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ABSTRACT: Perylenediimide-based donor−acceptor co-
oligomers are particularly attractive in plastic electronics because
of their unique electro-active properties that can be tuned by
proper chemical engineering. Herein, a new class of co-oligomers
has been synthesized with a dyad structure (AD) or a triad
structure (DAD and ADA) in order to understand the correlations
between the co-oligomer molecular architecture and the structures
formed by self-assembly in thin films. The acceptor block A is a
perylene tetracarboxyl diimide (PDI), whereas the donor block D
is made of a combination of thiophene, fluorene, and 2,1,3-
benzothiadiazole derivatives. D and A blocks are linked by a short
and flexible ethylene spacer to ease self-assembling in thin films.
Structural studies using small and wide X-ray diffraction and
transmission electron microscopy demonstrate that AD and ADA lamellae are made of a double layer of co-oligomers with
overlapping and strongly π-stacked PDI units because the sectional area of the PDI is about half that of the donor block. These
structural models allow rationalizing the absence of organization for the DAD co-oligomer and therefore to draw general rules for
the design of PDI-based dyads and triads with proper self-assembling properties of use in organic electronics.

1. INTRODUCTION

Nanostructured 3D morphologies composed of electronically
active constituents have gained interest in the field of organic
electronic.1−3 In particular organic solar cells with a well-
ordered phase-separated donor and acceptor morphology, i.e. a
so-called nanostructured D−A bulk heterojunction has been
proposed as an “ideal structure”, leading to OPV devices with
enhanced efficiency and stability.4,5 Generating sub-10 nm-
sized donor and acceptor domains with a large interfacial area is
expected to ease exciton separation, whereas a bicontinuous
“percolation” network of the two components may improve
charge-carrier conduction and extraction from the active layer
to the electrodes.6 Nanometer-scaled domains are also required
because of the limited exciton diffusion length in organic thin
films.7 Ordered D and A arrays are also promising candidates
for organic field effect transistors (OFETs) devices, since they
could intrinsically exhibit an ambipolar charge transport
through a bicontinuous p-type and n-type network. Various
strategies were proposed to prepare thin films that fulfill all
these requirements. They can be classified into two major
categories: (i) methods based on chemical engineering that
exploit the self-assembling properties of donor−acceptor

(macro)molecular systems e.g., block copolymers8 or co-
oligomers9,10 (including low-molecular weight com-
pounds)11−13 and (ii) physicochemical methods that use
specific thin film processing methods e.g. nanoimprint
lithography14 or template-based methods.15 While the latter
methods seem very promising in terms of cost, reproducibility
and large-scale integration, exploiting the self-assembling of
precisely designed donor−acceptor block co-oligomers is of
particular interest as the preparation methods may be facilitated
by the intrinsic self-assembling properties of the co-oligomers.
Several teams have investigated the donor−acceptor block

(D−A) copolymer approach implying the synthesis of a
macromolecule where an electron donor and an electron
acceptor block are chemically bound.16 For many copolymers,
the acceptor block was made of pendant fullerene C60.
However, in the past decade, perylenediimide (PDI) appeared
as an interesting alternative acceptor unit to C60 in OPV
devices.8d−h Many macromolecular architectures using PDI
were synthesized and interesting properties such as n-type
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transport and OPV activity were demonstrated.17 In particular,
D−A copolymers based on perylenediimides have recently
gained high interest because of the combination of remarkable
self-assembling properties along with a strong n-type charge
transport.8g,h More generally, D−A copolymers have been used
as active layers as well as stabilizers of donor/acceptor blends,
but lead to rather limited charge transport and photovoltaic
properties in thin films.18

One possible way to improve the block copolymer approach
consists in the design of co-oligomers with a precise
composition and molecular architecture avoiding, in particular,
the issues of polydispersity and chemical purity inherent to
copolymer. Recently, Y. Geng et al. demonstrated interesting
OPV properties in thin film devices prepared from PDI-based
oligomers forming lamellar mesophases with a perfect phase
separation between donor and acceptor groups.10c,d The quality
of the organization was found to be significantly improved by
increasing the donor block length and by using solvent-vapor
annealing to improve the film morphology. In these reports,
however, only a series of oligomers of dyad architecture (AD)
was investigated. Derived from the block co-oligomer approach,
one has to mention the large number of low-molecular weight
systems reported in the literature which are made of a “small”
donor conjugated unit (<800 Da) covalently linked to a C60,

11

peryleneimide12,13 or other acceptor unit,19 into dyad or triad
architectures. Only a few systems, however, could successfully
lead to microphase separation of the blocks clearly leading to
self-assembling into 3-D supramolecular D/A arrays.11b−d,13,18

Liquid crystals seem to constitute a promising approach in that
direction.10c,d,11b,c,13a,g With low-molecular weight systems,
however, the small size of the electro-active species does
represent a challenge to build up well-defined D and A channels
over large-length scales to ease ambipolar charge trans-
port.11b,c,12f,13

Herein we report the syntheses and the physicochemical
properties of a series of donor−acceptor block co-oligomers of
different molecular architectures within dyad (AD) and triad
(ADA and DAD) systems. The donor block length has been
only slightly varied to remain in the range of moderate

molecular weight systems. The aim of this contribution is to
investigate the structure−property relationship of these
materials with particular emphasis on spectroscopic, thermal,
and structural properties. A careful look will be brought to the
molecular architecture dependence of the material organization,
by means of X-ray diffraction studies (powder and GIWAXS)
and electron microscopy investigation (TEM).

2. RESULTS AND DISCUSSION

Molecular Design and Synthesis. We have designed new
molecular structures based on the approach of monodisperse
block co-oligomers including both electron-acceptor (A) and
electron donor blocks (D). Various molecular architectures e.g.
AD, DAD and ADA (Figure 1) are prepared by assembling
properly these two blocks.
The studied co-oligomers are made of the association of

several chemical units: perylene tetracarboxyl diimides (PDI),
thiophene, fluorene, and 2,1,3-benzothiadiazole derivatives
(Figure 1). PDI presents an n-type character (A), while the
other units compose the p-type block (D). PDI is made of a
large aromatic macrocycle providing strong π−π interactions
that is the primary force to drive the formation of stacked
structures.20 The thienofluorene building block can be seen as a
rigid conjugated rod, which incidentally showed its ability to
produce mesophases when substituted by appropriate alkyl
chains.21 Its association with PDI was therefore expected to
promote the formation of a lamellar organization with
segregated D and A domains. This assumption was recently
demonstrated in the case of the AD molecular architecture.10c,d

The electron-deficient thiophene−benzothiadiazole−thiophene
(TBzT) moiety has been included in the donor block with the
intent of lowering the energy bandgap of the donor block by
decreasing its LUMO level and red-shifting its absorption
spectrum.22 Finally, the covalent bonding of the donor block by
N-substitution of the PDI core ensures an electronic
disconnection between both blocks. In our systems, a
nonconjugated ethylene linker is inserted between the D and
A blocks to impede the direct charge recombination.13c It is
also expected to bring some flexibility between both blocks to

Figure 1. Chemical structure of the donor−acceptor block co-oligomers categorized into the three molecular architectures: ADn, DnADn and ADA.
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favor their respective packing. Moreover, this linker is expected
to be short enough to prevent the D and A backfolding, already
noticed for other systems with longer linkers,23 which indeed is
detrimental for the formation of nanostructures with segregated
D and A domains.
Finally the choice of the solubilizing side chains, necessary to

process these materials from solution, is also extremely
influential for the material organization and consequently the
optoelectronic properties.24 In our case, we decided to use
linear octyl chains on the fluorene moieties and 2-ethylhexyl-
ramified chains on the PDI cores (when asymmetrized) and on
thiophene units adjacent to the benzothiadiazole. Ethylhexyl
side chains were chosen because of their higher solubilizing
capability with respect to that of their linear counterparts.
All oligomers were synthesized using the same two-step

strategy (Scheme 1). First, the whole donor blocks bearing an
amine group at one end (for the AD and DAD architectures) or
at the two ends (for the ADA architecture) were synthesized by
using a convergent approach. These donor blocks were then

connected to the carboxylic anhydride functionality of the PDI
acceptor block, via an imidation reaction, to prepare the final
dyads and triads. The synthetic routes are outlined in Scheme
1, while all detailed procedures are given in Supporting
Information (SI).
For the AD and DAD architecture, the donor block length

was slightly varied by adding a thiophene−di(octyl)fluorene−
thiophene segment to the starting compounds AD0 and D0AD0,
as to obtain the AD1 and D1AD1 co-oligomers, respectively.
The lengthening of the donor block was not attempted on the
ADA triad because of its poor solubility and processability due
to the presence of two highly aggregating PDI units.
The electron-acceptor blocks 3 of the ADA triad and ADn

dyads are similar and required a previous asymmetrization step
which was carried out according to the work of Bock et al.25 In
the case of the DnADn triad, the commercially available
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) 1 was
directly used.

Scheme 1. Synthetic Pathway for the Preparation of the Amine-Ended Donor Blocks (D0, D1, and D) with Their Subsequent
Coupling to the PDI unit, To Provide the Donor−Acceptor Block-co-Oligomers of Different Molecular Architectures (ADn,
DnADn and ADA)
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The synthesis of electron-donor blocks is identical for that of
the DnADn and ADn series (Scheme 1). It starts with the
synthesis of the electron-deficient TBzT derivative 15 bearing
at one end a phthalimide moiety, precursor to the amine
functionality and at the other end, a bromine atom for
subsequent adjunction of a thienofluorene moiety. This
intermediate compound (15) was obtained from successive
reaction steps, involving a Stille cross-coupling reaction
between N-bromophenethyl(phthalimide) 12 and the stanny-
lated TBzT derivative 13,23 and then a bromination using NBS.
All reaction steps were achieved in rather high yield except the
Stille cross-coupling reaction (∼60% yield), most likely due to
the steric hindrance caused by the ethylhexyl chain adjacent to
the stannylated position in 13. In a next step, 15 was cross-
coupled with the thienofluorene derivative 7 or 11 to produce
the phthalimide-ended donor blocks 16 or 18 of different
length (n = 0 or 1, respectively) in 78−90% yield. The latter
were obtained from multiple reaction steps (85−95% yield
each), involving trimethylstannylation (via either a H/Li or Br/
Li exchange), bromination (NBS), and Stille cross-coupling
reactions. The whole amino-ended donor blocks 17 (D0) and
19 (D1) were finally obtained after cleavage of the phthalimide
protecting group by hydrazinolysis in quantitative yield. These

donor blocks were used without further purification for the last
imidation step with the perylene carboxylic anhydride 1 or
dianhydride 3 to provide the targeted dyads (AD0 and AD1) or
triads (D0AD0 and D1AD1), respectively. These final reactions
were carried out in quinoline at 200 °C in the presence of zinc
acetate. Several purification steps by column chromatography
on silica gel (petroleum ether/CH2Cl2) were required to afford
pure oligomers. They were obtained in good yields (around
80%) as purple solids and characterized by NMR and Maldi-
TOF analyses.
In the case of the ADA triad, we have synthesized a specific

donor block composed of two amino-functionalized TBzT
moieties 22 (D). This donor block synthesis was performed by
using a Stille cross-coupling reaction between the TBzT
derivative 15 and the bis-stannylated thienofluorene 20,26

followed by a cleavage (hydrazinolysis) of the phthalimide
protecting groups. The final ADA triad was obtained from a
double imidation reaction between the bis-amino derivative 22
and the perylene dicarboxylic anhydride 1 with a limited yield
of 26%. This low yield is ascribed to the increased amount of
byproducts and the poor solubility of the final compound.
Proper purification by several column chromatographies on

Scheme 2. Chemical Structure of the Dyad AD0T

Figure 2. Normalized UV−vis absorption spectra of the co-oligomers in CHCl3 (dashed line), in thin film (plain black line), and in post-annealed
film (gray line).
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silica gel (chloroform/methanol) provided the purple solid of
ADA of good purity.
In order to evaluate the role of the thienofluorene unit on the

molecular organization, another dyad (AD0T) was also
synthesized in which the thienofluorene was replaced by a
terthiophene unit (Scheme 2). Both units similarly contain two
linear octyl side chains. The synthetic pathway is reported in SI
(Schemes S6 and S7). On the basis of the thin film morphology
analysis performed by TEM, the structural organization of
AD0T will be compared with the one of AD0.
Spectroscopic and Redox Properties. The UV−visible

absorption spectra of the co-oligomers recorded in solution (in
chloroform) and in thin films (doctor-bladed from solution at
45 °C) before and after post-annealing treatment (close to the
melting) are presented in Figure 2. In solution, the absorption
spectra of all co-oligomers are dominated by the characteristic
vibronic structure of the PDI core with components at 465,
495, and 530 nm. The donor contribution is represented by
two bands, one in the range 325−425 nm, whose position is
correlated to the donor length conjugation, and the second one,
centered at about 450 nm which extends beyond the absorption
range of PDI, to 600 nm. This latter contribution can be
correlated to the electron-deficient benzothiadiazole-based part
of the donor group (see Figure S1 in SI). In thin films, the
contribution of the PDI block broadens as a consequence of the
excitonic coupling in the solid state with an additional red-
shifted contribution seen as a shoulder at λ ≈ 600 nm for AD0.
After annealing of the films at a temperature close to the
isotropization temperature, a clear variation of the fine structure
of the absorption of the PDI block is observed for all the
oligomers, except for D0AD0 which remains unchanged
whatever the thermal post-treatment applied. This is in
agreement with the DSC results showing a clear first-order
phase transition for AD0, AD1, and ADA upon cooling from the
melt, whereas such transition is observed neither for D0AD0 nor
for D1AD1 (vide infra).
As a first investigation of the excited states, the emission

spectra in solution (10−6 mol L−1) were recorded for one
representative material, the dyad AD1 (Figure S2 in SI). Upon
excitation of AD1 at 400 nm, a quasi-quantitative quenching of
fluorescence is observed. This implies the exciton dissociation
via a charge transfer from the donor to the acceptor block and
no radiative recombination of separated charges. This implies
also that the (−(CH2)2−) linker does not prevent the
intramolecular charge transfer, contrary to previous observa-
tions in another series of block co-oligomers made of hexa-peri-
hexabenzocoronene and PDI units.13c Similar behavior was
observed for all our synthesized co-oligomers (Figures S1−S4
in SI). By comparison, excitation of the isolated donor block
(not connected to A) at the same wavelength (400 nm), gives

rise to a typical emission band centered at about 650 nm. More
remarkable is the almost complete fluorescence quenching
observed whatever the excitation wavelength selected. Thus,
upon excitation at 530 and 570 nm, an efficient quenching of
fluorescence was observed (Figures S1−S4 in SI). At such
wavelengths, only the electron-deficient benzothiadiazole-based
part of the donor block and the PDI acceptor block is
absorbing. These results point at an efficient exciton
dissociation in those block co-oligomers, even in diluted
solution.
The electrochemical properties of the co-oligomers were

probed by cyclic voltammetry. Ferrocene was used as internal
standard to convert the values obtained with Ag/Ag+ reference
to the saturated calomel electrode scale (SCE). In order to have
an insight into the intrinsic electrochemical properties of our
D−A block co-oligomers, the analyses were carried out in
solution (methylene chloride) for all materials, except for ADA
molecule. Due to its poor solubility in most organic solvents,
ADA was only analyzed in the solid state, using acetonitrile as
electrolytic support. Cyclic voltammograms are presented in
the SI (Figures S5, S6, and S7), while the values are reported in
Table 1.
All materials exhibited well-reversible oxidative and reductive

processes. In solution, they displayed two successive reversible
monoelectronic reduction waves around −0.50 V and −0.70 V,
respectively, that are classically found for PDI (Figures S5 and
S6 in SI). In the case of ADA in the solid state, the two-electron
reduction occurs in a single wave at −0.85 V (Figure S7 in SI).
It is not a particular feature since all our block co-oligomers
show similar behaviors in the solid state. By using the NHE
formal potential of −4.75 eV, LUMO levels of PDI blocks were
calculated at −4.25 eV for ADn dyads and DnADn triads in
solution, and at −3.90 eV for ADA triad in solid state. No
oxidation of the PDI core could be observed in the range of
measured voltages. Regarding the electron-donor blocks, we
were able to determine the oxidative and reductive processes
for all molecules. Similarly to the LUMO level of PDI, minor
differences were observed in the HOMO levels of all molecules
in solution. They all exhibited two oxidation waves in the range
0.7−1.1 V, corresponding to extracted HOMO levels ranging
from −5.48 to −5.54 eV. The cathodic current increase
observed for DnADn triads in comparison with ADn dyads
confirms the bielectronic nature of those oxidative waves. This
feature is the result of the presence of two decoupled electron
donor blocks in one single DnADn molecule. For all molecules,
we were also able to measure a reduction process around −1.2
V, corresponding to the electron-donor blocks D0 and D1.
Electrochemical band gaps of 1.9−2.0 eV were thus obtained
for both donor blocks in solution, in good agreement with the
band gaps measured in solid state for the pure electron-donor

Table 1. Optical, Electrochemical and Thermal Characterization Data of the Co-oligomers

Oligomers
Eg opt
(eV)a

Eox Onset D
(V)b

Ered Onset A
(V)b

HOMO D
(eV)b

LUMO A
(eV)

Tg
(°C) Tiso /°C (ΔH/J·g−1)c Tc /°C (ΔH/J·g−1)c

Tdeg
(°C)d

AD0 1.97 0.79 −0.50 −5.54 −4.25 − 223 (17.97) 209 (18.91) 405
AD1 1.96 0.77 −0.50 −5.52 −4.25 − 205 (11.42) 194 (11.84) 350
ADA 1.96 0.94 −0.85 −5.69 −3.90 − 269 (17.25) 240 (15.61) 320
D0AD0 1.97 0.73 −0.50 −5.48 −4.25 38 − − 330
D1AD1 1.96 0.74 −0.50 −5.49 −4.25 53 − − 400

aOptical band gap estimated from the absorption onset of thin films. bOxidative (Eox and HOMO) and reductive (Ered and LUMO) contribution
from the donor and acceptor block, respectively. All measurements were made in solution (CH2Cl2), except for ADA (solid film). cOnset
isotropization and crystallization temperatures. dCalculated from the inflection point measurement.
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blocks. Regarding the electron-donor block of the ADA triad in
solid state, similar voltammograms could be recorded with two
oxidation waves and one reduction wave (Figure S7 in SI). Due
to a shift of the first oxidation wave toward the higher
potentials, a higher electrochemical band gap of 2.1 eV has
been calculated. Although the block co-oligomers presented
structural variations, the HOMO and LUMO levels were not
significantly changed which implies that the imide group
together with the flexible (−(CH2)2−) linker between donor
and acceptor blocks ensures adequate decoupling of electronic
states of the blocks. This is in agreement with the absence of
charge transfer (CT) band for co-oligomers in UV−vis spectra
(diluted solution and thin films).
Thermal and Structural Properties. The thermal proper-

ties of the molecules have been characterized by thermogravi-
metric analysis (TGA), differential scanning calorimetry
(DSC), and polarized optical microscopy (POM). First, all
materials show a good thermal stability with a temperature of
degradation occurring at Tdeg ≥ 320 °C (see Figures S8−S12 in
SI and Table 1). As shown in Figure 3, the DSC thermograms

show a first transition peak upon heating and cooling only for
AD0, AD1, and ADA compounds, while no transition is
detected for D0AD0 or D1AD1 besides a glass transition
temperature (Tg). The peaks observed upon heating corre-
spond to the transition to the isotropic liquid state (Tiso). These
Tiso values are close for AD0 and AD1 (223 and 205 °C,
respectively), while ADA exhibits the highest temperature (Tiso
= 269 °C). The weak supercooling effect (Tiso − Tc < 30 °C)
associated with the low enthalpy value of the transitions (<20 J·
g−1) suggested that the low-temperature phase in ADn and
ADA is a mesophase rather than a pure crystalline phase. This
assumption is corroborated by POM observations from the
pasty character of the birefringent texture found for ADn and
ADA materials. The mesomorphic nature of these compounds
is further confirmed using X-rays analyses. In contrast, the

amorphous-like character of D0AD0 and D1AD1 is confirmed by
POM observation from the absence of birefringence in the
whole temperature range explored from 20 to 300 °C.
In the pristine state, the five compounds give rise to small-

angle X-ray scattering patterns characteristic of a segregated
structure (see Figure S13 in SI). More exactly, the patterns
contain a broad wide-angle scattering maximum at about 1.5
Å−1 (∼4.5 Å) that overlaps a semi-broad scattering (∼3.5 Å)
due to distances between stacked PDI groups. The four
compounds (ADn and DnADn series) exhibit, in the small and
medium angle region, several broad reflections from an
embryonic structure resulting from the microsegregation in
separate domains of the lateral chains, the donor rigid parts and
the PDI unit. For the triad ADA, the segregation is enhanced
with respect to the dyads and leads to positional long-range
order as indicated by a set of sharp reflections.
Most importantly, thermal annealing the oligomers is found

to improve substantially the ordering of AD and ADA. Figure 4

shows the characteristic powder X-ray diffractograms of the five
oligomers (AD0, AD1, D0AD0, D1AD1, and ADA) recorded at
room temperature after a melting or heating above 170 °C.
Except for the DAD-based triads, all patterns exhibit the same
sequence of (0 0 l) reflections at low angle corresponding to
lamellar mesophases with long-range order. Lamellar periods
for AD0, AD1, and ADA after annealing are 70.8, 96.5, and 58.8
Å, respectively. Further evidence of lamellar mesophases after
melt-cooling is obtained by TEM (Figure 5 and Figure 7). In
addition, all three co-oligomers (AD0, AD1, and ADA) show a
set of at least five well-defined peaks with almost identical
positions and intensities in the range 0.28 Å−1 < q < 1.85 Å−1.
This sequence of peaks characterizes the molecular packing of
co-oligomers within the lamellae. More specifically, the quite
broad peak at 1.80−1.88 Å−1 corresponds to the π-stacking of

Figure 3. DSC thermograms of the co-oligomers (heating and cooling
rates of 10 and 5 °C·min−1, respectively).

Figure 4. X-ray diffraction patterns of the series of co-oligomers
obtained at room temperature after thermal annealing above 170 °C.
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the PDI blocks, hPDI (maximum at 3.5 Å).27 The broad
scattering maximum at 1.5 Å−1 comes from lateral distances
between molten alkyl side chains (hch) and likely between rigid
moieties of donor blocks segments (hDr). Additional peaks
correspond to the reflections of the three-dimensional structure
emerging from the segregation of alkyl chains and donor
blocks.
Contrarily to ADn and ADA compounds, both DAD

derivatives exhibit, even after annealing, a poorly defined
pattern (Figure 4). The latter is dominated by a slightly
broadened peak corresponding to lamellar periods of 56 and 76
Å for D0AD0 and D1AD1, respectively, besides two broader
peaks at 0.31 and 1.5 Å−1 coming from lateral distances
between chains and rigid moieties. The absence of a clear hPDI
peak combined to the persistence of a quite sharp lamellar
period (DLong) shows that the layers of parallel packed
molecules are preserved, but without the regular PDI stacks

and only over intermediate correlation ranges (see Table 2).
Finally, the lack of long-range order in D0AD0 and D1AD1

results in POM observation of textures, typical of an isotropic
liquid, i.e. without birefringence in the liquefied-cooled thin
films. In contrast to DAD-based triads, the ADA triad forms a
lamellar mesophase already in the pristine state. However, this
pristine lamellar structure differs from that obtained after melt-
cooling (see Figure S14 in SI and Table 2). In particular, the
lamellar period is 30% smaller in the pristine state. Above 100
°C the pristine structure gradually rearranges toward the stable
lamellar mesophase, which is also the structure obtained in
melt-cooled thin films. The sequence of peaks in the range 0.28
Å−1 < q < 1.85 Å−1 observed for ADA after annealing is almost
identical to that observed for the AD0 and AD1 dyads,
indicating a strong similarity in the molecular packing of the
ADA triad and the ADn compound series.

Figure 5. ED patterns (a and d), two-dimensional grazing incidence X-ray diffraction (GIWAXS) intensity maps (b and e), and TEM-BF images (c
and f) of AD0 (a,b,c) and AD1 (d,e,f) thin films after annealing above the melting temperature. The insets represent the dominant orientation of the
lamellae on the SiO2 substrate. The inset in (c) highlights a set of standing lamellae also shown in an enlarged view in the lower left corner.
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Thin Films Morphology and Structure. TEM inves-
tigation of AD0 and AD1 dyads as-cast films do not give any
indication for long-range order or structure. The situation
changes upon melt-cooling of the samples. Figure 5 depicts the
morphology and the ED and GIWAXS for thin films of AD0
and AD1 dyads after melt-cooling. The films of AD0 consist of a
majority of flat-lying lamellae with a typical terraced
morphology. However, a small fraction of standing lamellae
are also observed, and these areas give rise to a periodic fringed
pattern characteristic of the lamellar mesophase with a period l
= 70.6 Å. For the analogous AD0T dyad, shown in Scheme 2, a
similar terraced morphology was also evidenced by TEM and
ED after melt-cooling (Figure 6). In strong contrast, the films

of AD1 consist essentially of standing lamellae as indicated by
the observation of a periodic fringed pattern. The contrast in
the TEM-BF images (Figure 5f) is attributed to the difference
between the packing density of PDI and of the donor blocks.
The sharp and dark lines are attributed to dense layers of PDI
blocks, whereas the brighter zones correspond to the layers of
donor blocks. The difference in lamellar orientation for AD0

(and AD0T) and AD1 indicates that, for short donor blocks, the
dyad molecules can stand up on the substrate upon annealing,
whereas for AD1 the molecular long axis remains in the plane of
the substrate. These differences in morphology are confirmed
by ED. Indeed, the characteristic (0 0 l) reflections are only
seen in the case of AD1, whereas for AD0 (and AD0T) the ED
pattern shows exclusively the (h 0 0) reflections. The same
analysis can be conducted for the GIWAXS patterns. If we
consider the in-plane reflections (along qx), one observes the (h

0 0) reflections with a weak (0 0 3) contribution for AD0.
Instead, for AD1, the (0 0 l) reflections are dominant. Along qz,
the situation is reversed: for AD0, the presence of both (h 0 0)
and (0 0 l) reflections along qz confirm the coexistence of both
flat-on and edge-on oriented lamellae. For AD1, the (h 0 0)
reflections are very strong without any contribution from the (0
0 l) reflections along qz.
The difference in molecular orientation in dyad films

observed as a function of the donor block length has important
implications regarding potential devices properties. Accord-
ingly, in melt-cooled films, one can expect edge-on oriented
lamellae with lying molecules of AD1 to be more favorable for
OPV applications with respect to AD0 and AD0T films
consisting of terraced domains with standing molecules.
As previously demonstrated by XRD on pristine powders

(Figure S14 in SI), the ADA triad presents enhanced ordering
with a well-defined lamellar mesophase. This is confirmed by
TEM observations on as-cast films prepared by doctor-blading.
It is worth mentioning that for ADA triad, doctor-blading has
been realized at 180 °C for solubility reasons. In this condition,
a clear segregation of donor and acceptor blocks leads to a
lamellar mesophase (Figure 7a). However, as seen in Figure 7c,
after melt-cooling, the dimension of the domains is substantially
increased and the contrast/sharpness of the lamellar morphol-
ogy is strongly enhanced. The extension of long-range lamellar
order is also evidenced by a strong increase of the intensity of
the (0 0 l) reflections in the corresponding ED pattern (see
Figure 7b and d).
In strong contrast to ADn and ADA compounds, TEM

investigations on D0AD0 and D1AD1 films did not show any
evidence of long-range-ordering independently of the thermal
annealing (see Figure S15 in SI).

Correlation between Molecular Packing and Molec-
ular Architecture. The strong similarity in the XRD patterns
of dyads based on different donor blocks (different lengths and
chemical compositions) indicates that the self-organization of
dyads into lamellar mesophases is mainly determined by the
packing of the PDI blocks. Let us consider first the case of AD0.
For AD0, the lamellar period lies between 1 and 2 times the
length of the extended molecule. This suggests strongly that the
lamellae involve two overlapping dyad molecules. This overlap
may concern either the PDI block or the donor block. To
discriminate between these two possibilities, we have to

Table 2. Mesomorphism and Structural Parameters of the Compound Series Annealed above 170 °C for about 1 ha

molec areas

cmpd name molecular length (Å) phase and lattice parameters ρ (g·cm−3) AD
d APDI

e

orthorhombic phaseb

a ; b ; c (Å) V (Å)3 (Z)
AD0 50 35.5 ; 7.43 ; 70.6 18600 (Z = 8) 1.14 65.9 33.0
AD1 66 35.4 ; 7.44 ; 96.3 25400 (Z = 8) 1.13 65.8 32.9
ADA 86 35.2 ; 7.45 ; 117.8 30800 (Z = 8) 1.21 65.4 32.7
ADA (prist) 86 29.4 ; 12.7 ; 81.2 30400 (Z = 8) 1.23 94 47

isotropic-like phasec

D1at (ξ) (Å) DLong(ξ) (Å)
D0AD0 84 21 (30) 56 (160) 1.17 66 66
D1AD1 116 18 (50) 76 (400) 1.14 71 71

aThe structural parameters for both dyads and ADA triad have been determined considering the model proposed in Figure 8b and d. ba, b, c: lattice
parameters; V: lattice volume; Z: number of molecules per lattice; ρ: density extracted from the unit cell parameters or calculated from reference
density measurements (in italics). cDLong: lamellar period; D1at: periodicity from lateral packing; ξ: correlation length in Å extracted from the Scherrer
formula. dAD: molecular area per donor group (i.e., the area of the layer portion covered by a single group), as obtained from the ratio of molecular
volume and either the parameter c or DLong.

eAPDI: molecular area per PDI group.

Figure 6. (a) ED pattern and (b) terrace-like morphology observed by
BF-TEM of AD0T thin film after annealing above the melting state.
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consider the sectional areas of both blocks. The partial volumes
of the donor and acceptor segments can be deduced from
reference data and complementary measurements. They show
that the sectional area of the donor groups including the molten
lateral chains is at least 55 Å2. This section largely exceeds the
one of the stacked PDI of ∼28.5 Å2 as obtained from reference
crystalline structures,28 and it increases to roughly 30−32 Å2 in
mesophases.29 In other words, the sectional area of the donor
group is about twice that of the PDI block. This supports
strongly the idea that the PDI blocks of dyad molecules are
overlapping, but not the donor blocks. This overlapping of PDI
blocks of two dyads in a lamella generates very dense planes of
perfectly π-stacked PDI units with a short 3.5 Å stacking period
as illustrated in Figure 8a,b. These dense planes of PDI blocks
explain further the very strong contrast in the TEM-BF of the
lamellae, the sharp and dark lines corresponding to the planes
of densely stacked PDI units. The same reasoning holds also for
the organization of the ADA triad with overlapping layers of
PDI groups on either side of the donor block (see Figure 8c,d).
Very likely, it is the presence of the flexible spacer between A
and D units that gives sufficient freedom to the entire system to
comply with the dense packing of PDI layers whatever the
detailed structure of the D group (D0, D1, or D0T). Such a
flexible spacer allows to adjust the tilting of the D group within
the unit cell. The net result of this is that both tilting and
coiling of the lateral chains lead to a molecular area per PDI
group of 33 Å2 and thus to a molecular area per donor group
around 66 Å2 for all three investigated compounds (see Table
2).
Bridging PDI monolayers freeze the positions of neighboring

co-oligomer molecules and donor moieties and then arrange
laterally. Fluorene or thiophene moieties can give rise to a
chevron packing, rather than face-to-face packing, which is
moreover hindered by the bulky lateral chains. These segments
are present in the three dyads and impose the chevron packing
to the whole donor blocks and thus the b parameter of 7.4 Å.
This value logically exceeds the natural face-to-face packing

Figure 7. Comparison of TEM-BF images and low-angle ED patterns
of as-cast (a and b) and annealed (c and d) ADA thin films.

Figure 8. Schematic view of the two proposed models of organization
of the AD and ADA based co-oligomers. A doubling of the a
parameter is implied for models (b) and (d). The packing of DAD
molecules, shown in (e), following the proposed models of ADA triad,
is not possible because of the steric hindrance generated by the
ethylhexyl side chains. PDI blocks are in red, donor blocks in blue, and
alkyl side chains are in green. Donor blocks shown in dark blue are in
an upper layer, whereas light-blue ones correspond to the layer
beneath. l corresponds to the lamellar period.
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distance of PDI groups (∼3.5 Å deduced from the hPDI
scattering), and the discrepancy needs to be compensated by
small tilts of the stacked PDI groups. GIWAXS patterns
confirm these tilts, since the π-stacking scattering maxima
appear tilted about 15−20° from the b vector direction (see
Figures 5b and e). Furthermore, the lamellae of donor moieties
are interrupted by perpendicular layers of molten aliphatic
chains (see Figure 8). The lateral periodicity coinciding with
the parameter a = 35−35.5 Å involves the chains and rigid
moieties of two donor blocks and therefore four PDI groups
shared by two lamellae. The side-by-side packing of the PDI
stacks then imposes a spacing of 8.8 Å per stack, close to values
in crystalline phases (8.3 Å28). Except for the different c
parameters related to the donor block lengths, the three dyads
and the ADA triad just show the same annealed structures and
similar geometrical parameters. As mentioned above, the ADA
triad moreover shows a mesophase and long-range order
already in the pristine state. The main specificities of the
pristine geometry consist in a 40% reduced lamellar spacing and
a 70% expansion along b, revealing an average 45° tilt of
molecules from the b direction. As confirmed by the absence of
all crossed reflections, the regular microsegregated layer
alternation along a of the orthorhombic phase does not form
natively, forcing rigid moieties to tilt. With the softening of the
sample on first heat, this segregated structure develops,
bringing rigid moieties back to the a × c plane and expanding
the parameter a to the size of a regular PDI monolayer, in
consistency with the gradual geometry change observed (see
Figure S14 in SI). For all cases, the few visible reflections and
molecular volumes are compatible with an orthorhombic phase
of similar nature. The structural parameters have been reported
in Table 2.
Putting together all structural information gathered in this

study, one can propose two different packing schemes of AD
dyads and the ADA triad, illustrated in Figure 8. As a
convention, the a, b, and c axes of the unit cell are oriented
along the alkyl side chains of the donor group, the π-stacking of
the PDI, and the long molecular axis of the AD molecules,
respectively. Considering the first model in Figure 8a, the AD
molecules are π-stacked into pairs with a strong π-overlap of
both the PDI and the donor groups. Donor blocks in successive
layers along the a axis are pointing alternatively along c and −c.
Within such AD pairs, the solubilizing chains of the two donor
blocks are rejected on either side of the conjugated skeleton,
and all alkyl chains are grouped together. Figure 8b shows an
alternative packing for which the AD molecules are π-stacked
into pairs of two molecules with a strong overlap of the PDI
units only, whereas donor blocks are arranged side-by-side with
the alkyl side chains rejected on each side of the donor pair.
However, as for the first model, dense planes of π-stacked PDI
blocks are formed also for this molecular arrangement. It is
likely that the stacking of PDI units involves a slight lateral
offset (arrangement already observed in other studies27b,30).
However, the PDI long axes are still colinear. These two
packing schemes can apply for AD0, AD0T, and AD1 dyads. The
two different packing schemes in Figure 8a,b can also apply for
ADA as illustrated in Figure 8c,d. The two terminal PDI groups
on each side of the donor block in ADA can π-stack efficiently
without perturbing the packing of donor blocks and can respect
the different sectional areas of the two blocks. However, the
major difference between ADn dyads and the ADA triad is the
strong interdigitation of the layers of ADA molecules. It can be
anticipated that this strong interdigitation is responsible for the

enhanced long-range lamellar ordering in ADA films even in
the absence of melt-cooling. As a matter of fact, the strong
interdigitation of PDI groups on both sides of the donor could
partly explain the higher density (1.21 g·cm−3) for the ADA
triad compared to the ADn analogues (1.13−1.14 g·cm−3).
Regarding the DnADn triads, the large sectional area of donor

blocks imposes a high molecular area per PDI group which is
incompatible with the generation of dense PDI layers. In some
sense, the DAD self-assembling into a lamellar structure at
long-range order is prevented by the presence of solubilizing
ethylhexyl side chains on the donor block that are responsible
for the high sectional area of this block as compared to PDI
(Figure 8e). The marked discrepancy between molecular areas
of D and A segments could similarly be held as responsible for
the lack of formation of well-defined D/A segregated structure
in other peryleneimide-donor systems.13c,31,32 Note that the
few published examples of well-defined lamellar mesophases in
DAD triads (with A = PDI) should be attributed to the
presence of a high density of chains (aliphatic13a or siloxane13g)
at the triad extremities, which generates microphase separation.
To conclude, a packing of DAD molecules following a

scheme similar to that given in Figure 8 for the AD dyads or the
ADA triad is virtually impossible. A more precise structure
determination is needed for discriminating one or the other
packing behavior of the molecules. Further studies are being
undertaken in order to provide a more complete assessment of
the molecular packing of AD and ADA molecules.

3. CONCLUSIONS
We have successfully synthesized and characterized a new series
of donor−acceptor block co-oligomers with different molecular
architectures (AD, DAD, and ADA) with the aim of correlating
molecular architecture and self-assembling properties, which is
essential to improve optoelectronic devices such as OPV cells
or OFET. First, short ethylene linkers have been systematically
inserted between the A and D blocks to favor their respective
packing. Second, we have verified that these co-oligomers
comply with favorable optoelectronic properties, e.g. broad
range of absorption, appropriate HOMO and LUMO levels,
decoupling of A and D electronic states. This was possible by a
careful chemical design of the donor block made of a
combination of thienofluorene segments of two different
lengths (D0 or D1) with the electron-deficient benzothiadiazole
unit. Efficient optoelectronic devices require ordered structures
with well-segregated acceptor and donor domains that are
indeed determined by the molecular architecture. Intensive
characterization of the co-oligomers by X-ray diffraction and
TEM gave evidence for lamellar mesophases with long-range
order after melt-cooling for all systems except for DAD triads.
Regardless of the length and chemical nature of the donor
block (D0, D0T, and D1), all the AD dyads and the ADA triad
show very similar packing of the co-oligomers within lamellae.
The major difference between these two systems is the

interdigitated character of the lamellae for ADA, which is absent
for AD, and results in enhanced long-range ordering in both
pristine and melt-cooled ADA films. In the end, AD and ADA
superstructures contain extended rows of PDI-stacks within
lamellae, leading to three-dimensional mesophases, while DAD
systems show short-range lamellar correlations without marked
PDI-stacks. The difference in this behavior is explained by the
discrepancy of the molecular cross sections between the PDI
and the donor blocks. Placing the PDI unit at the end of the
molecules allows to compensate its smaller cross-section by the
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formation of interdigitated rows of PDI-stacks, ultimately
leading to the cohesion of the lamellae. In contrast, with the
DAD architecture, the large cross-section of the donor blocks
prevents the central PDI unit from stacking.
Another important aspect of the preparation of optoelec-

tronic devices is the control of the orientation of the
nanostructure. In this work, we have evidenced the influence
of the donor block length on the orientation of the lamellar
domains on a SiO2 substrate after melt-cooling. A majority of
lying lamellae has been obtained for the short donor blocks
(AD0 and AD0T), whereas AD1 molecules led to edge-on
lamellae. In consequence, the modulation of the block length
might be an efficient tool to control the orientation of the
oligomers on a substrate, depending on the optoelectronic
application (OPV vs OFETs).
Taken all together, these results are important as they allow

us to set some basic principles for the molecular design of
efficient self-assembling PDI-based donor−acceptor co-
oligomers to be used in monocomponent optoelectronic
devices.
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Müllen, K.; Baüerle, P. Org. Biomol. Chem. 2005, 3, 985−995.
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V.; Hoiward, I. A.; Laquai, F.; Pisula, W.; Feng, X.; Li, C.; Takase, M.;
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Tu, G.; Hasko, D. G.; Hüttner, S.; Greenham, N. C.; Steiner, U.;
Friend, R. H.; Huck, W. T. S. Adv. Funct. Mater. 2011, 21, 139−146.
(16) (a) Mishra, A.; MA, C.-Q.; Baüerle, P. Chem. Rev. 2009, 109,
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