered copolymer layer is presumably the major limiting factor.
Different strategies can be considered to circumvent these
limitations. The rod-rod interactions could be enhanced by
using conjugated segments which allow better π-π stacking
interactions. Polythiophene derivatives, which are well-known
to form highly ordered structures, are possible candidates.38

Increasing the rod-block length may also lead to a similar
improvement but is limited by chemical synthesis. Stronger
rod-rod interactions may eventually lead to crystalline lamellae
and thereby improve the charge carrier mobility. Another
possibility would be to use different acceptor groups such as
sterically hindered fullerene derivatives or perylene moieties
with reduced tendency to agglomerate. Blending the copolymers
with homopolymers may be an additional option. Sary et al.
indeed observed recently that the presence of even minor
fractions of rod homopolymers in a homopolymer/rod-coil
copolymer blend strongly enhances the formation of lamellar
structures.39 A similar approach with fullerene-grafted copoly-
mers may be enough to counterbalance the strong driving force
of C60 crystallization. At last, replacing the covalent fullerene-coil
bond by weaker supramolecular interaction mechanisms may
be another way to attenuate the interference between fullerene
crystallization and copolymer self-assembling.40

Conclusion

A series of novel fullerene-grafted rod-coil block copoly-
mers, designed for being used as active layer in photovoltaic
devices, were synthesized by controlled/“living” radical poly-
merization. The highly soluble poly[(2,5-di(2′-ethyl)hexyloxy)-
1,4-phenylenevinylene] was used as a conjugated rod block
while poly(butyl acrylate-stat-chloromethylstyrene) copolymer,
with various chloromethylstyrene (CMS) content, was used as
coil block. The fullerene grafting reaction by CMS azidation
was monitored with infrared absorption spectroscopy and 1H
NMR. The molecular self-assembling processes, in bulk materi-
als and in thin films, were studied by X-ray diffraction, atomic
force microscopy, UV–vis absorption, and photoluminescence
measurements. The molecular structure-morphology relation-
ship was investigated by analyzing the behavior of rod-block
homopolymers and rod-coil block copolymers, before and after
fullerene grafting.

We found that the rod block alone crystallizes at room
temperature into lamellar phase with a monoclinic unit cell. The
temperature-dependent X-ray diffraction measurements further
revealed a crystalline to liquid-crystalline smectic phase transi-
tion. For the fullerene-free copolymer with a sufficiently low
rod-coil weight fraction, the coil block destabilizes considerably
the rod-rod interactions and leads to a lamellar phase with the
rod block being in a liquid-crystalline state at room temperature.
On the other hand, microphase separation enhances the inter-
lamellar ordering. The lamellar geometrical parameters were
deduced from both AFM and X-ray results by using the one-
dimensional correlation function approach. The results show that
either monolayer or double-layer lamellae were formed, depend-
ing on the copolymer molecular structure. Adding the fullerene
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moieties considerably affects the polymer self-assembly through
the growth of fullerene nanocrystals. The latter hinder the
formation of the lamellar phase by pinning the coils. Although
a strong photoluminescence quenching suggests the presence
of a large donor–acceptor interface, the resulting thin film
nanostructure remains inappropriate for the target bulk hetero-
junction photovoltaic device. The identification of the major
driving forces that control the molecular self-assembling process
nevertheless allowed us to suggest different alternative strategies
that can be used as guidelines for the design of new photovoltaic
polymer self-assembling materials.

Experimental Section

Chemicals and Methods. Tetrahydrofuran (THF) and toluene
were distilled from Na/benzophenone, diethyl ether from LiAlH4,
and dichloromethane from CaH2; dimethylformamide (DMF) and
triethylamine were dried on activated molecular sieves (4 Å).
Column chromatography was performed using silica gel (Merck
Geduran Si 60 (40–63 µm)). All other chemicals and solvents were
used as received, and all reactions were performed under dry Ar
atmosphere, unless noted otherwise. DEH-PPV-TIPNO macroini-
tiator 1 bearing a 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl
nitroxide (TIPNO) alkoxyamine has been synthesized according
to a procedure reported elsewhere.41,42

Synthesis of DEH-PPV-b-P(BA-stat-CMS) Block Copolymer
(2). Macroinitiator 1 was dissolved in specific amounts of BA and
CMS, and 5 mol % of free TIPNO was added. The mixture was
degassed by three freeze–pump–thaw cycles and placed under an
Ar atmosphere or sealed under vacuum. The reaction vessel was
immersed in a preheated oil bath at 125 °C. Polymerization was
stopped at different times, and the mixture was precipitated twice
in cold methanol (-20 °C). Residual homopolymers have been
removed via column chromatography, using cyclohexane/dichlo-
romethane (CH2Cl2) 1:1 as an eluent. The copolymer has been
collected by flushing the column with ethyl acetate. Representative
1H NMR (CDCl3) spectra of DEH-PPV-b-P(BA-stat-CMS) are: δ
(ppm) ) 7.6–7.0 (m arom CH [DEH-PPV and CMS]), 4.5 (br s,
CH2Cl [CMS]), 4.2–3.7 (m, OCH2 [DEH-PPV and n-BA]), 2.5–0.7
(m, aliph CH and CH2 [DEH-PPV], main chain CH and CH2 [P(BA-
stat-CMS)] and aliph CH3 [DEH-PPV and n-BA]).

Synthesis of DEH-PPV-b-P(BA-stat-C60MS) (3). The DEH-
PPV-b-P(BA-stat-CMS) copolymer 2d (see Table 1) was used for
the C60 grafting reaction, shown in Scheme 2, according to a
previously described method.42 The copolymer was dissolved in
DMF (20 mg mL-1), and 20 equiv of NaN3 was added. After stirring
the reaction mixture for 24 h at 50 °C, water and brine were added,
and the water phase was extracted with CH2Cl2 three times. The
combined organic layers were washed with water three times, dried
on MgSO4, filtered, and evaporated under reduced pressure. In 1H
NMR (CDCl3), the CH2Cl peak shifted from δ (ppm) ) 4.55 to
4.31.

The azidated copolymer was dissolved in dichlorobenzene (20
mg mL-1) in a dark reaction vessel, and 1 equiv of C60 per N3MS
was added. The solution was degassed by bubbling Ar through.
The reaction mixture was stirred in the dark at 60 °C for 24 h and
an additional 1 h at 120 °C. The solution was used without further
purification and stored under an Ar atmosphere in the dark. The
reaction of N3 with C60 has been monitored by 1H NMR and by
Fourier-transform infrared spectroscopy (FTIR).

Synthesis of P(BA-stat-C60MS) (4). The 2,2,5-trimethyl-3-(1-
phenylethoxy)-4-phenyl-3-azahexane alkoxyamine43 was dissolved
in specific amounts of BA and CMS (molar feed ratio monomers/
alkoxyamine: 48.5), and 5 mol % of free TIPNO was added. The
BA/CMS initial ratio in the reaction mixture was 32/1. The mixture
was degassed by three freeze–pump–thaw cycles and sealed under
vacuum. The reaction vessel was immersed in a preheated oil bath
at 125 °C. Polymerization was stopped after 48 h, and the mixture
was precipitated twice in cold methanol (-20 °C). The molecular
weight of the copolymer obtained was 3.9 kg mol-1, its polydis-
persity was 1.2 (estimated by GPC), and the BA/CMS composition

was 13/1. This copolymer has been azidated and C60 grafted
following the procedure described before.

Characterization. 1H NMR spectra were recorded on a Bruker
300 UltrashieldTM 300 MHz NMR spectrometer, with an internal
lock on the 2H signal of the solvent (CDCl3). Size exclusion
chromatography (SEC) measurements were performed in THF or
chloroform (HPLC grade) with two PL-gel 5 µ mixed-C, a 5 µ
100 Å, and a 5 µ 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.
Molecular weights and polydispersity indexes were calculated from
a calibration with polystyrene standards. The FTIR spectra were
recorded in transmission mode using a Bruker Equinox 55 Fourier
spectrophotometer.

X-ray Diffraction. The thermal and structural properties of bulk
materials have been investigated by X-ray scattering. Wide-angle
X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS)
experiments were carried out on the BM26B beamline at the
European Synchrotron Radiation Facility (E.S.R.F.) in Grenoble,
France. The measurements were performed in transmission mode
on oriented samples (fibers with diameter of 0.7 mm) prepared by
extrusion at 80 °C using a homemade mini-extruder. The wave-
length of 1.24 Å was used. Dynamic measurements were carried
out during heating in a Linkam heating stage at 10 °C/min using
an acquisition time of 30 s.

Thin Films Preparation. Thin films were prepared by spin-
coating 1 wt % chloroform or 1,2-dichlorobenzene solutions onto
freshly cleaved mica substrates. The chloroform is a good solvent
for both DEH-PPV and poly(butyl acrylate). The fullerene grafting
took place in 1,2-dichlorobenzene. To avoid polymer aggregation,
the fullerene-grafted copolymer 3 was kept in solution until its
deposition by spin-coating. Thin film deposition was done under a
nitrogen atmosphere using a rotational speed of 2000 rpm for 180 s.
Prior to characterization, the films were stored under primary
vacuum overnight in order to eliminate any residual solvent. The
resulting layer thickness was between 60 and 80 nm. Thin film
annealing at 90 °C was done in a nitrogen atmosphere.

Atomic Force Microscopy. The film surface morphology was
investigated by atomic force microscopy (AFM) in tapping mode
using topography and phase imaging. Silicon microcantilevers with
a spring constant of 21–98 N/m and a resonance frequency of
146–236 kHz were used.

The sample thermal treatments were done under a nitrogen
atmosphere in order to avoid oxidative polymer degradation.

Absorption and Fluorescence. Thin film and solution absorption
spectra were acquired by a Shimadzu UV-2101 spectrophotometer.
The photoluminescence (PL) spectra were measured by exciting
the samples with a monochromatic light source at λ ) 355 nm
from a ND:YW04 laser of 100 mW. For optical characterizations,
the films were prepared by drop-casting 1 wt % 1,2-dichlorobenzene
(DCB) solutions onto NaCl substrates.
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