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Covalently linking both electron donor and acceptor components is an efficient way to gain thermodynamic control over
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the formation of well-ordered heterojunction materials suitable for organic photovoltaics. In this context, we attached

flexible polymer segments to the termini of a (perylene bisimide)-quaterthiophene-(perylene bisimide) triad. The
microphase segregation of the resulting coil-rod-coil architecture served to reliably promote the formation of lamellar
phases. The lamellae were oriented vertical relative to the substrate, and they could be laterally aligned by mechanical

rubbing, as determined by small and wide angle X-ray scattering, transmission electron microscopy, electron diffraction

and AFM. Transient absorption spectroscopy revealed that light absorption was followed by charge separation and that
charge recombination was slower in thin films than for solution-phase samples, especially when longer side chains were
used. Thus, this study is a first step towards reliable lamellar phase segregation in donor-acceptor materials on the route

towards improved materials for organic photovoltaics.

Introduction

Research on photovoltaic devices is one of the corner stones
of solving the problems associated with the world’s growing
energy demand.™ In this context, the use of organic materials
promises a low cost production of large area, flexible, and
light-weight devices. In organic photovoltaic materials, charge
generation at the interface between an electron donor and an
acceptor component as well as charge extraction towards the
electrodes are the two crucial steps that determine device
performance.a'5 Therefore, both a large interface and
continuous charge percolation pathways are essential for an
overall efficient energy The active layer
microstructure is one of the most important parameters
determining device performance.® To this end, blending the
donor and the acceptor components such that they form an
interpenetrating network called “bulk heterojunction” (BHJ)
has been the most successful strategy to date.” In BHJ devices
based on an electron donor polymer and a fullerene acceptor,
for instance, the formation of a three-phase microstructure,
including an intimately mixed phase of the two components,
plays a major role for their superior efficiency.w'13 However,
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the exact microstructure of BHJs is difficult to control, and they
still contain large domains that result in increased exciton
recombination as well as isolated domains that trap charges.
Moreover, their kinetically controlled formation results in
metastable morphologies that slowly undergo macrophase
segregation, reduced device
performance over time.>*

Covalently connecting the donor and acceptor components
has been explored as an approach to address these issues.”™™’
For example, brush copolymers of acceptor moieties grafted to
an electron-rich polymer backbone as the donor component
have been referred to as “double-cables” that transport
electrons through the pendant groups and holes through the
polymer backbone. Similarly, dyads or triads of small molecule
donors and acceptors have been designed with the purpose of
maximizing the donor/acceptor interface. The intimate mixing
of the donor and acceptor moieties in such “molecular
heterojunctions” is supposedly related to the mixed phase
observed in polymer:fullerene BHJs. However, typical power
conversion efficiencies of devices using such materials were

resulting in  significantly

often lower than those of devices prepared from the
corresponding blends,w'18 presumably due to better charge
larger

domains of the pure components in the blends. One may

extraction and limited recombination helped by
conclude that covalently linking the donor and acceptor
components should be complemented with the formation of
nanostructures with at least one extended dimension in so-
called “ordered heterojunctions”. In this context, various
groups prepared donor-acceptor co-oligomers e.g. dyads (AD)
or triads (ADA and DAD). Hashimoto et al. prepared a
fullerene-substituted oligothiophene that formed lamellar

phases in thin films.* Geng et al. as well as Méry et al.
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Figure 1. Molecular structure of the polymer-substituted donor-acceptor-donor triads and preparation of thin films. a) Thin films of PTP-9 or PTP-19 (n =9 or 19,
respectively) were prepared by doctor blading and exhibited a lamellar phase with an “edge-on” orientation of the lamellae relative to the substrate and different
lateral orientations. b) Mechanical rubbing and annealing resulted in ¢) a macroscopic alignment of the lamellar phase parallel to the rubbing direction.

prepared liquid-crystalline dyads comprising fluorene and
thiophene subunits in the donor block and a perylene acceptor
block that self-assembled into lamellar phases with separated
donor and acceptor domains.?>*2 Tuning the band gap of the
donor part and adding a flexible alkyl spacer between the
donor and acceptor to accommodate packing constraints
resulted in a power conversion efficiency of 2.7%,% which
represents one of the best values reported for a single-
component organic solar cell, but is still low compared to BHJs.
This problem has mostly been attributed to the lack of long-
range order; as the lamellar thickness is typically on the order
of only a few nanometers, an increasing number of defects will
favor charge recombination. Moreover, charge transport may
be impeded by an inappropriate molecular orientation within
the lamellae.

Here, we show that terminally attaching soft polymer
segments to an acceptor-donor-acceptor triad can help to
obtain thin films comprising well-ordered lamellar
nanostructures (Figure 1). This “coil-triad-coi
was deliberately chosen because microphase segregation
between the coil segments and the rod-like triad core was
expected to strongly favor morphologies with low-curvature
interfaces, such as lamellar phases. The resulting confinement
of the triad core should consequently promote a packing of
the acceptor and donor segments into separate sublayers. We
chose to investigate the triad (perylene bisimide)-
quaterthiophene-(perylene bisimide) substituted with two
poly(isobutylene) (PIB) segments of different lengths (number-
average degrees of polymerization P, = 9 and 19) that will be
named PTP-9 and PTP-19, respectively. The triads were shown
to form lamellar phases, with an “edge-on” orientation of the
layers relative to the substrate. Rubbing and annealing served
to achieve a macroscopic alignment of the lamellar phases. In
this context, the longer polymer segments of PTP-19 helped to
prevent the lamellae to attain a face-on orientation that was
observed in the case of PTP-9 after rubbing and annealing.
Femtosecond-resolved transient absorption (TA) studies
confirmed that light absorption was followed by charge
separation and that the lifetime of the charges was increased
in thin films in comparison to solution-phase samples. In this
way, our study represents a first step towards reliable lamellar
phase segregation in donor-acceptor materials on the route
towards improved materials for organic photovoltaics.
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Experimental
Instrumentation and Methods

Mass Spectrometry. Mass Spectra were recorded at the Mass
Spectrometry Service of EPFL on either a Waters Q-TOF Ultima
for ESI-TOF, a Shimadzu Biotech AXIMA Performance for
MALDI-TOF, or on a Thermo Scientific LTQ FT-ICR MS for APPI.
NMR Spectroscopy. '4 and ®c NMR spectroscopy was carried
out on Bruker Avance 400 or 600 spectrometers operating at
frequencies of 400.13 MHz or 600.13 MHz for H nuclei, and
100.62 MHz or 150.91 MHz for **C nuclei, respectively.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories, Inc. The spectra were calibrated to the
respective residual proton peaks of the deuterated solvents
(lH NMR: 7.26 ppm CDCl;, 2.50 ppm DMSO-dg, and 6.00 ppm
for TCE-d,; *>C NMR: 77.00 ppm for CDCls, and 40.45 ppm for
DMSO-dg). Data are reported as follows: s=singlet,
d = doublet, t=triplet, q=quartet, m = multiplet). Coupling
constants J are reported in Hz. The coupling patterns and
coupling constants were evaluated with Mestrenova NMR data
processing.

SAXS and WAXS. performed in
collaboration with Dr. Sandor Balog at the Adolphe Merklé
Institute, Fribourg with a NanoMax-IQ camera (Rigaku
Innovative Technologies, Auburn Hills, USA). The samples were
kept in vacuum at room temperature during the
measurements. The scattering data were presented as a
function of the scattering vector modulus g = 4m/A sin(9/2),
where O is the scattering angle and A is the photon
wavelength.

Thin Film Rubbing, Transmission Electron Microscopy, and
Electron Diffraction. Thin film samples were prepared by
doctor-blading  from sample solutions in ortho-
dichlorobenzene (c=5mg/mL) on a clean glass substrate
maintained at 170°C. The thin films were subsequently rubbed
with a microfiber cloth in an inert atmosphere in a glove box
(Plas labs Inc.). The rubbing apparatus consisted of a rotating
cylinder (4 cm diameter) covered by a microfiber cloth. The
rubbing was performed by applying the rotating cylinder with
a 2 bar pressure on the translating sample holder (1 cm/s) such
that it took accordingly 5 s to align a 5 cm long film. The
sample holder was heated at different temperatures in the
range of 25-200°C during the rubbing process and the

Measurements were
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temperature was allowed to equilibrate for 1-2 min before
rubbing. One rubbing cycle corresponded to a rubbing length
(i.e. the length of the rubbing tissue applied at a given point of
the sample) of 50 cm. The films were finally annealed in a
Linkam LTS420 hotplate under nitrogen atmosphere at 300°C
for 5min and cooled to room temperature at a rate of
10°C/min. Areas for TEM analysis were identified by optical
microscopy (Leica DMR-X microscope). The thin film samples
for TEM imaging were coated with a thin amorphous carbon
film and removed from the glass substrate by floating on a
diluted aqueous HF solution (10 wt %) and subsequent
recovery on TEM copper grids. TEM imaging was performed in
bright field, high resolution and diffraction modes using a
CM12 Philips microscope equipped with a MVIII (Soft Imaging
System) charge coupled device camera.

Atomic Force Microscopy. Thin films of the triads PTP-9 and
PTP-19 were analyzed in tapping mode using a Nanoscope llla
(Veeco Instruments Inc., Santa Barbara, USA) instrument at
room temperature in air. Cantilevers with a resonance
frequency on average of f;=325kHz and k=40N/m were
used. Scan rates between 0.5 and 2 Hz were applied, the
image resolution was 512x512 pixels.

Transient Absorption Spectroscopy. Transient absorption (TA)
spectra were recorded using femtosecond pulsed laser pump-
probe spectroscopy. The sample solutions were placed into a
1 mm cell and constantly bubbled with argon gas to provide
stirring and prevent degradation by oxygen. For the thin film
measurements, the samples were mounted in a custom-built
sample chamber filled with argon to avoid sample
degradation. The probe beam consisted of a white light
continuum (350-750 nm), generated by passing a part of the
780 nm amplified 1 kHz Ti:sapphire output (Clark-MXR, CPA-
2001) through a 5 mm CaF, plate. The remaining intensity of
the fundamental beam was removed by a 750 nm low-pass
filter. Excitation pulses at 390 nm were generated by
frequency doubling of the fundamental of the laser. Excitation
pulses at 540 nm were generated in a custom-built NOPA. The
probe intensity was always less than the pump intensity, and
the probe spot size was chosen to be much smaller than the
pump spot size to allow for a homogeneous excitation over the
probed area. The pump pulses were delayed with respect to
the probe pulses using a computerized translation stage. The
probe pulses were split before the sample by means of a
beamsplitter into a signal (transmitted through the sample)
and a reference beam. The probe signal and reference beams
were detected separately using a pair of 163 mm
spectrographs (Princeton instruments, SpectraPro 2500i)
equipped with 512 x 58 pixel back-thinned CCDs (Hamamatsu
S07030-0906) and assembled by Entwicklungsbiro Stresing,
Berlin. The pump beam was chopped as half the amplifier
frequency to improve the sensitivity of the set-up. The
transmitted intensity of the probe beam was recorded shot by
shot and corrected for laser intensity fluctuations using the
reference beam. The transient spectra were averaged at each
delay until the desired signal-to-noise ratio was achieved (3000
times). To avoid polarization effects, the relative polarization

This journal is © The Royal Society of Chemistry 20xx

of the probe and pump pulses was set to the magic angle. All
spectra were corrected for the chirp of the white-light probe.

Synthetic Procedures

N-poly(isobutene)-yl perylene-9,10-di(propylcarboxylate)-3,4-
dicarboximide 3a. A slurry of perylene-3,4:9,10-tetracarboxylic
dianhydride 1 (13.0g, 33.1 mmol), 1-propanol (20 mL,
265 mmol), and DBU (20 mL, 133 mmol) in dry DMF (130 mL)
was stirred for 16 h at room temperature in an inert
atmosphere. The slurry became a clear solution after 1 h. Dry
THF (80 mL), and then a solution of PIB-NH, 2a (20g,
16.6 mmol) in dry THF (70 mL) were added slowly to the
reaction mixture. The solution was stirred vigorously for 3 d,
treated with 1-bromopropane (24 mL, 265 mmol), stirred for
another 16 h, and finally poured into a 1M aqueous HCI
solution. The slurry was extracted three times with DCM. The
combined organic phases were washed with a 1m aqueous HCI
solution, two times with a saturated aqueous NaCl solution,
and finally dried over Mg,SO,. The solvent was removed in
vacuo, and the residue (about 38 g) was purified by column
chromatography (5L SiO,, DCM) to afford pure 3a as a red
sticky solid (12.7 g, 45%). 'H NMR (400.13 MHz, CDCly): & =
0.65-1.80 (m, 132H, aliphatic H), 1.85 (sex, 2H,
COOCH,CH,CH;) 4.13-4.26 (m, 2H, CH,-N), 4.32 (t, 4H,
COOCH,), 8.06 (m, 2H, ArH), 8.35 (m, 4H, ArH), 8.53 (m, 2H,
ArH).

N-poly(isobutene)-yl perylene-9,10-di(propylcarboxylate)-3,4-
dicarboximide 3b. A slurry of perylene-3,4:9,10-tetracarboxylic
dianhydride 1 (0.55g, 1.40 mmol), 1-propanol (0.84 mL,
11.2 mmol), and DBU (0.84 mL, 5.6 mmol) in dry DMF (8 mL)
was stirred for 16 h at room temperature in an inert
atmosphere. The slurry became a clear solution after 1 h. Dry
THF (6 mL), and then a solution of PIB-NH, 2b (11.0g,
9.13 mmol) in dry THF (5mL) were added slowly to the
reaction mixture. The solution was stirred vigorously for 3 d,
treated with 1-bromopropane (1.02 mL, 11.2 mmol), stirred
for another 16 h, and finally poured into a 1m aqueous HCI
solution. The slurry was extracted three times with DCM. The
combined organic phases were washed with alm aqueous HCI
solution, two times with a saturated aqueous NaCl solution,
and finally dried over Mg,SO,. The solvent was removed in
vacuo, and the residue (about 1.21 g) was purified by column
chromatography (150 mL SiO,, DCM) to afford pure 3b as a red
sticky solid (0.43 g, 60%). ‘*H NMR (400.13 MHz, CDCl3): & =
0.65-1.80 (m, 191H, aliphatic H), 1.85 (sex, 4H,
COOCH,CH,CH;) 4.13-4.26 (m, 2H, CH,-N), 4.32 (t, 4H,
COOCH,), 8.06 (m, 2H, ArH), 8.34 (m, 4H, ArH), 8.53 (m, 2H,
ArH).

N-poly(isobutene)-yl perylene-9,10-di(carboxylic anhydride)-
3,4-dicarboximide 4a. N-poly(isobutene)-yl perylene-9,10-
di(propylcarboxylate)-3,4-dicarboximide 3 (10.14 g,
8.20 mmol) and p-toluenesolfonic acid monohydrate (15.6 g,
82.0 mmol) were dissolved in toluene (150 mL), and the
resulting solution was stirred for 16 h at 95°C. After cooling to
room temperature, the reaction mixture was poured into
MeOH (1.5 L), and the resulting slurry was stirred for 2 h. The
red precipitate was filtered off, washed with MeOH, taken up
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in THF (200 mL), and reprecipitated into MeOH (2 L) to afford
pure 4a as a red sticky solid (8.77g, 94%). 'H NMR
(400.13 MHz, CDCl;, 120°C): 6 = 0.65-1.85 (m, 123H, aliphatic
H), 4.17-4.29 (m, 2H, CH,-N), 8.58-8.72 (m, 8H, ArH).
N-poly(isobutene)-yl perylene-9,10-di(carboxylic anhydride)-
3,4-dicarboximide 4b. N-poly(isobutene)-yl perylene-9,10-
di(propylcarboxylate)-3,4-dicarboximide 3 (300 mg, 178 umol)
and p-toluenesolfonic acid monohydrate (169 mg, 890 umol)
were dissolved in toluene (15 mL), and the resulting solution
was stirred for 16 h at 95°C. After cooling to room
temperature, the reaction mixture was diluted in DCM,
washed with water, and dried. The red solid was taken up in
THF and reprecipitated into MeOH to afford pure 4b as a red
sticky solid (277 mg, 98%). ‘H NMR (400.13 MHz, CDCl,
120°C): 6 = 0.65—1.85 (m, 231H, aliphatic H), 4.17-4.29 (m, 2H,
CH,-N), 8.58-8.72 (m, 8H, ArH).

PIB,-PBI-T,-PBI-PIBg PTP-9. 5-5’""-Bis(2-amino-ethyl)-
2,2":5%,2"":5"”,2"”"-quaterthiophene dihydrochloride (150 mg,
360 umol), perylene-9,10-dicarboxylic anhydride-3,4-dicarbox-
imide-N-(polyisobutyl) 4a (858 mg, 756 umol), and Zn(OAc),
(132 mg, 720 pumol) were dissolved in quinoline (100 mL). The
resulting solution was stirred for 16 h at 175°C. The reaction
mixture was subsequently cooled to room temperature and
then poured into MeOH (800 mL). After stirring for 4 h, the
dark red precipitate was filtered off, redissolved in THF
(50 mL), and reprecipitated into MeOH (500 mL). The obtained
residue was then redissolved in DCM containing SiO, (100 mL),
and the slurry was evaporated to obtain the crude product
dry-loaded on SiO, for the subsequent column
chromatography (200 mL SiO,, DCM/MeOH 10:1, then pure
THF). A final precipitation from THF to MeOH afforded pure
PTP-9 as a red sticky solid (54 mg, 42%). 'H NMR (400.13 MHz,
TCE-d,, 120°C): & = 0.80-2.00 (m, 236H, aliphatic H), 3.35-3.42
(m, 4H, CH»-N), 4.25-4.38 (m, 4H, quaterthiophene-CH,CH,-N),
4.56-4.65 (m, 4H, quaterthiophene-CH,CH,-N), 8.65-8.80 (m,
16H, perylene ArH). HRMS (MALDI): calcd for CisgH514N4O5Ss|
(IM+Na]"): 2447.5270; found: 2449.819.

PIB,s-PBI-T,-PBI-PIB;;  PTP-19.  5-5'"-Bis(2-amino-ethyl)-
2,2:5’,2’":5” 2"~ quaterthiophene dihydrochloride (15 mg,
36 umol), perylene-9,10-dicarboxylic anhydride-3,4-dicarbox-

o o )
Q.O a) ~"o
o o 2
=V e
o ) 0

1 3a n=9

o} o}
=W, .
N—PIB,

(12.7 g, 46%)
3b n=19 (430 mg, 60%)

imide-N-(polyisobutyl) 4b (120 mg, 76 umol), and Zn(OAc),
(13 mg, 72 umol) were dissolved in quinoline (20 mL). The
resulting solution was stirred for 16 h at 175°C. The reaction
mixture was subsequently cooled to room temperature and
then poured into MeOH (150 mL). After stirring for 4 h, the
dark red precipitate was filtered off, redissolved in THF
(20 mL), and reprecipitated into MeOH (150 mL). The obtained
residue was then redissolved in THF containing SiO, (10 mL),
and the slurry was evaporated to obtain the crude product
dry-loaded on SiO, for the subsequent column chromato-
graphy (50 mL SiO,, DCM/MeOH 10:1, then pure THF). A final
precipitation from THF to MeOH afforded pure PTP-19 as a red
sticky solid (54 mg, 42%). 'H NMR (400.13 MHz, TCE-d,,
120°C): 6 = 0.75-1.95 (m, 358H, aliphatic H), 3.35-3.42 (m, 4H,
CH>-N), 4.26—4.35 (m, 4H, quaterthiophene-CH,CH,-N), 4.56—
4.65 (m, 4H, quaterthiophene-CH,CH,-N), 8.65-8.80 (m, 16H,
perylene ArH).

Results and Discussion
Synthesis and Steady-State Spectroscopy

The synthesis of PTP-9 and PTP-19 started from perylene
bisanhydride 1 that was first coupled to the poly(isobutylene)
amines PIBg-NH, 2a and PIB;o-NH, 2b, respectively (Scheme 1).
Due to solubility reasons, however, a simple statistical coupling
of one equivalent of the poly(isobutylene) amine to perylene
bisanhydride  vyielded exclusively the symmetrically
disubstituted product. In order to circumvent this issue, 1 was
first reacted with propanol in the presence of a strong base in
DMF.***®> The resulting partially esterified intermediate
became well soluble in DMF and was then statistically reacted
in situ with substoichiometric amounts of poly(isobutylene)
amine 2a or 2b. Addition of bromopropane finally yielded the
unsymmetric perylene diesters 3a and 3b, respectively. The
ester functions were subsequently cleaved in acidic conditions,
and the resulting perylene monoanhydrides 4a and 4b were
coupled to 2,5""-bis(2-amino-ethyl)-5,2’:5’,2’:5",2""’-
quaterthiophene26 in quinoline at 175°C, yielding the desired
triads PTP-9 and PTP-19 (Supplementary Figure S1).

o

— L .

B
O™
(o]

4a n=9 (877 g,94%)
4b n=19 (277 mg, 98%)

(0] (@)

[0} (o] (0] (0]
== e e

PTP-9 n=9 (321 mg, 34%)
PTP-19 n =19 (54 mg, 42%)

[e] [0}
203 S
5 6 n

Scheme 1. Synthesis of the poly(isobutylene)-substituted triads PTP-9 and PTP-19. Reagents and conditions: a) (i) propanol, DBU, DMF, r.t., 16h; (ii) PIB-NH; 2a or 2b,
THF, r.t., 3 d; (iii) bromopropane, r.t., 16 h; b) TsOH - H,0, toluene, 95C, 16 h; c) 2,5""-bis(2-amino-ethyl)-5,2’:5’,2"":5”,2""’-quaterthiophene, Zn(OAc),, quinoline,

175°C, 16 h.
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Figure 2. a) The UV/vis absorption spectrum of PTP-19 in o-dichlorobenzene
(c =25 umol/L) at 100°C (red) resembled a superposition of the contributions of
perylene bisimide and quaterthiophene chromophores, as seen from a
comparison to the UV/vis spectra of molecularly disperse solutions of the
reference compounds 5 and 6 (red, dashed). Upon cooling the solutions from
100°C to 20°C (blue; in steps of 10°C), the triad formed spectroscopic aggregates,
showing both H and J bands of the perylene bisimide. b) The shape of the UV/vis
absorption spectra of PTP-19 in thin films remained almost unchanged upon
heating from 25°C (blue) to 175°C (orange; in steps of 25°C), but underwent
significant changes upon further heating to 300°C (red; in steps of 25°C).

Moreover, the poly(isobutylene)-substituted perylene bisimide
5 and the quaterthiophene 6 were prepared as reference
compounds.ZG'27 Molecularly disperse solutions of PTP-9 and
PTP-19 in o-dichlorobenzene (c = 25 pumol/L) were obtained at
100°C. The steady-state UV/vis absorption spectra of these
solutions at 100°C (Figure 2a) resembled a superposition of the
absorption  spectra of perylene bisimide 5
quaterthiophene 6, confirming that no significant electronic
coupling occurred between both chromophores. While the
solutions remained optically clear upon cooling, both blue-
shifted H-bands and red-shifted J-bands appeared in the
absorption spectra, indicating that the triads started to form
spectroscopic aggregates. The H-bands of the perylene
bisimide chromophores presumably overlapped with the
quaterthiophene absorption, so that the contribution of the
latter became impossible to distinguish.

Thin film samples of PTP-9 and PTP-19 were prepared on glass
slides by doctor-blading from o-dichlorobenzene solutions
(c=5mg/mL) at 180°C. As no thermal transitions were

and

This journal is © The Royal Society of Chemistry 20xx
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observed in differential scanning calorimetry up to
temperatures of 380°C except for the poly(isobutylene) glass
transition at around —60°C, absorption spectra of the thin films
were recorded over a temperature range from 25°C to 300°C
(Figure 2b). The shape of the spectra persisted up to a
temperature of about 175°C, with only a small intensity
decrease of the absorption at 467 nm. Above that
temperature, the bands at 467 nm and 610 nm disappeared,
and new maxima at 509 as well as 542 nm emerged that
resemble the vibronic fine structure of non-aggregated
perylene chromophores. For this reason, and although no
melting transition had been observed in DSC measurements,
we chose to subject film samples to further treatment at
temperatures above 175°C.

Alignment and Thin Film Morphology

In order to produce macroscopically aligned samples, the thin
film samples were subjected to mechanical rubbing with a
rotating cylinder covered with a cloth at a substrate
temperature of 200°C in an inert atmosphere, followed by
thermal annealing at 300°C.

After the alignment procedure,
the thin films were strongly birefringent according to polarized
optical microscopy, with a uniform transmission maximum
across the film when the crossed polarizers were oriented at
45° relative to the rubbing direction, and a total extinction
across the whole sample at 0°/90° orientation (Figure 3a). This
finding was an indication for a homogeneous alignment over
the length scale of the thin film sample of 1 x 5 cm. Moreover,
polarized UV/vis absorption spectroscopy of PTP-19 and PTP-9
revealed dichroic ratios of 2.7 and 6.4 for the main absorption
band at 558 nm, respectively, with a maximum absorption
when the polarizer was oriented parallel to the rubbing
direction (Figure 3b). Since the transition dipole in the PBI
chromophore is oriented along the molecular long axis,”® the
PBI molecules are hence oriented with their long axis, on
average, parallel to the rubbing direction R. We confirmed the
presence of lamellar nanostructures in the rubbed thin films
with macroscopically aligned lamellae oriented normal to the
substrate plane by a combination of small-angle X-ray
scattering (SAXS), wide-angle X-ray scattering (WAXS),
transmission electron microscopy (TEM), and atomic force
microscopy (AFM). SAXS measurements on bulk samples of
PTP-9 exhibited series of peaks with a ratio of reciprocal
spacings of g,:g,:qs = 1:2:3, as is characteristic for lamellar
phases (Figure 4). For PTP-19 a ratio of g;:g,:q3:q, = 1:2:3:4
was observed, with the g; reflection hidden in the flank of the
next reflection. The main reflections corresponded to lamellar
periodicities of 6.40 nm (PTP-9) and 7.47 nm (PTP-19), which
are significantly smaller than the respective molecular lengths
of 10 and 13 nm, even considering that the poly(isobutylene)
segments assumed their preferred 85 helical conformation.?
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Figure 3. Aligned thin films of PTP-9 showed birefringence and dichroism. a)
Polarized optical micrographs showed a strong birefringence when the rubbing
direction R (white arrow) was oriented at 45° relative to the crossed polarizers,
and no transmission when the rubbing direction R was perpendicular to one of
the polarizers (inset). b) Polarized UV/vis spectra revealed an absorption
maximum at 558 nm with a maximum intensity when the incident light was
parallel to the rubbing direction.
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Since the larger cross-sectional areas of the poly(isobutylene)s
(36 ,’32)29 as compared to the perylene bisimide (28 /'-’\2)22 and
quaterthiophene segments (21 ,’32)30 render an interdigitation
of the former unlikely, this finding implies that the different
segments assume tilt angles relative to the layer normal. WAXS
measurements revealed reflections at 3.8 and 7.9 A, which
were attributed to m—m stacking and a packing distance
typically observed for perylenes, respectively. A broad
reflection was observed with an apparent maximum at 6.7 A
that comprised the broad reflection associated with the short
range order of the poly(isobutylene) at around 6 A R

Further investigation of the thin film nanostructure by
transmission electron microscopy (TEM) confirmed the
formation of lamellar phases. After doctor blading but before
annealing, the thin films of both PTP-9 and PTP-19 showed
stripes with a periodicity of about 7 nm (Figure 5a, b). Since
this periodicity was in excellent agreement with the SAXS data,
one can unambiguously attribute the observed stripes to
lamellae oriented normal to the substrate, with the contrast in
the bright-field TEM images originating from domains of the
triad cores containing the sulfur atoms versus the peripheral
isobutylene layers. TEM did however not allow to distinguish
the central quaterthiophene block from the two perylene
bisimide blocks. For PTP-19 with its longer polymer side chains,
these stripes were locally aligned with a higher degree of long

range order, indicative of aligned smectic lamellar phases.

PTP-9 SAXS WAXS

q=0.98 (d=6.40 nm)
|

3.7‘8A

q=0.84(d=7.47 nm)
|

Intensity / a.u.
Intensity / a.u.

PTP-19

0.2 1 5 5 10 15 20
g/nm™ q/nm™

Figure 4. X-ray scattering of bulk samples of PTP-9 and PTP-19 revealed lamellar
structures in the bulk. a) In the small-angle region, a reciprocal spacing ratio of
g1:92:q3 = 1:2:3 and a periodicity of 6.4 nm for PTP-9, as well as g1:92:93:qs =
1:2:3:4 and 7.5 nm for PTP-19 were observed b) In the wide-angle region, the
reflection at 3.78 A was assigned to m-m stacking, and additional peaks
corresponding to 7.9 and 6.7 A were observed, of which the latter comprised at
least the broad reflection associated with the short range order of the
poly(isobutylene). The reflection at 9.45 A for PTP-9 probably originates from an
impurity.
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PTP-19
as deposited

- PTP9
« rubbed & annealed

rubbed & annealed

\\R

Figure 5. Transmission electron microscopy on thin film samples of PTP-9 and
PTP-19 revealed stripes or terraces that were attributed to lamellae oriented
edge-on or face-on relative to the substrate. a) Films of PTP-9 deposited by
doctor-blading revealed stripes with a periodicity of about 7 nm. b) doctor-
bladed films of PTP-19 showed a higher degree of long range order. ¢) Upon
rubbing and annealing films of PTP-9, the lamellae changed their orientation to a
face-on orientation, resulting in terraces (annealing temperature 300°C). d) This
reorientation did not occur for PTP-19 with longer side chains, which still showed
stripes aligned by the rubbing process (annealing temperature 270°C). The
rubbing direction R is indicated by the white arrow.
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Figure 6. AFM imaging confirmed the lamellae were oriented a) face-on for PTP-
9 and b) edge-on for PTP-19. Rubbing direction R is vertical in both cases. Color
scale range are a) 140 nm and 90°, and b) 150nm and 50°.

378 417

Figure 7. Electron diffraction patterns of aligned films (annealed at 300°C)
obtained by high-temperature rubbing. a) PTP-19 showed reflections at 7.93,
6.68, and 3.66 A corroborating the distances observed in X-ray diffraction. This
pattern is characteristic of standing lamellae. b) The diffraction pattern of PTP-9
is dominated by a set of sharp reflections characteristic of the flat-on lamellae.
The most intense reflection is observed at 7.99 A. ¢) The diffraction pattern
obtained by tilting the PTP-9 sample grid by an angle of +23° around the rubbing
axis R showed the intense 3.77 A reflection corresponding to the m-stacking
distance between triad molecules. d) The diffraction pattern obtained by tilting
the PTP-9 sample grid by an angle of +45° around the axis perpendicular to the
rubbing axis R showed two bands at around 3.8 A.
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lamellae, of which the step height could not be determined
from the corresponding height images, probably due to the
soft nature of the poly(isobutylene) segments (Figure 6a). By
contrast, the phase images of PTP-19 thin films revealed a
pattern of darker and lighter stripes with a periodicity of about
7 nm, presumably originating in the phase-segregated
“harder” triad cores and the “softer” polymer segments
exposed to the surface in the case of vertically oriented
lamellae (Figure 6b).

Electron diffraction of the aligned thin films allowed us to
obtain more insight into the molecular arrangement within the
layers although a clear-cut picture of the relative orientation of
quaterthiophene and perylene blocks could not be obtained
because of a limited set of reflections (Figure 7). All diffraction
patterns appeared sharper for PTP-9 with shorter side chains,
which indicated a higher level of crystalline order as compared

After rubbing and annealing of the samples, the lamellae of
PTP-19 became macroscopically aligned parallel to the rubbing
direction (Figure 5d) and exhibited an azimuthal orientation
distribution of about +20°. In the case of PTP-9, the lamellar
orientation of the rubbed films changed after annealing at
300°C, from an “edge-on” to a “face-on” orientation. The
change in orientation of the lamellae is visible in the bright-
field TEM images showing a characteristic terraced
morphology (Figure 5c). A similar reorientation and its
dependence on the molecular length had previously been
observed for other perylene bisimide derivatives®

Atomic force microscopy (AFM) of rubbed films confirmed the
TEM observations. AFM phase images of rubbed and annealed
thin films of PTP-9 exhibited terraces characteristic of flat-on

This journal is © The Royal Society of Chemistry 20xx

a) top view

7nm

| substrate |

Figure 8. Schematic illustration of the molecular packing in the lamellar structure
according to electron diffraction; a) in a top view of the lamellae (polymer
segments not drawn to scale), b) side view of the triad in a lamella (attached
polymer segments omitted for clarity); the triad cores are, on average aligned
with their long axes parallel to the rubbing direction R; according to the ED
experiments with a tilting stage, they have an inclination of 45° relative to the
direction normal to the substrate N, and the m-conjugated planes (supposedly, of
the perylenes) have an angle of +23° relative to N in a plane perpendicular to R.
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to PTP-19 thin films. In agreement with the distances obtained
from XRD, PTP-19 showed reflections corresponding to
distances of d = 7.93, 6.68, and 3.66 A, the latter being close to
the m—m stacking distance observed for perylenes. PTP-19
showed always lamellae more or less normal to the substrate
whatever the annealing temperature. Instead, for PTP-9,
changing the annealing temperature from 200°C to 300°C
resulted in a clear change of the diffraction pattern with the
presence of intense reflections at 2.96A, 3.78 A and 7.99 A in
films annealed at 300°C. When tilting the sample by an angle
of +23° (Figure 7c) around the rubbing direction R, the
diffraction pattern showed a maximum intensity of the
equatorial reflection at 3.77 A, which corresponds to the n-
stacking period between the perylenes and/or
quaterthiophene segments (as also observed by XRD,
Figure 4). At the same time, tilting the sample +45° around the
axis perpendicular to the rubbing direction (Figure 7d)
maximized the intensity of the reflections at 6.84 A. One may
conclude that the molecular long axis is tilted 45° relative to
the substrate in the rubbing direction and the m-stacking
direction has a component that has a 23° angle relative to the
substrate (Figure 8). At the same time, the molecules must
have a small angle +0 with the lamellar orientation so that
their long axes are, on average oriented parallel to the latter
(according to polarized optical microscopy).

Charge Generation under lllumination

The structural characterization of thin films prepared from
PTP-9 and PTP-19 showed that both materials form lamellar
phases that were macroscopically aligned and retained their
“edge-on” orientation upon rubbing in the case of PTP-19.
Since this structure would render the system interesting for
charge generation and transport, we proceeded to study
excitation and charge transfer processes in these materials in
solution and in thin films by means of steady state and TA
spectroscopy. To this end, solutions of PTP-19 in
tetrachloroethane (TCE; ¢ = 10 umol/L) thermally equilibrated
at 100°C for 1 min, as well as solutions of a mixture of the
reference compounds 5/6 (2:1) at the same concentration of
chromophores,
hours at room temperature, according to UV/vis spectroscopy
(Figure 9). However, while the emission spectrum of the
mixture at an excitation wavelength of 400 nm was a
superposition of the spectra of the two chromophores, the
emission spectrum of PTP-19 resembled the emission of the
perylene bisimide alone, but with its intensity quenched by
99%. The absence of any quaterthiophene emission feature in
the emission spectrum of PTP-19 suggests an efficient energy
transfer from the quaterthiophene to the perylene moiety,
while the strong quenching of the perylene bisimide
fluorescence is an indication of a subsequent charge transfer.
In order to verify this hypothesis, TA spectroscopy was
performed on the triad PTP-19, the individual reference
molecules 5 and 6 as well as their mixture 5/6 (2:1), both in
molecularly disperse solutions in TCE and in thin films (see
Supplementary Figure S3).

remained molecularly disperse for several
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--- PTP-19 absorption
— PTP-19 emission
— 5/6(2:1) emission

464+ 531 539

5/6 PTP-19

nrmalized absorption / emission
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300 400

Figure 9. The emission spectrum (upon excitation at 400 nm) of PTP-19 (red) was
identical to the emission of the perylene 5 (not shown). However, compared to
the mixture 5/6 (2:1) with the same composition of the individual chromophores
(blue), fluorescence was quenched by more than 99% (inset). In comparison with
the mixture, the absence of quaterthiophene emission feature in the emission of
the triad PTP-19 suggested an energy transfer to the perylene moiety.

Since the absorption bands of the two chromophores in the
solution-phase spectra were well separated, the perylene
bisimide moieties could be exclusively excited at 530 nm, while
mostly the quaterthiophene chromophores were excited at
390 nm. Exciting the perylene bisimide 5 or the mixture 5/6
(2:1) at 530 nm vyielded identical TA spectra showing the
ground state bleaching of the perylene bisimide, its stimulated
emission, and the absorption of its S; excited state (710 nm),
whose lifetime exceeded the experimentally accessible time
window of 1 ns (Figure 10a and Supplementary Figure S4).
Similarly, the TA spectra of the mixture 5/6 (2:1) excited at
390nm were comparable to those of the pure
quaterthiophene 6, as they showed the transition of the
excited quaterthiophene from singlet state (absorbing around
706 nm) to the triplet state (absorbing at 617 nm) with a time
constant of 400 ps, in addition to the TA features of the
perylene bisimide 5 that also weakly absorbs at 390 nm
(Figure 10b and Supplementary Figure S4). Thus, one can
conclude that the quaterthiophene and the perylene bisimide
chromophores do not exert an influence on their respective TA
spectra at the employed concentration (c = 10 umol/L), when
they are not covalently linked.

By contrast, the initially populated S; state of the perylene
bisimide moiety was quenched within a few picoseconds in the
case of the triad PTP-19 excited at 530 nm (Figure 10c). After
an initial weak decay of the S; spectral features on the 0.1 ps
timescale (Figure 10e), we observed a decrease of the
stimulated emission that was associated with the rise of two
new bands at 690 and 717 nm, which can be attributed to the
quaterthiophene radical cation and the perylene radical anion,
respectively."""’37 Afterwards, the ground state bleaching of the
perylene bisimide and both peaks of the charged species
decreased to zero. It can be concluded that charge separation
occurred by hole transfer from the S, state of the perylene
bisimide to the quaterthiophene, followed by charge
recombination. The two processes were correlated to time
constants of 5 and 27 ps, respectively, as deduced from multi-
exponential global analysis (Figure 10e).

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. Transient absorption spectroscopy of the triad PTP-19 in solution
revealed charge separation and recombination upon light absorption. a) TA
spectra of the mixture 5/6 (2:1) excited at 530 nm showed the typical ground
state bleaching, stimulated emission, and S; photoinduced absorption of the
perylene bisimide without any influence of the quaterthiophene 6. b) TA spectra
of 5/6 (2:1) excited at 390 nm showed the quaterthiophene in the S; state, which
evolved to the triplet state with a time constant of 400 ps, as well as an
additional contribution from the perylene in the S; state since it is weakly
absorbing at 390 nm; no influence of the perylene on the excited
quaterthiophene was observed. c¢) TA spectra of PTP-19 excited at 530 nm: from
the perylene in the S; state (red), charged species formed (orange), and
recombined to the ground state (blue). d) TA spectra of PTP-19 excited at
390 nm were almost identical to ¢), showing that an energy transfer from the
quaterthiophene to the perylene occurred faster than the resolution of the
experimental setup. e) Multi-exponential global analysis (Convolution of a
Gaussian IRF with three exponential functions) of PTP-19 excited at 530 nm
correlated charge separation to a time constant of 5 ps (red) and recombination
to a time constant of 27 ps (orange). f) Multi-exponential global analysis of PTP-
19 excited at 390 nm was almost identical to e). Absorption and emission spectra
of the samples are shown in solid and dashed black lines, respectively.

It should be noted that a small, long-lived photoabsorption at
about 710 nm was observed that was tentatively attributed to
small amounts of free perylene bisimide 5 as an impurity in the
sample. Upon excitation at 390 nm, the triad PTP-19 did not
exhibit any feature of quaterthiophene in the singlet or triplet
state (Figure 10d). The TA spectra instead only revealed the
excited perylene bisimide in the S; state, from which charge
separation and recombination occurred with similar time
constants as after excitation at 530 nm. The relative
contribution of the excited perylene bisimide was now
significantly larger than in the case of the mixture 5/6 excited
at 390 nm. Consequently, this contribution in the triad PTP-19

This journal is © The Royal Society of Chemistry 20xx
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cannot be explained by the weak absorption of the perylene
bisimide at 390 nm alone, and suggests an energy transfer
from the excited quaterthiophene to the perylene bisimide
faster than the time resolution of the experimental setup.

TA measurements were then conducted on thin film samples
obtained by drop-casting 5, 6, a mixture of 5/6 (2:1), or PTP-19
from TCE solutions. As had been the case for the solution-
phase samples, the TA spectra of 5 and the mixture 5/6 (2:1)
were identical upon 530 nm excitation, suggesting selective
excitation of the perylene bisimide in the mixture. These
spectra showed the perylene bisimide ground state bleaching
in the 420-570 nm region, the stimulated emission at 560 nm,
and a broad photo-induced absorption in the region above
600 nm (Figure 11a and Supplementary Figure .). The decay
of these three features was associated with the same time
constant and was thus correlated.
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Figure 11. Transient absorption spectroscopy in thin films of PTP-19 showed a
slower charge recombination than in solution and the formation of long-lived
charge carriers. a) TA spectra of the mixture 5/6 (2:1) excited at 530 nm were
similar to those of the perylene 5 alone (Supplementary Figure .). b) TA spectra
of 5/6 (2:1) excited at 390 nm looked like a superposition of the spectra of both
pure compounds excited at the same wavelength (Supplementary Figure .), cd)
TA spectra of PTP-19 excited at 530 nm and at 390 nm were comparable and
showed the formation of charged species with a broad absorption peak at
around 710 nm. e—f) Multi-exponential global analysis of PTP-19 excited at
530 nm and at 390 nm revealed charge separation and recombination occurred
with time constants of 1 and 140 ps, respectively; long-lived charge carriers were
formed. Absorption spectra of the samples are shown in solid black lines.
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At an excitation wavelength of 390 nm, the perylene bisimide
chromophore was excited more significantly in addition to the
quaterthiophene, as compared to the solution-phase samples,
since the perylene bisimide absorption in the solid-state
aggregated form is significantly extended to the blue. TA
spectra of films of the mixture 5/6 (2:1) (Figure 11b) appeared
like the superposition of the TA spectra of 5 and 6 excited at
the same wavelength (see Supplementary Figure S4). The
ground state bleaching, stimulated emission, and broad photo-
induced absorption of the perylene were superimposed with
the broad photo-induced absorption of the quaterthiophene
that featured a maximum at around 700 nm. On the other
hand, the TA spectra of the triad PTP-19 excited at either 530
or 390 nm were very similar to one another and showed a
different evolution than the reference mixture (Figure 11c,d).
The initially excited state (mainly due to the aggregated
perylene bisimides) was characterized by the ground state
bleaching below 560 nm, the stimulated emission at 560 nm,
and a broad photo-induced absorption with a peak at about
710 nm. While the broad photo-induced absorption certainly
had a contribution from the excited perylene-bisimide
aggregates, the peak at 710 was reminiscent of the absorption
of the charged species in solution and thus tentatively
attributed to charged species in the solid state. The broader
aspect of the charge band might be related to higher charge
delocalization in the solid state. The initial increase of this
charge peak was correlated to a decrease of the stimulated
emission, associated with a time constant of 1-2 ps, and
attributed to charge separation. It should be noted that the
global analysis revealed a simultaneous increase of the ground
state bleaching (peaks around 440 and 470 nm) correlated to
the same time constant of 1-2 ps (Figure 11e,f). A possible
explanation of this phenomenon would be the migration of
excitons or charges to regions where the absorption
coefficient of the perylene is different due to disorder within
the film, which supposedly occurred at a time constant similar
to the charge separation. Finally, the decay of the ground state
bleaching and the peak at 710 nm was attributed to charge
recombination occurring with a time constant of about 150 ps
according to the global analysis. Differently from the solution-
phase spectra, however, the system did not completely return
to the ground state. Instead, a broad absorption peak at
710 nm persisted on the experiment time scale of 1.5ns,
suggesting the formation of long-lived charge carriers in the
thin film samples.

The TA spectra of thin film samples of PTP-9 were qualitatively
identical to those of PTP-19. A detailed comparison of the time
evolution of the TA intensity at 710 nm, however, showed that
the charge-separated species were slightly more long-lived for
PTP-19 than for PTP-9 (Figure 12a). While the difference was
small, it may still indicate that the higher degree of
nanostructural order of PTP-19 was beneficial for charge
delocalization and stabilization. Furthermore, the anisotropy
of the charged species at 710 nm was evaluated on films of
PTP-9 that had been excited at 530 nm (Figure 12b). As
expected, films before alignment by rubbing showed an
anisotropy coefficient lower than 0.4, while aligned films had a
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Figure 12. a) Comparison of the TA dynamics at 710 nm and the corresponding
fit after excitation at 530 nm; recombination was much slower in films compared
to solutions, and films made from PTP-19 showed a slower recombination as
compared to PTP-9. b) Anisotropy calculated for PTP-9 at 710 nm after excitation
at 530 nm; aligned films showed an anisotropy well above that of non-aligned
films; the stability of the anisotropy for non-aligned films suggested that charges
did not travel between domains within the 1.5 ns timeframe of the experiment.

coefficient well above. For the non-aligned film, the anisotropy
was stable over the timescale of the experiment, which
indicated that the charged species did not travel across
domain boundaries and kept their (local) alignment.

In summary, TA spectroscopy confirmed that charge
separation occurred in the triads PTP-9 and PTP-19 upon light
absorption. The initial charge separation process involved the
excited state of the perylene bisimide moiety, which could be
accessed either by direct excitation or by energy transfer from
the excited quaterthiophene moiety. Charge generation was
found to be faster and charge recombination slower in thin
films as compared to solution-phase samples. The faster
charge separation was presumably due to the closer proximity
of the chromophores in the solid state, while the slower
recombination and especially the formation of long lived
charged species was most likely due to the higher stability of
charges delocalized within the respective sublayers of the triad
lamellae.

Conclusions

We prepared a perylene-quaterthiophene-perylene triad
substituted with poly(isobutylene) segments that served to
induce the reliable formation of lamellar phases by means of
the phase segregation between the rod-like triad core and the
attached random coil polymers. In thin films, the triads indeed
gave rise to lamellar structures that could then be aligned by
rubbing and annealing. The longer side chains of the derivative
PTP-19 helped to increase the long-range nanoscale order and
maintain an “edge-on” orientation of the lamellae relative to
the substrate after rubbing and annealing. In solution, the
fluorescence of the triad PTP-19 was quenched to more than
99% compared to the mixture 5/6 (2:1) of the same
composition of the chromophores. Transient absorption
measurements confirmed that fluorescence quenching was
due to charge separation between the perylene and
quaterthiophene moieties, followed by recombination. In thin
films, this recombination was slower, and long-lived charged
species were observed, presumably due to stabilization
through delocalization of the separated charges within the
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respective sublayers of the triad lamellae. The stable
anisotropy factor recorded for nonaligned films suggested that
charges did not travel across domain boundaries within the
1.5 ns of the experiment. In this way, the higher degree of
long-range order in films of PTP-19 should enhance charge
stabilization, and was likely responsible for the even slower
charge recombination compared to films of PTP-9. An
investigation of photovoltaic devices from these materials was
beyond the scope of the present study, in particular, because it
would have required using a more promising donor segment
than the quaterthiophene. Nevertheless, our investigations
demonstrate that the terminal attachment of soft polymer
segments to a triad system represents a viable concept to
prepare triad-based materials with a phase morphology suited
for an ordered heterojunction, and that this morphology was
beneficial for the stabilization of charge carriers.
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