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Hydrogen, clean fuel

First element of the periodic 
table, hydrogen has the highest 
energy content per mass unit

energy carrier



https://hydrogeneurope.eu/bmw-says-goodbye-to-electric-cars-it-has-now-solved-the-problem-of-hydrogen-engines-mes/
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CH4 + H2O → CO + 3 H2 

CO + H2O → CO2 + H2 

Steam reforming (700-1000 °C)



2 H2 + O2 2 H2O
2 H2O 2 H2 + O2



  
a high-energy process

- Thermal splitting of water requires temperatures above  2500°C 
-Electrochemical splitting of water is costly  E= –1.23 V

the 2H2O/O2 half reaction is considerably complex 

üthe removal of 4-electrons from  2 H2O molecules 
üthe removal of 4 protons 
üthe formation of  a new oxygen-oxygen bond

O2

H2

Splitting of water into Hydrogen and Oxygen

2 H2O             O2 + 4H+ + 4e-
4H+ + 4e-            2 H2

2 H2O             2H2 + O2
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The first experimental demonstration of light-driven water splitting was reported in 1972 by Honda and Fujishima. The 
photoelectrochemical cell (PEC) was composed of TiO2 photoanode and platinum black cathode. By illumination of the 
photoanode (λ>400 nm), O2 and H2 were generated at the photoanode and cathode, respectively. The same group reported 
later a photocatalytic CO2 reduction with aqueous suspension of various semiconductor particles. 

A. Fujishima, K. Honda, Nature 1972, 238, 37. 
F. Akira, H. Kenichi, Bull. Chem. Soc. Jpn. 1971, 44, 1148. 
T. Inoue, A. Fujishima, S. Konishi, K. Honda, Nature 1979, 277, 637.

TiO2 photoanode platinum black cathode



Schematics for artificial photosynthetic assemblies showing DSPECs featuring a photosensitizer (PS), water oxidation catalyst 
(WOC), and CO2 reduction catalyst (CRC), multijunction semiconductors with catalytic nanoparticles (NP), and a proposed all-
MOF artificial photosynthetic assembly. J. Am. Chem. Soc. 2022, 144, 39, 17723–17736.



Photosynthesis: let’s learn from plants
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 Lesson from Nature: PSII Light Harvesting

R. Bassi, G. R. Fleming et al. Science 2008, 320, pp. 794-797. J. Barber et al. Inorganic Chemistry, 2008, 47, 1700-1710 
S. Scheuring and J. N. Sturgis, Science, 2005, 309, 484-487 

PSII native assembly architecture (a) scanning electron micrograph of the thylakoid membrane showing fluid-to-
paracrystalline PSII domains left (b) AFM of hexagonally packed LH complexes (dashed box), Inset: PSII core-
complex showing the RC completely surrounded by an elliptical LH1 assembly, scale 20 Å
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identifies the minimal photosynthetic unit responsible for the "quantum" solar energy 
conversion, taking place within the chloroplast membrane. In its essentials: the integration 
of a light-harvesting (LH) antenna in combination with catalytic co-factors. 

goes beyond a simple photocatalytic dyad based on a 1:1 conjugation of a light absorber 
with the catalyst. The quantasome model calls for a significantly different approach: the LH 
components, of selected type and number, together with their spatial organization 
need to be specifically optimized according to the CATALYST requirements, with the 
final aim to leverage its multi-ET mechanism. 

The quantasome concept
R. B. Park, J. Biggins, Quantasome: Size and Composition (1964) Science 144, 1009

√

√



The catalytic system (artificial quantasome)

The catalyst The antenna 
(photosensitizer)

? ?



synthesis of  [Ru4(μ-O)4(μ-OH)2(H2O)4γ-(SiW10O36)2]10-

+

K8γ-[(SiO4)W10O36] K4(μ-O)Ru2Cl10

1. H2O, 70°C, 1 h 

2. CsCl

 Ru4POM  

M. Bonchio and coll.  J. Am. Chem. Soc. 2008, 130, 5006;  J. Am. Chem. Soc. 2009, 131, 16051.



➢ POM embedding a tetra-Ruthenium(IV) core



the adamantane-like tetra-ruthenium(IV)-oxo-core

RuIV

RuIV

RuIV

RuIV

2.00(2) Å

2.09(2) Å

1.85(2) Å

2.06(2) Å

-  POM framework stabilize high valent metal-oxo intermediates 

- presence of  4 water ligands involved in proton transfers

- presence of 4 redox active Ru centers

- water soluble 

M. Bonchio and coll.  J. Am. Chem. Soc. 2008, 130, 5006;  J. Am. Chem. Soc. 2009, 131, 16051
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Kinetics of O2 evolution catalyzed by Li101, (4.3 μmol) with CeIV (1720 μmol), 
in H2O (pH=0.6), at 20 °C; 90%yield

Oxygen Evolving Catalysis in water

500 TON; TOF= 450 h-1 

M. Bonchio and coll.  J. Am. Chem. Soc. 2008, 130, 5006;  J. Am. Chem. Soc. 2009, 131, 16051



The catalytic system (artificial quantasome)

The catalyst The antenna 
(photosensitizer)
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Perylene bisimides

• wide absorption range 

• Fluorescent 

• HOMO-LUMO energies 

• strong and robust photo-generated oxidant upon visible light (𝜆 > 500 

nm, E(PBI*/-) = 2.20 V vs NHE (Phys. Chem. Chem. Phys. 2013, 15, 2539) 

•



Water oxidation
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J. Org. Chem. 2011, 76, 8, 2386–2407

Absorption and Emission Spectra of Monomeric PDI



Angewandte Chemie International Edition 
Volume 51, Issue 26, pages 6328-6348, 9 MAY 2012 DOI: 10.1002/anie.201108690 
http://onlinelibrary.wiley.com/doi/10.1002/anie.201108690/full#fig4 

Perylene bisimides

Frank Würthner and coll.

monomer

aggregated

Concentration-dependent UV/Vis spectra 
of 6 in MeOH (6.1x10-7 M to 2.5x10-4 M) at 
25°C. The arrows indicate the spectral changes 
with increasing concentration.



Ru4POM25 – 100 µM

[PBI]5Ru4POM

 PBI 

H2O, pH 7

Artificial Quantasomes: Perylene Bis-imides and 
Polyoxometalates supramolecular complexes

H2O, pH 7
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Self Assembly of Artificial Quantasomes: formation of 2D-paracrystalline domains
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Photo-catalytic water oxidation by {[PBI]5Ru4POM}n:

 Nature Chem. 2019 



 Nature Chem. 2019



nanoWO3׀{[PBI]5Ru4POM}n photoanodes  
faradaic yield > 97 % , APCE% = 1.3 

(λ> 450 nm, 0.91 V applied bias vs RHE)

 with  Serena Berardi, Stefano Caramori, Alberto Bignozzi  (University of Ferrara)

Absorbed Photon-to-Current Efficiency
% absorbed photons converted to current (oxygen)
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Improving Quantasomes

1) Improving water solubility 
2) Improving water accessibility and transport 
3) Improving light harvesting
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J. Phys. Chem. Lett. 2015, 6, 24, 4916–4922

Role of the Electron Spin Polarization in Water Splitting (spin filtering)

In an electrochemical cell, in which the photoanode is coated with chiral molecules, the overpotential required for hydrogen 
production drops remarkably, as compared with cells containing achiral molecules. The spin specificity of electrons transferred 
through chiral molecules is the origin of a more efficient oxidation process in which oxygen is formed in its triplet ground state.



field direction (BOX 2); however, even in this case, the  
spin direction is not fixed with respect to the molecular 
frame. The difficulty in relating spin orientation to the 
molecular frame limits the ability to exploit spin polari-
zation for controlling reactions between two molecules 
or between a molecule and a surface. As discussed in 
this Review, the recently discovered chiral- induced spin 
selectivity (CISS) effect5,6 implies that chiral mole cules (or 
moieties) have a preferred orientation of the electron spin 
in the molecular frame after charge polarization, which 

has signi ficant implications for manipulating chemical 
reactions, enantiomer separations and biorecognition 
processes.

As an electron moves through a chiral molecule or 
material, the curvature of the potential energy associ-
ated with the chiral system leads to a centripetal force 
(FB) acting on the electron that is perpendicular to its 
velocity (FIG. 1). Moreover, the direction of the force at 
any given instant depends on the ‘handedness’ (left ver-
sus right) of the material and therefore of the potential 
(BOX 3). This centripetal force is the same as a Lorentz 
force, which acts on the electron as a result of an effec-
tive magnetic field (B) oriented along the propagation 
direction of the electron and keeps the electron within 
the curved potential (BOX 1). This effective magnetic field 
acts on the magnetic moment of the electron, hence sta-
bilizing one spin direction and destabilizing the other. 
For this reason, the tunnelling probability of an electron 
through a chiral system depends on its spin direction. 
We call this the CISS effect, and it has been observed in 
numerous molecules7–16.

An interesting consequence of the CISS effect is that 
during electron transfer processes in chiral materials, 
electron backscattering is suppressed because of the 
coupling between the momentum and the spin direc-
tion; by contrast, electron backscattering in non- chiral 
materials can proceed independently for the momentum 
and the spin. For a chiral molecule, one spin is stabilized 
during electron transfer by the effective magnetic field, 
which depends on the handedness of the molecule and 
on the electron velocity. While one spin will be stabi-
lized when the electrons move in one direction through 
a chiral molecule, the opposite spin will be stabilized 
when electrons move in the opposite direction. Hence, 
for an electron to be elastically backscattered, it would 
have to change both its momentum direction and spin 
direction, which is an improbable event. This feature 
makes electron transfer for chiral molecules more effi-
cient than for an achiral one and implies that CISS may 
be important for understanding electron transfer in bio-
logical molecules, such as proteins. In biology, the num-
ber of electrons being transferred per unit time is small  
(low current); however, it is important that each electron 

Box 1 | Pauli exclusion principle and chiral- induced spin selectivity

The antisymmetry of the electron wavefunction — the Pauli exclusion principle — is a foundational postulate of 
quantum mechanics. For electrons, it means that the interchange of the spatial and spin coordinates of any two 
electrons must change the sign of the wavefunction ψ; thus, two electrons in a single spatial eigenstate must have 
opposite spins. For atoms, it means that two electrons cannot have the same four electronic quantum numbers. 
A given spatial orbital can contain a maximum of only two electrons, and the two electrons must have opposing 
spins. The underlying electronic structure of atoms and the Mendeleev periodic table can be seen to arise from this 
requirement. For an electron- pair bond, the electron spins can arrange as a singlet (spins are antiparallel, the spin 
wavefunction is antisymmetric and the spatial part of the wavefunction is symmetric) or a triplet (spins are parallel, 
the spin wavefunction is symmetric and the spatial part of the wavefunction is antisymmetric) state. For closed- shell 
molecules, the spin- paired state is usually lower in energy because the symmetric spatial part of the electronic 
wavefunction is better stabilized by the nuclei than is the antisymmetric spatial wavefunction of the lowest- lying 
triplet state.

When chiral molecules approach a substrate or another molecule, charge redistribution occurs. This charge 
polarization is accompanied by spin redistribution and a transient spin accumulation at the electric poles. Upon 
chemical adsorption, the spin of the electron on the surface that is opposite to the spin on the electric pole of the 
molecule has the more stable spatial orbital (nascent bonding), meaning that adsorbate interactions with antiparallel 
spins (one on the surface and one on the molecule) should be more stable.

a b

B

δ(+)δ(+)

p

δ(–) δ(–)

e–

Fig. 1 | Chiral- induced spin selectivity. a | A schematic 
description of the electron transmission through a chiral 
potential of pitch p. The electron is depicted as a sphere, 
and the arrow indicates its spin. The electron moves  
within the potential, while a constant force, which is like 
the classical centripetal force (Fcentripetal), acts on it in the 
direction perpendicular to its velocity. This force is like  
a Lorentz force F that results from a magnetic field, B, 
applied along the axis of the molecule (BOX 3). The 
effective spin–orbit coupling is then given by !"µ  · B, where !"µ  is the magnetic moment of the spin. b | A schematic 
description of the charge and spin polarization in chiral 
molecules, when the molecules are exposed to an  
electric field acting along their axes (black arrows).  
The electric field induces a spin- selective electron 
displacement that results in a transient spin polarization 
at the electric poles (δ(+) and δ(−) at the ends of the helices). 
The spin associated with each pole depends on the 
handedness of the molecule.

www.nature.com/natrevchem
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Chirality Induced Spin Selectivity (CISS)

Ron Naaman et al.
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ABSTRACT: The production of hydrogen through water splitting in a
photoelectrochemical cell suffers from an overpotential that limits the
efficiencies. In addition, hydrogen-peroxide formation is identified as a
competing process affecting the oxidative stability of photoelectrodes.
We impose spin-selectivity by coating the anode with chiral organic
semiconductors from helically aggregated dyes as sensitizers; Zn-
porphyrins and triarylamines. Hydrogen peroxide formation is
dramatically suppressed, while the overall current through the cell,
correlating with the water splitting process, is enhanced. Evidence for a
strong spin-selection in the chiral semiconductors is presented by
magnetic conducting (mc-)AFM measurements, in which chiral and
achiral Zn-porphyrins are compared. These findings contribute to our understanding of the underlying mechanism of spin
selectivity in multiple electron-transfer reactions and pave the way toward better chiral dye-sensitized photoelectrochemical cells.

■ INTRODUCTION
Since it has no carbon, has the highest specific enthalpy of
combustion of any chemical fuel, and generates water as its
oxidation product, hydrogen has been referred to as the fuel of
the future.1 Although significant progress has been made over
the past decades,2 the generation of hydrogen by green,
sustainable methods on a global scale remains a future goal.3−8

While technologies exist for the electrolysis of water and
photoelectrochemical generation of hydrogen from water,9 the
processes involve significant overpotentials and the formation
of peroxides and superoxide radical byproducts. These
byproducts have the tendency to adsorb onto the photocatalyst,
poisoning it, thereby reducing its stability and lifetime.10

Although specific catalysts are proposed to use the peroxides as
intermediates,11 this path requires higher voltage. Therefore, a
fundamental solution for the off-pathway products is essential.
Water splitting is a four-electron process that generates

hydrogen molecules having singlet ground states and oxygen
molecules having triplet ground states. Commonly, the artificial
water splitting process requires an overpotential of about 0.6 V
vs normal hydrogen electrode (NHE), to drive the oxygen
evolution reaction.12−14 The importance of electron-spin
correlation of electrons in generating O2 has been debated
for biological photosynthesis. Particularly the chemistry
associated with the oxygen evolution reaction in photosystem
II has been examined.15−17 Nevertheless, the details of the
mechanism of the OO bond formation remain unre-
solved.18−20 Although the spin state of the electrons involved

is rarely discussed in works exploring artificial photosynthesis,
recent theoretical studies suggest that the overpotential
required to split water is linked to restrictions on the electrons’
spin in generating a ground state triplet oxygen molecule.21,22

In recent experimental work, it has been shown that when the
anode in the water splitting cell is coated with chiral molecules,
the overpotential is reduced.23 It has been proposed that the
effect is due to spin filtering occurring when electrons are
conducted through chiral systems.24 However, and very
importantly, the possible role of the spin control in suppressing
the formation of hydrogen peroxide has not been discussed nor
experimentally addressed.
Here, we hypothesize that hydrogen peroxide is produced

due to uncontrolled spin alignment25 and greatly contributes to
the high overpotentials. Hence, controlling the spin state of the
electronic potential on which the reaction occurs should result
in more efficient oxygen production and limited production of
hydrogen peroxide. Although we do not strive here to present
the highest production of hydrogen and oxygen−optimizing the
cells is ongoingthe results presented show an unprecedented
control of chemical kinetics through spin selection.

■ RESULTS AND DISCUSSION
To first control the spin state, the ITO anode in the
photoelectrochemical cell was coated with two families of

Received: December 17, 2016
Published: January 30, 2017
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The catalytic system (artificial quantasome)

The catalyst The antenna 
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PDI Synthesis 
General scheme of imidation reaction. i) Reagents and 
conditions for alkylamines and aminoacids: DMF, R-NH2 2 
equiv., 50 min. irradiation, Tmax 200°C, 50 W. ii) Reagents 
and conditions for aromatic amines: DMF, R-NH2 4 equiv., 
Et3N, 50 min, Tmax 200°C, 80 W. iii) Reagents and 
conditions for bay-halogenated PDA with amines: DMF, R-
NH2 2 equiv., acetic acid, 10 min, Tmax 200°C, 50 W.
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obtained in pure form by crystallization from an aceto-
nitrile/dichloromethane mixture.[10] Recrystallization is the
only existing method for obtaining regioisomerically pure
1,7-dibromoperylene bisimide. However, the method is gen-
erally not suitable for the fast synthesis of regioisomerically
pure derivatives because it is inefficient and cumbersome.

We present herein the very first synthesis of regioisomer-
ically pure 1,7-dibromoperylene bisimides by the reaction
between dibromoperylene-3,4,9,10-tetracarboxylic dian-
hydride and 2-(diethylamino)- or 2-(dimethylamino)ethyl-
amine. The reported reaction is suitable for the efficient
synthesis of various isomerically pure 1,7-dibromoperylene
derivatives because of their satisfactory yields and conve-
nient purification.

Results and Discussion

Synthesis, Separation, and Characterization

As shown in Scheme 1, the synthesis of compounds 2–7
began with commercially available 3,4,9,10-perylenetetra-
carboxylic dianhydride (1). All of the compounds were pre-
pared in two steps from 1 in overall yields of between 56
and 89%.

In the first step, dibromoperylene-3,4,9,10-tetracarb-
oxylic dianhydride was synthesized.[11] This crude product
mixture contained a mixture of 1,7- and 1,6-dibromoper-
ylene dianhydrides 2a and 2b along with 1,6,7-tribromoper-
ylene dianhydride 3.[6a] Compounds 2a, 2b, and 3 could not
be purified by general methods because of their insolubility

Scheme 1. Synthesis of bromo-substituted perylene bisimides. Reagents and conditions: (a) bromine, I2/H2SO4, 85 °C, 24 h; (b) n-but-
ylamine, acetic acid/NMP, 85 °C, 12 h for 4, cyclohexylamine, acetic acid, NMP, 85 °C, 12 h for 5, 2-(diethylamino)ethylamine, acetic
acid, 2-propanol/H2O, 80 °C, 24 h for 6, 2-(dimethylamino)ethylamine, acetic acid, 2-propanol/H2O, 80 °C, 18 h for 7.

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–02

in common organic solvents. Therefore the crude product
mixture was used in the subsequent imidization reactions
with primary amines (Scheme 1). Imidization of 2 with n-
butylamine in the presence of acetic acid as catalyst and N-
methylpyrrolidone (NMP) as solvent under reflux condi-
tions yielded perylene bisimides 4. The mixture was sub-
jected to silica gel column chromatography with CH2Cl2 or
other mixed organic solvents as eluent. However, 4a could
not be obtained in pure form, even after recrystallization
from CH2Cl2/MeOH three times (see Figure S1 in the Sup-
porting Information).

The 400 MHz 1H NMR spectrum of crude 4 in Figure 1
(a) exhibits signals with different intensities in the aromatic
region indicating the presence of 1,7- and 1,6-isomers in the
product mixture. In accord with a previous report,[9] the
relatively strong signals (two doublets and one singlet) were
assigned to the protons of the 1,7-isomer. The dibromides
4 were obtained in a 2:1 molar ratio. We speculated that the
polarity of the peri substituents might have an impact on
the separation of the 1,7- and 1,6-isomers. Pure 1,7-isomer
5a was also difficult to obtain by treatment of the mixture
of 2 with cyclohexylamine (Scheme 1, b, Figure 1, b). For-
tunately, the imidization of 2 with 2-(diethylamino)ethyl-
amine with 2-propanol/H2O as reaction solvent yielded
pure 1,7-isomer 6a by careful chromatography on a silica
gel column with CH2Cl2/MeOH as eluent. N-Dimethylacet-
amide (DMA)/1,4-dioxane could be used instead of 2-prop-
anol/H2O as solvent,[12] but its use led to an inconvenient
purification procedure due to the high boiling point of
DMA. The 1H NMR spectrum of 6a (400 MHz, CDCl3)

Eur. J. Org. Chem. 2015, 3296-3302 

Synthesis of Brominated PDI

(a) bromine, I2/H2SO4, 85 °C, 24 h 



Abstract: Chirality is a particularly important concept in nature and exists at all length scales, ranging from the molecular
level to the supramolecular level. Over the last two decades, various design strategies have been developed to construct
chiral materials based on perylene diimides (PDIs) and to mimic the chiral assembly process in biological systems, but
applications of these chiral aggregates are still at an early stage. This Minireview summarizes recent progress in the
synthesis and properties of chiral PDIs. The chirality in PDI-based materials can be generated by three different
approaches: from the twisted planes of PDIs, the chiral substituents of PDIs, and the co-assembly of achiral PDIs and
chiral guests. A comprehensive understanding of the applications of chiral PDIs as well as potential future developments
is also provided.

1. Introduction

Chirality refers to the geometric property of a rigid object
that is non-superimposable on its mirror image. Chiral
objects can normally exist in two specular forms, which are
called enantiomers in the field of chemistry.[1] Chirality is a
significant concept in many fields, such as biological systems,
where enantiopure biomolecules with specific handedness,
such as L-amino acids and D-sugars, are chosen as the basic
elements to build complex biomacromolecules, including
helical proteins and deoxyribonucleic acids (DNAs). In this
respect, chirality is a central theme in life and exists at all
length scales, ranging from the molecular level to the
supramolecular level. Chiral supramolecular complexes,
obtained from the hierarchical chiral assembly of chiral
molecular components and/or the chiral assembly of achiral
building blocks, have become hot trends in supramolecular
chemistry and materials science because of their interesting
properties.[2] In particularly, chiral π-conjugated molecules
or self-assembled structures possess not only the intrinsic
properties of conjugated absorption, fluorescence, and
electron delocalization, but also the additional properties of
circularly polarized light (CPL) absorption and specific
recognition.[3] These unique properties of the chiral π-
conjugated structures open the way to a variety of
innovative applications, such as the production or detection
of CPL, chiral electrochemical sensors, chiroptical switching
in information storage, and chiral recognition in biological
theranostics.[4]

Among the various π-conjugated molecules, perylene
diimides (PDIs), also called perylene bisimides (PBIs), are
star molecules that show excellent thermal, chemical, and
photostability as well as applications in organic solar cells
and biological sensors.[5] Another great advantage of PDIs is
their readily controllable morphology. The rigid core of
PDIs tends to form strong π-stacking interactions, which can
be easily adjusted by substituents at the imide, bay, or ortho

positions. By these strategies, the desired geometry of the π-
orbital overlap of the perylene core can be used to form
either H- or J-aggregates and thus obtain the intended
properties of the PDIs.[6] Many reviews have been published
that focus on controlling the morphology, H- or J-aggrega-
tion, and mechanism of growth of the PDIs and their
derivatives.[7] However, an overview focusing on the chirality
of PDIs is so far missing. Therefore, in this Minireview, we
provide a comprehensive understanding of the chirality of
PDIs, both in terms of design strategies and properties. The
chiral PDIs are basically classified into three types according
to how the chirality is generated: 1) by twisted planes, 2) by
chiral substituents of the PDIs, and 3) by the co-assembly of
achiral PDIs and chiral guests. In addition, we will also
introduce the chiroptical and biological applications of the
chiral PDIs (Figure 1).
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Figure 1. Design strategies to construct chiral PDIs and their applica-
tions.
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naphthol with a stable chiral conformation to link the lateral
bay positions. The resulting compound 2 exhibits extreme
resistance to thermally induced racemization, even at high
temperatures (ΔG∞

483K=165 kJmol�1).[13] Similarly, Dubey,
Franco, and Alonso fused two 1,1’-binaphthyl-2,2’-diamine
units to both ends of a pyrene-fused PDI to obtain 3, which
has a chiral twisted ribbon structure and stable
conformations.[14] Würthner and co-workers innovatively
connected the diagonal bay positions through macrocycliza-
tion with a short piece of ether chain (4).[8a,15] The short
chain permanently distorts the PDI cores to prohibit
conformational interconversions. The obtained atropo-PDIs
exhibit excellent chiroptical properties and conformational
stability (Figure 2c).

Another method to obtain considerable racemization
barriers is through the direct attachment of bulky groups at
the bay positions of PDIs.[16] Recently, Würthner and co-
workers reported a series of aryl-substituted PDIs (5, Fig-
ure 2d) and successfully isolated enantiopure 5a and 5c[17]

The overlapping of the arene substituents endows 5a and 5c
with substantial racemization barriers of about 120 kJmol�1

in solution, which is among the highest racemization barriers
for axially chiral PDIs. This barrier results in the enantiom-
ers exhibiting chiral features and CPL properties at room
temperature.

Helicene is an essential class of ortho-fused polycyclic
aromatic hydrocarbons with helical chirality.[18] As a conse-
quence of the excellent conformational stability, researchers

innovatively embedded helicene moieties into the PDI
skeletons to achieve high energy barriers and effectively
avoid the racemization of PDI atropo-enantiomers.[3a] The
Wang group demonstrated the synthesis and chiral proper-
ties of 6.[19] Most recently, Lin and co-workers connected the
bay positions of PDIs with the ortho positions by indenes
containing -NH- or -S- moieties to form 7 and 8,
respectively.[20] These two compounds constitute double-
hetero[7]helicenes. The cyclization inhibits rotation of the
phenyl rings, further inducing extremely high energy
barriers (ΔG∞ =262.9 kJmol�1 for 7 and 272.5 kJmol�1 for 8)
for the racemization of the chiral enantiomers. Interestingly,
the electron-donating N atoms of 7 promote excellent
chiroptical properties in the near-infrared region.

Besides the stable conformations, exciton-type coupling
between the helicenes and PDIs can induce nonlinear
amplification of the chiroptical properties of PDIs.[3a] The
Wang and Nuckolls groups have made the most outstanding
contributions in terms of the synthetic strategies for PDI-
helicenes and the conceptional understanding of the roles of
both carbo[n]helicenes and PDI subunits regarding the
extraordinary chiroptical responses. The Wang group re-
ported the direct fusion of helicenes at the bay positions of
PDI,[21] thereby obtaining two pure enantiomers with
double-[8]helicene structures (9 and 10, Figure 3a). The
obtained absorption regions and exciton-coupled circular
dichroism (CD) bands of 9 and 10 appear in the absorption
region of helicenes. Interestingly, 9 exhibits excellent

Figure 2. a) Interconversion of twisted bay-substituted PDIs and dependence of the free activation enthalpy of racemization (ΔG∞) and dihedral
angle (θ) on the apparent overlap ⌃r*. b) Schematic illustration of the racemization process of atropo-PDIs (TS= transition state). c) Chemical
structures of bay-linked atropo-PDIs. d) Bay-crowded atropo-PDIs. (The groups at the imide positions are omitted for clear presentation of the
twisted PDI planes.)
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naphthol with a stable chiral conformation to link the lateral
bay positions. The resulting compound 2 exhibits extreme
resistance to thermally induced racemization, even at high
temperatures (ΔG∞

483K=165 kJmol�1).[13] Similarly, Dubey,
Franco, and Alonso fused two 1,1’-binaphthyl-2,2’-diamine
units to both ends of a pyrene-fused PDI to obtain 3, which
has a chiral twisted ribbon structure and stable
conformations.[14] Würthner and co-workers innovatively
connected the diagonal bay positions through macrocycliza-
tion with a short piece of ether chain (4).[8a,15] The short
chain permanently distorts the PDI cores to prohibit
conformational interconversions. The obtained atropo-PDIs
exhibit excellent chiroptical properties and conformational
stability (Figure 2c).

Another method to obtain considerable racemization
barriers is through the direct attachment of bulky groups at
the bay positions of PDIs.[16] Recently, Würthner and co-
workers reported a series of aryl-substituted PDIs (5, Fig-
ure 2d) and successfully isolated enantiopure 5a and 5c[17]

The overlapping of the arene substituents endows 5a and 5c
with substantial racemization barriers of about 120 kJmol�1

in solution, which is among the highest racemization barriers
for axially chiral PDIs. This barrier results in the enantiom-
ers exhibiting chiral features and CPL properties at room
temperature.

Helicene is an essential class of ortho-fused polycyclic
aromatic hydrocarbons with helical chirality.[18] As a conse-
quence of the excellent conformational stability, researchers

innovatively embedded helicene moieties into the PDI
skeletons to achieve high energy barriers and effectively
avoid the racemization of PDI atropo-enantiomers.[3a] The
Wang group demonstrated the synthesis and chiral proper-
ties of 6.[19] Most recently, Lin and co-workers connected the
bay positions of PDIs with the ortho positions by indenes
containing -NH- or -S- moieties to form 7 and 8,
respectively.[20] These two compounds constitute double-
hetero[7]helicenes. The cyclization inhibits rotation of the
phenyl rings, further inducing extremely high energy
barriers (ΔG∞ =262.9 kJmol�1 for 7 and 272.5 kJmol�1 for 8)
for the racemization of the chiral enantiomers. Interestingly,
the electron-donating N atoms of 7 promote excellent
chiroptical properties in the near-infrared region.

Besides the stable conformations, exciton-type coupling
between the helicenes and PDIs can induce nonlinear
amplification of the chiroptical properties of PDIs.[3a] The
Wang and Nuckolls groups have made the most outstanding
contributions in terms of the synthetic strategies for PDI-
helicenes and the conceptional understanding of the roles of
both carbo[n]helicenes and PDI subunits regarding the
extraordinary chiroptical responses. The Wang group re-
ported the direct fusion of helicenes at the bay positions of
PDI,[21] thereby obtaining two pure enantiomers with
double-[8]helicene structures (9 and 10, Figure 3a). The
obtained absorption regions and exciton-coupled circular
dichroism (CD) bands of 9 and 10 appear in the absorption
region of helicenes. Interestingly, 9 exhibits excellent

Figure 2. a) Interconversion of twisted bay-substituted PDIs and dependence of the free activation enthalpy of racemization (ΔG∞) and dihedral
angle (θ) on the apparent overlap ⌃r*. b) Schematic illustration of the racemization process of atropo-PDIs (TS= transition state). c) Chemical
structures of bay-linked atropo-PDIs. d) Bay-crowded atropo-PDIs. (The groups at the imide positions are omitted for clear presentation of the
twisted PDI planes.)
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naphthol with a stable chiral conformation to link the lateral
bay positions. The resulting compound 2 exhibits extreme
resistance to thermally induced racemization, even at high
temperatures (ΔG∞

483K=165 kJmol�1).[13] Similarly, Dubey,
Franco, and Alonso fused two 1,1’-binaphthyl-2,2’-diamine
units to both ends of a pyrene-fused PDI to obtain 3, which
has a chiral twisted ribbon structure and stable
conformations.[14] Würthner and co-workers innovatively
connected the diagonal bay positions through macrocycliza-
tion with a short piece of ether chain (4).[8a,15] The short
chain permanently distorts the PDI cores to prohibit
conformational interconversions. The obtained atropo-PDIs
exhibit excellent chiroptical properties and conformational
stability (Figure 2c).

Another method to obtain considerable racemization
barriers is through the direct attachment of bulky groups at
the bay positions of PDIs.[16] Recently, Würthner and co-
workers reported a series of aryl-substituted PDIs (5, Fig-
ure 2d) and successfully isolated enantiopure 5a and 5c[17]

The overlapping of the arene substituents endows 5a and 5c
with substantial racemization barriers of about 120 kJmol�1

in solution, which is among the highest racemization barriers
for axially chiral PDIs. This barrier results in the enantiom-
ers exhibiting chiral features and CPL properties at room
temperature.

Helicene is an essential class of ortho-fused polycyclic
aromatic hydrocarbons with helical chirality.[18] As a conse-
quence of the excellent conformational stability, researchers

innovatively embedded helicene moieties into the PDI
skeletons to achieve high energy barriers and effectively
avoid the racemization of PDI atropo-enantiomers.[3a] The
Wang group demonstrated the synthesis and chiral proper-
ties of 6.[19] Most recently, Lin and co-workers connected the
bay positions of PDIs with the ortho positions by indenes
containing -NH- or -S- moieties to form 7 and 8,
respectively.[20] These two compounds constitute double-
hetero[7]helicenes. The cyclization inhibits rotation of the
phenyl rings, further inducing extremely high energy
barriers (ΔG∞ =262.9 kJmol�1 for 7 and 272.5 kJmol�1 for 8)
for the racemization of the chiral enantiomers. Interestingly,
the electron-donating N atoms of 7 promote excellent
chiroptical properties in the near-infrared region.

Besides the stable conformations, exciton-type coupling
between the helicenes and PDIs can induce nonlinear
amplification of the chiroptical properties of PDIs.[3a] The
Wang and Nuckolls groups have made the most outstanding
contributions in terms of the synthetic strategies for PDI-
helicenes and the conceptional understanding of the roles of
both carbo[n]helicenes and PDI subunits regarding the
extraordinary chiroptical responses. The Wang group re-
ported the direct fusion of helicenes at the bay positions of
PDI,[21] thereby obtaining two pure enantiomers with
double-[8]helicene structures (9 and 10, Figure 3a). The
obtained absorption regions and exciton-coupled circular
dichroism (CD) bands of 9 and 10 appear in the absorption
region of helicenes. Interestingly, 9 exhibits excellent

Figure 2. a) Interconversion of twisted bay-substituted PDIs and dependence of the free activation enthalpy of racemization (ΔG∞) and dihedral
angle (θ) on the apparent overlap ⌃r*. b) Schematic illustration of the racemization process of atropo-PDIs (TS= transition state). c) Chemical
structures of bay-linked atropo-PDIs. d) Bay-crowded atropo-PDIs. (The groups at the imide positions are omitted for clear presentation of the
twisted PDI planes.)
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naphthol with a stable chiral conformation to link the lateral
bay positions. The resulting compound 2 exhibits extreme
resistance to thermally induced racemization, even at high
temperatures (ΔG∞

483K=165 kJmol�1).[13] Similarly, Dubey,
Franco, and Alonso fused two 1,1’-binaphthyl-2,2’-diamine
units to both ends of a pyrene-fused PDI to obtain 3, which
has a chiral twisted ribbon structure and stable
conformations.[14] Würthner and co-workers innovatively
connected the diagonal bay positions through macrocycliza-
tion with a short piece of ether chain (4).[8a,15] The short
chain permanently distorts the PDI cores to prohibit
conformational interconversions. The obtained atropo-PDIs
exhibit excellent chiroptical properties and conformational
stability (Figure 2c).

Another method to obtain considerable racemization
barriers is through the direct attachment of bulky groups at
the bay positions of PDIs.[16] Recently, Würthner and co-
workers reported a series of aryl-substituted PDIs (5, Fig-
ure 2d) and successfully isolated enantiopure 5a and 5c[17]

The overlapping of the arene substituents endows 5a and 5c
with substantial racemization barriers of about 120 kJmol�1

in solution, which is among the highest racemization barriers
for axially chiral PDIs. This barrier results in the enantiom-
ers exhibiting chiral features and CPL properties at room
temperature.

Helicene is an essential class of ortho-fused polycyclic
aromatic hydrocarbons with helical chirality.[18] As a conse-
quence of the excellent conformational stability, researchers

innovatively embedded helicene moieties into the PDI
skeletons to achieve high energy barriers and effectively
avoid the racemization of PDI atropo-enantiomers.[3a] The
Wang group demonstrated the synthesis and chiral proper-
ties of 6.[19] Most recently, Lin and co-workers connected the
bay positions of PDIs with the ortho positions by indenes
containing -NH- or -S- moieties to form 7 and 8,
respectively.[20] These two compounds constitute double-
hetero[7]helicenes. The cyclization inhibits rotation of the
phenyl rings, further inducing extremely high energy
barriers (ΔG∞ =262.9 kJmol�1 for 7 and 272.5 kJmol�1 for 8)
for the racemization of the chiral enantiomers. Interestingly,
the electron-donating N atoms of 7 promote excellent
chiroptical properties in the near-infrared region.

Besides the stable conformations, exciton-type coupling
between the helicenes and PDIs can induce nonlinear
amplification of the chiroptical properties of PDIs.[3a] The
Wang and Nuckolls groups have made the most outstanding
contributions in terms of the synthetic strategies for PDI-
helicenes and the conceptional understanding of the roles of
both carbo[n]helicenes and PDI subunits regarding the
extraordinary chiroptical responses. The Wang group re-
ported the direct fusion of helicenes at the bay positions of
PDI,[21] thereby obtaining two pure enantiomers with
double-[8]helicene structures (9 and 10, Figure 3a). The
obtained absorption regions and exciton-coupled circular
dichroism (CD) bands of 9 and 10 appear in the absorption
region of helicenes. Interestingly, 9 exhibits excellent

Figure 2. a) Interconversion of twisted bay-substituted PDIs and dependence of the free activation enthalpy of racemization (ΔG∞) and dihedral
angle (θ) on the apparent overlap ⌃r*. b) Schematic illustration of the racemization process of atropo-PDIs (TS= transition state). c) Chemical
structures of bay-linked atropo-PDIs. d) Bay-crowded atropo-PDIs. (The groups at the imide positions are omitted for clear presentation of the
twisted PDI planes.)
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naphthol with a stable chiral conformation to link the lateral
bay positions. The resulting compound 2 exhibits extreme
resistance to thermally induced racemization, even at high
temperatures (ΔG∞

483K=165 kJmol�1).[13] Similarly, Dubey,
Franco, and Alonso fused two 1,1’-binaphthyl-2,2’-diamine
units to both ends of a pyrene-fused PDI to obtain 3, which
has a chiral twisted ribbon structure and stable
conformations.[14] Würthner and co-workers innovatively
connected the diagonal bay positions through macrocycliza-
tion with a short piece of ether chain (4).[8a,15] The short
chain permanently distorts the PDI cores to prohibit
conformational interconversions. The obtained atropo-PDIs
exhibit excellent chiroptical properties and conformational
stability (Figure 2c).

Another method to obtain considerable racemization
barriers is through the direct attachment of bulky groups at
the bay positions of PDIs.[16] Recently, Würthner and co-
workers reported a series of aryl-substituted PDIs (5, Fig-
ure 2d) and successfully isolated enantiopure 5a and 5c[17]

The overlapping of the arene substituents endows 5a and 5c
with substantial racemization barriers of about 120 kJmol�1

in solution, which is among the highest racemization barriers
for axially chiral PDIs. This barrier results in the enantiom-
ers exhibiting chiral features and CPL properties at room
temperature.

Helicene is an essential class of ortho-fused polycyclic
aromatic hydrocarbons with helical chirality.[18] As a conse-
quence of the excellent conformational stability, researchers

innovatively embedded helicene moieties into the PDI
skeletons to achieve high energy barriers and effectively
avoid the racemization of PDI atropo-enantiomers.[3a] The
Wang group demonstrated the synthesis and chiral proper-
ties of 6.[19] Most recently, Lin and co-workers connected the
bay positions of PDIs with the ortho positions by indenes
containing -NH- or -S- moieties to form 7 and 8,
respectively.[20] These two compounds constitute double-
hetero[7]helicenes. The cyclization inhibits rotation of the
phenyl rings, further inducing extremely high energy
barriers (ΔG∞ =262.9 kJmol�1 for 7 and 272.5 kJmol�1 for 8)
for the racemization of the chiral enantiomers. Interestingly,
the electron-donating N atoms of 7 promote excellent
chiroptical properties in the near-infrared region.

Besides the stable conformations, exciton-type coupling
between the helicenes and PDIs can induce nonlinear
amplification of the chiroptical properties of PDIs.[3a] The
Wang and Nuckolls groups have made the most outstanding
contributions in terms of the synthetic strategies for PDI-
helicenes and the conceptional understanding of the roles of
both carbo[n]helicenes and PDI subunits regarding the
extraordinary chiroptical responses. The Wang group re-
ported the direct fusion of helicenes at the bay positions of
PDI,[21] thereby obtaining two pure enantiomers with
double-[8]helicene structures (9 and 10, Figure 3a). The
obtained absorption regions and exciton-coupled circular
dichroism (CD) bands of 9 and 10 appear in the absorption
region of helicenes. Interestingly, 9 exhibits excellent

Figure 2. a) Interconversion of twisted bay-substituted PDIs and dependence of the free activation enthalpy of racemization (ΔG∞) and dihedral
angle (θ) on the apparent overlap ⌃r*. b) Schematic illustration of the racemization process of atropo-PDIs (TS= transition state). c) Chemical
structures of bay-linked atropo-PDIs. d) Bay-crowded atropo-PDIs. (The groups at the imide positions are omitted for clear presentation of the
twisted PDI planes.)
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SUPPORTING INFORMATION          

S4 
 

Synthetic Procedure 

 
Scheme S1. Synthetic route to PBI cyclophane 1-PP (route to 1-MM analogous). In addition, the chemical structures of PBI dye 4b is shown. Reaction conditions: 
a) 3-(but-3-en-1-yloxy)phenol, Cs2CO3, DMF, 100 °C, 7.5 h, 49%; b) 1. Grubbs II catalyst, DCM, reflux, 2 h, 82%; 2. H2, Pd/C, EtOAc/MeOH (10:1), 2.5 h, 97%; c). 
1. p-TsOH ⋅ H2O, toluene, 140 °C, 17 h, quantitative, 2. 4a: R-1-phenylethylamine, quinoline, Zn(OAc)2, 140 °C, 5 h, 90% (diastereomeric mixture), d) 1. Chiral 
HPLC resolution of 4a; 2. KOH, tert-butanol, 90 °C, 2 h, 72−90%; e) para-xylylenediamine, imidazole, toluene, 120 °C, 16 h, 17%. 
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spacer moiety can also be seen at 7.83 and 7.36 ppm. As well as
the four signals corresponding to four protons of the bay-
bridging phenoxy moieties were observed in the range between
7.07 and 5.98 ppm. The observation of only one set of well-
resolved signals in the 1H NMR spectrum at 295 K indicates a
highly symmetric structure of the cyclophane.
Host−Guest Recognition. As observed in the single-

crystal structure of cyc-PP (Figure 1d), the interchromophoric
distance is 11.2 Å that is around thrice the typical π−π
interaction distance and, hence, the cyclophane should be
suitable to o!er the encapsulation of two aromatic guests as a
π-stack supported by π−π interactions. Therefore, the
molecular recognition properties of cyc-PP were investigated
with host−guest titration experiments in toluene employing
UV/vis absorption spectroscopy. For these studies, two sets of
aromatic guests were investigated, i.e., triphenylene, perylene,
and coronene as the planar guests, whereas [4]-helicene and
dibenzo[g,p]chrysene as the nonplanar guests.
The spectral changes in the UV/vis absorption of cyc-PP

upon the addition of coronene are shown in Figure 2a. The
intensity of S0 → S1 transitions decreases upon complexation,

and a new CT band arises in the higher wavelength region of
the spectrum. The fitting of the obtained titration data resulted
in a sigmoidal 1:2 fitting curve, which is typical for cooperative
binding, with K1 = 5.7 × 102 M−1 and a significantly increased
K2 = 6.9 × 104 M−1, a!ording a cooperativity factor α = 485
(Figure 2b). The high cooperativity in binding is clearly
evident in the mole fraction ratio plot as well, wherein the mole
fraction of the 1:2 complex sharply increases with the addition
of guest (Figure 2c).
The binding constants and cooperativity factor for all the

guests used for titration studies are summarized in Table 1,
with their titration curves and mole fraction ratio plots in the
Supporting Information (Figures S7−S10). In each series, the
binding a"nity increased with an increase in the π-surface area
of guests involved in the host−guest interaction (Figure 2d).
Most interestingly, for all the studied guests, the second
binding was found to be stronger as compared to the first
binding. This can be attributed to the e!ective guest−guest
interaction inside the cavity based on the observation that the
cooperativity also increased with the increase of the π-surface
of the guests. Thus, for coronene that has the largest π-surface,

Figure 2. (a) Changes in UV/vis absorption spectrum of cyc-PP in toluene upon addition of coronene at 22 °C (chost = 6 μM). (b) The fitting
curve plot for absorbance at λ = 530 nm with the nonlinear curve fitting with 1:2 host−guest model in Bindfit.39 The binding constant is the
average of two experiments and the error indicated is the calculated standard deviation. (c) The mole fraction plot for the titration experiment with
coronene as guest. (d) Plot of Gibbs free energy calculated at 22 °C for di!erent guests.

Table 1. Binding Constants (K1 and K2 for First and Second Binding, Respectively) and Corresponding Gibbs Free Energies
(ΔG1 and ΔG2), and Cooperativity Factor for 1:2 Complexation of cyc-PP and Aromatic Guests at 22 °C in Toluene

guest K1 (M−1)a K2 (M−1)a −ΔG1 (kJ mol−1)b −ΔG2 (kJ mol−1)b cooperativity factor (α)c

triphenylene 5.8 × 101 6.6 × 101 9.9 10.2 5
perylene 1.4 × 102 1.1 × 103 12.1 17.1 31
coronene 5.7 × 102 6.9 × 104 15.5 27.3 485
[4]-helicene 5.1 × 101 6.1 × 101 9.6 10.1 5
dibenzo[g,p]chrysene 9.3 × 101 1.3 × 103 11.1 17.6 57

aBinding constants are calculated using global fit analysis (490 to 540 nm) with Bindfit39 by fitting of UV/vis absorption titration data. The
reported binding constants are the average of two separate titration analysis and the fitting error was within 0.1 kJ mol−1 of error in Gibbs free
energy for all cases. bGibbs free energy has been calculated using ΔG = −RT ln K. cCooperativity factor is given by = K

K
4 2

1
.
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2.2. Chirality Generated by Chiral Substituents of Perylene
Diimides

In general, PDIs with unsubstituted bay positions tend to
undergo dipole–dipole coupling in the excited states through
strong π-π stacking, electrostatic, and dispersion interactions.
The adjacent PDI planes have a torsional angle of about 30°
and a distance of around 3.4 Å, as confirmed by computa-
tional studies of potential energy surfaces and experimental
spectral analysis.[29] By following this stacking pattern, the
aggregates of PDIs are usually H-type. Similarly, H-type
aggregates are also found in most PDIs with chiral
substituents at the imide positions. Wei and co-workers
reported a symmetric sugar-based PDI with a solvent-
controlled handedness.[30] In a dimethyl formamide/water
(DMF:H2O) mixture of 80 :20, the right-handed rotation
angle between adjacent PDI stacks, controlled by a
thermodynamic process, was 28.5°, thereby resulting in a
right-handed supramolecular column. However, in 60 :40

DMF/H2O, a kinetics-controlled process leads to a left-
handed rotation angle of �23.3°. Würthner and co-workers
used 18 (Figure 4) to investigate the self-assembly pathways
of a racemic mixture towards the generation of a one-
dimensional (1D) conglomerate.[31] Compound 18 has two
enantiomers, namely (R,R)-18 and (S,S)-18, that form two
enantiomeric dimers exhibiting opposite helicities under
kinetic control, but without an energy barrier. Homochiral
aggregates are formed upon ultrasonication at 293–298 K
under kinetic control, while heterochiral aggregation occurs
upon ultrasonication at 308 K through a thermodynamic
pathway with the lowest Gibbs free energy. According to
this finding, the chirality of substituents can be transferred
to the perylene core through nonracemic aggregations. The
chiral substituents could be natural molecules, such as amino
acids, peptides, and saccharides, or artificial molecules such
as enantiotropic aliphatic and aromatic amines (Figure 5).

Enantiotropic aliphatic amines containing chiral alkyl
chains offer flexibility and solubility in organic solvents and

Figure 4. Structures of (R,R)- and (S,S)-18; supramolecular conglomerate and racemic supramolecular polymer formation from racemic mixture of
(R,R)- and (S,S)-18; and aggregate structures arising from supramolecular pathways that are directly accessible by ultrasonication of a racemic
mixture. Reproduced from Ref. [31] with permission. Copyright 2020 Springer Nature.

Figure 5. Helical arrangements of planar PDIs with chiral substituents.
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have been used to modify PDIs to make one of the earliest
models revealing the mechanism of the chiral self-assembly
of perylene materials.[32] Meijer and co-workers synthesized
a series of chiral PDIs consisting of alkyl chains with the
chiral center at the α- or γ-carbon atom.[33] All the chiral
PDIs were reported to undergo temperature- and concen-
tration-dependent chiral self-assembly in an apolar solution
of methylcyclohexane (MCH), as monitored by CD spectra.
More recently, the Percec group revealed that 19 (Figure 6a)
with six chiral side chains in various stereochemical
permutations including homochiral, “racemic by mixing”,
and “racemic by synthesis” self-assembles into single-handed
supramolecular columns irrespective of the chiral composi-
tions (Figure 6b,c).[34] The strong π-π stacking of the
perylene cores drives 19 towards a 1D column with a
rotation angle of 45° between two adjacent perylene cores,
while the chiral or achiral substituents further produce a
one-way rotation as a result of steric hindrance. α-Phenyl-
ethylamine (R or S) shows a similar chiral structure as
aliphatic amines, but with higher steric hindrance and higher
rigidity at the α chiral carbon atom, which is directly next to
the imide groups and thus benefits the transfer of chirality
to the perylene plane.[35] Icil and co-workers[36] were the first
to synthesize α-phenylethylamine-substituted PDIs, and
Ruggeri and co-workers[37] found that such PDIs formed a
chiral assembly in a mixture of dimethyl sulfoxide and water.
Later, the Oh group allowed these PDIs (20) to self-
assemble into chiral nanowires with rigid morphologies
(Figure 6d),[38] which can further be developed into a
chiroptical sensor with amplified chirality.

Water-soluble chiral PDIs can be obtained by the
substitution of amino acids or peptides, with the ability to
form π-π stacking interactions concomitantly maintained.[39]

In terms of synthetic design, amino acids or peptides
inherently contain primary amines; therefore, the desired
structures can be readily realized through functionalization
of an imide position of perylene dianhydride. Sukul and
Malik described a water-soluble PDI supramolecular net-
work constructed by the coordination of D-/L-glutamic acid
(D-/L-Glu) substituted PDIs with cobalt ions (Co2+).[40] The
noncovalent interactions (π-π stacking, hydrogen bonding,
and metal–ligand interactions) synergistically provide the
system with self-healing properties. Ulijn and co-workers
first reported PDIs modified with dipeptides that can self-
assemble into helical fibers in water.[41] Saccharides, another
type of natural chiral compounds, also serve as hydrophilic
moieties in the self-assembly process as well as suppliers of
hydrogen-bonding interactions in selective solvents.[30,42] Li
and co-workers introduced D-saccharides at both the imide
and the bay positions of the perylene core (21, Figure 6e).[43]

Helical nanofibers can also be formed by the π-π stacking of
perylene cores and the hydrogen bonding of saccharides, but
the morphologies are less controllable than those of the
ones modified only at the imide positions. The specific
interactions between saccharides and proteins allows the
self-assembled helical fibers to be used for molecular
recognition.

Figure 6. a) Structure of (R,R)-19. b) Simplified models of 19 as a dimer with four molecules (two dimers) stacked in a column with single
handedness. c) Side view of space-filling models of 19. Reprinted from Ref. [34] with permission. Copyright 2020 American Chemical Society.
d) Structures of (R,R)-20 and (S,S)-20 and schematic illustrations of the resulting assemblies. Reproduced from Ref. [38] with permission.
Copyright 2017 John Wiley & Sons. e) Structural illustrations of 21 and its postulated self-assembly mode. Reproduced from Ref. [43a] with
permission. Copyright 2013 Royal Society of Chemistry.
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energy levels were similar to the calculated 
values by density functional theory (Table S1 
and Figure S6, Supporting Information).

Thermal analyses showed decomposition 
temperatures (Td) of 377, 379, and 366 °C for 
(R)-, (S)-, and (Rac)-CPDI-Ph NWs, respec-
tively (Figure S7, Supporting Information). 
The homochiral nanomaterials displayed 
almost identical enthalpy (∆Hm) and entropy 
changes (∆Sm) (Table S2, Supporting Infor-
mation). In addition, the homochiral NWs 
exhibited larger ∆Hm and ∆Sm than the 
heterochiral NWs, suggesting that larger-
ordered domains with a higher degree of 
order form in the homochiral solid state. 
These results may correspond to their opto-
electrical performances.

The chiroptical responses of enanti-
omers were investigated by CD measure-
ments. The transfer of chirality from a chiral 
center to aggregates widely occurs in supra-
molecular self-assemblies. However, this 
transfer depends on various factors such as 
the distance between the chiral center and 
the assembly site, the strength of noncova-
lent bonds, and the competition between 
chiral and achiral interactions.[3] CPDI-Ph 
did not show CD signals above a wave-
length of 400 nm in chloroform, indicating 
that it did not inherit its chirality from its 
chiral pendants because the chromophore 
was positioned away from the chiral center. 
During the self-assembly of chiral compo-
nents, the chromophores are held together 
and tend to adopt a spatial nonsymmetric or 
chiral arrangement that lowers the energy of 
the system. Therefore, the entire assembly 
becomes chiral, and supramolecular chi-
rality is detectable by CD spectroscopy.[3] 
Equally intense and opposite responses were 
observed between 400 and 600 nm in thin 
films and NWs, implying that chirality was 
transferred from the chiral pendants to the 
PDI cores in the aggregated state (Figure 3a; 
Figure S8a–c, Supporting Information).

Because CD intensities change according to sample concen-
tration and cell path length, the dimensionless g factor, which 
does not depend on sample condition, is often introduced to 
accurately compare the chirality of materials under different 
states.[15] Aggregated thin films and NWs in the solid state 
exhibited higher g factor values than their monomer in solution 
(Figure 3b; Figure S8d, Supporting Information). While only 
intramolecular interactions dominate the monomeric state, 
these interactions coexist with intermolecular interactions in 
the ordered chiral supramolecules, which may synergistically 
contribute to the significantly enhanced CD signals observed 
for NWs.

CPDI-Ph thin films and NWs were introduced as photoac-
tive semiconductors in OPTs to investigate their optoelectronic 

properties. To enhance the contact quality between the supra-
molecular nanostructures and substrate, the SiO2 surface was 
treated with n-octadecyltrimethoxysilane (OTS) self-assembled 
monolayer (SAM) (see details in the Experimental Section). 
There exist hydrophobic interactions between the OTS SAM 
and the NW, which enables the good contact and enough 
immobilization of the NW onto the OTS-treated SiO2 for 
use in photosensors. However, if supramolecular nanostruc-
tures are used for flexible or stretchable substrates, an addi-
tional immobilization process may be required, which can be 
achieved by properly functionalizing the NW surface and the 
dielectric surface with effective linkers that do not significantly 
affect charge transport.[26,27] Considering their CD and UV–vis 
spectra, photoexcitation was conducted using a monochromatic 

Adv. Mater. 2017, 1605828
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Figure 3. a) Circular dichroism results of homochiral CPDI-Ph solution and nanowires. Black 
line shows the CD spectrum of (S)-CPDI-Ph solution because two enantiomeric solutions 
exhibit identical results. b) Dissymmetry factor of (S)-CPDI-Ph in different states. c) Digital 
photographs of the installed set-up for OPT measurement under 460 nm monochromatic light. 
The inset shows vacuum chamber for dark and vacuum conditions. d–f) ID–VG characteristics 
in dark and under monochromatic light illumination (λ = 460 nm, power = 100 µW cm−2) for 
NW-OPTs of d) (S)-CPDI-Ph NWs and e) (R)-CPDI-Ph NWs and f) (Rac)-CPDI-Ph NWs at 
VD = 100 V.
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light with a wavelength of 460 nm. Figure 3c–f shows the 
measurement system and the resulting transfer characteris-
tics of CPDI-Ph NW-OPTs. The optoelectronic properties were 
measured in a vacuum chamber due to their relatively low air 
stability. Under monochromatic light exposure, homochiral 
NW-OPTs presented a significant current increase concomi-
tant with a negative shift in threshold voltage (VT), making the 
device easier to turn on (Figure 3d,e).[28] Both homochiral NW-
OPTs showed nearly identical n-channel operation (Table S3, 
Supporting Information). Devices incorporating (S)-CPDI-Ph 
and (R)-CPDI-Ph NWs displayed electron mobilities of 0.058 
and 0.053 cm2 V−1 s−1 in the dark, respectively, surpassing 
reported values for p-channel organic chiral materials[19] by two 
to three orders of magnitude. The electron mobilities of NW-
OPTs were negligibly affected by the aspect ratio of the NWs 
due to their single crystalline nature (Figure S9, Supporting 
Information). The monochromatic light irradiation enhanced 
these mobilities to 0.075 and 0.062 cm2 V−1 s−1, respectively, 
because of the generation of photoexcited charge carriers and 
elimination of trap sites.[28]

To further investigate the influence of supramolecular chi-
rality on optoelectronic properties, the optoelectronic perfor-
mances of homochiral and heterochiral NWs were compared. 
The electron mobility of the homochiral NWs was higher 
than that of heterochiral NWs by a factor of about 200–300 
(Figure 3f; Table S3, Supporting Information), which is closely 
related to their crystal structures (vide supra). The (Rac)-CPDI-
Ph crystal consisted of an alternatively stacked (R)-CPDI-Ph/
(S)-CPDI-Ph pair having a larger π-planar distance and less 

overlap than pure homochiral crystals, which impedes charge 
transport. The optoelectronic properties of CPDI-Ph thin film 
OPTs (TF-OPTs) were also investigated for comparison. Typical 
transfer and output characteristics of thin film OPTs are shown 
in Figure S10 (Supporting Information). Their electrical proper-
ties are shown in Table S4 (Supporting Information). Although 
NW-based OPTs require an additional process to fabricate 
supramolecular structures in comparison with thin-film-based 
OPTs, they can be proceeded in solution phase and exhibit rela-
tively higher mobilities than thin film devices, which is closely 
related to the fact that single-crystalline CPDI-Ph NWs have a 
lower energetic barrier for charge transport because of their 
defect-free molecular packing.

To quantify the photoresponse of OPTs, photoresponsivity 
(R), photocurrent/dark–current ratio (P), and external quantum 
efficiency (EQE) were calculated using transfer characteristics 
coupled with light irradiation (Figure S11, Supporting Informa-
tion).[29] Under monochromatic light irradiation at 460 nm, the 
single NW-OPTs yielded maximum R and P values of 334 AW−1 
and 7.57 × 104. In addition, R values exceeded reported values 
(118 AW−1) for phototransistors using nonchiral PDI-based 
single NWs,[28] even though previous molecular design for 
chirality often reduced charge transport by disturbing mol-
ecule ordering. The NW-OPTs reached a maximum EQE of 
8.81 × 104% at a gate voltage (VG) of 82 V. By contrast, TF-
OPTs displayed much poorer performance than NW-OPTs with 
maximum R, P, and EQE values of 15.7 AW−1, 2.81 × 102, and 
4.16 × 103%, respectively. The NW-OPTs show significantly 
higher R, EQE (≈21 times higher) and P (≈18 times higher) 

Adv. Mater. 2017, 1605828
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Figure 4. a) Schematic diagram for the experimental set-up to generate CPL. b–e) IDS–VG characteristics in dark or under CPL illumination (λ = 460 nm, 
power = 50 µW cm−2) for OPTs based on b) (S)-CPDI NWs (average W/L = 0.024), c) (R)-CPDI-Ph NWs (average W/L = 0.019), d) (S)-CPDI-Ph thin 
films (average W/L = 20.8), and e) (R)-CPDI-Ph thin films (average W/L = 19.1) at VDS = 70 V. The standard deviation values obtained for at least four 
devices from more than two different batches are represented as the error bar.
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was added in portions, a bathochromic shift was observed for
the OPV absorption maximum from λmax ) 436 nm to λmax )
450 nm (Figure S1 in Supporting Information). Analysis of the
titration curve shows the formation of 2:1 hydrogen-bonded
complexes of the individual compounds in accordance with the
hydrogen-bonding pattern shown in Chart 1.
For compound 3, UV/vis spectra were recorded in CH2Cl2

at a concentration where no aggregation takes place (c ) 4 ×
10-7 mol L-1).17a An intense absorption band was observed at
λmax ) 436 nm that is attributed to the OPV unit.21 PERY-
related transitions are located at λmax ) 581 nm with a vibronic
shoulder at 541 nm.15,19 The transitions corresponding to the
PERY and OPV moieties can be easily distinguished and
interpreted as a simple sum of the spectra of the two compo-
nents. In the less-polar solvent MCH at low concentration (c )
4 × 10-7 mol L-1), the absorption maxima were shifted 13 nm
hypsochromically because of a solvatochromic effect (λmax )
429 nm and λmax) 568 nm).22 At higher concentrations stacking
occurs, which leads to a red shift of the absorption maxima
indicating J-type aggregates (vide infra).
Compounds 1a, 1b, and 1c have fluorescence quantum yields

in CHCl3 of 0.81, 0.67, and 0.50, respectively. PERY 2 is highly

fluorescent in CH2Cl2 with a quantum yield of 0.98.15b In
CH2Cl2 or CHCl3 at concentrations <10-5 mol L-1, 1-2-1
complexes disassemble into their building blocks and the strong
fluorescence of both compounds is maintained.23 However, when
the 1-2-1 complexes are formed in MCH, the fluorescence
of both dyes is drastically quenched and the optimal quenching
of fluorescence was obtained when all imide binding sites of 2
are hydrogen-bonded to 1 (Figure 1, only the titration experiment
of 1b is shown).
Typically, dye aggregates whose absorption maxima are

shifted to longer wavelength (J-aggregates) show intense
fluorescence but here the fluorescence of both dyes was
drastically quenched. On the basis of the redox potentials of
the given chromophores or their analogues,15c,17b this observation
is rationalized by a photoinduced electron (and energy) transfer
process (PET) from the OPV donor to the PERY acceptor
chromophore. A Stern-Volmer constant of 6.5 × 105 L mol-1
was calculated from the Stern-Volmer plot. For compound 3,
likewise strong fluorescence quenching of PERY dyes was
observed by the attachment of the electron-donating OPV
moieties. As a result, the fluorescence of 3 is not detectable in

(21) Peeters, E.; van Hal, P. A.; Meskers, S. C. J.; Janssen, R. A. J.; Meijer, E.
W. Chem.-Eur. J. 2002, 8, 4470-4474.

(22) Reichardt, C. Chem. ReV. 1994, 94, 2319-2358.

(23) Molecularly dissolved species will be present, since the binding constant
for hydrogen bonding in these solvents is very low. A binding constant of
243 M-1 in CDCl3 was determined for 1b and a related diimide acceptor,
e.g., N-(2,5-di-tert-butylphenyl)-1,8-dicarboxy-N′-hydrogen-4,5-dicarboxy-
naphthalenediimide.

Chart 1. Chemical Structures of the Compounds Used in This Study
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moieties. As a result, the fluorescence of 3 is not detectable in

(21) Peeters, E.; van Hal, P. A.; Meskers, S. C. J.; Janssen, R. A. J.; Meijer, E.
W. Chem.-Eur. J. 2002, 8, 4470-4474.

(22) Reichardt, C. Chem. ReV. 1994, 94, 2319-2358.

(23) Molecularly dissolved species will be present, since the binding constant
for hydrogen bonding in these solvents is very low. A binding constant of
243 M-1 in CDCl3 was determined for 1b and a related diimide acceptor,
e.g., N-(2,5-di-tert-butylphenyl)-1,8-dicarboxy-N′-hydrogen-4,5-dicarboxy-
naphthalenediimide.

Chart 1. Chemical Structures of the Compounds Used in This Study

Supramolecular p−n-Heterojunctions A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 34, 2004 10613

was added in portions, a bathochromic shift was observed for
the OPV absorption maximum from λmax ) 436 nm to λmax )
450 nm (Figure S1 in Supporting Information). Analysis of the
titration curve shows the formation of 2:1 hydrogen-bonded
complexes of the individual compounds in accordance with the
hydrogen-bonding pattern shown in Chart 1.
For compound 3, UV/vis spectra were recorded in CH2Cl2

at a concentration where no aggregation takes place (c ) 4 ×
10-7 mol L-1).17a An intense absorption band was observed at
λmax ) 436 nm that is attributed to the OPV unit.21 PERY-
related transitions are located at λmax ) 581 nm with a vibronic
shoulder at 541 nm.15,19 The transitions corresponding to the
PERY and OPV moieties can be easily distinguished and
interpreted as a simple sum of the spectra of the two compo-
nents. In the less-polar solvent MCH at low concentration (c )
4 × 10-7 mol L-1), the absorption maxima were shifted 13 nm
hypsochromically because of a solvatochromic effect (λmax )
429 nm and λmax) 568 nm).22 At higher concentrations stacking
occurs, which leads to a red shift of the absorption maxima
indicating J-type aggregates (vide infra).
Compounds 1a, 1b, and 1c have fluorescence quantum yields

in CHCl3 of 0.81, 0.67, and 0.50, respectively. PERY 2 is highly

fluorescent in CH2Cl2 with a quantum yield of 0.98.15b In
CH2Cl2 or CHCl3 at concentrations <10-5 mol L-1, 1-2-1
complexes disassemble into their building blocks and the strong
fluorescence of both compounds is maintained.23 However, when
the 1-2-1 complexes are formed in MCH, the fluorescence
of both dyes is drastically quenched and the optimal quenching
of fluorescence was obtained when all imide binding sites of 2
are hydrogen-bonded to 1 (Figure 1, only the titration experiment
of 1b is shown).
Typically, dye aggregates whose absorption maxima are

shifted to longer wavelength (J-aggregates) show intense
fluorescence but here the fluorescence of both dyes was
drastically quenched. On the basis of the redox potentials of
the given chromophores or their analogues,15c,17b this observation
is rationalized by a photoinduced electron (and energy) transfer
process (PET) from the OPV donor to the PERY acceptor
chromophore. A Stern-Volmer constant of 6.5 × 105 L mol-1
was calculated from the Stern-Volmer plot. For compound 3,
likewise strong fluorescence quenching of PERY dyes was
observed by the attachment of the electron-donating OPV
moieties. As a result, the fluorescence of 3 is not detectable in

(21) Peeters, E.; van Hal, P. A.; Meskers, S. C. J.; Janssen, R. A. J.; Meijer, E.
W. Chem.-Eur. J. 2002, 8, 4470-4474.

(22) Reichardt, C. Chem. ReV. 1994, 94, 2319-2358.

(23) Molecularly dissolved species will be present, since the binding constant
for hydrogen bonding in these solvents is very low. A binding constant of
243 M-1 in CDCl3 was determined for 1b and a related diimide acceptor,
e.g., N-(2,5-di-tert-butylphenyl)-1,8-dicarboxy-N′-hydrogen-4,5-dicarboxy-
naphthalenediimide.

Chart 1. Chemical Structures of the Compounds Used in This Study

Supramolecular p−n-Heterojunctions A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 34, 2004 10613



ments at different temperatures, the binding constants K were
determined by nonlinear regression analysis (Table S2 in
Supporting Information). For 3, a plot of ln K versus T-1 shows
a perfect linear relationship (correlation coefficient r ) 0.997),
and the standard enthalpy and entropy were determined to be
∆H° ) -81 ( 3 kJ mol-1 and ∆S° ) -155 ( 10 J mol-1
K-1. For the 1b-2-1b complex, the linear regression analysis
afforded a correlation coefficient r ) 0.995 with values of ∆H°
) -102 ( 5 kJ mol-1 and ∆S° ) -226 ( 16 J mol-1 K-1.
The negative enthalpy and negative entropy values indicate that
for both systems self-assembly is enthalpy-driven. The large
enthalpy changes originate obviously from the effective stacking
of the π-systems, which, however, simultaneously reduces the
intramolecular mobility to cause negative entropy changes. The
significantly more negative enthalpy changes found for the
hydrogen-bonded triad 1b-2-1b is in agreement with the
steeper slope of the melting curve in comparison with 3 (vide
supra). The slope is directly related to the enthalpy change of
the melting of the stacks.28 The larger negative entropy change
observed for the 1b-2-1b complex is reasonable since the self-
assembly of 1b-2-1b aggregates involves more components
than in the case of 3.
The pronounced bathochromic shift for the 1-2-1 complex

with respect to 315 gives evidence of a stronger excitonic
coupling.25 It is reasonable to relate this difference to the
coplanarity of the diaminotriazine units of OPV with the PERY
imide groups because of the triple hydrogen-bonding complex
that could facilitate a tighter packing of the PERY π-systems
(comparable to the base stacking in DNA).27 In contrast, for
the covalently bonded OPV-PERY compound 3, the phenyl
groups at the imide’s N positions prefer to be twisted to the
imide planes according to molecular modeling studies and
crystal structures on related compounds.29
Because of the presence of chiral side chains at the OPV units

and the inherent axial chirality of bay-substituted PERY dyes
(racemic, with a low-energy barrier for interconversion in

solution)30 CD measurements were carried out for 1-2-1 and
5-2-5 complexes and compound 3 in MCH (Figure 7).
Surprisingly, for 1a-2-1a no and for 3 only a very weak
Cotton effect was observed, while for 1b-2-1b and 1c-2-
1c complexes strong bisignated signals were observed for the
S0-S1 transitions of the OPV units 1b and 1c with a zero
crossing at 456 and 459 nm, respectively. In the same
concentration range, a negative CD signal of the PERY
chromophores arose at 600 nm for 1b-2-1b, 1c-2-1c, and
5-2-5 complexes. The bisignated CD signals for OPV moieties
are indicative for chiral excitonic couplings that arise if the
chromophores are aggregated in close proximity with their
transition dipoles oriented in a helical fashion.15d,31 The signal
change from positive to negative with increasing λ indicates a
left-handed helical arrangement of the transition dipoles, which
are polarized along the long axis of the OPVs.32 On the other
hand, for the S0-S1 transition of the PERY chromophores, only
a negative signal can be observed at 600 nm. This CD effect
cannot be ascribed to a chiral excitonic coupling as no obvious
bisignated band could be observed. It is, therefore, likely that
this signal arises from the axial chirality originating from the
nonplanar structure of bay-substituted PERY 2.15d For this
family of compounds, the P andM enantiomers could be directly
observed as racemate in the crystalline state where close contacts
between the molecules of opposite chirality are preferred.29,30
In the nonaggregated state in dilute solution, the same amounts
of P andM enantiomers are present and PaM interconversion
is rapid on the NMR time scale. Upon aggregation, this
interconversion is slowed and enrichment of one enantiomer is
possible under the influence of the chiral OPV aggregates
because of the formation of diastereomeric complexes. Here,
the negative CD signal of the PERY band can be related to the
preferential formation of M enantiomers caused by the left-
handed helical stacking of the 1-2-1 complex.33 Figure 8
shows a model for such aggregates that is based on our optical
data and molecular modeling. However, it has to be noted that

(28) van der Schoot, P.; Michels, M. A J.; Brunsveld, L.; Sijbesma, R. P.; Ramzi,
A. Langmuir 2000, 16, 10076-10083.

(29) The crystal structure of a tetrachloro-substituted perylene bisimide with
4-dodecylphenyl substituents at imide N atoms shows an average torsion
angle of 79° between the plane of the phenyl groups and the imide units:
Chen, Z.; Debije, M. G.; Debaerdemaeker, T.; Osswald, P.; Würthner, F.
ChemPhysChem 2004, 5, 137-140.

(30) Würthner, F.; Sautter, A.; Schilling, J. J. Org. Chem. 2002, 67, 3037-
3044.

(31) Langeveld-Voss, B. M. W.; Beljonne, D.; Shuai, Z.; Janssen, R. A. J.;
Meskers, S. C. J.; Meijer, E. W.; Brédas, J.-L. AdV. Mater. 1998, 10, 1343-
1348.

(32) Harada, N.; Nakanishi, K. Circular Dichroism Spectroscopy; Oxford
University Press: Oxford, 1983.

(33) Stacking model studies show that owing to the steric effect of the bay-
substituents, forM enantiomers a left-handed and for P enantiomers a right-
handed helical stacking is preferred.

Figure 6. Van’t Hoff plot for the temperature dependence of the
aggregation constant K of 1b-2-1b complex (b) and 3 (9) in MCH. The
K values were obtained from concentration-dependent UV/vis spectra and
K0 ) 1 L mol-1.

Figure 7. CD spectra of 1b-2-1b, 1c-2-1c, and 5-2-5 at concentration
of 4 × 10-5 mol L-1 and 3 at concentration of 1 × 10-4 mol L-1 in MCH
at 20 °C.
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CD spectra of 1b-2-1b,1c-2-1c, and 5-2-5 at concentration of 4 × 10-5 mol L-1 and 3 at concentration of 1 × 10-4 mol L-1 in MCH at 
20 °C. 
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Figure S2. Fluorescence emission (dotted line), excitation (solid line) and UV/Vis 

absorption spectra (dashed line) of 3 in MCH at concentration of 3.0 × 10−7 mol L−1 

where no aggregation takes place. For the emission spectrum 3 was excited at 430 nm 

and for the excitation spectrum the emission was monitored at 593 nm. 
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Figure S3. Temperature-dependent CD spectra of the 1b-2-1b complex (c = 3.7 × 10-5 

mol L−1) in MCH from 10 °C to 60 °C. Arrows indicate the changes upon cooling. 

The signal change from positive to negative with increasing λ indicates a left-handed helical arrangement of the transition dipoles, 

which are polarized along the long axis of the OPVs. Temperature-dependent CD spectra of the supra complex (c = 3.7 × 10-5 mol 

L−1) in MCH from 10 °C to 60 °C. Arrows indicate the changes upon cooling. The negative CD signal of the PERY band can be 
related to the preferential formation of M enantiomers caused by the left- handed helical stacking of the 1-2-1 complex 

Variable Temperature CD



Tapping mode AFM topographic images of the supra complex after spin-coating from MCH (scale bar 500 nm) on a glass//
PEDOT:PSS slide



electron transfer
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our data do not allow us to determine to which extent the P a
M equilibrium for the PERY chromophore is shifted under the
influence of the chiral OPVs. On the basis of Figure 7, the most
pronounced induction of chirality for the perylene bisimide
subunit is observed for 5-2-5 followed by 1b-2-1b and 1c-
2-1c. On the other hand, for compound 3, only very weak CD
signals are given for the OPV band and no signal for the PERY
band was observed. Therefore, we can conclude that chiral side
chains at the OPV units are not sufficient to transfer chirality
to the PERY unit in 1a-2-1a and 3. Instead, only upon helical
stacking of the OPV units does the chirality transfer to the co-
aggregated PERY units takes place, leading to well-defined dye
aggregates (see also AFM studies vide infra).
Photoinduced Electron Transfer in Aggregated and Non-

aggregated States. Previously performed bias-dependent scan-
ning tunneling microscopy (STM) and electrochemical mea-
surements for 3 suggest that the fluorescence quenching
observed for three OPV-PERY systems can be explained by a
photoinduced electron-transfer process from the OPV to the
PERY moieties.17a Femtosecond pump-pulse spectroscopic
measurements were performed in MCH to determine the rate
for charge separation in the triad systems that have the same
OPV moieties (1b-2-1b and 3). When excited at 455 nm,
where mainly OPV absorbs, the low-energy absorption of the
OPV radical cation at 1450 nm can be detected, indicating that
photoinduced electron transfer takes place.17b The rates for
charge separation (kCS) and recombination (kCR) were determined
by monitoring the temporal evolution of the absorption at 1450
nm (Figure 9). For both investigated systems, 1b-2-1b and
3, the rise of the signal occurred within 1 ps, indicative of a
very efficient and fast charge formation (kCS> 1012 s-1). Charge
recombination was much slower and varied at room temperature
from kCR ) 6.3 × 1010 s-1 (corresponding to a time constant
of 16 ps) for 1b-2-1b to kCR ) 2.0 × 109 s-1 (time constant
of 500 ps) for 3. Under the experimental conditions (5 × 10-5
mol L-1 in MCH), both compounds are aggregated. Hence, it
is impossible to determine whether the charges are formed with-
in a covalently or hydrogen-bonded 1-2-1 (supra)molecular
triad unit or if OPV and PERY molecules from neighboring
triad units within the stack are involved. Because of the longer
distance between redox centers in the hydrogen-bonded system,
one would expect that the rate of intramolecular charge transfer

within the triad 1b-2-1b should be lower or comparable to 3.
Accordingly, the fact that a much higher recombination rate
was observed for 1b-2-1b is indicative that electron transfer
in the co-aggregated assemblies occurs between the donor and
acceptor molecules that belong to different triads. This conclu-
sion is in accordance with the CD and UV/vis data and the
structural model in Figure 8. Thus, because of the more coplanar
arrangement of the OPV and PERY units in the hydrogen-
bonded assemblies, the donor and acceptor dyes are packed more
tightly. This leads to shorter distances between OPV and PERY
units of neighboring triads compared to the distance within a
triad.
An attempt was made to establish the effect of aggregation

on the charge recombination rate by studying molecularly
dissolved compounds obtained at higher temperature in the same
apolar environment. At 80 °C, only a small difference in the
rate for charge recombination was observed for compound 3.
This suggests that the electron-transfer processes are localized
to the molecular OPV-PERY-OPV triad irrespective of the
further assembly of these molecules. On the other hand, in the
1b-2-1b complex, the temperature effect is more pronounced.
The time constant for charge recombination increases from 16
ps at 20 °C to more than 200 ps at 80 °C. The reduced rate for
charge recombination must be related to disassembled species
of 1b-2-1b hydrogen-bonded units or even dissociated
compounds present at higher temperature. The distance between
the redox centers in these complexes is much longer than that
in the π-π aggregate assembly (close contact between OPV
and PERY of neighboring triads), and therefore, the rate for
charge recombination will also decrease.
Solid-State Properties. The 1b-2-1b assemblies were also

investigated on glass covered with a conducting layer of
PEDOT:PSS, a device relevant support (vide infra). AFM
revealed helical fibers lying on top of a structureless, amorphous
matrix of 1b-2-1b (Figure 10A). The width of the smallest
fiber that can be resolved is about 4 nm (Figure 10B, upper
arrow). Molecular modeling studies suggest that the long axis
of the 1b-2-1b complex is about 7 nm in size and the short
axis about 1 nm. Also, thicker and right-handed helical rodlike
fibers were observed with a length of several micrometers and
a width of about 13 nm (Figure 10B, bottom arrow, the distance
has been corrected for tip dimensions).34 It is assumed that

Figure 8. (a) Energy-minimized (CAChe 5.0 MM2 force field) structures
of the M (left) and the P (right) enantiomers of perylene bisimide 2. (b)
Left-handed helical stacking model for the 1b-2-1b complex from OPV
1b and M enantiomer of perylene bisimide 2.

Figure 9. Differential transmission dynamics of 1b-2-1b (top) and 3
(bottom) at 20 °C (9) and 80 °C (0) recorded at 1450 nm (low-energy
absorption of OPV radical cations) after excitation at 455 nm. Both samples
are 5 × 10-5 mol L-1 in MCH.
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kCS > 1012 s-1  

kCR = 6.3 × 1010 s-1 (corresponding to a time constant of 16 ps) for supra  

kCR  = 2.0 × 109 s-1 (time constant of 500 ps) for cov  

Temperature changes for supra: 16 ps at 20 °C to more than 200 ps at 80 °C 

Differential transmission dynamics of 
supra (top) and cov (bottom) at 20 °C 
(■) and 80 °C (□) recorded at 1450 

nm (low-energy absorption of OPV 
radical cations) after excitation at 455 
nm. Both samples are 5×10-5 mol L-1 

in MCH.
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